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Preface

Oils and fats are important components of foods, and they, or their derivatives and

products thereof, play an important role in non-food applications. In food, oils and

fats provide a concentrated source of energy as well as a carrier of fat-soluble com-

ponents. They also serve as a heat transfer medium for food processing and render

desirable texture and flavor as well as mouthfeel to products. Oils and fats originate

from plant and animal sources. Although plant sources include oilseeds, tropical

fruits, and alga, the latter may originate from land-based animals, fish, marine

mammals, and derived sources. The main components of food lipids are triacylgly-

cerols, but minor components are also important for quality characteristics, stabi-

lity, and application areas. Both the type of fatty acids and their degree of

unsaturation as well as the type and content of minor components affect the keeping

quality of the oil, and certain minor components such as phytosterols might also be

used for fingerprinting and authentification of the source materials.

The physical state of fats and oils and their crystal structures are important for

application of such products. In addition, formulation of products for special appli-

cations such as bakery, confectionary, frying, salad dressing, margarines, and

spreads requires special characteristics that make the products suitable for such pur-

poses. Thus, each source material will be important for its physical and chemical

characteristics and hence suitability as a food component.

Recent developments in the area of oils and fats has led to the production of spe-

cialty lipids from novel sources such as fruit seeds, nuts, and other minor plant

sources. In addition, preparation of structured lipids for a myriad of applications

has been of interest. Minor components of oils and fats may be isolated during pro-

cessing and used as nutraceutical and functional food ingredients. Examples are

lecithin, phytosterols, tocopherols, and tocotrienols, among others. Obviously, the

health-promoting potential of such products is also of interest.

The processing technologies employed for production of fats and oils, and asso-

ciated components, to make them shelf-stable with acceptable sensory characteris-

tics and flavor as well as secondary processing technologies for production of

specific products are important considerations in this area. Food commodities
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may be produced, and some components may also be used in animal feed and other

applications. There are many areas where oils and fats are used for non-food pur-

poses. Thus, detergents, soaps, glycerine and polymers, inks, lubricants, and biodie-

sel may be derived from fatty acids and their derivatives. Many applications would

provide alternatives to the use of synthetic material or environmentally friendly

substitutes in non-food applications.

The sixth edition of Bailey provides a comprehensive description of topics rele-

vant to the oils and fats industry in six volumes as compared with five volumes in

the fifth edition. The additional volume (volume 3) is mainly on specialty oils and

fats and their byproducts or minor components as well as on those of low-calorie fat

substitutes and structured lipids. An article on fish oils and one on marine mammal

oils are also included in this volume. However, the material covered in other

volumes is often substantially different from the available in the fifth edition as

new articles are introduced, and when the title appears the same, substantial

updating of the references and introduction of new material has occurred; new

authors in some cases have made these contributions. Thus, the first volume

includes three new articles on crystallization and physical properties of oils and

fats. There are also new articles on antioxidant theory and regulatory status as

well as on mechanisms and measurements of lipid oxidation. A new article has

been introduced on quality assurance of oils and fats. Meanwhile, the second

volume presents the main sources of food lipids, and new articles on sesame oil

and rice bran oil have been introduced. The fourth volume provides a description

of application areas, and here again new articles on confectinary lipids as well as on

frying oils and snack food production have been added. The fifth volume on proces-

sing technologies introduces new articles on supercritical, membrane, and extrusion

technologies. Finally, the sixth volume on nonedible uses of fats and oils has new

articles on biodiesel, hydrolic fluids, lubricants, inks, as well as pharmaceutical and

cosmetic uses of lipids. An article on the use of soybean oil in edible film and adhe-

sive production is also included. Thus, the sixth edition is substantially different

from what was available in the fifth edition.

I am indebted to many authors for their state-of-the-art contributions as well as

to primary and secondary reviewers for different articles. The advisory committee

members served an important role in providing invaluable comments. In addition,

staff from John Wiley and Sons provided considerable help in different aspects

related to production and assembly of the work. This series serves as a primary

source of and as a compendium of information on oils and fats for the industry,

academia and government scientists, and technical personnel, and as a reference

for senior undergraduate and graduate students in food science, nutrition, dietetics,

biochemistry, and related disciplines. An integrated table of contents allows better

search of materials of interest, and the last volume has a cumulative index. Exten-

sive bibliography throughout the series also provides the reader with the opportu-

nity to consult primary references for additional information.

FEREIDOON SHAHIDI
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Chemistry of Fatty Acids

Charlie Scrimgeour

Scottish Crop Research Institute

Dundee, Scotland

1. INTRODUCTION

Fatty acids, esterified to glycerol, are the main constituents of oils and fats. The

industrial exploitation of oils and fats, both for food and oleochemical products, is

based on chemical modification of both the carboxyl and unsaturated groups present

in fatty acids. Although the most reactive sites in fatty acids are the carboxyl group

and double bonds, methylenes adjacent to them are activated, increasing their

reactivity. Only rarely do saturated chains show reactivity. Carboxyl groups and

unsaturated centers usually react independently, but when in close proximity, both

may react through neighboring group participation. In enzymatic reactions, the

reactivity of the carboxyl group can be influenced by the presence of a nearby double

bond.

The industrial chemistry of oils and fats is a mature technology, with decades of

experience and refinement behind current practices. It is not, however, static. Envir-

onmental pressures demand cleaner processes, and there is a market for new pro-

ducts. Current developments are in three areas: ‘‘green’’ chemistry, using cleaner

processes, less energy, and renewable resources; enzyme catalyzed reactions,

used both as environmentally friendly processes and to produce tailor-made

products; and novel chemistry to functionalize the carbon chain, leading to new

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
Edited by Fereidoon Shahidi. Copyright # 2005 John Wiley & Sons, Inc.
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compounds. Changing perceptions of what is nutritionally desirable in fat-based

products also drives changing technology; interesterification is more widely

used and may replace partial hydrogenation in the formulation of some modified

fats.

The coverage in this chapter is necessarily selective, focusing on aspects of fatty

acid and lipid chemistry relevant to the analysis and industrial exploitation of oils

and fats. The emphasis is on fatty acids and acylglycerols found in commodity oils

and the reactions used in the food and oleochemical industries. The practical appli-

cation of this chemistry is dealt with in detail in other chapters. Current areas

of research, either to improve existing processes or to develop new ones, are also

covered, a common theme being the use of chemical and enzyme catalysts. Com-

pounds of second-row transition metals rhodium and ruthenium and the oxides of

rhenium and tungsten have attracted particular interest as catalysts for diverse reac-

tions at double bonds. Recent interest in developing novel compounds by functio-

nalizing the fatty acid chain is also mentioned. To date, few of these developments

have found industrial use, but they suggest where future developments are likely.

A number of recent reviews and books cover and expand on topics discussed

here (1–10).

2. COMPOSITION AND STRUCTURE

2.1. Fatty Acids

Fatty acids are almost entirely straight chain aliphatic carboxylic acids. The broad-

est definition includes all chain lengths, but most natural fatty acids are C4 to C22,

with C18 most common. Naturally occurring fatty acids share a common biosynth-

esis. The chain is built from two carbon units, and cis double bonds are inserted by

desaturase enzymes at specific positions relative to the carboxyl group. This results

in even-chain-length fatty acids with a characteristic pattern of methylene inter-

rupted cis double bonds. A large number of fatty acids varying in chain length

and unsaturation result from this pathway.

Systematic names for fatty acids are too cumbersome for general use, and

shorter alternatives are widely used. Two numbers separated by a colon give,

respectively, the chain length and number of double bonds: octadecenoic acid

with 18 carbons and 1 double bond is therefore 18:1. The position of double bonds

is indicated in a number of ways: explicitly, defining the position and configuration;

or locating double bonds relative to the methyl or carboxyl ends of the chain.

Double-bond position relative to the methyl end is shown as n-x or ox, where x

is the number of carbons from the methyl end. The n-system is now preferred,

but both are widely used. The position of the first double bond from the carboxyl

end is designated �x. Common names (Table 1) may be historical, often conveying

no structural information, or abbreviations of systematic names. Alternative repre-
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sentations of linoleic acid (1) are 9Z,12Z-octadecadienoic acid; 18:2 9c12c; 18:2

n-6; 18:2 o6; 18:2 �9,12; or CH3(CH2)4CH����CHCH2CH����CH(CH2)7COOH.

COOH
1912

18

1

The terms cis and trans, abbreviated c and t, are used widely for double-bond

geometry; as with only two substituents, there is no ambiguity that requires the sys-

tematic Z/E convention. An expansive discussion of fatty acid and lipid nomencla-

ture and structure appears in Akoh and Min (1).

TABLE 1. (b) Occurrence.

Fatty Acid Significant Sources

4:0 butter, dairy fats

6:0 (coconut, palm kernel)

8:0 (coconut, palm kernel)

10:0 (coconut, palm kernel)

12:0 coconut, palm kernel

14:0 coconut, palm kernel

16:0 cottonseed, palm

18:0 cocoa butter, tallow

18:1 9c cottonseed, olive, palm, rape

18:2 9c12c corn, sesame, soybean, sunflower

18:3 9c12c15c linseed

20:1 13c high erucic rape

20:5 5c8c11c14c17c fish and animal fats

22:6 4c7c10c13c16c19c fish and animal fats

TABLE 1. Fatty Acids in Commodity Oils and Fats. (a) Nomenclature and Structure.

Fatty acid Common name Formula Chain length

4:0 butyric CH3(CH2)2CO2H short

6:0 caproic CH3(CH2)4CO2H short

8:0 caprylic CH3(CH2)6CO2H short/medium

10:0 capric CH3(CH2)8CO2H medium

12:0 lauric CH3(CH2)10CO2H medium

14:0 myristic CH3(CH2)12CO2H medium

16:0 palmitic CH3(CH2)14CO2H

18:0 stearic CH3(CH2)16CO2H

18:1 9c oleic CH3(CH2)7CH����CH(CH2)7CO2H

18:2 9c12c linoleic CH3(CH2)4(CH����CHCH2)2(CH2)6CO2H

18:3 9c12c15c a-linolenic CH3CH2(CH����CHCH2)3(CH2)6CO2H

22:1 13c erucic CH3(CH2)7CH����CH(CH2)11CO2H long

20:5 5c 8c11c14c17c EPA� CH3CH2(CH����CHCH2)5(CH2)2CO2H long

22:6 4c7c10c13c16c19c DHA� CH3CH2(CH����CHCH2)6CH2CO2H long

�Abbreviations of the systematic names eicosapentaenoic acid and docosahexaenoic acid.
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Over 1000 fatty acids are known, but 20 or less are encountered in significant

amounts in the oils and fats of commercial importance (Table 1). The most common

acids are C16 and C18. Below this range, they are characterized as short or medium

chain and above it as long-chain acids.

Fatty acids with trans or non-methylene-interrupted unsaturation occur naturally

or are formed during processing; for example, vaccenic acid (18:1 11t) and the con-

jugated linoleic acid (CLA) rumenic acid (18:2 9t11c) are found in dairy fats.

Hydroxy, epoxy, cyclopropane, cyclopropene acetylenic, and methyl branched fatty

acids are known, but only ricinoleic acid (12(R)-hydroxy-9Z-octadecenoic acid) (2)

from castor oil is used for oleochemical production. Oils containing vernolic acid

(12(S),13(R)-epoxy-9Z-octadecenoic acid) (3) have potential for industrial use.

2

COOH

OH

COOH

3

O HH

Typical fatty acid composition of the most widely traded commodity oils is

shown in Table 2.

TABLE 2. Fatty Acid Content of the Major Commodity Oils (wt%).

16:0 18:1 18:2 18:3 Other

(wt%) (wt%) (wt%) (wt%) [Fatty Acid (wt%)]

butter 28 14 1 1 4:0 (9); 6:0–12:0 (18); 14:0 (14) þ odd chain

and trans

castor 1 3 4 18:1(OH) (90)

coconut 9 6 2 8:0 (8); 10:0 (7); 12:0 (48); 14:0 (18)

corn 13 31 52 1

cottonseed 24 19 53

fish� 14 22 1 16:1 n-7 (12); 20:1 n-9 (12); 22:1 n-11 (11);

20:5 n-3 (7); 22:6 n-3 (7)

groundnut 13 37 41 C20–C24 (7)

(peanut)

lard 27 44 11 1 14:0 (2) 18:0 (11) þ long and odd chain

linseed 6 17 14 60

olive 10 78 7

palm 44 40 10

palm kernel 9 15 2 8:0 (3); 10:0 (4); 12:0 (49); 14:0 (16)

rape�� 4 56 26 10

sesame 9 38 45 18:0 (6)

soybean 11 22 53 8

sunflower 6 18 69 18:0 (6)

tallow 26 31 2 14:0 (6) 18:0 (31) þ long and odd chain

Typical midrange values shown; the balance are minor components. Data from (9).
�Cod liver oil.
��Low-erucic-acid rape, e.g., Canola.
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Most commodity oils contain fatty acids with chain lengths between C16 and

C22, with C18 fatty acids dominating in most plant oils. Palm kernel and coconut,

sources of medium-chain fatty acids, are referred to as lauric oils. Animal fats have

a wider range of chain length, and high erucic varieties of rape are rich in this

C22 monoene acid. Potential new oil crops with unusual unsaturation or additional

functionality are under development. Compilations of the fatty acid composition of

oils and fats (6, 9, 11, 12) and less-common fatty acids (13) are available.

The basic structure, a hydrophobic hydrocarbon chain with a hydrophilic polar

group at one end, endows fatty acids and their derivatives with distinctive proper-

ties, reflected in both their food and industrial use. Saturated fatty acids have a

straight hydrocarbon chain. A trans-double bond is accommodated with little

change in shape, but a cis bond introduces a pronounced bend in the chain (Fig. 1).

In the solid phase, fatty acids and related compounds pack with the hydrocarbon

chains aligned and, usually, the polar groups together. The details of the packing,

such as the unit cell angles and head-to-tail or head-to-head arrangement depend on

the fatty acid structure (Fig. 2).

The melting point increases with chain length and decreases with increased

unsaturation (Table 3). Among saturated acids, odd chain acids are lower melting

than adjacent even chain acids. The presence of cis-double bonds markedly lowers

the melting point, the bent chains packing less well. Trans-acids have melting

points much closer to those of the corresponding saturates. Polymorphism results

in two or more solid phases with different melting points. Methyl esters are lower

melting than fatty acids but follow similar trends.

Fatty acid salts and many polar derivatives of fatty acids are amphiphilic, pos-

sessing both hydrophobic and hydrophilic areas within the one molecule. These are

surface-active compounds that form monolayers at water/air and water/surface

interfaces and micelles in solution. Their surface-active properties are highly

dependent on the nature of the polar head group and, to a lesser extent, on the

length of the alkyl chain. Most oleochemical processes are modifications of the car-

boxyl group to produce specific surfactants.

TABLE 3. Melting Points of Some Fatty Acids and Methyl Esters

Illustrating the Effect of Chain Length and Unsaturation.

Fatty acid Melting Point (�C) Fatty Acid Melting Point (�C)

16:0 62.9 (30.7)

17:0 61.3 (29.7)

18:0 70.1 (37.8)

18:1 9c 16.3, 13.4 18:1 9t 45

18:2 9c12c �5 18:2 9t12t 29

19:0 69.4 (38.5)

20:0 76.1 (46.4)

Values for methyl esters in parenthesis.

Data from (8) and (9).
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2.2. Acylglycerols

Fatty acids in oils and fats are found esterified to glycerol. Glycerol (1,2,3-trihy-

droxypropane) is a prochiral molecule. It has a plane of symmetry, but if the pri-

mary hydroxyls are esterified to different groups, the resulting molecule is chiral

and exists as two enantiomers. The stereospecific numbering system is used to

Figure 2. Simplified diagram shows packing patterns of fatty acids in the solid phase. (a) and

(b): Hydrocarbon tails (straight lines) aligned at different angles to the line of the polar head

groups (circles). (c): Head to tail packing. (d): Head to head packing.

Figure 1. ‘‘Ball and stick’’ models of (a) stearic acid, 18:0; (b) elaidic acid, 18:1 9t; and (c) oleic

acid 18:1 9c. All three lie flat in the plane of the paper. The cis double bond causes a distinct kink

in the alkyl chain of oleic acid.
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distinguish between enantiomers. The Fischer projection of glycerol is drawn with

the backbone bonds going into the paper and the hydroxyl on the middle carbon to

the left. The carbons are then numbered 1 to 3 from the top (Figure 3). The prefix

sn- (for stereospecific numbering) denotes a particular enantiomer, rac- an equal

mixture of enantiomers, and x- an unknown stereochemistry. In an asymmetric

environment such as an enzyme binding site, the sn-1 and sn-3 groups are not inter-

changeable and reaction will only occur at one position. Simplified structures are

often used; e.g., 1-palmitoyl-2-linoleoyl-3-oleoyl-sn-glycerol is abbreviated to PLO

or drawn as shown in Figure 3.

Storage fats (seed oils and animal adipose tissue) consist chiefly (�98%) of tria-

cylglycerols, with the fatty acids distributed among different molecular species.

With only two fatty acids, a total of eight triacylglycerol isomers are possible,

including enantiomers (Table 4). A full analysis of triacylglycerol molecular spe-

cies is a major undertaking, and for some oils, there are still technical difficulties to

be resolved. More commonly, triacylglycerols are distinguished by carbon number

(the sum of the fatty acid chain lengths) or unsaturation, using GC or HPLC for

analysis. The number of isomers increases as the cube of the number of fatty acids;

CH2OH

HO H

CH2OH

sn-1 (α)

sn-2 (β)

sn-3 (α) or (α′)

CH2OOCR

R′COO H

CH2OOCR′′

e.g.

CH2OOCR

HO H

CH2OH

CH2OH

RCOO H

CH2OH

CH2OOCR

R′COO H

CH2OH

CH2OOCR

HO H

CH2OOCR′

CH2OOCR

R′COO H

CH2O P

O

OX

O

P

L

O

stereospecific numbering
of glycerol backbone

triacylglycerol

1-monoacyl-sn-glycerol
(1-MAG)

2-monoacyl-sn-glycerol
(2-MAG)

1,3-diacyl-sn-glycerol
(1,3-DAG)

phosphatidylcholine X = CH2CH2N+(CH3)3

phosphatidylethanolamine X = CH2CH2N+H3

1,2-diacyl-sn-glycerol
(1,2-DAG)

Figure 3. Structure and stereospecific numbering of acylglycerols.
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hence, even in oils with a simple fatty acid composition, many molecular species of

triacylglycerol may be present.

Most natural triacylglycerols do not have a random distribution of fatty acids on

the glycerol backbone. In plant oils, unsaturated acids predominate at the sn-2 posi-

tion, with more saturated acids at sn-1 and sn-3. The distribution of fatty acids at the

sn-1 and sn-3 positions is often similar, although not identical. However, a random

distribution between these two positions is often assumed as full stereospecific ana-

lysis is a time-consuming specialist procedure. In animal fats, the type of fatty acid

predominating at the sn-2 position is more variable; for example, palmitate may be

selectively incorporated as well as unsaturated acids (Table 5).

Only oils that are rich in one fatty acid contain much monoacid triacylglycerol,

for example, olive (Table 5), sunflower, and linseed oils containing OOO, LLL, and

LnLnLn, respectively. Compilations of the triacylglycerol composition of commod-

ity and other oils are available (8, 9).

The melting behavior of triacylglycerols generally reflects that expected from

the fatty acid composition; triacylglycerols rich in long-chain and saturated acids

TABLE 4. Molecular Species of Triacylglycerols Containing only Palmitic and Oleic Acid.

PPP POP PPO OPP POO OOP OPO OOO

enantiomers * * ** **

carbon number 48 50 50 50 52 52 52 54

double bonds 0 1 1 1 2 2 2 3

Different methods of analysis will give different and often incomplete information about such a mixture. GC

analysis will separate molecular species by carbon number (sum of fatty acid chain lengths). Silver-ion HPLC

will separate by number of double bonds. Stereospecific analysis measures the proportions of fatty acids at

the sn-1, sn-2, and sn-3 positions, but it does not detect individual molecular species.

TABLE 5. Contrasting Triacylglycerol Composition of Some Commodity Oils [Molecular

Species (wt%)].

Cocoa butter Coconut Lard Olive Soybean

POP (18-23) 12,12,8 (12) PPSt (2) OOL (11) LnLL (7)

POSt (36-41) 12,12,10 (6) StPSt (2) OOO (43) LnLO (5)

StOSt (23-31) 12,12,12 (11) PPO (8) POP (3) LLL (15)

12,12,14 (11) StOP (13) POL (4) LLO (16)

unsymmetrical 14,12,8 (9) POO (5) POO (22) LLS (13)

e.g., SSO <1% StOO (6) StOO (5) LOO (8)

OPO (18) LOS (12)

StPL (2) OOS (5)

OOO (12)

OPL (7)

L—linoleic; Ln—linolenic; O—oleic; P—palmitic; S—saturate; St—stearic; 8—8:0; 10—10:0; 12—12:0

(lauric); 14—14:0.

Analysis by methods that do not distinguish all isomers; only major components are listed.

Data from (6).
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are high melting, and those rich in polyunsaturated acids are lower melting. How-

ever, the situation is complicated by the possibility that the fatty acids can be dis-

tributed in different molecular species with different melting points. Oils with

similar fatty acid composition may have different solid fat content, polymorphic

forms, and melting behavior as a result of a different triacylglycerol composition.

Mono- and diacylglycerols (Figure 3) are not significant components of good

quality oils, but elevated levels may be found in badly stored seeds, resulting

from the activity of lipolytic enzymes. These compounds are produced industrially

by partial hydrolysis or glycerolysis of triacylglycerols for use as food grade emul-

sifiers. Mono- and diacylglycerols readily isomerize under acid or base catalysis

and are normally produced as an equilibrium mixture in which 1(3)-monoacylgly-

cerols or 1,3-diacylglycerols predominate.

Phospholipids (Figure 3) are constituents of membranes and are only minor

components of oils and fats, sometimes responsible for cloudiness. They are usually

removed during degumming, the residue from soybean oil processing being a

source of phospholipids used as food emulsifiers. The term ‘‘lecithin’’ is used

very loosely for such material, and it may variously mean phosphatidylcholine,

mixed glycerophospholipids, or crude phospholipid extracts from various sources.

Where possible, more specific nomenclature or the source and purity should be

used (14).

2.3. Bulk Properties

Saponification value and iodine value. Oils and fats are now characterized mainly

by their fatty acid composition determined by gas chromatography, replacing the

titrimetric and gravimetric assays used previously. However, the saponification

value (SV) or equivalent (SE) and iodine value (IV) are still used in specifications

and to monitor processes. SE, expressed as grams of fat saponified by one mole of

potassium hydroxide, is an indication of the average molecular weight and hence

chain length, whereas the IV, expressed as the weight percent of iodine consumed

by the fat in a reaction with iodine monochloride, is an index of unsaturation

(Table 6). Standard analytical methods are available (15), but these parameters

are now often calculated from the fatty acid composition, assuming that the sample

is all triacylglycerol (15). Indirect measurement of IV (16, 17) and SV (17) (as well

as peroxide and trans-content) using FT-NIR spectroscopy have been developed for

real-time process monitoring.

Unsaponifiable matter. Oils and fats contain variable amounts of sterols, hydro-

carbons, tocopherols, carotenoids, and other compounds, collectively referred to

as unsaponifiable matter because they do not produce soaps upon hydrolysis

(Table 6). The sterol and tocopherol composition of commodity oils is discussed

in another chapter. Some of these minor components are removed during refining,

and the resulting concentrates may be useful byproducts, for example, tocopherol

antioxidants. Characteristic fingerprints of minor components, particularly phytos-

terols and tocopherols, are also used to authenticate oils and detect adulteration

(18).
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3. HYDROLYSIS, ESTERIFICATION, AND ESTER EXCHANGE

Reactions converting acids to esters or vice versa and the exchange of ester groups

are among the most widely used in fatty acid and lipid chemistry (Figure 4). They

find applications from microscale preparation of methyl esters for GC analysis to

the industrial production of oleochemicals and biodiesel. The exchange of groups

attached to the fatty acid carboxyl is usually an equilibrium process driven to one

product by an excess of one reactant or the removal of one product, and it is usually

TABLE 6. Saponification Equivalent (SE), Saponification Value (SV), Iodine Value (IV),

and Unsaponifiable Matter of Some Commodity Oils.

SE� SV IV Unsaponifiable

(g oil/mol KOH) (mg KOH/g oil) (100� g iodine/g oil) matter (wt%)

butter 242–267 210–232 26–40 <0.5

castor 300–319 176–187 81–91

coconut 212–226 248–265 6–11 <1.5

corn 288–300 187–195 107–128 1–3

cottonseed 283–297 189–198 100–115 <2

fish�� 292–312 180–192 142–176 <2

groundnut (peanut) 286–300 187–196 86–107 <1

lard 276–292 192–203 45–70 <0.2

linseed 286–298 188–196 170–203 <2

olive 286–305 184–196 75–94 <1.5

palm 268–295 190–209 50–55 <1.3

palm kernel 221–244 230–254 14–21 <1

rape��� 291–308 182–193 110–126 <0.2

sesame 288–300 187–195 104–120 <2

soybean 288–297 189–195 124–139 <1.5

sunflower 289–298 188–194 118–145 <2

tallow 281–295 190–200 33–47 <0.5

�SE ¼ 56108/SV.
��Cod liver oil.
���Low erucic rape (Canola).

Data from (11).

R′OH

R′′OH

R′′COOH

glycerol MAG

RCOOR′

RCOOR′′

R′′COOR

DAG

H2O

R′OH

R′OH

RCOOH

(1)

(2)

(3)

(4)

(5)

RCOOR′ + +

RCOOH + +

RCOOR′ + +

RCOOR′ + +

TAG + +

H2O RCOOH

Figure 4. Exchange reactions at the carboxyl group (1) hydrolysis (Chapter xx), (2) esterification

(Chapter xx), (3) acidolysis (Chapter xx), (4) alcoholysis (Chapter xx), and (5) glycerolysis

(Chapter xx). The starting ester RCOOR 0 will often be a triacylglycerol. MAG—monoacylglycer-

ol; DAG—diacylglycerol; TAG—triacylglycerol.
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carried out with the aid of a catalyst. The catalyst may be an acid, a base, or a lipo-

lytic enzyme. These reactions produce the fatty acids and methyl esters that are the

starting point for most oleochemical production. As the primary feedstocks are oils

and fats, glycerol is produced as a valuable byproduct. Reaction routes and condi-

tions with efficient glycerol recovery are required to maximize the economics of

large-scale production.

There is increasing interest in the use of lipase enzymes for large-scale reactions.

Enzyme reactions require milder conditions, less solvent, and give cleaner pro-

ducts—attributes of ‘‘green chemistry.’’ Enzymes can exert regio- or stereospecific

control over reactions and may also offer a degree of selectivity for particular fatty

acids, not observed with acid or base catalysts. Although the reactions of the car-

boxyl group are normally independent of those of the double bonds in the fatty acid

molecule, the presence of a double bond at the �4, �5, or �6 position often results

in slower reaction when a reaction is catalyzed by a lipase. Lipase catalyzed reac-

tions are considered in detail below, following a brief description of the reactions

involved.

3.1. Hydrolysis

The reaction can be catalyzed by acid, base, or lipase, but it also occurs as an unca-

talyzed reaction between fats and water dissolved in the fat phase at suitable tem-

peratures and pressures.

Base catalyzed hydrolysis. Historically, soaps were produced by alkaline hydrolysis

of oils and fats, and this process is still referred to as saponification. Soaps are now

produced by neutralization of fatty acids produced by fat splitting (see below), but

alkaline hydrolysis may still be preferred for heat-sensitive fatty acids.

On a laboratory scale, alkaline hydrolysis is carried out with only a slight excess

of alkali, typically 1M potassium hydroxide in 95% ethanol, refluxing for one hour,

and the fatty acids recovered after acidification of the reaction mixture. This is a

sufficiently mild procedure that most fatty acids, including polyunsaturates, epox-

ides, and cyclopropenes, are unaltered (19).

Fat splitting. The industrial production of fatty acids uses the direct reaction

between water and fats, which proceeds rapidly at �250�C and 2–6 MPa (20–

60 bar). Under these conditions, water is moderately soluble in the oil phase, and

stepwise hydrolysis of the triacylglycerols proceeds without the aid of a catalyst.

The reaction is carried out with a countercurrent of water that removes the glycerol

formed, resulting in �99% conversion to fatty acids. Glycerol is recovered from the

aqueous phase. Sonntag has reviewed industrial fat splitting in detail (20).

3.2. Esterification

Fatty acids are converted to esters by reaction with an excess of alcohol using an

acid catalyst or a lipase. For the preparation of methyl esters for GC analysis, boron

trifluoride, sulfuric acid, or anhydrous hydrogen chloride in methanol are com-

monly used (19). Reaction is complete in 30 minutes at reflux. Propyl and butyl

HYDROLYSIS, ESTERIFICATION, AND ESTER EXCHANGE 11



esters are prepared in a similar way with the corresponding alcohols. It is not

always possible to use an excess of alcohol, for example, in the synthesis of tria-

cylglycerols using a protected glycerol. A more reactive fatty acid derivative such

as the acid chloride or anhydride is used, or the fatty acid is reacted directly with

the alcohol, using dicyclohexylcarbodiimide (DCC) plus 4-dimethylaminopyridine

(DMAP) as a coupling agent, for example, in the synthesis of acylglycerols (21).

Some groups in more unusual fatty acids are acid sensitive, for example, epoxides,

cyclopropanes, cyclopropenes, and hydroxy compounds, and methods avoiding

acids catalysts are needed. Reaction with diazomethane or the less hazardous

trimethylsilyl-diazomethane are possibilities (19).

3.3. Ester Exchange Reactions

The fatty acid or alcohol groups present in an ester can be exchanged in a number

of ways: by reaction with an excess of other fatty acids (acidolysis), alcohols (alco-

holysis), or other esters (interesterification). Generally, the starting point will be a

triacylglycerol, and these reactions provide routes by which the composition and

properties of oils and fats can be modified.

Acidolysis. This reaction can be acid or enzyme catalyzed and may be used to mod-

ify triacylglycerol composition. Acidolysis of an oil containing only C16 and C18

fatty acids with fatty acids rich in lauric acid (e.g., from palm-kernel oil) results

in a triacylglycerol enriched in medium-chain fatty acids.

Alcoholysis. Methanolysis of triacylglycerols is used to prepare methyl esters for

fatty acid analysis, a process frequently referred to as transesterification. This

can be acid-or base-catalyzed, the method being chosen to avoid modifying

acid-or base-sensitive fatty acids and to minimize reaction times. Sterol esters of

fatty acids react more slowly than triacylglycerols, and samples containing them

require more vigorous reaction conditions. The preparation of methyl esters

from oils and fats for GC and GC-MS analysis has been extensively reviewed

(19, 22, 23).

Biodiesel is produced on the industrial scale by methanolysis of vegetable oils

(usually rape or soybean) or waste fat, particularly using frying oils. Methanolysis

proceeds with modest amounts of base catalyst, provided the levels of free fatty

acid and water in the oil are low (24, 25). The fatty acid content may be reduced

by physical or chemical treatment before methanolysis but for waste fats, alterna-

tive processes that do not use base catalysis may be preferred. Lipase catalyzed

methanolysis is less sensitive to fatty acid and water in the oil and has been tested

in batch (26) and fixed-bed reactor (27) conversion of waste oil and grease to

biodiesel.

Glycerolysis, the treatment of triacylglycerols with glycerol and a basic catalyst

(sodium hydroxide or sodium methoxide), is used to produce mono- and diacylgly-

cerols on an industrial scale. Molecular distillation is used to produce MAG,

which is 90–95% pure and is widely used as an emulsifying agent in foods and

other applications.
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Interesterification. Interesterification is the intra- and intermolecular exchange of

fatty acids on the glycerol backbone of triacylglycerols, although the term is also

used more loosely to include acidolysis and other ester exchange reactions. It is

applied to either an individual oil or a blend of oils, to produce triacylglycerols

with different properties. The molecular species of natural triacylglycerols is not

a random mixture of all possible isomers, but it shows greater or lesser selectivity

in the distribution of fatty acids between the sn-1 and sn-3 and the sn-2 positions

(Table 5). This, as well as the overall fatty acid mixture, determines many of the

technically important properties of the oil or fat, for example, solid fat content and

melting point. Once subjected to interesterification with a chemical catalyst, the

triacylglycerol becomes a random mixture of molecular species. Lipase catalyzed

interesterification may alter the distribution of molecular species in a more selective

way.

Chemical interesterification (28, 29) is carried out at moderate temperatures

(70–100�C), with neat oils and a low concentration (<0.4%) of a base catalyst

such as sodium methoxide or ethoxide or Na/K alloy. As the catalyst is destroyed

by water and free fatty acids, the oil must be carefully refined and dried before

adding the catalyst. Reaction proceeds through sequential fatty acid exchange

reactions, following formation of what is believed to be the true catalyst, the alkali

metal derivative of a diacylglycerol. There is no observed selectivity for fatty acid

or glycerol position, leading to a fully random product. The product composition

can be controlled through directed interesterification at lower temperatures.

Na/K alloy is used as catalyst as it is active at temperatures below 50�C and cooling

the reaction mixture causes high melting trisaturated triacylglycerols to crystallize

out, altering the composition of the liquid phase in which reaction occurs. The

remaining liquid phase is randomized by further reaction and high melting

products continue to crystallize out, eventually leading to solid and liquid

products richer in trisaturated and triunsaturated species than the fully randomized

fat (29).

Interesterification is used to modify fat properties without recourse to partial

hydrogenation. Hardened fats produced by partial hydrogenation contain trans-

isomers, which are now regarded as undesirable by nutritionists and will be increas-

ingly subject to product labeling regulations. Liquid fats can be hardened by inter-

esterification with fully saturated fats (either stearin fractions or fully hydrogenated

oils), raising the solid fat content without isomerizing any of the fatty acids. The use

of interesterification to produce margarine and spreads has increased recently, par-

ticularly in Europe.

3.4. Lipase Catalyzed Reactions

Lipases are enzymes that hydrolyze fatty acids from lipid species (e.g., triacylgly-

cerols or phospholipids) in vivo. A number of lipases, mainly of bacterial origin, are

now available immobilized onto a solid support for use as industrial scale catalysts.
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Immobilized lipases catalyze the whole range of ester exchange reactions described

above (alcoholysis, acidolysis, esterification) as well as hydrolysis. There are two

significant differences between lipase and chemically catalyzed reactions. First,

lipase catalyzed reactions take place at a lower temperature and with fewer side

reactions, leading to cleaner products: an environmentally friendly alternative to

some existing processes. Second, enzyme catalyzed reactions are more selective,

offering control over reactions not possible with a chemical catalyst. Selectivity

may be for fatty acids at different positions on the glycerol backbone (sn-1 and

sn-3 rather than sn-2) or for particular fatty acids, discriminating by double-bond

position or chain length (30, 31). The widely studied Lipozyme RM IM (Rhizomu-

cor miehei lipase immobilized onto a weak anion exchange resin) preferentially

hydrolyzes short-chain acids relative to medium and long chains from triacylglycer-

ols. Hydrolysis at the sn-1 position is somewhat faster than at sn-3, and hydrolysis

at sn-2 is very slow (31).

Lipase catalyzed reactions take place in the neat oil or in a nonpolar (usually

hydrocarbon) solvent. The efficiency depends on the amount of water, solvent (if

present), temperature, and ratio of reactants. A factorial approach can be used to

optimize the conditions (32). In interesterification reactions, 1,3-specific enzymes

give control over product composition that is not possible using chemical catalysts.

For example, starting with SOS and OOO, chemical interesterification produces all

eight possible isomers (see Table 5). Enzymatic interesterification does not

exchange fatty acids at the sn-2 position, and it will result in only two additional

molecular species, OOS and SOO. In more realistic situations, chemical and enzy-

matic interesterification may produce the same or a similar number of molecular

species, but in different proportions (31).

Enzymatic interesterification has most potential for high-value products such as

confectionary fats and nutritional products, for example, cocoa butter equivalents

prepared from cheap and readily available starting materials. Acidolysis of palm

mid fraction, rich in POP, with stearic acid gives a cocoa butter equivalent rich

in POSt and StOSt, through exchange at the sn-1 and sn-3 positions while retaining

the oleate at the sn-2 position. Tripalmitin treated similarly with oleic acid gives

products where the palmitate is retained at the sn-2 position, whereas oleate is intro-

duced at sn-1 and sn-3, producing a human milk fat substitute such as Betapol. In

practice, pure starting materials are not used. Feedstocks rich in tripalmitin and

oleic acid are reacted in a two step-process: alcoholysis to sn-2- monoacylglycerols

followed by esterification (33).

Both batch and fixed-bed reactors have been used and tested on the near ton

scale (34) for the production of high-value fats. This technology has now pro-

gressed to pilot production, using a 1-m3 fixed-bed plug-in reactor containing the

immobilized enzyme Lipozyme TL IM (35). Blends of palm oil or stearin with

palm-kernel or coconut oil are interesterified in less than one hour at 70�C, and

no downstream processing is required as the enzyme is retained in the reactor.

This is a practical, lower energy alternative to hydrogenation and chemical interes-

terification, free from the trans-isomer production of the former and more selective

and ‘‘natural’’ than the latter.
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Lipases also discriminate between fatty acids with different double-bond posi-

tions. The reaction of fatty acids with �4, �5, and �6 double bonds is significantly

slower than �9 acids when catalyzed by some enzymes. This is illustrated by

some examples of attempts to concentrate g-linolenic acid (GLA; 18:3 6c9c12c)

from borage oil. Hydrolysis of borage oil with Candida rugosa lipase resulted in

selective hydrolysis of the �9 acids (mainly 18:2) increasing the amount of

GLA in the remaining acylglycerols (36). The efficiency of the enrichment was

influenced by the initial triacylglycerol composition and the extent of hydrolysis.

Starting with a borage oil containing 22% GLA, the upper limit of enrichment

was to 46%, but higher values resulted from repeated hydrolysis of the recovered

acylglycerols. A two-step sequence involving both enzymatic hydrolysis and re-

esterification achieved higher enrichment (37). Nonselective hydrolysis with Pseu-

domonas sp. lipase was optimized for high GLA recovery (93%). Esterification with

lauryl alcohol, using Rhizopus delemar lipase, discriminated strongly against GLA,

resulting in enrichment in the unesterified fatty acids from 22.5% to 70.2% with a

recovery efficiency of 75.1%. A 92.1% GLA concentrate, obtained by low-tempera-

ture crystallization of borage oil fatty acids, was enriched to 99.1% by esterification

with butanol, catalyzed by Lipozyme IM-60 (38).The overall recovery was 72.8%.

The operating parameters (alcohol, concentration, temperature, and solvent) were

systematically investigated.

Eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), �5 and �4

acids respectively, are discriminated against during lipase catalyzed reactions and

reaction of DHA may be significantly slower than EPA. Alcoholysis of tuna oil

ethyl esters with lauryl alcohol using Rhizomucor miehei lipase enriches the

DHA in the unreacted ethyl esters, whereas the concentration of EPA is simulta-

neously reduced (39). A concentrate containing 60% DHA and 8.6% EPA was alco-

holyzed with excess lauryl alcohol (1:7 mole ratio). The remaining ethyl esters

contained 93% DHA in 74% recovery, and EPA was reduced to 2.9%. Both nonre-

giospecific and sn-1,3-specific enzymes incorporate GLA into seal blubber and

menhaden oil (3:1 mole ratio of GLA to triacylglycerol) producing an oil rich in

both n-3 and n-6 polyenes (40). The highest incorporation was with the nonspecific

enzyme.

4. OXIDATION

The fatty acid alkyl chain is susceptible to oxidation both at double bonds and adja-

cent allylic carbons. Free-radical and photooxidation at allylic carbons are respon-

sible for deterioration of unsaturated oils and fats, resulting in rancid flavors and

reduced nutritional quality, but they are also used deliberately to polymerize drying

oils. Oxidation of double bonds is used in oleochemical production either to cleave

the alkyl chain or to introduce additional functionality along the chain. Enzyme cat-

alyzed oxidation is the initial step in the production of eicosanoids and jasmonates

(biologically active metabolites in animals and plants respectively) but is not dis-

cussed further here.
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4.1. Autoxidation and Photooxidation

Both autoxidation and photooxidation produce allylic hydroperoxides from unsatu-

rated centers.

CH CH CH2 + O2 CH CH CH(OOH)

During this process, the position and geometry of the double bond may change.

The hydroperoxide mixtures produced by autoxidation and photooxidation are not

the same, indicating that different mechanisms are involved. Free radical oxidation

can be promoted or inhibited. Deliberate promotion speeds the polymerization of

drying oils, and strenuous efforts are made to inhibit the onset of rancidity in edible

oils. Frankel has recently reviewed this topic in depth (41); see also (1) for an exten-

sive discussion of oxidation of food lipids.

4.1.1. Autoxidation Autoxidation is a free-radical chain reaction, involving a

complex series of reactions that initiate, propagate, and terminate the chain.

initiation RH! R


propagation R
 þO2! ROO
 fast

ROO
 þ RH! ROOHþ R
 rate determining

termination R
, ROO
 ! stable products

The chain reaction is initiated by abstraction of an allylic hydrogen to give an

allylic radical stabilized by delocalization over three or more carbons. The initiator

is a free radical, most probably produced by decomposition of hydroperoxides

already present or produced by photooxidation. The decomposition may be thermal,

but it is more likely promoted by traces of variable redox state metal ions. Auto-

xidation is characterized by an induction period during which the concentration of

free radicals increases until the autocatalytic propagation steps become dominant.

During the induction period, there is little increase in oxidation products.

The first step of the propagation sequence is reaction of the allylic radical with

molecular oxygen, producing a peroxy radical. This step is much faster than the

subsequent abstraction of another allylic hydrogen by the peroxy radical, producing

both an allylic hydroperoxide and a new allylic radical that continues the chain

reaction. Hydrogen abstraction is the rate-determining step and is therefore selec-

tive for the most readily abstracted hydrogen. Methylene-interrupted dienes and

polyenes, where the allylic radical can be delocalized over five carbons, are oxi-

dized faster than monoenes where the radical is delocalized over three carbons

(Figure 5).

The chain reaction is terminated by reactions that remove radicals that would

otherwise produce more allylic radicals by hydrogen abstraction. Examples are

the combination of two hydroperoxy radicals leading to nonradical products and

molecular oxygen or reaction with a free-radical scavenger (antioxidant) generating

a more stable radical.
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The rate of autoxidation generally increases with increasing unsaturation.

Linoleate, as neat methyl or ethyl ester, reacts approximately 40 times faster

than oleate, and for higher polyenes, the rate doubles for each additional double

bond (42). Trilinolein does not follow the same kinetics as the simple esters and

oxidizes somewhat faster. The medium also influences susceptibility to oxidation,

and these generalizations may not hold in emulsified systems (e.g., many food for-

mulations) where oxidation occurs at the interface between aqueous and fat phases

(43). In aqueous micelles, EPA and DHA are unexpectedly stable (44), oxidizing

much more slowly than linoleate. In one experiment, over half the linoleate was

oxidized within 50 hours and �90% of EPA and DHA was still present after

2000 hours. The stability of the higher polyenes is attributed to their tightly coiled

configuration in the aqueous medium, making attack by oxygen or free radicals

more difficult.

Mechanistic studies of autoxidation have concentrated on methylene-interrupted

fatty acids, but many of the observations are valid for other compounds. Conjugated

fatty acids such as CLA also oxidize through an autocatalytic free radical reaction,

with the predominant hydroperoxide determined by the geometry of the conjugated

diene system (45). Other groups with activated methylenes may be susceptible to

oxidation, for example, the ether methylenes of ethoxylated alcohols used as sur-

factants (46).

4.1.2. Photooxidation Light, in the presence of oxygen, promotes oxidation of

unsaturated fatty acids. Ultraviolet radiation decomposes existing hydroperoxides,

peroxides, and carbonyl and other oxygen-containing compounds, producing radi-

cals that initiate autoxidation (42). Photooxidation by longer wavelength near ultra-

violet or visible light requires a sensitizer. Naturally present pigments such as

chlorophyll, hematoporphyrins, and riboflavin act as sensitizers as do dyes, includ-

ing erythrosine and methylene blue. Light excites these sensitizers to the triplet

state that promotes oxidation by type I and type II mechanisms. Unlike autoxida-

tion, there is no induction period.

In type I photosensitized oxidation, the triplet state sensitizer abstracts a hydro-

gen or electron from the unsaturated oil, producing radicals that initiate chain pro-

pagation as in autoxidation. However, chain-breaking antioxidants do not stop this

reaction as new radicals are produced photochemically. In type II photooxidation,

the energy of the triplet sensitizer is transferred to molecular oxygen, converting it

(a) (b)

Figure 5. Allylic radicals produced during autoxidation. (a) Those from isolated double bonds

are delocalized over three carbons. (b) Those from methylene-interrupted dienes or polyenes are

delocalized over five carbons. The arrows show the site of attachment of O2 giving a peroxy

radical.
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to its excited singlet state. Singlet oxygen is highly electrophilic and reacts rapidly

with olefins in an ene reaction, producing allylic hydroperoxides with oxygen

attached to one of the original olefinic carbons and the shifted double bond now

trans (Figure 6).

The ene reaction differs from free-radical oxidation, where oxygen attaches to an

outer carbon of the delocalized allylic radical (Figure 5), resulting in a different

mixture of hydroperoxides. For example, photooxidation of linoleate produces

four isomers: 9-OOH,10t12c, 10-OOH,8t12c, 12-OOH,9c13t, and 13-OOH,9c11t.

The same 9- and 13-hydroperoxides are produces by autoxidation, but the 10-

and 12-hydroperoxides are only produced by photooxidation.

Photooxidation is much faster than autoxidation; the reaction of linoleate with

singlet oxygen is approximately 1500 times faster than that with triplet oxygen

(47). There is less difference in the rate of photooxidation between monoenes

and polyenes than is seen in autoxidation. The relative rates for oleate, linoleate,

linolenate, and arachidonate are 1.0, 1.7, 2.6, and 3.1 (48, 49). This contrasts

with the 40-fold increase in rate of autoxidation between oleate and linoleate.

4.1.3. Decomposition of Hydroperoxides Allylic hydroperoxides are reactive

molecules and decompose readily in a complex series of reactions, the course of

which depends on the medium and other conditions (1, 41). Cleavage between

the oxygens is energetically favored, leading to alkoxy and hydroxyl radicals.

Redox metal ions such as Fe2þ/Fe3þ and Cuþ/Cu2þ are particularly effective cata-

lysts. The resulting radicals can initiate further autoxidation and produce a number

of stable products, many with undesirable nutritional and flavor properties (Fig-

ure 7). Products with the same chain length as the alkoxy radical include epoxides,

ketones, and hydroxy fatty acids. The significant products producing off-flavors are

those resulting from chain scission b to the alkoxy radical, producing shorter chain

aldehydes and hydrocarbons. Alkadienals have particularly low-odor thresholds and

a few parts per billion of nonadienals from n-3 fatty acids are responsible for a

marked fishy taint even when other signs of oxidation are absent (50).

There are a number of analytical measures of oxidative deterioration of oils and

fats. The most widely used are the peroxide value (PV) (15), which measures the

hydroperoxide content by iodine titration and the anisidine value (AV) (15), which

detects aldehydes by a color reaction. As an oil suffers damage because of autoxi-

dation, the hydroperoxide content, and PV rise but do not do so indefinitely. As

the hydroperoxides break down, the concentration of aldehydes and AV increase.

Oxidation is better assessed by a combination of PV and AV, the Totox value

H
O O

HOO

Figure 6. Ene reaction between singlet oxygen and an olefinic bond. The hydroperoxide may be

attached to either of the inital double bond carbons.
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(¼ 2� PVþAV) being a better index of oxidation than either PV or AV alone.

Volatile products can be removed from oils by deodorization, but aldehydes

attached to the carboxyl end of the chain remain part of the triacylglycerol (some-

times called ‘‘core’’ aldehydes) and are indicators of previous oxidative damage.

4.1.4. Antioxidants Lipid oxidation is influenced by many factors: the medium,

oxygen concentration, temperature, light, degree of unsaturation, and metal ions

among others. In the presence of oxygen, oxidation cannot be entirely prevented

nor can it be reversed, but it can be inhibited, delaying the buildup of oxidized

products to unacceptable levels. Antioxidants can interact with several steps of

free-radical or photooxidation. Their performance is medium and concentration

dependent and requires care as they can also act as prooxidants under some

conditions (51).

The most widely used antioxidants are free radical scavengers that remove reac-

tive radicals formed in the initiation and propagation steps of autoxidation. A num-

ber of natural or synthetic phenols can compete, even at low concentrations, with

lipid molecules as hydrogen donors to hydroperoxy and alkoxy radicals, producing

hydroperoxides and alcohols and an unreactive radical. b-carotene reacts with per-

oxy radicals, producing a less-reactive radical. These stabilized radicals do not

initiate or propagate the chain reaction.

R′ CH CH CH

OOH

R′′

OH + R′ CH CH CH

O

R′′

A B

R′′CHO R′CH CHA +

OH

R′CH CH R′CH2CHO

R′′R′CH CHCHOB +

H

R′′H

keto
epoxy
hydroxy
dihydroxy

oligomers and polymers

fatty acids

OH

Figure 7. Decomposition reactions of allylic hydroperoxides.
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Tocopherols are phenolic antioxidants (Figure 8) naturally present in most plant

oils (see Chapter X). They are concentrated in the distillate from physical refining,

which results in a corresponding decrease in the refined oil. Soybean distillate is a

source of tocopherols for antioxidant formulations. Carnosic acid (Figure 8) is iso-

lated from rosemary and other herbs. Sesamol (Figure 8) is a characteristic antiox-

idant of sesame oil, responsible for its high stability (Chapter xx). Synthetic

antioxidants are monocyclic phenols with highly branched substituents (Figure 8).

In all of these compounds, the radicals formed by abstraction of the phenolic

hydrogen are highly delocalized and unreactive. The antioxidant action of free-

radical scavengers is sacrificial, delaying oxidation until the antioxidant is used

up. Oxidized tocopherols may be regenerated by ascorbic acid, extending their

effective life while keeping their concentration below prooxidant levels.

Photooxidation is not inhibited by free-radical scavengers. Natural pigments that

act as sensitizers may be reduced during refining, increasing stability. Singlet oxy-

gen and excited state sensitizers can be deactivated either by competitive reaction

or physical energy transfer, for example, to b-carotene. Tocopherols and some

amines also act as singlet oxygen quenchers through physical energy transfer.

Redox metal ions, particularly iron and copper, react with hydroperoxides, initi-

ating further autoxidation and producing undesirable decomposition products.

Complete removal of these metal ions is not possible, but steps can be taken to

reduce their effect. Chelating agents such as EDTA, citric acid, phosphate, and

polyphosphates may reduce the effective metal ion concentration. Their efficacy

depends on pH, and they may also show prooxidant activity. The role of metal

ions in hydroperoxide decomposition in food emulsions has been reviewed recently

(52).

OCH3

OH

CH3

OH

COOC3H7

OH

OHHO

(d) (e) ( f )

O

CH3

HO

CH3

CH3

OH

HO

HOOC

O

OHO

(a) (b)

(c)

Figure 8. Natural antioxidants (a) a-tocopherol, (b) carnosic acid, and (c) sesamol. Synthetic

antioxidants (d) butylated hydroxyanisole (BHA), (e) butylated hydroxytoluene (BHT), and (f)

propyl gallate.
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4.2. Epoxidation

Epoxides are produced by reaction of double bonds with peracids. This proceeds by

a concerted mechanism, giving cis stereospecific addition (Figure 9) (53). Thus, a

cis olefin leads to a cis epoxide and a trans olefin to a trans epoxide. The order of

reactivity of some peracids is m-chloroperbenzoic > performic > perbenzoic >
peracetic; electron withdrawing groups promote the reaction. The carboxylic acid

produced is a stronger acid than the strongly hydrogen bonded peracid and may

lead to subsequent ring opening reactions especially in the case of formic acid.

Small scale reactions are carried out with m-chloroperbenzoic acid in a halocarbon

or aromatic solvent, in the presence of bicarbonate to neutralize the carboxylic acid

as it is formed (54, 55).

Oils, mainly soybean but also linseed, are epoxidized on an industrial scale

(100,000 tons per year) as stabilizers and plasticizers for PVC. The reactive epoxide

groups scavenge HCl produced by degradation of the polymer. Epoxidation is car-

ried out with performic or peracetic acid produced in situ from formic or acetic acid

and high strength hydrogen peroxide (70% w/w). Peracids are unstable, and the

reaction is exothermic. The concentration of peracid is kept low by using a low con-

centration of the carboxylic acid either in the neat oil or in a hydrocarbon solvent.

The carboxylic acid is regenerated after epoxidation. Complete epoxidation is not

achieved as in the acidic medium ring opening reactions occur producing dihydroxy

and hydroxy carboxylates as byproducts.

Recent studies have attempted to improve the efficiency of epoxidation under

milder conditions that minimize the formation of byproducts. Chemo-enzymatic

epoxidation uses the immobilized lipase from Candida antartica (Novozym 435)

(56) to catalyze conversion of fatty acids to peracids with 60% hydrogen peroxide.

The fatty acid is then self-epoxidized in an intermolecular reaction. The lipase is

remarkably stable under the reaction conditions and can be recovered and reused

15 times without loss of activity. Competitive lipolysis of triacylglycerols is inhib-

ited by small amounts of fatty acid, allowing the reaction to be carried out on intact

oils (57). Rapeseed oil with 5% of rapeseed fatty acids was converted to epoxidized

rapeseed oil in 91% yield with no hydroxy byproducts. Linseed oil was epoxidized

in 80% yield. Methyl esters are also epoxidized without hydrolysis under these

conditions.

Methyltrioxorhenium (MTO) catalyses direct epoxidation by hydrogen peroxide.

The reaction is carried out in pyridine, avoiding acidic conditions detrimental to

high epoxide yield and uses less concentrated hydrogen peroxide (30%) than other

methods (58). This method epoxidized soybean and metathesized (see Section 7.4)

R H

HR′

H

O
O

O

R′′

R H

HR′

O
H

O
O

O

R′′

R H

HR′

O +
O

H

R′′O

Figure 9. Epoxidation mechanism proposed by Bartlett (53). The cis-olefin gives rise to a cis-

epoxide.
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soybean oil in high yield (59). The epoxidized metathesized oil was more stable to

polymerization than that produced using m-chloroperbenzoic acid, presumably

because it was free of acidic impurities. These and other novel approaches to epox-

idation have recently been reviewed (4, 60, 61). None has yet found industrial

application.

Epoxides are reactive and readily ring open in acid, following protonation of the

epoxy oxygen (Figure 10). This is a route to diols (see Section 4.3), polyols used

in polymer production and a range of a-hydroxy compounds. Ring opening of

methylene-interrupted diepoxides leads to 5 and 6 membered ring ethers through

neighboring group participation (7).

4.3. Hydroxylation

Double bonds are converted to monohydroxy derivatives by acid catalyzed addition

of carboxylic acids, followed by hydrolysis. The carbocation intermediate is prone

to rearrangement, leading to a mixture of positional isomers. Hydroboration with

borane:1,4-oxathiane followed by alkaline hydrolysis a regioselective reaction

(62) has been used to prepare hydroxy fatty acids as GC-MS standards in high

yield (63).

Hydroxylation reactions leading to diols have much in common with epoxida-

tion and oxidative cleavage reactions (see Section 4.4), the end product depending

on the strength of the oxidizing agent. Dilute alkaline permanganate or osmium

tetroxide react through cyclic intermediates resulting from cis addition of the

reagent giving an erythro diol. Ring opening epoxides with acid is a trans addition,

leading to a threo product (Figure 10).

An oxygen bridged manganese complex was recently reported to catalyze

double-bond oxidation by hydrogen peroxide leading to a mixture of epoxide,

cis-diol, and hydroxy ketone products (64). This is an interesting model reaction

for the efficient use of hydrogen peroxide as a cheap hydroxylating agent if the

selectivity can be improved. A number of microorganisms are reported to produce

O

OO
Mn

OO

OAc

HO

OHHO

OH

HO

i

ii

(1)

iviii
(2)

erythro

threo

Figure 10. Stereochemistry of hydroxylation reactions: (1) with dilute alkaline permanganate

and (2) through epoxide ring opening. (i) KMnO4, NaOH; (ii) m-chloroperbenzoic acid, NaHCO3,

CH2Cl2; (iii) CH3COOH; (iv) base catalyzed hydrolysis.
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a range of novel di- and trihydroxy fatty acids and are being investigated as poten-

tial biocatalysts (65).

4.4. Oxidative Cleavage

Double bonds are cleaved by a number of oxidizing agents, converting the olefinic

carbons to carboxylic acids, aldehydes, or alcohols. Fatty acids give a monofunc-

tional product from the methyl end and a difunctional product from the carboxyl

end (along with low-molecular-weight products from methylene-interrupted

systems).

Although now largely superceded by GC and GC-MS methods for structure

determination, oxidative cleavage with ozone or permanganate/periodate and iden-

tification of the resulting products is a powerful method for double-bond location,

particularly for monoenes (19). Reaction with alkaline permanganate/periodate pro-

ceeds through the diol resulting from reaction with dilute permanganate (see Sec-

tion 4.3). The diol is split into two aldehydes by reaction with periodate, and the

aldehydes are subsequently oxidized to carboxylic acids by permanganate. Alterna-

tively, diols derived from double bonds are cleaved to aldehydes by lead tetraace-

tate or periodate.

Ozone reacts directly with double bonds under mild conditions and is the pre-

ferred degradative method for double-bond location (19). The reaction occurs in

several steps (64), starting with a 1,3-dipolar cycloaddition (Figure 11). The addi-

tion product decomposes rapidly into an aldehyde and a carbonyl oxide. In the

absence of solvent or in nonparticipating solvents, these recombine forming a rela-

tively stable 1,2,4-trioxolane or ozonide. The separation into aldehyde and carbonyl

oxide during this rearrangement is supported by production of six ozonide species

from unsymmetrical olefins. Ozonides can be converted to a number of stable pro-

ducts; oxidation yields carboxylic acids, mild reduction gives aldehydes, and treat-

ment with nickel and ammonia gives amines providing useful synthetic routes to

difunctional compounds from fatty acids [e.g., Furniss et al. (67)]. In a carboxylic

acid or alcohol solvent, the carbonyl oxide reacts with the solvent producing mainly
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Figure 11. Ozonolysis reaction mechanism. In nonparticipating solvents, the carbonyl oxide (1)

and aldehyde recombine to give the moderately stable ozonide (2). Hydroperoxides (3) are

formed in protic solvents, and R 0 0 can be alkyl or acyl.
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acyloxy or alkoxyhydroperoxides, respectively, along with other more complex

products (68). These hydroperoxides are oxidized or reduced to the same products

as the ozonides.

Ozonolysis is the only oxidative cleavage that is used industrially. Around

10,000 tons per year of azelaic acid (nonane-1,9-dioic acid) are produced along

with pelargonic acid (nonanoic acid) by ozonolysis of oleic acid. Azelaic acid is

used for polymer production and is not readily available from petrochemical

sources. Other dibasic acids potentially available by this route are brassylic (tride-

cane-1,13-dioc) and adipic (hexane-1,6-dioic) acids from erucic (22:1 13c) and

petroselenic (18:1 6c) acids, respectively. High-purity monoenes are required as

feedstock to avoid excessive ozone consumption and byproducts. Ozonolysis is a

clean reaction, carried out at low temperatures without catalyst. However, ozone

is toxic and unstable, as are the intermediates. Industrial scale ozonolysis is carried

out in pelargonic acid run countercurrent to ozone at 25–45�C followed by decom-

position at 60–100�C in excess oxygen (69). Ozone must be generated continuously

on-site by electrical discharge in air, and ozone production is the limiting factor for

large-scale production (70).

Ruthenium oxide (RuO4) catalyzes oxidative cleavage of oleic acid to pelargonic

and azelaic acids efficiently in the presence of NaOCl as an oxygen donor to regen-

erate Ru(VIII) (71). However, the production of halogen salt byproducts makes this

impractical for large-scale production. Hydrogen peroxide and peracetic acid are

cheaper and more environmentally benign oxidants, the byproduct from reaction

or regeneration of peracid being water, but give very low yields with RuO4. Ruthe-

nium(III) acetylacetonate (Ru(acac)3) with peracetic acid or Re2O7 with hydrogen

peroxide give moderate yields with internal double bonds, but �80% conversion

with terminal olefins. Terminal olefins, produced from fatty acids with an internal

double bond by metathesis with ethylene, are converted to dibasic acids without

COOR

H2C CH2

COOR

HO OH

COOR

HOOC COOR

COOH HOOC COOR

RuO2/NaOCl

+

CH3CO3H/Ru(acac)3
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H2O2/Re2O7

+

metathesis

H2O2

Re2O7

Figure 12. Alternative oxidative cleavage reactions.
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concomitant production of monobasic acids. Diols produced by hydroxylation are

cleaved by Re2O7 with hydrogen peroxide to di- and monobasic acids (Figure 12).

These reactions offer an alternative to ozonolysis for the production of dibasic

acids, but they have still to be optimized for industrial application (71, 72).

5. REDUCTION

Both carbon–carbon double bonds and the carboxyl group of fatty acids can be

reduced, either together or separately depending on the reaction conditions. Cata-

lytic reduction is an important industrial route to hardened fats, fatty alcohols, and

fatty amines, using well-established technologies.

5.1. Hydrogenation of Double Bonds

Transition metals such as Co, Ni, Cu, Ru, Pd, and Pt catalyze hydrogenation of dou-

ble bonds. Palladium on charcoal or Adam’s catalyst (platinum oxide) promote

saturation of fatty acids at ambient temperature and hydrogen pressure. Hydrogena-

tion is accompanied by exchange and movement of hydrogen atoms along the chain

in the region of the double bonds, demonstrated by the large number of isotopomers

formed on deuteration. Homogeneous deuteration with Wilkinson’s catalyst (tris

(triphenylphosphine)rhodium(I) chloride) proceeds without hydrogen movement

or exchange (73) and in conjunction with GC-MS analysis is used to locate double

bonds. Partial hydrogenation with hydrazine does not isomerize unreacted double

bonds and is useful for structural analysis of polyenes and was recently used to

examine long-chain metabolites of conjugated linoleic acid (CLA) (74).

5.2. Catalytic Partial Hydrogenation

Partial hydrogenation reduces the polyene content of oils while maintaining or

increasing the monoene content. Reduction of double bonds is accompanied by a

variable degree of cis-to trans-isomerization. ‘‘Brush’’ hydrogenation of soybean or

rape oil reduces linolenic content, improving oxidative stability, whereas more

extensive hydrogenation increases solid fat content, producing ‘‘hardened’’ fats

for spreads and shortenings. Partial hydrogenation has been used for the past cen-

tury, in margarine production and remains an important process for edible fat mod-

ification (Chapter xx) despite concerns about adverse nutritional properties of trans-

fatty acids. There are recent reviews of the mechanism (75, 76) and technology

(77).

A number of uncertainties remain about the mechanism of the reaction and the

factors controlling selectivity between polyenes and monoenes, and the balance

between hydrogenation and isomerization. Hydrogenation is a three-phase reaction

among liquid oil, gaseous hydrogen, and solid catalysts carried out as a batch pro-

cess in autoclaves to maintain consistent products. Temperature, hydrogen pressure,

amount and formulation of catalyst, and agitation are all carefully controlled.
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Supported nickel is invariably used as catalyst. Although other catalysts are equally

or more effective, nickel has widespread acceptance from long use, ease of removal,

and low cost. Unremoved traces of other metals such as copper might also reduce

the oxidative stability of the product.

The reaction mechanism must account for the selectivity of the reaction (poly-

enes reacting faster than monoenes) and the production of trans-monoenes. Hydro-

gen addition is in two steps with a semihydrogenated intermediate. Addition of the

first hydrogen is reversible, regenerating a double bond with potentially altered

position or geometry. Addition of a second hydrogen irreversibly produces a satu-

rated bond (Figure 13). Dijkstra (76) proposed that for dienes, the formation of the

semihydrogenated intermediate is rate determining and hydrogen concentration

dependent, whereas for the conversion of monoene to saturate, the rate-determining

and hydrogen concentration-dependent step is the addition of the second hydrogen.

At low dissolved hydrogen concentrations, isomerization of monoenes is favored

over saturation, allowing control of the product composition by hydrogen pressure,

agitation, and reaction time.

Copper catalysts show different selectivity compared with nickel. Copper only

catalyzes hydrogenation of methylene-interrupted systems, showing high selectivity

for polyenes and no reaction with oleate or other monoenes produced by reduction

of polyenes. The first step is production of conjugated dienes that are the species

hydrogenated. Dijkstra recently reassessed this reaction, suggesting removal of an

allylic hydrogen as the first step in production of the conjugated diene (78).
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Figure 13. Partial hydrogenation. The partially hydrogenated intermediate (1) may lead to cis or

trans unsaturated or saturated products. D—diene; M—monoene; S—saturate; � potentially

isomerized. Formation of M � is favored at a low hydrogen concentration.
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5.3. Production of Fatty Alcohols

Triacylglycerols, fatty acids, and esters can be reduced to aldehydes, alcohols, or

hydrocarbons, the main application being the production of fatty alcohols. On a

small scale, lithium aluminum hydride (in excess of stochiometric requirement)

is a convenient reducing agent for the carboxyl group without affecting polyunsa-

turated chains. Industrially, catalytic hydrogenation is used and has been reviewed

(79, 80).

Long-chain alcohols are produced from both oleochemical and petrochemical

sources. Oils and fats provide straight chain lengths not readily available otherwise

and the possibility of unsaturated chains. The main feed stocks are coconut and

palm-kernel oil for C12–C14 alcohols and technical grades of tallow and palm oil

for C16–C18 alcohols. The preferred starting material for catalytic hydrogenation

is methyl ester. Fatty acids are corrosive and need harsh reaction conditions, leading

to unwanted byproducts. Reduction of intact oils leads to loss of glycerol, a valu-

able byproduct, through over-reduction to propane diol and propanol, as well as

excessive hydrogen and catalyst consumption. Methyl esters are reduced to satu-

rated alcohols with copper chromite catalyst (�2%) at 250–300�C and 25–

30-MPa (250–300 bar) hydrogen in a suspension system or at 200–250�C with a

fixed-bed catalyst. The methanol produced is recycled for methyl ester production.

Zinc-based catalysts do not hydrogenate double bonds and are used to produce

unsaturated alcohols such as oleyl alcohol.

6. PRODUCTION OF SURFACE ACTIVE COMPOUNDS
AND OLEOCHEMICALS

The main non-food use of oils and fats is the production of surfactants. The amphi-

philic properties of fatty acids, exploited for centuries in the use of soaps, can be

modified by changing the carboxyl group into other hydrophilic groupings, giving

anionic, cationic, amphoteric, and nonionic surfactants. There is also scope for

functionalizing the aliphatic chain, but this has not been widely used commercially.

The chain length of the feed stock, C12–C14 from lauric oils, C22 from high erucic

rape and fish oils, and C16– C18 from most other sources, can be used to modify

solubility. The main starting materials for surfactant production are fatty acids

and alcohols with a range of N-containing derivatives produced through amides and

amines. Surfactants of oleochemical origin may biodegrade better than petrochem-

ical products, giving an environmental benefit in addition to being derived from

renewable resources. Recently, surfactants have been produced from fully renew-

able resources. Oleochemical surfactant production has been reviewed (81–85).

6.1. Nitrogen-Containing Compounds

The presence of nitrogen, either in a neutral or cationic group, gives surfactant

properties that are not easily produced with other compounds. A diverse range of

nitrogen-containing compounds are produced, for which the starting point is an
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amide or amine. Amides are formed by direct reaction of the fatty acid and ammo-

nia at 180–200�C and 0.3–0.7 MPa (3–7 bar), through dehydration of the initially

formed salt. Long-chain amides, e.g., erucamide, are the principle industrial pro-

ducts, used as polythene film additives.

Amines are produced from fatty acids in a reaction sequence in which the nitrile

is an intermediate. Nitriles are produced by reaction of the fatty acid with ammonia,

giving the amide that is dehydrated in situ at 280–360�C in the liquid phase on a

zinc oxide, manganese acetate, or alumina catalyst. Lower temperature and longer

reaction times are used with unsaturated fatty acids to avoid polymerization. Hydro-

genation with nickel or cobalt catalyst reduces the nitrile to amines via the aldimine

(RCH����NH). Depending on the reaction conditions, the aldimine reacts with hydro-

gen or primary or secondary amines, giving primary, secondary, or tertiary amines,

respectively, as the major product. Primary amines are produced at 120–180�C and

2–4 MPa (20–40 bar); higher temperature and lower pressure favors production of

secondary and tertiary amines with a symmetrical substitution at the nitrogen. The

long-chain composition closely reflects the fatty acid composition of the feedstock,

although hydrogenation conditions can be adjusted to hydrogenate the alkyl chains

or induce cis–trans-isomerism. The more widely used unsymmetrical tertiary

amines are produced from primary amines, amides, or alcohols (Table 7). Reactions

converting amines to other surface-active derivatives and for the preparation of

other nitrogen-containing compounds are shown in Table 7. These have appeared

in several reviews (2, 82, 84, 86, 87).

RC

N

N CH2

CH2CH2NH2

CH2

4

TABLE 7. Routes to Nitrogen-Containing Surfactants.

Product

RCH2NH2þCH2O! (reduction)! RCH2NMe2 tertiary amine

RCH2CONMe2! (reduction)! RCH2NMe2 tertiary amine

RCH2OHþMe2NH! (catalytic hydrogenation)! RCH2NMe2 tertiary amine

ROHþCH2����CHCN! RO(CH2)2CN! (reduction)! RO(CH2)3NH2 etheramine

RNH2þCH2����CHCN! RNH(CH2)2CN! (reduction)! RNH(CH2)3NH2 diamine

RNH(CH2)3NH2þCH2����CHCN! RNH(CH2)3NH(CH2)2CN! triamine

(reduction)! RNH(CH2)3NH(CH2)3NH2

RO(CH2)3NH2þ 2nCH2(O)CH2! RO(CH2)3N((CH2CH2O)nH)2 ethoxylated

etheramine

RNH(CH2)3NH2þ 2nCH2(O)CH2! RNH(CH2)3N(CH2CH2O)nH)2 ethoxylated diamine

RNH2þ nCH2(O)CH2! H(OCH2CH2)nN(R)(CH2CH2O)nH ethoxylated amine

RN(Me)2þ (H2O2)! RNþ(Me)2O� amine oxide

RN(Me)2þ (MeCl or Me2SO4)! RNþ(Me)3 X� quaternary amine

R3Nþ (benzyl chloride)! R3NþBz X� quaternary amine

RCOOHþNH2(CH2)2NH(CH2)2NH2! 4 imidazoline

2RCOOHþ (HOCH2CH2)2NCH3! (RCOOCH2CH2)2NCH3þH2O ester amine
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6.2. Ethoxylation

Long-chain molecules with active hydrogen (alcohols, amines, and amides) react as

nucleophiles with ethylene oxide usually with a basic catalyst. The product has a

hydroxyl group that can react with further ethylene oxide, leading to polyoxyethy-

lene products with a range of molecular weights. The average number of ethylene

oxide molecules added depends on the reaction conditions and can be adjusted to

alter the solubility and surfactant properties of the product.

ROHþ nC2H4O! ROðC2H4OÞnH

Typical reaction conditions are 120–200�C and pressures of 0.2–0.8 MPa (2–8 bar)

with potassium hydroxide or sodium alcoholates as catalyst (83). In the reaction

with primary amines, both active hydrogens are replaced before further ethylene

oxide addition leading to dipolyoxyethylene derivatives. Polyoxyethylenes have a

terminal hydroxyl that may be further functionalized under conditions that do not

damage the ether linkages, for example, sulfation.

6.3. Sulfation

Sulfate esters of alcohols or polyoxyethylene alcohols are prepared by reaction with

sulfur trioxide in continuous falling-film plants, immediately followed by neutrali-

zation with sodium hydroxide to give the sodium salt (81).

ROHþ SO3 ! ROSO3H

ROSO3Hþ NaOH! ROSO3Naþ H2O

Alcohol sulfates are not stable in acid and are used in alkaline formulations.

C12–C16 alcohol sulfates have excellent detergency, high foam, and good wetting

properties. Alcohol sulfates are fully biodegradable under aerobic and anaerobic

conditions and compete in performance with petrochemical-derived linear alkyl-

benzene sulfonates (LABS).

Mono- and diacylglycerols are starting materials for sulfate ester surfactants that

can be prepared directly from triacylglycerols without reduction to the fatty alco-

hol. Cocomonoacylglycerol sulfates, used in cosmetic formulations, are produced

in a solvent-free process (88). Glycerolysis of coconut oil (mole ratio of glycerol

to oil of 2:1) gives the raw material for sulfatization, predominantly mono- and dia-

cylglycerols. Membrane filtration is used to desalt the product.

6.4. a-Sulfonates

The methylene adjacent to the carboxyl group is sufficiently activated to react with

sulfur trioxide, giving a-sulfonate products. As allylic methylenes are similarly

activated, the reaction is usually carried out with saturated starting materials. The

complex reaction involves two moles of sulfur trioxide, giving a disulfonate inter-

mediate that reacts with methyl ester to give the a-sulfonate ester, or on treatment
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with sodium hydroxide the disodium salt (81). a-Sulfonates have low toxicity and

are fully biodegradable.

RCH2COOCH3 þ 2SO3 ! RCHðSO3HÞCOOSO2OCH3

RCHðSO3HÞCOOSO2OCH3 þ RCH2COOCH3 ! 2RCHðSO3HÞCOOCH3

6.5. Carbohydrate-Based Surfactants

Carbohydrates and related polyols (as well as amino acids) have attracted attention

as the hydrophilic component of nonionic surfactants, particularly as a benign alter-

native to manufacture using ethylene oxide. Sucrose, glucose, and sorbitol (from

hydrogenation of glucose) are available in quantity from renewable resources.

Although sorbitol esters have been in use for many years, large-scale synthesis

of sugar esters remains difficult because of the similar reactivity of all the carbohy-

drate hydroxyls, leading to many molecular species in the product. Further difficul-

ties are the insolubility and charring of the carbohydrate in the reaction medium. A

more controllable reaction is that between long-chain alcohols and glucose, giving

alkyl polyglycosides with the fatty alcohol ether linked only to position C-1 on the

glucose ring. Further glucose units are also joined through ether links. Both the

alcohol and glucose can be produced from renewable resources (oils and fats and

starch, respectively), and the reaction can be carried out in a solvent-free system. In

commercial production, glucose is suspended in excess alcohol and reacted at 100–

120�C with a sulfonic acid catalyst. The product has an average degree of polymer-

ization of 1.2 to 1.7 glucose units per molecule (Figure 14) and is nonirritant and

fully biodegradable (88–91). Alkyl polyglycoside production is currently �100,000

tons per year, which is used in detergent formulations in place of petrochemical-

derived products.

6.6. Dimers and Estolides

A number of different dimers and oligomers are produced from fatty acids and alco-

hols. These are branched-chain compounds with significantly lower melting points

than straight chain structures of similar molecular weight. Fully saturated dimers
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Figure 14. Alkyl polyglycoside. Degree of polymerization¼ yþ 1.
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have excellent oxidative stability. This and their extended liquid range are exploited

in their use as lubricants and cosmetic additives. Polyfunctional dimers are used in

polymer formulations.

Dimer acids. Dimer acids are produced by heating monoene or diene fatty acids

(e.g., tall oil acids, a byproduct of wood pulping) with a cationic clay catalyst

(92). Typical conditions are 4% montmorillonite at 230�C for 4–8 hours. After dis-

tillation, the product is a complex mixture of acyclic, cyclic, and bicyclic dimers

along with some trimer. Dimer acids are dibasic and react with diamines and tria-

mines to give polyamides. Imidazole derivatives are used as corrosion inhibitors

and esters as lubricants.

Guerbet compounds. Guerbet alcohols have been known for over a century and are

produced by the alkali catalyzed dimerization of aliphatic alcohols with accompa-

nying loss of water. Typical reaction conditions are heating at 200–300�C with

potassium hydroxide in the presence of transition metal compounds to catalyze

the intermediate reduction step. Dehydrogenation of the alcohol to the aldehyde

is followed by aldol condensation and rehydrogenation to give the branched-chain

alcohol (Figure 15a).

The alcohols can be oxidized to the corresponding acids. Guerbet alcohols,

acids, their esters, sulfates, and ether sulfates are used as lubricants, cosmetic addi-

tives, and surfactants. Their synthesis, characterization, and applications have been

reviewed (93).

Estolides. Estolides are ester-linked branched-chain compounds. They are normally

produced under harsh conditions similar to those used to produce dimer acids, but

with the addition of around 10% water. Mono- and polyestolides are used as lubri-

cants, greases, and surfactants, and in cosmetic, ink, and plastic formulations. Esto-

lides biodegrade rapidly and completely, at rates comparable with the vegetable oils

and fatty acids from which they are derived (94), making them environmentally

benign products. The �5 monoene acids in meadowfoam oil form estolides under
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Figure 15. (a) Guerbet alcohol from lauryl alcohol (12:0). (b) Estolide from meadowfoam acids

(20:1 5c).
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mild acid catalysis, neighboring group participation by the carboxyl group facilitat-

ing the reaction (Figure 15b) (95). The product from meadowfoam acids shows

higher regioselectivity than that from acids with mid-chain olefins where the double

bond is further from the carboxyl group. Estolides from mid-chain olefins have sig-

nificantly lower pour points than the corresponding fatty acids or triacylglycerols,

but those from meadowfoam acids show little difference.

7. MODIFYING FATTY ACID STRUCTURE

Isomerization and conjugation change the properties of natural methylene-inter-

rupted fatty acids, leading to new applications and potential added value. Chain

shortening or extension produces fatty acids not readily isolated from natural

sources and is also used to introduce radioactive or stable isotope labels. Metathesis

provides a flexible method for modifying the alkyl chain.

7.1. Isomerization

Trans-isomers of fatty acids are more stable thermodynamically than cis-isomers,

because of reduced steric crowding; the equilibrium ratio is approximately 4:1

trans:cis. There is a considerable energy barrier to interconversion (�125 kJ/

mole). Before the attached groups can rotate about the double bond, it has to be

weakened by coordination to a catalyst, high temperature, or temporary conversion

to a single bond through addition and elimination reactions. Chemical isomeriza-

tion agents leading to an equilibrium mixture include selenium (through a p-com-

plex) and nitrogen oxides or thiols (through free-radical addition/elimination).

Cis-to trans-isomerization accompanies partial hydrogenation (see Section 5.2)

and may be exploited to raise the melting point. Unwanted isomerization occurs

during physical refining at temperatures above 250�C. More unsaturated acids iso-

merize faster, making linolenic containing seed oils (e.g., soybean and canola) par-

ticularly vulnerable. Conditions for deodorizing rape oil without isomerization have

been optimized following a detailed study and development of a model of the iso-

merization kinetics (96).

7.2. Conjugation

Heating with alkali has long been used to produce conjugated drying oils for paints

and varnishes. The anion resulting from removal of a bis-allylic methylene rear-

ranges through migration and isomerization, giving a cis,trans-conjugated system

(Figure 16). Thus, linoleic acid (18:2 9c12c) gives both 9c11t and 10t12c isomers,

whereas trienes give a mixture of partially and fully conjugated isomers depending

on whether the middle or an outer double bond migrates first. Under the harsh con-

ditions used to prepare drying oils (aqueous alkali at �230�C), a complex mixture

of isomers is eventually formed, but under controlled conditions (e.g., KOH in
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propylene glycol at 150�C), a mixture containing only the 9c11t and 10t12c CLA

isomers is produced (97). This product and individual isomers prepared from the

mixture are used as nutritional supplements.

Thermal isomerization of linoleic acid produces a conjugated isomer mixture

that does not contain all possible cis-and trans-isomers. The absence of the 8c10t

and 11t13c isomers suggests a concerted pericyclic mechanism that limits the geo-

metrical possibilities for the rearranged double bonds (98). [RhCl(C8H14)2]2 in the

presence of (p-CH3C6H4)3P and SnCl2.2H2O is an efficient homogeneous catalyst

for the conjugation of linoleic acid, producing conjugated soybean oil with excep-

tional drying properties and high solvent resistance in high yield (99).

7.3 Chain Shortening and Extension

Fatty acids can be labeled at the carboxyl carbon with 13C or 14C by chain short-

ening followed by chain extension with labeled carbon. Chain shortening to the nor-

halide using the Hunsdieker reaction (decarboxylation of fatty acid silver salts in

the presence of halogens) is only suitable for saturated acids, but unsaturation is

not altered using the alternative developed by Barton employing N-hydroxy-pyri-

dine-2-thione in a halocarbon solvent (100). Chain extension with labeled cyanide

followed by hydrolysis or reaction of the derived Grignard reagent with labeled car-

bon dioxide gives the labeled fatty acid. The Barton decarboxylation was recently

used to prepare gram quantities of 1-[13C ]-linoleic and 1-[13C ]-linolenic acids for

metabolic studies (101).

Two-carbon chain extension at the carboxyl end, mimicking biosynthesis, uses

the malonic ester route (102). After reduction of the carboxyl to an alcohol, the

readily displaced mesylate is prepared and reacted with sodium diethylmalonate.

Saponification and decarboxylation gives the chain extended product in high yield.

OH

+

H2O

+

Figure 16. Alkali-induced conjugation of methylene-interrupted olefins.
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This is an efficient route to C20 polyenes, not easily isolated from natural sources,

starting from readily available C18 sources.

Metathesis (see Section 7.4) provides a flexible route to longer and shorter

chains after reaction at a (usually monoene) double bond.

7.4 Olefin Metathesis

Olefin metathesis is the catalytic exchange of groups attached to a double bond. It

presents a number of interesting possibilities for modifying the alkyl chain of fatty

acids (Figure 17).

The mechanism involves a [2,2] cycloaddition between a transition metal alky-

lidene complex and the olefin, resulting in an intermediate metallocyclobutane

(103). The metallocycle breaks in the opposite way to give a new alkylidene and

a new olefin. Repeated exchange at the metal results in an equilibrium mixture

of olefins, usually as an equilibrium mixture of cis-and trans-isomers. The reaction

is used in the petrochemical industry to modify hydrocarbon structure, using cata-

lysts such as WCl6/SnMe4 or Re2O7/Al2O3. These catalysts are less active when

other functional groups compete for the active site, and the application of metath-

esis in oleochemistry has paralleled development of novel catalysts, such as Grubb

catalysts, containing sterically hindered metal alkylidenes (Figure 17a,b).

Self-metathesis describes the reaction of an unsaturated fatty acid with itself.

For example, methyl oleate gives a mixture of starting material (50%), unsaturated

hydrocarbon (25%), and long-chain unsaturated diester (25%), all as a mixture

of cis-and trans-isomers. (Figure 18). The diester can be converted to the musk

component civetone, but a more efficient route is through self metathesis of

the ketone oleon derived from methyl oleate by Claisen condensation (104)

(Figure 18).
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Figure 17. Olefin metathesis reaction and mechanism. (a) and (b) Grubb catalysts.
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Cross-metathesis of an unsaturated fatty ester with a normal alkene is a versatile

way of producing chain-shortened or chain-extended homologues leading to oleo-

chemicals with chain lengths outside the C16–C22 range of most commodity oils.

Methyl oleate reacts with hex-3-ene, in large excess to suppress self-metathesis and

push the reaction toward the C12 ester and hydrocarbon products. o-Olefins may be

chain extended similarly, the ethene produced being removed to drive the reaction

to completion. Cross metathesis provides a route to compounds otherwise difficult

to obtain, for example, triacontanol from reduction of the product from methyl eru-

cate and 1-octadecene. Ethenolysis (cross-metathesis with ethene) produces shorter

chain o-olefins with a wide range of applications. A high pressure of ethene is used

to force the reaction to the desired products. o-Olefins produced either by metath-

esis or from pyrolysis of castor oil can be coupled to give long-chain dibasic acids

(105).

Metathesis of intact oils produces polymeric products resulting from intra- and

intermolecular bond formation, and they can be used to produce high-viscosity

stand oils from drying oils without the loss of double bonds that occurs on thermal

polymerization. Vegetable oils can be metathesized efficiently at low temperature

and pressure using Grubb’s ruthenium catalyst (Cy3P)2Cl2Ru����CHPh, without the

rigorous exclusion of water and oxygen required with WCl6/SnMe4 (106). Pretreat-

ment of the oil with silica gel may be required.

As a reaction with 100% atom efficiency achieved at moderate temperature

(<100�C) using renewable resources, metathesis has potential in a sustainable

COOMe

MeOOC
COOMe

O

O

× 2

Re2O7/SiO2, Al2O3/Bu4Sn

oleon

civetone

+

Figure 18. Self-metathesis reactions.
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chemical industry. A recently developed catalyst (Figure 17b) has an efficiency that

justifies industrial application in the production of fine chemicals (106). The hydro-

carbon byproducts of metathesis, for example, a-olefins, are also valuable starting

materials. Metathesis in oleochemistry, in the context of green chemistry, has

recently been reviewed (107).

8. NOVEL CHEMISTRY FOR FUNCTIONALIZING
THE ALKYL CHAIN

Oils and fats are renewable resources for the chemical industry. Increasing the

range of oleochemicals that can be produced could add value to existing crops

and provide a market for new crops, driving research into novel fatty acid deriva-

tives. Most current oleochemical production involves reaction at the carboxyl

group, with the chain length and unsaturation of the alkyl chain chosen to give

the desired melting behavior or hydrophobicity. Introducing functionality to the

alkyl chain through radical, electrophilic, nucleophilic, pericyclic, and transition

metal catalyzed addition to carbon–carbon double bonds leads to novel compounds

with commercial potential. Only a small selection of recent research is illustrated

here, focusing on three promising approaches: neighboring group participation,

Friedel Crafts acylation, and free-radical addition reactions.

Functionalizing the alkyl chain places more emphasis on the structure of the

fatty acids used as feedstock. Model reactions use single fatty acids, often mono-

enes with particular double-bond positions. Large-scale use of these reactions needs

oils rich in single fatty acids to maintain the purity of the product and minimize

wasteful side reactions. Suitable feedstocks may be current crops such as high oleic

or high erucic varieties or new crops with unusual fatty acids (Chapter xx). Petro-

selenic acid (18:1 6c) from umbelliferae oils and 5-eicosenoic acid (20:1 5c) from

meadowfoam oil are of particular interest as distinctive products can result from

neighboring group participation. Breeding to increase the monoene content of

some oils may be desirable. o-Olefins are useful starting materials; 10-undecenoic

acid is available from pyrolysis of castor oil, and others may be produced by

metathesis (see Section 7.4). Recent, wide-ranging reviews of this area are available

(4, 5, 108)

8.1. Neighboring Group Participation

Neighboring group participation is the involvement of a nearby functional group in

the reaction of another functional group. It may influence the regioselectivity of the

reaction or lead to specific products, often as a result of cyclization to five-and six-

membered rings. Neighboring group participation reactions of fatty acids were

reviewed recently (109) and can be used to introduce mid-chain functionality,

including heterocyclic groups. Double bonds and the carboxyl group usually react

independently of each other, but �4 and �5 bonds may interact with the carboxyl

through neighboring group participation leading to g- and d-lactones (five- and

36 CHEMISTRY OF FATTY ACIDS



six-membered rings, respectively). The �5 acids from meadowfoam oil readily

form lactones when refluxed with perchloric acid. The proportion of d- and

g-lactones depends on the solvent: 6:1 in hexane and 40:1 in dichloromethane.

The d-lactone is formed faster, but the g-lactone is the more thermodynamically

stable isomer. High dilution and a nonparticipating polar solvent that stabilizes

the intermediate cation favor kinetic control of the reaction (110). The lactones

can be ring opened by treatment with water, alcohols, and amines in acid, giving

4- and 5-hydroxy acids, esters, and amides (111); alternatively, treatment with an

alcohol and a Lewis acid catalyst under more vigorous conditions results in an alkyl

group ether linked to the chain (112) (Figure 19).

8.2. Friedel Crafts Acylation

Friedel Crafts acylation with an acyl chloride and Lewis acid catalyst is more often

associated with aromatic compounds. Ethylaluminium dichloride (EtAlCl2) is an

effective catalyst for the acylation of aliphatic olefins, including fatty acids and

alcohols, giving b,g-unsaturated ketones (113). The reaction occurs with both

terminal and internal double bonds, with the acyl group becoming attached to

one of the double-bond carbons while the double bond migrates one carbon. Reac-

tion at terminal olefins is regiospecific with addition to the terminal carbon giving a

linear product and a predominantly trans-double bond. Internal double bonds give

an approximately equal mixture of trans-regioisomers (Figure 19). a,b-Unsaturated

acid chlorides give allyl vinyl ketones that undergo Nazarov cyclization to prosta-

glandin- and jasmonate-like molecules (Figure 20) (114). Neighboring group parti-

cipation in petroselenic acid (18:1 6c) leads to intramolecular cyclization (115).

Friedel Crafts acylation is a flexible route to new and highly functionalized oleo-

chemicals containing reactive allyl keto functions (115).

OH
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OR

OOR

HX
H+

ROH
Lewis acid

HClO4

CH2Cl2

Figure 19. Neighboring group participation leading to lactones and other products from �5

acids. X¼OH, RO, or RNH.
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8.3. Free Radical Addition Reactions

Double bonds participate in free radical addition reactions, and these can be of syn-

thetic use in introducing functional groups (116). A particularly simple reaction is

the preparation of g-lactones by solvent-free addition of 2-halocarboxylates to fatty

esters, catalyzed by commercial copper powder at 100–130�C (117). Iodides are

most reactive and can be prepared in situ from more readily available bromides

and sodium iodide (Figure 21).

Perfluoro alkyl iodides add to both terminal and internal double bonds when the

reaction is initiated by electron transfer from metals such as finely divided silver,

copper powder, and lead with copper acetate. Using an o-olefin and a perfluoro-

alkyl-a,o-diiodide, a perfluoro group can be inserted into a long-chain compound

(118) (Figure 21). Deiodination of the product by catalytic reduction results in

highly hydrophobic alkyl chains with interesting surfactant properties.
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Figure 20. Friedel Crafts acylation reactions.
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60. M. Rüsch gen. Klass and S. Warwel in G. Knothe and J. T. P. Derksen, eds., Recent

Developments in the Synthesis of Fatty Acid Derivatives, AOCS Press, Champaign,

Illinois, 1999, pp. 157–167.

61. G. J. Piazza, in G. Knothe and J. T. P. Derksen, eds., Recent Developments in the

Synthesis of Fatty Acid Derivatives, AOCS Press, Champaign, Illinois, 1999, pp. 182–

195.

REFERENCES 41



62. H. C. Brown and A. K. Mandal, Synthesis, 153–155 (1980).

63. R. Wilson, R. Smith, P. Wilson, M. J. Shepherd, and R. A. Riemersma, Anal. Biochem.,

248, 76–85 (1997).

64. J. Brinksma, L. Schmieder, G. van Vliet, R. Boaron, R. Hage, D. E. DeVos, P. L. Alsters,

and B. L. Feringa, Tetrahedron Lett., 43, 2619–2622 (2002).

65. C. T. Hou, T. M. Kuo, and A. C. Lanser, Inform, 13, 307–316 (2002).

66. R. Criegee, Angew. Chem. Int. Ed., 14, 745–752 (1975).

67. B. S. Furniss, A. J. Hannaford, P. W. G. Smith, and A. R. Tatchell, Vogel’s Textbook of

Practical Organic Chemistry, Longman, Harlow, U.K., 1989, pp. 492–494.

68. L. Rebrovic, J. Amer. Oil Chem. Soc., 69, 159–165 (1992).

69. L. Rebrovic and F. D. Gunstone, Lipid Technol., 8, 135–137 (1996).

70. H.-P. Klein, J. Amer. Oil Chem. Soc., 61, 306–312 (1984).
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1. INTRODUCTION

1.1. Control of Lipid Crystallization

In many food products and even some processing operations, it is important to be

able to control lipid crystallization to obtain the desired number, size distribution,

polymorph, and dispersion of the crystalline phase. In most foods, it is crystalliza-

tion of triacylglycerols (TAG) that is most important, although, at times, crystalli-

zation of other lipids (i.e., monoacylglycerols, diacylglycerols, phospholipids, etc.)

may also be important to product quality.

Proper control of the crystalline microstructure leads to products with the

desired textural properties and physical characteristics. For example, tempering

of chocolate prior to molding or enrobing is designed to control crystallization of

the cocoa butter into a large number of very small crystals that are all in the desired

polymorphic form. When controlled properly, the cocoa butter crystals in chocolate

contribute to the desired appearance (shine or gloss), snap, flavor release, melt-

down rate upon consumption, and stability during shelf life (fat bloom). Similar

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
Edited by Fereidoon Shahidi. Copyright # 2005 John Wiley & Sons, Inc.
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arguments can be made for other products such as butter, margarine, whipped

cream, ice cream, shortening, peanut butter, and a host of others.

During processing of fats, crystallization is often used to modify the properties

of the fat. For example, winterization of vegetable oils is needed to ensure that the

oil remains a clear liquid even when stored at low temperatures for extended time

periods. The process of fractionation of fats to produce components of natural fats

with different melting properties also requires control of crystallization to optimize

the separation process. Many fats, including palm oil, palm-kernel oil, milk fat, and

tallow, are fractionated by crystallization to produce different functional fats.

1.2. Crystallization of Natural Fats

There are several aspects of lipid crystallization that make it unique from crystal-

lization of other components in foods (like water, sugars, salts, etc.). These are

related to the complex molecular composition of natural fats and the orientation

of the triacylglycerol molecules.

Fats are made up primarily of TAGs, approximately 98%, with the remainder of

the fat being more polar lipids like diacylglycerols (DAGs), monoacylglycerols

(MAGs), free fatty acids (FFAs), phospholipids, glycolipids, sterols, and other minor

components. In refined fats, these minor lipids are much lower in concentration than

in unrefined fats. Although the TAGs form the main crystalline phase, the minor

components, or impurities, can often play a large role in how crystallization

occurs and crystallization may be substantially different in a refined oil than in

the unrefined starting material.

Natural fats also contain a wide range of TAG species with fatty acids of differ-

ent chain length and degree of unsaturation. Milkfat, for example, contains hun-

dreds of different TAG species with no single species present at greater than

about 5%. TAGs are composed of three fatty acids arranged on a glycerol molecule,

and with variations in chain length and degree of saturation of the fatty acids, a

wide range of components is possible. This range of composition leads to interest-

ing complexities in crystallization.

The nature of the TAG molecule is such that it can often take multiple forms in a

crystal lattice. That is, the same molecule can crystallize into different crystalline

forms dependent on processing conditions. The phenomenon is called polymorph-

ism. Although there are numerous molecules that exhibit polymorphism in nature

(many in the pharmaceutical field), polymorphism is somewhat unique to lipids in

the food industry (although some sugar alcohols also form polymorphs).

In this chapter, the complex nature of lipid crystallization, primarily related to

TAG, will be discussed.

2. LIPID PHASE BEHAVIOR

2.1. Nature of the Liquid Phase

It is important to understand the nature of the liquid phase prior to crystallization to

understand how crystals form. It is widely recognized that lipids retain some degree
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of ordering in the liquid phase, with temperatures well above the melting point

needed to fully dissociate this ordering. When melting fats, this liquid ordering

is termed a crystalline memory effect, where subsequent recooling leads to forma-

tion of a different (usually more stable) phase than would occur if the fat was heated

to higher temperatures to destroy the liquid memory (1–3).

In nucleation, or the formation of the crystalline phase from the liquid, some

organization of molecules is expected. In lipids, the natural ordering of the liquid

phase leads to crystal formation. In fact, rapid cooling of liquid lipids results in the

formation of a diffuse crystalline phase (low-energy polymorph) because of the

ordering structure in the liquid phase. Such rapid cooling of other systems, most

Figure 1. Proposed mechanism (highly schematic) for nucleation of triacylglycerols (TAGs).

Straight chains indicate crystallized TAGs, whereas bent chains indicate fluid TAGs (4).
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notably sugars and starches, often results in the formation of a glassy state consist-

ing of molecules that are randomly organized together with no long-term ordering.

Upon slower cooling from the liquid, the lipid molecules have time to organize

into lamellae (1) and eventually can form coherent, three-dimensional crystals

(shown schematically in Figure 1). The arrangement of the molecules into the crys-

talline state depends on such factors as the cooling rate, the temperature at which

crystallization occurs, the agitation rate, and the composition of the lipid phase.

2.2. Polymorphism

Polymorphism is the ability of a molecule to take more than one crystalline form

depending on its arrangement within the crystal lattice. In lipids, differences in

hydrocarbon chain packing and variations in the angle of tilt of the hydrocarbon

chain packing differentiate polymorphic forms. The crystallization behavior of

TAG, including crystallization rate, crystal size, morphology, and total crystallinity,

are affected by polymorphism. The molecular structure of the TAG and several

external factors like temperature, pressure, rate of crystallization, impurities, and

shear rate influence polymorphism (5).

TAGs are oriented in a chair or tuning fork configuration in the crystalline lat-

tice. The TAG can take either a double or triple chain-length structure as seen in

Figure 2. The fatty acids of TAG pairs overlap in a double chain-length structure

whereas in triple chain packing, the fatty acids do not overlap. The height of these

chair structures and the distance between the molecules in the chair structures

are found by using the X-ray spectra as the long and short spacings, respectively.

Figure 2. Packing arrangements of triacylglycerol molecules in the crystal lattice (4).
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The polymorphic forms of fats are often simply classified into three categories,

a, b0, and b, in increasing order of stability. The a form is the least stable poly-

morph with the lowest melting point and latent heat of fusion. The b form is the

most stable, with the highest melting point and latent heat. Each polymorphic

form has distinct short spacings (the distances between parallel acyl groups on the

TAG) that are used to distinguish the polymorphic forms based on their X-ray dif-

fraction patterns, as summarized in Table 1. Based on the unique configuration of

the molecules within the crystal lattice, each polymorph has a different crystallo-

graphic unit cell, also shown in Table 1.

In general, TAGs with three saturated fatty acids crystallize in double chain-

length packing, whereas triple chain-length packing is obtained if the TAG contains

fatty acids with different structures (chain length and unsaturation). Lutton (7) sta-

ted that if the fatty acids of a TAG differ in length by more than four carbons, it

forms a triple chain-length structure. Triple chain-length packing is also observed

in TAG containing a cis-unsaturated fatty acid because this causes a kink in the

structure, as seen in Figure 2. Cis-unsaturated fatty acids do not mix in one layer

with saturated fatty acids, and triple chain-length crystals are formed (8). It should

be noted that trans-unsaturated fatty acids incorporate into a crystal structure in the

same way as the saturated fatty acids (8). The chain-length structure influences

the mixing-phase behavior of different types of TAGs in solid phases (5). The triple

chain-length structure has greater long spacings than does the double chain-length

structure.

Lipids exhibit monotropic polymorphism, where unstable forms are the first to

crystallize in a subcooled fat because of their lower energy state, according to the

Gibb’s free energy (5). Subsequent transformation of unstable polymorphs into

more stable forms occurs over time until, eventually, the most stable polymorph

for a given lipid is reached. Transformation of unstable to stable polymorphs can

be achieved by a slight increase in temperature above the melting point of the less-

stable forms. This increase in temperature first causes the melting of the unstable

forms and then solidification in a more stable form. Transformation to a more stable

form can also take place without melting as seen in Figure 3. The difference in

Gibb’s, free energy between polymorphs is the driving force for this transformation,

as the molecules become more tightly arranged in the crystal lattice. It is assumed

that the chair structure is maintained during polymorphic transformations (9). The

layer arrangement of the a polymorph does not change when it is transformed to the

b0 polymorph, although its lateral chain packing and angle of tilt changes during

polymorphic transformation.

TABLE 1. Identification of Polymorphic Forms of Fats Based on X-ray Analysis of Short

Spacings (6).

Polymorphic Form Unit Cell Lines and Short Spacings (A�)

a Hexagonal A single strong and very broad @ 4.15

b0 Orthorhombic Two strong lines @ 4.2 and 3.8

b Triclinic A strong line @ 4.6
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The hydrocarbon chain packing of the b polymorph is denser than that of the a
polymorph. The denser chain packing in the b polymorph gives increased stability

compared with the a polymorph. In addition, stable polymorphs have higher melt-

ing point and higher heat of fusion than the less-stable forms. The different poly-

morphic forms typically crystallize at rates in order of their stability (a< b0 < b).

Thus, the least-stable polymorphic form typically crystallizes first in a strongly

subcooled molten fat because of the lower surface energy (10).

The rate of polymorphic transformation depends on the length of the fatty acid

chain and is the greatest for TAGs with short-chain fatty acids (10). Natural fats

usually contain a large number of TAGs; thus, the transformation of unstable to

stable forms is often very slow. As mentioned previously, the a form is generally

formed first in a rapidly cooled liquid fat, but it is usually very unstable and rapidly

transforms to the b0 form. The b0 form may remain for an extended time (hours to

days), although in many fats, it eventually transforms into the b polymorph, which

is usually the most stable form. However, in many natural fats, the b0 polymorph

can exist for long periods of time because of compound or solid solution formation

(11). That is, in some mixed-acid TAGs, no b polymorph may form and b0 is the

most stable. In other cases, two b forms may be present (5). For example, SOS, a

mixed-acid TAG, has five polymorphic forms in which two b forms are present. The

molecular structures of the five polymorphic forms have been identified using XRD,

differential scanning colorimetry (DSC), and Fourier-transformed infrared spectro-

scopy (FT-IR) techniques (5). In addition, two liquid crystalline phases called LC1

and LC2 were found for SOS using time-resolved synchrotron radiation X-ray

Figure 3. Monotropic polymorphism of lipids where (Tm)a, (Tm)b0, and (Tm)b are the melting

temperatures of the a, b0, and b polymorphs, respectively.
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diffraction (SR-XRD) analysis (12). The researchers stated that the crystallization

properties of SOS polymorphic forms were somehow influenced by the presence of

the two liquid crystal phases.

Additionally, more than one subtype within the main polymorphic grouping has

been identified in some fats. For example, six different polymorphic forms have

been identified in cocoa butter, although there is still some debate whether they

are all truly unique polymorphs (Table 2). Two b0 and two b forms have been iden-

tified for cocoa butter. These polymorphs have slightly different melting points, but

they have X-ray spectra that fit within the definition of that polymorph.

Different nomenclatures have been used for denoting polymorphic forms, as

seen in Table 2 for cocoa butter. In the Greek nomenclature, where polymorphs

are given a Greek letter, the most stable form within a polymorph type is given

the subscript 1, and other polymorphs within that form are ordered in decreasing

stability or melting temperature. For example, cocoa butter has two b0 forms,

with the b01 form having the highest melting point (most stable). It is also common

to see a hyphenated number following the Greek letter, usually 2 or 3, stating

the chain-packing arrangement (double or triple chain packing, respectively). Wille

and Lutton (13) denoted the different polymorphs of cocoa butter with Roman

numerals, ordered in increasing melting point.

The time-temperature relationships governing the polymorphic behavior of

cocoa butter (in the temperature range of �20�C to 40�C and a time range of

10 days) were investigated by using real-time XRD (15). The g, a, and b0 poly-

morphs crystallized directly from the melt, and formation of b0 is much quicker

when it transforms from a compared with its formation from the melt. The least-

stable polymorph g stayed unchanged at solidification temperatures (Tp) below

�10�C for 10 days. At higher Tp, the g polymporph transformed to a within a short

time. The g always transformed to a and a transformed to b0. The a phase trans-

formed into b0 phase within 1 hour or less at temperatures above 6�C. They noted

that two b phases (polymorphs V and VI) were obtained via direct transformation

from the b0 phase only, not from the melt. Direct b phase formation from melt is

only viable if the melt has a memory effect. Their observation of two different b
phases from the b0 phase is contradictory to the results of the work of Schlichter-

Aronhime and Garti (16) who stated that b-V can be directly formed from the melt

and that b-VI can be formed only from the transformation of b-V.

TABLE 2. Polymorphic Forms of Cocoa Butter.

Melting Temperature (�C)

Form Wille and Lutton (13) Davis and Dimick (13)

I g 17.3 13.1

II a 23.3 17.7

III b02 25.5 22.4

IV b01 27.5 26.4

V b2 33.8 30.7

VI b 36.3 33.8
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2.3. Phase Behavior

In order to understand and control lipid crystallization, one should know the ther-

modynamic driving force for crystallization. In a pure system, like a single TAG,

the melting point, Tm, defines the driving force and a temperature below Tm is

required to induce crystallization. That is, the subcooling or the melting temp-

erature minus the actual temperature (Tm� T) defines the driving force for crystal-

lization.

When two TAGs are mixed together, each species can influence the melting

properties of the other and a phase diagram is needed to define the crystallization

driving force at any condition. Rossell (17) summarized the phase behavior of bin-

ary mixtures of various TAGs. Depending on molecular differences (chain length

and degree of unsaturation), most binary TAG mixtures had either monotectic,

eutectic, or peritectic behavior (Figure 4), where the melting temperatures (liquidus

Figure 4. Phase behavior in binary systems: (a) monotectic, continuous solid solution;

(b) eutectic; (c) monotectic, partial solution; and (d) peritectic (18).
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lines) of the species with the higher melting point decreased with increasing

addition of the species with the lower melting point. Wesdorp (19) used a thermo-

dynamic approach to predict phase behavior of each of the polymorphs for different

binary mixtures of TAGs. At the liquidus line on the phase diagram, the chemical

potential of the crystallizing species in the liquid state is equal to the chemical

potential of that species in the crystalline state (the definition of equilibrium).

If one of the species in a binary mixture is a liquid (oil or solvent), the other

species (higher melting point) will dissolve to some extent into the solvent (the

liquid oil can be considered a solvent in this case too). For example, a certain

amount of trisaturated TAGs (SSS) dissolves in solvent (either organic solvent

like acetone or hexane or a liquid oil), with the solubility concentration increasing

with temperature in the normal fashion (as shown schematically in Figure 5). In this

case, a binary mixture of SSS and solvent can be supersaturated with SSS once its

concentration exceeds the saturation concentration at any temperature, as indicated

by line AC in Figure 5. Thermodynamically, the driving force for crystallization is

the difference in chemical potential of SSS at point A and the chemical potential at

saturation (point C). Often, this crystallization driving force is approximated as

the difference in concentrations between points A and C.

When more than two TAG species are mixed together, the phase behavior is sig-

nificantly more complicated. For mixtures of three TAGs, a ternary phase diagram

(sometimes called a triangle diagram) can be used to denote phase behavior at any

temperature. The effects of temperature on phase behavior, however, must be taken

into account in yet another dimension, and thus, characterizing phase behavior in

ternary systems gets very difficult very quickly. The situation is even more complex

when there are greater than three TAG components, as occurs when a natural fat is

crystallized. Natural fats are mixtures of numerous TAGs, containing perhaps 10 to

12 different TAGs (as in cocoa butter) to well over 100 (as in milkfat). In natural
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Figure 5. Schematic of a solubility diagram for a high-melting fat (SSS) in a liquid oil or solvent.

Line AC represents supersaturation for system at point A.
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fats, the complex interactions among mixtures of various TAGs with different fatty

acids (chain length and degree of unsaturation) and having different melting points

result in melting over a range of temperatures. This range of temperatures may be

fairly narrow (as for cocoa butter) or may be broad (as for milkfat).

At a temperature above the melting point of the highest melting component, the

entire lipid is melted and the natural fat is in a liquid state. This highest melting

point, often characterized as the clear point (the temperature at which the last

crystal melts under carefully controlled heating conditions), is actually the melting

temperature of the TAG with highest melting point in the specific mixture of the

other TAG. Some researchers use this highest melting point, or some measure of

melting point like the Mettler dropping point, to define the driving force for crystal-

lization when the fat is cooled (20, 21). However, when the natural fat contains a

wide range of TAGs with different melting points, cocrystallization of different

TAGs into compound crystals is dependent on the temperature of crystallization.

Thus, the highest melting point does not necessarily represent the true driving force

for crystallization of the TAG species that are cocrystallizing.

If the fat is cooled to some point below the melting point of the highest melting

component and allowed to fully equilibrate (crystallize to the maximum extent in

the most stable polymorph), there will be some ratio of solid to liquid fat dependent

on the nature of the TAG mixture in the natural fat. This solid fat content (SFC) is

often measured by a pulsed nuclear magnetic resonance (NMR) technique. A plot of

the maximum amount of fat crystallized (SFC) at sequentially higher temperatures
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Figure 6. Solid fat curves for milkfat, cocoa butter, and their mixtures (4).
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gives a melting profile that represents a type of phase equilibrium for a natural fat.

Some fats, like cocoa butter, have a very high SFC at low temperatures (about 90%

at 0�C) and then melt very sharply over a narrow temperature range (25–35�C).

Other natural fats, like milkfat, have lower SFC at low temperatures (about 50%

at 0�C) and melt gradually with increased temperature. These SFC melting curves

are dependent on the specific molecular composition of the natural fat, as seen in

Figure 6 for cocoa butter and milkfat. Although SFC melting curves denote a cer-

tain aspect of phase behavior, they are not true phase diagrams because the compo-

sition of the crystalline phase changes as temperature increases. Nevertheless,

melting profiles are useful tools for understanding the crystallization behavior of

natural fats.

In mixtures of two or more natural fats, as often occurs in processed foods (e.g.,

milkfat and cocoa butter in chocolate), it is even more difficult to characterize the

true phase behavior for crystallization of fats. One approach that has been used to

characterize compatibility of fat mixtures is the isosolids diagram (22). SFC melt-

ing curves are obtained (by NMR) for various mixtures of the two fats, as seen for

cocoa butter and milkfat in Figure 6. Lines of constant SFC for different tempera-

ture and composition are calculated and plotted on an isosolids diagram (Figure 7).
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Figure 7. Isosolids diagram for mixtures of anhydrous milkfat (AMF) and cocoa butter (ICB) (4).
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Eutectic behavior is seen where the SFC of a mixture falls below the SFC for either

of the two individual components, as seen between 30% and 70% milkfat in

Figure 7. Isosolids diagrams allow phase compatibility to be studied (4), but they

do not provide a thermodynamic measure of driving force for crystallization.

Again, because the crystal phase composition may be different at different temp-

eratures (and mixture ratios), isosolids diagrams do not represent true phase

diagrams.

Recently, attempts have been made to characterize the driving force for crystal-

lization of natural fats by considering classes of TAG (high-melting, low-melting,

etc.). For example, milkfat contains three primary fractions that crystallize nearly

independently. The effective solubility of the high-melting fraction (HMF) in the

low-melting fraction (LMF) was found by using a turbidimetry technique (23).

Through chemical analysis of the major TAG constituents of HMF, an effective

solubility curve in terms of chemical composition of HMF in LMF was developed

and used to characterize the driving force for crystallization, as shown in Figure 8.

Such an effective solubility takes into account the intersolubility of different TAGs

as well as the melt behavior of individual TAGs. Although this approach is still

somewhat empirical, it provides a reasonable approximation of the crystallization

driving force in complex lipids. Further work is needed in this area to truly define

the driving force for crystallization in natural fats.
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3. CRYSTALLIZATION BEHAVIOR

3.1. Nucleation

Nucleation, or the formation of a crystalline phase from the liquid state, is probably

the most important factor in controlling crystallization. The nucleation rate is the

major determining factor in the number and size of crystals formed, their poly-

morphic form, and the ultimate distribution of crystalline solids. Crystallization

cannot occur until the phase is supersaturated or subcooled. However, attaining

the supersaturated or subcooled state is not necessarily sufficient to promote crystal-

lization because a certain energy barrier exists to formation of nuclei.

A nucleus is the smallest crystal that can exist in a solution at a certain tempera-

ture. The formation of a nucleus from the liquid phase, or the nucleation process,

requires the molecules to organize into a crystal lattice. There is a free-energy bar-

rier opposing this transition, but when nucleation does occur, there is a release of

energy (latent heat of fusion) as the molecules assume the lower energy state in the

crystal lattice. Based on these energy considerations, a free-energy maximum exists

that must be overcome for nucleation to occur (24). At this maximum free energy,

there is a critical size for a stable nucleus. Above this critical size, a stable nucleus

is formed that continues to grow, whereas clusters smaller than the critical size can

potentially disperse into the liquid state (4, 24, 25).

3.1.1. Nucleation Theories Nucleation is generally classified according to pri-

mary nucleation, which may occur either homogeneously or heterogeneously, and

secondary nucleation mechanisms. The presence of foreign nucleating sites

catalyzes the formation of heterogeneous nucleation, whereas homogeneous

nucleation occurs without the assistance of outside surfaces. Secondary nucleation

occurs when crystals in a subcooled system spawn new nuclei, generally because of

contacts between two crystals, or between a crystal and a surface such as a stirrer or

a solid wall (4).

3.1.1.1. Homogeneous Nucleation Homogeneous nucleation is based on accre-

tion of molecules in the liquid phase. Single species (molecules or ions) come

together and form dimers. Dimers become trimers by addition of a molecule,

and this accumulation process continues until eventually a stable nucleus forms

depending on temperature and supersaturation.

According to the classic nucleation theory, a free-energy barrier must be over-

come to form a stable nucleus. The energy needed to form a crystal is proportional

to the interfacial tension, g, and the surface area. However, once a nucleus is

formed, there is a release of energy (latent heat) associated with the phase change.

The free-energy change for the formation of the crystal surface is positive and

proportional to the surface area (r2) and interfacial tension (g) between the crystal

and the surrounding fluid. The free-energy change for formation of the bulk of the

crystal is negative because energy is released because of latent heat of fusion and

proportional to volume (r3). The total free-energy change during nucleation is the
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sum of these free-energy terms for the formation of the crystal surface and the crys-

tal volume. Thus, a maximum in free energy occurs during nucleation at some

critical nucleus size, rc. The critical nucleus size is the minimum size for a stable

nucleus. Above this critical size, a stable nucleus is formed, whereas clusters of

molecules smaller than this critical size can potentially redisperse into the liquid

phase (4, 24–26).

Homogeneous nucleation, however, rarely occurs under commercially important

conditions. In practice, nucleation is usually dominated by a heterogeneous mechan-

ism, where a foreign surface serves to reduce the energy barrier to nucleation.

3.1.1.2. Heterogeneous Nucleation Typically, nucleation of fats (as well as most

other substances) occurs by a heterogeneous process catalyzed by foreign nucleat-

ing sites. The presence of these foreign nucleating sites, like dust particles, vessel

walls, and other foreign particles in the system, reduces the free energy required for

nucleation. Even though the exact mechanisms of heterogeneous nucleation are not

clearly understood, it most likely results from the interactions at the interface

between the solid particle and the supersaturated fluid. These interactions result

in a local ordering of molecules of the crystallizing species; thus, the free energy

of formation of a critical size for a stable nucleus is decreased. For example, nuclea-

tion on a surface irregularity at a wall results in a decrease in the surface energy

required to form a stable nucleus. In general, the capability of a foreign surface

to catalyze nucleation is thought to depend on the degree of lattice matching

between the solid surface and the crystals of the nucleating species (26), although

this trend is not always observed (24). In general, a closer lattice match indicates a

greater likelihood that a surface will catalyze heterogeneous nucleation. Because

the foreign surface provides some of the energy needed to overcome the formation

of the crystal surface, heterogeneous nucleation occurs at lower crystallization driv-

ing force (supersaturation or subcooling) than homogeneous nucleation (24, 27).

Interestingly, there is an aging effect on the ability of a heterogeneous nucleation

site to catalyze nuclei formation (26). That is, the same material nucleated multiple

times under identical conditions results in a spread of nucleation capabilities. This

variability in heterogeneous nucleation leads to difficulties in controlling lipid

crystallization.

3.1.1.3. Secondary Nucleation The formation of new nuclei in the presence of

existing crystals is called secondary nucleation. Secondary nucleation may occur

whenever microscopic crystalline elements are separated from an existing crystal

surface (24), although contact secondary nucleation is probably the main mechan-

ism in commercial fat crystallization processes. As a crystal slurry is agitated in a

vessel, crystals contacting with other crystals, vessel walls, or stirrer may lead to

attrition or fracture of the existing crystal structure, and consequently, secondary

nuclei are formed (Figure 9).

Contact secondary nucleation has been explained by two possible mechanisms,

namely, the adsorption layer theory and microattrition (4). The adsorption layer the-

ory involves displacement of a surface layer of organized molecules (precrystalline)
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as a result of crystal interactions or collisions. Thus, precrystalline embryos are dis-

persed into the crystallizing medium, where under conditions of secondary nuclea-

tion they survive and develop into stable nuclei (24). Microattrition theory involves

the dispersion of broken pieces of a crystal into the fluid, which remain as stable

nuclei (28). Production of secondary nuclei may also result from growing crystals

containing dislocations, inclusions, or defects (24, 28). As expected, secondary

nucleation is also dependent on the crystallization driving force (supersaturation

or subcooling), with more stable nuclei being formed at higher supersaturation

(25, 27).

Secondary nucleation may also occur in static conditions under certain circum-

stances (11). In lipid systems, needle-like or dendritic crystals that form under cer-

tain conditions may lead to the formation of secondary nuclei. Heat dissipation and/

or concentration of noncrystallizing species in certain regions may lead to melting/

dissolution at the base of the branches of dendritic crystals and result in the forma-

tion of numerous nuclei centers. Although the exact mechanisms for this type of

secondary nucleation are not fully understood, it is undoubtedly important for

Crystal - Wall
Crystal - Crystal

Crystal - Stirrer

Figure 9. Potential sources of contact nuclei in a stirred crystallizer (4).
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nucleation in emulsions and in certain cases during seeding of bulk solutions (as in

tempering of chocolates).

During fractionation of fats, secondary nucleation is undesired because the small

crystals, formed in the presence of larger ones means that subsequent separation is

not efficient. Thus, stirring or agitation during fractionation is usually kept to the

minimum needed to facilitate heat transfer.

Secondary nucleation is influenced by numerous parameters, including the driv-

ing force for crystallization, temperature, additives, impurities, agitator, agitation

rate, the number and size of existing crystals, and roughness of the crystallizer sur-

face. The parameters affecting nucleation and nucleation rate will be reviewed in a

subsequent section.

3.1.2. Nucleation Kinetics Nucleation rate is generally measured as the rate of

formation of nuclei (numbers formed per unit volume per unit time). Sometimes the

induction time, or the time necessary for the onset of nucleation once the subcooled

state has been attained, is used for calculation of nucleation rate because the actual

rate is often very difficult to measure. Induction time for nucleation will be

reviewed later in this section.

In some cases, as in crystallization of viscous materials from the melt, the

Fisher–Turnbull equation (29) is often used to describe nucleation of lipids (20, 30)

J ¼ NkT

h

� �
exp ��Gd

kT

� �
exp �

16pg3T2
f

3kTð�H2
f ÞðTf � TÞ2

( )
: ð1Þ

Here, N is the number of molecules (monomers) per mole, k is the Boltzman con-

stant, T is absolute temperature, h is Planck’s constant, �Gd is a term denoting the

mobility of the lipid molecules, g is interfacial tension, Tf is melting temperature,

and Hf is latent heat of fusion. The first exponential term in Equation 1 has been

related to the ability of a lipid molecule to attain the necessary conformation to

become attached to the crystal lattice, and it is often given as (20)

ð�GdÞ
kT

¼ � a�S

R
; ð2Þ

where a is the fraction of molecules with the correct configuration to be incorpo-

rated into the crystal lattice, S is the decrease of entropy associated with incorpora-

tion of one mole of lipid, and R is the ideal gas constant. Kloek (31) determined that

80% of TAG molecules were in the correct conformation for incorporation into a

nucleus.

According to the classic theory, nucleation is a very strong function of crystal-

lization driving force. At low driving forces (low supersaturation or high tempera-

tures), nucleation rate is essentially zero. After some critical driving force is

attained, nucleation becomes spontaneous and occurs almost instantaneously

once the critical driving force has been attained. In natural fats, cooling below a
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certain temperature results in massive nucleation with numerous nuclei being

formed. For fats, the nucleation rate also depends on the type of polymorph formed,

because each of the polymorphs has a different melting point and interfacial

tension.

The a polymorph, the least stable of the common polymorphic forms of fats, has

the lowest interfacial tension, heat of crystallization, and melting point temperature.

The b0 and b polymorphs have increasing interfacial tensions, heats of crystallization,

and melting point temperatures. Thus, as a liquid fat is cooled, the polymorph that

forms first depends on the properties of the different polymorphs. For example,

Hernqvist (2) showed that the first polymorph to appear as trisaturated triacylgly-

cerols (with fatty acids from lauric to stearic acid) were cooled was either the a or

b0 polymorph, depending on the chain length, even though the nucleation tempera-

ture was well below the melting point of the b polymorph (Figure 10). In the case of

tristearin, formation of the a polymorph occurred even though both the b0 and b
polymorphs were subcooled to a greater extent (higher driving force).

The formation of a less-stable polymorph under conditions where a more stable

polymorph is subcooled to a great extent has been explained by the difference in

interfacial tensions of the different polymorphs (28). A small difference in interfa-

cial tension can result in a large difference in nucleation rate (25), and this effect
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Figure 10. Onset temperature of nucleation and polymorphic form of monoacid triacylglycerols

with different chain lengths (nc) at slow cooling rate (0.4 �C/min). amp, b0mp and bmp represent

the melting temperatures of the different polymorphs (2).
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generally is greater than the effect of temperature driving force. Thus, nucleation

rate of lipid polymorphs is often considered to follow the general trend shown in

Figure 11.

Kellens et al. (32) studied the nucleation rate of the b0 polymorph of tripalmitin

(PPP) by using a microscope counting technique. An increase in temperature from

45�C to 52�C led to a decrease in nucleation rate, as expected. A semilogarithmic

plot of nucleation rate versus the inverse of the square of the subcooling, according

to the general form of Equation 1, gave a straight line over the range from 45�C to

50�C. Above 50�C, a different straight line was obtained indicative of formation of

a different polymorph (confirmed from the change in crystal habit observed micro-

scopically).

Another important kinetic aspect of nucleation is the induction time, defined as

the time required for a system to nucleate once a certain subcooling has been

attained. That is, induction time for the onset of nucleation is the time required

for detection of the first nuclei in a supersaturated or subcooled system. In reality,

induction time includes the true time required for nucleation plus the time required

for detection of crystallization by the experimental technique. Techniques that have

been used for studying lipid nucleation include microscopy, refractive index, light

scattering, calorimetry, viscosity, turbidimetry, laser polarized-light turbidimetry,

and NMR (4). Each method has its advantages and limitations for studying lipid

nucleation (33). Herrera et al. (34) showed that light microscopy could detect a

crystal with a minimum size of 0.2 mm, whereas laser polarized-light turbidimetry

detected a smaller size of nuclei. Thus, the laser polarized-light turbidimetry

technique was more accurate and suitable when size of nuclei is very small. Any

method of studying induction time for nucleation must be used with caution (35).
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Figure 11. Nucleation rate (highly schematic) of lipid polymorphs (4).
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The induction time, t, is a function of subcooling and reflects the time necessary

for a critical size of nucleus to be developed in the liquid. The induction time is also

dependent on the size at which nuclei are detectable and the growth rate at this early

stage. Despite this limitation in measurement methods, induction times are often

considered to be inversely proportional to nucleation rate (4)

ta J�1: ð3Þ

Induction times for nucleation of a tripalmitin melt at different temperatures are

shown in Figure 12 (36). The tripalmitin melt was cooled quickly from 80�C to

the different crystallization temperatures indicated on the figure and induction

time measured as the first point of detection of crystals on a polarized light micro-

scope. The relative time scales for the onset of nucleation are clearly shown, with

the less-stable a form taking significantly less time to nucleate than the b0 poly-

morph. The induction time for the most stable b polymorph was substantially

longer than for either of the less-stable polymorphs.

3.1.3. Nucleation in Lipid Emulsions In many foods, the lipid phase appears

in emulsion form, or small droplets of fat dispersed in a continuous aqueous phase,
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tripalmitin. Melting temperatures of each polymorph indicated by straight line (4).
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as for example found in cream (37). The nature of the fat crystals in cream plays an

important role in determining the physical properties and quality characteristics

of butter. Thus, nucleation of fats in emulsion form is an important commercial

phenomenon.

When a fat is emulsified, nucleation is substantially altered compared with the

same fat in bulk liquid form. This is primarily because of the distribution of hetero-

geneous nucleation sites among the emulsion droplets. If there are more droplets

than heterogeneous nucleation sites, then some of the droplets will nucleate by a

homogeneous nucleation mechanism. That is, as a finely dispersed emulsified sys-

tem is cooled, one population of droplets nucleates at relatively higher temperatures

because of heterogeneous nucleation, whereas another population nucleates at

substantially lower temperature because of homogeneous nucleation.

It is widely recognized that the size of the emulsion droplets is an important

factor in the extent of subcooling (11). Smaller droplet size leads to nucleation at

a lower temperature (greater degree of subcooling). Thus, the probability of nuclea-

tion within an emulsion droplet is lower than in the bulk fat (38). The dispersity of

droplet sizes, however, did not change the critical subcooling required for onset of

nucleation (39).

Crystallization from the emulsified state may lead to different nucleation pro-

cesses than observed for the same fat in bulk liquid form. It has been suggested

that nucleation often occurs at the interface of the droplet where surface-active

agents are located. The general similarity of the lipophilic components of surfac-

tants oriented at the surface may provide some ordering and structure for the lipid

molecules within the droplet and enhance nucleation, as found for example by

Kaneko et al. (40) for a hydrocarbon emulsion. Walstra (11) also suggests that for-

mation of compound crystals from emulsions of natural fats may be different than

the same fat crystallized from bulk liquid. The initial polymorph formed may also

be different, with more stable polymorphs more likely to form in the emulsion (38).

3.2. Crystal Growth

Once nuclei have formed, they grow by the incorporation of other TAG molecules

from the liquid phase. The incorporation of a new TAG molecule into an existing

crystal lattice depends on the probability of it having the correct configuration at the

correct site on a crystal surface. When a molecule diffusing from the liquid phase

reaches the crystal surface, it may bind into the crystal lattice or return to the super-

saturated system, depending on its configuration. Growth continues as long as there

is a driving force for crystallization. Eventually crystal growth ceases when the

system attains phase equilibrium or the entire system is crystallized (4).

For growth to occur, molecules from the liquid phase must migrate to the surface

of the crystal, where rearrangement and orientation takes place. A growth unit

(either an individual molecule or a cluster of molecules) then migrates across the

crystal surface until it finds an appropriate site for incorporation into the lattice.

Once a growth unit has become incorporated, there is a release of latent heat and

this energy must be diffused away from the growing surface or else the temperature
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will increase to the point where no further growth can occur. General theories of

crystal growth have been developed for crystallization of pure substances (4, 24).

These theories are based on one or more of the steps in crystal growth being the

rate-limiting step. Further details of these theories can be found in the references

by Mullin (24) and Hartel (4).

In natural fats, the different TAG species come together to form mixed or com-

pound crystals. The likelihood of two TAG crystallizing together depends on the

similarities or differences in molecular configuration (chain length, degree of unsa-

turation, nature of any double bonds, and arrangement of the fatty acids on the gly-

cerol backbone). TAG species that are similar tend to cocrystallize, but under

certain conditions (e.g., very rapid growth), even different TAG species can cocrys-

tallize in a loosely organized crystal lattice (g or a polymorphs). In fact, it is this

molecular diversity that results in some natural fats remaining in the metastable b0

polymorph for extended periods of time.

Growth of TAG crystals is typically very slow (41). There may be several rea-

sons for slow growth rate of TAG crystals:

� The incorporation of a TAG molecule into a crystal lattice requires a very

large loss in conformational entropy, and thus, a long time is needed for the

TAG molecule to fit into the crystalline lattice. In addition, the TAG molecule

may be detached before the crystalline lattice before it is fully incorporated

into the crystalline lattice. For example, for growth of tristearin (SSS) in

triolein (OOO), linear growth rates of the order of 10�8 to 10�7 m/s have been

observed (41).

� In a multicomponent fat, there is a vigorous competition between similar

molecules for a vacant site in a crystal lattice. Multicomponent fats crystallize

more slowly than pure TAG at the same crystallization driving force.

However, crystal growth in multicomponent fats may be enhanced by the

formation of compound crystals. Compound crystals usually occur in the a or

b0 forms and rarely in the b form.

According to Timms (25), more stable polymorphs grow faster than unstable

ones at any given temperature. This is because of the higher melting point of the

more stable polymorphs, which means that the more stable polymorph has a higher

degree of subcooling at any given temperature.

3.3. Modeling of Crystallization Kinetics of Fats

Crystallization data have typically been treated theoretically using either the

Fisher–Turnbull model or the Avrami equation. These analyses not only allow lipid

crystallization to be modeled but may also shed some light on the mechanisms of

nucleation and growth. However, there is some recent debate about the validity of

such models, especially the application of the Avrami equation (42) to accurately

depict crystallization of lipids.
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Recently, Foubert et al. (43) developed a new, empirical model (Foubert model)

to predict the kinetics of fat crystallization. Other authors have used a reparameter-

ized Gompertz equation (Gompertz model) to empirically describe crystallization

kinetics of fats (44, 45).

3.3.1. Avrami Analysis The Avrami equation, a general approach for descrip-

tion of isothermal phase transformation kinetics originally developed for polymers

(46), is often used for describing nucleation and crystal growth in fats. The Avrami

equation is given as

ð1� XÞ ¼ expf�ktng; ð4Þ

where X is fraction of crystal transformed at time t during crystallization, k is crys-

tallization rate constant that depends primarily on crystallization temperature, and

n, the Avrami exponent, is a constant relating to the dimensionality of the transfor-

mation. The values of n and k are calculated from the linear form of the Avrami

equation (Equation 5) as the slope and intercept at ln t ¼ 0, respectively

lnð� lnð1� XÞÞ ¼ lnðkÞ þ n½lnðtÞ�: ð5Þ

The Avrami exponent (n) is a function of the number of dimensions in which

growth takes place, and it reflects the details of nucleation and growth mechanisms.

For most transformations, the n is found to be constant over a substantial tempera-

ture range (47). Christian (48) tabulated some values of n expected for various crys-

tallization mechanisms. For example, an n of 4 indicates heterogeneous nucleation

and spherulitic growth from sporadic nuclei, whereas an n of 2 indicates high

nucleation rate and plate-like growth (i.e., two-dimensional growth).

Metin and Hartel (49) applied the Avrami equation to the isothermal crystalliza-

tion of binary mixtures of cocoa butter with milk fat or milk fat fractions at 15�C.

Avrami analysis indicated an n value of 4 for cocoa butter crystallization, so the

suggested mechanism was heterogeneous nucleation with spherulitic growth from

sporadic nuclei. For milk fat, the value of n was 3, suggesting that the crystalliza-

tion mechanism was instantaneous heterogeneous nucleation with spherulitic

growth. For milk fat fractions, the n value was 2, which suggested that the mechan-

ism was high nucleation rate at the beginning of crystallization decreasing with

time, and plate-like growth.

The crystallization rate constant (k) is a combination of nucleation and growth

rate constants, and is a strong function of temperature (47). The numerical value of

k is directly related to the half time of crystallization, t1/2, and therefore, the overall

rate of crystallization (50). For example, Herrera et al. (21) analyzed crystallization

of milkfat, pure TAG fraction of milkfat, and blends of high- and low-melting milk-

fat fractions at temperatures from 10�C to 30�C using the Avrami equation. The n

values were found to fall between 2.8 and 3. 0 regardless of the temperature and

type of fat used. For temperatures above 25�C, a finite induction time for crystal-

lization was observed, whereas for temperatures below 25�C, no induction time was
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found (crystallization was instantaneous)). Calculation of crystallization rate con-

stant, k, and half time for crystallization based on the Avrami analysis were in line

with the two different behaviors observed in SFC values of the fats.

Even though the Avrami model has been the most frequently used model to

describe the isothermal kinetics of fat crystallization, there are some concerns about

the use of the model in fat crystallization. Theoretically, integer values should

be obtained for the Avrami exponent, n. However, generally fractional values of

n were obtained in crystallization of fats and oils. Additionally, the linear format

of the Avrami equation should give a single slope associated with the value of

the Avrami exponent. However, in some studies, two regions of different slopes

were obtained. Moreover, secondary nucleation during crystal growth is not consid-

ered in the Avrami model, which may in part explain the noninteger values of the

Avrami exponent.

3.3.2. Fisher-Turnbull Analysis The activation free energy for nucleation, Gc,

may be found from the Fisher–Turnbull equation given in Equation 1. The term in

the second exponential of Equation 1 is often given as Gc=kT . Combination of

Equations (1) and (3) allows development of the following equation:

tT ¼ h

Nk

� �
exp

a�S

k

� �� �
exp

16pg3T2
f

3kTð�H2
f ÞðTf � TÞ2

( )
: ð6Þ

Based on Equation 11, a plot of tT versus {1/T(T)2} leads to a straight line for

nucleation of a given polymorph. The critical free energy for nucleation, Gc, is

then found from the slope of that straight line, s, as

�Gc ¼
sk

ðTf � TÞ2
: ð7Þ

For a given fat system, although the slope is constant, Gc varies with crystallization

temperature.

The Fisher–Turnbull approach has been used to compare nucleation of various

lipid systems. Ng (51) and Herrera et al. (34), for example, have used this approach

to characterize crystallization of palm oil and hydrogenated sunflower oil, respec-

tively. The use of the Fisher–Turnbull approach to characterize nucleation leads to a

better understanding of the energy changes needed for onset of nucleation and can

be used to compare nucleation in different systems. However, this approach is based

on a crystallization driving force defined by a single melting point, which may only

occur in cases where a single TAG component (or a TAG grouping with narrow

range of melting temperature) crystallizes from a liquid oil. It also applies only

when the subcooling is low (typically less than 10�C). In cases where massive

cocrystallization and compound crystal formation occurs, this approach does not

work.
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3.4. Crystalline Microstructure

The dispersion of the crystalline fat phase in a material determines the physical

and textural properties of a lipid-based product. For example, the hardness, snap,

and glossy appearance of chocolate is caused by crystallization of cocoa butter

in the form of numerous, very small (1 mm or less) crystals of the most stable poly-

morph (b form). The size distribution (mean size and range of sizes), polymorphic

form, and shape of the fat crystals, as well as the network formed among the

crystals, all play important roles in determining physical attributes of lipid-based

products.

In the case of lipid fractionation, however, a different crystal size distribution is

desired. As the fat crystals are to be separated from the liquid phase, uniform crys-

tals of distinct size and shape are needed for the most efficient separation. For the

most efficient separation by filtration, reasonably large (200 to 300 mm) crystals of

fairly uniform size (narrow distribution of sizes) are needed. Fractionation techno-

logies carefully control nucleation and growth to produce this uniform distribution

of crystals to enhance filtration and separation of the high-melting stearin phase

from the low-melting olein phase.

In crystallization of most natural fats, the first crystals formed are often observed

as thin and fairly long platelets (41). For example, cooling of melted milkfat leads

to initial formation of small b0 crystals in needle or platelet shape. As these initial

crystals grow, they aggregate into spherulites (52) consisting of the needles

arranged radially and ranging in size from a few microns up to about 300 mm. If

crystallization is very slow (slow cooling), very large spherulitic crystals form. In

contrast, rapid cooling to a low temperature results in the formation of numerous

small crystals, often found in a random orientation (53). Thus, cooling rate is one of

the most important factors influencing crystalline microstructure. Further details on

lipid crystalline microstructure are given in Chapter 4.

4. CONTROLLING CRYSTALLIZATION

4.1. General Principles of Controlling Crystallization

To truly control crystallization to give the desired crystalline microstructure

requires an advanced knowledge of both the equilibrium phase behavior and the

kinetics of nucleation and growth. The phase behavior of the particular mixture

of TAG in a lipid system controls both the driving force for crystallization and

the ultimate phase volume (solid fat content) of the solidified fat. The crystalliza-

tion kinetics determines the number, size, polymorph, and shape of crystals that are

formed as well as the network interactions among the various crystalline elements.

There are numerous factors that influence both the phase behavior and the crystal-

lization kinetics, and the effects of these parameters must be understood to control

lipid crystallization.
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4.2. Parameters Affecting Crystallization

Parameters that affect crystallization may influence either the thermodynamic beha-

vior or the crystallization kinetics (or both). Parameters that influence lipid crystal-

lization include chemical composition, subcooling, cooling rate, agitation, minor

components of fats (mono- and diacylglycerols, polar lipids, etc.), and scale of

operation. The effects of these parameters on lipid crystallization will be reviewed

briefly in this section. More detailed information about the effects of these

parameters on lipid nucleation and crystal growth may be found elsewhere (4, 24,

28, 54).

4.2.1. Compositional Parameters

4.2.1.1. TAG Composition Natural fats are composed of a wide range of TAG

that contain fatty acids of differing chain length, degree of unsaturation, and posi-

tional arrangement on the glycerol backbone. The fatty acid composition of fats

may be broad, as in milkfat, or may be limited, as in cocoa butter. It might be

expected that a faster nucleation rate occurs in molecularly similar fats compared

with the ones with complex structure (wide range of fatty acid species), but this is

not necessarily true. Metin and Hartel (55) observed that the induction times for

nucleation of milkfat were significantly faster than that for cocoa butter at the

same isothermal temperatures (and approximately the same melting point). The

faster induction time for milkfat may be a result of a higher driving force (even

though the difference between crystallization temperature and final melting point

is about the same), or it may be because the TAGs in milkfat more readily come

together into mixed crystals. As both are likely to form in a mixture of a and b0

polymorphs, the differences in nucleation rate cannot be attributed to the formation

of different polymorphs.

Furthermore, when two fats added together are crystallized from the liquid state,

the nucleation rate of the mixture often decreases. For example, the addition of

milkfat or milkfat fractions to cocoa butter is widely known to retard crystallization

of cocoa butter, with higher addition levels having a greater effect. This effect is

commercially important because milk chocolate must be processed at lower tem-

peratures to generate the same level of crystallization as dark chocolate. Metin

and Hartel (55) documented the inhibitory effects of milkfat and milkfat fractions

on induction time for nucleation of cocoa butter. Martini et al. (56) measured the

induction time for nucleation for addition of sunflower oil to a high-melting milkfat

fraction. As the level of sunflower oil increased to 40%, the melting point decreased

only by a few degrees, but induction time increased by more than a factor of two.

This suggests that the effect of sunflower oil on inhibiting nucleation of the milkfat

was primarily caused by a true inhibition rather than to a decrease in the driving

force for crystallization.

4.2.1.2. Minor Constituents Minor constituents in fats that can influence crystal-

lization of TAG include the more polar lipids like DAG, MAG, free fatty acids,
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phospholipids, and sterols, although there may be trace amounts of other compo-

nents that can influence crystallization as well. These constituents have long

been considered as active agents for affecting crystallization. In some cases, the

presence of these components may enhance crystallization, whereas in other sys-

tems, an inhibition is observed.

Nucleation of fats may either be enhanced or inhibited by the presence of these

minor components. Dimick (57) has argued that the phospholipids in cocoa butter,

with higher melting point than the cocoa butter TAG, crystallize first and subse-

quently catalyze formation of cocoa butter TAG. The appearance and chemical

composition of cocoa butter crystals formed from refined cocoa butter (phospholi-

pids removed) was different from that of the initial crystals formed in nonrefined

cocoa butter. Recent studies where these minor components have been separated

and then added back to the purified TAG have shown that they invariably inhibit

nucleation (21).

There are three potential mechanisms by which addition of minor lipids might

affect crystallization. They may limit mass transfer rates of crystallizing TAG to the

appropriate site for incorporation into the lattice, they may adsorb on the surface of

the growing crystal or cluster and inhibit further incorporation of the crystallizing

TAG, or they may actually be incorporated into the crystal lattice as a crystal forms

and grows (4). Through any of these mechanisms, the minor constituents in a fat

may affect the polymorphic form that is crystallized and often affects the crystal

microstructure through preferential inhibition on certain crystal faces (28).

However, in some cases, increased crystallization rate may be observed in the

presence of minor constituents. If a macrocrystallizing substance and an additive

have a similar structure or form similarly structured complexes to the lattice of

the crystallizing substance, then new growth sites on the crystal lattice can be

formed by the adsorbed addition. These active sites may be energetically more

favorable for incorporating further substances, resulting in an increased crystalliza-

tion rate (58). For example, Smith et al. (59) found that addition of monolaurin

and lauric acid enhanced the crystal growth rate of trilaurin by decreasing facet

and crystal size. However, addition of dilaurin decreased the crystal growth rate and

altered crystal morphology. They postulated that the varying effects were observed

because of the varying sizes and shapes of the additives.

4.2.1.3. Seeding At times, crystallization of natural fats may be promoted by the

addition of a solid seed material, either of the desired crystallizing species or a for-

eign particle with nucleating properties. If seeds of the desired crystallizing species

are added, they can promote further nucleation and/or provide a surface area for

additional crystal growth. Smith (60) reported that addition of b0 or b seed crystals

to cooled palm oil initiated crystallization at lower degrees of subcooling (higher

temperatures) than in the absence of these seeds.

In a sense, tempering of chocolate is done to create a small (<3%) population of

seed crystals in the melted chocolate, which catalyze further crystallization of the

cocoa butter when the chocolate is subsequently cooled. Through the tempering

process, seed crystals in the b polymorph are formed. These stable crystals then
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promote formation of numerous small cocoa butter crystals, also in the stable b
polymorphic form, as the chocolate is cooled. In this case, the existing seed crystals

are thought to spawn additional nuclei through secondary nucleation, although the

exact mechanism for this process is not clearly understood. A similar effect is

observed upon addition of the high-melting TAG, behenic-oleic-behenic (BOB),

to chocolate (61). In this case, the BOB molecules, with very high melting point

(53�C), catalyze formation of the b polymorph of cocoa butter crystals, eliminating

the need for tempering of chocolate.

4.2.2 Operating Parameters

4.2.2.1. Subcooling or Crystallization Temperature Arguably, the most impor-

tant parameter that influences lipid crystallization is subcooling, or the temperature

to which the lipid is cooled below the equilibrium point. As subcooling increases,

nucleation rate increases and induction time for crystallization decreases. In many

natural fats in bulk liquid form (as opposed to emulsified form), only a few degrees

of subcooling are necessary to induce crystallization because of the presence of

nucleation sites. These sites catalyze nucleation by lowering the energy required

for the formation of nuclei.

If subcooling is small, molecules only with the correct configuration (spatial

orientation, fatty acid composition, positional arrangement of fatty acids, etc.)

are incorporated into a crystal because molecules have sufficient time to orient

themselves perfectly. At low subcoolings (crystallization at temperatures within a

few degrees of the melting temperature), crystallization rate is slow and only the

more stable polymorphs form. When the subcooling is large, incorporation of mole-

cules to the crystal surface is faster, resulting in imperfect attachment of TAG

molecules to the surface. Different TAGs can cocrystallize if their chain length

and melting points are reasonably close to each other. Consequently, TAGs of dif-

ferent configuration are more easily incorporated into the crystal. The result is more

rapid crystallization, but at the cost of formation of compound crystals and lower

stability polymorphs.

4.2.2.2. Cooling Rate Fat crystallization is greatly influenced by the cooling rate

(62). Rapid cooling generally leads to nucleation occurring at a lower temperature

than for slow cooling. That is, during slow cooling, the temperature is higher for a

longer time and the TAGs have more opportunity to rearrange into a crystal lattice.

Cooling rate also affects nucleation rate, which governs crystal size. Rapid cooling

to a low temperature promotes a higher nucleation rate, which leads to formation of

numerous small crystals (62). When a fat is cooled very slowly, large crystals form.

Cooling rate also influences crystalline microstructure. Marangoni and Hartel (53)

used confocal microscopy to show that slowly cooled milkfat formed spherulitic

crystals, whereas rapidly cooled milkfat formed random crystalline strands.

4.2.2.3. Agitation (Shear) The speed of mixing is generally thought to promote

both nucleation and crystal growth (4). However, the effects of agitation rate may
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be complex because it is sometimes difficult to separate the effects of mixing and

cooling rate on crystallization (higher agitation often results in faster cooling rate).

Thus, higher agitation rate may influence crystallization time and crystal size with-

out necessarily influencing nucleation and growth (41).

Agitation may promote nucleation because of the mechanical disturbance that

supplies energy to overcome the energy barrier for nucleation (24). Agitation

aids cooling, crystallization, and formation of small crystals. Slow cooling rate

and slow agitation of fats may result in increased number of mixed crystals;

thus, melting range is increased. Higher agitation rate results in a higher crystalli-

zation rate and formation of small crystals. Agitation also promotes secondary

nucleation, primarily by detachment of small particles from crystal structures.

Thus, Herrera and Hartel (62) found that higher agitation rates led to the formation

of smaller fat crystals in a milkfat model system.

The structure of the crystal network in fats and oils is strongly influenced by

cooling and shear rates, the degree of subcooling, and annealing time. For example,

crystalline orientation and acceleration of phase transitions induced by shear in dif-

ferent fats (cocoa butter, milkfat, stripped milkfat, and palm oil) were demonstrated

using synchrotron XRD (63). The fats were crystallized under static conditions and

under shear (90 s�1 and 1400 s�1) from the melt (50�C) to 18�C at a rate of 3�C/min.

During static crystallization (20�C after 1 day), the initial nucleation was character-

ized by the appearance of platelet-like nuclei far apart from each other. As they

grew, the system became a dispersed suspension of rapidly growing crystals. Even-

tually, clusters of crystals were formed. The introduction of a moderate shear field

to the fat system seemed to prevent the formation of these clusters. The presence of

shear field resulted in the formation of small asymmetric crystals. Weak or no orien-

tation of the crystals was observed at low shear rates either because of a random

distribution of anisotropic crystals or the formation of spherical particles upon

aggregation. They also stated that the shear forces accelerated solid-state phase

transformations.

The effects of agitation rate on crystallization kinetics of butter fat were studied

by Grall and Hartel (64). In a 2 L batch crystallizer, increased agitation rate caused

an increase in nucleation rate (more crystals generated per unit time) and an

increase in total crystallization (mass deposition) rate. However, the effects of agi-

tation on growth rates of individual crystals were dependent on temperature of

operation. At 30�C, increased agitation led to a decrease in growth rate, whereas

for crystallization at either 15�C or 20�C, increased agitation caused an increase

in growth rate. These results may be related to the different composition effects

at the different temperatures (different TAGs cocrystallize).

Garbolino et al. (65) studied the effects of shear rate on crystallization of a con-

fectionery coating fat (hydrogenated and fractionated mixture of soybean and cot-

tonseed oils) using ultrasonic sensors. They hypothesized that primary nucleation is

less likely to be affected by shear and suggested that crystal nuclei probably form

from heterogeneous nucleation sites (dust particles or other suspended insoluble

materials and imperfections in the container walls). They also suggested that
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growth of crystals and their interactions are more likely to be affected by stirring

because of the occurrence of frequent interparticle collisions.

Thus, from the contradictory results available in the literature, it is clear that our

understanding of the effects of heat and mass transfer on crystallization processes is

still not complete.

4.2.2.4. Scale of Operation The size of the batch being crystallized may influ-

ence rate of crystallization. For example, crystallization from an emulsion generally

occurs at a lower temperature than for the bulk fat based on the separation of cat-

alyzing nucleation sites. In an emulsion, the catalyzing nucleation sites are more

dispersed (spread through the number of droplets) and this leads to nucleation at

a lower temperature than the same fat in bulk phase.

Grall and Hartel (64) studied crystallization of milkfat at different scales of

operation (2 L and 20 L) and found induction times for nucleation were lower

but individual crystal growth rates were higher in the larger scale crystallizer. Other

crystallization parameters (total crystal number, mean size, yield, and nucleation

rate) were not significantly influenced by this difference in crystallizer size. As

scale of operation changes, mixing rates and heat transfer rates change as well,

which can influence crystallization processes. Scale up of fat crystallization

processes is still somewhat of a trial and error process because of the lack of

fundamental understanding of the effects of heat and mass transfer on lipid

crystallization.

5. SUMMARY

Controlling lipid crystallization in foods has proven to be a technical challenge over

the years. Despite a considerable amount of study, controlling the complex interac-

tions between the various lipid components during crystallization remains essen-

tially an empirical process of studying the effects of various operating

parameters on crystal formation. Further work on the fundamental principles of

lipid nucleation, growth, and polymorphic transformation is needed to truly control

crystallization of lipids in foods.
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3
Polymorphism

in Fats and Oils

Kiyotaka Sato and Satoru Ueno

Graduate School of Biosphere Science, Hiroshima University

Higashi-Hiroshima, Japan

1. INTRODUCTION

Triacylglycerols (TAGs) are the major components of fats and oils and biologically

important organic molecules along with proteins and carbohydrates. In industrial

applications, TAGs are the main components in cream, margarine, and confection-

ery fats in foods and as matrix materials in pharmaceuticals and cosmetics. The

physical behavior of TAGs influences the physical properties of fat-based products,

such as appearance, texture, plasticity, morphology, and rheology. Most fat-based

products are multicomponent TAG mixtures, containing different kinds of fatty

acid moieties. Their complex physical properties are ascribed to polymorphism of

individual TAG components and their mixing behavior. Therefore, research into

the physical properties of the fat-based products usually starts with an understand-

ing of individual TAG molecules and subsequently moves on to an understanding of

the mixed systems, while combining this microscopic information with the macro-

scopic properties of texture, crystal morphology, and rheology. The macroscopic

properties of fats and oils will be discussed in other chapters of this volume.

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
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This chapter describes the polymorphism of the principal TAGs with saturated and

unsaturated fatty acid moieties and their binary mixtures.

2. BASIC CONCEPTS OF POLYMORPHISM OF FATS

TAGs are three-fold esters of glycerol and fatty acids, having the general formula

shown in Figure 1. There is a number of fatty acid moiety, as indicated in Figure 1.

According to Figure 1, TAGs can be divided into two classes depending on the fatty

acid composition. TAGs having only one type of fatty acid are called monoacid

TAGs, and those having two and three types of fatty acids are, respectively, called

diacid and triacid TAGs, and both are categorized as mixed-acid TAGs. Almost all

natural fats and oils are mixed-acid TAGs. In addition, the diacid TAGs can be

divided into two types: symmetric and asymmetric TAGs. In the asymmetric diacid

TAGs, chiral properties are revealed: For example, sn-R1R1R2 and sn-R2R1R1 are

stereochemically different from each other, in which sn means a stereospecific

number. The same chiral properties occur in the triacid TAGs. It is noteworthy

that polymorphism of the symmetric TAGs is largely different from that of the

asymmetric TAGs.

The physical properties of TAGs are determined by the types of fatty acids that

compose them; for example, the number of saturated and unsaturated chains, cis-

and trans-double bonds, short and long chains, chains with even and odd numbers

of carbon atoms, and esterified positions of fatty acids with glycerol carbon atoms.

Fats are modified by hydrogenation, interesterification, and fractionation to produce

desirable physical properties for fat-based products.

2.1. Polymorphism of Triacylglycerols

Multiple melting points of fats had already been discovered in the nineteenth cen-

tury. Clarkson and Malkin showed that this melting behavior resulted from the

polymorphism of TAGs (1). In the crystalline state, TAG molecules adopt the ideal

CH2O

CH

CO R1

CH2

O CO R2

O CO R3

Mono-acid TAG (R 1 = R2 = R3)
* saturated: length, even-odd
* unsaturated: length, even-odd, number-position-conformation
   of double bond

Mixed-acid TAG (R 1 ≠ R2 ≠ R3)
* different length
* saturated and unsaturated
* different sn-positioned

sn-1

sn-2

sn-3

Figure 1. A triacylglycerol molecule (R: fatty acid moiety, sn: stereospecific number).
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conformation and arrangement in relation to their neighbors to optimize intramole-

cular and intermolecular interactions and accomplish an efficient close-packing. On

the basis of the structural studies by Larsson (2), the three fundamental polymorphs

are called a, b0, and b. The significance of the definition of polymorphism of the

TAGs lies in unification of otherwise confused nomenclature of the polymorphic

forms of the fats differently named by researchers, such as sub-a form, vitreous

phase, and so on. In addition, the polymorphic nomenclature makes it convenient

to characterize the crystalline properties of fats employed in many applications. For

example, the structure and texture of ice cream is caused by a network of partially

coalesced a-form crystals and ice crystals that surround air bubbles to form discon-

tinuous foams (3). The small needle-like b0 crystals impart good plasticity that is

desirable in products such as margarine, shortening, and baking fats (4). Cocoa

butter replacers (CBR) and cocoa butter substitutes (CBS) can crystallize without

tempering into their stable b0 polymorph upon simple cooling. Tempering is

required for b form, which is used for chocolate, cocoa butter, and cocoa butter

equivalents (CBE) (5).

One may characterize the polymorphic forms of TAGs by thermal stability,

subcell packing, and chain-length structure as described below.

2.1.1. Thermal Stability Among the three main polymorphic forms of TAGs and

their mixtures, generally, b is the most stable, b0 is less stable, and a is the least

stable form (6, 7). A diagram of the Gibbs free energy (G¼H-TS, in which H, S,

and T are enthalpy, entropy, and temperature) versus T for TAG polymorphs is

shown in Figure 2. The G-T relationship determines the transformation pathways

among the polymorphs and liquid (8). The polymorphism of TAGs is monotropic,

and the G values are largest for a, intermediate for b0, and smallest for b in the solid

liquid

G β′

β

α

Temperature
Figure 2. A schematic diagram of Gibbs energy (G) and temperature of three polymorphs of a

triacylglycerol.
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phase domain at low temperature. Each polymorph has its own melting temperature

(Tm) that is defined as the temperature where the G value of crystal becomes lower

than that of liquid. These thermodynamic conditions influence the kinetic aspects of

crystallization and transformation of TAGs.

The three basic polymorphic forms shown in Figure 2, which may apply to the

saturated monoacid TAGs, are largely modified when the shape of a TAG molecule

becomes more heterogeneous. For example, TAGs containing unsaturated fatty acid

moieties or saturated diacid moieties exhibit two b0 or b forms. In other cases,

b does not occur and b0 becomes most stable with the highest Tm instead. These

properties will be discussed in Section 3.

A primary concern is polymorphic crystallization in which the Ostwald step rule

is very useful (9). This rule predicts that phase changes occur step by step by way of

successively more stable phases. For the relative rate of nucleation of polymorphic

crystals shown in Figure 2, it follows that nucleation of the metastable forms such

as a and b0 occurs first before the most stable b form, when nucleation occurs under

a large supercooling or high supersaturation. When the amount of supercooling or

supersaturation is decreased, the law is broken and the most stable form tends to

nucleate at a relatively slow rate.

Because of its monotropic nature, the polymorphic transformation occurs irre-

versibly from the least stable a form to the most stable b form. The rate of trans-

formation is both time- and temperature-dependent. There are two modes of

polymorphic transformation processes: solid-solid and melt-mediated transforma-

tions. Solid-solid transformations occur below the melting points of all the poly-

morphs involved. In contrast, melt-mediated crystallization occurs when the

temperature is above the melting points of the less stable forms. Melt-mediated

crystallization involves the following processes:

1. Melting of the less stable form

2. Nucleation and growth of the more stable forms

3. Mass transfer in the liquid formed by melting of the less stable form

It has been observed in some TAGs that the rate of melt-mediated crystallization

is often much higher than that of solid-solid transformation (10–14).

2.1.2. Subcell Structure Subcell structure defines a lateral packing mode of

the hydrocarbon chains (2, 15, 16). Three typical subcell structures are shown in

Figure 3. The a, b0, and b forms have hexagonal (H), orthorhombic perpendicular

ðO?Þ, and triclinic parallel (T//) subcell structures, respectively (2).

In the hexagonal subcell structure, the two-dimensional lattice is hexagonal and

gives rise to a 0.41-nm wide-angle X-ray diffraction (XRD) pattern. The chain

packing is loose, and the specific chain-chain interactions are lost because of the

ability of the carbon atoms to rotate several degrees and form disordered conforma-

tions of hydrocarbon chains. The two-dimensional lattice of an orthorhombic

perpendicular ðO?Þ subcell structure is rectangular, and this represents a tightly
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packed lattice with specific chain-chain interactions. The subcell parameters of O?
are typically shown in two wide-angle XRD patterns at 0.37 nm and 0.41 nm. Tricli-

nic parallel subcell structure (T//) has an oblique two-dimensional lattice and repre-

sents tightly packed chains, in which there are specific chain-chain interactions.

This subcell structure of T// is characterized by a strong wide-angle XRD pattern

at 0.46 nm and week patterns at 0.39 nm and 0.38 nm. The values given for these

wide-angle XRD patterns of the three polymorphs are typical for the saturated

monoacid TAGs; they vary when the fatty acid moieties change from saturated to

unsaturated acids.

2.1.3. Chain Length Structure The TAG crystals form chain-length structures,

in which a repetitive sequence of the hydrocarbon chains is involved in a unit lamel-

lar along the c-axis (Figure 4) (17). One unit layer made up of one hydrocarbon

chain is called a leaflet. Several types of chain-length structures can form as shown

in Figure 4. The TAGs with the same or very similar fatty acids might form a

double chain-length structure. A triple chain-length structure is formed when the

chemical natures of one or two of the fatty acids are much different from the others.

A quarto-chain-length structure consists of two double chain-length structures,

which are combined end-to-end. A hexa-chain-length structure consists of two

Figure 3. Typical subcell structures of TAG polymorphs. The a, b0, and b forms have hexagonal

(H), orthorhombic perpendicular ðO?Þ, and triclinic parallel(T//), respectively.
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triple chain-length structures. The quarto- and hexa-chain-length structures were

observed in asymmetric saturated diacid TAGs, as discussed below.

2.2. Phase Equilibria

Figure 5 shows three cases that are generally applicable to many materials, and

observed in TAG binary mixtures: solid-solution mixture, eutectic mixture, and

molecular compound forming mixture (18). Here we summarize basic properties

of the three mixture phases. Various binary mixture systems of TAGs will be

discussed in Section 4.

2.2.1. Solid-Solution Mixture In this system, a binary mixture is cooled but

neither component solidifies without containing some of the other component:

Both components are deposited simultaneously, and the deposited solid phase is

a solid-solution. Only two phases can exist in such a system: a homogeneous

liquid-solution and a solid-solution. The equilibrium phase diagram is shown in

Figure 4. Typical variations in the chain-length structures of triacylglycerol crystals. An arrow

means a leaflet.
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Figure 5a. All mixtures of the two components have melting points intermediate

between the melting points of the pure components.

TAGs that have similar physical and chemical properties, for example, similar

melting points, chain-length, polymorphic form, and molecular volume, form

solid-solution mixtures.

Figure 5. Three typical phase diagrams of binary TAG mixtures represented by A and B

fractions.
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2.2.2. Eutectic Mixture A general example for a eutectic mixture system is

shown in Figure 5b, where curves PQ and RQ represent the temperatures at which

homogeneous liquid-solutions begin to crystallize. Above the curves P-Q-R, the

two components are liquid. Line TQU represents the temperature at which solid

mixtures of A-molecule and B-molecule begin to melt, and the two components

are completely solid below the line T-Q-U. The small and large areas of PQT

and RQU represent mixtures of A-molecule crystals in liquid A/B-molecule and

solid B-molecule crystals in liquid A/B-molecule, respectively. It is important to

note that the eutectic is a physical mixture, not a molecular compound. Below

the eutectic temperature, all mixtures are solid.

Among binary TAG mixtures, the eutectic system is most common. Eutectic sys-

tems tend to occur when the TAGs differ in chain-length, molecular volume, shape,

or polymorphic form, but they have similar melting points.

2.2.3. Molecular-Compound-Forming Mixture A-molecule and B-molecule

of a binary system sometimes combine to form a molecular compound. If a mole-

cular compound can coexist in equilibrium with a liquid of the same composition,

the compound has a congruent melting point shown by point R (Figure 5c). The

phase diagram for this system can be split into two subdiagrams: A-molecule/

molecular compound and molecular compound/B-molecule, and each of these

subdiagrams may be considered as a eutectic mixture as shown in Figure 5c. Points

P and Q are the other two eutectic points of the subdiagrams that are placed in a

juxtaposition manner.

A molecular compound-forming mixture can occur in particular combinations of

TAGs, being based on the possibility of achieving specific interactions between

both molecules in the crystalline state. Even now, there is no general explanation

why and how specific combinations of TAGs can result in molecular compound-

forming mixtures, but several examples will be provided in Section 4.

2.3. Basic Methods for Studying the Polymorphism of Fats

Methodology for studying the polymorphism of fats, among which thermal analy-

sis, most typically, differential scanning calorimetry (DSC), X-ray diffraction

(XRD), neutron diffraction, infrared absorption spectroscopy, and nuclear magnetic

resonance (NMR), are briefly mentioned here.

DSC analysis provides the data of temperatures, enthalpy and entropy values of

melting, crystallization, and polymorphic transitions, which are prerequisites for

isolation of individual polymorphic forms and their thermal stability.

Molecular structural information, lamellar distance (long spacing), and subcell

structure (the short spacing) are calculated by small-angle and wide-angle diffraction

patterns from a powder XRD study using polycrystalline powder sample. Atomic-

level crystal structure is revealed by XRD using a high-quality single crystal.

One of the most exciting methodologies that has recently been applied to fat

polymorphism is synchrotron radiation XRD (SR-XRD). It has made it possible

to perform real-time (in situ) observations of polymorphic transformations at rapid
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rates of temperature variation as high as 5�C/min under external stimuli of shear

(19) and ultrasonication (20). Furthermore, a combined study of SR-XRD small-

angle X-ray scattering (SAXS) and wide-angle X-ray scattering (WAXS) with

DSC is now one of the most powerful methods for clarifying the kinetics of the

polymorphic transitions of TAGs in single-component and mixture systems.

Observing the correspondence of the DSC thermopeaks and variations in the

SAXS-WAXS patterns during rapid temperature change has clarified the mechan-

isms of complicated polymorphic transformations of binary mixtures of TAGs or

liquid-crystal to polymorphic crystal conversion, which had been overlooked

with conventional laboratory-scale XRD apparatus. Sections 3 and 4 will address

these issues.

The use of neutron diffraction provides structural information about fats in liquid

and crystalline states through interactions of neutrons with atomic nucleus that is

different from the information provided by X-ray diffraction. Neutron diffraction

studies with selective deuteration of glycerine and fatty acid chains of a TAG

indicated nematic-type liquid crystal organization of the TAG molecules in the

liquid phase (21, 22).

For molecular properties of the TAG polymorphs, local molecular structural

information such as methyl-end group, olefinic conformation, and chain-chain

interaction are unveiled by infrared (IR) spectroscopy, especially Fourier-trans-

formed infrared spectroscopy (FT-IR) (23, 24). Compared with a pioneering

work by Chapman (25), great progress has been achieved by using various FT-IR

techniques, such as polarized transmission FT-IR, reflection absorption spectro-

scopy (RAS), and attenuated total reflection (ATR) (26–28).

NMR, especially cross-polarization and magic-angle spinning NMR (CP/MAS

NMR), is also a powerful tool for studying the molecular conformations of the

TAGs in a crystalline state, because CP/MAS NMR spectra give detailed informa-

tion about the local environment and mobility of specific carbon sites (29–33).

3. POLYMORPHISM OF MONOACID TRIACYLGLYCEROLS

3.1. Saturated Monoacid Triacylglycerol

Saturated monoacid TAGs are of the simplest chemical shape and, therefore, have

been examined as model substances for the study of the complex fats.

The atomic-level crystal structures of the b form of saturated monoacid TAGs

were first clarified almost four decades ago (34–36). Based on these structural

data, Lutton postulated the b form structures of saturated monoacid and diacid

TAGs (37).

Quite recently, van Langevelde et al. examined the crystal structures of the

b form of tripalmitin (PPP) in comparison with the results of tricaprin (CCC)

(38, 39), trilaurin (LLL) (36), and predicted the b form structure of trimyristin

(MMM) (38). As shown in Table 1, the unit cell parameters, double-chain length

structure, and T// subcell structure of the three TAGs are almost the same, except
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TABLE 1. Unit Cell Parameters of b Form of Tricaprin

(CCC), Trilaurin (LLL), and Tripalmitin (PPP) (V; Unit

Cell Volume, D; Density).

Parameters CCC LLL PPP

Space group P�11 P�11 P�11

a axis (nm) 1.218 1.208 1.195

b axis (nm) 3.156 3.661 4.684

c axis (nm) 0.549 0.547 0.545

a (deg.) 73.4 73.4 73.8

b (deg.) 100.7 100.5 100.2

g (deg.) 119.2 118.7 118.1

V (nm3) 1.7613 2.0292 2.5811

D (g cm�3) 1.04 1.04 1.04
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Figure 6. Two types of triacylglycerol conformations in crystal: (a) tuning folk conformation and

(b) chair conformation. Numbers correspond to carbon atoms of a glycerine group.
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for the chain length parameter (b-axis). Therefore, van Langevelde et al. concluded

that, as long as the series of CnCnCn, in which n means even-number of carbon

atoms, all structure models can be predicted by extrapolation of the cell parameters

and copying of the atomic coordinates.

There are two types of molecular conformation of TAG molecules in the crystal

(39): tuning fork and chair, as shown in Figure 6. In a tuning fork conformation, the

two outer acyl chains (sn-1 and sn-3) point in one direction and the middle acyl

chain (sn-2) in the opposite direction. In contrast, a chair conformation has the

two neighboring acyl chains (sn-1 and sn-2) pointing in one direction and the third

acyl chain (sn-3) in the opposite direction. In the b form of CCC, LLL, and PPP,

asymmetric tuning fork conformation was revealed.

For b0 forms of saturated monoacid TAGs, no crystal structure has so far been

determined, because of difficulty in growing single crystals suitable for atomic-

level structure determination. However, information about the unit cell can be

obtained or calculated. For example, Figure 7 shows the density of liquid, b0 and

b forms of saturated monoacid and diacid TAGs as a function of the number of car-

bon atoms (20). The densities of the b0 forms of CCC, LLL, MMM (trimyristin),

and PPP could be determined by applying a least-square fitting procedure based on

the density of the b0 form of tristearin (SSS) (40) and crystal structure data of satu-

rated diacid TAGs (41, 42).

1.1

1.05

1

0.95

0.9

0.85
30

(CCC)
36

(LLL)
42

(MMM)
48

(PPP)
54

(SSS)

Number of carbons in acyl-chains/molecule

de
ns

ity
 (

g/
cm

3  
)

(CLC)
(LML)

(MPM)
(PPM)

(PSP)

Figure 7. Relationship between the density of a TAG and the number of carbon atoms present

in the acyl chain of its molecule. Closed circle: liquid state; open triangle: b0 form; and open

square: b form. Solid and dotted lines are the least-squares fitting curves for each state.

POLYMORPHISM OF MONOACID TRIACYLGLYCEROLS 87



3.2. Unsaturated Monoacid Triacylglycerol

Natural fats and oils having Tm below ambient temperature contain the TAGs with

unsaturated fatty acid moieties. Crystallization properties of unsaturated monoacid

TAGs were examined six decades ago (43, 44). Compared with the saturated mono-

acid TAGs, polymorphism of unsaturated monoacid TAGs is more complicated,

because of diverse variations in the number and the position of double bonds of

their acyl-chain moieties, as clarified by Hagemann et al. (45). The polymorphism

of the series of positional isomers of the TAGs having cis- and trans-octadecenoic

acids (C18, with one double bond) is summarized as follows:

1. a form occurred except for cis �12, �13, �15, and trans �10, where

� means the position expressed as the number of the carbon atom counted

from the glycerol back bone at which a double bond is placed,

2. For cis-type TAGs, three b0 forms were observed for cis �7, �9, �11, and

�13, but not for �5 and �15,

3. For trans-type TAGs, two b0 forms were observed for trans �11 and �14,

one b0 form for �13, whereas b0 did not appear for �4, �5, �6, �7, �8, �9,

�10, �12, and �15,

4. b form was observed in all of the TAGs.

The complexity of polymorphism, especially with regard to the occurrence

of multiple b0 form, may be ascribed to the variety of positional isomers and

cis-trans-conformation.

Triolein (OOO) has been studied over many years. Some inconsistency, however,

still remains among several reports; for example, Wheeler et al. (43) and Ferguson

and Lutton (44) observed an intermediate form, whereas three b0 forms, b01, b02, b03,

were isolated by Hagemann et al. (45). This kind of inconsistency for the presence

of b0 form may be caused by inconsistency in thermal treatment and purity of the

samples employed in the experiments. We have worked on the polymorphism of

high-purity OOO (>99 %, supplied from Nippon Oil and Fats Co.) using DSC,

X-ray diffraction, and FT-IR (Ueno and Sato, unpublished work). Six polymorphs:

a, b03, b02, b01, b2, and b1 were isolated, and thermal and structural properties of the

six forms are shown in Table 2. Figure 8 shows the polymorphic transition path-

ways among the six polymorphs and melt of OOO. Two types of transitions

were observed: liquid! a! b03 ! b02 ! b2 and liquid! b01 ! b1. The former

transition occurred after rapid cooling (20�C/min) to about �80�C and subsequent

TABLE 2. Polymorphism of Triolein (Ueno and Sato, Unpublished).

Polymorph a b03 b02 b01 b2 b1

Tm (?C) �37.5 �24.9 �15.5 �5.8 4.7 5.9

Subcell H O? O? O? T== T==

�H (kJ/mol) — — — — 110 120

Melting point: Tm, enthalpy of fusion: �H.
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heating, in which crystallization of a and successive transformations to b2 through

intermediate two b0 occurred. By contrast, with slow cooling, the liquid crystallized

in b01 form, which transformed to b1 by subsequent heating. It was interesting to

observe that no direct transformation occurred from b02 to b01 and from b2 to b1.

Figure 8. Polymorphic transition pathways of triolein.

Figure 9. Synchrotron-radiation X-ray diffraction patterns of polymorphic transformation of

trielaidin taken during temperature variation shown in an inserted figure (unit, nm). Q: wave

vector.
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It is not easy to understand how such a kind of individual transformation pathway

occurs.

As a typical trans-monounsaturated TAG, trielaidin (EEE) with trans-o9- octa-

decenoic acid has been examined. Carter and Malkin (46) reported three poly-

morphs, a, b0, b. Since then, an argument was made to whether the intermediate

b0 is present or not. In 1990, Desmedt et al. (47) re-examined the existence of

the b0 form by using DSC and the powder XRD pattern, showing that the b0

form was indeed crystallized after the melting of a form, but soon transformed

to b. Therefore, it is difficult to obtain the XRD patterns or FT-IR data of the b0

form of EEE at some fixed temperature.

To further investigate the existence of b0form of EEE, we have carried out time-

resolved synchrotron radiation X-ray diffraction (SR-XRD) (Ueno and Sato, unpub-

lished). Figure 9 shows the time-resolved small-angle SR-XRD patterns, which

reveals the occurrence of a polymorph having the long spacing value of 5.1 nm

on cooling, its conversion to the polymorph with the long spacing value of

4.6 nm on heating, and disappearance of the second polymorph during further

heating. According to previous reports (46, 47), it was evident that the former

polymorph corresponds to the a form that crystallized when temperature was

quenched from 50�C to 13.6�C, and the second form is b. When temperature

was jumped to 22�C, a melted and the b form crystallized, which then melted

when temperature increased to 48�C. During this temperature variation, b0 form was

not observed by the in situ SR-XRD study. Therefore, our conclusion is that

trielaidin has the b0 form, which is very unstable.

4. POLYMORPHISM OF MIXED-ACID TRIACYLGLYCEROLS

Understanding the polymorphism of mixed-acid TAGs is of significance because

the fatty acid compositions of natural fats are generally heterogeneous; namely,

combinations of fatty acids in TAGs are diverse with respect to carbon number,

mixing of saturated-unsaturated chains, the position and the number of double

bond of the unsaturated fatty acids, and so on. This group of mixed-acid TAGs

is classified to two types: (1) saturated mixed acid type and (2) saturated and

unsaturated mixed acid type.

4.1. Saturated Mixed Acid Triacylglycerols

4.1.1. Polymorphic Behavior In this section, the polymorphism of the C16-C16-

Cn, CnCnþ 2Cn, and CnC2Cn TAG series is discussed in terms of their diversity in

occurrence of polymorphic structures and their thermodynamic stability and mole-

cular structures.

C16-C16-Cn represents a series of homologous TAGs, in which n, the carbon

number of even-numbered carbon atoms of the sn-3 fatty acid chain, varies from

0 to 16. Systematic research on C16-C16-Cn by using XRD, DSC, and FT-IR
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techniques (42, 48–54) showed remarkable diversity in their polymorphism. The a
form was present in C16-C16-Cn. For the b0 form, however, there were many varia-

tions. One b0 form was present in C16-C16-C2 through C16-C16-C8, but three b0

forms (b03, b02, b01) were observed in C16-C16-C10, whereas two b0 forms (b02, b01)

were isolated in C16-C16-C12 and C16-C16-C14. As for b form, one b form was pre-

sent in C16-C16-C2 through C16-C16-C12. There is, however, no b form in C16-C16-

C14, which revealed the most stable form as b01. Moreover, chain-length structures

of the polymorphic forms in C16-C16-Cn were complicated. For example, single-

chain-length structure appeared in the a form of C16-C16-C4, C16-C16-C6, and

C16-C16-C8, and hexa- and quarto-chain-length structures were observed in b01 of

C16-C16-C10 and b02 of C16-C16-C14. Correspondingly, the melting point decreased

with increasing carbon number of n in C16-C16-Cn varying from 0 to 6, whereas it

increased with n from 8 to 16. The unique properties of the series of C16-C16-Cn, in

particular for C16-C16-C14 have been discussed elsewhere (51, 54). Here we discuss

the polymorphic structures and thermal transformation pathways of C16-C16-C10

(50), as a typical example of C16-C16-Cn.

Figure 10 shows the polymorphic transformation pathways of five polymorphs of

C16-C16-C10 together with melt. On quenching of melt, the isotropic liquid pro-

duced a form with a double chain-length structure, which melts at 22�C. There

are two transformation pathways starting from the a form. The first transformation

pathway is a! b03 ! b02 ! b, in which the subcell structure changed from H to

two O?, keeping the double chain length structure in a! b03 ! b02. Then, the chain

length structure changed from double to triple, and the subcell structure changed

from O? to T// when b02 transformed to b. In the second transformation pathway

of a! melt! b01, the subcell structure and chain-length structure are changed

Figure 10. Polymorphic transformation b pathways of C16-C16-C10. Chain-length structure is

shown in parenthesis for each polymorph.
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drastically. In both cases, many details of the polymorphic transfrmation mechan-

isms of C16-C16-C10 remain uncertain. Similarly, interesting phenomena revealed in

the polymorphic behavior of C16-C16-Cn are not understood, e.g., the occurrence of

the a form (single-chain-length structure) and the b0 form (tripe-chain-length) in

C16-C16-C4, C16-C16-C6 and C16-C16-C8, and disappearance of b in C16-C16-C6

and C16-C16-C8. All of these properties indicate that intramolecular and intermole-

cular interactions are largely affected by changing the molecular shape of the

fatty acid moieties placed at the sn-3 position. Understanding the polymorphism

of asymmetrical mixed-acid TAGs such as C16-C16-Cn must be valuable for the for-

mation of structured fats.

In the CnCnþ 2Cn-type TAGs in which n is even-numbered and varying from 10

to 16, the most stable form is the b0 form, not the b form. The long spacing values

and melting points of the b0 forms of these TAGs linearly increase with increasing

number of n (41, 55).

The CnC2Cn-type TAGs, in which n is even-numbered varying from 10 to 18,

were investigated by Zacharis et al (56). Three polymorphs, the lowest melting,

the intermediate, and the highest melting forms, were observed by thermal analysis.

As for the highest melting form, the following physical properties were found: (1)

The subcell is T//, (2) enthalpy of fusion, enthalpy of resolidification, and lamellar

spacing increased linearly with increasing length of the acyl chains; and (3) the

hexa-chain-length structure was formed in C14C2C14 and C16C2C16. Little informa-

tion has been obtained for the lowest and intermediated melting forms.

4.1.2. Atomic-Level Crystal Structures of b0 Form We discuss crystal struc-

tures of the b0 forms of two saturated diacid TAGs, C10C12C10 (41) and C16C16C14

(42). Both are the first b0 polymorphs of TAG that have been analyzed at the atomic

level by using single crystals. Two different types of the b0 structures were found as

revealed in the unit cell parameters shown in Table 3.

The unit cell structure of C16C16C14 b
0
2 is shown in Figure 11 (42). The unit cell

is stacked in the quarto-chain-length structure, which is constructed by two double

layers (I and II in Figure 11) in such a way that the methyl end groups of one double

layer are faced with those of another double layer at the center of the unit cell in

the a-b plane. The chain axes of the two double layers in the unit cell are alternately

TABLE 3. Unit Cell Parameters of b0 Forms of C10C12C10

and C16C16C14

C10C12C10 C16C16C14

Space group Iba2 C2

a axis (nm) 5.57368 1.6534

b axis (nm) 2.22783 0.7537

c axis (nm) 0.56945 8.1626

b (deg.) 90 90.28

density (g cm�3) 1.04 1.018

92 POLYMORPHISM IN FATS AND OILS



inclined against the lamellar interface in the b-c plane. The methyl end groups

make zigzag arrangements, but the zigzag angles of the outer interface

ðy1 ¼ 9:6�Þ and inner interface ðy2 ¼ 38�Þ are different. A hybrid-type orthorhom-

bic perpendicular subcell is formed, because of the presence of two asymmetric

units in a unit cell. The molecules of two aymmetric units of C16C16C14 have the

chair conformation defined in Figure 6.

C10C12C10 b0 crystallizes in a chair conformation with the O? subcell, having a

bend at the glycerol moiety as shown in Figure 12 (41). There is no zigzag methyl

end stacking with a flat lamellar interface. Based on the crystal structure of

C10C12C10 b0, van Langevelde et al. (39) determined the structure of C14C16C14

b0, using the powder XRD patterns of polycrystalline samples. They concluded

that the two b0forms of C10C12C10 and C14C16C14 are identical, except for the

chain-length distance.

The above results of the two b0 forms indicate that there is diversity in the

crystal structures of b0 that are affected by chain-chain interactions of the diacid

TAGs.

Figure 11. Unit cell structure of C16C16C14 b02 .
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4.2. Saturated-Unsaturated Mixed Acid Triacylglycerols

Saturated-unsaturated mixed acid TAGs are the main components of vegetable fats

and fish oils. The basic polymorphism of saturated-unsaturated mixed acid TAGs is

more complicated than that of the saturated monoacid TAGs (28, 33, 57–65). The

chain-chain interactions between the saturated and unsaturated fatty acid moieties

are the essential determining factors of this complexity (23, 63).

4.2.1. 1,3-Disaturated-2-Unsaturated Mixed Acid Triacylglycerols In this

section, we consider the polymorphic behavior of a series of Sat.Unsat.Sat.TAGs,

in which the sn-2 acid moieties are oleic, ricinoleic, and linoleic acids and the even-

numbered saturated acids (palmitic, stearic, arachidic and behenic acids) are placed

at the sn-1 and sn-3 positions.

Figure 13 shows a model of the polymorphic forms of SOS (1,3-distearoyl-2-

oleoyl-sn-glycerol) (58). Polymorphic transformations occur from a to b1 through

Figure 12. Unit cell structure of C10C12C10 b0.
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g, b0, and b2. Compared with the saturated monoacid-type and diacid-type TAGs,

the occurrence of the g form is the unique feature of this group of TAGs. In the case

of SOS, the chain-length structure converts from double to triple, and the subcell

structures change in different manners between oleic and stearic acid chains. These

changes are the result of steric hindrance of the stearic and oleic acid moieties,

making the polymorphic transformation of SOS complicated. The main structural

properties of SOS are briefly described below;

1. a form. The double-chain-length structure determined by the SAXS spectra

assumes the coexistence of the stearoyl and oleoyl moieties in the same

leaflets. The hexagonal subcell shown in the XRD WAXS patterns and FT-IR

spectra of d(CH2) and r(CH2) modes lead to a disordered aliphatic conforma-

tion. No specific structure was shown for the olefinic conformation, because

no detectable IR band of gð����CHÞ was seen (61) and the two carbons adjacent

to the cis-double bonds were equivalent because of the NMR spectra.

2. g form. The long spacing value of 7.05 nm assumes a triple-chain-length

structure, in which the oleoyl and stearoyl leaflets are separated through the

chain sorting during the a�g transformation. The stearoyl leaflet assumes a

specific parallel packing, and the hexagonal subcell structure still remains in

the oleoyl leaflets, as verified by FT-IR spectral bands of SOS containing fully

deuterated stearoyl and hydrogenated oleoyl chains (61).

3. b0 form. The long spacing value 7.00 nm determined by the SAXS peak

assumes the triple-chain-length structure, which is constructed by the stearoyl

leaflet with the O? subcell and the oleoyl leaflet with hexagonal subcell, as

shown by FT-IR spectral bands of SOS containing fully deuterated stearoyl

and hydrogenated oleoyl chains (61). The 13C NMR spectra showed clear

differences between the two carbons adjacent to the cis-double bond and the

three glycerol carbons.

4. two b forms. The long spacing values of the triple-chain-length structure were

6.75 nm for b2 and 6.60 nm for b1. The subcell structures of the stearoyl and

oleoyl leaflets are T// in b1. The subcell structure in b2 was very close to T//

for the two leaflets, but very subtle differences were detectable between the

two b forms.

Figure 13. A schematic model of polymorphic transformation of SOS.
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POP (1,3-palmitoyl-2-oleoyl-sn-glycerol) is a homologous substitution of the

stearoyl moiety in SOS with the palmitoyl moiety. It was anticipated that POP

might show the same polymorphic behavior as SOS. However, a few differences

were observed regarding intermediate forms as explained in the following

(Table 4) (58):

1. Two b0 forms appeared, having a double chain-length structure.

2. During the polymorphic transformation from a to b1 forms, the chain-length

structure changes as double (a)! triple (g)! double (two b0 forms) ! tri-

triple (two b forms). The alternative variations of the chain-length structure

among double and triple are only detected in POP.

3. Another intermediate form with triple chain-length structure, d, was

observed. The cause of complexity in the polymorphism of POP is still open

to question.

However, the polymorphism of SOS is common to the other Sat.Unsat.Sat.TAGs,

as evidenced in the polymorphism of SRS(R, ricinoleoyl) and SLS (L, linoleoyl).

Although SOS, SRS, and SLS share the same polmorphic nature illustrated in

Figure 13, remarkable differences are seen in the presence or absence of the stable

forms of b0 or b among the three TAGs. Namely, SRS has no b form and two b0

forms (64), whereas b0 and b forms are absent in SLS (65). Thermal data of the

TABLE 4. Polymorphism of POP.

�H Long Chain-Length

Form Tm (?C) (kJ/mol) Spacing (nm) Structure

a 15.2 68.1 46.5 double

g 27.0 92.5 65.4 triple

d 29.2 107.5 62.5 triple

b02 30.3 95.5 42.4 double

b01 33.5 98.3 42.4 double

b2 35.1 124.4 61.0 triple

b1 36.7 130.2 61.0 triple

TABLE 5. Thermal Properties of Polymorphism of SOS, SRS, and SLS.

SOS SRS SLS

a g b0 b2 b1 a g b02 b01 a g
Tm (�C) 23.5 35.4 36.5 41.0 43.0 25.8 40.6 44.3 48.0 20.8 34.5

�Hm (kJ/mol) 47.7 98.5 104.8 143.0 151.0 58.1 119.64 171.19 184.76 40.9 137.4

�Sm (J/mol/K) 160.8 319.2 338.5 455.2 477.6 194.35 381.32 539.29 575.31 139.2 448.7

aTm: temperature of melting; �Hm: enthalpy of melting; �Sm: entropy of melting.
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polymorphic forms of SRS and SLS are shown in Table 5 together with those of

SOS. The a and g forms present in the two TAGs showed the same molecular

structures, as revealed in wide-angle XRD patterns of SRS and SLS shown in

Figure 14. It is postulated that hydrogen bonding in the ricinoleoyl chains is so tight

that the O? subcell is stabilized through the glycerol groups, probably making b0

the most stable in SRS (Figure 15a) (64). The hydrogen bonding in SRS may make

the enthalpy and entropy values for melting of the b0 forms much higher than b0

forms of SOS.

Figure 16 shows SR-XRD patterns of SLS taken during a temperature variation

from 50�C to 10�C, kept at 10�C for about 10 min, and heated rapidly to 50�C (65).

Figure 14. Wide-angle X-ray diffraction patterns of polymorphic forms of SRS and SLS

(unit, nm).
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The occurrence of a on cooling, transformation from a to g, and melting of g on

heating of SLS were clearly observed. In particular, rapid heating from 10�C to

50�C clearly showed the transformation from a to g at 20�C. No b0 or b forms

were detected during further incubation of SLS after melting of g, or also after

long incubation of g below its melting point. In SLS, the interactions among the

linoleoyl chains at the sn-2 position, each of which has two cis-double bonds,

may stabilize the g form, prohibiting the transformation into more stable forms

of b0 or b. For this reason, the enthalpy and entropy values for melting of the g
form of SLS are much larger than those of SOS and SRS (see Table 5). The trans-

formation from g to b0 or b in SOS is associated with an inclined chain arrangement

with respect to the lamellar interface, which might be prohibited by the linoleoyl

chain-chain interactions in SLS.

4.2.2. 1,3-Diunsaturated-2-Saturated Mixed Acid Triacylglycerols The

polymorphic behavior of symmetric diacid TAGs, 1,3-dioleoyl-2-staearoyl-sn-gly-

cerol (OSO), 2-elaidoyl(OEO), and 2-vaccinoyl (OVO) glycerols was studied by

Kodali et al. (66). On quenching from the melt, OEO and OVO formed a double-

chain- length b0 form, whereas OSO formed the a form. At �7�C, a of OSO

quickly transformed to b0. Long-time incubation of OVO, OEO, and OSO trans-

formed b0 form into b form of the triple chain-length structure, in which the two

oleoyl chain leaflets are segregated from the vaccinoyl, elaidoyl, and stearoyl chain

leaflet. It can be assumed that the driving force to form the triple chain-length b
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Figure 15. Schematic model of polymorphic structures of SRS and SLS. (a) A postulated

structure of b0 forms of SRS, in which a ricinoleic acid leaflet is shown. (b) Polymorphic

transformation from a to g in SLS.
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form of the three TAGs may be the fact that the saturated or trans-unsaturated acyl

chains at the sn-2 position do not pack with the bent oleoyl chains at the sn-1 and

sn-3 positions in the stable polymorphic forms. This mechanism is essentially the

same as that present in the Sat.-Unsat.-Sat. TAGs.

The saturated-unsaturated mixed-acid TAGs involving trans-unsaturated acids

have recently been examined with and without the effects of surfactant additives

(67, 68). It is notable that b0 is most stable in PEP (1,3-dipalmitoyl-2-elaidoyl-

sn-glycerol). On the other hand, SES (1,3-distearoyl-2-elaidoyl-sn-glycerol) has

the most stable form of b. In contrast to the stabilization of b in ESS and SEE,

the most stable form of EPP and PEE is b0. The mechanisms for the stabilization

of the b0 in PEP, EPP, and PEE remain unknown. It seems that the methyl end stack-

ing mode may be a key factor, although further clarification is needed.

By now, we have discussed the polymorphism of mono-acid and mixed-acid

TAGs. To summarize, Table 6 shows the number and types of polymorphic forms

of principal TAGs.

Figure 16. Time-resolved SR X-ray scattering patterns of SLS (unit: nm). At left is the

temperature change with time.
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5. FAT MIXTURES AND POLYMORPHISM

Fats are multicomponent in two ways: (1) a fat phase contains many different types

of TAGs and (2) each TAG molecule involves different types of fatty acid moieties,

namely, mixed-acid TAGs. Therefore, it is important to precisely analyze physical

and chemical properties of the TAGs in multicomponent systems to understand

thermal, structural, and rheological properties of the real food fat systems

(69, 70). Particularly, one may note that the kinetic properties of the molecular

compound-forming mixture phase are closely related to fat blending and interester-

ification in food technology (71, 72) and separation of liquid/solid fractions from

natural oil resources (73, 74). As a first step in the investigation of multicomponent

fat systems, the phase behavior of binary TAG mixture systems has been studied by

many researchers (75–84).

The phase behavior of the binary TAG mixtures is classified into three cases:

solid-solution, eutectic, and molecular compound formation, as introduced in Sec-

tion 1. Peculiarities in the mixtures of the TAGs may be explained by the following:

1. The TAGs with similar chemical structures tend to form a solid-solution phase.

2. A eutectic phase is formed between TAGs whose molecular shapes are

largely different.

3. Specific interactions result in the formation of a molecular compound as

reviewed elsewhere (17, 54).

4. In addition, influences of polymorphism make the phase behavior more

complicated.

5.1. Binary Mixtures of Saturated-Acid Triacylglycerols

Rossell (85) suggested that a eutectic phase with a limited region of solid solution

was formed for the stable b form; yet, the solid solution phase was formed in the

TABLE 6. Occurrence of Polymorphic Forms in Representative

Triacylglycerols.

Triacylglycerol Polymorphic Forms

SSS (tristearoyl-glycerol) a, b0, b
OOO (trioleoyl-glycerol) a, b03, b02, b01, b2, b1

EEE (trielaidoyl-glycerol) a, b0, b
PP14 (1,2-dipalmitoyl-3-myristoyl-sn-glycerol) a, b02, b01
PP10 (1,2-dipalmitoyl-3-decanoyl-sn-glycerol) a, b03, b02, b01, b
CLC (1,3-dicaproyl-2-lauroyl-sn-glycerol) a, b0

SOS (1,3-distearoyl-2-oleoyl-sn-glycerol) a, g, b0, b2, b1

POP (1,3-dipalmitoyl-2-oleoyl-sn-glycerol) a, g, d, b02, b01, b2, b1

BOB (1,3-dibehenoyl-2-oleoyl-sn-glycerol) a, g, b0, b2, b1

SRS (1,3-distearoyl-2-rycinoleoyl-sn-glycerol) a, g, b02, b01
SLS (1,3-distearoyl-2-linoleoyl-sn-glycerol) a, g
OSO (1,3-dioleoyl-2-stearoyl-sn-glycerol) a, b0, b
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metastable a and b0 in the mixtures of the saturated-acid TAGs. In the 1990s, this

behavior was precisely analyzed by a time-resolved SR-XRD study for the PPP/

SSS mixtures (78). The 50:50 mixture of PPP/SSS crystallized in a by quenching

the mixed liquid. A single long-spacing peak was the evidence of the solid-solution

of the mixture of a. Upon heating, the a form transformed to b0 and subsequently

to b. The miscible b0 form also appeared on cooling from the liquid phase. The

miscibility was, however, disrupted when the b0 transformed to b upon heating,

as expressed in a splitting of the long spacing pattern.

Very recently, the phase behaviors of the other types of saturated mono-acid

binary mixtures TAGs, LLL (trilauroyl-glycerol)/(trimyristoyl-glycerol), LLL/PPP,

and LLL/SSS, were examined by a SAXS/WAXS simultaneous measurement of

SR-XRD (86).

As an example, the SR–XRD patterns of the LLL/PPP¼ 60/40 mixture taken

during cooling and heating processes are shown in Figure 17. During cooling, it

was clearly shown that the b0 form of LLL and the a form of PPP were crystallized.

As for the LLL fraction, direct crystallization of b0LLL with a SAXS peak at 3.2 nm

and WAXS peaks at 0.42 and 0.38 nm occurred without the crystallization of aLLL.

Almost at the same time, aPPP with a SAXS peak at 4.6 nm and a WAXS peak at

Figure 17. Time-resolved synchrotron radiation X-ray diffraction patterns of concentration ratio

LLL/PPP¼ 60/40. At left is the temperature change with time (unit: nm).
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0.42 nm appeared at 35.2�C. Upon heating, b0LLL transformed to bLLL at about

25�C, as identified by the SAXS peak at 3.1 nm and WAXS peaks at 0.46, 0.39,

and 0.38 nm. On the other hand, aPPP transformed to bPPP with a 4.0-nm SAXS

peak at 35.2�C. The intensity of the (001) SAXS peak of bPPP (4.0 nm) started

to increase soon after the melting of bLLL at 46.0�C. This suggests that the presence

of bLLL might hinder the transformation from aPPP to bPPP. The results were

obtained for the LLL concentrations from 50% to 90%. Hence, the immiscible phases

were formed in the LLL/PPP mixture system for the three polymorphic forms.

Figure 18 shows the phase behavior of the LLL/PPP mixtures, which is

subdivided into the three regions:

1. In the LLL concentrations above 90%, the phase behaviors of the LLL/PPP

mixtures were mainly governed by LLL.

2. In the LLL concentrations from 50% to 90%, the b0-b transformation of the

LLL fraction and the a-b transformation of the PPP fraction occurred

separately. This indicates that phase separation occurred in the three poly-

morphic forms.

3. In the LLL concentrations below 50%, the LLL fraction was dissolved in the

PPP fraction. Hence, the phase behaviors of the LLL/PPP mixtures were

mainly governed by PPP.

Figure 19 shows the phase behavior of the polymorphic occurrence for the LLL/

MMM mixtures obtained from DSC and SR X-ray scattering experiments. This

diagram indicates the following three points:
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Figure 18. Diagram of the polymorphic occurrence for the LLL/PPP mixtures.
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1. b0 was formed in the mixture system, whereas a transformed directly to b in

LLL and MMM.

2. Miscible solid-solution phases were formed in the metastable a and b0 forms

of the mixtures.

3. A eutectic phase was formed in the most stable b form.

These three results are consistent with the results from the PPP/SSS system.

Consequently, it can be concluded for the mixtures of LLL-MMM, LLL-PPP,

LLL-SSS, MMM-PPP, and PPP-SSS that the TAG binary mixtures are miscible

in metastable polymorphs of a and b0 forms when the difference in the number

of carbon atoms of the fatty acid moieties, �n, equals 2, whereas immiscible mix-

tures are found in all polymorphic forms when �n is larger than 2. Results obtained

for these mixture systems may indicate a relationship between polymorphism and

phase behavior of the binary mixtures of the saturated-acid TAGs in such a way that

rotational freedom of hydrocarbon chains and entropy of methyl-end stacking are

crucial factors determining the polymorph-dependent phase behavior.

As discussed in Section 1, hexagonal-packed a has the ability of the carbon

atoms to rotate several degrees and form disordered conformations. Hydrocarbon

chains of b0 and b are all ordered conformations except for near methyl-ends, which

have a little rotational freedom. When two types of saturated monoacid TAGs

with different fatty acids are mixed, the molecules are arranged in a double

chain-length structure because of the interactions among glycerol backbones. Thus,

this crystal structure contains the methyl-end stacking gap. For the LLL/MMM

mixtures, a and b0 polymorphs form solid-solution phases. These polymorphs con-

tain disordered methyl-end groups so that they can accommodate a methyl-end
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Figure 19. Phase behavior of the polymorphic occurrence for the LLL/MMM mixtures.
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stacking gap. In contrast, b polymorph has all-trans-hydrocarbon chains and these

rigid chains cannot adjust themselves to their circumstance. Therefore, b poly-

morph shows a eutectic phase. As for the LLL/PPP and LLL/SSS mixtures, eutectic

phases occur for all polymorphs. Because of large differences in carbon numbers

for fatty acid chains between LLL and PPP ð�n ¼ 4Þ, and between LLL and

SSS ð�n ¼ 6Þ, there are very large methyl-end stacking gaps in these crystals.

Therefore, the increased entropy of methyl-end stacking becomes predominant

and phase separation must be favored thermodynamically for all polymorphs.

5.2. Binary Mixtures of Saturated-Unsaturated Mixed-Acid
Triacylglycerols

In the 1960s, Rossell reported (85) that the binary mixtures of saturated monoacid

TAGs and unsaturated monoacid TAGs form an immiscible phases, whereas Moran

has suggested (87) that a molecular compound is formed in some binary mixtures of

saturated-unsaturated mixed-acid TAGs. It was early 1990s when the formation of

molecular compounds was observed in various mixtures of saturated-unsaturated

diacid TAGs. Moreover, a miscible mixture phase was discovered in the mixtures

of SOS-SLS. Recent studies of various types of the TAG binary mixtures clarified

the formation of the molecular compound crystals at the 50/50 concentration ratio:

1,3-distearolyl-2- oleoyl-sn-glycerol/ 1,2-distearoyl-3-oleoyl-rac-glycerol (SOS/

SSO) (77), SOS/1,3- dioleoyl-2-stearoyl-sn- glycerol (SOS/OSO) (79), 1,3-dipalmi-

toyl-2-oleoyl-sn- glycerol/ 1,2-dipalmitoyl- 3-oleoyl-rac-glycerol (POP/PPO) (81),

and POP/1,3-dioleoyl-2- palmitoyl-sn-glycerol (POP/OPO) (82). These properties

are related to molecular-level understandings of the chain-chain interactions occur-

ring in biomembrane lipids containing the saturated-unsaturated mixed acid moi-

eties (16, 23, 88–91). Table 7 summarizes the phase behavior of binary mixtures

of saturated-unsaturated diacid and triacid TAGs.

A molecular compound of b form, bC, was formed at the 1:1 concentration ratio

of the binary mixtures of PPO-POP, and SSO-SOS, giving rise to two monotectic

TABLE 7. Phase Behavior of Binary Mixtures of

Saturated-Unsaturated Diacid and Triacid TAGs.

Phase Behavior Mixture Systems

Miscible SSS-SSE

POS-SOS

SOS-SLS

Immiscible

Eutectic POP-PPP

Molecular compound POP-PPO

forming SOS-SSO

POP-OPO

SOS-OSO

Abbreviations: S: stearoyl, P: palmitoyl, O: oleoyl, L: linoleoy,

E: elaidoyl.
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phases of the component TAG and the compound in juxtapositional. Table 8 shows

the physical properties of the polymorphs of PPO/POP compound and SSO/SOS

together with PPO and SSO. The a and b0 forms of PPO and SSO are triple-

chain-length structure, and all the polymorphic forms of POP and SOS except

for a (SOS) or a and b0 forms (POP) are triple-chain-length structure. However,

the three polymorphs of the molecular compounds of PPO-POP and SSO-SOS

are a double chain-length structure. Figure 20 shows the phase diagram of the stable

TABLE 8. Thermal Properties of Polymorphism of Molecular Compound of PPO-POP

and SSO-SOS, Together with PPO and SSO.

PPO-POP¼ 50-50 PPO

ac b0c bc a b’

Tm (�C) 15.5 28.0 31.2 18.5 35.2

�Hm (kJ/mol) n.a 90 97 n.a 104

�Sm (J/mol/K) n.a 299 319 n.a 337

Ling spacing (nm) 4.6 4.2 4.1 7.8 6.5

Chain length double double double triple triple

SSO-SOS¼ 50-50 SSO

Tm (�C) 27.5 34.0 40.6 131.6 41.4

�Hm (kJ/mol) 51.2 73.8 138.2 65.8 101.0

�Sm (J/mol/K) 170.3 240.3 440.5 206.1 321.1

Long spacing (nm) 5.4 5.0 4.5 8.50 7.08

Obtain length double double double triple triple

n.a.: not available.
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b form and metastable a forms of the SOS/SSO mixtures examined by DSC and

XRD experiments (92). The most stable forms of SOS and SSO are b1 and b0,
respectively. The phase diagrams of a, b0, and b polymorphs in the binary mixture

of PPO-POP are already explained elsewhere (54, 81). Therefore, the formation of

the molecular compound, which is accompanied with the conversion from triple- to

double-chain-length structure, is a common feature of the binary mixtures of Sat.-

Oleic-Sat. TAGs and Sat.-Sat.-Oleic TAGs. Figure 21 illustrates structure models of

SOS, SSO, and SSO-SOS molecular compounds, in which one leaflet is formed of

palmitoyl or stearoyl chains and the other leaflet contains the mixture of palmitoyl

and oleoyl chains or stearoyl and oleoyl chains.

It should be noted in Figure 20 that bc form is a congruent-type molecular com-

pound, and its melting point is lower than the most stable forms of SOS and SSO.

This raises interesting questions, such as how the molecular compound could be

structurally stabilized, and how its crystallization is kinetically favored. The latter

question is important, because the supercooling value with respect to bc is lowest

compared with the supercooling values of b1 of SOS and b0 of SSO. Nevertheless,

bc is crystallized when the mixture liquid is cooled below its Tm. Moreover, an

in situ XRD study showed that the rate of crystallization of bc is remarkably higher

than b1 of SOS and b0 of SSO. When the molecular compound is formed, steric

hindrance between saturated and oleic acid chains may be caused. Supposing

that the double-chain-length structure is formed in a liquid phase (93, 94), we

assume that formation energy of a crystal nucleus of the double-chain-length

Figure 21. Structure models of stable polymorphs of SOS, SSO, SOS/SSO compound crystal.
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structure may be minimized, compared with those having the triple chain-length

structure, and the nucleation frequency of the double-chain-length molecular com-

pound crystals may become higher. In this regard, a small-angle diffraction pattern

peak at 4.5 nm without the presence of a wide-angle diffraction pattern occurred,

long before the crystallization of bc from the molten sample of SSO/SOS¼ 1/3

when the mixture liquid was cooled to 37�C (92). This indicates the presence of

the smectic liquid crystalline phase, which may be a precursor of the nucleation

of bc.

The binary mixture systems of SOS-OSO (79) and POP-OPO (83) were exam-

ined by DSC, XRD, and FT-IR, giving rise to two monotectic phases of POP (SOS)/

compound and compound/OPO(OSO) in juxtaposition.

A new result was obtained for the mixture of SLS/SOS in which a solid-solution

mixture was observed in the a and g forms in all concentration ranges: the double

chain length in a phase and the triple chain length in g, as shown in Figure 22 (92).

The miscible g form did not transform to the b0 form, when the mixtures were sub-

jected to simple cooling from high-temperature liquid to low-temperature solid

phase. Incubation of g around its Tm also did not result in transformation to the

other polymorph; instead the miscible phase was retained. The a-melt-mediated

transformation, however, caused the disruption of the solid-solution phase, and

immiscible phases of gSLS and b0SOS were formed in concentration ranges of SLS

below 30%. By contrast, in SLS concentration ranges above 30%, the a-melt-

mediated transformation caused the crystallization of only the g form, and b0 or

b of SOS did not appear. The structural model of solid-solution phases of a and

g forms and the eutectic phase of the g of SLS and b0 of SOS are shown in

Figure 23 (92).
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The a form of the SLS/SOS mixture is stacked in the double-chain-length struc-

ture, in which the stearoyl and unsaturated (oleoyl and linoleoyl) chains are packed

in the same leaflets (Figure 23a). Further thermodynamic equilibration induced

the transformation from the double-chain-length a form to the triple-chain-length

g form. In this transformation, chain segregation occurs during the a-g transforma-

tion in the solid state, because the steric hindrance between the stearoyl and lino-

leoyl chains is limited. In the g form, the stearoyl and unsaturated chains are packed

in the different leaflets (Figure 23b). Because of olefinic interactions between

oleoyl and linoleoyl chains, coexistence between oleoyl and linoleoyl chains in

the oleic/linoleic acid leaflet takes place in the g form having the triple-chain-length

structure. This interaction makes the g form the most stable polymorph of the SLS/

SOS mixture, and the transformation form g to b0 or b2 forms does not occur in

the mixture during simple cooling and heating processes. Disappearance of the

miscible g form of the mixture can be achieved by melt-mediated transformation

from the miscible a and g forms to immiscible b0 and b forms in the SOS fraction

(Figure 23c).

6. POLYMORPHISM OF NATURAL FATS

Most natural fats are composed of many different kinds of acylglycerols whose

fatty acid compositions are diverse, and the acyl positions esterified at the glycerol

groups are complicated. This situation makes the polymorphsm of natural fats very

complicated.

Take for example, milkfat that consists of TAGs, diacylglycerols (DAGs), mono-

acylglycerols (MAGs), free fatty acids, phospholipids, sterols, and other polar lipids

(95–97). As for TAGs, milkfat is made of about 400 different TAGs containing var-

ious kinds of saturated and unsaturated fatty acids whose carbon numbers range

from 2 to 24. Because of this fact, milkfat has a wide range of melting temperature

from about �30�C to 40�C, and three polymorpic forms of a, b0, and b reveal com-

plicated chain-length structures and occurrence behavior that are affected by ther-

mal treatment. Another example is cocoa butter (CB) in which stearic, plamitic, and

oleic acids account for about 80 % out of its total fatty acids. This property causes

sharp melting behavior of CB. However, polymorphism of cocoa butter is compli-

cated, and its origins are still unanswered.

Figure 23. Structure models of the polymorphic forms of the SOS/SLS mixtures.
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It is difficult to simply define the polymorphism of natural fats composed of mul-

tiple TAGs because of the following two reasons:

1. The polymorphic nature of the multicomponent TAG systems is related

to phase behavior that is affected by molecular interactions among the

component TAGs. The fat crystals in a miscible phase may exhibit simple

polymorphic properties. By contrast, the immiscile eutectic phase may show

complicated polymorphic properties as a superposition of the polymorphic

forms of the component TAGs. Furthermore, if the molecular compound is

formed by specific TAG components, the polymorphic behavior becomes

complicated, as shown for the case of POP-OPO (see Section 5.2). Therefore,

knowing the phase behavior of the principal TAG components is a prerequi-

site for precise understanding of the polymorphism of natural fats.

2. The phase behavior of the mixed TAG system is influenced by polymorphism.

For example, a miscible phase is formed in a and b0 polymorphs, but it

transforms into a eutectic phase in b, as revealed in the SSS-PPP mixture.

Then, the polymorphic occurrence is largely affected by cooling rate and

temperature fluctuation, and it is therefore necessary to observe the poly-

morphic properties of the natural fats by varying the rate of cooling or by

fluctuating the temperature (so-called tempering).

In this section, the polymorphic properties of natural fats are briefly discussed by

highlighting milkfat, cocoa butter, and palm oil fraction based on recent research

into the effects of external factors on the polymorphic crystallization such as shear

stress, ultrasound stimulation, and addition of food emulsifiers.

6.1. Milkfat

Crystallization of milkfat is an important process for fractionation of its contents

and production of butter, whipped cream, and ice cream. As the quality of these

products strongly depends on polymorphism of milkfat, physical chemical proper-

ties of milkfat have been studied by many researchers (98).

As mentioned above, milkfat is characterized as a very complicated mixture of

TAGs, and thereby it is almost impossible to clarify how every TAG component

crystallizes in a cooperative way with the other TAG components. Instead, milkfat

is fractionated in accordance with different melting ranges to obtain three major

fractions: high melting fraction (HMF), medium melting fraction (MMF), and

low melting fraction (LMF). Marangoni and Lencki concluded that HMF

and MMF are fully miscible in the solid state, and mixtures of LMF with HMF

and MMF showed monotectic property with nature of partial solid solution (70).

As for the polymorphism of milkfat, a and b0 forms frequently appear, and b
form appears under special conditions when HMF and milkfat are stored for long

duration (99–101). In regard to the effects of thermal treatment and emulsification

on the polymorphic crystallization of milkfat, Lopez et al. recently performed syn-

chrotron radiation X-ray diffraction and DSC studies, using anhydrous milkfat
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(AMF) as a bulk fat system and milkfat globule of cream as an emulsion system

(102–106).

No difference in the polymorphic occurrence was observed between cream and

AMF when the samples were rapidly cooled from 50�C to �8�C: a form first

appeared and b0 form appeared during subsequent heating after the melting of

a form. On the other hand, crystallization by slow cooling (<0.15�C/min) caused

remarkable differences between the emulsion and bulk systems. As summarized in

Table 9, b0 form first crystallized and b0 and a forms coexisted until the end of cool-

ing in the bulk AMF. By contrast, a form first crystallized and b0 form started to

crystallize during further cooling. In the heating process after the crystallization,

a first melted and then b0 form melted in both samples.

The chain-length structures largely differed between the bulk AMF and cream

samples. Table 9 also shows four different crystals formed in the AMF bulk sam-

ples, and four crystals in cream. Quite interestingly, the lamellar spacing values are

all different from each other, and double-chain-length and triple-chain-length struc-

tures are coexisted. The occurrence domains of the four crystals in AMF during

the slow cooling are shown in Figure 24 that shows relative intensity of small-angle

X-ray diffraction peaks of the four crystals observed in the bulk AFM and DSC

thermopeaks taken during the slow cooling. It is clearly shown that a large exother-

mic peak around 22�C, a large exothermic peak around 13�C, and a small peak at

4�C are caused by the crystallization of b0 form, a form, and b0 form, respectively.

It is assumed that the crystallization behavior of milkfat is different between

emulsion and bulk, and the lack of nucleation centers in the emulsion droplets

may delay the nucleation, making less stable a form nucleated in the first. The

occurrence of multiple forms of double-chain-length and triple-chain-length struc-

tures may be caused by segregated crystallization of multicomponent TAGs exhi-

biting complicated mixing behavior, but its details are open to future study.

6.2. Cocoa Butter

Cocoa butter is the most popular fat used for confectionery. CB consists of three

major TAGs, POP, POS, and SOS, and other minor components (107, 108). The

three TAGs determine the polymorphic nature of CB that exhibits six polymorphs,

Form I through Form VI in accordance with the nomenclature given by Wille and

TABLE 9. Comparison of Thermal and Structural Behaviors of

Anhydrous Milkfat and Cream Observed at a Slow Cooling Rate.

Anhydrous Milkfat Milkfat Globle Cream

Polymorphic occurrence b, then b0 and a a, then aþ b0

Chain-length structure 4.15 (double): vs* 4.65 (double): m

(unit, nm) 4.83 (double): w 4.0 (double): m

6.22 (triple): s 7.13 (triple):s

3.92 (double): m 6.5 (tripl): w


 vs: very storng, s: strong, m: medium, w: weak.
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Lutton (109). This section employs this nomenclature, although the other nomen-

clatures such as b0III and bV, are used in other researchers (110). As Form V func-

tionally works for chocolate, crystallization of CB in Form V, and preservation of

this polymorph during long storage are the prerequisites for quality control of the

end products. For this purpose, a tempering method including cooling from a mol-

ten state, reheating, and recooling has widely been applied (107, 108). The other

technique is to use seed crystals of BOB b2 whose polymorphic structure is

identical to that of Form V of CB and whose melting point is higher than Form

V of CB (107). The BOB b2 seed crystals can be put in molten chocolate during

a simple cooling process without tempering to obtain Form V of CB.

Recently, interesting work has been done to examine the effects of shear stress

(19, 110) and ultrasound irradiation on the polymorphic crysallization of CB

(111).

Figure 24. Relative intensity of small-angle X-ray diffraction peaks and DCS thermopeaks of

bulk anhydrous milkfat taken during a slow cooling process.
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As for the effects of the shear stress, it was shown by a Synchrotron radiation

X-ray diffraction study that transformations from metastable to more stable forms,

especially to Form V, were accelerated by high shear stress (110). Figure 25 shows

the time variation of relative intensities of X-ray diffraction peaks of CB crystals

formed after cooling from 50�C to 18�C at a rate of 3�C/min. In the case of no

shear, Form III appeared at first after the temperature reached at 18�C, and then

Form IV crystallized at the expense of Form III. On the other hand, applying the

shear stress at 1440 s�1 caused accelerated transformation from Form III to Form V,

without the occurrence of Form IV. The same result was observed with lower shear

rates (19), and the persistence time of Form III was reduced as the shear rate was

increased. Mazaanti et al also observed that the orientation of CB crystals are

aligned with the shear flow (110). These results indicated that temperature and

shear treatments are the tools for tailoring the desired polymorphic structures

of fats.

It was observed that ultrasound stimulation (ultrasonication) also accelerated the

crystallization of the more stable polymorphs of CB (111). A fundamental study of

the effects of ultrasonication on the polymorphic crystallization of PPP and LLL

showed that several factors, such as pressure effect, shear flow, cavitation, and ther-

mal energy caused by absorption of attenuated ultrasound wave, may play concur-

rent effects of ultrasonication. As a result, there are optimal conditions for

temperature and duration of ultrasonication to increase the rate of crystallization

and the occurrence of the more stable polymorphs (20). This effect was also

observed in CB (111).

Figure 26 shows wide-angle X-ray diffraction profiles of CB with ultrasonication

of three durations and without ultrasonication taken after cooling at 20�C from
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Figure 25. Relative intensity of small-angle X-ray diffraction peaks of cocoa butter without shear

stress (closed) and shear stress (open).
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60�C. Ultrasound (200 kHz, 300 W) was stimulated to a 250-mL sample of CB at

32.3�C during cooling before crystallization. Form II occurred without ultrasonica-

tion, whereas Form V was observed when ultrasonication was done for 3 seconds.

Further ultrasonication for 9 seconds formed a mixture of Form II and Form V, and

only Form II was observed by the ultrasonication for 15 seconds. It is assumed that

there are conflicting effects by ultrasonication: promotion of nucleation by pressure

effect and retardation of nucleation by thermal energy caused by absorption of atte-

nuated ultrasound wave. The former effect may prevail at the ultrasonication for

3 seconds. The temperature rise, however, of the sample caused by absorption of atte-

nuated ultrasound wave was 2�C for 9 seconds and 3.9�C for 15 seconds, and the

latter effect may result in the case of cooling from above the melting point of CB.

6.3. Palm Oil

Palm oil is a common fat and oil resource for many industrial uses. For example, of

food applications, it is used as cooking oil, margarine, shortening, and in confec-

tionery products (73, 112). Palm oil has several advantageous properties such as

high productivity and high thermal and oxidative stability and plasticity at room

temperature. However, the crystallization properties of palm oil are disadvanta-

geous because of a low rate of nucleation and crystal growth of granular crystals

(113–114). The granular crystals are easily formed during long storage, causing

sandy taste and inhomogeneity of fat crystal morphology of the end products

(8, 115–117). Although many TAGs, DAGs, free fatty acids, and so on, are involved

in it, palm oil exhibits two polymorphic forms, a and b0 under normal cooling rate,

and b form also appears at a very slow crystallization rate. The addition of food
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Figure 26. Wide-angle X-ray diffraction patterns of cocoa butter with ultrasonication.

POLYMORPHISM OF NATURAL FATS 113



emulsifiers into palm oil has been an efficient external factor to modify the poly-

morphism crystallization of palm oil.

Polyglycerol fatty acid esters are biograded surfactants that are used widely in

industries such as food, cosmetics, toiletries, and pharmaceuticals (118). Advanta-

geous properties of the PGFEs are derived from the easy modification of their

hydrophobicity and hydrophilicity by changing the degree of polymerization of

glycerol and esterification with fatty acid moieties and by modifying the chemical

structures of fatty acid moieties.

It was observed that the addition of polyglycerine fatty acid ester to palm oil

affected the polymorphic crystallization and morphological properties of palm oil

(119). In particular, polyglycerol behenic acid ester showed a remarkable effect.

Optical microscopy observation confirmed that palm oil crystals with the addition of

1 wt.% of polyglycerol behenic acid esters were smaller and the number of palm

oil crystals larger than without the additives, as shown in Figure 27. This indicated

that the polyglycerol behenic acid ester promoted nucleation and inhibited crystal

growth of palm oil. X-ray diffraction patterns of palm oil without the additives

revealed that palm oil crystallized in the a form after rapid quenching of melted

palm oil at 10�C. During the heating process from 10�C to 45�C, the a form trans-

formed to the b0 form around 15�C, and the b0 form changed to the b form around

40�C. The X-ray diffraction patterns of palm oil with the addition of polyglycerol

Figure 27. Optical micrographs of isothermal crystallization of palm oil with and without an

additive (1 wt.% of polyglycerine behenic acid ester). (A) 60 min at 20�C without the additive; (B)

60 min at 20�C with the additive; (C) 60 min at 27�C without additive; (D) 60 min at 27 �C with the

additive. (This figure is available in full color at http://www.mrw.interscience.wiley.com/biofp.)
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behenic acid esters showed that palm oil crystallized in the b0 form at 10�C, and

it did not transform to the b form during the heating process.

It is generally considered that the nucleation rates of a and b0 are largely differ-

ent, with a crystallizing much more rapidly than b0 and b. The size of the crystal is

associated with the crystal form; b form tends to produce granular crystals, and b0 is
recommended for producing small crystals. Figure 27 shows palm oil with polygly-

cerol behenic acid esters added, the b0 form is preferentially crystallized, and the

crystal does not grow to a granular crystal. One reason for this may be that poly-

glycerol behenic acid esters, which promote the nucleation of palm oil, have higher

melting points than that of palm oil; namely, the emulsifier as an additive may

crystallize faster than palm oil, inducing heterogeneous nucleation of palm oil as

template.

7. SUMMARY

This chapter described polymorphic properties of principal TAGs and natural fats

based on recent research work to clarify fundamental aspects of polymorphsim of

fats and oils. The authors hope that the basic understanding of the polymorphism of

the principal TAGs would be useful to elucidate rather complicated polymorphic

properties of natural fats and oils that contain TAGs with very heterogeneous fatty

acid compositions.

It may be worth noting the following subjects, which are nowadays still open to

question and therefore should be worked out in future.

1. Polymorphism of diacid and triacid TAGs

Little knowledge of polymorphism of diacid and triacid TAGs have been

obtained, because these TAGs have high relevance to natural fats and oils. The

main reasons for this must be difficulty in preparing pure materials, which may pro-

vide convincing results. It is highly interesting and important to work on diacid and

triacid TAGs with an emphasis on the effects of chirality on polymorphism that has

rarely been known.

2. Polymorpic structures of saturated-unsaturated mixed-acid TAGs

Although much effort has been done to unveil precise structures of saturated-

unsaturated mixed-acid TAGs, no atomic-level structure analysis has been success-

ful because of difficulty to obtain high-quality single crystals suitable for X-ray

analysis. In particular, SOS and POP are the most representative TAGs that are

major components of cocoa butter and palm oil. It is expected that structures

data of the stable b forms of SOS and POP may give key ideas to resolve fat bloom

phenomena in confectionery fats. Molecular simulations have been done (120,

121), but the experimental results so far obtained are the XRD patterns and FT-

IR spectra using powder and single crystals, which do not provide detailed mole-

cular structures, in particular, about olefinic conformation and interfacial structures

of oleic acid and saturated acid leaflets.
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3. Phase behavior of TAG mixtures

As the natural fats and oils are mixtures of different TAGs, their polymorphism

is influenced by the phase behavior of the mixture phases. In order to mimic natural

fats and oils, the mixture phases of diacid TAGs were studied, as reviewed in Sec-

tion 4. However, we more need basic research of the mixtures of TAGs whose

fatty acid compositions are heterogeneous, e.g., the mixtures of between saturated

diacid TAGs of saturated diacid TAGs and unsaturated diacid TAGs. These studies

may be significant in understanding the polymorphism of palm oil and its fractions

(palm stearin, palm olein, etc.), or milkfat and its fractions (high-melting fraction,

etc.).
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4
Fat Crystal Networks

Geoffrey G. Rye, Jerrold W. Litwinenko, and
Alejandro G. Marangoni

University of Guelph

Guelph, Ontario, Canada

1. INTRODUCTION

Fats provide fundamental structural and textural attributes to a wide range of con-

sumer products, including lipstick, chocolate, and everyday products such as butter

and margarine (1, 2). Within these fat-based products, certain ‘‘textural’’ properties

are required to meet desirable sensory attributes to gain consumer acceptance (3).

This has led to an increase in research efforts on the physical properties of fats,

particularly their rheology.

The goal of this chapter is to investigate the effects of processing conditions

on the physical properties of fats, using anhydrous milkfat (AMF) as an example.

The approach proposed may lead to an increased understanding of product

quality and characteristics, while offering insight into future methods for the

determination and prediction of the rheological and textural attributes of fat-based

products.

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
Edited by Fereidoon Shahidi. Copyright # 2005 John Wiley & Sons, Inc.
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2. MECHANICAL PROPERTIES OF MILKFAT

Most mechanical tests developed for fats are empirical in nature and are usually

designed for quality control purposes, and they attempt to simulate consumer sen-

sory perception (3, 4). These large-deformation tests measure hardness-related

parameters, which are then compared with textural attributes evaluated by a sensory

panel (3, 5). These tests include penetrometry using cone, pin, cylinder and several

other geometries (3, 6–12), compression (13), extrusion (13, 14), spreadability (15,

16), texture profile analysis (2), shear tests (13), and sectility measurements (14).

These methods are usually simple and rapid, and they require relatively inexpensive

equipment (3, 4, 17). The majority of these tests are based on the breakdown of

structure and usually yield single-parameter measurements such as ‘‘hardness,’’

‘‘yield stress,’’ and ‘‘spreadability,’’ among others (4, 17–20). The relationship

between these mechanical tests and the structure of a fat has, however, not been

established. The ultimate aim of any materials science endeavor is to examine

the relationship between structure and macroscopic properties.

As a starting point, we need a model that can be used to describe the formation

and interaction among structural elements that affect the macroscopic properties of

a fat crystal network. One such model is shown in Figure 1. This model suggests

that lipid composition, directly under the influence of the processing and storage

conditions, will affect the solid fat content, polymorphism, and microstructure of

a fat crystal network. The model also suggests that interactions among these

Macroscopic
Properties

Microscopic
Properties

Molecular/Lipid
Composition

Solid Fat
Content

Polymorphism

Processing
Conditions

Legend

Strong Influence

Potential Influence

Nucleation &
Crystal Growth

Storage Time
Storage

Conditions

Figure 1. Hierarchical model of the factors affecting the macroscopic properties of a fat crystal

network.
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factors also play an important role, because they all ultimately affect the structure

of the fat crystal network, and in turn influence the physical properties and

sensory perception of a fat. Each of the factors within the model will be examined

in turn.

3. LIPID COMPOSITION

3.1. Triacylglycerols

Fats are composed primarily of triacylglycerols (TAG). A TAG consists of three

fatty acid residues esterified to a glycerol (three-carbon sugar alcohol) backbone

at specific locations known as sn-1, sn-2, and sn-3. Fatty acid residues exist in a

wide variety of forms, including short and long chain, saturated and unsaturated,

odd or even carbon number, trans- or cis-, linear or branched, as well as any com-

bination thereof (21). TAG variety in a fat system is very large, as there are poten-

tially hundreds of different fatty acid residues and their isomers available for

reaction at any of the three sn-positions.

3.1.1. Anhydrous Milkfat (AMF) Composition and Properties AMF is het-

erogeneous in nature and is the most complex naturally derived fat (22–24).

Previous research has revealed greater than 400 different fatty acids in AMF

with carbon chain lengths ranging from 4 to 24 with varying degrees of saturation

and molecular arrangement (24, 25). In bovine AMF, fatty acids are primarily in

the form of TAGs. TAGs make up 96–98% of the total fat and are the primary

component in the formation and structure of the fat crystal network (23, 25).

The remaining 2–4% are minor components, which include monoacylgly-

cerols, diacylglycerols, phospholipids, free fatty acids, cholesterol, and some

protein (26).

Milkfat complexity dramatically increases when one considers the number of

combinations for 400 fatty acid species esterified to glycerol at three different bond-

ing sites—4003 (64 million) possible TAG structures are theoretically possible (24,

25). In AMF, however, there are typically only 13 fatty acids present that are in

concentrations greater than 1% (w/w), and therefore, a theoretical maximum of

133 (2197) TAG isomers typically exist (25). However, if locations sn-1 and sn-3

are considered equivalent, the number of possible TAGs is reduced to 455 (25).

For the purpose of investigating the effects of lipid composition on the physical

properties of milkfat, we will use the fatty acid concentrations determined using

gas-liquid chromatography. Table 1 shows the fatty acid compositions of milkfat

and milkfat diluted using canola oil. Dilution with canola oil allows for the con-

trolled variation in solids’ content. By diluting with canola oil, AMF composition

is altered through the addition of the long-chain fatty acids, primarily 18:1, 18:2,

and 18:3, with only small modifications to the saturated fatty acid concentrations

(16:0, 18:0, and 20:0). This allows for the study of the effects of lipid composition

on physical properties by altering the TAG makeup using a diluent that neither
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significantly solubilizes milkfat TAGs nor crystallizes in the temperature range of

interest (usually above 0�C) (27).

AMF complexity gives it unique textural, physical, and sensory properties. The

crystallization and melting properties of AMF are directly related to its complex

composition. The large variety of TAG species that exist in AMF cause it to

have a wide melting range, spanning from �40�C to 40�C. Within this melting

range, at least three distinct fractions have been identified and designated as low-

melting (LMF), medium-melting (MMF), and high-melting (HMF) fractions (28).

These fractions are not well defined; however, the LMF typically contains short-

chain (4:0 to 8:0) and long-chain unsaturated (18:1, 18:2, 18:3, 20:1) fatty acids.

MMF contains medium-chain (10:0-14:0) fatty acids, and HMF contains longer

chain (>16:0) fatty acids. The heterogeneous nature of the material, and its com-

plex phase behavior, causes drastic differences in the solid nature of AMF crystal

networks when storage temperature or crystallization conditions are modified. AMF

lipid composition is the fundamental property affecting all of the structural charac-

teristics of the crystallized bulk fat (Figure 1), because it will influence nucleation,

crystal growth, and the formation of the final crystal network.

There have been various attempts to modify the lipid composition of AMF as a

means of producing butter with improved spreadability. These studies have

included the fractionation and removal of portions of the HMF region to provide

a more spreadable product at refrigeration temperatures (24). Other attempts

TABLE 1. Fatty Acid Composition (wt%) of Anhydrous Milkfat and Dilutions of

Anhydrous Milkfat in Canola Oil.

Fatty Acid 100% AMF 90% AMF 80% AMF 70% AMF

4:0 2.76 2.48 2.21 1.93

6:0 2.18 1.96 1.74 1.53

8:0 1.39 1.25 1.11 0.97

10:0 3.16 2.84 3.01 2.63

12:0 3.76 3.38 2.53 2.21

14:0 12.34 11.15 9.96 8.76

14:1 1.92 1.73 1.54 1.34

15:0 1.42 1.28 1.14 0.99

15:1 0.35 0.32 0.28 0.25

16:0 30.37 27.92 25.46 23.01

16:1 2.93 2.69 2.44 2.20

17:0 0.91 0.82 0.73 0.64

17:1 0.48 0.43 0.38 0.34

18:0 9.48 8.77 8.05 7.34

18:1 21.92 25.69 29.46 33.23

18:2 2.79 4.52 6.24 7.97

18:3 1.31 2.11 2.92 3.72

20:0 0.52 0.61 0.71 0.80

22:0 0.00 0.05 0.09 0.14
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have included the modification of bovine diets to incorporate particular fatty acids

into MF TAGs, and other work has concentrated on the chemical interesterification

of different fatty acids to the TAGs of AMF (9, 29–32). These methods typically

affect the flavor of bulk AMF, and labeling the product ‘‘butter’’ is not permitted

because of the chemical adulterations performed. For this reason, processors are

continually trying to modify crystal structure, and thereby improve textural charac-

teristics solely through the modification of processing conditions.

4. PROCESSING CONDITIONS

The structure of most processed food depends not only on the ingredient formula-

tion, but also on the processing history of the material (33). Processing conditions,

such as crystallization, storage temperature, cooling rate, storage time, shear, and

tempering, affect the crystal structure and rheological properties of fats. In the model

proposed in Figure 1, processing conditions are considered an external factor, and

like lipid composition, affect the underlying physical properties of the fat crystal

network.

Adjusting processing parameters, such as cooling rate and/or crystallization tem-

perature, will cause fats to exhibit differences in physical properties. Altering cool-

ing rate has been shown to induce the formation of different polymorphs in AMF

(34). This research concentrated on determining the initial polymorph present in

AMF upon cooling at various controlled rates. AMF was cooled from 70�C to

�65�C at different cooling rates, and polymorphism was monitored using differen-

tial scanning calorimetry (DSC) and powder X-ray diffraction. At temperatures

above 0�C, the a-polymorphic form was predominant at all cooling rates above

1�C/min. At 1�C/min, a mixture of both a- and b0-polymorphs was present, and

at 0.5�C/min, only the b0-polymorph was detectable. This indicates that the proces-

sing conditions affect the nucleation and crystal growth of AMF, as indicated by

differences in polymorphism.

Herrera and Hartel (35, 36) demonstrated differences in microstructural size and

structure as a result of cooling rate using milkfat and milkfat blends. Cooling a sam-

ple more rapidly resulted in smaller and more numerous crystallites. Additionally,

they demonstrated differences in SFC and polymorphism. Differences were induced

at the nucleation and crystal growth stages. They further demonstrated the effects of

cooling rate on the rheological characteristics of the system using the compression

storage modulus (E0) as an indicator (37). They found that, under shear, the storage

modulus decreased with increases in cooling rate (smaller particle sizes), therefore

making a link among processing conditions, solid fat content, and microstructure

and macroscopic properties (35–37).

These various examples depict the effects of processing conditions on the phy-

sical properties of fats and demonstrate that external crystallization conditions, such

as cooling rate and storage temperature, can have dramatic effects on the final mea-

surable properties of a fat.
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5. NUCLEATION AND CRYSTAL GROWTH

Crystal shape, size, and density all affect the physical properties of the final solid fat

matrix. Crystal growth, primary nucleation, and secondary nucleation in fat systems

are influenced by many factors, including diffusion, molecular compatibility, TAG

structure, nuclei composition and surface properties, number of nuclei, and proces-

sing conditions (temperature and/or shear) (38, 39). It is during the crystallization

process of fats that the template for the final physical properties of the material is

created.

5.1. Nucleation Mechanisms

Crystallization does not take place until the melt becomes ‘‘supersaturated’’ or

‘‘undercooled’’ (38). Like all substances, fats cannot crystallize until tiny embryo-

nic crystals, known as nuclei, are formed. Supersaturation and consequent homoge-

neous nucleation is unlikely in MF because MF is of a heterogeneous nature with

virtually no pure TAG species in concentrations greater than 2 mol% (39, 40). In the

melt, there are two primary mechanisms by which nucleation takes place. These

nucleation processes, illustrated in Figure 2, are referred to as homogeneous and

heterogeneous, the latter being predominant in AMF crystallization (39, 40). After

nucleation, crystal growth takes place on the surface of existing nuclei (38).

Figure 2. Schematic depicts nucleation and crystal growth processes.
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5.1.1. Homogeneous Nucleation Homogeneous nucleation, resulting from

bimolecular reactions between the TAG species, leads to the formation of nuclei

in the absence of foreign particles (39, 40). To achieve homogeneous nucleation,

no solid substrate or contaminant can exist in the fat. TAGs interact only with

one another, usually at higher degrees of supercooling (in most cases are greater

than 30�C below the final melting temperature). AMF typically will not nucleate

in a homogeneous fashion because of the following

1. The presence of catalytic impurities such as water, dirt, monoacylglycerols,

diacylglycerols, phospholipids, and proteins.

2. The presence of a large variety of different and incompatible TAGs in

concentrations of less than 1 mol% of the entire AMF volume (40).

3. The presence of agitation, temperature gradients, inducing inconsistent

nucleation, and diffusion-limited gradients (39).

5.1.2. Heterogeneous Nucleation Heterogeneous nucleation is the most com-

mon process in AMF crystallization (39, 40). Nucleation is induced by the presence

of foreign particles or catalytic impurities, and therefore, it requires a far lower

degree of undercooling (as low as 3�C) than that required for homogeneous nuclea-

tion (39, 40). Therefore, because of the large quantity of structurally incompatible

TAGs in AMF, nucleation on catalytic impurities is entropically favored over homo-

geneous nucleation.

5.1.3. Secondary Nucleation and Crystal Growth Secondary nucleation is

the process whereby nuclei are created as a result of inhomogeneous growth on pri-

mary crystals, or crystal breakage as a result of processing, which yield new inter-

faces for the creation of secondary nuclei. Secondary growth is the continued

solidification of TAGs onto the surface of already existing nuclei, which allows

crystals to form larger structures. During crystal growth, fat crystals take shape

by forming complex spherulitic or needle-like crystal structures (41). In AMF,

spherulitic crystal structures are predominant. Spherulites tend to have a very dense

crystal center with decreasing density as the distance from the crystal center

increases (41). Spherulites can continue to grow and aggregate to form a three-

dimensional network.

5.2. Factors Directly Influenced by Nucleation and Crystal Growth

5.2.1. Solid Fat Content Many methods for measuring SFC have been devel-

oped. These include dilatometry, calorimetry, and pulsed nuclear magnetic reso-

nance (pNMR). Dilatometry and calorimetry use measurements of volume or

heat content ratios between the completely liquid and the completely solid states

(42). Dilatometry and calorimetry methods are time consuming and tend to be

applicable only when the SFC is less than 50% (42). Therefore, pNMR has become

the most commonly used method for SFC determination.
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5.2.1.1. Solid Fat Content by pNMR NMR techniques allow for a rapid determi-

nation of SFC with increased accuracy and precision relative to dilatometry and

calorimetry, while offering additional advantages of being noninvasive and rapid

(6 seconds per sample) (43). The NMR method for SFC determination is based

on the principle that nuclear spins align in a magnetic field. In a pNMR measure-

ment, the realignment of the nuclear spins of 1H atoms after a strong electromag-

netic pulse is measured (43). Application of a short 90� radio frequency

electromagnetic pulse provides excitation to the 1H atoms, causing them to leave

their equilibrium, aligned state. The pulse is then withdrawn leading to the relaxa-

tion of the 1H atoms and a return to the aligned, equilibrium state (43). Differences

in the time scale for the relaxation process of the solid and liquid protons are used

to determine the SFC. Protons, in general, have less mobility in the solid phase than

in the liquid phase, therefore leading to large differences in the relaxation times of

the 1H atoms (43).

A typical excitation and relaxation cycle measured using NMR is shown in Fig-

ure 3. The determination of SFC requires measurements at two time periods, one

within the short solid response region, S0 (11 ms), and one within the longer liquid

response region, S00 (70 ms). The signal intensity S0 provides an estimate of the

amount of both solid and liquid protons. Moreover, as the measurement cannot

be taken immediately because of receiver ‘‘dead time,’’ the true amount of solid

and liquid protons cannot be directly measured. For this reason, an extrapolation

factor, known as the F-factor (F), is used to approximate the maximum response

signal (S) value (43). SFC is calculated using the terms derived from the curve

in Figure 3 and the NMR digital offset (D) using the following equation:

SFCðDirectÞ ¼ ðS0 � S00ÞF
S00 þ ðS0 � S00ÞF þ D

: ð1Þ

Figure 3. Typical signal decay for a partially crystallized fat, following a 90� r.f. electromagnetic

pulse. Parameters required for measurements of solid fat content (SFC) are shown.
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The value calculated is then compared with the signal obtained from either standard

oil or polymer calibration standards to determine the actual SFC value. This method

is very reproducible and provides standard deviations of less than 1%, indicating a

reliable and rapid method for SFC determination in fats (44).

5.2.1.2. Solid Fat Content and the Fat Crystal Network The solids’ content of a

fat crystal network is of critical importance to the final physical properties of the

system. Generally, an increase in SFC leads to an increase in fat firmness. The SFC

measurement has been widely used as a determinant quantity for the structural

properties of fat systems. Estimations for commercial plastic fats, including butter,

predict firmness increases of 10% for every percent increase in SFC (45). As a

result, models used to describe the rheological properties of fats incorporate refer-

ences to SFC values.

The primary factor affecting the SFC of any fat network is molecular composi-

tion. In general, longer chain fatty acids will have higher melting and crystallization

temperatures than shorter chain fatty acids. Typically, the larger the amount of satu-

rated, long-chain fatty acids, the greater the SFC. Processing conditions, including

cooling rate, agitation, and tempering, have the ability to affect the SFC of fats.

5.2.1.3. Effects of Cooling Rate and Storage Time on SFC in AMF AMF solid

fat content is affected by processing conditions, in particular by cooling rate. The

effects of cooling rate and storage time on SFC at 5�C can be appreciated in Fig-

ure 4. The effects of cooling rate, storage time, and their interaction have been

determined to be statistically significant (p < 0:05). Slowly cooling AMF at a

rate of 0.1�C/min results in a 4–8% lower SFC than for samples that are cooled

more rapidly (1�C/min and 5�C/min). The SFC of slowly cooled samples also
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Figure 4. Solid fat content of anhydrous milkfat cooled at 0.1�C/min, 1�C/min, and 5 �C/min and

stored for a period of 14 days at 5 �C.

NUCLEATION AND CRYSTAL GROWTH 129



increased slightly in time. On the other hand, at the higher cooling rates of 1�C/min

and 5�C/min, SFC does not statistically change in time. This demonstrates that

cooling rate has a significant effect SFC of AMF, and that small changes in SFC

can occur as a result of storage at 5�C for 14 days.

5.2.1.4. Crystallization Kinetics Monitored using SFC by pNMR Solid fat con-

tent measurements can be used to monitor the kinetics of crystallization. SFC

was monitored by pNMR as a function of time while samples were being cooled

in a water bath. These results are presented in a plot of SFC versus time in Figure 5.

The 0.1�C/min crystallization curve indicates that crystal growth begins at

approximately 23�C, or 170 min, and continues over time once 5�C is reached.

Crystal growth continues at a relatively constant rate until 205 min (19.5�C). At

this point, a plateau-like region occurs in the SFC profile, indicating a significant

reduction in crystal growth until a time of 260 min (14�C). After this plateau region,

crystal growth begins to occur at a more rapid and constant rate until the final tem-

perature of 5�C is reached. At this point, the SFC increases very slowly until an

equilibrium SFC is achieved.

The break in the crystallization curve for cooling at 0.1�C/min possibly indicates

that different AMF fractions crystallize at different times, as a result of the slow

cooling rate. This fractionation is common in AMF because of the large variety

of TAGs and fatty acid species that are present. Within the first crystal growth

region, the longer chain saturated HMF triacylglycerols (16:0 to 20:0) crystallize

and contribute to crystal growth and subsequent increase in SFC. Within the pla-

teau-like region, TAGs containing both long- and short-chain fatty acids reach their
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Figure 5. Crystallization and crystal growth of anhydrous milkfat at controlled cooling rates of

0.1�C/min, 1�C/min, and 5 �C/min monitored using SFC by pNMR.
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supersaturated state and crystallize. Beyond the plateau region, medium-chain satu-

rated MMF triacylglycerols (10:0 to 14:0) become supersaturated and contribute to

crystal growth. The implications of this crystal growth pattern will become more

apparent in the discussion of the microscopic and macroscopic properties of the

crystallized AMF. Beyond the final temperature of 5�C, any remaining TAGs that

can become supersaturated continue to crystallize until an equilibrium state is

achieved.

The 1�C/min and 5�C/min crystallization profiles indicate that crystal mass

becomes detectable at approximately 17�C in both cases, which occurs after

23 min and 4 min, respectively (Figure 5). Once this temperature is reached, there

is a constant and very rapid rate of crystal growth until the final temperature of 5�C
is reached. At approximately 12�C, there is an observable fluctuation in the SFC

growth curve that is followed by a continued rapid crystal growth until the equili-

brium temperature of 5�C is reached. This minor fluctuation in the SFC growth

curves may indicate a polymorphic transition or more likely the occurrence of frac-

tionation. The rapid and more spontaneous nucleation and crystal growth that

occurs at higher cooling rates leads to less fractionation and the formation of

more numerous mixed crystals containing a larger array of TAGs and a final SFC

that is 4–8% higher than the samples cooled at 0.1�C/min after 24 hours of storage.

5.3. Polymorphism

Polymorphism is another characteristic of fat networks that affects their rheological

characteristics. Polymorphic forms are crystalline phases with different structural

characteristics, but of identical chemical compositions in their liquid state, when

melted (45, 46). Polymorphic forms are usually categorized according to character-

istic X-ray diffraction patterns, specific volume, and/or melting points (34, 45, 47).

The polymorphic form developed during crystallization of bulk fat can be influ-

enced by several factors, including fat purity, TAG compatibility, temperature,

supercooling, cooling rate, catalytic impurities, solvents, and seed crystals (45).

Phase transitions from one polymorphic form to the next may also occur during

processing and storage depending on many factors (45, 46).

The three common polymorphic forms that exist in fat crystal networks are the

suba, a, b0, and b modifications. These polymorphic modifications and their char-

acteristic crystallization patterns are shown in Figure 6. The suba and a forms are

metastable (34). Each polymorphic form yields different crystal structures depen-

dent on the magnitude of the crystallization driving force. The polymorphic mod-

ifications also have varying thermodynamic stability, which determines their

lifetime within a crystal matrix, with the tendency toward greater stability in the

order a to b0 to b (24, 34).

5.3.1. Polymorphism and Milkfat High cooling rates (>1�C/min), or high

levels of supercooling (>15�C), lead to the rapid formation of metastable a nuclei

(34). The persistence of these unstable nuclei is dependent on thermal treatments

that occur after crystallization. These nuclei may remain in the a form or convert
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to the more stable b0 structure. At lower degrees of supercooling or low cooling

rates (>0�C/min to 1�C/min), b0 crystals predominate with trace amounts of meta-

stable a nuclei detectable (34). Many factors influence the formation of different

polymorphic forms, including catalytic impurities, agitation, viscosity, TAG con-

centration, among others (48).

5.3.1.1. The alpha (a) Polymorph The a polymorph is most readily formed, but

it is very unstable. Under most conditions, it will transform within a short period of

time into the b0 polymorphic form (34, 40). The a crystals are composed of TAGs

whose long, alkane-like fatty acid chains are packed in a loose hexagonal subcell

conformation, as shown in Figure 6 (3, 46). The hexagonal a subcell has a lower

density because of the loose packing of the TAG molecules and is characterized by

a single X-ray short spacing (wide-angle reflection) at 4.15 Å (34). This loose pack-

ing allows for a large number of reaction sites, the incorporation of a wide variety

of TAGs into the solid fat matrix, and ample room for molecular rotation and re-

orientation. This allows for transitions from the a to b0 polymorphic form to occur

readily (3, 24). This open lattice allows mixed crystal formation, incorporating a

mixture of all of the supersaturated TAG present in the melt within the crystals

(3). In AMF, the formation of the a form takes place during crystallizations at

high degrees of supercooling or at high cooling rates, and it may persist as the pre-

dominant polymorphic form when the fat is stored at subzero temperatures (34). In

most situations, the a form is the first crystal structure formed during crystallization

because of the loose packing and lower supersaturation requirements. However, a

Figure 6. Polymorphic forms of fat crystals, including the possible polymorphic transitions,

subcell packing structures, stability characteristic, and triacylglycerol stacking conformations.
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crystals tend to remain small and eventually transform, through the melt or mole-

cular reorientation in the solid state, to the more stable b0 modification (3).

5.3.1.2. The Beta Prime (b0) Polymorph The b0 polymorph is the most common

polymorphic form in AMF. It will form directly from the melt or through transfor-

mation of the a polymorph (Figure 6) (24). The b0 polymorphic form exists in either

a double- or triple-chain length configuration, the latter being more common in

AMF, and orients in a more dense orthorhombic subcell structure (Figure 6), char-

acterized by X-ray short spacings at 3.8 and 4.2 Å (45, 46). Processors prefer this

form because it is structurally stable and maintains small- to-moderate crystal sizes

allowing for soft and smooth products (3). The b0 structure does not allow for the

incorporation of a large variety of TAGs within the crystal lattice, compared with

the a structure (3). Lower TAG variety is a direct result of the tighter packing

required to form the more stable structure, which requires similar length TAGs.

During crystallization in the a form, dissimilar TAGs will often cocrystallize tem-

porarily; however, in time, the shorter chain, or more unsaturated, less supersatu-

rated molecules will redissolve. This, in turn, allows the remaining, more similar

longer chain supersaturated TAGs to convert to the more stable b0 form (3, 40).

TAGs in AMF under moderate undercooling conditions will crystallize in both

the a and b0 polymorphic forms.

5.3.1.3. The Beta (b) Polymorph The presence of the b polymorph is uncommon

in AMF, but it has been known to exist in some situations (34). It is the most stable,

highest packing density polymorphic form, and it may exist in either double- or

triple-chain length conformation. Fatty acid chains within TAGs pack in a hexago-

nal arrangement (Figure 6), with a characteristic short spacing at 4.6 Å (34, 45).

The b form is uncommon in AMF because of the dense packing arrangement of

similar TAGs. Because of the wide variety of TAG in low individual concentrations

(<1 mol%) in AMF, the conditions required to form b structures are only met when

the fat is crystallized at very slow rates, or at low degrees of supercooling (34, 46).

These crystallization conditions are unusual in commercial practice; thus, the b
polymorph is rare. The formation of b solids is also undesirable in AMF because

it leads to the development of large crystals and sand-like texture (3, 34).

5.3.1.4. Polymorphism in Milk Fat as a Result of Processing Conditions Work

by ten Groetenhuis et al. (34) has shown that AMF typically crystallizes in two frac-

tions. The highest melting group of TAG species represents one fraction, and the

middle and low-molecular-weight TAGs form the second. This group also suggests

that the application of different cooling rates lead to variations in the initial poly-

morphic form during crystallization of MF (34).

Two regions of crystallization can be identified from the two major endotherms

in the melting profiles of samples subjected to different cooling rates, as shown in

Figure 7. Immediate melting profiles showed differences, suggesting that the initial

polymorphic forms differ in AMF crystallized at various rates. Figure 7a depicts the

melting profile of samples cooled at various rates after 10 minutes of storage at 5�C.
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The sample cooled at 0.1�C/min was expected to have had sufficient time for rear-

rangement, resulting in more dense packing of the TAGs, and crystallized in the

stable b0 polymorph (34). For this reason, the peak of the endotherm at 17.5�C is

assumed to correspond to the melting temperature of the b0 polymorph.

The samples cooled at 1�C/min and 5�C/min (Figure 7a) both have minor inflec-

tions in the curve at this same temperature (17.5�C), but they also have a major

peak endotherm at around 15�C. This may correspond to an a-polymorphic melt.

It is thus suggested that cooling at 1�C/min results in a mixture of a and b0 poly-

morphs, and cooling at 5�C/min results predominantly in the a polymorph. These

predictions correspond to the findings of previous studies on AMF employing simi-

lar crystallization conditions using DSC and powder X-ray diffraction (34).

The samples cooled at the three cooling rates were also stored at 5�C for 1, 7,

and 14 days, yielding the melting profiles shown in Figures 7b, c, and d, respec-

tively. After storage at 5�C, the melting profiles began to look similar irrespective

of the cooling rate used during crystallization. As it has been shown that AMF tends

to crystallize in the b0 polymorph upon storage (some believe that the a polymorph

survives for only minutes), similar shapes and peak melting points would be

expected (3, 40).

Figure 7. Differential scanning calorimetry curves for anhydrous milkfat cooled at rates of 0.1�C/

min, 1�C/min, and 5 �C/min to 5 �C and stored for time periods (A) 10 minutes, (B) 1 day, (C) 7

days, and (D) 14 days.
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5.4. Microstructure

The textural properties of a fat are influenced by all levels of structure, particularly

microstructure. The microstructure includes the spatial distribution of mass, particle

size, interparticle separation distance, particle shape, and interparticle interaction

forces (49–51). Methods that can be used for the characterization of microstructure

in fat systems include, among others, small deformation rheology and polarized

light microscopy, employing a fractal approach (49–51).

5.4.1. Fat Crystal Network Theory Fat crystal growth is dictated by external

processing conditions and TAG composition. TAGs nucleate and grow from the

melt into certain polymorphic and polytypic states. These primary crystals then

aggregate into larger polycrystalline particles, also known as microstructural ele-

ments. Aggregation continues, leading to the formation of larger clusters, or micro-

structures, until a space-filling three-dimensional network is formed through

interactions among microstructures. Crystalline mass within microstructures is dis-

tributed in a heterogeneous, disordered fashion, which can be characterized using

fractal scaling principles (49–51).

Perfect fractal objects display exactly self-similar at all levels of magnification.

Natural systems do not exhibit exact self-similarity, but statistical self-similarity;

i.e., the microstructure, on average, is similar in appearance, distribution, and struc-

ture within a limited range of magnifications. In particles networks, fractal scaling

is usually encountered within the range of magnifications corresponding to the size

of microstructural elements to the size of microstructures (51). An example of sta-

tistical self-similarity uses the analogy of a tree branch structure. The tree begins as

a trunk, the tree trunk has branches, these branches have branches, and so on. When

the scale of observation is changed, a statistically self-similar pattern is observed.

This theory was first developed for colloidal aggregate networks and was later

adapted to fat crystal networks (52–54). In colloidal systems (with a disordered dis-

tribution of mass and statistical self-similar patterns), the mass of a fractal aggre-

gate (or the distribution of mass within a network), M, is related to the size of the

object or region of interest (R) in a power-law fashion:

M � RD; ð2Þ

where D is the mass fractal dimension of the object, or the distribution of mass

within a region of the network.

The elasticity of a fat crystal network is dependent on the microstructure of the

fat crystal network, particularly the spatial distribution of mass. The shear modulus

(G) scales with the volume fraction of solids in a power-law fashion (49–54):

G � �m; ð3Þ

where � is the volume fraction of solid fat, or SFC/100, and m is dependent on D

(see below).
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The scaling behavior of the elastic modulus was first characterized for colloidal

gels within two specific rheological regimes (55) and was later adapted to fat crystal

networks (52–54). These two regimes depend on the strength of the links that exist

between individual clusters, relative to inner cluster strength. These regimes are

referred to as the ‘‘strong-link regime’’ and ‘‘weak-link regime’’ (55). Figure 8

illustrates the behavior of a fat crystal network under extension in relation to these

theoretical rheological regimes. The strong-link regime is only applicable at very

low solid fat contents (usually below 10%). In the strong-link regime, crystal clus-

ters grow large, and the links between these flocs are stronger than the flocs them-

selves. The elastic response of the material in this regime is a function of the elastic

response of the flocs, and it is thus dependent on internal aggregate structure.

The contrary is true for the weak-link regime, which is observed at high solid fat

contents, where flocs are small and stronger than the links between them. In this

regime, the elastic response of the material is a function of the elastic response

of the links between flocs, and it is not dependent on the structure within the flocs.

In both regimes, the macroscopic elastic modulus (K) of a system of size L is the

sum of the elastic constants of the flocs (kx) or the links between flocs (kL) in the

direction of the applied stress (one-dimensional treatment). In the weak-link

regime,

K � L

x

� �
kL � x�1; ð4Þ

where x is the size of a floc. Floc size (x) scales with the volume fraction of solids

(�) in a power-law fashion:

x � a�
1

D�d; ð5Þ

Figure 8. Idealized fat crystal network under extension. Particles (a) are packed in a fractal

fashion within flocs (x). A force (F) acting on the network causes the links between flocs to yield,

and the original length of the system in the direction of the applied force (L) to increase ð�LÞ.
Thus, the inter-floc separation distance (l), also increases.
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where d is the Euclidean dimension (usually d ¼ 3), and a is the size of a primary

particle. By inserting Equation 5 into Equation 4, we obtain the following relation-

ship:

K � �
1

3�D � G: ð6Þ

This equation can also be expressed as

G ¼ l�
1

3�D; ð7Þ

where l is a constant independent of the volume fraction, but dependent on several

primary particle structural parameters as well as intermolecular forces.

Our group has derived expressions for the Young’s modulus (E) of a fat as it

relates to the structure of the material (56–58):

E � 6d
ae	

�
1

3�D ¼ A

2pae	d2
0

�
1

3�D; ð8Þ

where d is the crystal-melt interfacial tension (about 0.01 J/m2 for TAGs), a is the

primary particle size, � is the volume fraction of solids (SFC/100), D is the fractal

dimension, A is Hamacker’s constant (about 5
 10�20 J for alkanes), e	 is the

extensional/compressional strain at the limit of linearity, and do is the equilibrium

inter-microstructural (flocs or clusters) separation distance. Values for the shear

modulus (G) could be obtained from knowledge of the Poisson ratio of the material.

For a material where no volume change takes place when it is stretched or com-

pressed, the Poisson’s ratio is 0.5 and E ¼ 3 G.

Careful scrutiny of Equation 8 would suggest that the stress at the limit of lin-

earity (s	) can be determined from the product of the Young’s modulus (E) and the

strain at the limit of linearity (e	), s	 ¼ E � e	, yielding the expression:

s	 ¼ 6d
a
�

1
3�D: ð9Þ

This expression for the stress at the limit of linearity, proposed in Marangoni and

Rogers (58), provides an approximation to the yield stress (and thus hardness) of a

fat. This model would allow for the prediction of the yield stress of a fat based on

easily determined structural characteristics.

5.4.2. Fractal Dimension Evaluation using Small Deformation Rheology

(Dr) To determine Dr for a particular system by rheological methods, the shear

storage modulus ðG0Þ must be measured at different solids’ volume fractions.

The solids’ volume fraction, which is equal to the SFC/100, is varied by diluting

the fat with an inert solvent that will not cocrystallize, or otherwise alter the beha-

vior of the system. Canola oil has been used as a suitable AMF diluent for these

purposes. A log–log plot of G0 versus � yields a slope m from which Dr can be
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determined. The pre-exponential term l, which is influenced primarily by particle

properties, can be determined from the value of G0, where � ¼ 1:0 (SFC¼ 100%).

The effects of cooling rate on Dr are shown in Table 2. In general, an increase in

cooling rate results in a decrease in Dr. Previous work in our laboratory has also

shown that higher fractal dimensions occur in networks that are more ordered;

thus, it can be expected that lower cooling rates would display this trend. The higher

the Dr, the more ‘‘ordered’’ the crystal packing. For this reason, the value for Dr is

expected to vary in the order of Dr�0:1�C=min > Dr�1�C=min > Dr�5�C=min. When

observed by time-lapsed microscopy, the samples cooled slowly (0.1�C/min) and

yielded less numerous (see Figure 12 below), but more sporadically formed nuclei

relative to the more rapidly cooled samples. This allows for a more ordered crystal

growth. The 1�C/min sample initially demonstrated sporadic nucleation and con-

trolled crystal growth of more numerous and smaller crystals than the slower cooled

sample until reaching 13�C. Beyond 13�C, the AMF began to nucleate sponta-

neously and fill space very rapidly, leading to a more disordered final system. Finally,

samples cooled at 5�C/min demonstrated spontaneous nucleation and rapid crystal

growth at 16�C. This resulted in a more disordered system with a fractal dimension

lower than for slower cooling rates.

The values for l, shown in Table 2, are also affected by cooling rate and storage

time at 5�C. As with the Dr, the values for l decrease with increases in cooling rate.

During storage at 5�C, the l values decrease moderately at each cooling rate and

then appear to equilibrate at 7 days, with only minor differences detectable between

the 7-day and 14-day values. This decrease may be attributable to continued crystal

growth (demonstrated by small increases in SFC) and by the restructuring that

occurs during polymorphic transitions and molecular rearrangement.

5.4.2.1. Fractal Dimension by Microscopy The use of fractal geometry as a

means of characterizing microstructure has been extensive in recent years. Various

TABLE 2. Rheologically Determined Fractal Dimensions ðDrÞ and Pre-

Exponential Terms (l) for Anhydrous Milkfat Crystallized at Various

Rates of Cooling and Storage Times at 5�C.

Processing Conditions Microstructural Parameters

Cooling Rate Storage Time

ð�C=minÞ (days) Dr lðMPaÞ

1 2.82 1150

0.1 7 2.78 376

14 2.79 400

1 2.67 91

1.0 7 2.59 65

14 2.60 64

1 2.57 65

5.0 7 2.50 52

14 2.47 49
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applications have included investigating the structure of protein gels (59), depicting

the irregular nature of solid adsorbents such as zeolites (60), and predicting optical

responses of colloid-adsorbate films (61). Recent work by Kim and Berg (62) has

focused on the use of fractal scaling as a link between aggregation kinetics and

structure that result from both diffusion and reaction-limited cluster aggregation

processes of colloidal materials.

To obtain the fractal dimension of a network of particles, acquiring images of the

microstructure is necessary. Many forms of microscopy can be used, including

brightfield microscopy, confocal laser scanning microscopy, scanning electron

microscopy, and in the case of fat crystal networks, polarized light microscopy.

Grayscale images of the network (usually consisting of pixel intensities ranging

from pure white to pure black) must be converted to a binary format prior to image

analysis. The discriminatory conversion of grayscale images to binary, requires a

process termed ‘‘thresholding.’’ Images of fat crystal networks are typically

obtained as 8-bit (256 color) images and consist of a histogram of pixel values

that span the range of 0 (pure white) and 255 (pure black). Thresholding involves

the selection of a particular pixel value within the range of 0 and 255 that will result

in a binary image that best isolates the features of the network. This process is

subject to much controversy because the selection of the cutoff pixel value is sub-

jective. To minimize subjectivity, an autothresholding algorithm was used that pro-

vides accurate and reproducible results.1 This algorithm works by scanning the

histogram to find an intensity value where the average moments of the histogram

counts about an intensity value are balanced. This means that a threshold value is

chosen where the average pixel intensities are equal above and below the threshold

(63). The general process of autothresholding can be seen in Figure 9. Once the

image is converted to binary and the features isolated, it can be subjected to image

analysis. Features are measured, and result in data, which can then be interpreted

and related to structure. A flow chart outlining the general process from start to fin-

ish is depicted in Figure 10 (64). Emphasis is put on acquiring initial images that

are of high quality (high distribution of pixel values, no saturation of white features,

and evenly distributed lighting) to avoid unnecessary image processing to enhance

features, thereby altering pixel values.

Assuming a statistically constant microstructural element (or particle) size, the

relationship between radius and mass (Equation 2) can be used to determine the

fractality of crystal networks from two-dimensional PLM images (54).

In this case, the scaling relationship between the number of discrete particles (N)

and the length of the region of interest containing the particles (L) can be expressed

as:

N ¼ cLD: ð10Þ

1Performed on a Macintosh computer using the public domain NIH Image program, developed at the U.S.

National Institutes of Health and available on the Internet at http://rsb.info.nih.gov/nih-image/
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Figure 10. Flowchart depicts the steps involved in obtaining and evaluating the microstructure

of materials from digitally acquired images.

Figure 9. The conversion of 256-color grayscale micrograph to a binary image suitable for

image analysis. A threshold value is chosen to isolate the featues that will be measured

(AdobePhotoshop1 6.0).
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The first method used was a particle counting algorithm performed using NIH-

Image2 as follows: c is a constant, and the number of distinct particles (N) are first

counted within the entire image of known length (L). At 5% increments, the image

is cropped, thereby making a new, smaller length L, and the number of particles in

each new image are counted. This process is repeated until the length of the image

is 35% of the original size. A diagram depicting the overlaying of the boxes of

decreasing size can be appreciated in Figure 11. The number of particles counted

within each box size of various lengths (L) is plotted on a log–log scale, and the

slope of the line is determined by linear regression. This slope corresponds to Df.

This method for calculating Df was modified from previous procedures in our

laboratory to eliminate artifacts and improve accuracy. This was accomplished

by performing these iterative counts twice on each image—once including all par-

ticles touching the edge of each region of interest, and once excluding those that

touch the edges. By taking the average of these two counts, a Df that best represents

the spatial distribution of mass is obtained. This improved method is equivalent to

well-established methods that involve counting features that touch two sides of the

region of interest (64).

The fractal dimension arrived at by this method reveals information on the

degree of order in the packing of the microstructural elements within the micro-

structures. Systems that display a high degree of order have characteristically lower

2Analysis performed on a Macintosh computer using the public domain NIH Image program, developed at

the U.S. National Institutes of Health and available on the Internet at http://rsb.info.nih.gov/nih-image/

Figure 11. Schematic diagram shows the incremental decreases in box size used for the

particle counting method for the determination of the microscopic fractal dimension Df .
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fractal dimensions than those of a more disordered network (54). Previous simula-

tions and studies employing mass-radius techniques for the determination of D have

found that fast, diffusion-limited cluster aggregation (DLCA) typically results in D

values of 1.75–1.8, whereas slow, reaction-limited cluster aggregation (RLCA) pro-

cesses result in D values of 2.0–2.1 (60).

Another method used to examine microstructure is the box counting or ‘‘grid

dimension’’ analysis. This dimension is referred to as a grid dimension because

for mathematical convenience, the boxes are usually part of a grid that is laid

over the image (65). The box dimension is defined as the exponent D in the relation-

ship:

NðLÞ � 1

LD
; ð11Þ

where N(L) is the number of boxes of linear size L necessary to cover a data set

of points distributed in a two-dimensional plane. If the network is indeed fractal,

plotting the logarithm of N(L) versus the logarithm of L results in a linear plot

with a negative slope equal to �D (65). This analysis appears to be sensitive to

the degree of fill of the solids in a crystal network. It can be expected that a

network that is more empty (many large void spaces) will result in a lower propor-

tion of full boxes counted, and thus, it will result in a lower fractal dimension and

vice versa.

It is important to note that in some cases, the fractal dimensions estimated by

different methods are not the same. It is therefore necessary that one be aware of

the particular method used and its interpretation; this is mandatory for comparisons

of dimensions of different data sets (65). One of the future goals within our labora-

tory is to continue investigating and quantifying the link between the fractal dimen-

sions determined by rheology and microscopy.

5.4.3. Polarized Light Microscopy Microscopy allows for the visual observa-

tion of crystallization, and crystal growth of fat networks in realtime and subse-

quent image analysis can be used to quantify particle size, degree of order, and

space-filling mass. Polarized light microscopy was used to examine crystal network

properties of AMF during nucleation and crystal growth, and over time as a result

of the processing conditions and storage time.

Cooling at 0.1�C/min, 1�C/min, and 5�C/min resulted in detectable birefringent

crystal mass at onset temperatures of 26.8�C, 20�C, and 16�C, respectively. The

onset temperatures of the 0.1�C/min and 1�C/min samples do not correspond

exactly to those determined by DSC or NMR. This is because of the small quantity

of matter crystallizing at the onset of nucleation, which although visible by PLM,

does not release enough heat to be resolved by the DSC or enough solid mass to be

detected using pNMR. The sample cooled at 5�C/min, on the other hand, shows

visual signs of crystallization at 16�C, which corresponds closely to the values

obtained in the DSC and pNMR experiments. This similarity in measurement
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and resolution by each of the methods is attributable to the large change in state that

occurs at higher cooling rates.

Microscopy also allows for the observation of dynamic changes that occur dur-

ing nucleation and crystal growth. Figure 12 depicts still images of crystallizations

at cooling rates of 0.1�C/min, 1�C/min, and 5�C/min. The images shown are at 5�C
intervals in the range of 30�C to 5�C and portray dramatic differences in kinetics,

and crystal properties, as a result of altering the cooling rates.

The crystallization profile for AMF cooled at 0.1�C/min shown in Figure 12

spans a total time period of 250 minutes. At 26.8�C, sporadic nucleation begins,

and as time progresses, these early nuclei intermittently grow outward in a radial

fashion as the temperature decreases. Until late in the crystallization period (at

5�C), there is no visible evidence of secondary nucleation. Between the tempera-

tures of 26.8�C and 23�C, there is a discrete and continuous growth region where

the microstructures increase dramatically in size as a function of time. This is fol-

lowed by a period of very little growth (little evidence of changing microstructure

sizes) until 14.5�C, when significant growth occurs once again up until a tempera-

ture of 12�C is reached. From approximately 8�C until 5�C, minor space-filling

crystal growth occurs. These intermittent, temperature-dependent–related growth

regions are likely attributable to the crystallization of the AMF fractions of HMF

(26.8C–24�C), followed by MMF (14.5C–12�C), and then the space-filling crystal-

lization of some of the LMF. This is made possible by the very slow change in

supercooling that occurs over time when cooling AMF at 0.1�C/min, which permits

adequate time for diffusion-related interaction to occur, leading to the fractionation-

mediated growth of the network. The resulting fat crystal network is made up of a

small number of very large crystal structures and relatively large regions of void

space as seen in Figure 12.

The crystallization profile for AMF cooled at 1�C/min shown in Figure 12 spans

a real-time period of 25 minutes. The first sign of crystal structure occurs at

20�C and is followed by a large amount of spontaneous nucleation and radial crys-

tal growth until a temperature of 16�C is reached. After the rapid growth period,

there is minimal visible growth until approximately 12�C is reached and a very

rapid, spontaneous, space-filling secondary nucleation and growth occurs and con-

tinues until 5�C is attained. This rapid period of space filling crystallization leads to

the masking of the larger microstructures formed during the earlier stages of crys-

tallization. Like the system cooled at 0.1�C/min, AMF cooled at 1�C/min demon-

strates fractionation-mediated growth where most of the HMF and some MMF

likely crystallizes during the early stages, followed by crystallization of the

MMF and LMF during the later stages. The resulting microstructure consists of a

large number of small crystal structures; however, previous micrographs collected

at the higher temperatures indicate the presence of somewhat larger structures

(Figure 12).

The crystallization profile of AMF cooled at 5�C/min spans a real-time period of

just 5 minutes (Figure 12). The first visible sign of a crystal structure occurs at a

temperature of 16�C, after which very spontaneous, and rapidly space-filling,

nucleation and crystal growth occurs. The progression of growth until 5�C shows
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Figure 12. Polarized light micrographs of anhydrous milkfat cooled at 0.1�C/min, 1�C/min, and

5 �C/min. Images were acquired during crystallization in the range of 30 �C to 5 �C at intervals of

5 �C.
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minimal differences over time with the exception of the occurrence of significantly

increasing birefringence with decreases in temperature. This is an indicator of the

densification and continued crystal growth of the microstructural elements within

the crystal network. The resulting network is a densely packed, space-filling

matrix of very small crystal structures. In general, as cooling rate increases, the

number of crystal aggregates also increases, and the size of the constituent particles

decreases.

The effects of storage time on microstructure at 5�C are represented in Figure 13.

For each cooling rate, the network structure and particle size established

during crystallization remain relatively unchanged during storage. Minor changes

in the appearance of the 0.1�C/min sample occur as a result of the filling of

void space, during storage time, by small crystal structures similar to those present

in the originally formed crystal matrix. Rapidly cooled samples demonstrate no

significant change in network or particle appearance as a function of storage

time at 5�C.

The effects of cooling rate and storage time on mean particle size, as determined

by image analysis, are shown in Table 3. Cooling at 0.1�C/min resulted in average

particle sizes that were approximately two times larger than those resulting from

cooling at 1�C/min, and 5�C/min. Also, the minor changes in the appearance of

samples cooled at 0.1�C/min can be further characterized by a slight decrease

Figure 13. Polarized light micrographs of anhydrous milkfat cooled at 0.1�C/min, 1�C/min, and

5 �C/min followed by storage for 1 day, 7 days, and 14 days at 5 �C.
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in mean particle area (MEA¼ total crystal area/no. of particles) as a function of

time. Samples cooled at higher rates of 1�C/min and 5�C/min remain relatively

constant in time.

Fractal dimensions of micrographs obtained at different cooling rates, deter-

mined using the particle counting method, reveal information about the degree of

order in the resulting networks (Table 3). The Df values decreased in the order of

Df�0:1�C=min > Df�5�C=min � Df�1�C=min, with no significant changes detectable over

time.

Fractal dimensions determined via the box-counting or grid dimension method

are also shown in Table 3. Db values decrease in the order of Db�1�C=min >
Db�5�C=min > Db�0:1�C=min, and they do not significantly change in time. Db is

sensitive to the degree of fill within the network; therefore, higher values indicate

an increase in space-filling mass (i.e., the smaller, more-numerous particles of the

1�C/min sample fill more space relative to the larger, less-numerous 0.1�C/min

particles).

5.4.4. Importance of Nucleation and Crystal Growth Kinetics on the Final

Crystal Properties and Network As stated in the hierarchical model (Figure 1),

the processing and storage conditions affect the physical properties, including the

SFC, polymorphism, and microstructure during nucleation and crystal growth.

Therefore, processing conditions exert their most dramatic effect during crystalliza-

tion, during which the final crystal network properties are developed. Scrutiny of

the micrographs in Figure 12 demonstrates that the crystal structures formed during

the early stages of nucleation and crystal growth dictate the final fat crystal network

structure. The samples cooled at 0.1�C/min show fewer, more sporadic nuclei,

which appear at higher temperatures. These nuclei then grow slowly to form

TABLE 3. Particle-Counting Fractal Dimension ðDfÞ, Box-Counting Fractal Dimension

ðDbÞ, and Mean Microstructural Element Area ðMEAÞ for Anhydrous Milkfat Crystallized

at Various Rates of Cooling and Storage Times at 5�C.

Processing Conditions Microstructural Parameters (n¼ 10–12)

Cooling Rate Storage Time

ð�C=minÞ (days) Df Db MEAðmm2Þ

1 1.98 0.11 1.72 0.01 24.76 7.83

0.1 7 1.98 0.09 1.73 0.01 15.71 1.43

14 1.98 0.08 1.73 0.01 15.72 1.42

1 1.92 0.08 1.85 0.01 4.12 0.47

1.0 7 1.88 0.04 1.85 0.01 3.91 0.22

14 1.86 0.07 1.85 0.01 3.44 0.17

1 1.91 0.03 1.87 0.01 3.88 0.40

5.0 7 1.91 0.04 1.88 0.00 3.50 0.19

14 1.89 0.04 1.88 0.00 3.26 0.07
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large crystal structures that continue to grow until the final temperature of 5�C is

reached. Similar trends are seen in the faster cooled samples, where spontaneous

nucleation occurs, leading to a large number of small crystals. This distribution

remains at the final temperature of 5�C/min. Analysis of these micrographs using

the fractal dimensions (Df and Db) also indicates that the crystal network structure

is determined before the final temperature is reached. These results can be seen in

Figure 14. These results demonstrate that at 10�C–15�C prior to the final

temperature of 5�C, the final equilibrium value (or close to the final value) for
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Figure 14. Cooling profile analysis of polarized micrographs of 100% AMF collected during the

static crystallization process at the cooling rates of 0.1�C/min, 1�C/min, and 5 �C/min depecting

the microscopic properties (A) Df and (B) Db monitored against changing temperature.
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microscopically determined fractal dimensions are reached. This indicates

that the final structure is predetermined far before the final equilibrium state is

reached.

6. MECHANICAL PROPERTIES

6.1. Small Deformation

Small deformation rheometry refers to testing procedures that do not cause struc-

tural damage to the sample. Constant stress rheometers, such as dynamic mechan-

ical analyzers or oscillatory constant stress rheometers, are often used.

There have been a number of studies that demonstrate that crystallized AMF and

butter exhibit linear (ideal) viscoelastic behavior at low levels of stress or strain (4),

where the strain is directly proportional to the applied stress. For most materials,

this region occurs when the critical strain (strain where structure breaks down) is

less than 1.0%, but for fat networks, the strains typically exceed 0.1% (4, 66).

Ideally, within the LVR, milkfat crystal networks will behave like a Hookean solid

where the stress is directly proportional to the strain (i.e., s / g), as shown in

Figure 15 (66, 68). Within the elastic region, stress will increase linearly with strain

up to a critical strain. Beyond that critical strain (strain at the limit of linearity),

deformation of the network will occur at a point known as the yield point. The elas-

tic limit quickly follows, beyond which permanent deformation and sample fracture

occurs. Beyond these points, the structural integrity of the network is compromised

and the sample breaks down.

From small-deformation oscillatory methods, several useful parameters can be

obtained to describe the mechanical properties of a material. These measurements

Figure 15. Stress-strain behavior of a typical elastic system, including (A) yield point, (B) elastic

limit, (C) irreversible deformation, and (D) fracture.
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include the complex modulus (G*), the shear storage modulus ðG0Þ, the shear loss

modulus ðG00Þ, and the tangent of the phase shift or phase angle ðtan dÞ.
These rheological parameters can be determined using controlled stress rhe-

ometers using dynamic oscillatory testing within the LVR region (68). The oscilla-

tory method collects strain information by applying a controlled stress via the

application of a sinusoidal stress wave. The rheometer measures the variation in

strain as a function of the applied stress, in terms of the magnitude of the strain

and the phase angle (d) between the applied stress wave and the resulting strain

wave. A typical stress-strain sinusoidal relationship is shown in Figure 16. The vec-

torial resolution, shown in Figure 17, of the stress-strain ratio is used to calculate

the complex modulus G*, which is derived from the following equation:

G	j j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G02 þ G002

p
: ð12Þ

The strain response can be broken down into its elemental components of stress,

which are in phase or out of phase, to derive the values for G0 and G00. The storage

modulus G0 is the ratio of the applied stress that is in phase with the strain (d ¼ 0�).
This means that G0 is an expression of the magnitude of the energy stored in the

material, recoverable per deformation cycle (68). The loss modulus G00 is the ratio

of the applied stress that is out of phase with the strain (d ¼ 90�), meaning that it is a

measurement of the energy lost as viscous dissipation per deformation cycle (66–

68). These two moduli are dependent on the phase angle of the system and are

Figure 16. Time profile of an applied sinusoidal stress wave and the corresponding resulting

sinusoidal strain wave as they apply to small deformation rheological testing.
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derived from the vectorial components of G* and are calculated using the following

relationships:

G0 ¼ s0

g0

� �
cos d; ð13Þ

G00 ¼ s0

g0

� �
sin d: ð14Þ

The tangent of the phase angle ðtan dÞ can be expressed as the ratio of the loss to the

storage moduli, and it represents the relative balance of elastic to viscous compo-

nents in a material:

tan d ¼ G00

G0
: ð15Þ

These rheological parameters have been successfully correlated to textural attri-

butes of hardness and spreadability and provide information pertaining to the fat

crystal network (69). The value of G0 is useful in assessing the solid-like structure

of the fat crystal network. Increases in the value of G0 typically correspond to a

stronger network and a harder fat (66). Alternatively, G00 represents the fluid-like

behavior of the fat system. This value can be related to the spreadability of a fat

system, because increases in G00 indicate more fluid-like behavior under an applied

shear stress. The tan d is the ratio of these two values. As the value of d approaches

0� (stress wave in phase with stress wave), the G00 value approaches zero, and there-

fore, the sample behaves like an ideal solid and is referred to as perfectly elastic

(68). As d approaches 90� (stress is completely out of phase relative to the strain),

Figure 17. Vectorial resolution of the complex modulus components.
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the G0 value approaches zero; all of the energy will be dissipated as heat, and the

sample will behave predominantly as a fluid (68). At intermittent values, the sam-

ples are considered to be viscoelastic in nature. Therefore, tan d is an excellent indi-

cator of the structural integrity of the sample, indicating the proportion of the

material structure attributable to the crystal network and to the liquid phase.

6.1.1. Effects of Processing Conditions—Small Deformation Rheology The

effects of cooling rate and time on small deformation rheological measurements of

G0, G00, and tanðdÞ are shown in Figures 18, 19, and 20, respectively.

Figure 18 illustrates the effects of cooling rate and storage time on the storage

modulus ðG0Þ measured using small deformation rheology at 5�C. There are no sig-

nificant effects of cooling rate or storage time on the G0 of AMF samples, indicating

the absence of differences in solid-like properties and potentially hardness.

Figure 19 illustrates the effects of cooling rate and storage time on the loss mod-

ulus ðG00Þ, measured using small deformation rheology at 5�C. Results show lower

G00 for samples cooled at 5�C/min and 1�C/min than at 0.1�C/min. Additionally, the

G00 values for the 5�C/min and 0.1�C/min cooling rates do not change significantly

with time, and the values for the 1�C/min samples decrease slightly with time,

which may be indicative of time-dependent hardening.

The tangent of the phase angle ðtan dÞ offers a better indicator of structural integ-

rity than either the G0 or G00 measurements do individually. The phase angle (d) or

its tangent ðtan dÞ are an indicator of the system’s structural behavior or integrity

because it indicates whether the system behaves predominantly as a solid, liquid, or

viscoelastic material. The greater the tan d, the more liquid-like the samples will

behave, and conversely, low values indicate more solid-like properties. A tan d
value of 1 is indicative of a viscoelastic material.
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Figure 18. Storage moduli ðG0Þ of anhydrous milkfat cooled at rates of 0.1�C/min, 1�C/min, and

5 �C/min followed by storage for 14 days at 5 �C.
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The graphs in Figure 20 demonstrate the effects of cooling rate and storage time

on tan d at 5�C. Values of tan d increase in the order of tan d5�C/min < tan d1�C/min

� tan d0.1�C/min. The tan d value for AMF cooled at 0.1�C/min is significantly high-

er than the values at 1�C/min and 5�C/min. The values do not show large increases

with time; therefore, the changes during storage at 5�C are minimal.

The data from small deformation rheology indicate that at higher cooling rates,

the fat samples are more solid-like in nature. Conversely, the low cooling rate of

0.1�C/min results in a softer, less elastic system.
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Figure 19. Loss moduli ðG00Þ of anhydrous milkfat cooled at rates of 0.1�C/min, 1�C/min, and

5 �C/min followed by storage for 14 days at 5 �C.
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Figure 20. Values of tan d of anhydrous milkfat cooled at rates at 0.1�C/min, 1�C/min, and 5 �C/min

followed by storage for 14 days at 5 �C.
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6.2. Large Deformation

Large deformation methods usually are based on the determination of the amount of

applied force required to induce a change in a sample. Parameters determined

include hardness, spreadability, cutting force, or yield force (4). One such method

involves the compression of a sample between two parallel plates to determine rela-

tive hardness values via the measurement of yield force.

The compression of uniform samples to the point where the force exceeds the

structural capacity causes it to permanently deform and essentially break (4). A

typical load-deformation curve can be used to derive values for yield stress, yield

strain, and compressive yield work, and depending on the linearity of the onset of

compression, a compressive modulus may be obtained (4). These measurements

can be used to provide an index of hardness for fats, which have been successfully

correlated to the textural attributes of hardness and spreadability obtained through

sensory evaluation (4). Unfortunately, these tests are destructive in nature and yield

minimal information about the native microstructure of the system.

6.2.1. Effect of Processing Conditions—Large Deformation Rheology The

effects of cooling rate and time on the yield force of AMF and its dilutions are

shown in Figure 21. Yield force measurements (Fy) demonstrate that cooling rate

and, to a lesser extent, storage time affect the hardness of AMF. In general, the Fy

increases with increasing cooling rate; however, the difference between 1�C/min

and 5�C/min is relatively small compared with the difference observed between

0.1�C/min and 1�C/min. AMF samples cooled at 0.1�C/min have yield force values

(30–35 N) that are approximately half that of the higher cooling rates of 1�C/min

(58–63 N) and 5�C/min (64–72 N). Over time, the yield force increases slightly, by
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Figure 21. Yield force ðF y Þ of anhydrous milkfat cooled at rates of 0.1�C/min, 1�C/min, and

5 �C/min followed by storage for 14 days at 5 �C.
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a few Newtons, at each of the cooling rates. This indicates that the samples may be

hardening slightly; however, the yield force does not significantly increase

ð p > 0:05Þ during the 14-day storage period.

7. ASSESSING THE VALIDITY OF THE MODEL: CORRELATING
EXPERIMENTALLY DETERMINED PARAMETERS

In order to further demonstrate the existence of inter-relationships between para-

meters that influence macroscopic properties, linear correlations were performed

on data obtained from the study of cooling rate and storage time (Table 4). As

the physical properties of a fat system are dictated primarily by lipid composition,

it is interesting to observe the effects of composition of other measured parameters.

For example, a significant correlation exists between the saturated fatty acid content

(SFAC) and the final SFC attained (Figure 22a). This agrees with expectations,

because the saturated FAs generally have higher melting points, and thus, they

are likely to crystallize and contribute to the measured SFC at any given tempera-

ture. Significant positive correlations also exist for relationships between SFAC and
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Figure 22. Linear correlations between saturated fatty acid content (%) and (A) solid fat content,

(B) storage modulus, and (C) yield force. Data shown represent all points collected at all cooling

rates and storage times.
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TABLE 4. First Order Linear Regression Coefficients (þ2) for Various Physical Properties of Anhydrous Milkfat. Correlations were Performed

After Pooling all Results from Experiments Involving Various Cooling Rates and Storage Times at 5�C.

SFAC SFC Df Db Dr MEA l G0 G0 0 tan (d) Yield Force

SFC 0.91 (þ)

Df 0.37 (þ) 0.80 (�)

Db 0.62 (þ) 0.89 (þ) 0.78 (�)

Dr na 0.78 (�) 0.70 (þ) 0.90 (�)

MEA 0.31 (�) 0.98 (�) 0.77 (þ) 0.90 (�) 0.77 (þ)

l na 0.86 (�) 0.54 (þ) 0.60 (�) 0.54 (þ) 0.90 (þ)

G0 0.78 (þ) 0.87 (þ) 0.19 (�) 0.11 (þ) 0.04 (�) 0.15 (�) 0.11 (�)

G00 0.71 (þ) 0.57 (þ) 0.80 (þ) 0.92 (�) 0.87 (þ) 0.76 (þ) 0.50 (�) 0.90 (þ)

tan (d) 0.08 (�) 0.23 (�) 0.81 (þ) 0.95 (�) 0.87 (þ) 0.79 (þ) 0.52 (þ) 0.34 (þ) 0.10 (þ)

Yield Force 0.39 (þ) 0.77 (þ) 0.87 (�) 0.97 (þ) 0.90 (�) 0.86 (�) 0.61 (�) 0.61 (þ) 0.02 (þ) 0.63 (þ)

Work 0.58 (þ) 0.81 (þ) 0.66 (�) 0.48 (�) 0.28 (�) 0.53 (�) 0.36 (�) 0.63 (þ) 0.14 (þ) 0.31 (þ) 0.76 (þ)

Strain 0.04 (þ) 0.02 (þ) 0.58 (þ) 0.72 (�) 0.73 (�) 0.61 (þ) 0.44 (þ) 0.01 (þ) 0.29 (þ) 0.52 (þ) 0.23 (�)

Legend

na comparisons unachievable due to method of calculation

bold p<0.05

SFAC saturated fatty acid concentration (%)

(þ) or (�) indicates positive or negative correlation



measures of apparent hardness. SFAC is linearly correlated with both the storage

modulus ðG0Þ and yield force (Fy) (Figure 22b,c). Higher saturate levels, their sub-

sequent crystallization, and contribution to the solids content of the network trans-

late into increases in the materials’ hardness.

SFC, which is commonly used as a primary indicator of hardness, shows a high

positive correlation to both the storage modulus ðG0Þ and yield force (Fy) in milkfat

(Figure 23a,b). This relationship forms the basis of methods used to determine the

fractal dimension of fat crystal networks. Evidence of a relationship between SFC

and microstructural element size was also established (Figure 23c). Smaller crystal

aggregates are a result of higher cooling rates, which also dictate the final SFC. This

relationship between factors further exemplifies the interdependence of processing

conditions, microstructure, and SFC.

Correlations shown in Figure 24 highlight the relationships between various

microstructural parameters and yield force. As stated previously, microstructure

strongly influences macroscopic hardness. Networks consisting of smaller crystal

aggregates are generally harder than those made up of larger microstructures (Fig-

ure 24a). Correspondingly, networks consisting of particle distributions that are

more disorderly (lower Df and Dr) and more space filling (higher Db) are also harder,

as indicated by higher yield force values (Figure 24.b, c, and d).
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Figure 23. Linear correlations between solid fat content and (A) microstructural element size,

(B) storage modulus, and (C) yield force. Data shown represent all points collected at all cooling

rates and storage times.
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7.1. Summary of the Effect of Processing Conditions on the Physical
Properties of AMF

The schematic illustration of the combined effects of the majority of the physical

properties examined can be appreciated in Figure 25.

Figure 25a illustrates the effect of rapid cooling (5�C/min) on the physical prop-

erties of AMF. The diagram depicts a large number of small, randomly packed crys-

tal structures. These structures are highly space filling and therefore have a larger

number of particle–particle interactions. The result is a crystal network with an

even higher SFC (51–53%), high Db (highly space filling), and low Dr and Df

values, resulting in an even harder fat crystal network.

Figure 25b illustrates the effects of the midrange cooling rate (1�C/min) on the

physical properties of AMF. This diagram shows a combination of both small- and

medium-sized crystal structures that are more randomly distributed in space. The

increased number of smaller crystal structures lead to increases in the number of

particle–particle interactions and a decrease in void space. This resulted in a system

with a higher SFC (51–53%), higher Db (more space filling), and decreased Dr and

Df (less packing order), which all translated into a harder fat.
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Figure 24. Linear correlations between yield force and (A) microstructural element area, (B)

fractal dimension by particle-counting. (C) fractal dimension by box-counting, and (D) fractal

dimension by rheology. Data shown represent all points collected at all cooling rates and storage

times.
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Finally, Figure 25c depicts an illustrative model for the effects of the slow

(0.1�C/min) cooling rate on the physical properties of AMF. As shown, the crystal

network is composed of a small number of large highly ordered crystal structures

that are homogeneously distributed in space. The decrease in crystal structure num-

bers and increased size lends results in fewer particle–particle interactions and a

larger amount of void space. The final result was a lower SFC (46– 48%), lower

values for Db (less space filling crystal mass), and increases in Dr and Df (increased

structural packing order), which all resulted in a softer fat (50% lower yield force

than samples cooled at 1�C/min and 5�C/min).

Therefore, through experimentation using AMF as a model fat, it has been

shown that processing conditions affect the underlying physical properties of a

fat, and it is these physical properties and their interrelationships that ultimately

effect the final macroscopic properties of a fat crystal network.
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5
Animal Fats

Michael J. Haas

Eastern Regional Research Center, Agricultural Research Service

Wyndmoor, Pennsylvania

1. INTRODUCTION

The use of animal fats by humans may well predate civilization. As the depot fats of

animals are readily noticed during the butchering of a slaughtered animal, are easily

harvested, and are available in the absence of plant domestication and the adoption

of established agriculture, it is probable that animal fats were the first lipids

employed as ‘‘industrial’’ and as distinct edible lipids by humans. This is evidenced

by the fact that the paints used in prehistoric cave paintings were animal fat-based,

as were the fuels in the lamps that illuminated the cave artists at their work. Despite

a tremendous diversification to include other lipid types over the intervening cen-

turies, animal fats still play a prominent role in our diets, industry, and commerce.

Lipids are biological materials that are insoluble in water but soluble in

nonpolar organic solvents. Here the term will be used interchangeably with

‘‘acylglycerol,’’ the primary component of animal lipids. These are classified as

either fats or oils. The former are predominantly solid at room temperature

(24�C), and the latter are liquid. The depot lipids of animals are generally fats.

The major animal fats (also termed meat fats) of contemporary commerce are

produced from pigs (Sus scrofa), in which case they are termed lard and rendered

pork fat, from the fat of cattle (Bos taurus) or sheep (Ovis aries) and termed tallow,

or from poultry (primarily chickens, Gallus gallus) and termed poultry fat. Tallow

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
Edited by Fereidoon Shahidi. Copyright # 2005 John Wiley & Sons, Inc.
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from domestic cattle is known as beef tallow, whereas that from sheep is termed

mutton tallow.

Animal depot lipids are used in edible applications, sometimes being consumed

directly but more often in such applications as baking, cooking, and deep fat frying.

They are also used in industrial applications, primarily in soap production, as an

energy and nutrient source in animal feeds, in lubricants, and as a source of indus-

trial fatty acids. These applications are discussed in detail elsewhere in this series.

This chapter will consider contemporary aspects of the classification, composi-

tion, properties, production, processing, and consumption of the depot lipids of land

animals. For a more detailed discussion, the reader is referred to the recent compre-

hensive animal fats text (1). Additional discussions of the material covered here,

and related topics, are found in excellent contemporary texts (2–4). Some consid-

eration of greases will also be included here, because these are largely handled by

and traded within the animal fats sector of the lipid industry. Discussions of milk-

fats and fish oils can be found elsewhere in this series.

In addition to the citations accompanying this chapter, the reader will find

numerous valuable websites on the Internet. These can be located by the use of

search engines such as www.google.com and www.dogpile.com.

2. SOURCES, FATTY ACID CONTENT,
AND ACYLGLYCEROL STRUCTURE

2.1. Acylglycerol Components

The major fat depots of animals include subcutaneous fat (located under the skin

and overlying superficial muscles) and intermuscular fat (located between muscles).

Appreciable amounts of fat also are deposited in the abdominal cavity and other

internal sites. The distribution of fat between different sites varies somewhat

with animal species, breed, and degree of finish.

On the larger species, some of the fat deposits, for example, those located around

the kidneys, heart, intestines, and greater omentum, are stripped from the animal

when it is slaughtered. These are called the killing-floor or killing fats. Additional

fat separated from the carcass when it is cut apart to give wholesale or retail cuts, or

for processed meat products, is called cutting-floor or cutting fat.

White, yellow, and brown greases are also defined and traded in the industry (5).

White grease is derived primarily from the rendering of pork offal. Yellow grease is

composed largely of spent deep fat fryer lipids. Brown grease can be any lipid that

does not meet the specifications for yellow grease. All are specified to contain at

least 90% lipid. Poultry fat is composed of 100% poultry offal from slaughter

operations. Formal subtypes or classifications are not identified. Individual purcha-

sers may make specifications as to its quality or content.

Animal and plant depot lipids consist primarily of triacylglycerols: triesters of

glycerol and three fatty acids. Lipids differ from species to species with regard to

the types and amounts of fatty acids they contain. Table 1 presents the fatty acid
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TABLE 1. Typical Fatty Acid Compositions: Subcutaneous Adipose Tissue of Selected Animals, Greases, and Selected Vegetable Oils.

Trivial Beef Mutton Chicken Choice Yellow

Fatty Acid Name Tallowa Tallowa Larda Fata White Greaseb Greaseb Soyc Rapec

10:0 capric 0–0.1 0.1–.2 0.1 0.2 4

12:0 lauric 0.1 0.1–0.5 0.1 0.2

14:0 myristic 2.7–4.8 2.8–4.9 1.4–1.7 1.3 1.9 1.9 0.1 0.1

14:1 myristoleic 0.8–2.5 0.7–0.8 0–0.1 0.2 0 0

16:0 palmitic 20.9–28.9 19.5–21.3 23.1–28.3 23.2 21.5 16.2 11 2.8

16:1 palmitoleic 2.3–9.1 1.4–2.3 1.8–3.3 6.5 5.7 2.5 0.1 0.2

17:0 margaric 1 1 0.5 0.3 0 0

18:0 stearic 7.0–26.5 17.6–28.9 11.7–24 6.4 14.9 10.5 4 1.3

(19)d (14)d

18:1 oleic 30.4–48.0 33.2–40.4 29.7–45.3 41.6 41.1 47.5 23.4 23.8

(43)d (44)d

18:2 linoleic 0.6–1.8 1.2–3.4 8.1–12.6 18.9 11.6 17.5 53.2 14.6

18:3 linolenic 0.3–0.7 1.4–1.9 0.7–1.2 1.3 0.4 1.9 7.8 7.3

20:0 arachidic tr.–0.9 tr.–0.3 0.2–0.3 1.8 for all > 1.0 for all > 0.3 0.7

C20 C20

20:1 gadoleic 0.3–1.7 0.2–0.3 0.8–1.3 12.1

20:2 eicosadienoic 0–0.1 0 0.3–0.5 0.6

20:4 arachidonic

22:0 behenic 0–0.1 0 0–0.4 0.1 0.4

22:1 erucic 0–tr. 0 tr.–0.1 0 34.8

24:0 lignoceric 0–tr. 0 0–0.5 1

24:1 nervonic 0 0 0–0.6

Trans-fatty

acids 1.3–6.6 11.0–14.6 1.1–1.4

aData from (1)
bSee (6).
cSee (7).
dTypical value for U.S. product: From (8).



compositions of the major industrially important animal lipids, with data for some

plant lipids for comparison. Data are also included for white and yellow greases.

In countries such as the United States where animal fats are no longer used

in substantial quantities for deep fat frying, yellow grease consists largely of

hydrogenated vegetable oil, whereas elsewhere it may contain a substantial portion

of beef tallow. Thus, the fatty acid content and physical properties of yellow grease

may depend on country or region of origin and can change over time as food indus-

try practices change. Note that there is a wide range of values stated for some

entries in Table 1, such as a stearic acid (18 carbons, no double bonds, i.e., 18:0)

content between 7% and 27% for beef tallow. This reflects the fact that a number of

factors impact the composition of an animal fat, and thus any general statement of

composition must have a broad range.

Examination of Table 1 shows that the prevalent fatty acids in animal depot

lipids are either 16 or 18 carbons in length and are either fully saturated or contain

one or two double bonds. Animal lipids generally contain a higher proportion of

saturated fatty acids than do the lipids of temperate zone plants.

The physiological role of lipids is to serve as a carbon and energy reserve. To be

biochemically accessible for these purposes, it is best that a lipid be liquid, or at

least semiliquid. Thus, at body temperatures, depot fats are semisolids. They soli-

dify when cooled to room temperature. The largest factor contributing to the freez-

ing or melting temperature of an acylglycerol is its fatty acid composition,

specifically with regard to the chain lengths and number of double bonds. A double

bond in a fatty acid has the effect of introducing a kink into the linear run of carbons

(Figure 1). This kinking interferes with the tendency of the acyl chains of the fatty

acids in the lipid to align and pack with one another. As a consequence, more

energy must be removed from the system to induce crystallization. This is mani-

fested as a reduced freezing or melting point relative to saturated fatty acids, which

can adopt straighter chain configurations, pack more readily, and crystallize (freeze)

at higher temperatures. Differences in the content of unsaturated fatty acids play the

largest role in determining melting point differences between various animal and

temperate zone vegetable lipids. Thus, it is the relatively low content of unsaturated

fatty acids that renders fats solid at room temperature, whereas the liquidity of oils

is due to their higher content of unsaturates. Note also (Figure 1) that the extent of

kinking introduced into a fatty acyl chain by a double bond depends on the config-

uration of that bond, with cis-bonds introducing a considerable kink and trans-

bonds barely perturbing the linear run of the carbon chain. This leads to substan-

tially different physical and biochemical properties for the two types of unsaturated

fatty acids. The great preponderance of naturally synthesized unsaturated fatty

acids contain cis-double bonds. The industrial hydrogenation of oils to produce

more fully saturated lipids can result in the production of a substantial proportion

of trans-double bonds. Differences in the physiologic effects of cis-vs. trans-fatty

acids in dietary lipids have led to concerns regarding consumption of the latter, as

discussed below (see Recent Developments).

It is energetically more costly to synthesize an unsaturated fatty acid than a satu-

rated one of the same chain length. The body fats of warm-blooded animals need to
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contain only a sufficient proportion of unsaturated fatty acids to render them semi-

solid at body temperature, which is approximately constant and generally higher

than ambient temperature. The resulting relatively high proportion of saturated fatty

acids causes these lipids to be fats: to have melting points above room temperature.

As plants have no notable mechanism of temperature control, their lipids must stay

fluid over the typical range of temperatures encountered in the field. Plants thus

synthesize and incorporate a higher proportion of unsaturated fatty acids, typically

oleic (18:1), linoleic (18:2), and linolenic (18:3) acids into their lipids, allowing

them to remain fluid at relatively low ambient temperatures. These tendencies

are so general as to allow the term ‘‘fat’’ alone to be used in some contexts to refer

to animal lipids, whereas ‘‘oil’’ is used to refer to plant lipids. Tropical plants

experience higher ambient temperatures than those of temperate climates, and

thus their lipids generally contain a higher proportion of saturated fatty acids.

Among animals, another feature that bears on the fatty acid content of the depot

lipids is whether an animal bears a rumen. The rumen harbors a dense, diverse, and

metabolically very active microbial community. By conducting the biochemical

hydrogenation of unsaturated fatty acids, it is this community that modifies the

unsaturate-rich lipid diet of a grazing animal to produce the saturated fatty acids

that are incorporated into the body fat. The biohydrogenation pathway has several

intermediates, and these can be substrates for other reactions within the rumen or

the whole animal. As a result, the depot fats of ruminants have a very diverse fatty

acid composition. Tallow contains hundreds of different fatty acid structures, most

present only in small or trace amounts. The saturated fatty acids of ruminant acyl-

glycerols contain normal and methyl-branched components; the latter may be of

the iso (terminally branched) or anteiso (subterminally branched) form. Odd-and

even-numbered carbon chain lengths are found, and both geometrical and positional

isomers of the unsaturated fatty acids usually are present. This presence of
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Figure 1. The configurations of cis- and trans-carbon–carbon double bonds. (Used with the kind

permission of the Institute of Shortening and Edible Oils, Inc. Washington, D.C.)
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trans-and positional unsaturated fatty acid isomers is characteristic of ruminants

and animals with ruminant-like digestive systems.

The degree of rumen-mediated fatty acid modification varies from species to

species. For example, the biohydrogenation of dietary unsaturates is greater in

sheep than in cattle, and thus mutton tallow contains 5% to 10% more stearic

acid, and a correspondingly lower amount of oleic acid, than beef tallow. Table 1

illustrates this trend, although it is somewhat obscured by the necessarily wide

ranges of values reported.

In general, the concentration of saturated fatty acids, especially stearic, is higher

in ruminant than in nonruminant fat. Additionally, the polyunsaturates, especially

linoleic acid, the most prevalent natural polyunsaturate, are lower in ruminant fat

than in that from monogastric (i.e., nonruminant) species. Thus, the fat of cattle and

sheep is, in general, firmer than that from pigs.

The fatty acid structural diversity seen in the fats of rumen-containing animals is

not found in plant lipids. Extensive microbial modification of dietary fatty acids is

also absent in monogastric species (e.g., pig, poultry). Consequently, the fatty acid

content of their lipids is not only simpler than that of ruminants, but also more clo-

sely mirrors the dietary fatty acid intake, displays a greater sensitivity to alterations

in dietary fatty acid content, and can be intentionally manipulated to a greater

degree by adjustments to the diet. Enser (9) has summarized work regarding the

relationship between dietary and depot lipid fatty acid contents, among other things,

pointing out a linear correlation between dietary and depot linoleic acid levels in

the pig. Table 2 illustrates the ability of dietary unsaturated oils to increase the

degree of unsaturation of pork fat. The fatty acid content of the pork fat reflected

that of the dietary lipids. In contrast, the fatty acid composition of beef fat varied

TABLE 2. Influence of Diet on the Fatty Acid Compositions (% of total) of Pork Fat

and Beef Adipose Tissue.

Pork Fata Pork Fatb Beef Fatb

Corn & Rapeseed &

Corn & Soy Cottonseed Cottonseed

Fatty acid Tallow Dietc Soy Oilc Meal Canola Oil Meal Oil

14:0 1 0.8 1.3 0.5 3.9 3.6

16:0 26.6 22.1 25.6 10.8 26.7 24.3

16:1 4.1 2.5 0.9 0.4 2 2

18:0 12.1 11.3 12.9 4.3 20.2 20.5

18:1 40.5 33.2 46.9 56.1 41.2 43

18:2 11.2 24.4 11.5 21.5 4.8 5.5

18:3 4 4.9 0.9 6.5 — —

20:4 0.3 0.5 — — — —

22:6 0.2 0.2 — — — —

Total

saturates 39.6 34.2 39.8 15.6 50.8 48.4

aSee (10).
bSee (11).
cDiets contained 3% tallow or soy oil.
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little between animals on a corn-cottonseed diet and those on a diet also containing

rapeseed oil, which is enriched in erucic acid (22:1) (Table 2). It has been reported

that the back fat of pigs on a diet containing soy oil had an elevated content of lino-

leic acid (the most prevalent fatty acid in soy oil), although the altered fat did not

pose any problems with regard to carcass appearance or softness during processing

(12). In other studies, pigs were fed a corn–soybean meal diet with added tallow,

safflower oil, or a combination of tallow and safflower oil (13). The increased levels

of dietary safflower oil resulted in a decrease in the contents of stearic and oleic

acids and an increase in linoleic acid (the predominant acid in safflower oil),

20:2, and 20:3 in the subcutaneous fat.

For ruminant fat to become directly responsive to dietary unsaturated fats, it is

necessary to protect the lipids against saturation by rumen microorganisms. The

alteration of the lipid content of mutton by the feeding of such protected oil supple-

ments has been described (14). Also, it has been shown that a diet of extruded

soybeans increased the linoleic acid and linolenic acid contents of steer adipose

tissue (15).

A number of factors other than diet can influence the fatty acid composition of

the depot lipids of a given species. These include genetic and sex effects (16, 17).

Physical environment also plays a role. For example, in sheep, colder temperatures

result in softer body fats with lower melting points and higher iodine numbers (18).

In general, diet has a more marked effect on fat quality than do breed or sex,

especially in nonruminants, which are susceptible to alteration of tissue fatty acids

by dietary modification.

Location within the body also influences the degree of unsaturation in a fat. The

temperature of a warm-blooded animal is not constant throughout the body. Fats

located near the skin experience colder temperatures than those within a carcass.

To remain semifluid and thus metabolically accessible in the face of this thermal

challenge, fats near the surface tend to have lower melting points and be softer,

traits resulting from an elevated content of unsaturated fatty acids relative to fats

from the interior of the carcass. For example, the saturated fatty acid content of

beef tallow located just below the hide has been reported to be 48.7% of the total

fatty acid content, whereas that from the kidney region, deep within the carcass, has

a saturated fatty acid content of 57.9% (19). In general, the fatty deposits increase

in hardness from surface subcutaneous locations through the inter- and intramuscu-

lar fat to deep abdominal and kidney fats in cattle, sheep, and pigs. Thus, the inter-

nal fats from these species, especially those surrounding the kidney, tend to be

harder than those from fats near the surface of the carcass. Products made from

kidney fat will be firmer. They will also have better flavor stability, because rancid

flavors are the result of oxidation of the double bonds of unsaturated fatty acids.

Although relevant in some food applications, this feature is of restricted overall

importance because it is rare for animal fat to be segregated on the basis of anato-

mical origin.

Whether for food or nonedible industrial applications, the choice of raw material

lipid is dependent on a match between the physical properties of the lipid and the

desired performance properties. Physical and performance properties are largely a
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function of fatty acid composition. Thus, for example, the higher saturated fatty

acid contents of animal fats, by rendering them solid at room temperature, makes

them desired feedstocks for the production of bar soaps. It also affects their perfor-

mance in baking, and for decades made them the optimal choice for such applica-

tions. Also, because their lower content of polyunsaturated fatty acids confers

greater oxidative stability, animal fats are suggested for oxidation-prone applica-

tions such as deep fat frying and as lubricants in high-speed metal working.

2.2. Nonacylglycerol Components

Animal fats consist mainly of triacylglycerols, containing only minor amounts

(<0.05%) of other compounds such as phospholipids, tocopherols, and carotenoids

(9). However, one minor component of considerable note is cholesterol. Typical

cholesterol levels for animal fats of industrial importance are on the order of

850–1100 mg/kg, with poultry fats at the lower end of this spectrum. These levels

are at least an order of magnitude greater than those for vegetable oils. Cholesterol

is a necessary component of the human body. It is both synthesized de novo and

obtained in the diet. In most individuals, the consumption of moderate amounts

of cholesterol poses no health risk, as it is balanced by a reduction in endogenous

synthesis. However, concern over the role of cholesterol as a dominant factor in the

genesis of atheroschlerosis (20), a major cause of mortality in developed countries,

has led to government advisories to restrict the intake of cholesterol (and of satu-

rated fatty acids, which exacerbate its atheroschlerotic effects) (21, 22). As a result,

since the 1980s, there has been a substantial replacement of animal fats by vegeta-

ble oils in many food applications, greatly reducing the utilization of animal fats in

edible applications. To perform properly, the vegetable oils are often hydrogenated

to convert their unsaturated fatty acids to saturates, thereby increasing solid fat con-

tent, conferring desirable performance properties, and increasing oxidative stability.

Methods are available to remove cholesterol from animal fats (23), and a line of

low cholesterol edible lipids, termed ‘‘Appetize,’’ was marketed in the United States

in the 1990s (24). The product consisted of 70–90% tallow whose cholesterol had

been reduced by steam distillation to only 8 mg/100 g. Despite the fine rationale

underlying its production, however, high production costs resulted in the withdra-

wal of the Appetize line from the market. Supercritical fluid extraction can also be

used to reduce the cholesterol content of animal fats (25), although to this author’s

knowledge, this approach has not been commercially implemented.

3. ACYLGLYCEROL STRUCTURE AND ITS RELATIONSHIP
TO FUNCTIONALITY AND USE

For nonedible uses, fatty acid content, availability, and price play the largest roles in

determining which lipid is employed in a particular application. In cases where both

animal fats and vegetable oils are able to perform a desired function, animal fats

can be attractive raw materials because their bulk prices have historically been
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substantially below those of the least expensive vegetable oils. For example, in the

United States, edible tallow prices are typically 40% to 60% of that of soybean oil.

For edible uses, however, aspects of lipid structure other than simply fatty acid

content come into consideration. Chief among these are the pattern of distribution

of fatty acids on the glycerol chain, because the melting profile, plastic range, and

other properties of a fat are affected by this feature, known as ‘‘acylglycerol struc-

ture.’’ These properties affect performance parameters such as mouthfeel and melt-

ing range. The carbons of the glycerol molecule are not chemically equivalent.

They are identified, based on position and stereochemical numbering conventions,

as sn-1, -2, and -3, with the -2 position being the secondary hydroxyl in the middle

position of the molecule. The distribution of fatty acids among these three carbons

in natural fats (and oils as well) is not random, and varies with species and fatty

acid. Thus, a lipid will contain an array of acylglycerol structures including those

consisting entirely of saturated fatty acids (SSS); those containing saturated, mono-

unsaturated (M), and polyunsaturated (U) fatty acids (SSM, SSU, UM S, etc.) and

all-unsaturated species (MMM, UMU) (Table 3). As expected, a lipid with a higher

content of unsaturated fatty acids will have a higher amount of multiply unsaturated

(polyunsaturated) triacylglycerols (Table 3). Within these groups is further species-

dependent diversity, e.g., content of SSU vs. SUS (Table 3). Recent advances in

mass spectral methods have greatly facilitated this speciation of natural lipids

(28–31). Differences in fatty acid content and distribution cause differences in

the physical properties of fats, and thus they can determine the uses of a fat. In

the first instance, fully saturated acylglycerols have high melting points, whereas

those of partially or fully unsaturated ones are much lower. (The difference in melt-

ing points between tristearin and trilinolenin is nearly 100�C.) The melting profile,

TABLE 3. Positional Distribution of Fatty Acids in Triacylglycerols of Animal Depot Fats.a

Fatty Acid, mol%

Fat Position 14:0 16:0 16:1 18:0 18:1 18:2 18:3

Pig 1 1 10 2 30 51 6

(outer back fat) 2 4 72 5 2 13 3

3 — tr. 2 7 73 18

Cattle 1 4 41 6 17 20 4 1

(subcutaneous fat) 2 9 17 6 9 41 5 1

3 1 22 6 24 37 5 1

Sheep 1 1 35 2 47 4b —

(perineal fat) 2 4 14 2 15 52b 5

3 3 16 1 42 26b 2

Chickenc 1 2 25 12 6 33 14 2

2 1 15 7 4 43 23 3

3 1 24 12 6 35 14 3

aSee (26).
bResults for 18:1 cis isomers only. 18:1 trans was present in positions sn-1, sn-2 and sn-3 as 5, 2 and 6%

respectively.
cSee (27).
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plastic range, and other properties of a fat are affected by the range of its acylgly-

cerol structures. For example, lard is plastic over only a narrow temperature range,

has a grainy texture, and does not cream well. This is in large part a result of its

fatty acid content and pattern of acylglycerol structures, especially to a high content

of acylglycerols with palmitic acid (16:0) in the sn-2 position (Table 3). In lard,

72% of the residues at this site are palmitic acid, whereas this fatty acid constitutes

only 10% of the residues at the sn-1 position and is found in only traces in the sn-3

position. In beef tallow (and sheep and chicken fat as well), palmitic acid is located

at all three positions of the triacylglycerol molecule: In the sn-2 position, 17 mol%

is palmitic; at the sn-1 position, palmitic acid makes up 41%; and in the sn-3 posi-

tion, 22% (Table 3). The greater uniformity of lard triacylglycerol structures leads

to a shorter plastic range, a sharper melting point, and larger crystals in the solid

phase. The latter are largely responsible for the poor creaming abilities and grainy

mouthfeel of lard. Although their fatty acid contents are not widely different, lard

and beef tallow do exhibit some substantial differences in triacylglycerol structure.

Thus, lard contains about 7 mol% trisaturates and 32 mol% disaturates, whereas

beef tallow contains 15 mol% trisaturated triacylglycerols and nearly 40 mol% di-

saturates. Lard has a greater proportion of triacylglycerols with two double bonds

than does beef tallow and about half as many mol% of triacylglycerols with three

double bonds. Differences such as these confer different physical properties on fats.

In contrast to the high proportion of saturated fatty acids in the sn-2 position of

lard, the tallows contain predominantly an unsaturated fatty acid (about 60% rela-

tive abundance), generally oleic (18:1), in this position. This has been exploited to

develop a method to detect the adulteration of beef fat with lard (32). This involves

first the isolation of the acylglycerols containing one saturated and two unsaturated

fatty acids, followed by determination of the fatty acid population at the sn-2 posi-

tion of this fraction. The sensitivity is reported to be sufficient to detect the presence

of 1% lard in the tallow.

Lard is unique among the common fats and oils in having a preponderance of

palmitate at the sn-2 position. This has led to a unique use of this lipid: Human

milkfat also contains primarily palmitate at the sn-2 position of its acylglycerols,

and lard has been employed in infant formulas in attempts to produce a material

more closely resembling human milk. Approaches taken in this work have included

the direct addition of lard (33, 34) as well as the enzymatic restructuring of its acyl-

glycerols. The latter approach employs lipases that specifically interesterify (see

below) the sn-1 and sn-3 positions of acylglycerols, thus retaining the palmitate

at the sn-2 position, to introduce fatty acids from soybean oil into the terminal

positions of the fat molecules, creating structures closely mimicking those in

human milkfat (35).

Texture is one property affected by the content and arrangement of fatty acids in

the acylglycerols of a lipid. When a melted lipid cools and crystalizes to form a

solid, its acylglycerols will generally adopt one of three predominant crystal lattice

forms, a, b, or b0, depending on acylglycerol content and the kinetics of cooling

(36, 37). This ability to adopt more than one crystal form is termed polymorphism.

Crystals of the b type are large and course and confer an undesirable grainy
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mouthfeel. Crystals of the b0 form are smaller and result in a smoother, more desir-

able, mouthfeel. Tallow tends to adopt the b0 configuration. Lard has a relatively

large proportion (27%) of disaturated acylglycerols, mostly oleoyllpalmitoylstearin,

which has a propensity to crystalize in the b form. This gives lard a grainy texture

and poor creaming ability. Through interesterification (see Section 7.5) a more ran-

dom distribution of fatty acids can be achieved, yielding a product that crystalizes

in the b0 form, which is more desirable for such edible applications as margarines.

The physical structure of the b0 form is less stable than the b form, and can con-

vert to the latter over time. Margarines typically contain mixtures of vegetable oil

and solid fat of b0 form. The small crystal structure of the latter aids in keeping the

mixture plastic and uniform. The spontaneous conversion of the b0- to a b-

dominated hard fat population over time results in replacement of the fine crystals

by larger coarse one. These are less effective at carrying the oil phase, and the result

can be separation, yielding an undesirable two phase liquid/solid product. Appro-

priate choices of feedstocks, processing conditions, and crystal stabilizers can

reduce the rate of product deterioration due to changes in crystal structure.

4. QUALITY INDICATORS FOR EDIBLE FATS

Raw fat is susceptible to defects caused by (1) oxidation of the double bonds of

fatty acids, which creates degradation products that confer undesirable odors and

flavors; (2) ester bond hydrolysis (lipolysis) by contaminating microbes, which

releases free fatty acids; and (3) the formation of off colors. Best quality is obtained

if contaminants such as blood and manure are kept out of the raw material, and if it

is then kept cold, processed within a few days of slaughter with adequate attention

to process controls, and handled and stored properly. If these conditions are not

achieved, deterioration can occur. Waste greases are especially subject to such

degradation, because they are typically stored for long periods of time without

refrigeration. Because the resulting chemical changes can impact performance

and acceptability, various analytical parameters and specifications have been devel-

oped to identify lipid quality. Some of these also provide basic information on the

properties of a lipid, and they can be used to assess its suitability for a given appli-

cation. Among the properties, analyses, and terms by which lipid samples are

characterized are as follows:

� Color: Excessive color in a lipid sample can prevent its use in some

applications or necessitate the application of color reduction technologies.

Several methods for expressing the color of a fat or oil exist, but all rely on the

direct comparison of the color of a sample to that of a series of color

standards. For raw samples, especially of tallow and grease, which can be

deeply colored, this value is often measured by comparing a sample of filtered

liquid fat with a set of 26 color standards designated by the Fat Analysis

Committee (FAC) of the American Oil Chemists’ Society (AOCS), and

assigning a number from 1 (lightest) to 45 (darkest), sometimes referred to
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as simply FAC. Conduct of this measurement is described in AOCS Official

Method Cc13a-43 (38). Color reduction, when necessary, is generally

achieved through the use of bleaching clays. In the United States, after

bleaching, color is typically measured and expressed in terms of the

Wesson color method, described in AOCS Official Method Cc13b-45 (39).

In most other countries, the color after bleaching is determined by means

of the Lovibond Method, AOCS Official Method Cc13e-92, which is the

accepted international standard for the measurement of color in animal

and vegetable fats and oils (40). Particularly for use in bar formulation

soaps for hand and body washing, white color is desired in the feedstock

lipids.

� Free fatty acid content: A measure of the amount of acylglycerol hydrolysis.

Free fatty acids can reduce the palatability, acceptability, and performance of

a lipid and are therefore generally considered a negative trait. As with all

parameters described here, acceptable levels vary depending on application.

� Iodine number or value (IV): A measure of the degree of unsaturation of a

lipid, as measured by its iodine absorption, a trait proportional to double bond

content. Expressed as the number of grams of iodine absorbed by 100 g of fat.

As fatty acid oxidation occurs at double bonds, a high IV can indicate a fat

sample that will have marginal oxidative stability.

� Moisture, impurities, and unsaponifiables (MIU): A summation of the non-

acylglycerol materials in the product. Moisture is undesirable because it will

support microbial growth and facilitate lipid hydrolysis. Unsaponifiables are

any materials that will not saponify (form soap) when incubated with sodium

hydroxide. These include sterols, pigments, and hydrocarbons. These are

natural components of both animal and plant lipids, but excessive amounts can

indicate a sample that will not perform comparably with a sample richer in

acylglycerols, and they can indicate adulteration or contamination by petro-

leum products.

� Peroxide value (PV, also referred to as initial peroxide): The presence of

fatty acid hydroperoxides, formed by the oxidative degradation of fatty acids,

is a measure of oxidative abuse and degradation of the lipid. Products

generated by hydroperoxide degradation will confer a rancid note in edible

applications.

� Refined and bleached (R&B) color: A measure of the amount of red color in

the rendered fat is an indicator of the quality of both the starting material and

the rendering techniques. This value is measured using the Lovibond

5.25-inch scale according to procedures described in AOCS Official Method

Cc 13b-43 (39). The result is referred to as the AOCS Wesson color, the

AOCS Lovibond color, or simply Lovibond color. The lower the value, the

less colored the sample.

� Saponification value (SV): Defined as the number of milligrams of potassium

hydroxide required to hydrolyze (saponify) 1 g of fat. The higher the SV, the

lower the mean chain length of the component fatty acids of an acylglycerol.
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� Titer (titre): The solidification temperature of the free fatty acids derived from

a lipid. The higher the value, the greater the unsaturated fatty acid content. An

especially important characteristic in fats used to produce bar soap or fatty

acids, where degree of hardness is important. The melting point of an intact

fat is not a good indicator of its firmness, because this value depends on the

crystal form adopted by the fat. The titer value does not suffer from this

defect, and thus, it is a much more reliable estimate. Trade practice in the U.S.

rendering industry is to designate animal fats with titers of 40�C and up as

tallow, and those below 40�C as grease. Tallow titers can be as high as

59–61�C, although 40–50�C is more common. Lard exhibits a slightly higher

value, because of its greater content of high-melting stearic acid.

Formal classification standards for fats and oils have been defined by many

bodies and organizations. Those established by the Code of Federal Regulations

(United States) and the Codex Alimentarius are widely employed to guide com-

merce. The U.S. Code of Federal Regulations (41) specifies that lard should have

the following quality characteristics: free of foreign odors and flavors; maximum

free fatty acid value of 0.5% (as oleic acid equivalents) or an acid value of

1.0 mg of KOH consumed per gram of sample; maximum peroxide value (as

milliequivalents of peroxide per kilogram of fat) of 5.0; moisture and volatile

matter at a maximum of 0.2%; insoluble impurities no greater than 0.05%; and

white in color, with a maximum reading of 3.0 red units in a 5 1
4
-inch cell on the

Lovibond scale.

In the Codex Alimentarius (42), maximum free fatty acid levels are specified as

0.65% for lard, 1.00% for premier jus, and 1.25% for rendered pork fat and edible

tallow. For all these, a peroxide maximum of 10-milliequivalents active oxygen per

kilogram fat is specified. The Codex standards also specify levels for antioxidants

and antioxidant synergists and maximum allowed amounts of impurities, soaps, and

certain metals.

Adulteration is another quality rating factor of commercial lipids. Methods for

the detection of tallow adulteration with lard were discussed above. Tests have also

been developed to detect the presence of beef fat in lard. The best known of these

tests is the Bömer test, which is based on the difference between the melting points

of acylglycerols and the fatty acids they contain (43). This difference is large for

unhydrogenated pork fat and small for tallow. The test is invalidated by the pre-

sence of hydrogenated fat in the lard. As another means of detecting adulteration,

it has been suggested that more than 0.01%, 0.05%, and 0.05% of branched chain

14, 15, and 16 carbon fatty acids, respectively, in lard indicates the presence of tal-

low (44). However, when pigs are fed tallow, they incorporate some of the branched

fatty acids into their depot fat (45).

Triacylglycerol profiles, determined by high-performance liquid chromatogra-

phy (HPLC), may also be a tool for the detection of the adulteration of pork by

beef fat (44). The presence of 5% or more of pork fat in beef or mutton tallow

can be detected and quantified by HPLC analysis of fatty acids in the sn-2 position

of the triacylglycerols, because the ratio of 16:0/18:1o9 at this position is about 5.0
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for lard, whereas for edible tallow, it is about 0.4. G as liquid chromatography can

also be employed to make such a determination of the purity of a lipid.

5. REGULATORY AND COMMERCIAL CLASSIFICATIONS
OF ANIMAL FATS

Although Table 1 lists the fatty acid compositions of various lipids, this is not the

only or the final arbiter of their classification. As opposed to vegetable fats and oils

(other than olive oil), where only one oil is generally identified as originating from

an oilseed (e.g., corn oil), a diversity of definitions and specifications is used in the

identification of and trade in animal fat products. These often include statements of

the allowed limits of any number of quality parameters.

In the case of tallow, two broad categories are defined: edible and inedible.

Edible tallow originates from cattle or sheep that are judged by a competent regu-

latory authority to be healthy, sound, and fit for consumption at the time of slaugh-

ter. Tallow obtained from the inedible offal resulting from slaughter, from animals

unfit for consumption, or from outdated meats returned from commercial outlets is

classified as inedible.

The Code of Federal Regulations (41) of the United States concerns itself with

only one pure animal fat, e.g., lard, which is defined as the fat rendered from clean

and sound edible swine tissues. Tissues to be used for lard are to be reasonably free

from blood and shall not include stomachs, livers, spleens, kidneys, brains, or set-

tlings and skimmings. ‘‘Leaf Lard’’ is prepared from fresh leaf (abdominal) fat.

Lard (when properly labeled) may be hardened by the use of lard stearin (a lard

fraction rich in acylglycerols containing saturated fatty acids) or hydrogenated

lard or both and may contain refined lard and deodorized lard, if so labeled. A

detailed compilation of the killing and cutting fats to be used in producing lard

and rendered pork fat has been provided (46).

The Codex Alimentarius (42) contains international standards for four main pro-

ducts from animal sources: lard, rendered pork fat, premier jus, and tallow. ‘‘Lard’’

is defined as the fat rendered from fresh, clean, sound edible-grade fatty tissues

from swine. These tissues must lack bones, detached skin, head skin, ears, tails,

organs, windpipes, large blood vessels, scrap fat, skimmings, settlings, pressings,

and be reasonably free of muscle tissues and blood. ‘‘Rendered pork fat’’ is defined

similarly to lard, with the exception that the tissues forbidden in lard production are

allowed. ‘‘Premier jus’’ (or oleo stock) is the product obtained by low-temperature

rendering of the fresh fat of heart, kidney, greater omentum, and mesentery of

bovines, collected at slaughter, as well as cutting fats. This fat has a creamy

white-to-light yellow color, a characteristic mild flavor, and a very low free fatty

acid content (1.0% maximum). ‘‘Edible tallow’’ (‘dripping’) is the product obtained

by rendering the clean, sound fatty tissues, including trimming and cutting fats, but

also the attendant muscles and bones of bovine animals and/or sheep. It is distin-

guished from premier jus by the allowance of sheep tissues and of a greater diver-

sity of materials from which it can be obtained, by the specification of a higher
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maximum free fatty acid content (1% to 1.25%), and by a higher allowed peroxide

level. Lard, rendered pork fat, and edible tallow may contain certain further pro-

cessed forms of the rendered fat, such as refined or hydrogenated product, or stear-

ines, as long as labeling regulations are followed.

The Codex descriptions specify that all edible animal fats must come from ani-

mals determined to be in good health at the time of slaughter and fit human con-

sumption as judged by a competent authority recognized in national legislation. The

main Codex analytical identity standards for lard, rendered pork fat, edible tallow,

and oleo stock are given in Table 4. The ranges for fatty acid composition specified

in the Codex standards for lard, rendered pork fat, edible tallow, and oleo stock are

given in Table 5. Note that these values are not necessarily constant over time,

having undergone revision since the previous edition of this chapter.

In terms of trade in animal fats, another important classification system is the

Specifications for Tallow and Greases established by the American Fats and Oils

Association. These specifications (Table 6) establish 13 categories of lipids, and

guide U.S. industry and commerce. One of the specified categories is for edible

lard, 11 are for various grades of tallow, and the remaining 2 provide specifications

for white and yellow grease. The categories are identified in terms of both species

of origin and the composition-related parameters minimum titer, maximum free

fatty acid content, maximum color, maximum refined and bleached color, and max-

imum moisture, insolubles, and unsaponifiables. The numerous designations of tal-

low are necessary because in various locations not only cattle but also swine and/or

poultry products are rendered together, giving products of varying content depend-

ing on the species mix. Choice white grease is a pork product, consisting of pork

lipids other than leaf lard. Accordingly, its fatty acid composition is very similar to

that of lard (Table 1). ‘‘Yellow grease’’ is a term given to used fat from deep fryers.

It is defined in terms of its free fatty acid content, with no specification made as to

biological origin. The displacement of tallow by hydrogenated vegetable oils in

deep fat frying in recent years has led to yellow grease that is presently in many

TABLE 4. Codex Alimentarius Standards for Lard, Rendered Pork Fat, Premier Jus,

and Edible Tallow.a

Rendered Pork

Characteristic Lard Fat Premier Jus Edible Tallow

Relative density 0.896–0.904 0.894–0.906 0.893–0.904 0.893–0.904

(40�C/water at 20�C)

Refractive index n 40
D

� �
1.448–1.460 1.448–1.461 1.448–1.460 1.448–1.460

Titre (�C) 32–45 32–45 42.5–47 40–49

Saponification value 192–203 192–203 190–200 190–202

(mgKOH/g fat)

Iodine values (Wijs) 55–56 60–72 36–47 40–53

Unsaponfiable matter 10 12 10 12

(maximum, g/kg)

aSee (42).
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places largely a vegetable oil product. Accompanying this change have been

increases in the degrees of unsaturation and of trans-fatty acids in yellow grease.

Brown grease can be anything that does not meet the minimum specifications for

yellow grease, irrespective of origin (Table 6). Only one grade of poultry fat is

included in Table 6. Other poultry fat lipid products are sold, but they are not

detailed here because the standards for poultry fat are generally set by the indivi-

dual customer. Potential users should be acquainted with these specifications when

contemplating performance or purchase needs. Commercial renderers and brokers

of fats are familiar with these terms and specifications and the trading rules asso-

ciated with the purchase of these products.

In the United Kingdom, trade is also governed by a multiplicity of definitions for

tallow. Premier jus is the term applied to the highest, edible grade of tallow, and its

specifications conform to that of the Codex Alimentarius (42). For inedible tallows,

British Standard 3919 (49) specifies six grades and grease (Table 7). Again, these

grades of inedible tallow are defined on a compositional basis, including a specified

TABLE 5. Ranges of Fatty Acid Composition (%) Specified

by the Codex Alimentarius Standards for Lard, Rendered Pork

Fat, Premier Jus, and Edible Tallow.a

Lard, Premier Jus,

Fatty acid Rendered Pork Fat Edible Tallow

<14 <0.5 <0.5

14:0 1.0–2.5 2–6

14:ISO <0.1 <0.3

14:1 <0.2 0.5–1.5

15:0 <0.2 0.2–1.0

15:ISO <0.1

15:ANTI ISO <0.1 }<1.5

16:0 20–30 20–30

16:1 2.0–4.0 1–5

16:2 <0.1 <1.0

16:ISO <0.1 <0.5

17:0 <1 0.5–2.0

17:1 <1 <1.0

17:ISO <0.1

17:ANTI ISO <0.1 }<1.5

18:0 8–22 15–30

18:1 35–55 30–45

18:2 4–12 1–6

18:3 <1.5 <1.5

20:0 <1.0 <0.5

20:1 <1.5 <0.5

20:2 <1.0 <0.1

20:4 <1.0 <0.5

22:0 <0.1 <0.1

22:1 <0.5 Not detected

aSee (42).
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TABLE 6. Specifications for Some Commercial Grades of Tallows, Animal Fats,

and Greases.a

Specificationsb

Titer FFA FAC R & B MIU

Grade (�C, min.) (%, max.) (max.) (max.) (%, max.)

Lard (edible) 38 0.5 c None d

Edible tallow 41 0.75 3 None d

Top white tallow 41 2 5 0.5 1

All Beef Packer 42 2 None 0.5 1

Tallow

Extra fancy tallow 41 3 5 None 1

Fancy tallow 40.5 4 7 None 1

Bleachable fancy 40.5 4 None 1.5 1

tallow

Prime tallow 40.5 6 13–11B None 1

Special tallow 40 10 21 None 1

No. 2 tallow 40 35 None None 2

‘A’ Tallow 39 15 39 None 2

Choice White 36 4 13–11B None 1

Grease

Yellow Grease e e 39 None 2

Brown Greasef n.s.g >15 n.s. n.s. n.s.

Poultry Fath 28–35 15 19 n.1.i 2

aAs issued by (47).

FFA: free fatty acids, FAC: color as per Fat Analysis Committee, R&B: refined and bleached color, MIU:

moisture, impurites, and unsaponifiables.
cLovibond color for 5.25-inch cell: maximum 1.5 red. Lard peroxide value: 4.0 M E/K maximum.
dMoisture maximum 0.20%. Insoluble impurities maximum 0.05%.
eWhen required, to be negotiated between buyer and seller on a contract-by-contract basis.
fSee (5).
gn.s.: not specified.
hProvided by (48).
in.l.: not listed.

TABLE 7. Trading Grades for Technical Tallows and Animal Greases According

to British Standard 3919.a

FFA Bleached Moisture and Unsaponi- Titre Iodine Plastics

(max.) Colour, red Dirt (basis) fiable (max.) (�C) Value (max.)

Grade (% m/m) (max.) (% m/m) (% m/m) (min.) (max.) (mg/kg)

Tallow 1 3 0.5, 5 1/4 in. 0.5 0.5 40 55 200

cell

Tallow 2 5 1.0, 5 1/4 in. 1 1 40 55 200

cell

Tallow 3 8 3.0, 5 1/4 in. 1 1 40 55 200

cell

Tallow 4 12 4.0, 1 in. cell 1 1.5 40 58 200

Tallow 5 15 12, 1 in. cell 1 1.5 40 58 200

Tallow 6 20 No limit 1 2 40 58 200

Grease 20 No limit 2 2 36.0–40.0 61 200

aSee (49).
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maximum for plastic content. This material makes its way into inedible fats via the

inclusion of outdated commercial meats and fats, still in their wrapping containers,

into the rendering process. These standards are also often applied to edible tallow.

Table 8 provides some insight into the naming conventions of several countries

for fat products. Poultry fat is used virtually exclusively as an animal feed. For feed

grade fats, the accepted U.S. industry definitions are those established by the Asso-

ciation of American Feed Control Officials (Oxford, Indiana, www.aafco.org), an

organization primarily concerned with issues related to animal feeds. It defines

‘‘fat product, feed grade’’ as ‘‘any fat product which does not meet the definitions

for animal fat, vegetable fat, or oil, hydrolyzed fat or fat ester.’’ The Association

defines three categories of material:

1. Animal fat, and within this category, ‘‘poultry fat,’’ which is fat obtained from

poultry tissues via commercial rendering or extracting. It consists primarily of

acylglycerols and contains no additions of free fatty acids or other materials.

The total fatty acid content exceeds 90%, with unsaponfiables and insoluble

impurities making up no more than 2.5% and 1%, respectively. The presence

of any added antioxidants must be stated.

2. ‘‘Hydrolyzed animal fat’’ is animal fat obtained via the procedures commonly

used in edible fat processing. Its free fatty acid content is not less than 85%,

with not more than 6% unsaponifiables and not more than 1% insoluble

impurities. A maximum moisture level must be guaranteed, and the presence

of any added antioxidants must be stated. Its source must be stated, e.g.,

‘‘hydrolyzed poultry fat.’’

3. ‘‘Fat Product, Feed Grade’’ is any fat product that does not meet the

definitions for fat and hydrolyzed fat. It is sold on the basis of its individual

TABLE 8. Naming Conventions for Inedible Tallow and Grease Products.a

Rendered Rendered

Inedible Beef Tallow Tallow Recovered

Region Tallow (Standard Grade) (Lower Grade) Inedible Grease Cooking Oil

U.S. Bleachable Bleachable Prime, Special Choice White Yellow Grease

Fancy Tallow Fancy Tallow Tallow Grease

Packer Grade Rendered Grade

E.U. Technical — Bonefat, 4% Tierkupper ROb, RVOb,

RTOb

U.K. UK 2 — UK 6 — RO, RVO, RTO

Eire Irish 2 Tallow 3/4 — — RO, RVO, RTO

Irish 6

(High FFA)

Italy — Tallow S Tallow A — RO, RVO, RTO

aProvided by D. Dempsey, Unichema, Chicago, IL.
bRO: recovered oil, may be either vegetable or animal; RVO: recovered vegetable oil; RTO: recovered

tallow oil.
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specifications regarding total fatty acid content, unsaponfiables, insoluble

impurities, free fatty acids, and moisture. Again, added antioxidants must be

declared. Around these definitions, individual purchasers of poultry fat

typically set their own standards with regard to fat quality, as measured by

such parameters as free fatty acid content. Thus, for example, pet food

manufacturers will generally specify a higher quality fat than for other animal

feeds. Presently, most poultry fat is consumed as poultry feed, although there

is a trend toward increased use in other animal feeding applications as well.

6. PATTERNS AND TRENDS IN THE PRODUCTION AND USE
OF ANIMAL FATS

Domesticated animals are grown primarily for their meat. Carcass fat is a minor

coproduct, contributing less than 10% of the total market value of an animal. There-

fore, fat production does not drive producer decisions regarding the number of ani-

mals to raise. In this aspect, animal fats are a different type of commodity than most

oilseeds, for which the oil value constitutes a sizeable portion of the value of the

crop, causing producer decisions to be influenced by oil demand and price. Lipids

are desired dietary components, contributing energy and essential dietary nutrients.

Both a continuing increase in world population and increases in the standard of liv-

ing have led to increased lipid consumption in many regions of the world. However,

the increased demand for fats and oils has largely been met by an increase in vege-

table oil production.

Representative data for worldwide annual production of the major fats and oils at

selected intervals from 1968 to 2001, with a projection to 2008–2012, are presented

in Table 9. It can be seen that in 1968, global vegetable oil production was roughly

23 million metric tons and grease and animal fat production was approximately

9 million metric tons, for a total global lipid production of roughly 32 million

metric tons. Animal fats and grease constituted about 28% of global lipid produc-

tion. In the subsequent 32 years to the turn of the millennium, global production of

the major vegetable oils rose at an annual rate of about 13%, nearly four fold over-

all, to 90 million metric tons. In contrast, the sum production of tallow, grease, and

lard increased at only about 1.5% annually to 15 million metric tons. At the turn of

the century, then, greases and animal fats had fallen to constitute about 14% of the

global fats and oils production of approximately 105 million metric tons. This

percentage drop was not a result of decreased animal fat production but of tremen-

dous increases in the production of vegetable oils, especially palm-based lipids,

which increased about 14-fold, and soybean oil, which registered a roughly

5-fold increase. Projections for the near future (Table 9) suggest continued slow

growth and approximately constant market share for animal fats and oils.

In addition to large increases in vegetable oil production in recent decades, a

trend toward lower carcass fat contents at slaughter has also held down the rate

of growth of animal fat production. This trend has been a result of two factors: con-

sumer preferences for lean meat and economic pressure to produce animals more
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efficiently. As a result, for example, lard production per 100 pounds of pig live

weight was 13.9 pounds in 1959, 10.8 pounds in 1965, and 4.6 pounds in 1983

(46). Such reductions have been achieved by changes in animal breeding and nutri-

tion, and by a movement to younger ages at slaughter, which results in a carcass

with less depot fat. In the more economically developed countries, there has also

been a trend to reduce lipid consumption in an effort to reduce obesity. Further-

more, an increasing awareness over the past decade of the correlation between

the dietary consumption of saturated fats and cholesterol and the incidence of cor-

onary heart disease (52–54) has led to the replacement of animal fats by vegetable

oils in many edible applications. Thus, in the United States, for example, animal

fats comprised 2.1% of the margarine and 21.2% of the shortening produced in

1984, whereas by the year 2000, animal fat usage in these items had fallen to

0.7% and 7.9%, respectively (50, 55).

Surprisingly, despite increased public awareness of, and stated dedication to, the

value of low fat diets, annual per capita edible lipid consumption in the United

States has grown in recent years. Between 1991 and 2000, for example, this value

rose from 65.5 to 74.6 pounds per person annually. In addition, the sum of lard and

tallow consumption over this period rose from 3.2 to 5.9 pounds per person. These

trends are attributable to an increase in the consumption in the home of commer-

cially prepared foods, which have a higher fat content and animal fat component,

and to an increase in dining in restaurants. The greater use of animal fats in these

TABLE 9. Worldwide Production of Fats and Oils (1000 metric tons).a

Commodity 1968 1978 1988–1989 1997–1998 2000–2001 2008–2012b

Edible vegetable oils

Cottonseed 2415 3195 3628 3701 3510 5900

Olive 1479 1582 1502 2526 2558 2100

Peanut 3505 3136 3729 4180 4296 5700

Rapeseed 1880 2693 7599 11425 13174 15600

Soybean 5540 11283 14574 23665 27029 25100

Sunflower 3975 4717 7263 8289 8333 12000

Corn 265 436 n.r.c 1,680b n.r 2749

Total 19059 27042 �38,295 55466 �58,900 69149

Tropical Oils

Coconut 2260 3148 2580 3285 3417 3300

Palm 1480 3578 9467 16973 23676

Palm kernel 395 569 1238 2202 2906 29800

Total 4135 7295 13285 22460 29999 33100

Animal Fats

Tallow and grease 4655 5866 6603 8342 8312 8100

Lard 4440 3663 n.r. 5,800d n.r. 7700

Total 9095 9529 13342 15800

aSee (50).
bPredicted annual average production for the stated time period (51).
cn.r.: not reported
dSee (4).
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sectors is the result of their historically lower price compared with even the least

expensive refined edible vegetable oils, and the belief that in some applications,

such as deep fat frying, animal fats impart superior flavor to foods. Thus, it may

be that societal factors accompanying affluence can result in unexpected increases

in the consumption of animal fats.

Table 10 presents representative recent U.S. price data for lipids of interest here.

U.S. values are presented because in many cases they constitute the only, or the

most complete, data sets for areas of interest here, and because the United States

is among the top producers and consumers of animal fats. Table 10 shows that in the

United States, edible tallow and lard are typically priced at 60–70% the price of

palm and soy oils. Table 10 also shows that in recent years, inedible tallow has

offered a price discount of up to 15% relative to edible tallow over this time period,

although the price gap has nearly disappeared recently. Inedible tallow is used in

industrial applications. As the price difference between it and edible tallow nar-

rows, it is common to see inedible tallow displaced by the edible material, which

often is of higher quality and thus requires less cleanup of starting material or pro-

duct. When the U.S. fast food industry switched from tallow to vegetable oils for

deep fat frying in the mid-1980s, substantial amounts of edible grade tallow flowed

into uses that had previously consumed inedible material. Table 10 also illustrates

the significantly lower costs of yellow and white grease compared with refined

vegetable oils, the latter being nearly twice the price of the greases.

For tallow, although industry identifies and trades in many grades of raw material,

cumulative production and use data are listed in terms of only edible vs. nonedible

tallow, at best. The United States accounts for approximately half of the annual

world production of tallow, with the balance coming primarily from Australia,

Canada, New Zealand, Argentina, and Brazil. In the United States, the production

of inedible tallow typically is slightly more than double that of edible tallow. Thus,

in the year 2000, the U.S. inedible tallow production was 1.7 million metric tons,

and edible tallow production was estimated at 0.76 million metric tons (59). In the

year 2000, estimated lard production, for use mostly in cooking, was estimated at

TABLE 10. Prices (cents U.S., per pound) of Selected Commodity Lipids at Randomly

Chosen Times in the Period 2000–2003.

Commodity March 27, 2000a October 15, 2001b June 23, 2003c

Soy oil, refined 18.9 18.6 28.3

Palm, refined 18.0 14.8 32.3

Tallow, edible 12.5 13.0 19.0

Tallow, inedible 10.5 12.0 18.5

Lard 12.3 13.3 19.0

Grease, white 10.0 11.0 18.0

Grease, yellow 7.5 9.3 14.5

aSee (56).
bSee (57).
cSee (58).
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only 0.24 million metric tons (59). Grease production rivals that of inedible tallow,

and in that year was estimated at 1.5 million metric tons (59).

Edible tallow is used primarily in shortening (i.e., baking and frying fats) and

margarine, with additional uses in the chemical, soaps, and personal care products

areas. About 30% of U.S. inedible tallow is exported. The remainder is used in ani-

mal feeds (48% of U.S. usage in 2002 and rising), for the production of bar soap for

washing (6% ), as a source of industrial fatty acids (32%), and for other uses such as

textile sizing, leather processing, metalworking, lubrication, and paint production.

Substantial growth is occurring in the use of tallow in animal feeds.

In 1999, the top five tallow exporting countries were the United States, with just

over 50% of the 2.3-million-ton export market, Australia, Canada, New Zealand,

and Germany (60). The top five lard exporting countries were the United States,

Germany, Hong Kong, Argentina, and Hungary, with the United States and

Germany accounting for nearly 80% of lard exports (60). Although the United

States exported 80,000 to 130,000 metric tons of tallow and lard to the EU annually

near the turn of the century, none of this was destined for the European food market.

Hormones are used in American meat production, and products so produced are

banned from edible applications in Europe. Cultural and religious practices and

regulations can influence the use of tallow and other animal fats. This may be a

result of the existence of prescribed methods of slaughter, as for those following

the Islamic and Jewish faiths, or to other dictates. Jewish law forbids the use of

pork products, for example, and in Islamic countries, the use of fatty acids from

animal sources is forbidden in toiletries (e.g., toothpaste).

Poultry fat production rates are difficult to determine, because there are no

formal governmental talleys for this commodity. U.S. industry sources estimate cur-

rent annual production of rendered poultry fat in that country to be 900,000 metric

tons, or about one-tenth of global tallow production (61). This probably represents a

sizeable proportion of global poultry fat production. Presently most of this goes into

animal feeds. Historically this was the poultry feed market, although recently there

has been an increase in use in other animal feeds as well.

Grease production data are often lumped with that for inedible tallow. Greases

constitute about 45% of this total and are used exclusively in nonedible applica-

tions. In the United States, the use of yellow grease in animal feeds is increasing

yearly and in 2000 accounted for 36% of total feed fat usage (62).

7. PROCESSING OF ANIMAL FATS

7.1. Rendering

The fatty tissues separated from meat animals at slaughter and during cutting

consist of fat deposited in a connective tissue matrix containing protein and water.

To separate the fat from other components, a technology known as rendering (63)

has been developed that is based primarily on the melting of the fat and its

removal from the nonfat matrix surrounding it. The aim of rendering is to obtain
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as complete a separation of the fatty tissue components as is possible. Most render-

ing systems rely on heat to release fat from the cells of the fatty tissues, in either

the absence (dry rendering) or presence (wet rendering) of added water/steam. In

other methods, the heat is kept low and the fat is released by mechanical rupture of

the cells.

In dry rendering, the chopped fatty tissues are heated to about 121�C, usually in

a horizontal steam-jacketed vessel, to disintegrate the fat cells, release the melted

fat, and drive off moisture. Most batch cookers for dry rendering are equipped with

rotating agitators that may be steam-heated. Agitation aids in heat transfer. After 4

to 5 hours, the fat is released and sufficient moisture is removed. The material is

pressed or expelled to recover the lipid, which is strained or filtered to remove

cooked proteinaceous residue (the cracklings). Dry rendering can be carried out

at atmospheric pressure, under vacuum, or at elevated pressure. The atmospheric

pressure method is the most common, with operating temperatures of 115�C to

140�C. It is the method of choice for inedible animal lipids. It offers the advantages,

compared with wet rendering, of reductions in water requirements and air and water

pollution, and a reduction in odors. In the United States, it is no longer approved for

use by the U.S. Department of Agriculture for the production of edible grade fats.

Rendering for the production of inedible lipids can use raw materials such as dis-

eased or condemned animals and fats picked up from butcher shops as trimmings or

scraps or outdated meat products. The latter can arrive in the polyethylene contain-

ers in which they were offered for edible sale. These are often thrown directly into

the rendering vessel. If not removed downstream, this polyethylene can later pose a

problem to the operation of continuous fat splitters. For this reason, some fat spe-

cification sheets list a maximum polyethylene content.

In the low-temperature continuous (dry rendering) process, finely ground fatty

material is heated to approximately 38�C and fed to a centrifuge that separates

a fat sludge stream from the remaining material, which is largely undenatured

protein. The fat stream is heated to approximately 99�C and centrifuged again to

recover the majority of the fat. Wet rendering is then used to recover residual fat

remaining in the solids stream. The final lipid product of the continuous low-tem-

perature process is very light in color and low in free fatty acids.

In wet rendering processes, the fatty tissues are heated in the presence of water,

usually at lower temperatures (82�C to 96�C ) than in most dry rendering. Fats ren-

dered at lower temperatures typically have less color and a milder flavor than those

that are dry-rendered. Wet rendering is the method of choice for edible fat render-

ing, often using a steam rendering process. In this method, live steam is injected

into a closed vessel containing the fatty tissues, and the rendering takes place under

pressure to shorten the cooking time. Lard produced by this process is called

‘‘prime steam lard.’’

Continuous processes have been developed for both wet and dry rendering. They

offer the advantages of higher throughput rates and lower operating costs, although

batch systems offer better control of product quality. Nonetheless, high-quality

edible products can be produced by continuous low-temperature rendering systems.

In these systems, the fat is separated from the protein fraction at low temperatures
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in a relatively short time. The resulting products are light in color, mild in flavor,

and low in free fatty acids. The features and operation of a low-temperature system

used for edible fat processing have been described in detail (64).

If edible-grade fatty tissues are handled and rendered properly, the resulting pro-

duct is suitable for use as a food fat without further treatment. For the better grades

of tallow and greases, air is excluded from the melting operation in order to main-

tain the color and reduce oxidation of the unsaturated fatty acids. Alakali refining

can be employed if the free fatty acid content is greater than about 0.3% or if col-

lagen or proteinaceous material are present (65). Edible animal fats also may be

subjected to bleaching, hydrogenation, deodorization, interesterification, or frac-

tional crystallization to improve their characteristics or produce fats for specialized

use. For the finer grade products, such as bleachable tallows, care is taken to use

high-quality raw material from the packing plant operation. Materials such as floor

sweepings, catch basin contents, and the carcasses of diseased and condemned ani-

mals go to lower grade tallows.

7.2. Bleaching

Bleaching is conducted to remove components that give fats an undesirable color,

and to decompose peroxides. Most lards do not require bleaching, whereas tallows

may be bleached to remove colored materials. Bleaching is usually accomplished

by adding natural or acid-activated clays (montmorillonite) and, to a lesser extent,

activated carbons. These adsorb the color bodies and certain degradation products

in the fats. The clays have a high density of negative charges and act via cation

exchange interactions to remove colored compounds, which are generally polar

or charged. They also remove metal ion contaminants such as iron and copper,

which can serve as pro-oxidants. Specific recommendations for bleaching lard

and tallow have been reported (66). For lard, a contact time of 15 minutes at 95–

100�C is suggested, with a maximum of 0.5% mildly activated clay or 0.25% mod-

erately activated earth. For top grades of tallow, up to 1% mildly activated clay or

about 0.3% well-activated clay is suggested, and a contact time of 20 minutes at

95–100�C is normal. For animal fats, activated carbon tends to be less frequently

employed because of its higher cost, although it is often efficacious as an admixture

with clay in the treatment of particularly dark samples or to reduce bleaching earth

consumption.

Color and peroxide values (PV) have been compared for tallows bleached at

atmospheric pressure and under vacuum at several temperatures (67). At 90�C,

atmospheric bleaching gave better color than bleaching under vacuum, but peroxide

values were lower for the vacuum bleached product (PVs of 2 versus 16, respec-

tively). At higher temperatures, color was better and peroxide values were lower.

A bleaching temperature of 90�C to 110�C was recommended for beef tallow.

Treatment of lard with bleaching earth decomposes the peroxides and increases

the content of conjugated trienes, which absorb at 268 nm. This characteristic has

been the basis of a quality control procedure for determining whether lard has been

bleached (66).
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7.3. Hydrogenation (67, 68)

In some applications, a relatively hard fat is desired. In the process known as hydro-

genation, a metal catalyst is employed to add hydrogen to fatty acid double bonds,

reducing them to single bonds. As the melting point and solid fat content of lipids

increase with the degree of saturation of their fatty acids, this increases firmness. In

addition, the elimination of oxidation-prone double bonds increases oxidative sta-

bility. The hydrogenation process can be adjusted and controlled, and it is then

termed ‘‘partial’’ or ‘‘selective,’’ so that various degrees of hydrogenation can

be attained. Hydrogenation is also employed in the fatty acid industry to reduce

fatty acid nitriles to amines and to produce fatty alcohols from fatty acids, esters,

or acylglycerols. These technologies will not be considered here.

As an intermediate product, hydrogenation isomerizes cis-double bonds to the

more thermodynamically stable trans-configuration. It also catalyzes double-bond

migration along the fatty acid chain. As trans-double bonds confer higher melting

points than do their cis-counterparts, this isomerization again contributes to

increased firmness. Trans-unsaturated acylglycerols are desirable in the context

of margarine, confectionary, and similar applications because, although solid at

room temperature, they have lower melting points than acylglycerols composed

of saturated fatty acids. Thus, they can give a more desirable spreading and melting

performance than lipids hardened by the presence of saturated acylglycerols.

Process technology optimized for the production of trans-fatty acids while reducing

the yield of fully saturated fatty acids is therefore often employed. However, sub-

stantial concern regarding the medical implications of trans-fatty acids in the diet

has led to questions about the role and future of hydrogenation in edible lipid tech-

nology (see discussion in Recent Developments).

Because of their higher contents of unsaturated fatty acids relative to animal fats,

vegetable oils are more commonly subjected to hydrogenation technology. This

particularly improves their performance as margarines and in baking and frying

applications. Being naturally firm, tallows are seldom hydrogenated for edible

uses as intact fats, and then only very slightly. Mild hydrogenation of edible tallows

delays or prevents the development of undesirable flavors thought to be caused by

the peroxidation of trienoic and tetraenoic fatty acids (46). However, for use in the

production of mono- and di-acylglycerols, which are widely used as food emulsi-

fiers, animal fats are generally fully hydrogenated, achieving final iodine values less

than 1.

Unhydrogenated lard can lack desired melting point or plastic range properties,

especially because the melting range characteristics of lard from different animals

or animals fed different diets can vary greatly. A consistent product can be obtained

by blending lards from different sources or by blending them with lards that have

been hydrogenated to almost complete saturation (IV < 5)(46).

For edible applications, lipids are often used intact. For such uses, the whole fats

and oils are subjected to hydrogenation. For industrial uses, lipids are the feed-

stocks for free fatty acid production. When firmer fractions are needed for industrial

applications, the free fatty acids obtained by lipid hydrolysis are subjected to
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hydrogenation. Inedible tallows have traditionally been used as an industrial source

of saturated fatty acids, and for this application, their fatty acids are extensively

hydrogenated. When the economics are favorable, usage can shift to edible tallows

because their greater purity makes for easier processing.

Industrial hydrogenation may be conducted in batch or continuous modes. In

either case, the engineering challenge is to achieve efficient contact among liquid

lipid, solid metal catalyst, and gaseous hydrogen. Batch mode is by far the most

common approach in industrial edible oil hydrogenation, being used in more

than 90% of applications, although in the future a shift to continuous processes

may be seen. Batch reactors can have capacities up to 35 metric tons. To increase

turbulence and mixing, they contain rotating central shafts bearing agitators, and

they may also have baffles built into the reactor walls. Agitation also aids in tem-

perature control, and it keeps the catalyst suspended. Continuous reactors, with

typical outputs of 50 –200 tons per day, may move a slurry of oil and catalyst along

a pipe, with vigorous introduction of hydrogen at several sites to provide turbulent

mixing. Alternatively, hydrogen and oil may be mixed prior to addition of catalyst

and then passed through the reactor vessel. Fixed bed systems also exist, in which

the catalyst is packed in a column through which the reactants flow.

Hydrogenation is conducted under pressure, typically 300 –400 psi (20 –27

atmospheres [atm]), and at temperatures of 120 –200�C. Nickel is most commonly

employed as catalyst, and it is produced by the decomposition of nickel salts on

either silica or alumina carriers. Platinum is used less extensively and is more

costly. These metal catalysts are sensitive to poisoning by such agents as peroxides,

water, polyethylene, phosphorus, sulfur, nitrogen, halides, and free fatty acids and

their soaps. Inactivation losses increase the cost of hydrogenation. In some cases,

impurities in the starting material can be successfully and economically removed by

screening or filtration (polyethylene) or treatment with bleaching earth. In other

instances, it is expedient to employ a higher quality, cleaner, starting material in

order to extend catalyst lifetime.

The reduction of double bonds is an exothermic reaction. Heat control is impor-

tant during hydrogenation to avoid damage to the product and the equipment. Also,

the capture of heat and its reuse to bring subsequent hydrogenation runs up to reac-

tion temperatures is a significant aspect in overall process economics.

7.4. Deodorization

Animal fats are subjected to deodorization when a very bland or essentially flavor-

less fat is desired, such as in margarines or cooking fats. The fats are heated at

200�C to 260�C in the absence of air (to prevent oxidation) and treated with dry

steam under a vacuum of 5–10 milliatmospheres. Off-flavor compounds are volatile

under these conditions and are captured and removed in the steam stream. In addi-

tion to flavor components, free fatty acids, which can also contribute undesirable

flavors, and other minor constituents such as peroxides, sterols, sterol esters, toco-

pherols, and other natural antioxidants are partially or completely removed from the

fat by this treatment.
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7.5. Interesterification

The ester bonds of fats and oils are not immutable. Under appropriate conditions,

they can be broken and reformed. This allows the replacement of the acid and alco-

hol components in an ester bond, a class of reactions generally termed interester-

ification (69–71). Three general types of interesterification reactions can be

identified (Figure 2):

1. Alcoholysis, as in ‘‘lysis by alcohol,’’ in which a new alcohol species (R-OH)

is exchanged into the ester bonds of the lipid. This converts an acylglycerol

into simpler fatty acid esters, as in the reaction of a lipid with methanol to

form fatty acid methyl esters. A subset of this reaction type is glycerolysis,

where the incoming alcohol is glycerol and the products are predominantly

mono- and di-acylglycerols, which see extensive use as emulsifiers. In a sense

the lysis of ester bonds by water, hydrolysis, is a form of alcoholysis in which

the role of the generic alcohol, R-OH, is played by H-O-H.

2. Acidolysis, lysis by acid, in which a new acid group (R-COOH ) is introduced

into the ester bonds of the lipid. This results in replacement of the fatty acids

within a lipid by other fatty acids. An example would be the acidolysis of

tripalmitin with oleic acid to generate a product containing monooleoyldi-

palmitin, dioleoylmonopalmitin, and triolein.

3. Transesterification, in which fatty acid exchange occurs between esters. For

example, the transesterification of tripalmitin (PPP) and triolein (OOO)

would produce all positional isomers of POO and PPO. The reaction can

be conducted using a single intact fat as the reactant, in which case shuffling
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HCOCOR2
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H2COH
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+ R4OH + R4OCOR1 & Etc.

a. Alcoholysis

+ R4COOH + R1COOH & Etc.

b. Acidolysis

+ & Etc.

c. Transesterification (ester interchange, ester rearrangement, interesterification)

Figure 2. Types of interesterification reactions of acylglycerols.
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of fatty acids within the component acylglycerols will occur. As the simplest

example, if a homogenous sample of POP was subjected to transesterification,

the product would contain a mixture of PPO, OPP, and POP as well as PPP,

OOO, OOP, POO, and OPO. This reaction can also be conducted with

mixtures of natural lipids, as in the interesterification of tallow and sunflower

oil. This type of reaction is sometimes referred to as ester interchange, ester

rearrangement, or confusingly, interesterification. Of the types of interester-

ification reactions, transesterification is the one most commonly conducted on

edible fats and oils.

Although interesterification will occur in the absence of added catalysts at suffi-

ciently high temperatures, catalysts are employed by industry to speed this reaction,

reducing reaction time and the sample degradation that occur at elevated tempera-

tures. The most commonly used inorganic catalysts are alkaline ones such as

sodium methoxide, sodium ethoxide, sodium or potassium metal, and alloys of

sodium and potassium. Catalyst concentrations of 0.05% to 0.1% are employed.

As the catalysts will react with water, free fatty acids, and oxidized compounds,

it is important to use clean, dry feedstocks. Reaction temperatures are generally

kept below 100�C. The reactions can be run in batch or continuous formats. In

batch mode, the reaction times are typically less than an hour.

In the simplest interesterification reaction, termed ‘‘nondirected,’’ fatty acids are

rearranged among the acylglycerol species to achieve a fully random, statistically

determined population distribution. This can be useful in modifying the perfor-

mance properties of a natural fat or oil that contains a preponderance of one acyl-

glycerol species, and for this reason has been useful in improving the utility of lard

in baking applications. Shortenings for cakes and related products must cream read-

ily to facilitate incorporation of air into the batter. Unmodified lard has a large

proportion (64%) of acylglycerols with palmitic acid at the sn-2 position, and a

relatively high proportion (approximately 27%) of disaturated acylglycerols, mostly

oleoylpalmitoylstearin (OPS). These features cause the lard to adopt a

b configuration upon crystallization. The resulting large crystals confer a grainy

texture and give poor creaming performance. The uniform acylglycerol population

also results in an undesirable narrow plastic range. Randomization of lard, in the

absence of any additional fats or oils, is the most common application of interester-

ification technology to animal fats. It decreases the proportion of palmitic acid in

the sn-2 position of the lard triacylglycerols to 24% (72, 73) and produces a mixture

of disaturated acyglycerols with a substantially lower melting point than the origi-

nal OPS-rich material. Randomized lard is an improved baking fat. It crystallizes in

the b0 form, which is characteristic of hydrogenated vegetable shortenings, has

smaller crystal structures, lacks graininess, and exhibits improved performance as

a creaming agent.

In ‘‘directed’’ interesterification, the course of the reaction is shifted away from

production of a population of acylglycerols with a fully random fatty acid distribu-

tion. This is achieved by a modification of reaction conditions to selectively remove

from reaction some of the produced acylglycerol species as they are formed. Most
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typically this involves conducting the reaction at a sufficiently low temperature that

formed acylglycerols with melting points above that temperature solidify as they

are formed and precipitate from the reaction. This approach is used to remove

the high-melting trisaturated species from the reaction liquid. It is not that these

species are themselves actually isolated and removed as they form. Rather, their

precipitation simply prevents the further participation of their fatty acids in the

interesterification event. The remaining ester pool is enriched in unsaturated fatty

acids. As additional saturated acylglycerols are formed by continued interesterifica-

tion, they too will be removed from reaction. Thus, as the interesterification-

precipitation reactions continue, the acylglycerol population in the fluid phase of

the reaction mixture becomes increasingly unsaturated. The final acylglycerol dis-

tribution will depend on such variables as the temperature and duration of reaction.

The reaction is not run to such an extent as to drive all saturated fatty acids into

triunsaturated acylglycerols, as this is both undesirable and time consuming. Rather

it is conducted until a sufficient distribution of acylglycerol species is achieved to

confer desired performance properties.

Directed interesterification can be employed to produce lard with an increased

solids content at high temperatures, because of production of a fully saturated acyl-

glycerol population. Such a product would be plastic over a greater range of tem-

perature. Lard produced by nondirected interesterification requires the addition of

stearin for high-temperature stability.

Interesterification reactions can also be conducted between two different natural

lipids, generating a product with an acylglycerol content representing the statistical

random population predicted by the content of the starting materials. As it provides

a means of introducing saturated fatty acids into the acylglycerols of liquid vege-

table oils, interesterification of oils with hard fats represents an alternative to partial

hydrogenation for the production of plastic fats for margarine. With increasing con-

cerns regarding the negative health implications of the consumption of the trans-

unsaturated fatty acids generated by conventional hydrogenation, it is possible

that this approach will be implemented at the industrial scale for margarine produc-

tion. The interesterification of sunflower oil with lard and tallow has been described

(74). Also, soybean oil has been interesterified with beef tallow to produce a plastic

fat suitable for use in making tub-type margarine (75). The interesterified blend of

60% soybean oil and 40% tallow contained 3–3.4% trans-fatty acids from the tal-

low, substantially less than in commercial margarines produced by hydrogenation

hardening of vegetable oils.

Biological catalysts can also be used to conduct interesterification reactions.

Lipases are enzymes produced by nearly all living organisms to catalyze hydrolysis

of the ester bonds of fats and oils, the first step in their metabolism. Lipases can be

used as applied catalysts for lipid hydrolysis. However, in low water (microaqu-

eous) systems, with water contents of a few percent or less, they will also catalyze

the various interesterification reactions. Lipase catalysis offers several advantages

over nonenzymatic catalysts, among them the fact that because they are active at

ambient temperature and pressure, lipases reduce energy needs, minimize degrada-

tion of the feedstock, and allow reactions on labile polyunsaturated lipids. Various
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known lipases exhibit substrate specificity, including specificity regarding the

length or degree of unsaturation of the fatty acid they will accept as substrate,

or the position on the glycerol molecule at which they will act. These can be

exploited to perform directed interesterifications involving positional or fatty acid

selectivity.

Considerable recent research has defined conditions for successful use of lipases

and other enzymes in numerous lipid modification reactions, including a variety of

types of interesterifications (69, 71, 76). For edible applications to date, they have

been employed at industrial scales for the production of (1) cocoa butter substitutes,

for which disaturated, monounsaturated acylglycerols with the unsaturated fatty

acid in the sn-2 position are desired (77); (2) to produce human milkfat analogues,

where 2-palmitoyl acylglycerols are desired (77); (3) in the synthesis of 1,3- di-

acylglycerols (78); and in the production of diacylglycerols for edible applications.

These reactions employ vegetable oils as feedstocks.

The use of enzymatic catalysis for the interesterification of animal fats has also

been reported. For example, blends of tallow and rapeseed oil (79) were interester-

ified using a commercial immobilized 1,3-specific Rhizomucor miehei lipase as a

catalyst. The altered composition of triacylglycerols in the interesterified product

was reflected in significant changes in solid fat content in the temperature range

of 0– 45�C. The degree of melting point reduction achieved depended on the

mass fraction of the substrates: the lower the mass fraction of tallow, the larger

the decrease. Similarly, the solid fat content of tallow was altered by interesterifica-

tion with high-oleic sunflower oil or soybean oil using lipases with either positional

or fatty acid selectivity (80, 81).

Combinations of physical fractionation and enzyme-catalyzed interesterification

have been employed to modify lipids. With regard to animal fats, Bhattacharyya

et al. (82) employed low (12�C and 15�C) and intermediate (25�C) temperatures

in acetone to prepare a high-saturates hard ‘‘stearin’’ and a softer ‘‘olein’’ fraction

from tallow. Chemical or enzymatic interesterification of these fractions was then

conducted to produce various samples with melting points and solid fat con-

tents similar to shortening, margarine, and vanaspati (a plastic fat, usually prepared

by hydrogenation, popular in India, Pakistan, Bangladesh, and some Eastern

countries). Similarly, tallow was subjected to directed lipase-catalyzed self-

interesterification, in either a batch or continuous mode, to reduce its content of

saturated fatty acids (83). Trisaturated acylglycerols synthesized by enzyme action

were removed from the mixture by a low-temperature step, resulting in the produc-

tion of an unsaturate-enriched tallow derivative. However, the process succeeded in

elevating the content of unsaturates from 45% to only 57% and required a 14-day

incubation for this purpose.

Human milk lipids are unique in that they contain predominantly palmitate at the

sn-2 position. To produce an infant formula whose lipids resemble those of mothers

milk, Yang et al. (84) employed Rhizomucor miehei lipase to catalyze the acidolysis

of lard, which is rich in 2-palmitoyl acylglycerols, with soybean fatty acids. As the

enzyme had tight specificity for reaction at the sn-1 and sn-3 positions of the
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acylglycerols, the 2-palmitoyl structure was preserved, creating a product whose

fatty acid composition and acylglycerol structure resembled that of human milk.

A process similar to this, but using palm stearin as the source of 2-palmitoyl

residues, has been commercialized.

The term ‘‘structured lipid’’ (SL), very broadly defined, refers to acylglycerols

whose fatty acid composition or distribution has been altered by enzymatic or none-

nzymatic catalysis, or any of a number of biological or physical methods (85). The

products of acidolysis and transesterification are thus structured lipids. More speci-

fically, this term is often applied to acylglycerols in which some of the long-chain

fatty acids at the sn-1 and -3 positions have been replaced by medium-chain length

ones, generally caprylic acid (8:0) or capric acid (10:0). In these positions, medium-

chain fatty acids are readily released from fats and oils in the gut by the action of

(1,3-positionally specific) pancreatic lipase and absorbed. Medium-chain fatty acids

are directly metabolized for energy rather than deposited as depot fat. Thus, struc-

tured lipids containing them provide readily available energy and have a reduced

tendency to foster obesity. They are desirable dietary components for those requir-

ing high-density energy sources, such as athletes and individuals recuperating from

burns. The presence of some degree of long-chain fatty acid content in SLs is desir-

able to provide a source of essential fatty acids, especially linoleic acid (18:2). Sub-

stantial work has been conduced to investigate and optimize SL production from

vegetable oils. Animal fats have also been shown to be substrates for SL produc-

tion. Thus, the introduction of caprylic acid into the sn-1 and sn-3 positions of an

unsaturate-rich fraction of tallow (86) or chicken fat (87) and of unfractionated

chicken fat (88) have been described.

Cocoa butter is the premier confectionary fat. Its desirable property of sharp

melting near the temperature of the tongue, which imparts a cooling sensation, is

largely a result of its high content of 1,3-disaturated, 2-monounsaturated triacyl-

glycerols. In an attempt to find economical replacements for cocoa butter, substi-

tutes have been produced from several types of less-expensive lipids by several

investigators, some at the commercial scale. Osborn and Akoh (89) enzymatically

randomized the fatty acid distribution of tallow and conducted the lipase-catalyzed

acidolysis of tallow with a twofold molar excess of stearic acid. The physical prop-

erties of the resulting products suggested their potential usefulness as cocoa butter

replacements in chocolate type coatings.

Other uses of lipases as catalysts for animal fat modification are considered in

the discussion of biodiesel. Despite this variety of research-scale investigations,

enzymatic catalysis has not yet been implemented for animal fat modification at

industrial scales. This may be a result of the recent general decline in the food

use of animal fats or a result of the disadvantages of lipases as catalysts. Among

these are the facts that they are relatively expensive compared with conventional

catalysts, can tend to be unstable, and require relatively expensive process technol-

ogies. Although enzymes can be appropriate catalysts for the production of high-

value food, nutraceutical and pharmaceutical products, these factors have to date

largely prevented their use for the production of bulk food lipids.
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7.6. Fractionation

Natural fats are heterogenous in composition, containing acylglycerols with differ-

ent fatty acid compositions. Each acylglycerol exhibits unique chemical properties,

among them melting temperature and solubility in organic solvents, that depend on

the size and degree of unsaturation of these fatty acids and their position on the

glycerol backbone. Physical fractionation relies on these differences in chemical

behavior to isolate specialty subfractions with desirable compositions and perfor-

mance properties.

The most frequent use of fractionation (90–92) is to separate a natural fat into

two general categories: (1) fractions whose acylglycerols are enriched in saturated

fatty acids, are firm or solid at room temperature, and are referred to as ‘‘stearin’’;

and (2) fractions whose acylglycerols are relatively rich in unsaturated fatty acids,

are liquid at room temperature, and are referred to as ‘‘olein.’’

The two predominant types of fractionation are termed ‘‘dry’’ and ‘‘wet.’’ Dry

fractionation is the oldest, simplest, and most widely practiced approach. In very

general terms, it involves melting the lipid, cooling it to some desired temperature

below the melting point of the more saturated acylglycerols, and collecting the

crystals of this stearin fraction when they form. Contemporary industrial scale crys-

tallizers have capacities between 5 and 50 tons. To operate effectively, substantial

attention is required to such details as the triacylglycerol composition and purity of

the materials (the latter influences crystal formation), the nature of any pretreatment

of the fat, temperature differential between cooling surfaces, and the melt, cooling

rate, and degree of agitation employed during cooling and holding. The goal is to

obtain large crystal sizes, as these are most readily removed in downstream recov-

ery operations and will carry over the least amount of entrained olein. This method

is also termed fractionation from the melt, simple fractionation, or natural fractio-

nation. Recovery of the solid fraction can be by centrifugation or by vacuum or

membrane filtration.

The relationship among composition, melting point, titer, and solid fat index of

beef tallow and its liquid and solid fractions obtained by dry fractional crystalliza-

tion has been described (93). This study was conducted with Urguayan tallow,

which has been reported to have a higher titer (43.2– 47.8�C) and melting point

(45.0– 48.8�C) than is average for beef tallow (94).

Alternatively, in a commercial process termed ‘‘Lipofrac,’’ an aqueous solution

containing a surfactant and an electrolyte are added such that the solid fat crystals

partition into the aqueous phase. This is isolated and heated to melt this stearin frac-

tion, allowing its recovery by centrifugation (95, 96). The Lipofrac method results

in higher stearin yields than obtained by dry fractionation using vacuum filtration

for product recovery. However, the introduction of more efficient means of recover-

ing the stearin, especially the use of membrane filter presses introduced in the

1980s, to dry fractionation technology has increased the yield of stearin to such

a degree that the use of Lipofrac technology has declined.

In wet fractionation, the fat is dissolved in organic solvents, most generally

hexane or acetone, and the solution is brought to a temperature suitable to allow
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crystallization of a higher melting acylglycerol fraction of desired composition. The

crystals are separated by decanting, filtering, or centrifuging. The solvent acts to

dilute and reduce the viscosity of the lipid, allowing more effective removal of

the included liquid lipid from the solid fat fraction. Thus, this method gives a clea-

ner solid fat fraction. Crystal nucleation and growth are faster, heat transfer is

easier, and the recovered stearin fraction can be washed with fresh solvent to reduce

the amount of entrained liquid fraction. However, wet fractionation is more costly

than dry fractionation, and it is not presently being implemented at the industrial

scale for the fractionation of animal fats.

Multiple fractionation steps at various temperatures can be conducted. Thus, an

olein fractionation can be chilled to further isolate a solid component enriched in

the least saturated of the unsaturated lipid components of a lipid. Tallow can be

fractionated to yield several fractions with different melting ranges. Tirtiaux (97)

has described a process for fractionating beef tallow to give products ranging

from a very hard stearin (melting point [m.p.] 56�C) to an oil (m.p. less than

20�C). The wet fractionation of beef tallow using acetone has also been described,

producing five fractions using a multistep crystallization process (98). Two of the

five fractions were crystalline, one was a plastic solid, and two were liquid. The

properties of the plastic solid were similar to those of cocoa butter, and this fraction

was reported to have excellent compatibility with cocoa butter. However, the pro-

cess was never commercialized, probably because of complexity, a decline in ani-

mal fat food use, and competition from superior fractions produced from palm oil.

Fractionation technologies are much more frequently employed in the proces-

sing of vegetable oils, especially palm oil. An estimate of the magnitude of the dif-

ference in scopes of the applications can be obtained by examination of the reported

new fractionation capacities installed worldwide in the period 1991–1993: >8000

tons per day for palm oil vs. 320 tons per day for all other oils and fats combined

(92). Nonetheless, the use of tallow fractions as cost-effective ingredients to substi-

tute for, or extend, cocoa butter has been investigated (99), production of a pourable

tallow oil shortening for deep-fat frying has been reported (100), and tallow frac-

tions have been reported to perform well in producing french-fried potatoes (101).

7.7. Lipid Hydrolysis (‘‘Fat Splitting’’)

Fats and oils are the feedstocks for the industrial production of fatty acids (102). In

addition to a major use in the production of bar soaps, these are also employed as

starting materials for the production of fatty amines, amides, alcohols, polyoxyethy-

lene esters, and other derivatives widely used in the nonfood industrial sector.

Water alone will hydrolyze fatty acid esters, and the greater its concentration in

the lipid phase, the greater its effectiveness in this regard. At temperatures below

boiling, the lipid solubility is too low to achieve the concentrations necessary to

promote hydrolysis. Under elevated pressures and with the addition of heat, condi-

tions are achieved where the lipid solubility of water is sufficient to achieve accep-

table rates of hydrolysis. Accordingly, high-temperature, high-pressure hydrolysis

reactions are the prevalent method of industrial fat splitting. In the United States,
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the predominant technology, termed the Colgate–Emory process, involves the con-

tinuous countercurrent flow of water and fat or oil at pressures of 48–51 atm, and

approximately 260�C. Heated liquid lipid is introduced at the bottom of a vertical

cylindrical reactor. Heated water enters at the top. As the lipid charge rises through

the falling water charge under pressure, a continuous zone of high water solubility

in oil forms, below the bulk lipid layer and above the bulk aqueous layer, wherein

hydrolysis occurs. Effluent from the column is recovered, free fatty acids from one

outlet and an aqueous glycerol stream from the other. Although its high tempera-

tures can degrade polyunsaturated fatty acids, the Colgate–Emery process is useful

for the hydrolysis of lipids such as most animal fats that have iodine values less

than 120.

Lipases, developed by nature for the hydrolysis of fatty acyl ester bonds, have

also been explored for the hydrolysis of fats and oils. However, because of issues of

cost, stability, and productivity, they are not presently employed in industrial lipid

hydrolysis.

8. ANTIOXIDANTS IN ANIMAL FATS

The oxidation of fatty acid double bonds is responsible for the generation of off

flavors and performance defects in lipids. Oxidation can be enzymatically catalyzed

by, for example, lipoxygenases produced by microbial contaminants. However,

nonenzymatic oxidation initiated by nonlipid contaminants is a more frequent

danger, as it initiates free radical reactions leading to oxidative decomposition of

the lipid. Light can also initiate lipid oxidation, by pathways that may or may

not involve free radical mechanisms. In this process, metals and other initiators trig-

ger the removal of a hydrogen from the allylic (i.e., adjacent to a double bond) posi-

tion of unsaturated fatty acids. The resulting fatty acid free radical can react with

oxygen to generate a peroxy radical that can react with other fatty acids, forming

hydroperoxides. Breakdown of these generates aldehydes, hydrocarbons, ketones,

and alcohols. In edible applications, these are perceived as rancid flavor. More

important to industrial applications, further reaction can lead to polymer formation

and deposition. To prevent such undesired degeneration, steps such as the removal

of air and blanketing with nitrogen are adopted to reduce fatty acid oxidation.

In the context of free radical oxidation mechanisms, antioxidants are compounds

able to quench lipid radicals, thereby terminating autooxidation (103). The most

popular natural antioxidants are the tocopherols (Vitamin E), which are commer-

cially available for use in this application. Their endogenous levels in animal fats

are low, generally two to three orders of magnitude, than in vegetable oils and fats,

even after refining and hydrogenation of the latter (104). The tocopherol contents of

tallow and lard range from 7 to 27 mg/kg (105). a Tocopherol is the prevalent isomer

present, representing 90.7%, 94.6%, and 69.8% of the total tocopherols in the body

fat of beef, lamb, and pork, respectively (104, 106). Increasing the level of toco-

pherols fed to meat animals has increased the tissue levels of tocopherol, and it

has provided some protection against fatty tissue lipid oxidation, even in pig fat,
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with its relatively elevated levels of unsaturated fatty acids compared with beef

tallow (10).

Lard and tallow respond well to the addition of antioxidants, and numerous stu-

dies have been conducted to evaluate the protection afforded to lard by various

antioxidants and metal sequestering agents, such as citric acid. These involved

either tocopherols or synthetic antioxidants. In the latter category, ethoxyquin,

butylated hydroxyanisole (BHA) or butylated hydroxytoluene (BHT) and tertiary-

butylhydroquinone (TBHQ) are effective in animal fats. The latter is approved for

use in the United States and Canada, but not in Japan, the EU, and elsewhere. In

lard, the tocopherols increase in effectiveness in the order: a, b, g, and d (107). A

concentration of 0.02% g tocopherol was reported to be more effective than the

same concentration of BHA or BHT in chicken, pork, and beef fat (108). The oxi-

dative stability of lard was improved by the addition of up to 250-ppm tocopherol,

whereas for BHA and BHT, the optimum effective dose was 200 ppm (66). Toco-

pherols also have the advantage of carry-through properties in baked and fried pro-

ducts prepared from lard, which will reduce oxidative instability in these products

(109). In addition, the protective effects of major synthetic antioxidants on lard, and

their carry-through effects in products made with lard, have been demonstrated

(63). The best combinations of antioxidants and chelating agents for use in animal

fats for particular applications has been reported (46). Natural antioxidants other

than tocopherols also afford protection to animal fats (111, 112).

9. CHARACTERISTICS OF ANIMAL FAT-BASED SHORTENINGS
AND FRYING FATS

Although their use in home baking and cooking in the United States has declined

greatly in recent years, animal fat-based shortenings are to some extent used in

industrial baking and in baking and deep fat frying elsewhere worldwide. Tradition-

ally, the solids content, crystal structure, and working characteristics of lard made it

the shortening of choice for pie crust. Vegetable shortenings can, however, be for-

mulated to have characteristics similar to those of lard, and these shortenings have

more favorable nutritional characteristics such as less saturated fat and no choles-

terol. Deodorized and stabilized lard and tallow are examples of the lowest cost

shortenings suitable for cookies (113).

The physical and textural characteristics of North American vegetable and ani-

mal fat shortenings have been compared (113). Selected data from this study are

presented in Table 11. There was not much difference in the vegetable and animal

fat shortenings as far as melting and crystallization temperatures were concerned,

but the polymorphic forms were different. The animal fat shortenings were mostly

in the b form, except for a tallow and a tallow-vegetable frying fat. The vegetable-

based shortenings were mostly in the b0 form. The texture of several of the meat-

vegetable blend shortenings was comparable with that of the vegetable-palm short-

enings, although the meat-vegetable samples had a higher solids content. The lards

had high values for degree of deformation at breaking force, whereas the tallows
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were not as pliable. Also, shortenings containing high levels of palm oil were able

to withstand large deformations without breakage. The tallows and tallow-lard

blends were very hard.

As in baking, animal fats were the item of choice for deep frying of foods in the

United States until the 1980s. Meat fats exhibit good stability and have generally

been economical to use. The flavors they impart have been considered desirable for

some foods, as in the flavor added to french-fried potatoes by tallow and to pie

crusts by lard. However, concerns regarding the relationship of dietary cholesterol

and saturated fatty acid to coronary heart disease have caused the replacement of

animal fats with unhydrogenated vegetable oils in U.S. deep fat frying. In other

countries, animal fats are still used in frying, such as in the United Kingdom where

the use of both tallow and lard is reported (114).

With the emphasis in some parts of the world on a reduction in the dietary con-

sumption of animal fats, the possibility of using blends of animal and vegetable fat

has been explored. It has been shown that such blends confer some beef-like flavor

notes on fried foods, and that foods fried in straight vegetable oils lack the charac-

teristic flavors imparted by beef tallow. It is presently unclear whether the use of

such animal-vegetable fat blends in frying will be widely adopted.

Attempts have been made to extract and concentrate beef fat volatiles using

supercritical carbon dioxide (115). Total volatiles were concentrated over controls

TABLE 11. Selected Characteristics of Meat-Fat or Meat-Vegetable Fat Shorteningsa

(reprinted by permission of AOCS).

SFC (%) at

Hardness 20�C
Sample and Dropping Softening Polymorphic Index (Tempered at Air

Source Point ð�CÞ Point ð�CÞ Form (g/min) 30�C) Content

Shortening

Lard, U.S. 45.2 44.4 b 4.8 26.9 2.3

Lard, Canada 40.6 41.9 b�> b0 5.1 26.2 6.2

Lard, Canada 38.2 37.7 b 4.5 25.3 10

Tallow-lard, 42.7 42.3 b�� b0 11.8 27 8.8

Canada

Tallow-lard, 42.3 43.7 b 14.6 28.7 9

Canada

Meat-vegetable, 44.6 45.8 b0 �> b 5.4 25 19.5

U.S.

Meat-vegetable, 45.1 46 b0 ¼ b 5.9 26.9 21

U.S.

Vegetable-tallow, 50.6 50.7 b 8.1 26.6 4

Canada

Frying Fat

Tallow, Canada 45.8 46.4 b0 8.9 — —

Tallow-vegetable 44.8 44.7 b0 6.9

Canada

aSee (113).
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by 10–100 fold, with the lowest pressure extraction conditions yielding the highest

concentration of volatiles. Similarly, it has been shown that the flavor volatiles of

heated pork fat can be fractionated with supercritical carbon dioxide (116).

The cholesterol present in tallow used for frying undergoes oxidative changes

(117, 118), and the generated products are found in fried foods. Thus, the presence

of cholesterol oxides have been demonstrated in french-fried potatoes at concentra-

tions approximately four times as high as those that existed in the heated tallow

used for frying (119, 120), although some of the values may have included contri-

butions from oxidized plant sterols (121).

10. RECENT DEVELOPMENTS

Since publication of the most recent prior edition of this chapter in 1996 (122), glo-

bal events, scientific discoveries, and technological developments have impacted

the real and potential use of animal fats in a number of areas. These should continue

to affect lipid usage into the future. This section presents an introduction and over-

view of these developments.

10.1. Bovine Spongiform Encephalopathy (BSE)

In 1985, a new disease appeared in cattle, an unavoidably fatal neurological degen-

eration characterized by weight loss, a decline in milk yield, difficulty in walking,

and a nervous appearance. Anatomically, it was shown to result in the formation of

small holes throughout the brain, making it appear sponge-like, and leading to the

name bovine spongiform encephalopathy, or BSE (123, 124). Because of its symp-

toms, the affliction is known as mad cow disease. The disease was first detected in

the United Kingdom, and since the beginning of the outbreak, over 180,000 cattle

have contracted and died from it there (125). This constitutes over 99% of known

cases to date. The remaining occurrences have largely, but not exclusively, been

limited to Europe. Pigs and poultry are not infected.

Although other theories for the cause of mad cow disease have been proposed,

the most accepted one currently is that it is caused by a biochemically novel (and in

many ways astounding) infectious agent termed a proteinaceous infectious particle,

or prion (126, 127). Prions consist largely of protein, with minor amounts of sphin-

golipid and polysaccharide. They are not living organisms and in fact lack genetic

material. Among other prion-mediated diseases are scrapie in sheep and

Creutzfeldt–Jacob disease in humans. Prions are derivatives of natural body pro-

teins synthesized and located in the brain of the host animal and normally serving

their functions without incident. These proteins can undergo a change in their three-

dimensional conformation, assuming the prion configuration, which renders them

resistant to degradation and removal by normal body housekeeping machinery.

They thus accumulate in the brain, causing the degeneration characteristic of the

disease. This conformation change can occur spontaneously or as a result of genetic

damage, and thus it occurs at a low rate in older animals.
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Prions also have the ability to trigger conformational change in their normal

counterpart proteins in the brain, causing these to also adopt the improper config-

uration. In this fashion, the prion can essentially replicate itself. Because the con-

formational structure assumed during prion formation is thermodynamically stable,

prions are exceedingly resistant to inactivation (128, 129). In addition, they can be

transmitted orally. The effect of these traits is that the disease is not solely depen-

dent on spontaneous generation to infect an individual or population, but it also can

be acquired by consumption of infected tissue.

These features, the fact that the disease typically takes 3 to 5 years to manifest

itself, and the industry practice of capturing the nutritional and economic value of

carcasses by feeding unused components, in the form of meat and bone meal, to

succeeding generations of cattle combined to lead to widespread infection within

the U.K. population when the disease did appear.

Before the development of full awareness of the BSE epidemic, infected animals

continued to enter the human food supply. The degree of urgency of efforts to

understand and control the epidemic was increased with the description, in 1996,

of a similarly debilitating and fatal human disease, termed variant Creutzfeldt–

Jacob disease (vCJD) that appears to be the result of transmission of BSE to

humans (130–132). As of late 2002, 117 humans were known to have died from

the disease in the United Kingdom (133). Because of the threat not only to the

meat supply but also to human health, massive action was taken to halt the spread

of BSE, including its designation as a reportable animal disease, the destruction of

no less than 3 million head of cattle in the United Kingdom alone, and the adoption

of regulations forbidding the feeding of cattle- and sheep- derived material to rumi-

nants. In the 1990s, bans on the feeding of ruminant animal parts to ruminants were

enacted in the Unied Kingdom and to some degree in the other European countries.

In the United States and Canada, a ban restricting the feeding to ruminants of mate-

rials from any mammalian source (with some exceptions, including material of

porcine and equine origin) was enacted in 1997 (134). In December 2000, EC Reg-

ulation 2000/766 came into force, banning the use of meat and bone meal in all

feeds. This came about after BSE was found in Germany and Spain for the first

time. As a result of such regulatory changes, and new surveillance policies, the inci-

dence of BSE has fallen from a high of more than 37,000 reported cases in 1992, all

located in the United Kingdom, to a world total of 2179 cases (1144 of these in the

United Kingdom) in 2002 (135). Most incidents of BSE have been confined to

Europe. Single or double cases detected in Israel, Greece, Canada, the United States,

the Falklands, Oman, and Japan are in many cases attributable to the importation of

U.K. beef or beef products. In mid-2003, Canada reported its first case of the dis-

ease in a reportedly native-born animal, an 8-year-old cow. Given the lengthy incu-

bation period of the disease, it is possible that this animal was infected early in its

life by contaminated imported meat and bone meal. In December of that same year,

an infected animal was detected in the United States. Subsequent investigations

determined that this individual had been imported from Canada.

To further combat the spread of the disease, European regulations categorize ani-

mal-based raw material into three classes and establish the appropriate uses for each
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class. Only materials fit for human consumption are allowed for food, feed, and

oleochemical uses. Nonedible material free of specific risk material (SRM: skull,

eyes, brain, and spinal cord of cattle, sheep, and goats) can be used for industrial

chemical technical uses. Finally, dead stock and SRM tissue may not be used, and

must be destroyed. In addition, the feeding of animal proteins to animals of the

same species is banned, and catering waste, which includes waste restaurant fats

and oils, cannot be used as animal feed (136). Furthermore, only edible raw mate-

rial can be used to produce tallow for food, animal feed, fertilizer, and cosmetic

products (137).

In an attempt to prevent the further international spread of the disease, importa-

tion of animals from infected countries has been banned. Thus, for example, the

United States in 1989 banned the importation of live ruminants and most ruminant

products from the United Kingdom and other countries having BSE. The ban was

extended to European products in 1997 after the discovery of the disease in some

countries there.

The causes of the BSE epidemic have not been established with certainty.

Scrapie is a similarly prion-mediated disease of sheep, known and present in

U.K. sheep for centuries. Factors contributing to the BSE outbreak in cattle are sus-

pected to be the inclusion of scrapie-infected sheep material in the rendering stream

and industry changes in the United Kingdom during the 1970s and 1980s that

reduced the rigor of heat treatment during rendering, thus (perhaps) allowing the

BSE causative agent to persist in the resulting meat and bone meal and infect

healthy cattle. In combating the disease, regulations were put in place in the United

Kingdom that call for the processing of meat and bone meal at 133�C and 3-atm

pressure for 20 minutes, which is believed to inactivate the BSE prion. It is unclear

how such treatment will affect the quality of the resulting tallow.

Meat and bone meal has been identified as a vector for transmission in the BSE

outbreak. Tallow is also an animal-derived product, is produced largely from cattle,

and is a coproduct of MBM production. Thus, concerns existed regarding its health

status. After an examination of existing data, the Scientific Steering Committee of

the European Commission concluded that normal industrial tallow production

processes result in a product that is free of detectable BSE infectivity, even if the

source material was highly infective (138). In another study, the rates of prion inac-

tivation during conventional oleochemical processing were determined and used to

estimate that the risks of human infection caused by consumption of oleochemical

products of bovine origin subjected to hydrogenation or high-temperature–

high-pressure hydrolysis were less than the spontaneous rate of appearance of

Creutzfeldt–Jakob disease (139). The European Commission considers tallow and

its derivatives to be safe. The U.S. Food and Drug Administration has ruled that

tallow and other rendered fats are safe, and it specifically omitted them from reg-

ulations prohibiting rendered products in feeds for cattle and other ruminants (140).

The United Nations World Health Organization (WHO) has examined the issue and

has concluded that because prions are proteinaceous, they would partition with the

cellular residues of meat and bone during processing. The tallow fraction was there-

fore judged not a risk to human or animal health (141).
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As animal fats are a potential feedstock for biodiesel production, Cummins et al.

(142) assessed the danger of a human contracting CJD as a result of the use of

tallow as a fuel in diesel engines. They concluded that the risk was several orders

of magnitude less than the rate of spontaneous appearance of CJD. Thus, scientific

analysis indicates that processed (i.e., rendered) animal fat is not an agent of trans-

mission of BSE. Nonetheless, especially in the United Kingdom, the public remains

skeptical. This has in some cases led to less use of animal fats in feed applications.

Especially in the United Kingdom, the BSE epidemic has reduced the amount of

domestically available tallow (because of condemnation) and increased the use

of other lipids in place of animal fats.

The discovery of single infected animals in Canada and in the United States in

2003 reinvigorated the discussion of whether there should be a total ban on the use

of mammalian products in animal feeds. Although the BSE situation seems to be

under control at this time, new outbreaks could considerably impact the availability

and the allowed uses of animal fats.

10.2. Use of Fats and Oils as Fuels

Sales restrictions by some petroleum exporting countries in the 1970s stimulated

research in the oil-importing countries into the development of non-petroleum fuels

for internal combustion engines. This led, in the case of compression ignition (die-

sel) engines, to a resurgence of interest in the use of vegetable oils and animal fats

as fuels. Although Rudolph Diesel himself demonstrated more than a century ago

that his engine would run on vegetable oils, the rise of the petroleum industry had

largely extinguished research on this topic. Intact fats and oils are generally unsui-

table as neat diesel engine fuels without fuel system modification, because they can

lead to engine failure. However, conversion of the fatty acids in fats and oils to their

simple akyl esters, now known as biodiesel, produces a fuel that functions well in

unmodified engines, while substantially reducing the undesirable emission of

unburned hydrocarbons, particulates, carbon monoxide, and sulfur dioxide (143).

In addition, biodiesel reduces net emissions of carbon dioxide (a ‘‘greenhouse

gas’’ responsible for global warming), reduces dependence on imported energy

sources, increases agricultural income, and increases fuel lubricity, thereby redu-

cing wear in close-tolerance fuel injection systems. The removal of sulfur from pet-

roleum diesel fuels will soon be implemented in some countries, including the

United States. This process removes lubricity agents naturally present in the fuel.

The enhanced lubricity properties of biodiesel may thus stimulate its greater use in

the future.

Biodiesel is presently making the transition in many countries of the world from

a research curiosity to an accepted alternative to petroleum-based fuel. Europe is

the leading region for the production and use of biodiesel, with an estimated

2001 output of 757-million L. Biodiesel production in the United States in 2001

was estimated at 79.5-million L. Production and consumption are rapidly increasing

worldwide, with estimates of combined US and European output in 2003 at around

1,628 million liters (144). Present and anticipated use constitutes but a fraction of
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total fuel consumption, and it does not eliminate the use of petroleum-based fuels.

However, anticipated vigorous future growth in this area has the potential to

consume considerable volumes of fats and oils.

The predominant feedstocks for biodiesel production to date have been refined

vegetable oils (rapeseed in Europe, soybean in the United States), although it

appears that in Britain a subsidy program has had the effect of promoting the use

of tallow and greases over vegetable oils (144). The production of biodiesel from

animal fats has been reported (145–148), and the suitability of tallow-based biodie-

sel as an engine fuel has been demonstrated (149–151). Relative to biodiesel

produced from vegetable oils, animal fat-based biodiesel offers the advantages of

reduced raw material cost, increased cetane value (which improves engine perfor-

mance), and greater oxidative stability. As raw material costs can contribute over

70% to the cost of biodiesel, the former advantage could be significant. On the other

hand, the greater content of saturated fatty acids in animal fats raises the melting

points of biodiesels made from them. For example, soy methyl ester has pour and

cold points of 	2�C and 0�C, respectively, whereas the corresponding values for

tallow methyl esters are 15�C and 17�C (147). In cold climates, this may lead to

engine inoperability because of the plugging of fuel lines and filters. For heavy

duty diesel engines, this is of concern only during nonoperational periods, because

once the engine is running, the fuel recirculation loops keep the fuel fluid by cir-

culating it through the warm engine. However, perhaps due to concerns regarding

cold weather performance, the use of animal fats as a biodiesel feedstock has been

negligible to date. As demand increases in the future, fat-based feedstocks may be

more widely adopted, with such approaches as the use of low blend rates in petro-

leum diesel, the addition of freezing point depressants, the production of the lower

melting esters of branched chain alcohols (147), or the blending of animal- and

vegetable-biodiesels being taken to avoid low-temperature performance problems.

Waste greases, largely consisting of spent deep fat frying oils and fats, can also

be used as feedstocks for biodiesel production (152–156), and the engine emissions

of such fuels are comparable or superior with those of soy oil-based biodiesel (149,

153, 154). Acceptable engine wear and performance were obtained during extended

use of grease-based biodiesel blends with petrodiesel in a heavy duty truck (157).

As they are generally priced at about half the cost of refined edible oils, waste

greases are an attractive feedstock. However, greases contain a higher content of

free fatty acids than refined oils. These reduce the level of available alkaline cata-

lyst in conventional transesterification reactions via the production of fatty acid

soaps. Soaps can foster problematic emulsion formation during product washing.

Thus, either the soaps must be isolated and discarded, representing a loss of poten-

tial feedstock and catalyst, or an acid-catalyzed esterification of free fatty acids

must be adopted upstream of the conventional alkali-catalyzed acylglycerol

transesterfication reaction. Either way, a more complicated process is required to

produce biodiesel from waste greases than from refined oils (158).

As lipases are able both to esterify free fatty acids and catalyze the alcoholysis of

acylglycerols, they can in theory eliminate the need for multiple catalyst systems

during biodiesel production from waste greases. Several groups have investigated
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lipase-catalysis for the production of simple fatty acid esters for use as biodiesel

from waste grease, as well as from animal fats (159–161). In some of these reports,

esterification efficiencies in excess of 95% were described. Nonetheless, enzymatic

catalysis has yet to be developed to the stage where it is efficient and economical for

industrial use in biodiesel production.

As a consequence of increased biodiesel production, increasing amounts of

byproduct glycerol will enter the market. There is some concern that this will

depress glycerol prices. As glycerol is a valuable coproduct of the splitting of

fats and oils to produce free fatty acids, this could negatively impact the economics

of fat splitting. For this reason, glycerol utilization research is becoming a priority,

although the industrial and market impact of such work has yet to be realized.

Another potential expansion in the use of animal fats (and vegetable oils) as

fuels comes in their use to fire burners for steam and hot water production. In

this situation, it is not necessary to convert the lipids to their simple alkyl esters,

as must be done for use in internal combustion engines. Rather, the intact acylgly-

cerols are used as fuels. They can be acceptable in this application because indus-

trial boiler burners are both simpler and more robust than internal compression

engines, and they are also subject to less emissions monitoring and fewer emissions

regulations. During some winters near the recent turn of the century, agricultural

lipid prices in the United States were in some cases competitive with that of fuel

oil. This led to a number of unscientific, and largely unpublicized, tests of lipids as

industrial boiler fuels. At least one scientific report of such an investigation has

been released, demonstrating that tallow, white and yellow greases, and chicken

fat were technically and economically viable fuels, either neat or in blends with

U.S. No. 2 fuel oil, in an industrial boiler (162). The direct burning of lipids is

more common in Europe, and to the extent that it is adopted more widely could

represent a new lipid outlet, especially for low-value animal fats.

Increased consumption of agricultural lipids as fuels, either for boilers or diesel

engines, could increase their prices and curtail their availability, impacting their use

in traditional applications. All these changes are dependent on the future course

of petroleum fuel prices, on research advances to reduce biofuel production costs,

and/or on the establishment and continuation of government programs providing

financial incentives that foster the use of renewable fuels.

10.3. Trans-Fatty Acids

The latter half of the twentieth century saw the use of hydrogenation technology to

decrease the degree of unsaturation in vegetable oils. This converts the oils to fats

(solids at room temperature) and increases their oxidative stability. Hydrogenated

fats have been widely adopted in place of solid animal fats in such applications as

table spreads, as is illustrated by the increasing consumption of vegetable-based

lipids as margarines, as shortenings, and as frying fats for the production of deep

fried pastries, potatoes, corn chips, chicken, and so on. In addition, as yellow grease

is employed as a component of animal feeds, hydrogenated fatty acids may be

incorporated intact into meat, tallow, mutton, lard, poultry fat, and so on that
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are subsequently consumed by humans. The degree of hydrogenation in these

products is typically less than complete, because desired performance is achieved

with partial saturation. One outcome of this partial saturation is the conversion of a

proportion of the double bonds of the fatty acids from their original cis-form to the

trans-configuration. It has become clear that trans-fatty acids are not metabolically

equivalent to their cis-counterparts, but rather exhibit effects more similar to those

of saturated fatty acids. Trans-fatty acids raise concentrations of total serum cho-

lesterol, triacylglycerols, LDL cholesterol, and lipoprotein a, and they may lower

HDL cholesterol (163–165). All of these effects increase the risk of coronary

heart disease. Although ruminant fat also contains trans-fatty acids, the levels are

substantially lower than are present in industrially hydrogenated lipids. It has been

estimated that this increased consumption of trans-fatty acids results in 30,000

premature deaths annually in the United States alone (164).

In response to growing awareness in the scientific community and the populace

at large of the negative health consequences of trans-fatty acid consumption, indus-

try has refined hydrogenation catalysts and processes to reduce the production of

trans-double bonds (166). Some major lipid-producing firms have voluntarily

reduced or eliminated trans-fatty acids from their product lines. Following the

conclusion by the Danish Nutrition Council that trans-fatty acids contribute to car-

diovascular disease, to reduced fetal birthweight, and to the development of geria-

tric (type 2) diabetes, the Danish government as of June 2003 banned the sale of fats

and oils with anthropogenically generated trans-fatty acid contents greater than 2%.

This prohibition was extended to the oils and fats in processed foods in December

2003. In July 2002, the U.S. National Academy of Science issued a report conclud-

ing that the only safe intake of trans-fat is ‘‘zero’’. Also in the United States, the

trans-fatty acid contents of foods are due to be listed on the ingredients label as of

January 2006. Actions such as these may renew interest and research in the devel-

opment and use of animal fats, either neat or after mixing or interesterficiation with

vegetable oils, in foods. This would trigger an increase in the consumption of

animal fats.

10.4. Conjugated Linoleic Acid

In general, multiple double bonds in the naturally occurring fatty acids are sepa-

rated by one or more carbon atoms that are not involved in a double bond. Thus,

for example, the two double bonds in the prevalent (a-) isomer of linoleic acid

occupy the 9, 10 and 12, 13 positions (numbering from the carboxyl terminus).

The no. 11 carbon, separating these unsaturations, is a methylene carbon (CH
2
),

being singly bonded to its neighboring carbons. It is also possible for two double

bonds to be adjacent to one another, with no intervening methylene carbon, a con-

dition known as ‘‘conjugation’’ (Figure 3). Such double bonds may be of the cis-or

trans-configuration.

Fatty acids possessing conjugated double bonds occur in biological lipids,

although their frequency is low. Conjugated linoleic acids (CLAs) are among the

most common of the naturally occurring conjugated fatty acids (167, 168). CLA
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is rare to nonexistent in the lipids of plants and most monogastric animals, gener-

ally constituting 0.01–0.08% of the total lipid on a weight basis (169). In ruminant

fats, however, CLA levels exceed these amounts by 10-fold (170). The most com-

mon of the ruminant CLAs is the cis-9, trans-11 isomer, known as rumenic acid,

which constitutes upward from 85% of the total CLA content. In ruminants, two

primary origins for CLA have been identified: as an escaped intermediate of the

biohydrogenation of dietary linoleic and linolenic acids, and via delta-9 desatura-

tion of vaccenic acid (trans-11 octadecenoic acid) generated in the rumen from

dietary linoleic and linolenic acids (171). In dairy cows, the desaturase pathway

is believed to be the predominant source of CLA.

Studies begun in the 1970s to identify carcinogenic chemicals in common foods

found instead that fried hamburger actually contained an antimutagenic agent

(172). This was identified as cis-9, trans-11 conjugated linoleic acid, or c-9, t-11

CLA, rumenic acid (173). Since then, extensive research has validated and extended

these observations in animals and humans (174). Minor amounts of other CLAs are

also found in ruminant lipids. The physiological effects of the trans-10, cis-12 iso-

mer have been studied and have shown to include the reversal of obesity in test

animals, and possibly in humans (175). Decreased atheroschlerosis, improved

hyperinsulinemia in prediabetic rats, and potentiation of the immune response

have also been observed as a consequence of the consumption of CLAs.

Given the current widespread interest in reducing cancer, obesity, and other

maladies, there is considerable interest in the use of the CLAs, either as a mixture

or in the form of individual isomers, as beneficial dietary adjuncts. Cow’s milk, beef

tallow, and products made from them are natural sources of CLA. However, CLA is

also readily synthesized in high yield in the laboratory from vegetable oils that are

rich in linoleic acid, such as sunflower and safflower. The resulting synthetic pro-

duct has CLA levels of about 80%, not the 0.3–0.5% (fat basis) found in beef tallow

and dairy products (176). As a result, except for studies of the specific effects of

foods containing CLA, vegetable oil is the typical source of CLA in contemporary

studies and in commercial dietary supplements. This trend will probably continue.

C C C C

H H H H

Conjugated

C C C C

H H H H

Non-conjugated

C

H

H

Figure 3. Conjugated and nonconjugated carbon–carbon double bonds. (Used with the kind

permission of the Institute of Shortening and Edible Oils, Inc. Washington, D.C.)
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Although it might trigger some increased consumption of dairy products and meats,

it seems unlikely that the continued and increasing interest in CLA will translate to

increased use of animal fats.

A continuously updated listing of publications relating to CLA can be found at

www.wisc.edu/fri/clarefs.htm.
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6
Vegetable Oils

Frank D. Gunstone

1. INTRODUCTION

This chapter is concerned with the major and minor vegetable oils. It includes a

brief account of the biosynthetic pathways for plant lipids and a description of min-

or, but important, components present in commercial vegetable oils. This is

followed by a description of the major and minor vegetable oils. The major oils

are discussed in more detail elsewhere in this work and in another recent book

(1). The natural oils do not always meet human dietary requirements and may

have to be modified. There is a discussion on what drives modification and of

the various ways in which this can be achieved. Finally, some production and trade

statistics are provided and discussed.

2. BIOSYNTHESIS

2.1. Introduction

This section provides a brief account of the biosynthetic pathways to triacylglycer-

ols in plants, but it requires a preliminary discussion of fatty acid biosynthesis.

The so-called acetate-malonate pathway leads to three different kinds of natural

products depending on the detailed pathway followed. Fatty acids result from a

reductive pathway to be described here, but acetate and malonate are also precur-

sors for the isoprenoids (terpenes and sterols) produced via mevalonic acid (C6) and

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
Edited by Fereidoon Shahidi. Copyright # 2005 John Wiley & Sons, Inc.
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for a wide range of phenolic compounds resulting from cyclization of polyacetate.

This illustrates the observation that nature is economical in the range of both

substrates and reactions employed in biosynthesis.

The major biosynthetic pathways to fatty in plants involve three stages (2–4):

� de novo synthesis of palmitic (or other alkanoic) acid from acetate (C2, a

product of carbohydrate metabolism) by reaction with malonate (C3).

� Further chain-elongation of saturated or unsaturated acids by two-carbon units.

� Desaturation. Particularly of stearic acid, first to oleic acid and then to linoleic

and linolenic acids.

These changes take place in different parts of the cell, under the influence of spe-

cific enzymes or enzyme complexes, and they require the acids to be in appropriate

substrate form.

2.2. de novo Synthesis of Saturated Acids

In plant systems, de novo synthesis occurs in the plastid and results mainly in the

conversion of acetate to palmitate. All 16 carbon atoms in palmitic acid are derived

from acetate—half from the methyl carbon and half from the acyl carbon. Two of

the carbon atoms (C-15 and C-16) come directly from acetate, and the other 14

come from acetate via the more reactive malonate. Production of malonate requires

the incorporation of an additional carbon atom into the acetyl group. This is sup-

plied as bicarbonate, and this same carbon atom is subsequently lost as carbon

dioxide. The acyl groups are attached to co-enzyme A (CoASH) during part of

the cycle and to acyl carrier protein (ACPSH) during another part. The abbreviated

symbols used for these co-enzymes emphasize the thiol groups (SH) to which the

acyl chains are attached.

In the de novo pathway, acetate and malonate react through a series of steps con-

verting acetate first to butanoate (C4), then to hexanoate (C6), and then sequentially,

two carbon atoms at a time, to palmitate (C16). At this stage, a thioesterase liberates

the acyl chain from ACP. The thioesterase is not completely specific, and acids of

other chain lengths may be produced. This is obviously true in the lauric oils where

the specificity of their thioesterases causes lauric acid (12:0) to be the major satu-

rated acid, accompanied by lower levels of caprylic (8:0), capric (10:0), myristic

(14:0), and palmitic acid (16:0).

Conversion of acetyl-CoA to malonyl-CoA with a biotin enzyme (acetyl-CoA

carboxylase)

CH3COSCoAþ HCO�3 þ ATP! HO2CCH2COSCoAþ P�I þ ADP

Conversion of acetyl-ACP to butanoyl-ACP (four-step cycle)

CH3COSACPþ HO2CCH2COSACP! CH3COCH2COSACPþ CO2

þ ACPSH condensation
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CH3COCH2COSACPþ NADPHþ Hþ ! CH3CHOHCH2COSACP

þ NADPþ reduction

CH3CHOHCH2COSACP! CH3CH����CHCOSACP

þ H2O dehydration

CH3CH����CHCOSACPþ NADPHþ Hþ ! CH3CH2CH2COSACP

þ NADPþ reduction

This four-step cycle includes condensation of acetate and malonate to give ketobu-

tanoate with subsequent reduction to butanoate in three further steps. These are

reduction to the 3R hydroxy acid, dehydration to the 2t acid, and reduction again.

Reduction is affected by NADPH and a proton. The process is then repeated to add

further two-carbon units until a thioesterase liberates the free acid. This sequence

requires a fatty acid synthase, which contains the enzymes needed for each of the

four steps viz. b-ketoacyl-ACP synthase, b-ketoacyl-ACP reductase, b-ketoacyl-

ACP dehydrase, and enoyl-ACP reductase, respectively.

There are several minor modifications of the de novo process, but these are not

important for the major fatty acids occurring in vegetable oils. They are detailed in

more extensive accounts of this topic (2–4).

2.3. Desaturation to Monoene and Polyene Acids in Plant Systems

The first desaturation of a saturated acyl chain occurs in the plastid. The most com-

mon is the conversion of stearate to oleate and involves the removal of pro-(R)

hydrogen atoms from C-9 and C-10 to give a cis-olefinic bond under the influence

of a �9 desaturase. The system is oxygen-dependent and involves the reduced form

of ferredoxin.

Further desaturation, occurring in the cytoplasm, converts oleate, in the form of

its phosphatidylcholine, to linoleate (�12 desaturase) and linoleate, as the mono-

galactosyldiacylglycerol derivative, to linolenate (�15 desaturase). The additional

double bonds have cis-configuration and are in a methylene-interrupted relation to

each other. This 1,4-diene unit is characteristic of polyunsaturated fatty acids and is

to be distinguished from the 1,3 (conjugated) systems in carotenoids and the 1,5

system in terpenes. It is of interest that the enzymes converting oleate to the acet-

ylenic acid crepenynic (9c12a–18:2) and to the epoxy acid vernolic (12,13-epoxyo-

leic) are very similar to �12 deaturase, which converts oleate to linoleate. A small

change in DNA sequence is sufficient to lead to these different fatty acids from the

same substrate. The same holds for the conversion of oleate to ricinoleate where a

small change alters a desaturase to a hydroxylase (5).

Linoleic acid and linolenic acid are essential fatty acids that cannot be made by

animals and must be obtained by dietary intake from plant sources. When metabo-

lized in animals, these two acids each give rise to a family of C18, C20, and C22 n-6

and n-3 polyunsaturated fatty acids; thus:
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n-6 acids based on linoleic acid 18 : 2! 18 : 3! 20 : 3! 20 : 4:

n-3 acids based on a-linolenic acid 18 : 3! 18 : 4! 20 : 4! 20 : 5! 22 : 5

! 24 : 5! 24 : 6! 22 : 6

Although common in animal systems, the �6 desaturase is less apparent in the

plant world, although it must operate in the production of g-linolenic acid (6, 9,

12–18:3) from linoleate and of stearidonic acid (6, 9, 12, 15–18:4) from a-linole-

nate. The C20 and C22 polyenes that characterize animal systems and particularly

fish lipids either do not exist in plant systems or are exceedingly rare. The produc-

tion of important acids such as arachidonic (5, 8, 11, 14–20:4), eicosapentaenoic

(5, 8, 11, 14, 17–20:5), and docosahexaenoic (4, 7, 10, 13, 16, 19–22:6) in plant

systems is a challenge for plant geneticists (6).

2.4. Elongation

Elongation by two carbon atoms occurs commonly in fatty acid biosynthesis. It is a

variant of de novo chain-lengthening and occurs with acetyl or malonyl CoA or ACP

derivatives. The substrate is any preformed saturated or unsaturated acid. For exam-

ple, erucic (22:1) in high-erucic acid rapeseed oil and nervonic acid (24:1) in seed

oil are formed from oleic acid by two and three elongations, respectively:

18 : 1ð9Þ ! 20 : 1ð11Þ ! 22 : 1ð13Þ ! 24 : 1ð15Þ
oleic cetoleic erucic nervonic

2.5. Formation of Triacylglycerols

The glycerol present in glycerolipids is derived from glycerol (1,2,3-trihydroxypro-

pane), glyceraldehyde (2,3-dihydroxypropanal), or dihydroxyacetone (1,3-dihy-

droxypropan-2-one), all of which are products of carbohydrate metabolism. The

triacylglycerols are made from phosphatidic acids or 1,2-diacylglycerols, which

are themselves interconvertible, and acylation is effected by fatty acids as their

CoA thiol esters. The esterification reactions are enzyme-controlled with marked

selectivity in the acylation of each hydroxyl group leading to a nonrandom distri-

bution of fatty acids in plant lipids. Saturated acids are selectively bound at the sn-1

position and unsaturated acids at the sn-2 position. The acyl transferase for the sn-3

position is less selective, and fatty acids in this position are largely controlled by the

composition of the acyl-CoA pool.

Although not shown in the following simplified scheme, the phospatidic acid/

1,2-diacylglycerol duo is also an intermediate in the pathway to the phospholipids

(phosphatidylcholines, phosphatidylethanolamines, phosphatidylinositols, phospha-

tidylinositols, and phosphatidylserines) and the mono- and digalactosyldiacylgly-

cerols.
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sn-glycerol-3-phospate HOCH2CHðOHÞCH2OPO3H2

acylation at sn-1 #
acylation at sn-2 #

phosphatidic acid R1COOCH2CHðOCOR
2ÞCH2OPO3H2

#"
sn-1;2-diacylglycerol R1COOCH2CHðOCOR

2ÞCH2OH

acylation at sn-3 #
triacylglycerol R1COOCH2CHðOCOR

2ÞCH2OCOR3

3. MINOR COMPONENTS

Crude vegetable oils are mainly triacylglycerols (around 95%) along with some free

acids, monoacylglycerols, and diacylglycerols. They also contain variable amounts

of other components such as phospholipids, free and esterified sterols, triterpene

alcohols, tocopherols and tocotrienols, carotenes, chlorophylls and other coloring

matters, and hydrocarbons as well as traces of metals, oxidation products, undesir-

able flavors, and so on. These are discussed in detail elsewhere. Refining procedures

have been developed to convert the crude oil into a bland product that meets a

defined specification. Some of the minor components are valuable in their own right

and should be retained in the refined oil and/or trapped in a side stream for recovery

and further utilization.

Crude oils generally contain phospholipids that are removed during the degum-

ming stage of refining as a crude mixture (lecithin). This valuable product is the

basis of the phospholipid industry, and phospholipids are used extensively in

food products, in animal feeds, and in industrial processes. The major members

are phosphatidylcholines, phosphatidylethanolamines, and phosphatidylinositols

and are accompanied by smaller proportions of other phospholipids. Soybean oil

(3.2%), rapeseed oil (2.5%), and sunflower seed oil (1.5%) contain the proportions

of total phospholipids indicated in parentheses and are the main sources of commer-

cial lecithins, especially soya lecithin. Palm oil contains little or no phospholipids

(7–9).

Most vegetable oils contain 1000–5000 ppm (1–5 g/kg) of sterols, partly as free

sterols and partly as esterified sterols. Higher levels are present in rapeseed oil

(5–11 g/kg, mean 	7.5) and in corn oil (8–22 g/kg, mean 	14). Sitosterol is

generally the major phytosterol (50–80% of total sterol) with campesterol, stigmas-

terol, and �5-avenasterol also frequently attaining significant levels. Brassicasterol

is virtually absent from the major seed oils except for rapeseed oil where it com-

prises 10% of the total sterol. Cholesterol is generally considered to be a zoosterol

and is not present in plant systems at any significant level. The normal value of

20–50 ppm in vegetable oils compares with the much higher levels reported for ani-

mal fats (up to 1000 ppm), fish oils (up to 7000 ppm), dairy fats (2000–3000 ppm),

and egg yolks (12,500 ppm). Phytosterols (and other compounds) can be recovered

from deodorizer distillate and are used to produce pharmaceutical steroids (10).
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Tocol extracts are mixtures of up to eight compounds. There are four tocopherols

with a saturated, branched C16 side chain and four analogous tocotrienols with three

double bonds in the side chain. The tocotrienols, although significant in palm oil,

are generally less common than the tocopherols and much less is known about their

biological properties. The four tocopherols differ in the number of methyl groups

attached to the heterocyclic moiety. They are designated a (5,7,8-trimethyl), b (5,7-

dimethyl), g (7,8-dimethyl), and d (8-methyl). The tocols have two valuable proper-

ties: They show vitamin E activity, and they are powerful antioxidants. These two

properties are not identical. For vitamin E activity, the order is a (1.0) >b (0.5) > g
(0.1) > d (0.03) with total activity usually expressed in a-tocopherol equivalents.

For antioxidants, this order is reversed.

Natural tocopherol mixtures are used as antioxidants, usually at levels up to

500 ppm, along with ascorbyl palmitate to extend the antioxidant activity. At higher

levels (>1000 ppm), a-tocopherol is considered to act as a pro-oxidant. As vege-

table oils contain tocols at 200–800 ppm, further additions show only a limited

effect. The tocols are very sensitive to oxidation and are more stable in esterified

form where the all-important hydroxyl group is not free. However such compounds

do not show antioxidant activity until they have been hydrolyzed in vivo to the free

phenolic form (11).

Hydrocarbons are very minor components of oils and fats but are of dietary and

legislative interest. They include alkanes, alkenes such as squalene and carotenes,

and polycyclicaromatic hydrocarbons. Squalene (C30H50) is a highly unsaturated

open-chain triterpene. It is used in the cosmetic industry after hydrogenation to

squalane (C30H62). The most abundant source of squalene is the liver oil of the

deep-sea dogfish (Squalus acanthus—hence the name squalene) and some other

marine species. Vegetable sources of potential interest include olive oil and amar-

anthus (Section 6).

Carotenes are minor components in many vegetable oils and particularly in palm

oil. They contain a long chain of conjugated unsaturation and are yellow/orange/red

in color. Crude palm oil normally contains 500–700 ppm of carotenes. These are

mainly a-carotene (24– 42% of total carotene) and b-carotene (50–60%) along

with low levels of several other carotenes. Carotenes are also present in palm leaves

and in pressed fiber remaining when oil has been expressed from palm fruits.

Attempts have been made to retain these valuable materials in refined palm oil

(red palm oil) or to recover them in concentrated form (12). Carotenes can be

recovered from palm methyl esters. The esters are prepared by methanolysis of

palm oil and are produced in large quantities for use as biodiesel, as a solvent,

for conversion to alcohols, and so on. The carotenes can be recovered from the

esters by chromatography in an open column or by molecular distillation. The latter

gives a carotene concentrate (8%) which can be purified (>90%) by chromatogra-

phy (13–15). The concentrates are used as food-dyes, as a vitamin additive, and by

the pharmaceutical and cosmetic industries.

Polycyclic aromatic hydrocarbons are present at levels up to about 150 mg/kg

(ppb) in most crude vegetable oils, although slightly less after refining (<80 ppb).

They are removed only to a small extent during bleaching and somewhat more

218 VEGETABLE OILS



during deodorization. This holds more particularly for the more volatile tri- and tet-

racyclic compounds. The pentacyclic and other less volatile compounds are best

removed with activated charcoal added to the earth during bleaching. These low

values do not hold for crude coconut oil dried with combustion gases where values

around 3000 ppb are routinely recorded. Normal values are obtained after charcoal

treatment (16). Extracted oils may contain pesticides resulting from agricultural

practices, but these are usually removed during deodorization.

4. CLASSIFICATION OF VEGETABLE OILS

4.1. Classification by Source Type

One market analyst provides regular information on the production and trade of

17 commodity oils and fats. In Oil World Publications (ISTA Mielke GmbH, Ham-

burg, Germany), these are listed in the order: soybean, cotton, groundnut, sun-

flower, rapeseed, sesame, corn, olive, palm, palm kernel, coconut, butter, lard,

fish, linseed, castor, and tallow. The list includes 4 materials of animal origin and

13 of vegetable origin. This chapter will report on the 13 vegetable oils and some

others of plant origin.

The above list does not include cocoa butter nor minor oils such as rice bran oil

or safflower oil. Nor does it distinguish between oils from a common botanical

source with a modified fatty acid composition, such as canola oil and high-erucic

rape seed oil, linseed oil and linola, or the various types of sunflower oil.

The commodity vegetable oils can be classified in various ways. Some are

byproducts so that decisions regarding their production are largely controlled by

the nonoil component. Examples are corn oil and cottonseed oil. These are bypro-

ducts of cereal and fiber production, respectively. Also, rice bran oil is a byproduct

of rice production. As a consequence, oil production is not the main economic fac-

tor that influences the areas cultivated by these crops. It is sometimes argued that

soybean falls into this byproduct category and that the bean is grown as a source of

protein with the oil as byproduct. It is true that the bean produces only 18% of oil

against 79% of residual meal rich in protein, but the value of these two commodities

is evenly balanced and there are times when the demand is oil-led and other times

when it is meal-led.

Some commodity oils and fats such as palm, palm kernel, coconut, and olive are

tree crops. Once the trees mature, they continue to produce fruit for many years and

production levels cannot be greatly changed from season to season.

This leaves the annual crops of rape, sunflower, and linseed (often called soft

oils) where planting decisions are made on a year-to-year basis depending on per-

ceived benefit. Planting areas are decided on agricultural grounds (such as crop

rotation) and on economic grounds. Low prices and/or high stocks in one season

tend to lead to reduced plantings in the following season.

It is also possible to distinguish between oils from seeds, such as soybean and

rapeseed, and those coming from the fleshy part of a fruit such as palm and olive.

An important point here is that for oilseeds, exports and imports are as seeds as well
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as extracted oil, whereas for the other group, trade is confined to extracted oil.

When making comparisons, it is not sufficient to consider figures for traded oil

without also including the oil-equivalent of traded seeds.

The annual production of soybean oil exceeds that of palm oil, but it is claimed

that trade (imports/exports) in palm oil is larger. This view, based on the fact that

trade in palm oil far exceeds that in soybean oil, does not take into account the very

large exports of soybeans themselves. What are the numbers if exported beans are

also considered in terms of their oil-equivalent? The following figures for year

2000/01 are taken from Oil World Annual 2001. For soybean, 7.4 million tons1

were exported as oil and a further oil-equivalent of 7.8 million tons was exported

in the form of beans. This latter figure is based on exports of 50.0 million tons of

beans, of which 85.2% was crushed (world average) with an oil content of 18.3%.

On this basis, the full level of exported soybean oil is about 15.2 million tons. This

is still lower than the figure for palm oil (16.8 million tons), but the disparity is not

so large (17).

The term tropical oils is correctly applied to oils and fats produced in the tropics

and refers particularly to the (highly saturated) lauric oils (Sections 5.3 and 5.10)

and to palm oil (Section 5.9). This term is frequently and unfairly used in a dero-

gatory sense, partly through ignorance about the difference in fatty acid composi-

tion and use between lauric oils and palm oil and of the considerable nutritional

value of the latter.

Castor oil is classed as an industrial oil because it is used only for nonfood pur-

poses (Section 5.1). Linseed oil also is used almost entirely for industrial purposes.

In its limited use as an edible oil, it is generally known by its alternative name of

flaxseed oil (Section 5.7).

4.2. Classification by Fatty Acid Composition

The list of natural fatty acids exceeds 1000, but commercial interest is limited to a

smaller number—perhaps around 20. Ignoring the lipid membrane, rich in a-lino-

lenic acid and present in all green tissue, the three dominant acids in the plant king-

dom are palmitic, oleic, and linoleic, sometimes accompanied by stearic acid and

by linolenic acid. Others, occuring in specialty oils, include myristic, lauric, erucic,

hexadecenoic, petroselinic, g-linolenic acid, eleostearic and isomers, ricinoleic, and

vernolic (Table 1).

Although it is convenient to categorize oils by their fatty acid composition, it

must be remembered that this is not the only index of their nutritional value or

of their oxidative stability. Attention must also be given to the minor components

in the crude oil and to those remaining after refining (see Section 3).

1 The figures cited in tons in this chapter have been taken from publications using tonnes, and at the

editor’s request, the numbers have not been adjusted: 1 ton is equivalent to 0.984 tons, and the numbers

are not significantly different in the present context.
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TABLE 1. Structures of the More Common Acids in Vegetable Oils.

Trivial Name Symbol Unsaturation (if any)

Saturated
Lauric 12:0 —

Myristic 14:0 —

Palmitic 16:0 —

Stearic 18:0 —
Monounsaturated

Oleic 18:1 9c

Petroselinic 18:1 6c

Erucic 22:1 13c
Polyunsaturated (non-conjugated)

Linoleic 18:2 9c12c

Linolenic (a) 18:3 9c12c15c

Linolenic (g) 18:3 6c9c12c
Polyunsaturated (conjugated)

Eleostearic 18:3 9c11t13t

Calendic 18:3 8t10t12c
Oxygenated

Ricinoleic 18:1 12-OH 9c

Vernolic 18:1 12,13-epoxy 9c

TABLE 2. (a) Typical Fatty Acid Composition (%wt).

Oil source 16:0 18:0 18:1 18:2 18:3
Cocoa butter 26 34 35 — —
Corn 13 3 31 52 1
Cottonseed 27 2 18 51 Tr
Groundnut 13 3 38 41 Tr
Linseed 6 3 17 14 60
Olive 10 2 78 7 1
Palm 44 4 39 11 Tr
Palm olein 41 4 31 12 Tr
Palm stearin 47–74 4–6 16–37 3–10 —
Rape (high erucic)
 3 1 16 14 10
Rape (low erucic) 4 2 56 26 10
Rice bran oil 20 2 42 32 —
Safflower 7 3 14 75 —
Safflower (high oleic) 6 2 74 16 —
Sesame 9 6 41 43 —
Soybean 11 4 22 53 8
Sunflower 6 5 20 60 Tr
Sunflower (Sunola) 4 5 81 8 Tr
Sunflower (NuSun) 4 5 65 26 —

Adapted from Gunstone (11).

tr¼ trace (<1%).

 20:1 6% and 22:1 5%.

TABLE 2. (b) Typical Fatty Acid Composition (%wt) of Lauric Oils.

Oil source 8:0 10:0 12:0 14:0 16:0 18:0 18:1 18:2
Coconut 8 7 48 16 9 2 7 2
Palm kernel 3 4 45 18 9 3 15 2

Adapted from Gunstone (11).
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Most of these oils are described in more detail elsewhere in this work. Production

and trading figures are discussed in Section 10 (see Tables 2 and 3).

4.2.1. Lauric Oils There are two major lauric oils—coconut oil and palm-kernel

oil. Both are tropical oils, and both are tree crops. They differ from all other com-

modity oils in their higher level of medium chain acids, especially lauric, and

slightly from one another as shown in Table 2(b). They find limited use in food

products and are used extensively in the production of surface-active compounds.

For more information, see Sections 5.3 and 5.10.

4.2.2. Palmitic Acid Oils The commodity oil richest in palmitic acid is palm oil

(44%). This oil is also rich in oleic acid (37%), contains lower levels of linoleic acid

(10%), and is a valuable source of minor components, especially carotenes, toco-

pherols, and tocotrienols (Section 3). Palm oil is an important world commodity in

feeding the developing world. It is fractionated extensively to give a wider range of

uses as palm olein and palm stearin. The only other commodity oil with a signifi-

cant level of palmitic acid is cottonseed oil (27%).

To produce high-quality spreads, the solid portion should be in the b0 form and

this is most likely when the solid triacylglycerols contain acids of varying chain

length—generally C16 and C18. For this reason, palm oil or cottonseed oil are

frequent components of the blend used to produce spreads.

4.2.3. The Oleic/Linoleic Acid Group This is the most common type of vege-

table oil and includes peanut or groundnut (38% oleic and 41% linoleic acid), saf-

flower (14% and 75%), sesame (38% and 45%), and sunflower (20% and 69%). The

sum of these two acids is generally 80–90% so there can only be low levels of satu-

rated or other acids. At the present time, there is a demand for high oleic oils, so

variants of these oils enriched in oleic acid have been developed (Section 4.2.4).

Cottonseed (18% and 51%) differs from the others cited here in its higher level

of palmitic acid. Low-erucic rape/canola (56% and 26%) and soybean oil (22%

TABLE 3. Vegetable Oils by Fatty Acid Type.

Acid(s) Vegetable Oil

Lauric coconut, palm kernel

Palmitic palm, cottonseed

Oleic/linoleic groundnut, safflower, sesame, sunflower, cottonseed, canola, soybean

High oleic olive, safflower, sunflower, canola, groundnut, soybean

Linolenic linseed, canola, soybean

Vegetable butters cocoa butter

Erucic acid HEAR
, crambe

Conjugated acid tung, calendula

Oxygenated acids castor, vernolic


HEAR high erucic acid rapeseed oil.
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and 53%), while belonging to this oleic/linoleic group, also contain linolenic acid at

levels of around 10% and 8%, respectively.

4.2.4. High Oleic Oils Olive oil is an important high-oleic oil (78%). It is gen-

erally consumed in an unrefined state and therefore retains all of the natural unsa-

ponifiable material, including valuable antioxidants. Other high oleic oils have been

developed by traditional breeding methods or by genetic engineering. These include

variants of regular safflower (77% oleic acid), sunflower (80–90%), canola (78%),

peanut (76%), and soybean (79–86%) (See appropriate entries in Section 5).

4.2.5. Linolenic Acid Oils The most familiar high-linolenic acid oil is linseed

(50–60%), but rape/canola and soybean are important commodity oils containing

linolenic acid at 10% and 8%, respectively. This triene acid has both positive

and negative connotations. It is very easily oxidized, and its oxidation products

have strong undesirable flavors. It therefore contributes to a shortening of shelf

life and is not favored by food processors for this reason. Hence, these last two

oils are frequently subjected to brush hydrogenation (at least) to reduce the level

of linolenic acid. Also, seed breeders are striving to produce low-linolenic forms

of rape/canola and soybean. However, nutritional scientists tell a different tale.

There is a growing awareness that the present ratio of dietary n-6 to n-3 acids at

between 5 and 10 to 1 is too high and should be changed to the lower end of

this range or below. This is particularly a problem for those countries whose diet

contains high levels of n-6 PUFA oils as in the United States (18, 19).

4.2.6. Vegetable Butters Most fats/oils derived from vegetable sources are

liquid, reflecting the unsaturated nature of most of their component acids. The

few that are solid (i.e., have melting points above ambient temperature) are known

as butters. The best-known and most important member of this class is cocoa butter

(Section 5.2), which is the major or only, fat component in chocolate. Others dis-

cussed in Section 6 include illipe butter (Borneo tallow), kokum butter, mango ker-

nel fat, sal fat, and shea butter, These along with palm oil are, in some countries,

permitted replacements, in part, for cocoa butter in chocolate (20, 21).

4.2.7. Erucic Acid Oils Traditional rapeseed oil (colza), which was used as an

illuminant as well as for food, was rich in erucic acid (22:1). Certain findings with

animals suggested that this was not a healthy oil, and although the matter was never

proved for humans, new varieties of rape (canola) were developed, principally in

Canada, with virtually no erucic acid. However, erucic acid and its oils have a num-

ber of oleochemical uses and there is a continuing if limited demand for erucic oils.

Crambe oil (Crambe abyssinica and C. hispanica) is being developed as an alter-

native erucic-rich oil. A major use of erucic acid involves the formation of eruca-

mide (RCONH2), which acts as a nonslip agent in polythene and polypropylene.

Some 30,000 tons of this is used each year in ‘‘clingfilm’’ and related materials.

Oleamide can be used as an inferior alternative (22–25).
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4.2.8. Conjugated Acid Group Most of the important polyunsaturated fatty

acids such as linoleic and linolenic are 1,4-dienes with methylene-interrupted unsa-

turation, and this structural unit relates to many of the characteristic properties of

these acids. However, a smaller number of vegetable oils have acids with conju-

gated unsaturation. Most of these are C18 acids with three double bonds, although

some have four. The best known acid in this group is a-eleostearic acid (9c11t13t-

18:3). This is a major component of tung oil (china wood oil, Aleurites fordii and

A. montana), which contains 	70% of eleostearic acid. The oil polymerizes readily.

Calendula oil (Calendula officinalis) is being developed as a source of calendic acid

(8t10t12c-18:3) (Section 6).

4.2.9. Hydroxy and Epoxy Acid Group Although a number of oils contain

acids with hydroxy, epoxy, or oxo (keto) functions, only one is readily available.

Castor oil contains over 90% of ricinoleic acid (12-hydroxyoleic acid) and about

1% of 9,10-dihydroxystearic acid (section 5.1).

Some contain vernolic acid (12,13-epoxyoleic acid). This has several potentially

useful properties, and attempts are being made to produce an economically viable

crop.

5. THE MAJOR VEGETABLE OILS AND FATS

There follows a brief account of the commodity oils. This includes the nature of the

oil and any special features, its production levels, and major areas of production.

Most of these oils are discussed in greater detail elsewhere in this series and in

Gunstone (1). Triacylglycerol composition is indicated by three-letter symbols

that include all of the isomeric triacylglycerols containing the acids designated

where P¼ palmitic, St¼ stearic, S¼ saturated, O¼ oleic, L¼ linoleic, and Ln¼
linolenic.

5.1. Castor Oil

Castor oil is derived from the plant Ricinus communis grown mainly in India,

Brazil, and China at a world production level of about 0.5 million tons of oil.

This oil differs from all other commercial oils in being rich in ricinoleic acid

(	90%, 12-hydroxyoleic). Compared with the common vegetable oils, castor oil

is more viscous, less soluble in hexane, and more soluble in ethanol, all as a con-

sequence of the presence of the hydroxy acid. This hydroxy acid has several inter-

esting properties by which it can be converted to useful products.

CH3ðCH2Þ5CHOHCH2CH����CHðCH2Þ7COOH

ricinoleic acid ð12-hydroxyoleic acidÞ
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� Sulfation converts the hydroxyl group to a sulfate (�OSO2OH) with improved

surfactant properties. Apart from soap, it is the earliest anionic surfactant

(dating back to 1874) and is still used in textile processing, leather treatment,

and as an additive for cutting oils and hydraulic fluids. The sulfated hydro-

genated oil has the consistency of an ointment and gives adjustable viscosity

to water-based formulations with excellent skin compatibility.

� Dehydration of castor oil and of castor acids gives products enriched in diene

acids, some with conjugated unsaturation. These products are valuable

alternatives to drying oils such as tung oil.

� Hydrogenated castor oil and hydrogenated castor acids, with higher melting

points than the nonhydrogenated material, are used in cosmetics, coatings, and

greases. Greases prepared from tallow are much improved when salts of

12-hydroxystearic acid are added.

� Castor oil reacts with isocyanates to give polyurethanes that are much used for

wood preservation and have been developed as encapsulating materials.

� Splitting ricinoleic acid with caustic soda gives C8 and C10 products. At 180–

200C with a 1:1 caustic/castor ratio, the major products are 2-octanone and

10-hydroxydecanoic acid. At 250–275C and a 2:1 ratio, the products are

2-octanol and sebacic (decanedioic) acid. The dibasic acid, when reacted

appropriately, gives a nylon (polyamide) and efficient lubricants (esters).

� Splitting ricinoleic acid with steam gives C7 and C11 products. This splitting

process has been much improved by the development of a continuous steam

cracking process. Heptanal is used in perfumes, and 10-undecenoic acid can

be converted to a polyamide (Rilsan) while its salts show antifungal proper-

ties. Several new uses developed for these C7 and C11 compounds have been

described by Caupin (26).

5.2. Cocoa Butter

The cocoa bean (Theobroma cacao) is the source of two important ingredients of

chocolate: cocoa powder and a solid fat called cocoa butter. The usefulness of

cocoa butter for this purpose is related to its fatty acid and triacylglycerol composi-

tion. The major triacylglycerols are symmetrical disaturated oleic glycerol esters of

the type SOS and include POP (18–23%), POSt (36– 41%), and StOSt (23–31%).

Cocoa butter generally commands a premium price, and cheaper alternatives have

been developed. These are known as cocoa butter alternatives, cocoa butter equiva-

lents, cocoa butter improvers, cocoa butter replacers, and cocoa butter substitutes.

They may or may not have similar chemical composition to cocoa butter, but they

must display similar melting behavior. The annual production of cocoa beans is

about 2.7 million tons containing 45– 48% cocoa butter, i.e., 1.2–1.3 million tons

of fat. Most fats/oils derived from vegetable sources are liquid, reflecting the unsa-

turated nature of most of their component acids. Only a few are solid (i.e., have

melting points above ambient temperature). The best-known and most important

member of this class is cocoa butter. This is the major fat component in chocolate.
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To be a satisfactory ingredient in chocolate, the fat must have certain defined melt-

ing behavior. It must be hard and brittle at ambient temperature, have a steep melt-

ing curve, and be completely melted at mouth temperature. These properties give a

cooling sensation on the tongue. In addition, the chocolate should break with a

snap. This behavior is associated with triacylglycerols with the structure SOS. A

few less well-known fats have similar composition and properties. Other fats

with similar properties can be produced more economically. These can be used

in confectionery fats, but the composition of chocolate is now defined by law,

although not identically in all countries. The degree of substitution of cocoa butter

by other hard fats is limited both in the fats that can be used and in the level at

which they may be added. This varies between zero and a maximum of 5% of

the product. The permitted list is palm oil, illipe butter (Borneo tallow), kokum

butter, mango kernel fat, sal fat, and shea butter, which are detailed in Section 6

(20, 21, 27).

5.3. Coconut Oil

Coconut oil from the coconut palm (Cocus nucifera) is one of two important lauric

oils (see also palm-kernel oil, Section 5.10). Annual production exceeds 3 million

tons and comes mainly from Indonesia and the Philippines (Section 10). It is char-

acterized by its high level of lauric acid (12:0) accompanied by the 8:0–14:0 acids.

A detailed fatty acid composition of this oil is given in Table 2(b). The oil is used in

the food industry and in the nonfood industry. In the latter case, it is used mainly as

derivatives of the corresponding alcohols (dodecanol or coco alcohol).

Attempts are being made to develop oils of various cuphea species rich in one

or the other of the C8 to C14 acids. (Section 6). Genetically modified rapeseed oil

with lauric acid is also available but has not yet proved to be economically viable

(28–30).

5.4. Corn Oil

Corn oil is a major vegetable oil with an annual production of around 2 million tons

obtained from corn or maize (Zea mays) by wet milling, particularly in the United

States. The major acids are palmitic (9–17%), oleic (20–42%), and linoleic (39–

63%), and the major triacylglycerols are typically LLL (15%), LLO (21%), LLS

(17%), LOO% (14%), LOS (17%), LSS (5%), OOO (6%), and OOS (4%). Despite

its high unsaturation, the oil has good oxidative stability. The refined oil is used as a

frying oil, a salad oil, and in the production of spreads after partial hydrogenation

(31).

5.5. Cottonseed Oil

The cotton plant is grown for its fiber with the oil being a byproduct and represent-

ing only about 11–12% of the gross value of the product. Cottonseed oil was once

the major vegetable oil in competition with the more widely used animal fats.
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Today it occupies ninth place in production tables after the four major vegetable

oils (soybean, palm, rape/canola, and sunflower), peanut oil, and three land animal

fats (tallow, lard, and butter). With an annual production of about 3.9 million tons, it

is grown mainly in China (1.1 million tons) and at lower levels of 0.4–0.2 million

tons in India, the United States, the ex-USSR, Pakistan, Brazil, and Turkey. The oil

is consumed mainly in the country of origin with only limited exports/imports. Cot-

tonseed oil is unusual among commodity vegetable oils in that it contains a rela-

tively high level of palmitic acid (27%) along with oleic (18%) and linoleic

acids (51%). Linolenic acid is virually absent. Low levels of malvalic and sterculic

acids (cyclopropene acids) are removed during refining. Gossypol present in the

crude oil gives it a strong yellow color (32).

5.6. Linseeed (Flaxseed, Linola)

Different varieties of flax (Linum usitatissimum) are grown for fiber and for oil. Lin-

seed oil is well known as one of the most unsaturated vegetable oils, resulting from

its high level of linolenic acid (50–60%, Table 4). As a consequence of this, it oxi-

dizes and polymerizes very readily and is used in paints, varnishes, and inks, in the

production of linoleum, and as a sealant for concrete. These uses diminished with

the appearance of alternative petroleum-based products, but the natural oil is com-

ing back into favor on environmental grounds (33).

With recognition of the importance of n-3 acids in the diet, the oil and seed—

under the name of flaxseed—are being used increasingly in food products both for

humans (cereals and breads) and for animals. This is independent of the growing

use of linola oil (solin) discussed below.

Using chemical mutation, plant breeders in Australia developed a variety of lin-

seed with a low level of linolenic acid (	2%) and a high level of linoleic acid. This

is called linola and is a linoleic-rich oil like sunflower. Solin is the generic name

given to a similar Canadian flaxseed oil with <5% of linolenic acid. To distinguish

these from traditional linseed oil, they must have yellow seed coats. They can be

grown in the same temperate zones as rapeseed (canola), and the oil is used as an

alternative to sunflower seed oil in the production of spreads rich in EFA. It is being

grown in Australia, Canada, and Europe (34–38) (Table 4).

5.7. Olive Oil

Olive oil is a major vegetable oil obtained from the mesocarp of the fruits of

the olive tree (Oleo europaea). Annual production is about 2.5 million tons, and

commercial growth of the tree is confined almost entirely to the Mediterranean

TABLE 4. Fatty Acid Composition of Linseed and Linola Oils.

Oil source Saturated 18:1 18:2 18:3

Linseed 10 16 24 50

Linola 10 16 72 2
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countries of Italy, Greece, Spain, Turkey, and Tunisia. Virgin olive oil is produced

from the first pressing, and other grades of lower quality are produced subsequently.

The oil is characterized by a high level of oleic acid with Codex ranges of 8–20%

for palmitic acid, 55–83% for oleic acid, and 4–21% for linoleic acid. The major

triacylglycerols are typically OOO (43%), LOO (11%), and POO (22%), and the oil

is characterized by a range of unsaponifiable constituents, that confer high oxidative

stability (60). The oil contains squalene at a higher level (150–170 mg/100 ml) than

in other vegetable oils (5–50 mg/100 ml), and this can be recovered from deodor-

izer distillate (Section 3.5) (39).

5.8. Palm Oil

The oil palm (Elaies guinensis) produces two distinct oils—palm oil from the fleshy

endosperm and palm-kernel oil (Section 5.10) from the kernels. It grows in the tro-

pical regions of Asia, Africa, and America and predominantly in Malaysia and

Indonesia. At an average of about 4 tons per hectare of the two oils combined on

well-managed plantations, the oil palm outcrops all other oil crops. Fruit bunches of

4–20 kg contain 200–2000 individual fruits that furnish palm oil (20–24%) and

palm-kernel oil (2–4%). Through seed breeding, palm trees are being developed

with lower height, higher oil yields, more unsaturated oil, and a higher proportion

of kernel (40, 41).

The supply of palm oil has risen considerably since around 1980. It was almost

24 million tons per annum in 2001–2002 and is predicted to exceed the production

of soybean oil during the period 2011–2015 at around 37 million tons. The oil con-

tains almost equal proportions of saturated (palmitic 	48% and stearic 	4%) and

unsaturated acids (oleic 	37% and linoleic 	10%). The major triacylglycerols are

POP (30–40%) and POO (20–30%). The oil is used mainly for food purposes but

finds some nonfood uses. It is a source of valuable byproducts such as carotene and

tocopherols and tocotrienols (vitamin E). Red palm oil is a carefully prepared oil

that retains about 80% (500–700 ppm) of the carotenes present in the crude oil and

is a valuable dietary source of these important compounds (42).

Palm oil, melting in the range 21–27C, can be fractionated to give solid (palm

stearin, 30–35%, mp 48–50C) and liquid fractions (palm olein, 65–70%, mp 18–

20C), thereby extending the range of usefulness of this oil. With improved filtra-

tion procedures, the yield of olein has been increased to 71–78%. This olein has a

cloud point of 7–10C and can be fractionated further to give even more unsaturated

oleins and palm mid fraction (Table 5). Palm olein is a high-quality, highly stable

TABLE 5. Fatty Acid Composition of Palm Oil and its Fractions.

Oil source 16:0 18:0 18:1 18:2

Palm oil 44 4 39 11

Palm olein 41 4 41 12

Palm stearin 47–74 4–6 16–37 3–10

Source: Lin (42).
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frying oil, and the major export of palm oil from Malaysia is now in the form of

palm olein. Palm stearin is the less valuable commodity, but it can be used as a hard

fat in the production of spreads and as a vegetable alternative to tallow in the

oleochemical industry.

5.9. Palm-Kernel Oil

Palm-kernel oil is produced from the kernels of the oil palm, usually by solvent

extraction and is an important lauric oil (see also coconut oil, Section 5.3). Its fatty

acid composition is detailed in Table 2(b). Annual production is about 2.3 million

tons. The kernels originate mainly in the oil palm growing areas of Malaysia and

Indonesia and are crushed almost entirely in the country of origin (28, 29).

5.10. Peanut Oil (Groundnut Oil)

Peanut oil (groundnut), obtained from the legume Arachis hypogea, is also known

as monkeynut oil and arachis oil. The plant is grown widely and especially in India,

China, and the United States. A lot of the nuts are consumed as snacks, but crushing

still yields about 4.6 million tons of oil each year. Its major acids are palmitic

(8–14%), oleic (36–67%), and linoleic (14–44%) along with 5–8% (total) of C20,

C22, and C24 saturated and monoene acids. The major triacylglycerols in one sam-

ple of oil were reported to be LLL (6%), LLO (26%), LLS (8%), LOO (21%), LOS

(13%), OOO (5%), OOS (16%), and other (5%). The oil shows high oxidative sta-

bility and is considered to have a desirable nutty flavor. There is also a high-oleic

variety with 76% of oleic acid (Section 4.2.4) (43).

5.11. Rapeseed Oil

The seed oil of Brassica napus or B. campestris was typically rich in erucic acid

(22:1), and the seed meal had an undesirably high level of glucosinolates. These

components reduced the value of the oil and the protein meal but both have been

bred out of modern rapeseed, known as double zero or canola. Rapeseed (of all

kinds) is now the third largest source of oil at about 14.1 million tons a year

(2000/01) after soybean oil and palm oil. It is grown mainly in Western Europe,

China, India, and Canada (where the canola varieties were developed). Typically

it contains palmitic (4%), stearic (3%), oleic (56%), linoleic (26%), and linolenic

(10%) acids with less saturated acids than any other commodity oil. In one exam-

ple, its major triacylglycerols were LLL (5%), LLO and LnOO (19%), LOO (27%),

and OOO (41%). Rapeseed oil lends itself to genetic modification, and several rape-

seed varieties giving oils with modified fatty acid composition have been devel-

oped. It is still not clear how many of these will be economically viable.

Rapeseed oils containing less linolenic acid, or enhanced levels of lauric acid, stea-

ric acid, oleic acid, or containing unusual acids such as g-linolenic acid, ricinoleic

acid, or vernolic acid have all been developed with a view to commercial exploita-

tion (see Section 6 borage oil). An oleic-rich variety developed in Australia, called
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Monola, contains about 78% oleic acid (Section 4.2.4). Efforts to modify rapeseed

oil by conventional breeding and by genetic engineering are detailed in Sections 9.3

and 9.4 (44).

5.12. Rice Bran Oil

Rice (Oryza sativa) is an important cereal with an annual production of over 500–

800 million tons. To produce white rice, the hull is removed and the bran layer is

abraded giving 8–10% of the rice grain. The bran contains the testa, cross cells,

aleurone cells, part of the aleurone layer, and the germ and includes almost all of

the oil of the rice coreopsis. Gopala Krishna (45) considers that there is a potential

for over 5 million tons of rice bran oil per annum, but present production is only

about 0.7 million tons and not all of this is of food grade. India (0.50 million tons),

China (0.12 million tons), and Japan (0.08 million tons) are the major countries

producing rice bran oil.

Lipases liberated from the testa and the cross cells promote rapid hydrolysis of

the oil, and therefore, it should be extracted within hours of milling. Attempts have

been made to upgrade oil with 30% free acid by reaction with glycerol and the

enzyme Lipozyme (Mucor miehei lipase) followed by neutralization. The major

acids in rice bran oil are palmitic (12–18%, typically 16%) oleic (40–50%, typically

42%), and linoleic acid (29–42%, typically 37%). The oil contains phospholipids

(	5%), a wax that may be removed and finds industrial use, and unsaponifiable

matter including sterols, 4-methylsterols, triterpene alcohols, tocopherols, and

squalene among others.

Refined rice bran oil is an excellent salad oil and frying oil with high oxidative

stability resulting from its high level of tocopherols and from the presence of the

oryzanols (ferulic acid esters of sterols and triterpene alcohols). The oxidative

stability of this oil is exploited in ‘‘Good Fry Oil.’’ This is a frying oil based on

oleic-rich sunflower oil to which is added up to 6% of rice bran and/or sesame

oil to confer high oxidative stability. Rice bran oil also finds several nonfood

uses (45).

Rice bran oil is reported to lower serum cholesterol by reducing LDL and VLDL

without changing the level of HDL. This effect seems not to be related to fatty acid

or triacylglycerol composition but to the unsaponifiable fraction and probably to the

oryzanols (1.5–2.0% of the oil). These can be isolated in concentrated form from

rice bran oil soapstock but have not yet been accepted for food use (46–51).

5.13. Safflower Oil

Safflower seed oil is a minor oil obtained from the seed of Carthamus tinctorius,

grown particularly in India as a source of a valuable red-yellow or orange dye.

Annual production of seed varies between 600,000 and 800,000. Normally it is a

linoleic-rich oil (	75% linoleic acid) with LLL (47%), LLO (19%), and LLS (18%)

as the major triacylglycerols. An oleic-rich variety (	74% oleic acid) has been

developed and designated saffola (52).
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5.14. Sesame Oil

Sesame oil comes from the plant Sesamum indicum. This is grown mainly in India

and China and in Myanmar (Burma), Sudan, Mexico, and Egypt with a total annual

production of oil of 	0.8 million tons. The seed has 40–60% of oil with almost

equal levels of oleic (range 35–54, average 46%) and linoleic acids (range 39–59,

average 46%). The oil contains sesamin (0.5–1.1%) and sesamolin (0.3–0.6%),

which give the oil high oxidative stability (51, 53). It may be added to other

oils to enhance oxidative stability as in the preparation of ‘‘Good-Fry Oil’’

(Section 5.11) (50).

5.15. Soybean Oil

The seed of Glycine max is grown as a source of high-grade protein (79%) used in

many human foods and the most dominant protein in animal feed. It is also the

source of a high-quality oil (	18%). The oil contains palmitic acid (typically

11%, range 7–14%), oleic acid (typically 23%, range 19–30%), linoleic acid (typi-

cally 53%, range 44–62%), and linolenic acid (typically 7%, range 4–11%). Tri-

acylglycerols exceeding 5% include LeLL (7%), LeLO (5%), LLL (15%), LLO

(16%), LLS (13%), LOO (8%), LOS (8%), OOS (5%), and other (19%) at the

approximate levels shown.

Soybean oil is produced in a larger amount than any other vegetable oil and is

grown primarily in the United States, Brazil, Argentina, and China (see Section 10).

It is a very significant part of the diet in the first three of these countries (perhaps

over 80% of dietary fat intake in the United States). Because it contains linolenic

acid, it is usually subjected to a light hydrogenation before being used as a frying

oil or as a salad oil and is more extensively hydrogenated for the production of

spreads and cooking fats (54). Nonfood applications are based mainly on the

high unsaturation of this oil and include surface coatings, dimer acids, and epoxi-

dized oil.

Soybean oil is richly endowed with several minor components that can be recov-

ered during the refining process. These include phospholipids recovered as lecithin,

mixed sterols that serve as a starting material for production of valuable pharma-

ceutical products, and tocopherols (vitamin E) (10).

Attempts are being made to modify the fatty acid composition of soybean oil to

enhance its usefulness. Oils with less or more saturated acid, with less linolenic

acid, and with high levels of oleic acid are in various stages of development (55).

5.16. Sunflower Oil

Sunflower seed oil is obtained from Helianthus annus grown mainly in the USSR,

Argentina, Western and Eastern Europe, China, and the United States. The oil nor-

mally contains 60–75% of linoleic acid, >90% of oleic and linoleic acids com-

bined, and virtually no linolenic acid. Its major triacylglycerols are typically

LLL (14%), LLO (39%), LLS (14%), LOO (19%), LOS (11%), and other (3%).
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It is widely used as a cooking oil and is valued as an important component of soft

spreads. High oleic varieties have been developed. Sunola or Highsun has about

85% oleic acid (some samples reach 90%). These are used to meet the growing

demand for high oleic oils. NuSun with 	 60% oleic acid has been developed in

the United States [Table 2(a)]. It is hoped that it will replace regular sunflower oil in

the United States, and by 2001, it represented 32% of all sunflower grown there

(56).

5.17. Tall Oil

The term tall oil comes from the Swedish word for pine oil (tallolja). It is a mixture

of fatty acids and some neutral material. Tall oil fatty acids are a byproduct of the

wood pulp industry and result when pine wood chips are digested, under pressure,

with an alkaline solution of sodium sulfate or an acidic solution of sodium sulfite.

Tall oil is produced mainly in North America (	250,000 tons) and Scandinavia

(	90,000 tons), but the products from these two sources differ in composition

because of the differences in wood species being pulped. The crude extract is dis-

tilled to separate fatty acids (with less than 2% of resin acids) from resin acids (with

less than 2% of fatty acids). The former is a good and cheap source of an oleic–

linoleic acid mixture (75–80%). However, tall oil fatty acids contain sulfur com-

pounds that interfere with catalytic processes, so the acids are not usually converted

to alcohols or to nitrogen-containing compounds. They are used instead to prepare

dimer acids, alkyds and coatings, detergents, and lubricants and are being examined

for use as solvent, in inks, and for biodiesel production (57). Tall oil pitch is a

valuable source of sterols. These are hydrogenated and acylated for use in

cholesterol-lowering spreads (58) (see Table 6).

6. SPECIALITY AND MINOR OILS

The term speciality oil is a vague term used to describe oils that usually have been

carefully refined to retain the special qualities of color and flavor normally

associated with the oil. For the most part, they are used as food ingredients and

in cosmetic and pharmaceutical products.

These oils are generally available in only limited quantities, and it is essential to

ensure that the sources located will provide a reliable and adequate supply of good

TABLE 6. Fatty Acid Composition of Tall Oil.

Source Sat (a) 18:1 18:2 (b) (c) (d)

American 2.5 46 36 2 9 1-5

Scandinavian 2.5 30 45 9 5 1-5

(a) 16:0þ 18:0; (b) pinolenic acid, 5c9c12c-18:3; (c) conjugated diene acids; (d) rosin acids and

unsaponifiable.
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quality material. As the oils are to be used as dietary supplements, health foods, or

gourmet oils, it is important that the seeds be handled, transported, and stored under

conditions that will maintain quality. It may be necessary to consider growing crops

under conditions that minimize the level of pesticides.

Many fruits are now being processed in large amounts at centralized facilities.

This means that larger quantities of ‘‘waste products’’ are available at one center

and can be more easily treated to recover oil and other valuable byproducts. This

is particularly relevant in the fruit industry where pips, stones, and kernels are

available in large supply.

Extraction can be carried out in several ways, including cold-pressing at tem-

peratures not exceeding 45C, pressing at higher temperatures, and/or solvent

extraction. Solvent extraction is not favored for high-quality gourmet oils. Super-

critical fluid extraction with carbon dioxide is an acceptable possibility, but there is

no evidence that this technique is widely used for this purpose. A further possibility

is to use enzymes to break down cell walls followed by extraction under the mildest

possible conditions.

Some speciality oils such as walnut, virgin olive, hazelnut, pistachio, and sesame

can be used as expressed, merely after filtering, but for others, some refining is gen-

erally necessary. On the other hand, if the oil has a characteristic flavor of its own, it

may be desirable to retain this and high-temperature deodorization must then be

excluded or reduced to a minimum. Once obtained in its final form, the oil must

be protected from deterioration—particularly by oxidation. This requirement neces-

sitates the use of stainless steel equipment, blanketing with nitrogen, and avoiding

unnecessary exposure to heat and light. At the request of the customer, natural and/

or synthetic antioxidant can be added to provide further protection (59).

There follows a description of many minor oils and for convenience these are

presented in alphabetical order (60, 61). Useful fatty acid data for many oils are

given in an AOCS publication (62) and in a book by Ucciani (63).

Aceituno oil (Simarouba glauca). This tree grows in Central and South Amer-

ica. Its seeds produce oil (about 30%), which is rich in oleic acid (	58%), and con-

tains significant levels of stearic (	28%) and palmitic (12%) acids. (64).

Almond (Prunus dulcis, P. amygdalis, Amygdalis communis). Almond oil is

generally considered as an oleic-rich oil (65–70%), but its fatty acid composition

can vary widely. The triacylglycerol composition of the oil has also been reported.

Low-saturated, high-monounsaturated oils show high oxidative and cold weather

stability (i.e., they are slow to deposit crystals) (65, 66).

Amaranthus (Amaranthus cruentus). Amaranthus or amaranth is a grain con-

taining low levels (6–9%) of oil. A study of 21 accessions gave the following

results: oil content 5–8% (mean 6.5), palmitic 8–22% (mean 19), stearic 1–4%

(mean 3), oleic 16–25% (mean 22), linoleic 41–61% (mean 45), and tocopherols

2.8–7.8 mg/100 g (mean 4.9). Amaranthus oil is unusual in that it has a relatively

high level (6–8%) of squalene, and this concentration can be raised 10-fold by

short-path high-vacuum distillation. There is no other convenient vegetable source

of squalene apart from olive oil, which has a squalene level of 0.3–0.7% rising to

10–30% in deodorizer distillate (67–70).
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Apricot (Prunus armeniaca). Apricot seed oil is used in cosmetics and is avail-

able as a speciality oil for food use. It contains oleic (58–74%) and linoleic acids

(20–34%). One study gives values of palmitic 5%, stearic 1%, oleic 66%, and lino-

leic acid 29%. With its low content of saturated acids, it shows excellent cold

weather stability (71, 72). The fatty acid composition of the phospholipids has

been reported (73).

Avocado (Persea americana). The avocado grows in tropical and subtropical

countries between 40N and 40S and is available particularly from California,

Florida, Israel, New Zealand, and South Africa. Like the palm and the olive, lipid

is concentrated in the fruit pulp (4–25%) from which it can be pressed. There is

very little oil in the seed (2%). The oil is used widely in cosmetic products as it

is easily absorbed by the skin, and its unsaponifiable material is reported to provide

some protection from the sun. It is also available as a high-oleic speciality oil for

food use. It is rich in chlorophyll, making it green before processing. It contains

16:0 (10–20%), 18:1 (60–70%), and 18:2 (10–15%) as its major fatty acids.

Its unsaponifiable matter, total sterol, and tocopherol levels have been reported

(74–78).

Babassu (Orbignya martiana and O. oleifera). This palm, grown in South and

Central America, contains a lauric oil in its kernel. Annual production is small and

uncertain (100–300 kt), but Codex values have been established. In line with other

lauric oils, it contains 8:0 (6%), 10:0 (4%), 12:0 (45%), 14:0 (17%), 16:0 (9%),

18:0 (3%), 18:1 (13%), and 18:2 (3%) acid (79).

Blackcurrant (Ribes niger) see Borage.

Borage (Borago officinalis). g-Linolenic acid (6,9,12–18:3, GLA) is now recog-

nized as an interesting material with beneficial health properties. Claims have been

made for its use in the treatment of multiple sclerosis, arthritis, eczema, premenstr-

ual syndrome, and other diseases. It is a biological intermediate in the conversion of

freely available linoleic acid to the important but less readily available arachidonic

acid. This change is a three-step process involving 6-desaturation, elongation, and

5-desaturation, of which the first step is rate-determining.

9; 12-18 : 2! 6; 9; 12-18 : 3! 8; 11; 14-20 : 3! 5; 8; 11; 14-20 : 4

GLA is commercially available in three seed oils: blackcurrant, borage, and evening

primrose. The production and use of these oils has been reviewed by Clough

(80, 81). See also references 82–85 and Section 2.3 (Table 7).

TABLE 7. Component Acids of Oils Containing c-Linolenic Acid (Typical Results,% wt).

Oil source 16:0 18:0 18:1 18:2 g-18:3 other

Evening primrose 6 2 9 72 10 1

Borage 10 4 16 38 23 9 (a)

Blackcurrant 7 2 11 47 17 16 (b)

(a) 20:1 (4.5), 22:1 (2.5), and 24:1 (1.5).

(b) a-18:3 (13) and n-3 18:4 (3).
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Borneo tallow (Shorea stenoptera). This solid fat, also known as illipe butter,

contains palmitic (18%), stearic (46%), and oleic acid (35%). It is one of six per-

mitted fats (palm oil, illipe butter, kokum butter, sal fat, shea butter, and mango

kernel fat), which, in some countries at least, can partially replace cocoa butter

in chocolate (86, 87).

Buffalo gourd (Cucurbita foetidissima). The buffalo gourd is a vine-like plant

that grows in semiarid regions of the United States, Mexico, Lebanon, and India.

The seed contains good quality oil (32–39%) and protein. The oil is very variable in

fatty acid composition, thus lending itself to seed breeding. A typical sample con-

tains 16:0 (9%), 18:0 (2%), 18:1 (25%), and 18:2 (62%) (88).

Calendula see Marigold.

Camelina see Gold of Pleasure.

Candlenut (lumbang, kemiri, kukui, Aleurites moluccana). This is a tropical

tree whose nuts contain a very unsaturated oil: 16:0 (6–8%), 18:0 (2–3%), 18:1

(17–25%), 18:2 (38–45%), and 18:3 (25–30%). Its iodine value, however, is not

as high as that of linseed oil. It is used for cosmetic purposes and has been recom-

mended for the treatment of burns (89).

Caraway (Carum carvii). This is one of a group of plants whose seed oils con-

tain petroselinic acid (6–18:1). This acid reaches levels of 35–43% in caraway, 66–

73% in carrot, 31–75% in coriander, and 	80% in parsley. This isomer of oleic acid

has some potential use as a source of lauric and adipic acids, produced by oxidative

cleavage. The latter, an important component of many polyamides (nylons), is

usually made from cyclohexane by a reaction that is reported to be environmentally

unfriendly (90).

Carrot (Daucus carta). See caraway.

Cashew (Anacardium occidentale). Toschi et al. (91) have given details of the

fatty acids, triacylglycerols, sterols, and tocopherols in cashew nut oil. The major

fatty acids are palmitic (9–14%), stearic (6–12%), oleic (57–65%), and linoleic

(16–18%), and the major triacylglycerols are OOO, POO, OOSt, OOL, and POL.

Cherry (Prunus cerasus). Obtained by cold pressing and filtering, this oil is sold

in the unrefined state for use as a speciality oil for salad dressings, baking, and shal-

low frying and in the production of skin-care products. Its fatty acid composition is

unusual in that in addition to oleic (30–40%) and linoleic acids (40–50%), it also

contains a-eleostearic acid (6–12%, 9c11t13t-18:3). Some of these potential uses

are perhaps surprising for an oil containing a conjugated triene acid (92–95). The

fatty acid composition of the phospholipids has been reported (96).

Chia (Salvia hispanica). Chia seeds contain 32–38% of a highly unsaturated oil

(97). The fatty acid composition for five samples from Argentina have saturated

acids (9–11%), oleic (7–8%), linoleic (20–21%), and linolenic acid (52–63%).

Chinese vegetable tallow and stillingia oil (Sapium sebiferum, Stillingia sebi-

fera). This seed is unusual in that it yields lipid from its outer seed coating (Chinese

vegetable tallow, 20–30%) and from its kernel (stillingia oil, 10–17%), which are

very different (96). The former, with 	75% palmitic acid and 20–25% oleic acid, is

mainly a mixture of PPP (	70%) and POP (20–25%) triacylglycerols and is a

potential confectionery fat. However, it is difficult to obtain the fat free of stillingia
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oil (the kernel oil), which is considered to be nutritionally unacceptable. Stillingia

oil is different, with oleic (13%), linoleic (23%), and linolenic acids (47%) and

novel C8 (hydroxy allenic) and C10 (conjugated dienoic) acids that occur together

as a C18 estolide attached to glycerol at the sn-3 position, thus,

Glyc-OCOCH����C����CHðCH2Þ4OCOCH����CHCH����CHðCH2Þ4CH3

Coriander (Coriandrum sativum). See caraway. Attempts are being made both

to develop coriander as an agricultural crop and to transfer the necessary �-6 desa-

turase to the rape plant (98).

Crambe (Crambe abyssinica, C. hispanica). Present interest in this oil, particu-

larly in North Dakota and in Holland, depends on the fact that it is a potential

source of erucic acid (50–55%) that finds several industrial uses. This was once

the major acid in rapeseed oil, but modern varieties of this seed produce a low-

erucic oil (such as canola) suitable for food use. High-erucic rapeseed oil is still

grown for industrial purposes, and attempts are being made to increase the level

of this C22 acid from around 50% to over 65% and even to 90% by genetic engi-

neering (22–23, 44, 99–102).

Cuphea. Cuphea plants furnish seeds with oils that may be rich in C8, C10, C12,

or C14 acids. They generally contain >30% of oil and are expected to produce a

commercial crop in the period 2005–2010. Problems of seed dormancy and seed

shattering have already been solved. As markets for lauric oils already exist, there

should be no difficulty in substituting cuphea oils. More recently, it has been

reported that cuphea will be used as a commercial source of lauric acid from

2003 onward (30, 102, 103). Pandey et al. (104) have described the oil (17–29%)

from Cupea procumbens containing 89–95% of decanoic acid. See also Section 9.2.

Dimorphotheca The seed of Dimorphotheca pluvialis is not very rich in oil (13–

28%, typically about 20%), but it contains an unusual C18 hydroxy fatty acid

(	60%) with hydroxyl group adjacent (allylic) to a conjugated diene system.

This is very unstable and easily dehydrates to a mixture of conjugated 18:3 acids

(105).

CH3ðCH2Þ4CH����CHCH����CHCHðOHÞðCH2Þ7COOH

Dimorphecolic acid ð9-OH10t12c-18 : 2Þ

Evening Primrose (Oenothera biennis, O. lamarckiana, and O. parviflora). see

Borage.

Gold of Pleasure (Camelina sativa, also called false flax). In addition to its

interesting fatty acid composition, this plant attracts attention because it grows

well with lower inputs of fertilizers and pesticides than traditional crops like rape-

seed and linseed. The plant can also be grown on poorer soils and shows better

gross margins than the other two plants after allowing for direct costs and (EU) sub-

sidy payments. The seed yield is in the range 1.5–3.0 t/ha, and the oil content is

between 36% and 47%. The oil has an unusual fatty acid composition. It contains
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significant levels of oleic acid (10–20%), linoleic acid (16–24%), linolenic acid

(30–40%), and C20 and C22 acids, especially 20:1 (15–23%). Another publication

reports 30–38% oil containing oleic (14–20%), linoleic (19–24%), linolenic (27–

35%), eicosenoic (12–15%), and other acids (12–20%) along with a range of tocols

(5–22, mean 17 mg/100 g). Despite its high level of unsaturation, the oil shows rea-

sonable oxidative stability. Attempts are being made to optimize the agronomy. Its

use in paints, varnishes, inks, cosmetics, and even as a food oil is being examined

and developed. Permission for food use has been granted in France and Britain

(106–110).

Grapeseed (Vitis vinifera). These seeds produce variable levels of oil (6–20%),

now available as a gourmet oil and for which Codex values have been reported. The

oil is rich in linoleic acid (60–76%) and contains palmitic (6–8%), stearic (3–6%),

and oleic acids (12–25%). In common with other oils rich in linoleic, it is reported

to have a beneficial effect on the skin (79). Moret et al. (111) have described the

effect of processing on the content of polycyclic aromatic hydrocarbons in this oil.

Hazelnut (Corylus avellana, also called filberts). The oil is rich in oleic acid

(65–75% or even higher) and contains linoleic acid (16 –22%). Its levels of satu-

rated acids are low. Grown in Turkey and New Zealand, the nuts produced 55–

63% of oil with saturated acids (6–8%), monoene acids (74–80%), and linoleic

acid (6–8%). A recent study indicates the presence of several monoene acids in

the C16– C22 range, although this may refer to a different species (79, 112–115).

Hemp (Marijuana, Cannabis sativa). Hemp seed oil has an interesting fatty acid

composition. One report gives the followimg values: palmitic (4–9%), stearic (2–

4%), oleic (8–15%), linoleic (53–60%), a-linolenic (15–25%), g-linolenic (0–5%),

and stearidonic acid (0–3%). The oil is being used in cosmetic formulations (116).

Evidence from a study in Finland indicates that dietary consumption of hemp seed

oil leads to increased levels of g-linolenic acid in blood serum (117). The growing

of hemp is banned in the United States, and therefore, hemp seed oil must be

imported into that country (118–119).

Honesty (Lunaria annua). This seed oil contains significant levels of erucic

(22:1, 41%) and nervonic acids (24:1, 22%) and is being studied as a new crop

because it is a good source of the latter acid, which may be useful in the treatment

of demyelinating dizease (120).

Illipe (Shorea stenoptera, also called Borneo tallow). This is one of a group of

tropical fats that are often confused with one another. They generally resemble

cocoa butter in their proportions of palmitic, stearic, and oleic acids and therefore

have similar triacylglycerol composition and display similar melting behavior.

Values of 18%, 46%, and 35% have been reported for palmitic, stearic, and oleic

acids and POP (7%), POSt (34%), and StOSt (47%) for the major triacylglycerols

(121–125). It is one of six permitted fats (palm oil, illipe butter, kokum butter,

sal fat, shea butter, and mango kernel fat), which, in some countries at least, can

partially replace cocoa butter in chocolate (86–87).

Kapok (Bombax malabaricum, Ceiba pentandra). This name is applied to a

number of tropical trees of the bombax family. The oil is a byproduct of kapok fiber

production. Its major component acids are palmitic (22%), oleic (21%), and linoleic
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(37%), but it also contains about 13% of cyclopropene acids (malvalic and stercu-

lic), which make it unsuitable for food use.

Kokum (Garcinia indica). Both kokum and mahua fats are rich in saturated and

oleic acid and contain high levels of SOS triacylglycerols. They can be fractioned

separately or as blends of the two oils to produce stearins that can be used as cocoa

butter extenders (Table 8) (125). Kokum butter is one of six permitted fats (palm

oil, illipe butter, kokum butter, sal fat, shea butter, and mango kernel fat), which, in

some countries at least, can partially replace cocoa butter in chocolate (90).

Lesquerella. The only oil of significance with a hydroxy acid is castor oil (Sec-

tion 5.1) but among the new crops being seriously developed are two containing

hydroxy acids. Lesquerella oils have some resemblance to castor oil, but Dimor-

photheca pluvialis seed oil contains a different kind of hydroxy acid.

Plants of the Lesquerella species are characterized by the presence of the C20

bis-homologue of ricinoleic acid—lesquerolic acid—sometimes accompanied by

other acids of the same type at lower levels:

Ricinoleic acid 12-OH 9-18 : 1

Densipolic acid 12-OH 9; 15-18 : 2

Lesquerolic acid 14-OH 11-20 : 1

Auricolic acid 14-OH 11; 17-20 : 2

A typical analysis of L. fendleri seed oil showed the presence of 16:0 (1%), 18:0

(2%), 18:1 (15%), 18:2 (7%), 18:3 (14%), lesquerolic (54%), and auricolic (4%)

acids. As lesquerolic acid is the C20 homologue of ricinoleic with the same

b-hydroxy alkene unit, it undergoes similar chemical reactions but produces

(some) different products. For example, pyrolysis should give heptanal and 13-tri-

decenoic acid (in place of 11-undecenoic acid). This could be converted to 13-ami-

notridecanoic acid, the monomer required to make nylon-13. Similarly, alkali-

fusion will give 2-octanol and dodecanedioic acid in place of decanedioic (sebacic)

acid. This C12 dibasic acid is already available from petrochemical products and has

a number of applications. A recent account of the status of this oil is available

(126).

Macadamia (Macadonia integrifolia, M. tetraphylla). The nuts are used as a

snack food. They are rich in oil (60–70%), which is used in cosmetics and is avail-

able as a gourmet oil. It is characterized by its high level of monoene acids [total

	80%, 16:1 16–23%, 18:1 55–65%, 20:1 1–3%] and is a convenient source of the

TABLE 8. Fatty Acids and triacylglycerols of Kokum and Madhua Fats.

Fatty Acids Triacylglycerols

Oil source 16:0 18:0 18:1 18:2 StOSt POSt POP

Kokum 2.0 49.0 49.0 0 72.3 7.4 0.5

Madhua 23.5 20.0 39.0 16.7 10.6 22.2 18.9

Stearin
 15.7 37.8 35.5 11.1 46.2 15.0 9.7


Obtained by dry fractionation of a 1:1 mixture of the two oils.
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relatively uncommon palmitoleic acid. Its high level of monoene acids makes it

good for skin care, but low levels of tocopherols limit its oxidative stability

(127–128).

Mahua (Madhuca latifolia). see Kokum fat and Mango kernel fat.

Mango (Mangifer indica). Mango is consumed in large quantities as fruit. The

kernel contains 7–12% of lipid with palmitic (3–18%), stearic (24–57%), oleic (34–

56%), and linoleic acid (1–13%). In a typical case, these values were 10.3%, 35.4%,

49.3%, and 4.9%, respectively. It is fractionated to give an olein that is lower melt-

ing than mango fat and has excellent emollient properties and a stearin. The stearin

can serve as a cocoa butter equivalent (POP 1%, POSt 12%, StOSt 56%) (124, 129,

130) and as a component with fractioned mahua fat of a trans-free bakery shorten-

ing. It is one of six permitted fats (palm oil, illipe butter, kokum butter, sal fat, shea

butter, and mango kernel fat), which, in some countries at least, can partially

replace cocoa butter in chocolate (86).

Marigold (Calendula officinalis). Interest in this seed oil is based on the fact that

it contains significant levels (53–62%) of calendic acid along with linoleic acid

(28–34%). Calendic acid (8t,10t,12c-18:3) is a conjugated trienoic acid, and this

makes the oil an effective drying agent. Its alkyl esters can be used as a reactive

diluent in alkyd paints replacing volatile organic compounds. The crop is being stu-

died particularly in Europe (131–133).

Meadowfoam (Limnanthes alba). This oil is unusual in that over 95% of its

component acids are C20 or C22 compounds and include 5–20:1 (63–67%), 5–

22:1 (2–4%), 13–22:1 (16–18%), and 5,13–22:2 (5–9%). It is being grown in the

United States, and its potential uses are being thoroughly examined. Winter culti-

vars now being developed are expected to improve the suitability of the crop to con-

ditions in Northern Europe. Potential uses of this oil include cosmetic applications,

production of dimer acid, as a lubricant, and via a wide range of novel derivatives

based on reaction at the �5 double bond (134–138).

Melon (Citrullus colocythis and C. vulgaris). This seed oil has been examined in

terms of its fatty acids and phospholipids by Akoh and Nwosu (139). The major

fatty acids in the total lipids are palmitic (11% and 12%), stearic (7% and 11%),

oleic (10% and 14%), and linoleic acid (71% and 63%) for two samples.

Mowrah (Madhuca latifolia, M.longifolia, M.indica). This is mainly an Indian

product where the fat is used for edible and industrial purposes. The nuts contain

46% of oil with variable levels of palmitic (15–32%), stearic (16–26%), oleic (32–

45%), and linoleic acid (14–18%) (140).

Mustard (Brassica alba, B. hirta, B. nigra, B. juncea, B. carinata). The seeds

contain 24–40% of oil characterized by the presence of erucic acid. Typical values

are oleic 23%, linoleic 9%, linolenic 10%, eicosenoic 8%, and erucic acid 43%

(141, 142). The plant is grown extensively in India (59, 79).

Canadian investigators have bred Brassica juncea (orienal mustard) from an

Australian line with low erucic acid and low glucosinolate so that it has a

fatty acid composition (palmitic 3%, stearic 2%, oleic 64%, linoleic 17%, and

linolenic acid 10%) similar to that of canola oil from B. napus and B. rapa. This

makes it possible to expand the canola growing area of Western Canada (143).
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Neem (Azadirachta indica). This interesting seed oil contains chemicals used to

control 200 species of insects. The oil prevents some insect species from maturing

past the larval stage (144).

Nigella (Nigella sativa, black cumin). Typically, nigella oil contains palmitic

(10%), oleic (35%), and linoleic acid (45%). Related species (N. arvensis and

N. damascena) give similar oils with less oleic and more linoleic acid. The presence

of low levels of 20:1 (11c, 0.5–1.0%) and higher levels of 20:2 (11c14c, 3.6 – 4.7%)

in all of these oils may be of taxonomic significance. In one analysis, the oil con-

tained the following major triacylglycerols: LLL 25%, LLO 20%, LLP 17%, LOP

13%, and LOO 10% reflecting the high level of linoleic acid. The seeds appear to

contain an active lipase, and the oil quickly develops high levels of free acid. The

oil is reported to be a good source of thymoquinone and to assist in the treatment of

prostate problems (145–148).

Niger (Guizotia abyssinica). This oil comes mainly from Ethiopia. The seeds

contain 29–39% of oil rich in linoleic acid (71–79%) along with palmitic, stearic,

and oleic acids, each at levels of 6–11%. It is used for both edible and industrial

purposes. It is rich in a-tocopherol and is therefore a good source of vitamin E

(149).

Nutmeg (Myristica malabarica and other M. species). Not surprisingly, consid-

ering its botanical name, seeds of the Myristica species are rich in myristic acid

(	40%). Higher levels (60–72%) were quoted in earlier work (150).

Oats (Avena sativa). This grain seed contains 4–8% of lipid, although somewhat

more in certain strains. The major component acids are palmitic (13–28%), oleic

(19–53%), linoleic (24–53%), and linolenic acid (1–5%) The oil contains triacyl-

glycerols (51%), di- and monoacylglycerols (7%), free acids (7%), sterols and

sterol esters (each 3%), glycolipids (8%), and phospholipids (20%). The special

features of this oil are used in various ways. It is reported to show cholesterolemic

and antithrombotic activity, it is present in Olibra used as an appetite-suppressant, it

is used in cosmetics by virtue of its glycolipids (151–153), and it can be used in

baking at levels as low as 0.5% to increase loaf volume. Oat lipids are the subject

of recent reviews (154, 155).

Oiticica (Licania rigida). The kernel oil obtained from this Brazilian tree is

characterized by its high level (	78%) of licanic acid (4-oxo-9c11t13t-octadeca-

trienoic acid)—a keto derivative of the more familiar eleostearic acid. The oil

shows drying properties but does not dry as quickly as tung oil (156).

Parsley (Petroselinium sativum). See carrot.

Passionfruit (Passiflora edulis). This popular fruit contains about 20% of oil in

its seed and is available as a gourmet oil for use in speciality foods and salad dres-

sings. It is a linoleic-rich (65–75%) but also contains palmitic (8–12%) and oleic

acids (13–20%). Its high level of linoleic acid makes the oil good for skin care

(157).

Perilla (Perilla frutescens). Perilla is a linolenic-rich oil (57–64%) used as a dry-

ing oil. It also contains oleic (13–15%) and linoleic acids (14–18%) and comes

mainly from Korea or India. Recent descriptions of this oil come from these two

countries (158–160).
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Pistachio (Pistachio vera). Pistachio nuts, produced mainly in Iran, are widely

consumed as shelled nuts. They contain about 60% of an oil that may be used for

cooking and frying. Mean fatty acid values for five varieties are given as palmitic

(10%), stearic (3%), oleic (69%), and linoleic (17%). Triacylglycerol composition

has been suggested as a method of determining the country of origin of pistachio

nuts (161–163).

Poppy (Papaver somniferium). Opium is obtained from unripe capsules and

from the straw of the poppy plant. The narcotic is not present in the seed, which

is much used for birdseed. It contains 40–70% of a semi-drying oil used by artists

and as an edible oil. Rich in linoleic acid (72%), it also contains palmitic (10%),

oleic (11%), and linolenic acids (5%) (79, 164).

Purslane (Portulaca oleracea). The plant (leaves, stem, and whole plant) is

reported to be the richest vegetable source of n-3 acids, including low levels of

the 20:5, 22:5, and 22:6 members. This is such a surprising result that it should

be confirmed. These acids have not been identified in the seed oil, which contains

palmitic (15%), stearic (4%), oleic (18%), linoleic (33%), and linolenic acids (26%)

(165).

Sal fat (Shorea robusta). This tree, which grows in Northern India, is felled

for timber. Its seed oil is rich in stearic acid, and it can be used as a cocoa butter

equivalent (CBE). The major acids are palmitic (2–8%), stearic (35–48%), oleic

(35–42%), linoleic (2–3%), and arachidic acid (6–11%). Its major triacylglycerols

are of the SUS type required of a cocoa butter equivalent. Sal olein is an excellent

emollient, and sal stearin, with POP 1%, POSt 13%, and StOSt 60%, is a superior

cocoa butter equivalent (122–124). It is one of the six permitted fats (palm oil, illipe

butter, kokum butter, sal fat, shea butter, and mango kernel fat), which, in some

countries at least, can partially replace cocoa butter in chocolate (86).

Sea buckthorn (Hippophae rhamnoides). This is a hardy bush growing wild in

several parts of Asia and Europe and now cultivated in Europe, North America, and

Japan. It is resistant to cold, drought, salt, and alkali. Different oils are available

from the seeds and from the pulp/peel, but these are not always kept separate. Sev-

eral health benefits are claimed for this oil, which is now available in encapsulated

form and is being incorporated into functional foods. The oil is rich in sterols, car-

otenoids, and tocopherols. The seed oil is rich in 18:1, 18:2, and 18:3, but the berry

oil contains significant levels of 16:1 (16–22%) (166–169).

Shea (Butyrospermum parkii, shea butter, karite butter). This fat comes from

trees grown mainly in West Africa and contains an unusually high level of unsapo-

nifiable material (	11%), including polyisoprene hydrocarbons. It is rich in stearic

acid, but its fatty acid composition varies with its geographical source. It contains

palmitic (4–8%), stearic (23–58%), oleic (33–68%), and linoleic acid (4–8%). It can

be fractionated to give a stearin (POP 1%, POSt 8%, and StOSt 68%), which can be

used as a cocoa butter equivalent (79, 122–124). It is one of the six permitted fats

(palm oil, illipe butter, kokum butter, sal fat, shea butter, and mango kernel fat),

which, in some countries at least, can partially replace cocoa butter in chocolate (86).

Tobacco. Tobacco seeds contain an oil rich in linoleic acid (>70%) but with vir-

tually no linolenic acid. After refining, it can be used for edible purposes or as a
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nonyellowing drying oil. In one sample of the oil that was analyzed, the major

triacylglycerols were LLL (38%), LLO (24%), and LLS (20%) (79).

Tung oil (Aleurites fordii). This oil comes mainly from China, which explains its

alternative name of China wood oil. It is characterized by the presence of a conju-

gated triene acid (a-eleostearic, 9c11t13t-18:3, 	69%). The oil dries more quickly

than linseed with its nonconjugated triene acid, but oxidized tung oil contains less

oxygen (5%) than does oxidized linseed oil (12%). Put another way, tung oil hard-

ens at a lower level of oxygen-uptake than linseed oil. This oil is exported mainly

from China (30–40,000 tons) and is imported mainly by Japan, South Korea,

Taiwan, and the United States (each 6000–7000 tons). Starting in 1993, attempts

have been made to develop this crop in Mississippi. It is planned to have 15,000

acres planted by 2006 producing 30,000 tons of oil (79, 170).

Walnut (Juglans regia). Walnut oil is an unsaturated oil containing both linoleic

(50–60%) and linolenic acids (13–15%) and rich in tocopherols (	1500 mg/kg of

oil). It is used as a gourmet oil in Japan, France, and other countries. A recent paper

gives the detailed composition (fatty acids, triacylglycerols sterols, and tocophe-

rols) of oil extracted with hexane and with supercritical carbon dioxide (171).

Wheatgerm (Triticum aestivum). This oil is highly unsaturated with linoleic

(	60%) and some linolenic acid (	5%). It is valued for its high tocopherol levels

(	2500 mg/kg of oil) (172–173).

Oils rich in a particular fatty acid are listed in Table 9.

7. MODIFICATION OF OILS AND FATS

The oils and fats provided by nature are not always ideal for their ultimate use,

whether for food or nonfood purposes, and scientists and technologists have

devized procedures for changing the natural oils. The major reasons for modifica-

tion are nutritional, physical, and economic.

TABLE 9. Minor Oils Rich in Particular Fatty Acids.

Fatty Acid Sources

Lauric and myristic Babassu, nutmeg

Stearic Aceituno, illipe, mango, mowrah, sal, shea

Petroselinic Caraway, carrot, coriander, parsley

Oleic Aceituno, almond, avocado, apricot, cashew, hazelnut, pistachio

Linoleic Amarantus, buffalo gourd, grape seed, hemp, melon, nigella, niger,

passionflower, poppy, tobacco, walnut, wheatgerm

Linolenic Candlenut, flax, gold of pleasure, hemp, mustard, perilla

Conjugated triene acids Cherry, marigold, oiticica, tung,

Long-chain monoene

acids C20–C24 Crambe, gold of pleasure, honesty, meadowfoam, mustard
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7.1. Nutritional Reasons for Modifying a Fat

Although ideas about the nutritional values of oils and fats change over time and

will probably continue to do so, present consensus is based on the lipid hypothesis

that is conveniently expressed in the following four statements:

� Diets with high contents of fat, of saturated fatty acids (SFA), and of

cholesterol lead to high concentrations of cholesterol in blood and especially

in low-density lipoprotein (LDL).

� This leads to high morbidity and mortality from coronary heart disease

(CHD).

� Reducing the amount of fat/SFA/cholesterol in the diet reduces blood

cholesterol and especially LDL cholesterol.

� This reduction leads to a lower risk of CHD and eventually to lower morbidity

and mortality from the disease.

Perhaps this is oversimplified. The following points certainly need to be

considered:

� All saturated acids do not behave identically. Short- and medium-chain acids

up to 10:0 are rapidly metabolized by a different pathway from the longer

chain acids and have no effect on cholesterol level. Stearic acid appears to

lead only to a marginal cholesterol rise. This leaves lauric acid (12:0), myristic

acid (14:0), and palmitic acid (16:0), among which myristic acid has the

greatest cholesterol-raising effect. Some authorities have argued that even this

is only a problem if there is an inadequate intake of linoleic acid.

� Monounsaturated acids (mainly oleic acid) are in great favor at the present

time, but this relates only to the natural cis-isomers, and there is concern that

acids with trans-unsaturation behave like the saturated acids in their effect on

blood cholesterol levels. Dietary acids with trans-unsaturation come mainly

from three sources: (1) Partially hydrogenated vegetable oils resulting mainly

from heterogeneous catalytic reduction (nickel catalyst) of linoleic acyl

groups. The product is a complex mixture of cis- and trans-18:1 esters. The

major trans-acids in this mixture are �8–�12, but others are also present. (2)

Animal fats in ruminant meat and in dairy products contain trans-acids

formed by enzymatically controlled biohydrogenation of linoleic acid. These

are mainly 18:1 acids with the 11t isomer (vaccenic) dominant, but they also

contain some diene acids referred to as conjugated linoleic acid (CLA) and

mainly rumenic acid (9c11t-18:2). CLA is considered to have some positive

health benefits. (3) Trans-isomers of PUFA result from high-temperature

isomerization during deodorization (	250C). The detailed composition of

dietary trans-18:1 depends mainly on the ratio of ruminant fats to partially

hydrogenated vegetable oils. The difference between French diets (rich in

dairy fats) and U.S. diets (rich in partially hydrogenated soybean oil) accounts

for the differing dietary intake of trans-acids in these two countries (174).
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� So far as polyunsaturated fatty acids are concerned, it is now considered that

n-6 acids (linoleic and its metabolites) should not exceed present levels of

around 6% of energy and that the n-6/n-3 ratio should be 5:1 or lower. There

have even been serious claims that linoleic acid should not exceed 3% of

energy (175). Some countries, including the United States, have a very low

intake of n-3 acids and possibly an excessive intake of n-6 acids leading to a

high n-6/n-3 ratio (18, 19).

� Unsaturated fat intake should always be accompanied by an adequate supply

of antioxidants from fruit and vegetables.

7.2. Physical Reasons for Modifying a Fat

The important physical properties are most commonly associated with crystalliza-

tion, crystal form, and melting behavior. For example, frying oils and lubricants

ideally do not contain crystals and should therefore be free of those triacylglycerols

that crystallize readily and promote crystallization. For spreads, where solids are

needed, it is desirable that these be in the b0-crystal form and remain in this

form. b0-Crystals are relatively small and can incorporate large volumes of oil.

They give the product a glossy surface and a smooth luster. b-Crystals, on the other

hand, although initially small, grow into needle-like agglomerates that produce a

grainy texture and are less able to incorporate liquid. Oils with mixed chain-lengths

(usually C16 and C18) are more likely to exist in the b0 crystalline form, whereas

those comprising almost entirely of C18 acids are known to be b-tending (176).

7.3. Economic Reasons for Selecting a Fat

Through changes that can be produced in natural oils and fats by application of

appropriate technologies (Section 8), there is a high measure of interchangeability

among these materials. Food processors in different countries use different recipes

to produce very similar properties. This flexibility means that economic factors can

also be part of the basis of selection. See Section 8.1.

8. TECHNOLOGICAL PROCEDURES USED FOR LIPID
MODIFICATION

Although it may be necessary to modify natural oils to achieve desired functionality

and properties, there is an economic cost for all of these processes and they will not

be undertaken unnecessarily. Most of these procedures are discussed in detail else-

where in this series so that only a brief outline will be given here. The objective is to

give an overall view of the range of procedures (177) (see Table 10).

8.1. Blending

The mixing of oils and fats to produce blends with improved nutritional or physical

properties has a long history. This method continues to find favor and is illustrated
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in the production of Good-Fry oil (see below). Most spreads contain blends of two

or more oils to combine desirable nutritional and essential physical properties.

Interesterification is usually carried out on oil blends. Oils are also blended to

obtain the desired mixture at minimum cost and computer programs to give the

best solution have been developed (178).

Good-Fry is a blend of high-oleic vegetable oil such as sunflower mixed with up

to 6% of sesame and/or rice bran oil, both of which show high oxidative stability by

virtue of the antioxidants among their minor components. It is of interest that some

of these antioxidants are particularly active at frying temperatures. The nature of

the bulk oil (with its low levels of linoleic acid) and of the minor oils (with their

high oxidative stability) combine to produce a very stable frying oil. Good-Fry can

therefore be used longer than other frying oils. This makes it safer because of its

reduced levels of oxidized and polymerized products and more economical because

it does not have to be replaced so frequently (50).

8.2. Fractionation

Fractionation is a procedure for separating oils and fats into two or more compo-

nents depending on their solubility and melting point. This topic has been reviewed

by Timms (179) and Gibon and Tirtiaux (180). The less-soluble, higher melting

fractions are called ‘‘stearins,’’ and the more-soluble, lower melting fractions are

called ‘‘oleins.’’ The two products extend the range of use of the original oil or

fat. Sometimes both fractions have added value, but on other occasions, only one

fraction is of enhanced value and efforts have to be made to find a use for the less

valuable fraction. Fractionation can be repeated to give even more refined fractions,

but this is only commercially practicable when high-value products are obtained,

such as cocoa butter replacers. Although other procedures have been employed

in the past, this process is now usually carried out through dry fractionation

(179–182).

TABLE 10. Methods Employed to Extend the Usefulness and Improve the Properties

of Oils.

Blending mixing of two or more oils

Fractionation separating oils into two or more fractions

Partial hydrogenation saturation of some double bonds accompanied

by double-bond isomerization

Interesterification by chemical reorganization of fatty acids among

or enzymatic catalyst triacylglycerol molecules

Domestication of wild crops conversion of wild crops to crops that can be

cultivated commercially

Seed-breeding by traditional methods interspecies crossing using irradiation

or mutagenesis if necessary

Seed-breeding by genetic modification crossing between species
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Dry fractionation is a two-step operation involving crystallization that should be

allowed to proceed slowly to the equilibrium state, followed by filtration of the

solid from the liquid phase. Crystallization occurs over several hours and requires

good temperature control. The temperature must be lowered at a fixed rate to the

selected value, and this must be combined with efficient but slow agitation. Good

filtration—aiming at complete separation of solid and liquid—is important and may

be carried out under reduced pressure using a Florentine filter or under pressures up

to 5 Mpa (50 bar) with a membrane filter. Fractionation is applied mainly to palm

oil but also to lauric oils (coconut and palmkernel), butter oil, beef tallow, hardened

soybean, and cottonseed oil.

Palm oil is fractionated more than any other oil. A single fractionation converts

palm oil (IV 51–53) to palm olein (IV 56–59) and to hard stearin (IV 32–36). Each

of these can be fractionated a second or a third time to give a range of products,

including superolein (IV 64–66), topolein (IV 70–72), soft stearin (IV 40–42),

super stearin (IV 17–21), soft palm mid-fraction (IV 42–48), and hard palm

mid-fraction (IV 32–36). These materials have a wide range of food and nonfood

uses and extend considerably the use of palm oil.

Palm-kernel oil (IV 18) is fractionated to give a stearin of IV 	7, which can be

used as a cocoa butter substitute and as an olein of IV 	25. These fractions are also

useful after complete hydrogenation.

8.3. Hydrogenation

Just over 100 years ago (1897), Sabatier and Senderens demonstrated that olefinic

compounds could be reduced with hydrogen in the presence of nickel or other

metallic catalyst. Shortly after, the German chemist Normann applied the process

to unsaturated fatty materials. Partial hydrogenation has since developed into a

much-used process for modifying liquid oils from oilseeds or from fish (178).

In 1990, it was claimed that among all edible fats, one-third was hydrogenated

and only one-tenth was fractionated or interesterified. These proportions are now

probably different because of the increasing volumes of palm oil available for

fractionation and of concern about trans-acids formed during partial hydrogenation.

Hydrogenation is appropriate for highly unsaturated oils such as soybean, rapeseed,

and cottonseed, and for fish oils, whereas fractionation is better applied to palm oil

and other more saturated oils. The following changes take place when an oil is par-

tially hydrogenated:

� There is a change in the melting behavior of the oil as a consequence of the

increased proportion of saturated and/or trans-monoene acids and this affects

spreadability, oral response, and baking performance.

� There is an improvement in stability toward atmospheric oxidation resulting

from reduced levels of the methylene-interrupted polyene acids that are so

easily oxidized.

� There is a reduction in the nutritional value of the product, related to lower

levels of essential fatty acids (a-linolenic and linoleic acids) and enhanced

246 VEGETABLE OILS



levels of both trans-monoene and saturated acids. It is possible to add

back essential fatty acids into the final product by blending with appropriate

oils.

� Through reaction with hydrogen in the presence of a heterogeneous catalyst,

the unsaturated centers in the oil being hydrogenated may suffer one of three

fates. (1) The double bond can react with hydrogen and become saturated; as a

consequence of this, diene acids are reduced to monoenes and monoene acids

become saturated. (2) The double bond may change configuration and the

natural cis-isomers may become largely trans: Such acids have a higher

melting point than the cis-isomers, so stereomutation leads to a rise in melting

point without any uptake in hydrogen or change in iodine value. (3)

Interaction among double bond, catalyst, and hydrogen can lead to double

bond migration.

When partially hydrogenated, linoleic acid might be expected to give only �9 and

�12 C18 monoenes. Each of these may then react further, but under conditions of

extended selective hydrogenation, the product is more complex and the C18 mono-

ene esters may include the cis- and trans-isomers from �5 through to �15 (i.e., 22

isomers).

Partial hydrogenation is a flexible process and can produce different products

depending on the:

� nature of the starting material

� extent of hydrogenation

� selectivity of the catalyst, which influences the proportion of cis- and trans-

monoenes and of saturated acyl chains.

The nature of the hydrogenation products is controlled by the process conditions.

Important factors are catalyst properties (pore diameter, pore length, activity level,

and amount), reaction temperature, hydrogen pressure, and the degree of agitation

(which affects the transfer of hydrogen and oil to and from the catalyst surface).

Hydrogenation (reduction) is favored by a high concentration of hydrogen on the

catalyst through increased pressure or increased stirring. Isomerization is favored

by factors such as increased temperature, more catalyst, a more active catalyst,

or a more highly unsaturated oil, all of which lead to an increased hydrogen demand

that cannot be completely satisfied.

Dikstra (177, 184) has proposed a modification of the Horiuti–Polanyi mechan-

ism to explain the changes that occur during partial hydrogenation of fatty acids and

their esters. In the sequence given below, the horizontal line shows the conversion

of diene (D) to monoene (M) and of monoene to saturated acid/ester via the half

hydrogenated states DH and MH. The steps shown vertically are the reverse pro-

cesses whereby DH reverts to diene and MH reverts to monoene. It is during these

reverse processes that trans- and positional isomers are formed. There are six stages

altogether, and it is important to know the relative rates of these.
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� In the conversion of D to M, the first step is rate-determining and the second

step is fast. The conversion of DH back to D is slow and is only important in

the unusual situation that hydrogen is present in very low concentration.

� In the conversion of M to S, the final stage is slow and rate-determining, thus

making it more likely that there will be considerable recycling of M and MH

leading to formation stereochemical and positional isomers.

D! DH! M! MH! S

# #
D M

The only useful commercial catalyst now used is nickel, available at a 17–25%

level on a support and suspended in hardened edible oil or tallow. This preserves

the activity of the nickel in a form in which it can be safely and easily handled.

Catalyst can be recovered and reused but will be less active. Reaction is usually

effected at temperatures between 180C and 200C and at a pressure of about

0.3 MPa (3 bar). The catalyst is quickly poisoned by fatty acids, soaps, phospho-

lipids, oxidized acids, sulfur compounds, halogen compounds, carbon monoxide,

oxygen, and water. As a consequence, both the oil and the hydrogen should be

as pure as possible.

Catalysts are continually being improved. Hastert reports (185) that nickel load-

ing has fallen continuously from 0.25% (prior to 1960) to 0.1% (by 1970) and 0.05–

0.1% (by 1990), and that 0.025–0.05% is now normal. This is partly a consequence

of improved plant design, but catalyst surface area increased from 70 m2/g in 1970

to 180 m2/g in 1993, and there is increasing recognition of the importance of using

pure hydrogen and highly refined oil. Interesting developments now taking place

involve the use of precious metals (platinum and palladium), which although

more expensive, offer higher reaction rates at lower temperatures with formation

of less trans-isomer. In these ways, hydrogenation will probably continue as a

useful processing technique for many years to come.

8.4. Interesterification with a Chemical Catalyst

The production of fat spreads as an alternative to butter led to an increased demand

for solid fats. For the most part, this demand has been met by the use of partially

hydrogenated vegetable oils (Section 8.3), but concern about the health effects of

trans-unsaturated acids has raised interest in an alternative way of producing fats

with the required melting behavior. This can be achieved by interesterification of

blends of natural or fractionated fats. Products obtained in this way will probably

contain more saturated acids than their partially hydrogenated equivalents, but they

will have no trans-acids. This section is devoted to interesterification carried out

under the influence of a chemical catalyst (177, 186, 187). Similar reactions with

enzymes are discussed in the following section.
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Interesterification is generally effected in 10–15 ton batches at 80–90 over 30–

60 minutes at a cost not very different from that for partial hydrogenation. It does

not require expensive equipment nor use explosive gases. To get a product with the

desired properties, a soft oil is interesterified with a hard stock, which may be a

fractionated stearin, a lauric oil, or a fully hydrogenated seed oil. This last is a

scientifically acceptable choice but has the disadvantage that the word ‘‘hydroge-

nated’’ will have to appear on the label. The average customer does not appreciate

the difference between partially hydrogenated (with trans-acids) and fully hydroge-

nated (without unsaturated acids).

The catalyst normally employed is an alkali metal at a level of 0.1–0.2% or a

sodium alcoholate (usually sodium methoxide) at a 0.2–0.3% level. The true cata-

lyst is believed to be a diacylglycerol anion resulting from interaction of alkali and

triacylglycerol. The catalyst is easily destroyed by acid, water, or peroxides, so the

feedstock oil should be free of these impurities (188).

Natural oils and fractionated oils usually have their acyl chains organized in a

nonrandom manner, but they become randomized after interesterification with a

chemical catalyst. There is no change in fatty acid composition, only in triacylgly-

cerol composition, but this leads to a modification of the physical properties. More

selective interesterification can be achieved with enzymic catalysts (Section 8.5).

The following are typical applications of interesterification:

� Lard, with an unusually high level of palmitic acid in the b-position, crystal-

lizes naturally in the b form. When randomized, the content of 2-palmito-

glycerol esters is reduced from around 64% to 24% and the interesterified

product crystallizes in the b0 form with consequent improvement in shortening

properties.

� The crystal structures of margarines based on sunflower or canola oil (rape-

seed) along with hydrogenated oil are stabilized in the b0 form by interester-

ification leading to randomization of the glycerol esters.

� Solid fats with about 60% of essential fatty acids can be obtained by (reduced

temperature) interesterification of sunflower oil and about 5% of hard fat.

� Margarine made, for example, by interesterification of palm stearin and

sunflower oil (1:1), contains no hydrogenated fat and therefore no trans-acids.

� Chemical interesterification is used in the production of caprenin, salatrim,

and olestra.

8.5. Interesterification with an Enzymic Catalyst

Interesterification can also be catalysed by enzymes, many of which show useful

specificities. The 1,3-specific lipases, such as those derived from Aspergillus niger,

Mucor javanicus, M. miehei, Rhizopus arrhizus, R. delemar, and R. niveus, are par-

ticularly useful for interesterification. They are used to effect acyl exchange at the

sn-1 and 3 positions while leaving acyl groups at the sn-2 position unchanged.
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Many interesting changes of this type have been affected on a bench scale, but as

yet only a few have been commercialized and then only for products of high value

(186 – 190).

Unilever developed a method for upgrading palm mid-fraction (PMF) as a cocoa

butter equivalent. The PMF is too rich in palmitic acid and has too little stearic acid,

but this deficiency can be repaired by enzyme-catalysed acidolysis with stearic acid.

Reaction is confined to the exchange of palmitic acid by stearic acid at the sn-1 and

3 positions with no movement of oleic acid from the sn-2 position. A similar pro-

duct is produced enzymatically by acidolysis of high-oleic sunflower oil (rich in

triolein) and stearic acid.

POPþ St! POStþ StOSt

OOOþ St! StOOþ StOSt

Chemical interesterification would lead to randomization of all of the acyl chains,

and the products would have different melting behavior from that required by a

cocoa butter equivalent (188).

Another product manufactured by Loders-Croklaan (Unilever) and named Beta-

pol consists mainly of triacylglycerols of the type UPU. This is used as a constituent

of infant formulas (191). Human milkfat is unusual in that it contains a significant

proportion of its palmitic acid in the sn-2 position. Although this is true also for lard

(pig fat), it is not a feature of vegetable oils. Betapol is made from tripalmitin and

oleic acid using the lipase from Mucor miehei to promote 1,3-acyl exchange. These

materials are expensive, and in practice, fractionated palm oil, rich in tripalmitin, is

reacted with acids from high-oleic sunflower or safflower or from olive oil.

Bohenin (BOB) is the name given to glycerol 1,3-behenate 2-oleate, which

inhibits fat bloom when added to chocolate. It is produced in Japan by enzymic

interesterification of triolein and behenic (22:0) acid or ester in the presence of a

1,3 stereospecific lipase.

Diacylglycerols are being produced and used in growing quantities because of

their beneficial effects in the management of obesity. Cooking oil containing at

least 80% of diacylglycerols (mainly the 1,3- isomer) has been marketed in Japan

since 1999 by the Kao company and thereafter in other countries, including the

United States by ADM.

There are many reports showing how, with an appropriate enzyme (Mucor mie-

hei and Candida antarctica are frequently used), long-chain polyunsaturated fatty

acids such as eicosapentaenoic acid and/or docosahexaenoic acid can be introduced

into vegetable oils or synthetic glycerides to give products with enhanced nutri-

tional value. In a similar way, C8 and C10 acyl chains can be introduced into vege-

table oils or fish oils with a consequent change in nutritional properties and energy

values. The products are triacylglycerols with either one long and two short chains

(LS2) or two long and one short chain (L2S). This reaction can be used to produce

triacylglycerols with easily metabolizable short- and medium-chain acids at the

sn-1 and 3 positions and an essential fatty acid at the crucial sn-2 position. This

topic is the subject of some recent reviews (190, 192, 193).
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9. BIOLOGICAL METHODS OF LIPID MODIFICATION

9.1. Introduction

New sources of oils and fats develop from plants in three different ways. One pos-

sibility is to take a wild plant that produces oil with an interesting fatty acid and/or

triacylglycerol profile and to make it suitable for commercial growing and harvest-

ing. This is generally a slow process requiring many years. Traits developed over an

evolutionary time scale to maintain the plant in the wild are not always appropriate

in domesticated plants and have to be bred out. This approach is being pursued,

particularly in North America and in Europe, for a number of species identified

as promising, and they are at differing stages of development (see Section 9.2).

A second approach, when a diverse gene pool is available, is to interbreed spe-

cies with appropriate traits by standard seed-breeding processes. This has been done

very effectively with species of brassica to yield the modern oilseed rape (canola).

If necessary, the gene pool can be extended by mutation resulting from chemical

treatment or from irradiation. This may produce novel varieties with interesting

traits and is the basis of the low-linolenic lines from linseed, and other examples

are described in Section 9.3.

Finally, genes required for particular aspects of fatty acid and triacylglycerol

biosynthesis can be identified in appropriate sources, cloned, and transferred to

other plants. Rapeseed has proved to be particularly flexible in this respect, and

its fatty acid composition has been modified in several ways, some of which

have now reached or are very close to commercial application (Section 9.4). Genetic

modification procedures are also applied to soybean and other oilseed crops.

The commercial introduction of a new lipid source is not a trivial matter. Unless

the oil has some specific and novel property (like oils containing g-linolenic acid,

for example), it will have to compete with existing oils available in bulk at com-

modity prices. This exerts a number of constraints.

� The new crop should be easily cultivated, harvested, processed, and marketed.

Additional costs may result from the need to have separate and distinct

harvesting, storage, processing, and marketing facilities.

� The new crop must quickly become available in good and reliable quantities at

acceptable prices.

� The demand for and interest in some new crops may come more from the

oleochemical industry than from the food industry, but traditionally the

oleochemical industry has used lower grade and cheaper oils than the food

industry.

� Because the supply of new oil must start small and grow with demand, it is

useful to find some low-volume, high-value products that will support the crop

through its early years of development until the supply is adequate to be used

for high-volume, low-value products.

� The demand must be market-led (at least after the first few years). At present,

there is an interest in new crops that produce oils with high levels of a single
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acid such as lauric, oleic, petroselinic, erucic, or acids with hydroxy or epoxy

groups.

� Although agronomists must help to produce oils meeting these requirement,

chemists and technologists must assist in the substitution of existing oils by

new oils and in the development of new uses for new oils.

� In addition, regulatory requirements will have to be met when the seed and/or

its products are novel. This topic has been reviewed (194, 195).

9.2. Domestication of Wild Crops

Serious attempts are being made in Europe and North America to develop a range

of wild oilseed crops, generally with a high content of one particular acid. The fol-

lowing account shows the variety of species being examined. Reference has already

been made to some of these in Sections 4 and 6.

Cuphea oils are interesting because they come from annual plants producing gly-

cerol esters based mainly on capric (10:0) or lauric acid (12:0) or occasionally on

caprylic (8:0) or myristic acid (14:0). Cuphea plants exhibit several wild plant char-

acteristics that need to be bred out. These include dormancy, nonuniform germina-

tion, indeterminate flowering, seed maturation over a broad time period (six weeks),

extreme dehiscence (pod shattering), and the presence of viscid hairs on stem,

leaves, flowers, and fruit. Several species are being studied in attempts to make

them commercial (30).

Oleic oils. Oleic acid is an important source material for the oleochemical industry,

and as the most common monoene acid, it has a good rating on dietary grounds. For

many oleochemical purposes, the presence of some saturated acid (palmitic, stearic)

is not significant but levels of linoleic and linolenic acid should be as low as pos-

sible because they promote undesirable oxidation. All oils contain oleic acid, and

frequently, it is the dominant component. For example, the oils of rapeseed (56%),

macadamia (56% along with a further 22% of 16:1), almond (61%), high-oleic

safflower (74%), olive (78%), and high-oleic sunflower (82%) contain the levels

of oleic acid indicated. Of these, almond and rape also contain 25–30% of linoleic

acid. Euphorbia lathyris (caper spurge) is a Mediterranean annual containing about

50% of oil in its seed and 80–90% of oleic acid in the oil. This would make it an

excellent source of oleic acid. At present, it suffers from a number of deficiencies,

especially seed shattering and the presence of a cocarcinogenic milky sap. But it is

hoped that these problems will be overcome through plant breeding. Other good

sources of oleic acid—both existing and potential—are discussed in Sections 9.3

and 9.4.

Petroselinic acid oils. Petroselinic acid is the �6 isomer of the more common oleic

acid (�9). Although they share many properties, these acids display an interesting

difference in melting point. Petroselinic acid and its glycerol ester melt at 33C and

28C, respectively. The corresponding figures for oleic acid and its glycerol ester

are lower at 12 and 16 (two forms) and 5. Attempts are being made to develop

a better source of petroselinic acid by improved cultivation of coriander (	80%
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petroselinic acid) or by transferring the appropriate genes from this plant to rape

(Section 9.4) (196).

Oils containing C18 polyene acids: Calendula officinalis seed oil. Calendula oil

(from marigold) is of interest because it contains about 58% of calendic acid

(8t10t12c-18:3). This unusual acid is an isomer of a-eleostearic (9c11t13t-18:3)

present in tung oil, and calendula oil should also be a good drying oil. The presence

of linoleic acid (30%) will add to the unsaturated nature of this oil (131–133).

Camelina sativa seed oil. This plant is also known as gold of pleasure or false

flax. In addition to its interesting fatty acid composition, it attracts attention because

it grows well with lower inputs of fertilizers and pesticides than more traditional

crops like rape and linseed. The plant can also be grown on poorer soils and shows

better gross margins than the other two plants after allowing for direct costs and

subsidy payments. The seed yield is in the range 1.5–3.0 t/ha and the oil content

between 36% and 47%. The oil has an unusual fatty acid composition. It contains

significant levels of linolenic acid (31– 41%) and of C20 and C22 acids, especially

20:1 (15–23%). Despite its high level of unsaturation, it shows reasonable oxidative

stability. Attempts are being made to optimize the agronomy. Its use in paints,

varnishes, and inks, in cosmetics, and even as a food oil is being examined and

developed (108–110).

Oils containing erucic and other long-chain monounsaturated acids. In 1994, it was

reported (22) that the demand for erucic acid-based oleochemicals was about 20 kt

of compounds derived from 55–60 kt of high-erucic oil. These oleochemicals

include materials obtained from erucic acid (22:1) or from behenic acid (22:0) and

brassylic acid (the C13 dibasic acid resulting on ozonolysis). The demand is mainly

for erucamide (7 kt), other erucic acid nitrogen compounds (2.7 kt), erucic esters

(1.8–2.3 kt), erucyl alcohol (4.5 kt), behenyl alcohol (2.7 kt), and glycerol tribehe-

nate (1.1–1.4 kt). High-erucic oils are reported to have a growth rate of about 6%.

The traditional source of erucic acid was rapeseed oil before this acid was bred

out of that oil because of its reported adverse health effects. Most rapeseed oil now

contains less than 2% of erucic acid. The two major sources of erucic acid are high-

erucic rapeseed oil (HEAR) containing about 50% of erucic acid and crambe oil

with 55–60% of erucic acid. As will be reported later (Section 9.4), attempts to

produce a still higher erucic rapeseed oil are being made by genetic engineering.

Crambe oil (from Crambe abyssinica) is grown most extensively in North Dakota

and to a lesser extent in Holland.

Meadowfoam oil from Limnanthes alba seed oil is unusual in that over 95% of

its component acids are C20 or C22 and include 5–20:1 (63–67%), 5–22:1 (2– 4%),

13–22:1 (16–18%), and 5,13–22:2 (5–9%). It is being grown in the United States,

and its potential uses thoroughly examined. The crop yields 1000–1500 kg of seed

per hectare and contains 25% oil. Potential uses of this oil include cosmetic appli-

cations, production of dimer acid, as a lubricant, and via a wide range of novel deri-

vatives based on reaction at the �5 double bond (134–138).

Simmondsia chinensis seed oil. Jojoba oil is another source of C20 and C22

compounds that has already been developed as a marketable product but in limited

supply (195). It is produced by a drought-resistant plant that withstands desert heat.
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It takes 5–7 years to first harvest, 10–17 years to full yield, and has a life span of

around 100 years. It is being grown in the Southwestern United States and Mexico

mainly, but also in Latin America, Israel, South Africa, and Australia. Yields are

reported to be about 2.5 ton of oil/hectare.

Jojoba oil is not a triacylglycerol but a mixture of wax esters based mainly on

20:1 and 22:1 acids and alcohols. It contains C40, C42, and C44 esters with two iso-

lated double bonds (one in the acyl chain and one in the alkyl chain). The oil serves

as replacement for sperm whale oil, which is proscribed in most countries because

the sperm whale is an endangered species. At present, jojoba oil is a high-priced oil

used mainly in cosmetics, but it has excellent lubricating properties and could be

used extensively for this purpose if available in sufficient quantity at an appropriate

price.

The oil is fairly pure as extracted, has a light color, and because the double bonds

are well separated, it is resistant to oxidation. The oil can be chemically modified by

reaction of the double bonds (hydrogenation, stereomutation, epoxidation, sulfo-

chlorination) (197).

Honesty seed oil (Lunaria biennis) is characterized by its high levels of monoene

acids, including 18:1 (23%), 22:1 (46%), and 24:1 (23%). It is being developed as a

commercial crop for nutritional research based on its significant level of nervonic

acid (24:1) (120).

Oils containing hydroxy acids: The only oil of significance containing a hydroxy

acid is castor oil, but among the new crops being seriously developed are two that

contain hydroxy acids. Lesquerella oils have some resemblance to castor oil, but

Dimorphotheca pluvialis seed oil contains a different kind of hydroxy acid (see

Section 6).

Oils containing epoxy acids: Several natural epoxy acids are known, but vernolic

acid (12,13-epoxyoleic) is the most common and occurs at high levels in several

seed oils. Of these, serious attempts are now being made to develop Vernonia

galamensis (73–78% vernolic acid) and Euphorbia lagascae (57–62% vernolic

acid) as commercial crops (198). Several potential uses of this acid and the seed

oils in which it occurs are being explored.

9.3. Oils Modified by Conventional Seed Breeding

Seed breeding of industrial crops is a continuous activity. Much of this is concerned

with agronomical factors and is not of concern here. More significant for the present

purpose are those developments leading to new or improved seed oils. Many of the

changes are small and incremental and only become apparent after many years.

Others are more dramatic. Some examples that are already well established will

be discussed.

Rapeseed oil: Low-erucic rapeseed oil is now the third largest source of oil after

soybean and palm. The seed contains over 40% of oil and this represents about

80% of the seed’s commercial value. Seed breeders have developed seeds which

produce oil low in erucic acid (<2%) and meal low in the undesirable sulfur-

containing glucosinolates (i.e. double low varieties). This low-erucic oil (LEAR)
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finds many food uses and also some non-food uses (biodiesel, lubricants). The crude

oil is rich in phospholipids (	3.5%) though these are reduced to 10–300 ppm (phos-

phorus) after refining and are themselves a useful by-product (Section 3). The plant

grows in cooler agricultural regions including China, Northern Europe, and Canada

as well as in the Indian sub-continent. In common with other Brassica species rape-

seed oil contains brassicasterol at much higher levels (	600 ppm) than is observed

in other seed oils. Low-erucic rapeseed oil has a very low level of saturated acids

and a high level of oleic acid: palmitic 4%, stearic 2%, oleic 56%, linoleic 26%,

linolenic 10%, and others 2% (194, 199).

Linseed oil: Linseed oil is well known as one of the most unsaturated vegetable oils

with a high level of linolenic acid (	50%). As a consequence of this it oxidizes and

polymerizes very readily and is used in paints, varnishes, inks, linoleum, and as a

sealant for concrete. Using chemical mutation, plant breeders in Australia (33)

developed a variety of linseed with a low level of linolenic acid (	2%) and a

high level of linoleic acid. This is called linola and is a linoleic-rich oil like sun-

flower (Table 4). The oil has GRAS status in USA.

High-oleic sunflower and safflower oils: By taking advantage of the wide range of

natural sunflower and safflower varieties seed breeders have developed lines which,

in place of the normal high levels of linoleic acid, have high levels of oleic acid

(Table 2a). These are commercially available as Sunola (	85% oleic acid) and

Saffola (	75% oleic acid) (49). They are used in Good-Fry (Section 2) and as

an alternative to triolein in some enzymic processes (Section 8.5). A third type

of sunflower oil (Nu-Sun) with an intermediate level of oleic acid (65%) and

reduced levels of saturated acids is now available.

The oil palm is already the most productive source of vegetable oil at an average

level of over 3t/ha/yr. Seed breeding through the last 25 years has led to palms

which in the best environments can produce 10 tons per hectare. According to

Jalani et al (38, 39) further objectives being pursued include the following.

� High palm plants present harvesting problems. With shorter plants, there is

easier harvesting and a longer planting cycle because the trees do not need to

be replanted so often. Plants that grow only 15–25 cm/yr are now available in

place of the usual 45–75 cm/yr.

� Oils with higher iodine value (normally 53, raised to 63) contain less palmitic

acid and more oleic acid. When fractionated, they produce more of the

valuable olein fraction (Section 5).

� Kernels are normally about 6% of the fruit, but palms with 12% kernel have

now been developed. This is advantageous because palm-kernel oil commands

a higher price than palm oil.

9.4. Oils Produced Through Genetic Engineering

Genetically modified seed oils: Recent years have witnessed great strides in the

understanding and application of genetic engineering. This has been applied to
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oilseed plants to produce mainly agronomic benefits such as resistance to herbicides

and to pests, shorter times between sowing and harvest, increased yield, and so on.

But these techniques have also been applied to changing fatty acid composition and

hence triacylglycerol composition. A few products are commercially available at

the present time, others are at the stage of field trials, and yet more have been

obtained in the laboratory. The number of available products should increase

rapidly in the next few years (199 – 201). The number of known fatty acids exceeds

1000, although only a small number of these—perhaps around 25—are of common

concern. Most vegetable oils contain only palmitic, oleic, and linoleic acids as

major components in varying proportions. These are accompanied by stearic and

linolenic acid in some seed oils. Others that become major components in selected

seed oils include 8:0, 10:0, 12:0, 14:0, 18:1(6c), 20:1, 22:1, 24:1, ricinoleic, verno-

lic, and GLA. Some of these are related biosynthetically as already discussed

(Section 2).

This range shows that plant lipids as a whole can produce a wide variety of fatty

acids, sometimes at very high levels. It follows that the enzymes necessary to pro-

duce these less common acids are available somewhere within the plant kingdom. It

is then possible to identify these, clone them, and introduce them into species that

are already cultivated on a large scale such as rapeseed, soybean, maize (corn), sun-

flower, and linseed among others (143, 202–204).

The rape plant seems to lend itself to genetic manipulation, and the first geneti-

cally modified oilseed with changed fatty acid profile was canola oil containing

lauric acid. This was developed by Calgene, and the crop is grown in the United

States, although successful field trials have been conducted elsewhere. To obtain

this new oil, Calgene scientists isolated the thioesterase, which produces lauric

acid in the Californian Bay tree and transferred it to the rape plant. With this, de

novo synthesis stops mainly at the C12 level rather than the more usual C16 acid.

When introduced into rapeseed, the oil contained more than 50% of lauric acid,

although this was somewhat reduced in the commercial crop. To go beyond this

TABLE 11. Fatty Acid Composition of Commodity Canola Oil and Some Genetically

Modified Oils Based on it.

Oil source 12:0 14:0 16:0 18:0 18:1 18:2 18:3 Other

Rape — — 2 2 13 12 9 62


Canola — — 4 2 62 20 9 3

High in

16:0 — — 10 1 51 19 13 6

16:0/18:0 — — 9 10 57 14 4 6

16:0 — — 29 2 31 22 13 3

18:0 — — 4 34 22 18 18 4

12:0 40 4 3 1 29 12 8 3

14:0 — 40 3 1 29 10 7 10

18:1 — — 4 1 84 5 3 3

18:2 — — 4 2 33 49 7 5


20:1 (7%) and 22:1 (54%).

Based on Huang and Ziboh (84).
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level, it is necessary to introduce a further gene (lysophosphatidic acid acyl trans-

ferase, LPAT), which will promote the acylation of the sn-2 position with lauric

acid. There is some concern about the economic viability of this project.

Other oils at various stages of development include the following (200):

� Rapeseed oils still higher in lauric acid, high in erucic, palmitic, oleic, or

linoleic acid, or containing C8 and C10 acids, myristic, stearic, petroselinic,

ricinoleic, vernolic, or g-linolenic acid, and wax esters in place of the normal

triacylglycerols (Table 11).

� Soybean oils with lower saturated acids, lower linolenic acid, and higher

stearic acid as well as seeds producing meal of enhanced nutritional value

(Table 12).

� Sunflower oil with high palmitic, stearic, oleic, or linoleic acid (Table 13).

� Corn oil with high oleic acid.

The level of linolenic acid is being reduced because its oxidation leads to unde-

sirable flavors. Saturated acids are being increased to produce oils that can be used

to make spreads without partial hydrogenation (see Section 6).

TABLE 12. Fatty Acid Composition of Commodity Soybean Oil and Some Genetically

Modified Oils Based on it.

Soybean oil 16:0 18:0 18:1 18:2 18:3 other

Commodity 10 4 23 52 8 2

Saturated (L) 4 3 23 60 10 —

Linoleic (H) 11 6 28 52 3 —

Palmitic (H) 24 4 15 44 11 2

Stearic (H) 8 25 17 39 8 3

Saturated (H) 22 18 9 38 11 2

Sat/len (L) 4 3 28 61 3 1

P/len (H) 19 4 23 48 3 3

H¼ high, L¼ low.

Based on Huang and Ziboh (84).

TABLE 13. Fatty Acid Composition of Commodity Sunflower Oil and Some Genetically

Modified Oils Based on it.

Sunflower oil 16:0 16:1 18:0 18:1 18:2 Other

Commodity 7 — 5 28 59 1

High oleic 3 — 2 92 2 1

High linoleic 8 — 2 13 76 1

High stearic/oleic 5 — 11 79 2 3

High palmitic/oleic 25 6 3 60 4 2

High palmitic/linoleic 27 4 3 17 47 2

Based on Huang and Ziboh (84).
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10. PRODUCTION AND TRADE STATISTICS

Table 14 contains production and export data for 13 vegetable oils. The figures are

given as annual average values for the four 5-year periods from 1991–1995 to

2005–2010 and thus cover a 20-year period. Readers who prefer information for

individual years can take the four columns of figures to be close to values reported

or expected for the midyear in each quinquennium. viz. 1993, 1998, 2003, and

2008. These figures are taken from ‘‘The Revized Oil World 2020—Supply, Demand

and Prices’’ produced by ISTA Mielke GmbH of Hamburg in 2002 (205). This

company has been producing and interpreting data for oilseeds, oils and fats, and

seed meals since 1958. The 2002 publication contains much more relevant Informa-

tion. Attention is drawn to the following points.

� During the 15 years (1993–2008) covered in Table 14, production of oils and

fats is expected to rise 69% from 86.8 to 146.7 million tons and exports are

expected to double, rising from 25.3 to 50.8 million tons. Comparisons

between production and exports of oils and fats are sometimes complicated

by the fact that for oilseeds, there is trade in oilseeds as well as in the

extracted oils. This does not apply to palm oil traded only as oil.

� Three oilseeds and four oils dominate production and export and have become

more dominant with the passage of time. These are soybean oil (produced

mainly in the United States, Brazil, Argentina, and China), palm oil (Malaysia

and Indonesia), rape/canola oil (China, EU-15, India, and Canada), and

TABLE 14. Annual Average Production (million tons) of Oils and Fats for the 5-year

Periods 1991–1995 to 2006–2010.

Production Exports

Oil 91–95 96–00 01–05 06–10 91–95 96–00 01–05 06–10

World total 86.82 105.06 126.47 146.73 25.29 32.93 41.88 50.82

Soybean 17.90 23.14 29.56 33.60 4.12 6.81 8.88 10.63

Cotton 3.94 4.00 4.60 5.35 0.25 0.22 0.26 0.32

Peanut 4.09 4.56 5.45 5.72 0.27 0.25 0.29 0.31

Sunflower 7.96 9.11 9.83 12.43 2.16 2.93 2.83 4.17

Rape/canola 9.66 12.64 15.34 17.72 1.59 1.90 1.85 2.48

Sesame 0.62 0.70 0.75 0.85 0.02 0.02 0.03 0.03

Corn 1.67 1.91 2.18 2.49 0.49 0.71 0.86 1.04

Olive 1.96 2.47 2.58 2.75 0.38 0.47 0.57 0.62

Palm 13.34 18.72 25.24 31.43 9.55 12.76 18.55 22.66

Palmkernel 1.72 2.34 3.11 3.84 0.84 1.11 1.49 1.81

Coconut 3.03 3.01 3.33 3.70 1.50 1.64 1.91 2.00

Linseed 0.64 0.70 0.69 0.81 0.14 0.13 0.12 0.16

Castor 0.46 0.46 0.54 0.62 0.20 0.25 0.28 0.32

Anmal fats
 19.80 21.30 23.26 25.42 3.77 3.69 3.94 4.26


Butter, lard, tallow, fish oil.

Adapted from Mielke (205).
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sunflower oil (ex-USSR, EU-15, and Argentina). These are produced mainly

in the countries listed (Table 14 and 15).

� Cottonseed and groundnut (peanut) oils and some of the minor oils are used

almost entirely in the country of origin and exports amount to very little.

11. CONCLUSION

The vegetable oils are important materials, significant for agriculture, the refining

and processing industries, and for the food industry. Their production and use is

based on a wide range of supporting sciences (physics, chemistry, biochemistry,

agriculture, seed breeding, molecular biology, engineering, food science, nutrition,

and medicine among others). At present, we are particularly dependent on five oils

from four sources: soybean, the oil palm producing two different oils, rapeseed

(canola), and sunflower. These, and the minor vegetable oils, are produced and

used at increasing levels each year and are essential components of the human

diet. Although some individuals consume too much, others have too little and

demand is expected to grow for many years yet. As the land available to grow these

materials is limited, it is essential to increase yields. The vegetable oils do not

always have ideal physical and nutritional properties, so methods of modifying

the oils have been developed. For the most part, these have been technological in

the past, but increasingly in the future, they are expected to be biological. In the

second half of the twentieth century, soybean oil and palm oil have risen to promi-

nence. Will there be new major oils developed in the next half century? This seems

unlikely, but we may yet be surprised.

REFERENCES

1. F. D. Gunstone, ed., Vegetable Oils in Food Technology, Blackwell Publishing, Oxford,

U.K., 2002.

2. J. L. Harwood, Biochim. Biophys. Acta, 1301, 7–56 (1996).

TABLE 15. Production and Export of Three Major Oilseeds and Four Major Oils. Figures

are Percent of Total Production and Exports Based on Average Annual Levels (Million

Tons) for the 5 year Period 2001–2005.

Oilseeds Oils and Fats

Production% Exports% Production% Exports%

Soybean 55.2 79.5 23.4 21.2

Rape/canola 12.6 10.4 12.1 4.4

Sunflower 8.4 3.8 7.8 6.8

Palm — — 19.9 44.3

Adapted from Mielke (205).

REFERENCES 259



3. J. L. Harwood, in F. D. Gunstone, ed., Lipid Synthesis and Manufacture, Sheffield

Academic Press, Sheffield, U.K., 1999, pp. 422–466.

4. K. L. Parkin, in C. C. Akoh and D. B. Min, eds., Food Lipids—Chemistry, Nutrition, and

Biochemistry, 2nd ed., Marcel Dekker, New York, 2002, pp. 909–965.

5. P. Broun, J. Shanklin, E. Whittle, and C. Somerville, Science, 282, 1315–1317 (1998).

6. E. Heinz, Eur. J. Lipid Sci. Technol., 104, 1–2 (2002).

7. B. F. Szuhaj, Lecithins: Sources, Manufacture, and Uses, AOCS Press, Champaign,

Illinois, 1989.

8. M. Schneider, in F. D. Gunstone and F. B. Padley eds., Lipid Technologies and

Applications, Marcel Dekker, New York, 1997, pp. 51–78.

9. F. D. Gunstone, in F. D. Gunstone, ed., Structured and Modified Lipids, Dekker,

New York, 2001, pp. 241–250.

10. J. P. Clark, Lipid Technol., 8, 111–114 (1996).

11. F. D. Gunstone, in W. Hamm and R. J. Hamilton, eds., Edible Oil Processing, Sheffield

Academic Press, Sheffield, U.K., 2000, pp. 1–33.

12. Y. B. Che Man and C. P. Tan, in F. D. Gunstone, ed., Lipids for Functional Foods and

Nutraceuticals, Oily Press, Bridgwater, U.K., 25–52 (2003).

13. C. K. Ooi, Y. M. Choo, S. C. Yap, Y. Basiron, and A. S. H. Ong, J. Amer. Oil Chem. Soc.,

71, 423– 426 (1994).

14. B. S. Baharin, K. A. Rahman, M. I. A. Karim, T. Oyaizu, K. Tanaka, Y. Tanaka, and

S. Takagi, J. Amer. Oil Chem. Soc., 75, 399–404 (1998).

15. N. V. Yaniishlieva, K. Aitzetmuller, and V. G. Raneva, Fett/Lipid, 100, 444– 462

(1998).

16. B. K. Larsson, A. T. Eriksson, and M. Cervenka, J. Amer. Oil Chem. Soc., 64, 365–370

(1987).

17. F. D. Gunstone, Inform, 13, 65–68 (2002).

18. H. Okuyama, T. Kobayashi, and S. Watanabe, Prog. Lipid Res., 35, 409–457 (1997).

19. H. Okuyama, Lipid Technol. Newslet., 6, 128–132 (2000).

20. I. M. Stewart and R. E. Timms, in K. K. Rajah, ed., Fats in Food Technology, Sheffield

Academic Press, Sheffield, U.K., 2002, pp. 159–191.

21. R. E. Timms, Confectionery Fats Handbook, The Oily Press, Bridgwater, U.K., 2003.

22. C. Leonard, Lipid Technol., 6, 79–83 (1994).

23. C. E. Temple-Heald, Lipid Technol. Newslett., 6, 59–63 (2000).

24. C. E. Temple-Heald, in F. D. Gunstone, ed. Rapeseed and Canola Oil—Production,

Processing, Properties and Uses, Blackwell Publishing, Oxford, U.K., 2004, pp. 111–130.

25. R. Przbylski and T. Mag, in F. D. Gunstone, ed., Vegetable Oils in Food Technology,

Blackwell Publishing, Oxford, U.K., 2002, pp. 98–127.

26. H-J. Caupin, in F. D. Gunstone and F. B. Padley, eds, Lipid Technologies and App-

lications, Marcel Dekker, New York, 1997, pp. 787–795.

27. C. Crews, in M. Jee, ed., Oils and Fats Authentication, Blackwell Publishing, Oxford,

U.K., 2002, pp. 66–94.

28. Anon., Inform, 3, 1080–1090 (1992).

29. T. P. Pantzaris and Y. Basiron, in F. D. Gunstone, ed., Vegetable Oils in Food Technology,

Blackwell Publishing, Oxford, U.K., 2002, pp. 157–202.

260 VEGETABLE OILS



30. T. A. Isbell, Lipid Technol., 14, 77–80 (2002).

31. R. A. Moreau, in F. D. Gunstone, ed., Vegetable Oils in Food Technology, Blackwell

Publishing, Oxford, U.K., 2002, pp. 278–296.

32. R. D. O’Brien, in F. D. Gunstone, ed., Vegetable Oils in Food Technology, Blackwell

Publishing, Oxford, U.K., 2002, pp. 203–230.

33. B. E. Prentice and M. D. Hildebrand, Lipid Technol., 3, 83–89 (1991).

34. S. C. Cunnane and L. U. Thompson, eds., Flaxseed in Human Nutrition, AOCS Press,

Champaign, Illinois, 1995.

35. A. G. Green, and J. C. P. Dribnenki, Lipid Technol., 6, 29–33 (1994).

36. Anon., Lipid Technol. Newsletter, 1, 80–81 (1995).

37. Advisory Committee on Novel Foods and Processes (UK), Annual Report, 1997,

p. 8.

38. Anon. Lipid Technol. Newslett., 4, 13–15 (1998).

39. D. Boskou, in F. D. Gunstone, ed., Vegetable Oils in Food Technology, Blackwell

Publishing, Oxford, U.K., 2002, pp. 244–277.

40. B. S. Jalani and N. Rajanaidu, Lipid Technol., 12, 5–8 (2000).

41. B. S. Jalani, S. C. Cheah, N. Rajanaidu, and A. Darus, J. Amer. Oil Chem. Soc., 74, 1451–

1455 (1997).

42. S. W. Lin, in F. D. Gunstone, ed., Vegetable Oils in Food Technology, Blackwell

Publishing, Oxford, U.K., 2002, pp. 59–97.

43. Sanders, in F. D. Gunstone, ed., Vegetable Oils in Food Technology, Blackwell Publish-

ing, Oxford, U.K., 2002, pp. 231–243.

44. F. D. Gunstone, ed., Rapeseed and Canola Oil—Production, Processing, Properties and

Uses, Blackwell Publishing, Oxford, U.K., 2004.

45. A. G. Gopala Krishna, Lipid Technol., 14, 80–84 (2002).

46. B. Sayre and R. Saunders. Lipid Technol., 2, 72–76 (1990).

47. Anon., J. Amer. Oil Chem. Soc., 66, 615–618 (1989).

48. H. P. Gupta, J. Amer. Oil Chem. Soc., 66, 620–623 (1989).

49. S. Bhattacharyya and D. K. Bhattacharyya, J. Amer. Oil Chem. Soc., 66, 1469–1471

(1989).

50. Anon., Inform, 8, 968 (1997).

51. S. P. Kochar, in F. D. Gunstone, ed., Vegetable Oils in Food Technology, Blackwell

Publishing, Oxford, U.K., 2002, pp. 297–326.

52. J. R. Smith, Safflower, AOCS Press, Champaign, Illinois, 1996.

53. S. P. Kochar, Lipid Technol. Newslett., 6, 35–39 (2000).

54. T. Wang, in F. D. Gunstone, ed., Vegetable Oils in Food Technology, Blackwell

Publishing, Oxford, U.K., 2002, pp. 18–58.

55. F. D. Gunstone, J. Oleo Sci., 50, 269–279 (2001).

56. M. K. Gupta, in F. D. Gunstone, ed., Vegetable Oils in Food Technology, Blackwell

Publishing, Oxford, U.K., 2002, pp. 128–156.

57. A. Hase and S. Pajakkala, Lipid Technol., 6, 110–114 (1994).

58. Anon., Lipid Technol., 10, 98 (1998).

59. G. Webster, Lipid Technol. Newslett., 4, 38– 43 (1998).

REFERENCES 261



60. F. D. Gunstone, Fett/Lipid, 101, 124–131 (1999).

61. F. D. Gunstone, in F. D. Gunstone, ed., Structured and Modified Lipids, Dekker,

New York, 2001, pp. 185–208.

62. D. Firestone, Official Methods and Recommended Practices of the AOCS, Physical and

Chemical Characteristics of Oils, Fats and Waxes, Champaign, Illinois, 1997.

63. E. Ucciani, Nouveau Dictionnaire des Huiles Vegetales, Paris, France, 1995.

64. F. B. Padley, in F. D. Gunstone, J. L. Harwood, and F. B. Padley, eds., The Lipid

Handbook, 2nd ed., Chapman and Hall, London, 1994, p 53.

65. K. Aitzetmuller and M. Ihrig, Fat Sci. Technol., 90, 464–470 (1988).

66. M. S. Prats-Moya, N Grane-Teruel, V. Berenguer-Navarro, and M. l. Martin-Carattalla,

J. Amer. Oil Chem. Soc., 76, 267–272 (1999).

67. C. K. Lyon and R Becker, J. Amer. Oil Chem. Soc., 64, 233–236 (1987).

68. J. T. Budin, W. M. Breene, and D. H. Putnam, J. Amer. Oil Chem. Soc., 73, 475– 481

(1996).

69. H. Sun, D. Wiesenborn, K. Tostenson, J. Gillespie, and P. Rayas-Duarte, J. Amer. Oil

Chem. Soc., 74, 413–418 (1997).

70. F. Jahaniaval, Y. Kakuda, and M. F. Marcone. J. Amer. Oil Chem. Soc., 77, 847–852 (2000).

71. B. S. Kamel and Y Kakuda, J. Amer. Oil Chem. Soc., 69, 492–494 (1992).

72. Advisory Committee on Novel Foods and Processes (UK), Annual Report, 1993.

73. M. Zlatanov and I. Janakieva, Fett/Lipid, 100, 312–315 (1998).

74. M. J. Weerman and L. Neeman, J. Amer. Oil Chem. Soc., 64, 229–232 (1987).

75. H. E. Swisher, J. Amer. Oil Chem. Soc., 65, 1704–1706 (1988).

76. Y. F. Lozano, C. D. Mayer, C. Bannon, and E. M. Gaydouu J. Amer. Oil Chem. Soc., 70,

561–565 (1993).

77. L. Eyres, N. Sherpa, and G. Hendricks, Lipid Technol., 13, 84–88 (2001).

78. J. Birkbeck, Food New Zealand, April/May, 40– 42 (2002).

79. J. L. R. Pritchard in J. B. Rossell and J. L. R. Pritchard, eds., Analysis of Oilseeds, Fats,

and Fatty Foods, Elsevier, London, 1991, pp. 77–97.

80. P. M. Clough, in F. D. Gunstone, ed., Structured and Modified Lipids, Marcel Dekker,

New York, 2001, pp. 75–117.

81. P. M. Clough, Lipid Technol., 13, 9–12 (2001).

82. Y-S. Huang and D. E. Mills, g-Linolenic Acid, AOCS Press, Champaign, Illinois,

1996.

83. S. P. J. N. Senanayake and F. Shahidi, J. Amer. Oil Chem. Soc., 77, 55–61 (2000).

84. Y-S. Huang and V. A. Ziboh, g-Linolenic Acid: Recent Advances in Biotechnology and

Clinical Applications, AOCS Press, Champaign, Illinois, 2001.

85. Y-S. Ju and T-C. Chen, J. Amer. Oil Chem. Soc., 79, 29–32 (2002).

86. I. M. Stewart and R. E. Timms, in K. K Rajah, ed., Fats in Food Technology, Sheffield

Academic Press, Sheffield, U.K., 2002, pp. 159–191.

87. I. Campbell (2002). Available: http://www.britanniafood.com/invite.

88. J. A. Vasceoncellos, W. P. Bemis, J. W. Berry, and C. W. Weber, in E. H. Pryde, L. H.

Princen, and K. D. Mukherjee, eds., New Sources of Fats and Oils, AOCS Press,

Champaign, Illinois, 1981, pp. 55–68.

262 VEGETABLE OILS



89. F. B. Padley, in F. D. Gunstone, J. L. Harwood, and F. B. Padley, eds., The Lipid

Handbook, 2nd ed., Chapman and Hall, London, 1994, pp. 54–55.

90. F. D. Gunstone, in F. D. Gunstone, ed., Structured and Modified Lipids, Marcel Dekker,

New York, 2001, p. 191.

91. T. G. Toschi, M. F. Caboni, G. Pennazzi, G. Lercker, and P. Capella, J. Amer. Oil Chem.

Soc., 70, 1017–1020, 1993.

92. B. S. Kamel and Y. Kakuda, J. Amer. Oil Chem. Soc., 69, 492–494 (1992).

93. F. Comes, M. Farines, A. Aumelas, and J Soulier, J. Amer. Oil Chem. Soc., 69, 1224–

1227 (1992).

94. Advisory Committee on Novel Foods and Processes (UK), Annual Report (1993).

95. Anon, Lipid Technol., 5, 53 (1993).

96. B. S. J. Jeffrey and F. B, Padley, J. Amer. Oil Chem. Soc., 68, 123–127 (1991).

97. R. Ayerza, J. Amer. Oil Chem. Soc., 72, 1079–1081 (1995).

98. F. D. Gunstone, in F. D. Gunstone, ed., Structured and Modified Lipids, Marcel Dekker,

New York, 2001, p. 192.

99. K. J. Lessman and W. P. Andersom, in E. H. Pryde, L. H. Princen, and K. D. Mukherjee,

eds., New Sources of Fats and Oils, AOCS Press, Champaign, Illinois, 1981, pp. 223–

246.

100. M. A. Reuber, L. A. Johnson, and L. R. Watkins, J. Amer. Oil Chem. Soc., 78, 661–664

(2001).

101. G. Steinke and K. D. Mukherjee, J. Amer. Oil Chem. Soc., 77, 361–366 and 367–371

(2000).

102. Anon, Inform, 12, 921 (2001).

103. D. P. Geller and J. W. Goodrum, J. Amer. Oil Chem. Soc., 77, 111–114 (2000).

104. V. Pandey, R. Banerji, B. S. Dixit, M. Singh, S. Shukla, and S. P. Singh, Eur. J. Lipid Sci.

Technol., 102, 463–466 (2000).

105. F. D. Gunstone, in F. D. Gunstone, J. L. Harwood, and F. B. Padley, eds., The Lipid

Handbook, 2nd ed., Chapman and Hall, London, 1994, pp. 15 and 109.

106. J. T. Budin, W. M. Breene, and D. H. Putnam, J. Amer. Oil Chem. Soc., 72, 309–315

(1995).

107. A. Bonjean, B. Monteuuis, and A. Messean, Oleagineux Corps gras Lipides, 2, 97–100

(1995).

108. J. Zubr, Ind. Crops Products, 6, 113–119 (1997).

109. A. Hebard, Lipid Technol., 10, 81–83 (1998).

110. E. C Leonard, Inform, 9, 830–838 (1998).

111. S. Moret, A. Dudine, and L. S. Conte, J. Amer. Oil Chem. Soc., 77, 1289–1292

(2000).

112. G. P. Savage, D. L. McNeil, and P. C. Dutta, J. Amer. Oil Chem. Soc., 74, 755–759

(1997).

113. C. Bertoli, M. Stancanelli, D. Gumy, and P. Lambelet, J. Amer. Oil Chem. Soc., 75, 1037–

1040 (1998).

114. M. H. Gordon, C. Covell, and N. Kirsch, J. Amer. Oil Chem. Soc., 78, 621–624

(2001).

REFERENCES 263



115. M. L. Ruiz del Castillo, M. Herraiz, M. D. Molero, and A Herrera, J. Amer. Oil Chem.

Soc., 78, 1261–1265 (2001).

116. Anon., Lipid Technol. Newslett., 4, 25–26 and 48 (1998).

117. Anon., Inform, 12, 1213 (2001).

118. Anon., Inform, 11, 404–405 (2000).

119. R. Przybylski and K. C. Fitzpatrick, Inform, 13, 489– 491 (2002).

120. J. Sargent and K. Coupland, Lipid Technol., 6, 10–14 (1994).

121. V. K. S. Shukla and U. Blicher-Mathiesen, Fat Sci. Technol., 95, 367–369 (1993).

122. V. K. S. Shukla, in R. J. Hamilton, ed., Developments in Oils and Fats. Blackie, London,

1995, pp. 66–94.

123. M. Lipp. and E. Anklam, Food Chem., 62, 73–97 (1998).

124. J. Birkett, in B. Rossell, ed., Oils and Fats Handbook, Vol 1, Vegetable Oils and Fats,

Leatherhead Food RA, Leatherhead, U.K., 1999, pp. Ch. 1–22.

125. Y. Jeyarani and S, Yella Reddy, J. Amer. Oil Chem. Soc., 76, 1431–1436 (1999).

126. T, Abbott, Inform, 8, 1169–1175 (1997).

127. N. Macfarlane and R. V. Harris, in E. H. Pryde, L. H. Princen, and K. D. Mukherjee, eds.,

New Sources of Fats and Oils, AOCS Press, Champaign, Illinois, 1981, pp. 103–108.

128. C Croy, Inform, 5, 970–971 (1994).

129. S. M. Osman, in E. H. Pryde, L. H. Princen, and K. D. Mukherjee, eds., New Sources of

Fats and Oils, AOCS Press, Champaign, Illinois, 1981, pp. 129–140.

130. S. Yella Reddy and T. Jeyarani, J. Amer. Oil Chem. Soc., 78, 635–640 (2001).

131. R. J. Janssens, Lipid Technol. Newslett., 7, 133–137 (1999).

132. R. J. Janssens and W. P. Vernooij, Inform, 12, 468–477 (2000).

133. R. J. Janssens, Lipid Technol., 12, 53–58 (2000).

134. G. D. Jolliff in E. H. Pryde, L. H. Princen, and K. D. Mukherjee, eds., New Sources of

Fats and Oils, AOCS Press, Champaign, Illinois, 1981, pp. 269–285.

135. T. A. Isbell, Lipid Technol., 9, 140–144 (1997).

136. T. A. Isbell, in F. D. Gunstone, ed., Lipid Synthesis and Manufacture, Sheffield

Academic Press, Sheffield, U.K., 1998, pp. 401– 421.

137. H. B. Frykman, T. Isbell, and S. C. Cermak, J. Surfactants Detergents, 3, 179–183

(2000).

138. T. A. Isbell and S. C. Cermak, J. Amer. Oil Chem. Soc., 78, 527–531 (2001).

139. C. C Akoh and C. V. Nwosu, J. Amer. Oil Chem. Soc., 69, 314–316 (1992).

140. F. B. Padley, in F. D. Gunstone, J. L. Harwood, and F. B. Padley, eds., The Lipid

Handbook, 2nd ed., Chapman and Hall, London, 1994, pp. 77–78.

141. J-W. Kao, E. G. Hammond, and P. J. White, J. Amer. Oil Chem. Soc., 75, 1103–1107

(1998).

142. F. Bondioli, C. Mariani, A. Lanzani, E. Fideli, and A. Muller, J. Amer. Oil Chem. Soc.,

70, 763–766 (1993).

143. F. D. Gunstone, J. Oleo Science, 50, 269–279 (2000).

144. Anon., Inform, 5, 713 (1994).

145. G. Ustun, L. Kent, N. Cekin, and H. Civelekoglu, J. Amer. Oil Chem. Soc., 67, 958–960

(1990).

264 VEGETABLE OILS



146. M. A. M. Zeitou and W. E. Neff, Oleagineux Corps gras Lipides, 2, 245–248 (1995).

147. K. Aitzetmuller, G. Werner, and S. A. Ivanov, Oleagineux Corps gras Lipides, 4, 385–

388 (1997).

148. H. R. H. Takruri and M. A. F. Dameh, J. Sci. Food Agric., 76, 404– 410 (1998).

149. P. C. Dutta, S. Helmersson. E. Kebedu, G. Alemaw, and L. A. Appelqvist, J. Amer. Oil

Chem. Soc., 71, 839–845 (1994).

150. T. P. Hilditch and P. N. Williams, The Chemical Constitution of Natural Fats, 4th ed.,

Chapman and Hall, London, 1964, p. 336.

151. Anon., Lipid Technol. Newslett., 4, 105–106 (1998).

152. J. M. Holmbach, A. A. Karlsson, and K. C. Arnoldsson, Lipids, 36, 153–165 (2001).

153. B. G. Herslof, Lipid Technol., 12, 125–128 (2000).

154. M. Zhou, K. Robards, M. Glennie-Holmes, and S. Helliwell, J. Amer. Oil Chem. Soc., 76,

159–169 (1999).

155. D. M. Peterson, Lipid Technol., 14, 56–59 (2002).

156. F. B. Padley, in F. D. Gunstone, J. L. Harwood, and F. B. Padley, eds., The Lipid

Handbook, 2nd ed., Chapman and Hall, London, 1994, p. 79.

157. Advisory Committee in Novel Foods and Procedures (UK), Annual Report, 1991.

158. T. Longvah and Y. G. Deosthale, J. Amer. Oil Chem. Soc., 68, 781–784 (1991).

159. H-S Shin and S-W Kim, J. Amer. Oil Chem. Soc., 71, 619–622 (1994).

160. I-H. Kim, H. Kim, K-T. Lee, S-H. Chung, and S-M. Ko, J. Amer. Oil Chem. Soc., 79,

363–367 (2002).

161. S. M. Dyszel and B. C. Pettit, J. Amer. Oil Chem. Soc., 67, 947–951 (1990).

162. M. Maskan and S. Karatas, J. Sci Food Agric., 77, 334–340 (1998).

163. M. Yildiz, S. T. Gurcan, and M. Ozdemir, Fett/Lipid, 100, 84–86 (1998).

164. S. P. Singh, S. Shukla, K. R. Khanna, B. S. Dixit, and R. O. Banerji, J. Sci. Food Agric.,

76, 168–172 (1998).

165. T. R. Omara-Alwala, T. Mebrahtu, D. E. Prior, and M. O. Ezekwe, J. Amer. Oil Chem.

Soc., 68, 198–199 (1991).

166. B Yang and H. Kallio, J. Agric. Food Chem., 49, 1939–1947 (2001).

167. H. Kallio, B, Yang, P. Peippo, R. Tahvonen, and R. Pan, J. Agric. Food Chem., 50, 3004–

3009 (2002).

168. B. Yang, R. Karlsson, P. Oksman, and H. Kallio, J. Agric. Food Chem., 49, 5620–5629

(2001).

169. Yang Baoru, F. D. Gunstone, and H. Kallio, in F. D. Gunstone, ed., Lipids for Functional

Foods and Nutraceuticals, Oily Press, Bridgwater, U.K., 2003, pp. 263–290.

170. Anon., Lipid Technol. Newslett., 2, 100 (1996).

171. R. Oliveira, M. F. Rodrigues, and M. G. Bernardo-Gil, J. Amer. Oil Chem. Soc., 79, 225–

230 (2002).

172. P. J. Barnes and P. W. Taylor, J. Sci. Food Chem., 31, 997–1006 (1980).

173. P. J. Barnes, Fat Sci. Technol., 84, 256–269 (1982).

174. R. L. Wolff, N. A. Combe, F. Destaillats, C. Boue, D. Precht, J. Molkentin, and

B. Enstressangles, Lipids, 35, 825–825 (2000).

175. E. Vos, Abstracts, AOCS Meetring, Montreal, QE, Canada, 2002.

REFERENCES 265



176. T. Koyano and K. Sato, in K. K. Rajah, ed., Fats in Food Technology, Sheffield Academic

Press, Shefield, U.K., 2002, pp. 1–29.

177. A. J, Dikstra, in K. K. Rajah, ed., Fats in Food Technology, Sheffield Academic Press,

Shefield, U.K., 2002, pp. 123–158.

178. J. M. Block, D. Barrera-Arellano, M. F. Figueiredo, and F. A. C. Gomide, J. Amer. Oil

Chem. Soc., 74, 1537–1541 (1997).

179. R. Timms, in F. D. Gunstone and F. B. Padley, eds., Lipid Technologies and App.

lications, Marcel Dekker, New York, 1997, pp. 199–222.

180. V. Gibon and A. Tirtiaux, Lipid Technol., 14, 33–36 (2002).

181. T. Willner and K. Weber, Lipid Technol., 6, 57–60 (1994).

182. E. Deffense, Lipid Technol., 7, 34–38 (1995).

183. T. Koetsier, in F. D. Gunstone and F. B. Padley, eds., Lipid Technologies and App.

lications, Marcel Dekker, New York, 1997, pp. 285–303.

184. A. J. Dikstra, Inform, 8, 1150–1158 (1997).

185. R. C. Hastert, Lipid Technol., 10, 101–105 (1998).

186. D. Allen, Lipid Technol., 10, 29–33 and 53–57 (1998).

187. D. Rousseau and A. G. Maringoni, in C. C. Akoh and D. B. Min, eds., Food Lipids:

Chemistry Nutrition, and Biotechnology, 2nd ed., Marcel Dekker, New York, 2002,

pp. 301–333.

188. A, Rosendahl and A. R, Macrae, in F. D. Gunstone and F. B. Padley, eds., Lipid

Technologies and App. lications, Marcel Dekker, New York, 1997, pp. 245–259.

189. K. D. Mukherjee, in C. C. Akoh and D. B. Min, eds., Food Lipids: Chemistry Nutrition,

and Biotechnology, 2nd ed., Marcel Dekker, New York, 2002, pp. 751–812.

190. W. M. Willis and A. G. Maringoni, in C. C. Akoh and D. B. Min, eds., Food Lipids:

Chemistry Nutrition, and Biotechnology, 2nd ed., Marcel Dekker, New York, 2002,

pp. 839–876.

191. A. R. Kavanagh. Oleagineux Corps gras Lipides, 4, 165–168 (1997).

192. C. C. Akoh, in C. C. Akoh and D. B. Min, eds., Food Lipids: Chemistry Nutrition, and

Biotechnology, 2nd ed., Marcel Dekker, New York, 2002, pp. 877–908.

193. U. T. Bornscheuer, M Adamczak, and M. M. Soumanou, in F. D. Gunstone, ed., Lipids

for Functional Foods and Nutraceuticals, Oily Press, Bridgwater, U.K., 2003, 149–182.

194. Anon., Inform, 2, 678–692 (1991).

195. L. J. M. van Soest and F. Mulder, Lipid Technol., 5, 60–65 (1993).

196. F. D. Gunstone, in F. D. Gunstone, ed., Structured and Modified Lipids, Marcel Dekker,

New York, 2001, p. 192.

197. J. Wisniak, ed., The Chemistry and Technology of Jojoba Oil, AOCS Press, Champaign,

Illinois, 1987.

198. L. G. Angelini, E. Moschemi, G. Collonna, B. Polloni, and E. Bonari. Ind. Crops

Products, 6, 313–323 (1997).

199. R. K. Downey and D. C. Taylor, Oleagineux Corps gras Lipides, 3, 9–13 (1996).

200. A. J. Kinney, Lipid Technol. Newslett., 5, 36–39 (1999).

201. W. Friedt and W. Luhs, Fett/Lipid, 100, 219–226 (1998).

202. J. Reske, J. Siebrecht, and J. Hazebroek, J. Amer. Oil Chem. Soc., 74, 989–998

(1997).

266 VEGETABLE OILS



203. F. D. Gunstone and R. M. Pollard, in F. D. Gunstone ed., Structured and Modified Lipids,

Dekker, New York, 2001, pp. 155–184.

204. V. C. Knauf and A. J. DelVecchio, in C. C. Akoh and D. B. Min, eds., Food Lipids:

Chemistry Nutrition, and Biotechnology, 2nd ed., Marcel Dekker, New York, 2002,

pp. 967–996.

205. S. Mielke, The Revised Oil World 2020—Supply, Demand and Prices, ISTA Mielke

GmbH, Hamburg, Germany, 2002.

REFERENCES 267



7
Lipid Oxidation:

Theoretical Aspects

K. M. Schaich

Rutgers University,

New Brunswick, New Jersey

1. INTRODUCTION

Many excellent chapters and books have been written on lipid oxidation (1–11).

Studies of lipid oxidation are provided differently by different authors: each scien-

tist studying lipid oxidation focuses on a different single aspect, such as following

early kinetics by oxygen uptake or LOOH production, determining volatile pro-

ducts by gas chromatography (GC) or nonvolatile products by high-performance

liquid chromatography (HPLC), or analyzing specific catalyst or antioxidant effects

on oxidation; oxidation mechanisms are then interpreted in that context. There have

been few attempts to integrate multiple stages or approaches to lipid oxidation, and

as a result, descriptions of lipid oxidation have been disparate and totally dependent

on the individual aspect being studied. This can be quite confusing to anyone not

deeply immersed in the field. That is not to say that any of the published informa-

tion is incorrect. Much of it, however, has been presented in too narrow of a context

to provide an accurate overall picture of complex lipid oxidation reactions.

Part of the problem stems from considering lipid oxidation as precisely follow-

ing classic free radical chain reactions. To be sure, lipids do oxidize by a radical

chain mechanism, and they show initiation, propagation, and termination stages

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
Edited by Fereidoon Shahidi. Copyright # 2005 John Wiley & Sons, Inc.
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Figure 1. Classic free radical chain reaction mechanism of lipid oxidation with propagation by a

series of hydrogen abstractions.
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as is normally depicted (Figure 1). However, the generalized reactions of the classic

free radical chain reaction scheme are very much oversimplified and, because they

do not portray the wide range of competing side reactions that contribute to the

great complexities of lipid oxidation, they are often inconsistent with observed

oxidation kinetics and product mixes.

Thus, this chapter presents lipid oxidation from a broad systems perspective to

make the overall process logical, reconcile some common inconsistencies in pro-

posed mechanisms, address some of the complexities that are important in directing

downstream pathways and ultimate product mix, and develop an integrated view of

lipid oxidation. In doing so, attempts are made to bridge basic chemistry to applied

lipid and food chemistry. ‘‘Old’’ literature is cited liberally, despite current trends to

ignore anything outside the previous two to five years, because the fundamental

chemistry is still relevant, the early researchers in the field deserve recognition

for their ground-breaking observations, and the information needs to be revisited

to remind us of what already has been done to prevent ‘‘rediscovering the wheel.’’

Furthermore, consideration of fundamentals too often gets lost in the sophistication

of applications, particularly in biological systems. Lipid oxidation processes in

foods or biological tissues may be more complicated, but will still follow funda-

mental mechanisms identified in simpler chemical reactions. Greater consideration

of details learned from fundamental chemistry should help clarify and elucidate

mechanisms and kinetics in complex media.

In particular, this chapter will stress the need to look beyond the classic radical

chain reaction. Lipid oxidation mechanisms have been proposed based on kinetics,

usually of oxygen consumption or appearance of specific products (e.g., LOOH) or

carbonyls (e.g., malonaldehyde), assuming standard radical chain reaction

sequences. However, when side reactions are ignored or reactions proceed by a

pathway different from that being measured, erroneous conclusions can easily be

drawn. The same argument holds for catalytic mechanisms, as will be shown in

the discussion about metals. In the past, separation and analysis of products was

laborious, but contemporary methods allow much more sensitive detection and

identification of a broad mix of products. Thus, multiple pathways and reaction

tracks need to be evaluated simultaneously to develop an accurate picture of lipid

oxidation in model systems, foods, and biological tissues.

In vivo lipid oxidation will not be covered, although the fundamental chemistry

presented certainly applies wherever lipid oxidation occurs. Also, in light of the

product and reaction pathway complexities presented in this chapter, kinetics of

lipid oxidation will not be covered. That is not to say that kinetics are not important.

However, kinetic analyses are always based on assumptions, and kinetic equations

derived in different studies are often difficult to reconcile even in simple systems.

The broader consideration being urged in this chapter poses even greater chal-

lenges. A citation from the past remains cogently relevant today: ‘‘in view of the

numerous possible routes that might be followed in the initiation, propagation, and

termination stages of the decomposition process, kinetic analysis of the results has

proved to be difficult’’ [(12) citing (13)].
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1.1. Classic Radical Chain Reaction Scheme

Lipid oxidation has long been recognized as a free radical chain reaction (14–18),

and the classic chain reaction scheme with three phases has been repeated in many

forms. Figure 1 is one version. Sometimes secondary abstraction reactions of lipid

alkoxyl radicals (LO�) and peroxyl radicals (LOO�) are presented as initiation

reactions because they form L� radicals. That is true when lipid oxyl radicals

are from outside sources, e.g., lipoxygenase reactions followed by Fe2þ and Fe3þ

reactions with LOOH. However, in the following discussion, LO� and LOO�

deriving from the initial L� or its subsequent reactions are considered to mediate

propagation or chain branching (initiation of secondary chains) rather than ab initio

initiation.

The driving force in the chain reaction is the repeated abstraction of hydrogens

by LOO� to form hydroperoxides plus free radicals on a new fatty acid. The process

continues indefinitely until no hydrogen source is available or the chain is inter-

cepted. The radical chain reaction imparts several unique characteristics to lipid

oxidation:

1. Lipid oxidation is autocatalytic—once started, the reaction is self-propagat-

ing and self-accelerating.

2. G (product yield)� 1, i.e., many more than one LOOH are formed and more

than one lipid molecule are oxidized per initiating event. Chain lengths as

long as 200 to 300 lipid molecules have been measured (19, 20) showing how

effective a single initiating event can be. However, this also points out one

reason why it has been so difficult to study initiation processes—initiators

become the proverbial needle in a haystack once oxidation chains become

established.

3. Very small amounts of pro- or antioxidants cause large rate changes.

4. The reaction produces multiple intermediates and products that change with

reaction conditions and time.

These features present distinct challenges in measuring and controlling lipid oxida-

tion, and are part of the reason why lipid oxidation is a major problem in vivo and

in storage stability of foods.

Citation of the classic chain reaction for lipid oxidation persists even though, as

product analysis and studies of mechanisms have become more sophisticated, there

is now considerable evidence that only Reactions 1, 2, and 5 (and perhaps also 6) of

Figure 1 are always present. Research has shown that, although hydrogen abstrac-

tion ultimately occurs, it is not always the major fate of the initial peroxyl or alkox-

yl radicals. Indeed, lipid alcohols from H abstraction are relatively minor products

of lipid oxidation. There are many competing alternative reactions for LOO� and

LO� that propagate the radical chain but lead to different kinetics and different pro-

ducts than expected from the classic reaction sequence (5, 6, 21). A more detailed

consideration of each stage shows how this basic radical chain sequence portrays

only a small part of the lipid oxidation process and products, and a new overall

reaction scheme for lipid oxidation is needed.
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2. INITIATION (LH�! L�)

Initiation of lipid oxidation produces the ab initio lipid free radicals, L�. The initia-

tion process is not well understood, so it is usually represented in reaction schemes

merely as an ‘‘X’’ or ‘‘?’’ over the reaction arrow. Lipid oxidation is a very facile

reaction that is nearly ubiquitous in foods and biological systems, so it is often trea-

ted as an instantaneous reaction that just happens, and has been referred to as

‘‘spontaneous’’ (22). Nevertheless, lipid oxidation is not a spontaneous reaction!

Thermodynamically, oxygen cannot react directly with double bonds because the

spin states are different (Reaction 1). Ground state oxygen is in a triplet state (two

free electrons in separate orbitals have same spin direction, net positive angular

momentum), whereas the double bond is in a singlet state (no unpaired electrons,

paired electrons are in the same orbital and have opposite spin, no net angular mo-

mentum). Quantum mechanics requires that spin angular momentum be conserved

in reactions, so triplets cannot invert (flip spins) to singlet states. Reaction then

demands that the double bond be excited into a triplet state, which requires prohi-

bitive amounts of energy (Ea¼ 35–65 kcal/mole). Thus, no direct reaction occurs.

O O C C ROOH+
Triplet Singlet

ð1Þ

To overcome this spin barrier, initiators or catalysts are required to start the lipid

oxidation process by removing an electron from either the lipid or oxygen or by

changing the electron spin of the oxygen. As only trace amounts of catalysts are

needed, many situations that appear to be spontaneous or uncatalyzed are actually

driven by contaminants or conditions that have gone undetected or unconsidered.

Indeed, in most foods, biological systems, and laboratory experiments, it is fair

to say that multiple catalysts and initiators are always operative.

The most common initiators are described below. Somewhat more detail than in

most reviews of lipid oxidation is presented because control of lipid oxidation ulti-

mately demands control of initiation. Antioxidants that scavenge lipid free radicals

after they are formed are always playing ‘‘catch up,’’ and may be totally or partially

ineffective if the total radical load from initiation (whether from known or unknown

sources) is excessive. To achieve full protection against lipid oxidation and attain

long-term stability of any material, control strategies must include elimination, or at

least inhibition, of initial alkyl radical production in lipids.

2.1. Catalysts

2.1.1. Metals

Redox-active metals are the initiators of perhaps greatest importance for lipid

oxidation in oils, foods, and biological systems because they are ubiquitous and

active in many forms, and trace quantities (	 micromolar) are sufficient for effec-

tive catalysis (23–26). Only metals undergoing one-electron transfers appear to be

active catalysts; these include cobalt, iron, copper, manganese, magnesium, and
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vanadium. Metals that oxidize by two-electron transfers, e.g., Sn2þ and Tlþ, are not

active (23).

The mechanisms and rates of metal-catalyzed initiation operative in individual

reaction systems are determined by a complex mixture of factors: the metal and

type of complexes it forms (inner sphere or outer sphere), the chelator or complex-

ing agent, redox potential of the metal and its complexes, solvents, phase localiza-

tion of the metal, and availability of oxygen or preformed hydroperoxides. The

reactions outlined below show the multiplicity of mechanisms possible.

Direct initiation through higher valence metals involves direct electron

transfer from the metal to a bond in the lipids and is the simplest mechanism

for metal catalysis. Electron transfer to methyl linoleate is exothermic

(�H ¼ �62:8 kJ;�15 kCal), so is probably the dominant initiation mechanism

with lipids (23, 27). Ab initio lipid radicals are formed directly by removing an

electron from a double bond (Reaction 2) (28, 29) or, more generally, from the

C��H bond of any labile H in lipid molecules (e.g., allylic hydrogens) (Reaction 3),

or via subsequent secondary hydrogen abstraction reactions, as designated in the

bracketed reactions.

RCH CHR RCH CHR Mn+ RH+ M(n+1)+ +
LH

L + ð2Þ

RH R H+ Mn+ RH+ M(n+1)+ +
LH

L ++ ð3Þ

RCOOH RCOO H+ Mn+ CO2+ M(n+1)+ + ++ R ð4Þ

RCHO RCO H+ Mn+ scission products+ M(n+1)+ +
LH

L ++

ð5Þ
Reactions 2 and 3 have been proposed as the primary mode of catalysis for Co

(30), Mn (31), and Cr (32). However, it must be pointed out that metal reactivity

can change tremendously with complexing agent, which shifts redox potentials, and

with solvent, which alters acid/base properties and electron transfer efficiency. Elec-

tron transfer oxidations to generate L� are extremely rapid in nonpolar media (33, 34),

including neat oils, and are less efficient in aqueous or polar protic solvents.

Analogous electron transfers involving the carboxylic acid group of fatty acids

(Reaction 4) or lipid oxidation products such as aldehydes (Reaction 5) (35) can

also occur to form radicals that are potential initiators. Reaction 4 with free car-

boxylic acids has been demonstrated with cobalt and short-chain organic acids

(29, 36, 37), so the potential exists for its occurrence with fatty acids. The aldehyde

reaction (Reaction 5) is strongly catalyzed by Cu2þ, Co3þ, and Mn2þ (38–40) and,

being inhibited by water competition for ligand sites, occurs primarily in organic

solvents or neat lipids. However, the reaction is relatively slow and not competitive

with the first three reactions under most food conditions.

The rate and selectivity of the direct electron transfers of Reactions 2–5 are

influenced by the type of metal complex formed. In outer sphere complexes,

electrons flow directly between the valence shell of the metal and the target group;
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electron transfer is fast and selective. Inner sphere complexes involve ligand bind-

ing to the metal and electron flow is through the ligands; electron flow is slow and

less discriminating (41). Iron forms mostly outer sphere complexes. Copper forms

mostly inner sphere complexes with organic substrates, especially in nonpolar sol-

vents, but most inorganic copper salts catalyze direct electron transfer through outer

sphere complexes. Cobalt forms inner sphere ligand complexes in nonpolar solvents

such as oils (42); but in polar solvents and with polar ligands, cobalt catalyzes elec-

tron transfer by an outer sphere mechanism (29, 43, 44). The difference may seem

academic, but it partially explains differences in reactivity, kinetics, and products

for different metals and in some cases for different complexing agents, and it points

out the need to understand mechanisms when determining which products to ana-

lyze to most accurately evaluate extent of oxidation.

Direct initiation by lower valence states (Mnþ] of metals proceeds through

formation of activated complexes with O2 (23, 45)—mostly via inner sphere com-

plexes. As free reduced metals react rapidly with oxygen (Reaction 6a), this

mechanism is active primarily when chelators specifically stabilize the reduced

metals. These reactions also proceed mostly facilely in nonpolar solvent (46),

e.g., in hydrophobic lipid phases of membranes or in oils.

Mn+ O2

Mn+

O2
−

HOO

HOO

HOO

H2O2

H2O2

H2O2

+ M(n+1)+...O2
−

M(n+1)+ +
LH

L +

L + M(n+1)+ ...−O2H

L + +
L′H

L′ +

LO + M(n+1)+ ...−OH

M(n+1)+ L− + M(n+1)+ +
L′H

L′ +
Mn+LH

LH

LH

LH

ð6aÞ

ð6bÞ

ð6cÞ

ð6dÞ

ð6eÞ

Direct initiation by either mechanism is characterized by a lack of induction

period (47) and is most efficient by metals that are strongly oxidizing (Co and

Fe) or can form metal-oxygen complexes (Co and Cu).

Indirect initiation of lipid oxidation by reduced metals (Co2þ, Fe2þ, V2þ, Cr2þ,

Cuþ, Ce3þ, Mn2þ) occurs by two different mechanisms, depending on the pO2 of

the system and levels of preformed or nonlipid hydroperoxides:

a. autoxidation of reduced metals to generate oxygen radicals that then react

with lipids (27) occurs at moderate to high pO2, e.g., for iron:

Fe2+ + O2 Fe3+ + O2
− HOO

H+

L + H2O2
ð7Þ

O22 O2
− H2O2 +or O2

−  / HOO ð8Þ

Fe2+ Fe3+OH−H2O2 + +HO + ð9Þ

LH H2O+HO + L ð10Þ
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Evidence for this process has been obtained in systems of charged micelles

prepared from linolenic acid (48) and by chemiluminescence in very early stages

of lipid oxidation in oils and a variety of foods (49).

b. reduction or oxidation of hydroperoxides (either from other sources or from

preformed lipid hydroperoxides) to RO� or ROO�, respectively (Reactions 11

and 12), which then react with lipids; dominates under conditions of low

metal, substrate, and oxygen concentration (27, 35). Lipid hydroperoxide

reduction is an extremely facile reaction. The activation energy is consider-

ably lower than that of H2O2 (EaLOOH¼ 12.5 kCal; EaHOOH
 35 kCal) and

the rate of reduction is correspondingly several orders of magnitude faster:

kLOOH¼ 5� 109 L �mol�1sec�1 (50, 51) and kHOOH
 104 M�1sec�1 (52).

Fe2+ Fe3+ OH−+ +RO+ROOH
fast LH

ROH + L ð11Þ

Fe3+ ROOH Fe2+ ROO H+ ROOH+ ++
extremely slow LH

+ L ð12Þ

Metals that form complexes with oxygen also form intermediate complexes with

hydroperoxides during oxidation and reduction, particularly at low hydroperoxide

concentrations and in nonpolar solvents, as shown in Reactions 13 and 14 for cobalt

(53–57). However, in polar solvents, cobalt acts by direct electron transfer, as in

Reactions 11 and 12 (58). Copper forms similar complexes with hydroperoxides (59).

Co2+ LOOH [Co2+ HOOL] Co3+OH+ + LO ð13Þ

Co3+ LOOH [Co3+ HOOL] Co2++ + LOO + H ð14Þ

Metal autoxidation and hydroperoxide decomposition are both very active pro-

cesses in foods, oils, and biological tissues where metals are always present. Con-

sidering the constant presence of peroxides from various sources in all natural

materials, it could reasonably be argued that peroxide decomposition is the major

practical source of initiators for lipid oxidation. However, these reactions are per-

haps even more important in accelerating chain branching in later stages of oxida-

tion when higher concentrations of LOOH accumulate.

Whatever the operative mechanism for a given system, the effect of metals is

tremendously amplified when redox cycling occurs. Coordination of redox pairs

of metals has the same effect in early stages of lipid oxidation that bimolecular

decomposition has in later stages (60):

Mn+ LOOH+ Mn+1 LO + OH–+

Metal redox cycles

Mn+1 LOOH+ Mn LOO + H++

2 LOOH LO LOO + H2O+ 2 LOOH LO LOO + H2O+

Bimolecular LOOH decomposition.

ð15Þ
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Initiation by hypervalent metal-oxygen complexes, e.g., Fe4þ��O. The ques-

tion of oxidation catalysis by hypervalent iron also needs to be raised because new

evidence is suggesting that some of the mechanisms of metal catalysis described

above may actually be driven by hyperoxidized iron. Ferryl iron complexes

[Fe(IV)��O; FeO2þ] (61) and perferryl iron [Fe(V)] catalyze oxygen insertion

into C��H to yield epoxides, ketones, and alcohols. However, the mechanisms for

both formation and reactions of Fe(IV) complexes are still unclear, and their invol-

vement in initiation of free radical autoxidations is hotly debated. Walling (62),

highly respected for his research on Fenton chemistry, disputes the Fe4þ pathway

and argues that one-electron oxidation to Fe3þ is the major pathway for most iron

compounds. Nevertheless, it is well-known that hypervalent iron complexes are

transient intermediates in many heme enzyme mechanisms, as will be discussed

later, and there is now unequivocable spectroscopic and EPR evidence for Fe(IV)

participation in nonheme iron enzymes as well (63–65). Still, hypervalent iron com-

plexes were considered too difficult to form and too unstable to be relevant in solu-

tion chemistry without porphyrins or proteins as electron sinks until observations

that iron reacted with hydrogen peroxide in acid to give the same nonselective pro-

ducts as HO� in pulse radiolysis, whereas in neutral and alkaline solutions, products

were more stereospecific and selective (66). This led to the proposal that hyperva-

lent iron does form transiently in some solution reactions and may be the catalytic

species involved rather than hydroxyl radicals. The two-electron oxidation of fer-

rous iron yields an equivalent ferryl peroxyl complex, 2 FeIIþO2¼ [FeOOFe]IV.

There are ten total unpaired spins on each side of the equation, the thermodynamics

are favorable (�H ¼ 17 kCal, �F ¼ 11), and the reaction can occur without a net

spin change (67). Pulse radiolysis studies show that FeIV and FeV have significant

lifetimes when complexed with simple ligands like hydroxide and pyrophosphate

and, as such, are plausible intermediates in iron-catalyzed oxidations of organic

compounds (68). Thus, participation of Fe(IV)��O may explain aspects of kinetics

and product distributions that have not fit traditional Fe3þ/Fe2þ mechanisms

(Reactions 6–14).

There is now substantial evidence that the metal-oxygen complexes described

above do indeed form hypervalent intermediates that catalyze both radical and non-

radical oxidations (63, 69–78). Most is known about Fe(IV) and Fe(V) complexes,

providing support for the idea that hypervalent iron is at least one catalyst in Fenton

reactions (79); analogous complexes have been identified for Cu2þ (73, 80) and

Co2þ (73). Both Fe2þ (74) and Fe3þ (63, 75) complexes participate, although

through different routes: Fe2þ��HOOH yields Fe4þ��O; Fe3þ��HOOH yields the

Fe3þ���OH complex, which is functionally equivalent to Fe4þ (79).

Figure 2 presents overall reaction schemes for the Fe2þ and Fe3þ reactions. The

schemes include radical and nonradical pathways and represent reactions for both

H2O2 and ROOH. In the figure, ROOH is used to indicate lipid hydroperoxides

to avoid confusion with metal ligands, L, and for simplicity, only the lipid

species are carried completely through reaction sequences. These reactions have

been determined using H2O2, but have not yet been demonstrated specifically with

lipids. Nevertheless lipid hydroperoxides are expected to follow the same general
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pathways as H2O2, although perhaps even more facilely because the O��O bond

energy is lower in lipids (HOOH¼ 51 kCal mol�1 vs. LOOH¼ 25–35 kCal mol�1).

In Fe2þ reactions (Figure 2A), the initial Fe-hydroperoxide complex formed

with H2O2 or LOOH can undergo a traditional one-electron oxidation

(Reaction 1), yielding Fe3þ and hydroxyl or alkoxyl radicals, respectively, in a
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B. Ferryl (Fe4+) and perferryl (Fe5+) iron complexes from Fe3+-hydroperoxide reactions:

heterolytic
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stereospecific
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LOOH

LH

radical
generation

Cage Reaction

Figure 2. Formation of ferryl iron in initiation and catalysis of lipid oxidation: Reaction schemes

for formation of hypervalent iron states by Fe2þ and Fe3þ complexes and subsequent reactions

leading to radicals that can initiate lipid oxidation. L, metal ligand; R, alkyl or acyl group. Fe2þ

sequence (71, 73); Fe3þ sequence (81), adapted.
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cage reaction. In systems where the radicals can diffuse out readily, they escape to

react and initiate new lipid oxidation chains (A), or while still in the reaction cage,

the oxyl radical can backbite on the Fe3þ (B) and oxidize it to Fe4þ (Reaction 2).

Alternatively, the Fe-hydroperoxide complex can generate the ferryl iron complex

directly by two-electron oxidation to the Fe4þ complex (Reaction 3). Fe4þ reactions

are responsible for the catalytic power and greatly increased radical production.

Fe(IV)��O abstracts hydrogens even more rapidly that HO� (k > 109 L M�1s�1).

It can abstract allylic hydrogens from unsaturated fatty acids to form the ab initio

L� radical or it can abstract H from lipid hydroperoxides to give LOO� that will

propagate radical chains. Thus, through either a one-electron process involving out-

er sphere complexes (Reaction 4) or a two-electron process with inner sphere com-

plexes (Reaction 5–6), radicals are produced in any unsaturated fatty acid or lipid

hydroperoxide that comes in contact with the Fe4þ complex.

It should be stressed that the radicals evolving from Reaction 3 are not from the

initial complexed hydroperoxide, but rather are in new lipid molecules. The initial

hydroperoxide serves only to activate the iron to Fe4þ in contrast to Reaction 1 in

which the hydroperoxide was the direct reactant and source of propagating radicals.

In ferryl iron reactions, oxygen groups from the initial hydroperoxides are inserted

or transferred directly to a substrate without radical intermediates, yielding alco-

hols, ketones, epoxides, or water. This finally explains earlier observations of

‘‘crypto HO�,’’ hidden HO� that hydroxylated target compounds but could not be

detected free in solution (82). In terms of kinetics, oxidation rates much greater

than would be predicted for trace levels of hydroperoxides and iron can thus be

achieved by Fe4þ because Reactions 3–7 in Figure 2A are much faster than Reac-

tion 1, the selectivity of Fe4þ in hydrogen abstractions is greater than either HO� or

RO�, and Fe4þ both initiates and propagates radical chains. Reaction 8 depicts the

reduction of Fe4þ complexes in the presence of excess Fe2þ to yield two Fe3þ com-

plexes with concurrent release of water and hydroxylated products. This is

one explanation for the loss of catalytic effectiveness at high concentrations of metals.

In the Fe3þ reactions (Figure 2B), hydroperoxides bind to the iron atom and sub-

sequent formation of the Fe4þ complex is accompanied by either heterolytic scis-

sion of the O��O bond to form hydroxylated products or homolytic scission to

release hydroxyl or lipid alkoxyl radicals. Current evidence suggests that

Fe3þ��H2O2 and Fe3þ��LOOH form different Fe4þ complexes, so H2O2 undergoes

preferential heterolytic scission, whereas homolytic scission is the almost exclusive

route for organic hydroperoxides (81). For LOOH, increased conversion to initiat-

ing LO� and rapid H abstractions by Fe4þ to produce L� or LOO� combine to tre-

mendously accelerate generation of new chains of radical reactions, and it accounts,

at least in part, for the great catalytic effectiveness of even traces of lipid hydroper-

oxide.

Both Fe2þ and Fe3þ complexes undergo two-electron oxidations to yield Fe4þ

and Fe5þ states, respectively. The Fe5þ state, in particular, is achievable with inor-

ganic and small organic ligands because both electrons needed for oxidation come

from the Fe. This doesn’t happen with hemes, where one electron comes from the

iron and the other is taken from the porphyrin or apoprotein (81).
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There is much still to be learned about conditions required for formation of fer-

ryl or other hypervalent iron complexes, the actual structure of the complexes under

different circumstances, the kinetics and mechanisms by which they react, and the

overall consequences to lipid oxidation. The factors that appear to be most impor-

tant include the following:

1. Ligand structure. Highly electrophilic ligands are most effective in producing

Fe4þ (73). Changing the ligands alters the lifetime of FeIV��O complexes.

Longer lifetime translates as lower reactivity; shorter lifetime results from

higher reactivity, but makes the state more difficult to detect and study (65).

2. Redox potential of the complex (73).

3. Spatial arrangement of ligand components relative to the iron atom (64, 71,

74, 78).

4. Acid-base properties of the ligands (64, 77). The presence of a Lewis base in

the ligand exerts a tremendous push effect on the ��OH group in the

hydroperoxide, enhancing both formation of FeIV��O and homolysis of

O��O in Fe3þ��OOH complex (increased release of HO�) (77).

5. Relative proportions of iron and hydroperoxide. High iron favors oxygen

insertion and formation of ketones, whereas 1 : 1 Fe : hydroperoxide shifts

products to epoxides (73); excess ROOH yields large amounts of free radicals

caused by a shift of the iron to high spin [FeL(Z1-OOH)2þ] states and rapid

reaction of iron with ROOH instead of substrates (83).

6. Solvent and presence of water. 1–5% water decreases the redox potential of

iron complexes and increases homolytic scission to HO� radicals; in aprotic

solvents, heterolytic scission and oxygen insertion products predominate (69).

7. Chemical structure of hydroperoxide forming the initial complex. This alters

the structure and spin state of the Fe4þ complex and, consequently, affects

dominant product pathways (73). H2O2 forms low spin complexes that

undergo heterolytic scission, whereas alkyl hydroperoxides form high spin

complexes that release alkoxyl radicals in homolytic scissions (81).

2.1.2. Light

2.1.2.1. Ultraviolet Light—Direct Effects Direct initiation of lipid oxidation by

ultraviolet light,

R1CH(R2)R3 R1C(R2)R3 H R1CHR2 R3

hν
+ or + ð16Þ

requires either direct deposition to sufficient energy to break covalent bonds or

transformation of light energy to chemical energy that can catalyze the reaction.

The Ea’s for L��H and L��L scission reactions are higher than the correspond-

ing bond energies (
 98.4 kCal/mol and 83.1 kCal/mol, respectively), and this

photon energy is available only at wavelengths <
254 nm (Table 1). In fact, however,

most ultraviolet light damage to lipids occurs at wavelengths less than 200 nm.
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Although ultraviolet light is thermodynamically capable of producing L� radi-

cals directly in lipids, the process is not a competitive reaction. In solution, ioniza-

tion generally requires energies of about 5–6 eV (87), available only at wavelengths

< 230 nm, so direct L� production is not easily achieved by ultraviolet irradiation.

When ionization does occur, there usually is not enough energy to push molecular

segments apart, except when the sample is heated, so radicals recombine in cage

reactions and do not initiate chains. Also, UV initiation is kinetically slow and

very selective because the absorbed energy must match �E between energy states

of elements and bonds.

The principal light-absorbing groups of lipids are double bonds, peroxide O��O

bonds, and carbonyls; the last two are most important. The primary mechanism by

which ultraviolet radiation initiates lipid oxidation is actually indirect, mediated

through homolytic scission of any preformed hydroperoxides to generate the true

initiators —LO�, HO�, and RO�— that abstract hydrogens from lipid molecules

and form the ab initio L�.

ROOH

HOOH

LOOH

HO

RO

LO

OH

OH

OH

H2O

ROH

LOH

L2

(17a)

(17c)

(17b)
hν (UV)

+

+

+

L2H

+

TABLE 1. Energies of Light at Various Wavelengths vs. Typical Energies of Bonds

in Lipids.

eVa kJb kCalb
Bond Dissociation Energy �E

(Physicists) (Chemists) (Biologists) Bond kJ/molc kCal/mold

200 6.2 596 143 C��C 612 146

230 5.4 518 124 O��H 463 111

260 4.8 458 110 C��H 412 99

290 4.3 411 98 C��O 360 86

320 3.9 372 89 C��C 348 83

350 3.5 341 82 C��N 305 73

380 3.3 314 75 O��O 157 35

410 3.0 291 70

440 2.8 271 65

470 2.6 254 61

510 2.4 234 56

540 2.3 221 53

570 2.2 209 50

600 2.1 199 48

630 2.0 189 45

660 1.9 181 43

700 1.8 170 41

aSee (84).
bCalculated from E¼Nhc/l, where N¼ Avogadro’s no.(6.02*1023 photons/mol), h¼ Planck’s constant

(1.58*10�34 cal/s or 6.6*10�34 J/s or 4.36*10�15ev/Hz), c¼ speed of light (3*1017nm/s), l¼wavelength (84).
cSee (85).
dSee (86).
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When the reaction involves LOOH, UV light is also a potent catalyzer of pro-

pagation and, from a practical standpoint, exerts its main effects in that stage. In

fact, it is often difficult to maintain LOOH on the lab bench for reaction or analysis,

especially under fluorescent lights, because the decomposition is quite rapid. Hand-

ling samples for analysis of LOOH and separation of hydroperoxides by column

chromatography are best done under red light or at least with the vessel or column

wrapped in aluminum foil or other light-impermeable material— and also in the

cold, as will be shown later.

A second source of UV-induced radicals to initiate lipid oxidation is excitation

of carbonyl compounds (88). The carbonyl n! p� transition (340 kJ/mol) occurs

when light is absorbed at 350 nm and lower wavelengths (87).

C O
hν

C O* C O
LH

C OH + L ð18Þ

The production of H2O2 during UV-irradiation in aqueous solutions should not

be overlooked as another source of initiating radicals from ultraviolet light. H2O2

yields of 3.7 and 1.3 mmol per mole L and Ln, respectively, have been measured in

solutions exposed to UV light (89), more than enough for very active initiation of

lipid autoxidation.

Contrary to what might be expected from their reactivity, double bonds are

not effective targets for UV light. The energy of the p! p� excitation transition

in conjugated dienes is 560 kJ/mol and in isolated double bonds is 680 kJ/mol,

which is only achievable at the lower limit of the ultraviolet ranges (215 nm and

<180 nm, respectively) (87). Long periods of irradiation are required because

absorption of light must produce excited states and ionization before bond scission

can occur. Free fatty acids, even saturated ones, are more susceptible to UV

radiation than esters because the C��C and C��H bonds a to the ��COOH are

activated 5–8 kCal/mol by mesomerism and thus are more susceptible to rupture

by light energy. Chain reactions are not involved, and decarboxylation products

result (12).

Electron paramagnetic resonance (EPR) studies of lipid free radical production

during UV radiation have found it exceedingly difficult to detect L� or subsequent

LOO� in highly purified systems (90). Using nitrosodurene as a spin trap to detect

free radicals too short-lived for direct observation by EPR, a mixture of free

radical adducts were observed, consistent with H abstractions at allylic carbons

for unsaturated fatty acids and carbons a and b to COOH in saturated fatty

acids (91, 92). However, since UV irradiation produces radicals in both benzene

and nitrosodurene (both of which were trapped), the lipid radicals detected are

more likely to have been produced by secondary H abstractions than light-induced

bond scissions. Similarly, radicals were only detected in light-irradiated unsaturated

fatty acids at 77 K when photosensitizers were included. Thus, UV-induced

direct bond scission that could start radical chain reactions in lipids does not

seem likely.
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2.1.2.2. Photosensitization of lipid oxidation by visible light Visible light (>400 nm)

lacks the energy to produce radicals directly. However, when the low level quantum

energy of visible light is collected by specifically absorbing molecules, it is trans-

formed to chemical energy that can drive reactions. This process, called photosensiti-

zation, involves excitation of the sensitizer, then transfer of the excitation energy to

bonds to form free radicals directly (Type 1) or to oxygen to form singlet oxygen,

which then adds to double bonds of unsaturated fatty acids without generating radicals

(Type 2):

Type 1 sensitization ðfree radicalÞ �! L� ðe�transfer reactionÞ
Type 2 sensitization ð1O2; singlet oxygenÞ �! LOOH ðno free radicals producedÞ

By these two reactions, photosensitization provides the spin state requirements

cited above for reaction of oxygen with double bonds, namely a change in oxygen

spin state from triplet to singlet or loss of a bonding electron from the target

molecule. Type 1 reactions are oxidations, whereas Type 2 reactions are oxygena-

tions (oxygen insertions) that are 1500 times faster than with normal triplet

oxygen (93). Photosensitizers in foods and biological materials are usually, but

not exclusively, pigments. Chlorophyll, in particular, acts as Nature’s light

gatherer, collecting low-energy visible light and converting it to chemical energy

in plants. Other photosensitizers include flavins (especially riboflavin), porphyr-

ins, aromatic amino acids, and any molecules with carbonyls or an extended

conjugated double bond system (94). Some photosensitizers, including chloro-

phyll, catalyze by both free radical and singlet oxygen mechanisms, with the

dominant reactions depending on substrate and reaction conditions (95–97).

Other photosensitizers are very specific in their reactions (98). With nearly all

sensitizers, regardless of final mechanism or product, the initial steps

involve excitation of the sensitizer to its lowest triplet level, 3S* (requires the least

amount of energy). The triplet sensitizer then directs subsequent reaction, trans-

ferring the excitation either to the lipid substrate (Type I) or to oxygen (Type II)

(97, 99).

3O

S O2*

−H+

1S

SH

1O2

L

LH

0S

1S

O2

0S

0S

1O2

LOO

H+

O2

H+

LH

H+

0S

1S
hν

3S*

LH

L

−e−

Type 1 − Redox/

Free Radical

+ + LOO LOOH

(S−   + L+  )  or (S+  + L−  ) + LOOH

Type II − Oxygenation
  A.  Direct

+ + LOOH

 B.  Indirect +

+

LOOH

LOOH

(Gollnick)

(Kautsky-Foote)

(Gollnick)

(Schönberg-Schenck)3O2
LH
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1O2 itself is not a free radical generator, but rather generates hydroperoxides

that are precursors for initiating radicals. In a concerted ‘‘ene’’ reaction, 1O2

attaches to either carbon of a double bond and abstracts an allylic proton to

form a hydroperoxide directly (Reaction 19); no free radical is involved. There

is little preference for carbon position, so approximately equal amounts of

LOOH are produced at both ends of the original double bond. At the same

time, a new double bond in trans-configuration is formed between the other dou-

ble bond carbon and the allylic position. When the hydroperoxide is decomposed

to radicals by metals, light, or heat, subsequent hydrogen abstractions initiate

autoxidation chain reactions.

H

R

R′

O
O

O
O

H

R

R′

ð19Þ

In polyunsaturated fatty acids with nonconjugated double bonds, 1O2 reacts with

each C��C as if it were isolated, so it yields roughly equivalent amounts of hydro-

peroxides at both internal and external positions. However, if the double bonds are

conjugated (e.g., natural conjugated linoleic acid or oxidized linoleic acid), cyclic

endoperoxides are formed.

O O O O
ð20Þ

Dioxetane formation by 1O2 does not occur in lipids because it requires an elec-

tron-donating atom such as N or S next to the double bond (100).

It has been proposed that 1O2 can be generated in chemical reactions (so-called

dark biochemistry) by unstable oxygen adducts, endoperoxides, metal complexes

(101, 102), and peroxyl radical recombinations (103–105), and that the low levels

of internal hydroperoxides produced thereby initiate lipid autoxidation chains (102,

106, 107, respectively).

O2
− + O2

− 1O2 + H2O2 ð21Þ

O2
− H2O2+ 1O2OH− + OH + ð22Þ

2 (R2)CHOO (R)2CHOOOOCH(R)2 O2 (R2)CHOH3(>C=O) + +

>C=O    +     1O2
ð23Þ
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However, the production of 1O2 in the dark remains highly controversial. Bielski

and Allen, Matsoura et al., and Nilssa and Kearns have shown that this reaction

is highly unlikely both on thermodynamic grounds (108) and because 1O2 is con-

verted to HOO� so rapidly by phenols (Reaction 24) (109) that it cannot be detected

(110).

ArOH + 1O2 ArO + OOH ð24Þ

The general consensus remains that if 1O2 production in dark biochemistry occurs,

it is not competitive with other modes of catalysis and cannot be considered an

important initiator of lipid oxidation.

2.1.3. Heat High temperatures (e.g., frying temperatures) have sufficient energy

to break covalent C��C or C��H bonds in the acyl backbone to form a variety of

lipid alkyl radicals (111, 112), which then start the radical chains of oxidation.

Moderate temperatures have lower energy, so act primarily by breaking O-O bonds

in traces of ROOH or LOOH preformed by other reactions, particularly metals,

lipoxygenase, or photosensitizers. The RO�, LO�, and �OH thus generated abstract

hydrogens from neighboring lipids to form L� and initiate radical chains. As shown

by the activation energies for the individual stages of lipid oxidation, LOOH

decomposition and its subsequent contribution to propagation is the major catalytic

effect of heat (113, 114). Effects of increased LOOH decomposition are amplified

by increased rates of subsequent H abstractions by LO� and LOO�, which is

reflected in the doubling of oxidation rate for every 10C rise in temperature (115).

2.1.4. Lipoxygenase Lipoxygenases catalyze the aerobic oxidation of fatty

acids with cis-nonconjugated pentadiene structures to generate optically active

conjugated LOOH without releasing a lipid free radical. Hydroperoxides are

synthesized in a cage reaction involving electron transfer to the lipid from the fer-

rous iron atom in the enzyme’s active site (116) and removal of the bisallylic hydro-

gen as the rate determining step (117–119). Oxygen bound to a separate site on the

enzyme is activated to react with the free radical, then Hþ donation from the

enzyme completes the LOOH before it is released. As the oxygen always adds

anti to the hydrogen removal, the resulting conjugated dienes are always trans-,

cis-relative to the hydroperoxide (117).

Reaction Activation Energies (Ea) kCal/mole

(L� þO2) 0

kp (LOO� þ LH) 
5–15

kt (2 ROO�) 
4

kt (2 R�) 5

kt (R� þROO�) 1

* ki (monomolecular) 31

* kii (bimolecular) 50 uncatalyzed system

INITIATION 285



R2R1

H+

E Fe2+...L
O2

(E Fe)...L...O2

E (Fe2+)...LOO
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HOO R2

+

R2R1

OOH

(H+)

LOOH

E (Fe3+)

LH

Ternary complex

E (Fe3+)...LOO−

E (Fe3+)

Feedback inhibition by high [LOOH] ð25Þ

Radical oxidation chains are initiated when LOOH is decomposed to initiating

LO� and �OH radicals by light and heat, to LO� /LOO� by metals, or to LO� by the

enzyme itself (120). Very low levels produced in plant or animal tissues may pro-

vide the ‘‘invisible’’ initiators that make lipid oxidation sometimes appear sponta-

neous. Perhaps just as important, LOOH produced by lipoxygenase can accumulate

to relatively high levels under appropriate conditions (e.g., cold and dark, as in fro-

zen unblanched materials), then lead to a cascade of rapid oxidation when LOOH

decomposes.

It should be noted that although oxygen is not required for formation of the

bisallylic radical, it is necessary for formation of high yields of hydroperoxides.

Hence, when lipoxygenase is being used to synthesize lipid hydroperoxides, full

oxygenation must be ensured, and conversely, when lipoxygenase action needs to

be inhibited without thermal inactivation, reduced oxygen pressures offer an excel-

lent means of control.

2.1.5. Heme Proteins and Porphyrins Heme catalysis of lipid oxidation was

first reported in 1924 (121), but it was another 30 years before research to determine

mechanisms and effects began in earnest. In pioneering studies, Watts and Chang

(148) observed that ferric hematin forms were the most active catalysts and pro-

posed a fundamental electron transfer mechanism (122–125). A few years later,

Tappel’s work in model systems suggested that hemes form complexes with pre-

formed hydroperoxides, and radicals are generated in subsequent decomposition

of the complex (126–132). Love and Pearson (133) then proposed that free inorgan-

ic iron released from hemes, rather than the hemes themselves, catalyzed lipid oxi-

dation in meats. However, this theory was inconsistent with earlier observations that

hemes were more effective catalysts than free iron, and questions were further

raised when Fe3þ-hematin complexes were more active in model emulsions than

FeSO4 and FeCl3 (134). Although all these theories address some behaviors of
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heme systems, none of them completely accounts for the kinetics, product mixes,

and solvent effects of heme catalysis (99).

That heme compounds catalyze lipid oxidation in food and biological systems

has been extensively documented (128, 135–140), but how this occurs is still not

clear. The greatest obstacle for unraveling heme catalysis in foods is the compli-

cated composition and structure of the reaction system. The kind of compartmen-

talization that isolates heme proteins in living tissues may or may not be retained

after food processing, the cellular chemistry maintaining redox balance begins to

decline immediately after slaughter or harvest, and previously protected sites

become exposed. Under these conditions, overall measures of increased lipid

oxidation can be obtained, but it is exceedingly difficult to determine details of

reaction mechanisms.

Application of data obtained from simple ‘‘clean’’ reaction systems in biological

or chemical studies of heme catalysis also has its problems. Chemical model sys-

tems use chelators, model hemes, and substrate structures that are quite different

from those existing in foods. Reaction sequences change with heme, substrate, sol-

vent, and reaction conditions. Intermediates are often difficult to detect (141), and

derivations of mechanisms by measuring products and product distributions down-

stream can lead to erroneous or incomplete conclusions. It is no surprise, then, that

there remains considerable controversy over heme catalysis mechanisms. Further-

more, mechanisms determined in these defined model systems with reaction times

of seconds to minutes may or may not be relevant to lipid oxidation being measured

in the complex matrices of foods stored for days or weeks under conditions where

phospholipids, fatty acid composition, heme state, and postmortem chemistry com-

plicate the oxidation once it is started (142). Hence, the mechanisms outlined below

should be viewed as guides rather than absolutes. More research should be focused

on determining, by kinetic and product analyses, which reactions actually occur and

are of practical importance in specific food systems.

Current evidence indicates that hypervalent iron complexes—ferryl iron (FeIV,

FeO2
2þ, Fe(IV)=O) or perferryl iron (FeV)—are involved in the catalytic mechan-

ism, but there is still controversy over the details of reaction mechanisms and what

proportion of heme catalysis it accounts for. Very recently, some very elegant chem-

istry has elucidated binding and O��O bond scission mechanisms and identified

heme structural elements critical for oxidation catalysis (143, 144). Paradoxically,

although the early theories of heme catalysis have been largely dismissed, they

nevertheless are consistent with aspects of hypervalent iron behavior. Ferryl iron

chemistry encompasses and explains the most important features noted in early

studies (99):

1. The porphyrin-Fe structure is an absolute requirement for catalysis.

2. Catalytic activity varies tremendously among heme proteins, partly due to

exposure/or accessibility of the hematin structure and partly due to other

unidentified factors.
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3. Fe3þ-hemes are most active even without oxygen; Fe2þ-hemes require

oxygen for catalysis.

4. No change of heme iron valence seems to be involved.

5. There is a solvent-related pH dependence that varies with the specific reaction

components and conditions (e.g., liposomes vs. membranes vs. emulsions,

fatty acids vs. phospholipids, buffer type, heme compound).

6. Catalysis reverses to inhibition at high heme levels.

The simplified reaction scheme given in Reactions 26–30 is a synthesis from

several authors (139, 141, 143–158) and together with Figure 3 provide a general

representation of current understanding of heme-mediated formation and reaction

of Fe4þ. All iron is complexed to a porphyrin, P, and has hydration and hydroxyl

ligands; F is a scission fragment; and radicals capable of initiating lipid oxidation

are noted in bold type. An extensive discussion of heme catalysis with major

emphasis on foods is available in a recent review by Baron and Anderson (159).

FeIII Porph

O
O

H

R

FeIII Porph

FeIV Porph

O

FeIV Porph

OH

ROROH

ROOROOH
CH CH CH2 CH CHCH CH CH2 CH CH

ROOOOR

CH CH CH CH CH

RO + O2

L

FREE RADICAL CHAIN REACTIONS

+

heterolysis homolysis

+ +
e–

epoxides

LH

(When protein has internal H source)

ROOH

OOR

Figure 3. Heme-catalyzed formation of species that can initiate lipid oxidation: generation and

reaction of ferryl iron complexes [FeIV¼O, FeIV(OH)]. Adapted (143, 160); used with permission.
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heterolysis (P)FeIII(OH) (H2O) ROOH

H abstraction

(P    )FeIV O

Internal cyclization

RO

ROH
R′  epoxide

2 H2O

(P)

+ + ++

+

ð26aÞ

ð26Þ

(P    )FeIV O H2O2 HPFeIV O HOO+ ++ ð27Þ

(P    )FeIV O LOOH HPFeIV O LOO+ ++ ð28Þ
(P)FeIII(OH) (H2O)

O2

O
OO

ROOH

F

(P)FeIV(OH)

ROH

O
O

R′   epoxide

O2

X

RO 2 H2O

O

homolysis + + +

β-scission + aldehydes/ketones

H abstraction +

internal cyclization

(R′OO  )

2 R′OO [R′OOOO′R] 2 R′O +

ð29Þ

ð29aÞ

ð30Þ

For hemes to be more effective initiators than Fe3þ and Fe2þ, either removal of

an electron from the double bond, reduction of preformed hydroperoxides to gen-

erate L� or LO�, or both of these reactions must be activated, or another mechanism

entirely must be operative. Model system studies have now shown that the basic

activating reaction involves binding of preformed hydroperoxides, either H2O2 or

LOOH, to ferric hemes to generate hypervalent Fe in a very fast reaction

(k
109). In the concerted process, the negatively charged porphyrin ligand releases

H2O and weakens the O��O bond, the hydroperoxide is decomposed heterolytically

(Reaction 26; left reaction series, Figure 3) to produce an alcohol, or homolytically

(Reaction 27; right reaction series, Figure 3) to produce alkoxyl radicals, respec-

tively, and an O is transferred to the iron to form the ferryl complex, Fe4þ��O.

This reaction is very sensitive to environment, particularly solvent and proton avail-

ability; and the O��O scission mode and products vary with the heme, hydroperox-

ide structure, solvent, and reaction environment. Heterolytic scission results in one

of the oxidizing equivalents being transferred to the porphyrin apoprotein, forming

a free radical that localizes on tyrosine (161–163) or tryptophan (164). This radical

can be quenched by H abstraction from hydroperoxides, producing peroxyl radicals

(30, 31).

In protective heme enzymes such as catalase and peroxidases, the dominant

process is heterolytic, and amino acids such as histidine in the apoprotein are in

close proximity in the active site to transfer protons to the RO� in situ. For
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ROOH��LOOH, a lipid alcohol is released and no initiation or branching can

occur. In aprotic solvents or acid environments, however, H abstraction is delayed

and the radicals remain active. When the heme is myoglobin, hemoglobin, or a

heme protein where an internal proton source is not available, the reaction mechan-

ism is more likely to be homolytic, yielding alkoxyl radicals with no radical on the

porphyrin.

There is disagreement about the fate of the RO�, R0�, and F� radicals, and it is

even less clear which species initiate new lipid oxidation chains. Most obviously,

any of these would appear to be potential initiating radicals for lipid oxidation, but

perhaps not directly. Unless a proton source is immediately available, there is a

strong driving force for the bound LO� to cyclize internally to epoxides, at the

same time generating epoxyallylic radicals (Reactions 26a and 29a) that are

more stable than alkoxyl radicals (see Section 3.2.2). Indeed, most model system

studies of heme catalysis have found that cyclization dominates overwhelmingly

with fatty acids (147, 148, 156). The peroxyl radicals formed by oxygen addition

to epoxyallylic sites (Reaction 29a) are slow and specific in reaction, giving them a

much better chance of escaping the heme complex reaction cage to react elsewhere.

Even so, the slowness of peroxyl radical reactions also argues against their initiat-

ing lipid reactions much faster than normal autoxidation, so it is much more likely

that the peroxyl radicals recombine outside the reaction cage (but still inside the

heme crevice) and dismutate to LO� radicals, which react much more rapidly.

Although the distinctions between heterolytic and homolytic pathways may be

important for enzymes in vivo and may also provide some support for Tappel’s

theory of lipid hydroperoxide decomposition, what happens to the activating

ROOH (HOOH or LOOH) is inconsequential to lipid oxidation in foods. HO�

from H2O2 may be diffusible and highly reactive, but it does not initiate lipid oxi-

dation (144). Subsequent abstraction reactions of LO� dominate with Hb (165) and

Myb (166), giving 9-LOOH as in autoxidation. Increased decomposition of H2O2 or

lipid hydroperoxides alone cannot account for the explosive oxidation that can

occur in the presence of hemes because (1) catalysis rate would then be directly

proportional to the hydroperoxide concentration, and (2) final rates would approx-

imate those controlled by LO� in secondary stages of autoxidation. Neither condi-

tion seems to fit existing data. Something more is needed to connect these reactions

to active, accelerated lipid oxidation.

One missing link was provided in observations that myoglobin-H2O2 catalysis of

linoleic acid oxidation gives highly regio- and stereospecific hydroperoxides,

almost exclusively 9S-OOH (144, 167), which indicated some type of specific fatty

acid binding to myoglobin. Comparative studies with Myb mutants revealed that

fatty acids bind at the entrance to the heme pocket (Figure 4). The hydrocarbon

terminus of a fatty acid penetrates into the crevice in the geometry required to

form a trans-10,11-double bond. Abstraction of the pro-R hydrogen generates a pla-

nar 1,4-dienyl radical directed toward the heme ring and protected from oxygen.

Oxygen then adds from the opposite direction (from outside the crevice), and

the 9-OOH forms preferentially because it is exposed, while C-13 is inside the

crevice.
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A second missing link is that the critical driver responsible for the dramatically

increased lipid oxidation rate is the Fe4þ itself, not radicals from the decomposition

of contaminating hydroperoxides. Ferryl iron is a strong oxidant, kinetically

equivalent to HO� in reactivity (154) but more selective due to its lower redox

potential (168). Ferryl iron rapidly abstracts H from the doubly allylic C-11 of

linoleate (now conveniently oriented toward the heme iron core) (144) and it

abstracts hydrogens from hydroperoxides even more rapidly (154), in contrast to

the very slow oxidation with nonheme Fe3þ:

(P    )Fe4+(O) LOOH H2O+ + ++ LOO Fe3+OH ð31Þ

This has two consequences: (1) most importantly, direct initiation of radicals

in lipids bound to the heme, and (2) assurance of lipid release as LOO� rather

than LOOH. Chain propagation may proceed through LOO� directly or through

epoxyallylic peroxyl radicals from LOO� cyclization.

A third missing link important for rapid catalysis was recognition that once

formed, Fe4þ states could be maintained by electron transfers to the apoprotein

without involving the iron center. This is shown as the reversible reaction

(P    )Fe4+(O)+ (P)Fe4+(OH) ð32Þ

in Figure 3. Thus, electrons can be shuttled facilely between two reactive states

without the loss of oxidizing power and reduction of Fe4þ to less reactive Fe3þ
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Figure 4. Model proposed for the binding and oxidation of polyunsaturated fatty acids in the

myoglobin heme crevice. From (144), used with permission.
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(160). Together, these three factors provide a powerful system for extremely effec-

tive catalysis of lipid oxidation.

Fe2þ-hemes also generate ferryl complexes, albeit more slowly, and this oxidant

source may be important over longer reaction times or during storage. With H2O2 as

the oxygen source, Fe2þ-myoglobin catalysis of lipid oxidation is initially slower

but eventually reaches the same rate as Fe3þ-myoglobin (169). However, peroxides

are not always absolute requirements. Direct (slow) reaction of heme-Fe2þ with

oxygen,

(P)Fe2+(H2O) + ½ O2 Fe4+(O) + H2O ð33Þ

may not be detected as activity in short-term assays designed to mimic enzyme

active sites, but nevertheless may provide a nonhydroperoxide source replenishing

Fe4þ(O) in longer reactions. Fe2þ hemes may also contribute to delayed catalysis

by regenerating Fe3þ hemes after some peroxyl radicals have been formed (2, 149,

152),

Mb(FeII)O2 + O2+ROO ROOH + Mb(FeIII) ð34Þ

Variable catalytic activity between different heme proteins (137, 170, 171) and

between the same hemes from different species (172) has long been recognized.

The recent elucidation of the fatty acid binding (144) and clarification of O��O

bond cleavage mechanisms by ferryl complexes (143, 173, 174) provide insights

into why this happens. The composition and arrangements of amino acids in the

heme crevice, as well as heme pocket size and orientation, affect lipid binding

and proton transfer, while the heme structure and ligands influence electron transfer

processes and stabilization of the ferryl complex. Attainment and stabilization of

Fe4þ(O) long enough for reaction requires both appropriate adjustment of the

heme redox potential and steric shielding of the bound oxygen at a fixed coordina-

tion position on the iron. Small perturbations in the active site deactivate oxygen

and lead to its release as O�2 /HO2
� (149), which are not very reactive with lipids.

All of these factors and the reaction environment influence whether O��O bond

cleavage is homolytic or heterolytic, pro-oxidant or antioxidant, under given con-

ditions (143). Considering this new information on lipid binding and mechanisms

of ferryl iron formation, it should now be straightforward to interpret, model,

and even predict catalytic activity based on individual heme protein and ligand

structures.

Similarly, this new information provides explanations for the shift from pro-oxi-

dant to antioxidant at high heme concentrations that has long been recognized (123,

175–177). High heme concentrations increase heme association and limit fatty acid

access to the heme pocket (177). Under low oxygen conditions or when oxygen has

been depleted by reaction, excess ferrous hemes oxidize instead by combination

with reactive ferryl complexes, reducing them to ferric complexes (Reaction 35)

with lower reactivity. High heme concentrations oxidize the radicals generated dur-

ing formation of Fe4þ(O) (Reaction 36), or reduce them if the hemes are ferrous, so
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no subsequent reactions can occur. Any alkoxyl radicals produced in ferryl forma-

tion, although kinetically inconsequential at low concentrations, become competi-

tive at high heme concentrations and can convert the hydroperoxides being

generated to alcohols and peroxyl radicals (Reaction 40)—a net reduction in pro-

pagation capacity.

(P)Fe2+(H2O) + (P    )Fe4+(O)+ 2 (P)Fe3+(OH) (H2O) ð35Þ

+ R′ (or F  ) (P)Fe2+ (H2O)(P)Fe3+(OH) (H2O) + ROH  (FOH) ð36Þ

+ ROOH ROHRO + ROO

(fast reactions) (slow reactions)
ð37Þ

Whether the porphyrin apoprotein radical shown in reactions above has a role in

catalyzing lipid in oxidation is still being debated. Current evidence suggests that

the heme protein radical is required for electron transfer in the ferryl iron-heme

complexes (157) and that it may co-oxidize proteins or other molecules (163,

178), but is probably not involved in direct catalysis of lipid oxidation (144).

For food applications, another mechanism must also be considered as a possible

minor contributor. Considering the photosensitization capabilities of porphyrin

rings in chlorophyll, Schaich (99) questioned whether analogous reactions could

be catalyzed by hemes in foods in which normal molecular and cell environments

are disrupted and porphyrin rings can become exposed. This possibility has

now been verified by EPR spin trapping evidence that hematin, but not intact

heme proteins, produce 1O2 (179), and in observations that protoporphyrin IX cat-

alyzed oxidation of rat liver microsomes only in the light, whereas in the dark it

inhibits lipid oxidation (180). Photosensitization, which can only occur at the sur-

face, would not be expected to compete with ferryl iron produced by intact hemes

in the interior of muscle foods before cooking, but it may indeed contribute to oxi-

dation in processed foods in which some disintegration of the heme complexes

occurs.

2.1.6. Ozone The reactivity of ozone with unsaturated fatty acids has long been

recognized, and indeed, the reaction has practical applications in localization of

double bonds (181). As a damage reaction, atmospheric ozone (O3) [e.g., from pol-

lution or sterilization processes (182)] rapidly adds across double bonds in nearly

all organic molecules to form ozonides (trioxides), which then undergo a number of

different subsequent reactions, not all of which produce free radicals. However,

there remains some controversy over whether direct or indirect mechanisms

dominate.

Ozone adds directly to double bonds in fatty acids to form ozonides (183–185).

These decompose to lipid alkoxyl and peroxyl radicals that abstract hydrogens to

initiate radical chains (186). In the process, internal rearrangements within the

original lipid molecule(s) yield hydroxy epoxides and hydroxy epidioxides with

1,3- and 1,4-cyclic hydroperoxides:
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Indirect initiation of lipid oxidation by ozone is similar except that it occurs via

decomposition of ozonides in non-lipid molecules to form alkoxyl and peroxyl radi-

cals that subsequently abstract hydrogens from fatty acids. Two mechanisms have

been proposed, both of which yield the same final lipid products (186):
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Ozone preferentially reacts with the most unsaturated fatty acids present (187);

arachidonic acid and higher PUFAs are particularly sensitive. Trans-double bonds

and fatty acids have been reported to react with ozone much more slowly than cis-

double bonds (21), but this observation may be an artifact of measuring only initial

ozonides. In fact, trans-fatty acids do react with ozone, but the initial ozonides

decompose and rearrange more rapidly to generate peroxy-epoxide or peroxy-ozo-

nide complexes and free acids (188). This is another example of how, as in lipid

oxidation itself, downstream as well as initial products must be measured to obtain

a full and accurate picture of reaction.

Ozone reactions are not very fast (k
105) and do not change the rate or product

mix of lipid autoxidation once established (189). Nevertheless, ozone markedly

shortens induction periods by contributing to early accumulation of the critical

concentration of lipid radicals and hydroperoxides necessary to trigger the onset

of rapid oxidation. Ozone also reacts with LOOH to produce radicals that propagate

the oxidation chain:

LOOH O3 HO O2+ LOO + + ð40Þ

Whichever initial reaction occurs with ozone, once active oxidation equilibrium is

established, LOO� and LO� propagation reactions dominate and effects of ozone on

oxidation rates and product mixes becomes insignificant (190).

2.1.7. Free Radicals In the discussion above, all the initiating processes gener-

ate some form of radical that ultimately reacts with lipids to produce the ab initio

lipid radical that starts the autoxidation chain. The kinetics of the initiation, how-

ever, are governed by the speed of individual radical reactions with lipids, which

can vary tremendously. Table 2 lists rate constants for a number of reactions impor-

tant in initiation of lipid oxidation. For the most part, the rate constants speak for

themselves. Nevertheless, a few comments need to be added.

Not surprisingly, hydroxyl radicals have the fastest reaction rates with lipids.

However, HO� are so strongly oxidizing that their reactions are also very nonspe-

cific, and they attack lipids indiscriminantly at all sites along acyl chains (195, 207).

These radicals then ‘‘migrate’’ (by intramolecular abstraction) to the doubly allylic

H’s in dilute monomer solutions, or abstract H’s from doubly allylic sites of neigh-

boring lipids in concentrated solutions, yielding the dienyl radicals that, when

oxygenated to LOO�, become the main chain carriers.

It is important to note that saturated fatty acids are not immune to effects of

oxidation. The strongly oxidizing radicals HO� and RO� abstract hydrogens at rea-

sonable rates even from saturated fatty acids (106 for RO� and 109 for HO�). The

subsequent LsatOO� radicals then abstract hydrogens from neighboring unsaturated

fatty acids and thus can be sources of external radicals initiating radical chains in

PUFA’s (9, 208).

Values for ROO� are average rates for all organic peroxyl radicals; peroxyl radi-

cal rate constants vary little with R structure unless there is a halogen atom a to the

radical peroxyl group (9). Although O�2
� has been invoked as an initiator of lipid
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oxidation, the rate constants in Table 2 show clearly that O�2
� does not react with

unsaturated fatty acids or their hydroperoxides. O�2
� is a weak reactant, both as a

reducing and oxidizing agent (E ¼ �0:33 V for O2/O�2
� and þ0.94 V for O�2

�/
H2O2) (209). In lipid oxidation, O�2

� is probably most active in recycling traces

of contaminating metals, particularly iron, or as a source of highly reactive HO�,
which very rapidly take over reactions, obscuring initial effects of O�2

�. This has

been demonstrated in reactions of Fe-EDTA complexes with linolenic acid (210).

However, the conjugate acid, HO2
�, abstracts doubly allylic H atoms of linoleic,

linolenic, and arachidonic acids (211). At pH 7.0, only about 1% of O�2
� solutions

is present as HO2
�, but the latter drives any radical abstractions. In acid solution,

only HO2
� is active.

2.1.7.1. Radicals from Secondary Reactions One area of initiation that has gone

totally unnoticed is reaction of radicals produced in solvents or other system

TABLE 2. Lifetimes and Hydrogen Abstraction Rates of Various Radicals that Initiate

Lipid Oxidation.

Half-life with Typical Substrate, Ave. rx Rate,

Radical 10�3 M, 37C k (L mol�1sec�1) Reference

HO� 10�9 sec 109–1010 191

RO� 10�6 sec 106–108 191

ROO� 10 sec 101–103 191

L� 10�8 sec 104–108 191

AnOO� 10�5 sec 192a

O2
�� 
1 193b

HOO� 100–103 194b

18:1 18:2 18:3 20:4

HO� 
109 9.0� 109 7.3� 109 
1010 9,195

Monomer 8.0� 109 8.0� 109 196

Micellar 1.3� 109 2.5� 109 195

Non-allylic H 4� 102 3.4� 103 7.0� 103 1.0� 104 196

RO� 3.3� 106 8.8� 106 1.3� 107 2.0� 107 9

t-BuO� 3.8� 106 9.1� 106 1.3� 107 2.1� 107 197

(trans) 3.3� 106 (trans) 8.8� 106 197

aqueous 6.8� 107 1.3� 108 1.6� 108 1.8� 108 198

ROO� 1.1 6� 101 1.2� 102 1.8� 102 199–201

O2
�� no rx no rx <1 <1 196, 200

(MLOOH) 7.4� 103 202

HOO� no rx. 1.1� 103 1.7� 103 3.1� 103 193

<3� 102 200

O3��CCl4 6.4� 105 6.9� 105 203

��aq SDS 9.5� 105 1.1� 106 203

SO3
–� 1.8� 106 2.8� 106 3.9� 106 194

GS� <2� 106 8� 106 1.9� 107 3.1� 107 204
1O2 0.74� 105 1.3� 105 1.9� 105 2.4� 105 205

O�� 7.5� 102 9.7� 103 1.2� 104 1.9� 104 196

NO2
� 1.2� 106 6.2� 106 6.6� 106 206

aAqueous solution.
bH abstraction from unsaturated alkenes.
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components, which then react with lipids. Whether the primary initiator is heat,

radiation, or metals, many of the initial oxygen radicals produced react more

rapidly with solvent components than with lipids. For example, HO� react with

alcohols (e.g., used as solvents in model systems) at rates as high as 1012 L

mol�1s�1 (212, 213), and the alcohol radicals then react with lipids. Decomposition

of MLOOH in 80% ethanol, for example, yields >7% ethoxylated products (214),

and more than 60% of products from photolysis of MLOOH in methanol were

methoxylated (215). Radicals induced in cyclohexane by photolysis also react

with MLOOH (216). Similar co-oxidation occurs with Triton-X as an emulsifier

(217). Tris, phosphate, and other buffer components form radicals that can be

detected by EPR, and EDTA forms several radicals that are strongly reducing in

nature (218–220). The role these ‘‘system’’ radicals may play in overall lipid

oxidation is not yet known, but their possible involvement should be considered

in designing test systems and calculating and interpreting oxidation kinetics.

2.2. Sites of Radical Initiation by Hydrogen Abstraction
and Formation of Peroxyl Radicals

Hydrogen abstraction by free radicals is generally quite specific, occurring prefer-

entially at allylic hydrogens where the C��H bond energies are lowest (Table 3).

The order of reactivity is doubly allylic H’s between two double bonds > singly

allylic H’s next to double bonds� H’s a to the��COOH group > H’s on methylene

groups farther down the acyl chains. The one exception to this ‘‘rule’’ is the hydro-

xyl radical, HO�, which is so electrophilic and reactive that it abstracts H’s indis-

criminantly from all positions along the acyl chain (195). The radicals formed

either migrate to the acyl carbon with the weakest bonding, i.e., the allylic H’s,

or abstract allylic hydrogens from a neighboring lipid molecule.

Older literature always presents the initial radicals in equivalent resonant posi-

tions with equal probability of forming hydroperoxides. The three resonant posi-

tions for linoleic acid or its ester and the three hydroperoxides resulting

from these are shown in Reaction 41 (224). Comparable resonant structures have

been published for oleate, linolenate, and arachidonate (222, 225).

TABLE 3. Bond Energies of Hydrogens at Various Positions in Acyl Chains (bold font):

Sites of Preferential Hydrogen Abstraction.

E (kJ/mol) E (kcal/mol)a Relative Ease of H Abstractionb

H��CH��CH2 431 105

H��CH2��CH2��CH3 419 99

H��CH2��CH��CH2 356 85

R��HCH��CH��CH��CH2��CH3 322 77

R(CH2��CH)��HCH��CH2�� 310 74 1

R��CH��CH��HCH��CH��CH�� 272 65 62

ROOH 377 90

aSee (221, 222).
bSee (223).
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CH3 (CH2)4 CH CH CH2 CH CH CH2 (CH2)6COOCH3

R2R1

R1 CH CH CH CH CH R2

R1 CH CH CH CH CH R2

R1 CH CH CH CH CH R2

R1 CH CH CH CH CH R2

OOH

R1 CH CH CH CH CH R2

OOH

R1 CH CH CH CH CH R2

OOH

ð41Þ

Product distributions show the inaccuracy of this notion. It is now recognized

that after hydrogen abstraction from the allylic hydrogens, the free electron becomes

distributed across a resonance stabilized double bond system (Reaction 42). The

highest electron density is in the center, and the outside positions are relatively

electron deficient. Thus, oxygen preferentially adds at the outermost points. When

oxygen pressures are greater than 100 mm Hg, the addition occurs at diffusion-

controlled rates (k > 109 L M�1sec�1) (223), so is essentially instantaneous as

long as oxygen is available—one reason L� radicals are so difficult to detect,

even by electron paramagnetic resonance.

H H

−H+

O2

e− deficient points

ð42Þ

Translating this into observed behavior, isolated double bonds behave as if there

were two separate resonant systems of equal probability, so oleic acid yields

(C9þ C11) and (C8þ C10) hydroperoxides from the two resonance systems,

respectively, in approximately equivalent amounts (18:1, Figure 5). In 1,4-diene

systems, H abstraction occurs preferentially at the doubly allylic hydrogen between

the two double bonds, and the resonance system with the unpaired electron extends

across both double bonds with electron density focused at the central carbon (11)

and electron deficient positions at external carbons 9 and 13 (18:2, Figure 5).

In higher polyunsaturated fatty acids with multiple 1,4-diene structures (18:3

and 20:4, Figure 5), the resonant systems from multiple doubly allylic radicals
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overlap. In theory, then, hydroperoxides should form at internal positions in equal

proportion to the external positions. Nevertheless, only minor amounts of internal

hydroperoxides are observed, and then only with three or more double bonds,

because they lack the C��OO� bond stabilization by conjugation and undergo rapid

b-elimination of the oxygen to regenerate the original 1,4-diene radical (226). In

addition, internal peroxides have a very strong tendency toward cyclization (227–

230). Consequently, the dominant hydroperoxides of autoxidizing fatty acids are

always found at the external positions, regardless of the number of double bonds,

except under two circumstances; (1) in autoxidation, equal distribution of LOOH at

all positions without any cyclic products is found only in media of high H donating

power—e.g., when 3–5% tocopherol is added (6), and (2) internal hydroperoxides

are characteristic of singlet oxygen photosensitized oxidation, as was discussed in

Section 2.1.2.

Hydroperoxide positional distributions in unsaturated fatty acids undergoing

autoxidation and photosensitized oxidation are presented in Table 4.

Hydroperoxides have geometric as well as positional isomers on lipid chains.

When the hydrogen is abstracted at an allylic carbon, the double bond shifts one

carbon to a position b to the abstraction site, and it reforms in the trans rather

than cis configuration. The trans,cis-conjugated diene structure is retained whether

oxygen adds or not, and provides the first detectable intermediate in lipids during

autoxidation (238).

For a long time, it was thought that the trans,cis-conjugated double bonds iso-

merize to trans,trans as oxidation progresses, so both trans,cis and trans,trans

forms are typically isolated for each hydroperoxide position. Linoleic acid, for

example, forms 9tc, 9tt, 13tc, and 13tt hydroperoxides. It is now known that this

11 10  9  8
+

 16   15   13   12   10    9

13   12   10   9

15   14  12   11   9    8     6     5

–H+

–H+

–H+

–H+

18:1

18:2

18:3

18:4

Electron delocalization Hydroperoxide positions

Figure 5. Doubly allylic H abstraction sites, electron resonance distributions, and corresponding

locations of hydroperoxide formation in unsaturated fatty acids. Heavy arrows denote dominant

positions for hydroperoxide formation.
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TABLE 4. Hydroperoxide Positional Distributions in Oxidizing Fatty Acids.

5-OOH 6-OOH 8-OOH 9-OOH 10-OOH 11-OOH 12-OOH 13-OOH 14-OOH 15-OOH 16-OOH Ref.

18:1�9

Autoxidation 26.4 24.2 22.8 26.6 231

Photo-ox 1O2 47.5 52.3 232

Photo-ox Chl* 49.1 50.8 233

Thermal oxidation 25.1 25.1 24.9 24.9 231

18:2�9,12

Autoxidation 1 51 tr tr 49 1 234

Photo-ox 1O2 31.9 16.7 17 34.5 232

Photo-ox Chl* 30.2 19.8 19.8 30.1 233

18:3�9,12,15

Autoxidation 33.4 10.1 12.5 43.9 235

Photo-ox 1O2 22.7 12.7 12.0 14.0 13.4 25.3 232

Photo-ox Chl* 21.6 14.3 15.3 15.7 12.0 21.1 233

20:4�5,8,11,14

Autoxidation 27 7 9 11 6 40 9

Photo-ox 1O2 14.4 4.8 12.9 13.2 14.4 13.3 6.9 20.3 236

22:6�4,7,10,13,16,19

Autoxidation % of��OOH at C20 (27.1), C17 (7.9), C16 (9.2), C14 (10.8), C13 (8.9), C11 (7.3), C10 (7.3), C8(7.9), C7(7.0), C4(6.5) 237



explanation is inaccurate. The fundamental mechanisms underlying cis-trans

isomerization and distributions in lipid hydroperoxides were recently elucidated

by Porter and his colleagues (7, 226, 239). Two critical factors control the process:

reversible b-elimination of oxygen from peroxyl radicals, and availability of strong

hydrogen donors. Reversible addition of oxygen to the pentadienyl system was first

proposed as the major action during the induction period about thirty years ago,

based on kinetic (240), EPR (241), and 17O evidence (242, 243). Since then, Porter

has contributed much new documentation of the phenomenon, but the concept still

does not seem to be recognized widely and incorporated into general schemes of

lipid oxidation.

Data of Porter and colleagues (5, 7, 11, 226, 244–257) shows quite conclusively

that both positional and geometric isomerism proceed through the delocalized allyl

radical for oleate (Figure 6) or dienyl radical for linoleate and higher PUFAs

(Figure 7) via alternating removal of the peroxyl oxygen by b-scission, migration

of the free radical, and readdition of the oxygen at a new carbon position or orienta-

tion (5, 7, 11, 226–257). There can be interconversion of peroxyl position and

orientation indefinitely as long as the radical is in the manifold. Once the peroxyl

radical is protonated, it becomes fixed as the hydroperoxide, but can return to the

manifold if the LOOH hydrogen is abstracted.

To explain different proportions of trans,cis and trans,trans isomers, Porter

distinguishes thermodynamic and kinetic processes (5, 226, 253). Kinetically,

hydroperoxides will form whenever an abstractable hydrogen atom is available,

but thermodynamically, the system equilibrium moves toward trans,trans isomers

in the absence of good H donors, as in organic solvents (248). The observed iso-

mer mix reflects the balance and competition between these two processes in a

given system. When good H donors are present, the trans,cis isomers kinetically

form first. The H atoms can come from a protic solvent, an antioxidant, a cosub-

strate, or the allylic hydrogens of the fatty acid chains themselves. For oleic and

linoleic acids with only slightly bent chains, trans,cis formation is favored in

oriented systems or at high concentrations that increase interchain contact. Trans,

trans isomers are favored in dilute solutions, aprotic solvents, and at elevated tem-

peratures in which there is less interchain contact and decreased H availability.

With linolenic, arachidonic, and higher polyunsaturated fatty acids, the fatty

acid chains bend back on each other, bringing double bonds and allylic hydrogens

from opposite ends of the chain into proximity with the peroxyl radicals.

When oxidized neat, higher PUFAs thus have an immediate internal H source

and characteristically yield high proportions of trans,cis peroxides (kinetic

products). However, when an H donor is lacking (e.g., low concentrations, aprotic

solvent, elevated temperature), trans,trans cyclic hydroperoxides become domi-

nant (251).

The tendency for higher cis isomers at external hydroperoxides and positions

closer to the –COOH terminus reflects the greater H abstracting power of those

positions. Conversely, the increase in trans isomers with internal hydroperoxides

and as the hydroperoxide position moves toward the distal end of the fatty acid

chain reflects depressed activity at those sites. The cis/trans ratio changes with
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reaction system and with temperature. Cis isomers are enhanced by the presence of

antioxidants such as tocopherol and by high concentrations of lipids, whereas trans

isomers are enhanced by even mild heating which reduces contact between lipid

and potential H donors. Contrary to earlier reports, the cis/trans ratio does not

vary with extent of oxidation unless reaction conditions are changing or H abstrac-

tion from LOOH is occurring, allowing LOO� to undergo b-scission.
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Figure 6. Radical sites and b-elimination manifold leading to isomerization of hydroperoxides

in oleic acid. Adapted from (11).
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3. PROPAGATION

The classic free radical chain depicts propagation as proceeding directly and

entirely by hydrogen abstraction. In reality, however, H abstraction by LOO� is

very slow (k¼ 36–62 L mol�1 sec�1) (200, 258) and selective, abstracting only

hydrogens with low bond energy (e.g., doubly allylic ��CH2��, thiols, phenols)

(259). Consequently, there is plenty of time for alternative reaction pathways to

compete and change the direction of oxidation (260) yielding distinctly different

products at different rates and having significant consequences to the ultimate mix-

ture of products. Addition, cyclization, and scission reactions compete with H

abstraction to reroute LO� and generate products and additional radical species.

Ultimately, radicals are always transferred between molecules by hydrogen abstrac-

tions, but the original LOO� may not be the propagating radical, and the product

mix is much more complicated than implied by the simple free radical chain. At

least one of the reactions (e� transfer) stops rather than propagates the radical

chains.

Multiple mechanisms are well established in radical chemistry and have been

applied to peroxyl and alkoxyl radical reactions in lipid oxidation (6, 7, 261),

although not all rate constants and reaction details are available. Consideration of

the multiple competing pathways discussed below can explain complicated oxida-

tion kinetics, account for complex product mixes, enable more accurate evaluation

of the extent of oxidation, and facilitate design of more effective antioxidant

strategies.

3.1. Chain Propagation by LOO�

LOO� are the chain carriers in early stages of lipid oxidation. Competing reactions

of LOO� include:

a. atom or group transfer (H-abstraction)

b. rearrangement/cyclization

c. addition to double bonds (! crosslinks)

d. disproportionation

e. b-scission

f. recombination

g. e� transfer (LOO� þ e�! LOO�)

The first four reactions all contribute to chain propagation, although under

different conditions. Disproportionation leads to branching and a shift in kinetics,

and b-scission mediates isomerization, as was described in the previous section.

Recombination (f) and electron transfer (g) terminate radical chains. Electron

transfer is an active antioxidant mechanism that occurs particularly in the presence
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of active redox agents such as metals. The mechanism(s) occurring in any

given system are determined by ease of H abstraction and double bond

structure in the target molecule, solvent, and reaction conditions, particularly

temperature.

3.1.1. Atom Transfer (hydrogen abstraction) by LOO� �! Free Radical

Chain Reactions Hydrogen abstraction is the heart of the classic free radical

chain reaction schemes (Figure 1). Peroxyl radicals initially formed at any site

on a fatty acid pass the unpaired electron to adjacent lipid molecules by abstracting

hydrogens from an allylic position or a hydroperoxide, and the process repeats itself

indefinitely until the chain is intercepted.

+ LH LOOHLOO + L ð43Þ

+ L′OOH LOOHLOO + L′OO ð44Þ

H abstraction from dienes by peroxyl radicals (Reaction 43) is slow (k¼
62 L M�1s�1) (258) and highly selective for doubly allylic hydrogens (261, 262). H

abstraction from hydroperoxides (Reaction 44) is ten times faster (223). Two fac-

tors govern H abstraction by LOO�: (1) relative availability of H sources in solvent

and lipids, and (2) viscosity of medium (263). H abstraction from other lipids (i.e.,

chain propagation) is facilitated in neat lipids and aprotic solvents in which the lipid

allyls are the only source of hydrogens, at high lipid concentrations where fatty

acid chains come in closer contact, and in higher polyunsaturated fatty acids

with multiple bisallylic hydrogens. Hydrogen abstraction is also facilitated in low

viscosity media, whereas chain lengths are greatly shortened in viscous solvents

(11, 264).

On the other hand, when the solvent or other components in the system have H

sources, competitive abstraction from nonlipid sites occurs and the net result is to

quench the radical and interrupt the chain rather than propagate it. Abstraction from

multiple H sources in a system is common, and subsequent oxidation at nonlipid

sites may account for oxygen consumption that exceeds LOOH formation in

many systems.

Hydrogen abstraction also increases at elevated temperature as thermal energy

decreases bond dissociation energy. Typical H abstraction rates for ROO� at

room temperature are � 1 M�1s�1, but this increases to 103–104 L M�1s�1 at

65C (223). For example, in linolenic acid autoxidized neat at room temperature

to PV 1113, products were not quantified, but estimates from intensities of

HPLC peaks gave about 40% LnOOH, 12% dihydroperoxides, 12% hydroperoxy

epidioxides, and 4% epoxides (228). At 40C, H abstraction occurred more as a

secondary process. Hydroperoxides per se were still the main products, but fewer

were present as mono- and dihydroperoxides (36% total) and more had formed after

cyclization or addition (31%). Data are not available to distinguish whether this
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occurred because rates of LOO� cyclization increase more than H abstraction

with temperature or, alternatively, the increased rates of H abstraction by

Reaction 44 [12.75� 109 M�1s�1 for Reaction 43 vs. 5.6� 109 M�1s�1 for Reac-

tion 44 (261)] forces a shift in the equilibrium balance and cyclization products

accumulate at the expense of hydroperoxides in secondary processes. However,

at 80C, H abstraction clearly dominated, yielding 84% LOOH and 16% cyclic

products.

Hydroperoxides were the first lipid oxidation products discovered (115), and

eventually a hydroperoxide should result from each alternative pathway, as will

be described below. Thus, there is logic to the common practice of measuring

hydroperoxides to detect early stages of lipid oxidation. Nevertheless, hydroper-

oxides alone do not give an accurate quantitative or qualitative picture of the

extent of lipid oxidation because there is no way to account for either LOOH

decomposition or alternative reactions. Oxidation can be seriously underestimated

and system effects can be misinterpreted when monohydroperoxides are consid-

ered to be the only product and determinations of oxidation extent and kinetics are

based on LOOH concentrations alone. Although many studies have focused on

identifying structures of products, few have actually calculated total product

yields and distributions. The limited data available show clearly that LOOH

is not the only product, even in early stages of lipid oxidation. In some cases,

hydroperoxides may ultimately form only after addition, cyclization, or other

rearrangement; in some systems, conventional monohydroperoxides may not

form at all.

3.1.2. Rearrangement/Cyclization of LOO� When abstractable hydrogens are

not immediately available, peroxyl radicals find pairing electrons by adding to

down-chain double bonds, forming cyclic products. The most important internal

rearrangement or cyclization of LOO� proceeds by 1,3-addition of the peroxyl radi-

cal to the neighboring cis-double bond, attaching to the b carbon to form a 5-exo

ring and leaving a radical on the g carbon of the double bond (Reaction 45). Addi-

tion of oxygen to the radical generates a second peroxyl radical (new position),

which abstracts a hydrogen from a neighboring lipid molecule to propagate the

chain and form a hydroperoxy epidioxide product (Reaction 45a) (265). 5-exo

cyclization by LOO� (k
103 s�1) (7) is faster than b-scission of oxygen (27-430

s�1) (11) and H abstraction (<1-400 M�1s�1) (88, 223, 247), so it should be

able to compete as an initial process, especially in fatty acids with three or more

double bonds.

Reaction sequence 45 shows this process at C-13 of linolenic acid for simplicity,

but comparable cyclization also occurs at C-10 in linolenic acid and at C-8, C-9, C-

11, and C-12 in arachidonic acid (252). The cyclic product mixes of oxidized Ln

and An typically show multiple positional and geometric isomers (227, 266). In the

interest of space, the isomerization and racemization that accompanies cyclization

will not be discussed here. The reader is referred to papers by Gardner (6, 267) and

Porter (7, 11, 252, 268) for more details.
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Cyclization requires the presence of a cis-double bond homoallylic to a hydro-

peroxide (230, 269), as shown in Reaction 45. In addition, cyclization of peroxyl

radicals at internal positions is considerably faster than secondary oxidations of

hydroperoxides at either external position. About 25% of peroxyl radicals in lino-

lenic acid and 33% of peroxyl radicals in arachidonic acid are internal (Table 4).

Thus, linolenic and arachidonic acids are particularly prone to formation of cyclic

peroxides. These factors together make intramolecular cyclization 4–6 fold faster

than b-scission in higher polyunsaturated fatty acids (247).

Initial cyclization of LOO� via 1,4-addition to the g-carbon of the neighboring

double bonds forces endo cyclization to a 6-oxo ring and is kinetically unfavorable

(k
10 s�1) (11, 230). However, both 6-oxo exocyclic peroxides (Reaction 46) and

endoperoxides (Reaction 46a) have been observed as secondary oxidation or rear-

rangement products in arachidonic acid oxidation (252, 270). The acyl chains of

fatty acids with four or more double bonds (An, EPA1, and DHA1) have hairpin-

like configurations, bringing double bonds from opposite ends into close proximity.

Although the 1,3–cyclic peroxides are all exo, with these fatty acids there is

increased tendency towards cross-chain addition to form endo peroxides (270)

and toward multiple internal LOO� additions to form bicycloperoxides (Reaction

46a) and polyperoxides (Reaction 46b) in prostaglandin-like structures (11, 230,

261, 271, 272). Note that each cyclization produces another radical capable of initi-

ating new oxidation chains!

Without enzymatic catalysis, the endo and bicyclic peroxides (Reaction 46a)

usually account for less than a few percent of arachidonic acid oxidation products,

and the dominant pathways are formation of exo peroxides (Reaction 45) and

polyperoxides (Reaction 46b).

OO O
O

O2

O
O

OO

O
O

OOHL2HL2

ð46Þ

1EPA: eicosapentaenoic acid, 20:5o3; DHA: docosahexaenoic acid, 22:6o3.
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As mentioned earlier, in linolenic acid and higher PUFAs, even with cyclization,

some peroxyl radical may eventually abstract a hydrogen externally to propagate

the oxidation chain. The net result of internal cyclization, however, is a reduction

of the number of molecules oxidized: Two or more moles of oxygen are absorbed

per fatty acid, but only one radical transfer occurs and the chain length is extended

by only one. Hence, although the most highly unsaturated fatty acids are innately

the most oxidizable, paradoxically their oxidation chains may be shorter and their

propagation rates may be lower than for linoleic acid.

Peroxyl radicals of linoleic acid do not undergo cyclization to epidioxides during

autoxidation because the requisite cis-double bond–hydroperoxide structure is not

present. However, 1O2 photosensitized oxidations produce hydroperoxides at the

internal 10- and 12- positions in quantities almost as high as at the external 9-

and 13- positions, and internal hydroperoxides do have the required b-cis-double

bond. Hydrogen abstraction from the internal hydroperoxides yields LOO� that

undergo cyclization and produce propagating hydroperoxy epidioxide radicals

(Reaction 47) and the corresponding epidioxy- hydroperoxide products (Reaction

47a) in high proportions (232, 273, 274).

R2 R1

OO
R2

O O
R1

OO
R2

O O
R1

R2
O O

R1

HOO

L2H

L2

ð47Þ

ð47aÞ
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Availability of hydrogens drives abstraction reaction. Thus, solvent, lipid con-

centration, extent of oxidation, and temperature all play critical roles in shifting

the balance between external hydrogen abstraction and internal addition, i.e., direct

chain propagation vs. internal cyclization. Low oxygen pressures particularly favor

cyclization (275). In aprotic solvents and dilute solutions at room temperature, in

which external abstractable hydrogens are absent or limited, LOO� cyclization at

various positions accounts for all the products (266). However, in neat lipids, a

situation that provides both availability and proximity of abstractable hydrogens,

abstraction competes with cyclization to generate mixed products. The apparent

proportions vary with temperature and extent of oxidation. At least two studies

have found about 30% cyclic products at 40C (228, 265).

Epidioxide-OO� radicals are very reactive and are particularly prone to dimeri-

zation with even moderate heat (276). This makes detection of their involvement in

oxidations sometimes difficult. Using the example cited above (228), with contin-

ued oxidation to PV¼ 1286 meq oxygen/kg oil, epidioxides remained a major pro-

duct, but mono- and dihydroperoxides, as well as the polar products, increased

more (Table 5). Dimerization of the hydroperoxy epidioxides accounted for at least

part of the decrease in proportional percentage of epidioxides as well as the

increase in polar dimers. Increased H abstraction rates at elevated temperatures con-

tributed to the higher hydroperoxides, but increased decomposition of hydroperox-

ides to alkoxyl radicals at the elevated temperature also introduces more competing

reactions. Faster H abstractions by LO� at external positions lead to increased

propagation rates to form new hydroperoxides, pointing out how even moderate

heat can introduce considerable complication in propagation mechanisms.

3.1.3. Addition of LOO� to Double Bonds Peroxyl radicals are quite specific

in their addition preferences, and competition with hydrogen abstraction is gener-

ally unfavorable except under select conditions. The ROO� addition becomes com-

petitive when abstractable hydrogens are limited (aprotic solvents, low temperature)

and when there is a double bond that is conjugated, terminal, or 1,1-disubstituted

TABLE 5. Product Distributions in Methyl Linolenate (MLn) Autoxidized Neat at 40C.

Data from (228).

PV 904 1286

9-OOH c/t 27.8% 
1:1 ratio MLn (unreacted) 87.9 74.8%

t/t 24.5 Epoxides 0.2 0.3

13-OOH c/t 27.8

9>>>>>>=
>>>>>>;

Mono-OOHa 3.5 8.4

t/t 20.7 HOO-epidioxideb 3.8 7.7

Epoxy-HO dienes tr tr

Di-OOH 0.9 2.9

Polars 3.7 5.9

aMixture of 9-OOH and 13-OOH.
bAll at internal positions.
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(277). Hence, simple short-chain alkenes with allylic hydrogens react 80–100% by

hydrogen abstraction, whereas alkenes that are conjugated or have radicals at a

terminal double bond with no allylic hydrogens (as in some scission products) react

80–100% by addition (278, 279). Longer chain alkenes such as fatty acids give

mixed products.

Factors controlling addition are strength of the bond formed, steric hindrance,

polar effects, and stability of the resulting radical adduct (280). Although addition

reactions of small molecular ROO� and RO� can be very fast, steric factors and the

large number of reactive CH2 groups on unsaturated fatty acids decrease the ease of

addition reactions in lipids. Conjugation and trans-double bonds in oxidized lipids

counterbalance the steric impediments and enhance peroxyl radical additions (281).

Copper salts catalyze addition reactions of peroxyl radicals (282), which has some

interesting implications in food systems.

Propagation via addition of LOO� to double bonds forms both monomer pro-

ducts (epoxides and epidioxides) and dimers or polymers; the propagating species

are peroxyl radicals formed at new positions and alkoxyl radicals released by

b-elimination. In early stages of oxidation, LOO� adds to double bonds to form

an initial dimer complex (Reaction 48), which then reacts further to generate

new radicals. The ultimate product depends on the nature of the target double bond.

LOO + R1 CH2 CH CH R2 R1 CH2 CH CH R2

OOL ð48Þ

LOO� adds to isolated or nonconjugated double bonds, then undergoes 1,3-cycli-

zation to form an epoxide and an allylic radical, eliminating LO� in the process.

The allylic radical then adds oxygen to form a new peroxyl radical (Reaction

49). This is a true branching reaction as two new propagating radicals (LO� and

epoxyOO�) with increased reactivities are generated from the initial LOO�.

R1 CH2 CH CH R2

OOL

LO + R1 HC CH CH R2

O

O2

L2(epoxy)OO

ð49Þ

This presents an interesting analytical quandary. Epoxides are major products of

lipid oxidation and derive from LO� cyclization as well as LOO� additions (see

Section 3.2.2). Consequently, it may be difficult to determine the mechanism that

is operative in a given reaction system, and indeed, both may contribute. For exam-

ple, Hendry (283) reacted a series of ROO� with their parent compounds at 60C
and found 40% of the products were epoxides. Rate constants of k¼ 20 to

1130 M�1sec�1 were calculated assuming the reactions were all additions, but at

the elevated temperature of the study, hydrogen abstraction to form the hydroper-

oxides, followed by homolytic scission to alkoxyl radicals, could also have con-

tributed to the yields.

310 LIPID OXIDATION: THEORETICAL ASPECTS



In later stages of oxidation, the likelihood of LOO� addition increases because

doubly allylic hydrogens have been removed during initial reactions and the double

bond system has been shifted to conjugated. This limits competition by hydrogen

abstraction and greatly facilitates LOO� addition. Thus, addition reactions of LOO�

to conjugated oxidation products (Reaction 50) increase during later stages of oxi-

dation and produce the characteristic polymers and increased viscosity of very oxi-

dized oils (284–286). Note that even in advanced oxidation, the polymer product

still retains a propagating free radical, distinguishing this from peroxyl radical

recombinations that yield peroxo dimers without radicals (see Termination reac-

tions). Gardner (6) hypothesized that LOO� could add to cis-bonds of unoxidized

linoleic acid as well as conjugated double bonds of products to form the same type

of polymer as in Reaction 48. Whether LH or LOOH is the LOO� target for addi-

tion, chain propagation could then continue by three pathways: (1) eliminate an

alkoxyl radical and form epoxides via Reaction 49, or add oxygen to regenerate

peroxyl radicals and then (2) add to another LOOH to continue the polymerization

process, or (3) abstract a hydrogen to propagate the radical chain and form a stable

dihydroperoxide dimer. Elevated temperatures favor polymerization via pathway 2

(287). Pathway 3 could account for the low levels of dimers that have been detected

in early stages of oxidation (288).

LOO� additions increase with heat (289), extent of oxidation (290), and solvent

polarity (266). Dimer levels of methyl linolenate autoxidized neat at room tempera-

ture varied from 0.1% to 10.1%, proportional to peroxide values (290). MLn auto-

xidized at 40C to PV 1062 gave 6.8% dimers; 80% of these were from LOO� and

20% were from epidioxide-OO� additions. The dimer linkages were mostly

C��O��O��C at lower temperatures, but shifted to C��C and C��O��C as the tem-

perature increased (276). At PV¼ 4002, LOO� additions increased to 55% of the

products. Epidioxide peroxyl radicals, in particular, showed a very strong tendency

to add to double bonds, with greater than 90% dimerization at 40C.

O O

R1 R

OOH

O2

OO OOR2

R1

HOO

R

R2

(3)

(1)

HOO OOR2

R1

HOO
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OOH

(2)
R2OOH

OO

HOO
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O R1
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R

HOO
O OOR2
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R
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+
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L

ð50Þ
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3.1.4. Disproportionation (radical self-recombination) of LOO� Peroxyl

radical recombination is usually written as a termination reaction generating two

nonradical products (Reaction 51a, see also Section 4). However, some mechanisms

are more appropriately considered as propagations because new alkoxyl radicals

rather than stable products are formed (Reaction 51). The following reaction

has been found to occur generally with peroxyl radicals (291, 292). The rate of dis-

proportionation varies with the nature of the alkyl groups, R, but the mechanism is

not altered (293). With t-butyl peroxyl radicals, dismutation to alkoxyl radicals

(Reaction 51) is twenty five times faster than peroxide formation via oxygen

elimination in a cage reaction (Reaction 51a) (291). Similar dominance of RO� pro-

duction has been observed with other peroxyl radical species, and subsequent reac-

tions of RO� lead to greatly accelerated oxidation (292, 294). Thus, as sufficient

concentrations of LOO� accumulate in later stages of lipid oxidation for dispropor-

tionation to occur with lipids, Reaction 51 may contribute to the very rapid increase

in oxidation rates in the bimolecular rate period, which will be discussed further

below.

R1OO R2OO [R1OOOOR2] R1O

R1OOR2

R1O

OOOR2

O2

O2 OR2

+ +

+ +

+

(51) 2k = 9.5 × 103 L M−1sec−1. (51a) 2k = 3.9 × 102 L M−1sec−1.

ð51Þ
ð51aÞ

It must be noted that the propagation Reaction 51 only occurs in lipids oxidized

neat or in aprotic solvents. In polar solvents or aqueous solutions, the preferred

reactions of ROO� shifts to b-scission, the rate of ROO� decomposition increases

dramatically, and dismutation becomes a termination rather than propagation pro-

cess (207, 295). The rate constant for LOO� recombination is (2k¼ 2� 107 L

mol�1 sec�1) in aqueous solution at pH 10.5 (196). In organic solvents, yields of

polar scission products increase with solvent polarity, whereas scavengeable radi-

cals and radical cage products decrease. Increasing solvent viscosity also favors ter-

mination over propagation by increasing radical cage products and decreasing

radical release in the dismutation (296). This reaction will be discussed further

under Termination (Section 4).

3.1.5. b-Scission of LOO� Beta-scission in LOO� cleaves the C-O bond and

releases O2, leaving an alkyl radical behind. In linoleic acid, the rate of b-scission

is competitive with H abstraction from allylic positions, accounting for its critical

role in isomerization (247), as was discussed in Section 2.2. Perhaps the most

important practical implication of b-scission is the shift in isomer distribution at

elevated temperatures, and this in turn alters the ultimate products. During heating,

13-OOH isomerizes to 9-OOH (Table 6) and the scission product mix correspond-

ingly approaches that of 9-OOH (297).
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3.2. Propagation by Alkoxyl Radicals, LO� Alkoxyl (LO�) radicals are

responsible for propagation of the radical chain during the very rapid oxidation

that ensues after the induction period ends. In the earliest stages of oxidation,

LOO� cyclization and addition reactions can proceed before LOOH formation

via H abstraction, but LO� can only be generated via LOOH decomposition, so their

reactions become important as secondary events in oxidation. Nevertheless,

because LO� react faster than LOO� by several orders of magnitude, LO� becomes

dominant almost as soon as LOOH breaks down.

There are four major mechanisms for radical chain propagation by alkoxyl radi-

cals. The mechanism dominating in a given system is determined largely by double

bond structure, solvent conditions, and steric factors (21):

a. hydrogen abstraction

b. rearrangements/cyclization

c. addition

d. a-and b-scission (fragmentation)

3.2.1. Hydrogen Abstraction by LO� LO� abstractions are very fast (k
107-

108 L M�1s�1), but less selective than LOO� (198); they abstract both allylic and

bis-allylic hydrogens, whereas LOO� abstracts only the latter (261). Allylic hydro-

gens are particularly susceptible to abstraction by sec alkoxyl radicals (21), so the H

abstractions by lipid alkoxyl radicals, as written in the classic free radical chain

(Reaction 52), should be a preferred reaction in lipid oxidation:

R1 CH R2

O

+ LH R1 CH R2

OH

+ L ð52Þ

However, cyclization and scission reactions of LO� compete with H abstraction and

can often limit the effectiveness of this reaction in chain propagation.

Factors influencing the rates of H abstraction by alkoxyl radicals are H abstract-

ability on target molecules > structure of the alkoxyl radical > solvent system

(298). Hydrogen availability and solvent have critical effects in lipid oxidation;

TABLE 6. Isomerization of 13-OOH to 9-OOH and Corresponding Shift in Products

During Heating of Linoleic Acid. Data from (297).

% yield

Product Scission Point 9-OOH 13-OOH Pure 9-OOH Pure 13-OOH

Hexanal 13-OOH a 1.7 8.3 1 28

Me octanoate 9-OOH a 5.0 4.3 37 24

2,4–decadienal 9-OOH a 20.0 12.5 51 33

Me oxononanoate 9-OOH b 10.5 15.2 12 16
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the structure is essentially constant as sec alkoxyl radicals. Hydrogen abstraction

from other lipid chains by LO� is most effective in neat lipids in which the lipid

allylic groups are the only source of hydrogens. The relative rates of abstraction

from different fatty acids are approximately proportional to the number of allylic

or doubly allylic hydrogens, as is shown in the reaction rate hierarchy of

O < L < Ln < An in Tables 2 and 7, but beyond that there seems to be little pre-

ference for one bis-allylic position over another (197, 300). Interestingly, the high

susceptibility of allylic hydrogens to abstraction, along with the bent chain config-

urations of polyunsaturated fatty acids, also enhances preferential internal H

abstraction by lipid alkoxyl radicals, leading to competing cyclization and epoxide

formation (301–303). This will be discussed in more detail in Section 3.2.3.

Hydrogen abstraction by LO� to propagate free radical chains is facile also in

nonpolar aprotic solvents when lipids are at high concentrations. However, at mod-

erate lipid concentrations, H abstraction must compete with internal rearrangements

and scission (304), and at low concentrations it may become insignificant (305).

Surprisingly, the most important effect of LO� on propagation may well be via

abstraction of hydrogens from the lipid hydroperoxides as they form (Reaction 53),

thus regenerating LOO� and eliminating the need for other catalysts to decompose

the hydroperoxides and begin chain branching.

+ LOOH LOHLO + LOO ð53Þ

The bond dissociation energy of the hydroperoxide hydrogen is higher than the

allylic hydrogens (90 vs. 65–85 kCal mol�1, respectively), but hydrogen bonding

between the LO� and LOOH greatly decreases the Ea for the abstraction (306).

In mixtures of fatty acids and their hydroperoxides, t-butoxyl radicals abstract

hydrogens almost exclusively from the hydroperoxides (230). The rate constant

for (t-BuO� þ ROOH) is 2.5� 108 M�1s�1, nearly diffusion controlled (307). Simi-

larly, cumylalkoxyl radicals abstract H from hydroperoxides faster than reported for

alkyl substrates (306).

In aqueous and protic solvents where H sources are plentiful, hydrogen abstrac-

tions by LO� are faster kinetically, but less effective in chain propagation (Table 7).

Production of LOH can be detected in protic solvents (308), but the yields of hydro-

xylated products remain low because selectivity of H abstraction decreases and H

TABLE 7. Rate Constants for H Abstraction from PUFA

by t-BuO� in Various Solvents (197, 198). Reactivity of LO�

is Comparable (299).

k� 10�6 L mol�1 s�1

Fatty Acid Nonpolar Solvent Aqueous Solution

Oleic 3.8 68

Linoleic 8.8 130

Linolenic 13.0 160

Arachidonic 20.5 180
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abstraction must compete with increasing rates of b-scission (309) (see Section

3.2.4). The availability of hydrogens from water and other dissolved solutes

increases the likelihood of H abstraction from molecules other than fatty acids

(310), in which case the chain reaction is not propagated (2, 9). H abstraction as

a termination reaction will be discussed further in Section 4.

The rate of H abstraction by RO� increases with temperature in all solvents. This

leads to marked acceleration of oxidation in neat lipids and in nonpolar solvents

where the only H sources are fatty acids, and it also favors LOOH formation

over cyclization. This is evident in the marked increase of mono-, di-, and trihydro-

peroxides over epoxides as oxidation temperature increases from room temperature

to about 80C (228, 276, 311, 312). However, heat has less effect in polar and aqu-

eous solvents (310). The activation energy for H abstraction is lower than for

b-scission, so there is less thermal enhancement of abstraction rate and also less

selectivity of abstraction sites in polar solvents. More importantly, higher tempera-

tures enhance scission more than abstractions so, particularly at T > 100C, the

relative importance of H abstraction by LO� and LOO� in propagation is dimin-

ished (278, 313) and secondary processes begin to dominate.

One additional H abstraction reaction must be mentioned. Internal 1,5 (Reaction

54) or 1,6 (Reaction 55) hydrogen abstraction generates an alcohol and a radical

(21) in a position that may or may not be normal for autoxidation. Intramolecular

H abstraction involving a six-membered transition state (Reaction 55) has been

identified in saturated alkyls with long side chains (304). Occurrence of the corre-

sponding reaction in unsaturated fatty acids would produce oxidation at sites pre-

viously attributed to HO� attack (314).

Oleic acid:

RCH2CH2CH CH CHR1

O RHC CHR1H O RHC CHR1HO O2

RCHCH2CH CH CHR1

OHOO

ð54Þ

Linoleic acid:

RHC CHR1H O RHC CHR1HO−

RCH2CH CH CH CH CHR1

O

CH CH CH CHR1

OH

RCHCH

OH

ð55Þ
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3.2.2. Rearrangement/Cyclization of LO� Cyclization of LO� involves 1,2

addition to an adjacent double bond to form epoxides and epoxyallylic radicals

(Reaction 56).

R1 HCH CH CH CH CH R2

O

R1 HCH CH CH CH CH R2

O
ð56Þ

This is a very fast reaction that, under some conditions, can even exceed rates of

H abstraction (309). Cyclization of LO� to epoxides is the dominant reaction in

aprotic solvents (including neat lipids), when lipids are at low concentration

(275) or highly dispersed on a surface (315, 316), at room temperature (147,

308, 317), and at low oxygen pressures (275, 278); and the reaction accelerates

with increasing polarity of the aprotic solvent (308–310). However, the stability

of LO� is reduced considerably in polar solvents (309, 310). Although epoxyallylic

radicals from cyclization have been observed in pulse radiolysis studies of LO� in

aqueous solutions (308), H abstraction and scission reactions are much faster. This

pattern can be seen in the change of cyclic products yields when oxidation was con-

ducted in different solvents (Table 8). The change in competition over time is also

apparent.

Cyclization of LO� is stereospecific. The configuration of epoxides is fixed by

the conformation of the fatty acid alkoxyl radical at the point of cyclization rather

than postcyclization isomerization (319, 320). As with LOO�, there is a stronger

tendency for LO� to cyclize from internal positions, probably due to the orientation

of the -O� relative to the bis-allylic hydrogens, and consequently, photosensitized

oxidations yield high concentrations of cyclic products (321). The levels and posi-

tional distribution of these products are characteristic markers distinguishing auto-

xidation from photosensitized oxidation.

Temperature has relatively little effect on cyclization because the activation

energy for the rearrangement is low. Cyclization thus dominates in neat lipids at

TABLE 8. Variation in Dominant Propagation Mechanism and Product Distribution

for Linoleic Acid Oxidized in Different Solvents.

Product Distribution (%)

Solvent and System LOH/LOOHa Cyclicb Scission Other Unknown Reference

CHCl2, FeCl3, early 100 266

Anhydrous MeOH 3–8 75–80 13–15 318

Cyclohexane, 7.5 mM 15 68 18c 216

80% ethanol 30 11 — 7d 7e 214

FeCl3/cysteine

aTotal of all H abstraction products, all isomers.
bTotal of all products that had any cyclic component.
cOxo dienes.
dHydroxyl ethoxylated products from rx with solvent radicals.
eUnidentified soluble products and volatile scission products.
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room temperature, but as the temperature increases, H abstraction and scission

become more important directors of propagation. At high temperatures

(>100C), rearrangement is a relatively minor process (278, 317). Metals, particu-

larly Fe and Cu, activate cyclization and direct internal rearrangements to dihy-

droxy and hydroxyene multiple positional isomers (317). Iron catalyzes

isomerization and conversion of HO-epoxides to ketols (322).

3.2.3. Addition of LO� to Double Bonds Addition of LO� to double bonds

does not occur with the ease of LOO� additions. Alkoxyl radicals have unusually

strong preference for allylic attack, so intermolecular H abstraction or internal

cyclization will dominate as long as allylic hydrogens are present. Addition is

favored by absence of allylic hydrogens and by conjugation (Table 9), conditions

that only hold after oxidation has started. Hence, propagation by LO� addition is

most active in catalyzing chain branching in secondary stages of oxidation. In con-

tradistinction to LOO� additions, LO� addition increases with cis configuration and

asymmetrical substitution on double bonds (323), so when LO� does add to lipid

hydroperoxides, it adds to the cis-rather than trans-double bonds (324).

LO +

LO

ð57Þ

Propagation by LO� addition is most important in neat lipids and organic sol-

vents (308). Although LO� additions do occur in aqueous solvents, they are gener-

ally not competitive with scission and rearrangement reactions. Heat catalyzes the

addition. Addition of LOOH to methyl linoleate at 210C results in complete con-

version of the LOOH to dimers containing both reactants (289). Although the exact

structure was not determined, the dimers were presumably LO-ML adducts forming

after thermal decomposition of LOOH to LO�.

3.2.4. b-Scission of LO� Beta-scission of alkoxyl radicals leads to scission of

the C��C bond on either side of the LO� group to yield a mixture of carbonyl pro-

ducts and free radicals, typically aldehydes, alkanes, and oxo-esters, from the initial

alkoxyl radicals (297). Scission produces the volatile products so characteristically

TABLE 9. Effect of Alkene Structure on Preference for Addition

vs. Abstraction by t-BuO� Radicals at 40C. Data from (21).

Alkene Abstraction (%) Addition (%)

R��CH��CH��R (trans) 95 3–4

R��CH��CH��R (cis) 83 17

R��CH��CH2 97 3

R2��C¼CH2 83 17
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associated with rancidity, and the mix can become quite complex in secondary

stages of oxidation.

A simplified scission is shown in Reaction 58. The a and b fragmentation in this

case refer to the position of chain scission relative to the��COOH on the fatty acid.

More complete scission maps for oleic, linoleic, and linolenic acids are presented in

Figures 8–10. Some of the radicals deriving from the scissions rearrange to nonra-

dical products internally, but most of them abstract hydrogens to propagate the radi-

cal chain. Unsaturated fragments, particularly those containing conjugated dienes,

are still susceptible to oxidation and their subsequent reactions also contribute to

chain branching.

R1 CH R2

O

R1 CH R2

O

OR R1CH

O

R2

αβ
+

..............................
β

+
..............................

α

ð58Þ

Scission of alkoxyl radicals is a solvent-dependent, solvent-driven process (325).

Fragmentation of the carbon chain proceeds through formation of a transition state,

which mediates the transformation from nonpolar alkoxyl radical to polar cleavage

products. Water and polar protic solvents stabilize both the increasingly polar tran-

sition state and the carbonyl products by providing solvation and hydrogen bonding

to support the transition state and reduce the activation energy for bond rupture

(263, 305, 323, 326, 327); Hþ from the solvent then adds immediately to the scis-

sion radicals to provide the driving force for the reaction (224). This process is

shown in Reaction 59 for a-scission (21). Scission is also favored when lipids

are in dilute solution in nonpolar organic solvents where there is reduced competi-

tion from hydrogen abstraction.

R CH

O

R1 R CH R1

O

R CHδ+...  R1

Oδ– 2+

RCHO    +     R1

Increasing polarity

ð59Þ

Scission is rapid in polar solvents. The ks for alkoxyl radicals in aqueous solu-

tion is 106–107 s�1 (328–330), 10–100 times faster than rates in nonpolar organic

solvents (331–333) that have dielectric constants comparable with fatty acid methyl

esters. Even though this is somewhat slower than H- abstraction (Table 10), scission

usually competes effectively, and under appropriate conditions, scission can dom-

inate. In polar media, scission accounts for at least half of the LO� reactions even in

early oxidation. For example, Bors (308) found 
48% fragmentation, 
48% H

abstraction, and 4% unreacted t-BuO� in aqueous solution on a pulse radiolysis

time scale (ms to s). n-6 Fatty acids oxidized in Tris-KClþ FeSO4/ascorbic acid

for up to 24 hrs gave the scission fragment 2-hydroxyheptanal as the sole product

(334). Scission accounted for 7–10% of the oxidation products in neat triolein, but
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O

CH3–(CH2)6–CH=CH–CH–(CH2)7–COOH

O2 / H

RH   R RH   R

O2 / H

    HCHO

8-O

10-O

11-O

    HCHO

CH3–(CH2)6–CH=CH

OCH–(CH2)7–COOH CH3–(CH2)6–CH=CH–CHO

(CH2)7–COOH

HO–CH2(CH2)6–COOH

CH3–(CH2)6–CH=CHOH

CH3–(CH2)6–CH2–CHO

CH3(CH2)6–COOH

(HOO–CH2(CH2)6–COOH)

CH3–(CH2)6–CH=CH2

(CH3–(CH2)6–CH=CHOOH)

CH3–(CH2)6–CH2–CHO

+ +

OCH2(CH2)6–COOHCH3–(CH2)6–CH2

CH3–(CH2)6–CH=CHO   +   OH HO    +    O–CH2(CH2)6–COOH

(CH2)6–COOH
+ +

heptane
heptanal
hexanol
hexane
hexanal
formaldehyde

9-oxo-nonanoic acid 2-decenal

Formaldehyde

8-oxo-octanoic acid

octanoic acid

8-HO-octanoic acid

nonanal

1-nonene

nonanal

(1-nonenol)

Following the same fragmentation pattern -

β-scission α-scission

8-oxo-octanoic acid   +  decanal 2-undecenal   +   7-HO-heptanoic acid

1-decene
nonanol
nonane
nonanal
formaldehyde

heptanoic acid
7-oxo-heptanoic acid
6-HO-hexanoic acid
hexanoic acid
6-oxo-hexanoic acid
formaldehyde

10-oxo-8-decenoic acid   +  octanol nonanal    +     9-oxo-nonanoic acid
octane
octanal
heptanol
heptane
heptanal
formaldehyde

8-nonenoic acid
octanol
octane
octanal
formaldehyde

11-oxo-9-undecenoic acid   +  heptanol octanal    +     10-oxo-decanoic acid 

9-decenoic acid
nonanol
nonane
nonanal
formaldehyde

HOHO

OLEIC ACID

Figure 8. Typical initial scission patterns of oxidizing oleic acid. Data from (340, 341). Paren-

theses indicate unstable intermediates; brackets denote products from secondary scissions.
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this shifted to 66–75% in the presence of acid (335). In a series of solvents, an

alkoxyl derivative of benzene gave 24–81% scission, with the proportion increasing

with solvent polarity; H abstraction was able to compete only when scission was

less than 35% (336).

In contrast, scission is a minor process in neat lipids or aprotic solvents at room

temperature where background levels of scission products range from about 1% in

monoacid triacylglycerols (337) to 10–20% in free esters of O, L, and Ln (14, 335)

O

CH3–(CH2)4–CH=CH–CH=CH–CH–(CH2)7–COOH

HO

O2 / H

RH   R RH   R

O2 / H

HO

    HCHO

13-O

    HCHO

CH3–(CH2)4–CH=CH–CH=CH

OCH–(CH2)7–COOH CH3–(CH2)4–CH=CH–CH=CH–CHO

(CH2)7–COOH

HO–CH2(CH2)6–COOH

CH3–(CH2)4–CH=CH–CH=CHOH

CH3–(CH2)4–CH=CH–CH2–CHO

CH3(CH2)6–COOH

(HOO–CH2(CH2)6–COOH)

CH3–(CH2)4–CH=CH–CH=CH2

(CH3–(CH2)4–CH=CH–CH=CHOOH)

CH3–(CH2)4–CH=CH–CH2–CHO

+ +

OCH2(CH2)6–COOH
CH3–(CH2)4–CH=CH–CH2

CH3–(CH2)4–CH=CH–CH=CHO   +   OH HO    +    O–CH2(CH2)6–COOH

(CH2)6–COOH

+ +

9-oxo-nonanoic acid 2,4-decadienal

Formaldehyde

8-oxo-octanoic acid

octanoic acid

8-HO-octanoic acid

3-nonenal

1,3-nonadiene

3-nonenal

(1-HO-2,4-nonadienol)

Following the same fragmentation pattern -

β-scission α-scission

LINOLEIC ACID

hexanal    +   12-oxo-9-dodecenoic acid13-oxo-9,11-tridecadienoic acid

pentanol
pentane
pentanal
butanol
butane
butanal
formaldehyde

9,11-dodecadinoic acid
11-HO-9-undecenoic acid
9-undecenoic acid
11-oxo-9-undecenoic acid
formaldehyde

+

Figure 9. Typical initial scission patterns of oxidizing linoleic acid. Data from (340, 341).

Parentheses indicate unstable intermediates; brackets denote products from secondary

scissions.
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O

CH3–(CH2)–CH=CH–CH2–CH=CH–CH=CH–CH–(CH2)7–COOH

CH3CH2CH=CH–CH2–CH=CH–CH=CH2

CH3CH2CH=CH–CH2–CH=CH–CH2–CHO

CH3CH2CH=CH–CH2–CH=CH–CH=CHOH

CH3CH2CH=CH–CH2–CH=CH–CH=CH

HO

O2 / H

RH   R RH   R

O2 / H

HO

    HCHO

16-O

13-O

12-O

(CH3CH2CH=CH–CH2–CH=CH–CH=CH–OOH)

CH3CH2CH=CH–CH2–CH=CH–CH2–CHO

CH3CH2CH=CH–CH2–CH=CH–CH

CH3CH2CH=CH–CH2–CH=CH–CH=CH–O   +   OH

    HCHO

CH3CH2CH=CHCH2CH=CH–CH=CH–CHOOCH–(CH2)7–COOH

(CH2)7–COOH

HO–CH2(CH2)6–COOH

CH3(CH2)6–COOH

(HOO–CH2(CH2)6–COOH)

+ +

OCH2(CH2)6–COOH

HO    +    O–CH2(CH2)6–COOH

(CH2)6–COOH

+ +

9-oxo-nonanoic acid 2,4,7-decatrienal

Formaldehyde

8-oxo-octanoic acid

octanoic acid

8-HO-octanoic acid

3,6-nonadienal

1,3,6-nonatriene

3,6-nonadienal

(1,3,6-nonatrienol)

Following the same fragmentation pattern -

β-scission α-scission

LINOLENIC ACID

3-hexenal
3-hexene
2-pentenol
2-pentene
2-pentenal
formaldehyde

16-oxo-9,12,14-hexadecatrienoic acid propanal   +  15-oxo-9,12-pentadecadienoic acid

+  ethane 9,12,14-pentadecatrienoic acid
14-HO-9,12-tetradecadienoic acid
9,12-tetradecadienoic acid
14-oxo-9,12-tetradecadienoic acid
formaldehyde

13-oxo-9,11-tridecadienoic acid 3-hexenal  + 12-oxo-9-dodecenoic acid

2-pentenol
2-pentene
2-pentenal
butanal
butene
formaldehyde

9,11-dodecadienoic acid
11-HO-9-undecenoic acid
9-undecedoic acid
11-oxo-9-undecenoic acid
formaldehyde

+

12-oxo-9-dodecenoic acid 2,4-heptadienal  + 11-HO-9-undecenoic acid

9-undecenoic acid
11-oxo-9-undecenoic acid
10-oxo-decanoic acid
9-decenoic acid
formaldehyde

+

Figure 10. Typical initial scission patterns of oxidizing linolenic acid. Data from (340, 341).

Parentheses indicate unstable intermediates; brackets denote products from secondary

scissions.
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on a total weight basis. The fact that it is observed at all under these conditions is

probably due to acceleration of scission in the presence of double bonds through the

increase in polarity. Dipole-dipole interaction between alkoxyl radicals on one fatty

acid with double bonds on an adjacent unsaturated fatty acid forms a charge transfer

transition state that induces electron and charge redistributions, thus facilitating

scission (263).

R1(R2)HC O
CR2

CR2
R1(R2)HC O−

+CR2

CR2

R1HC O R2
CR2

CR2
+ + +

ð60Þ

Alkoxyl radical (LO�) scission makes its greatest contribution to propagation at

elevated temperatures (323) that overcome the large Ea and log A (Arrhenius factor)

for scission (338). Heat accelerates alkoxyl radical scissions in all solvents,

although the pattern of cleavage may change as temperature increases because pri-

mary scission of the alkoxyl radical (Reaction 49) gradually increases at the

expense of alternative reactions (339), and at high enough temperatures, secondary

scissions also occur. Cleavage of polyperoxides, for example, is unimportant at

60C, but becomes a major contributor to propagation at T > 100C (278). Simi-

larly, fragmentation of sulfenyl alkoxyl radicals varies from 21% at 10C to 40%

at 50C (338). Shifts in scission products at different temperatures have been

reviewed in detail by Grosch (340).

What determines whether a scission will be a or b relative to the -COOH is an

age-old question that still has not been completely answered. There are suggestions

in the chemical literature that scissions should occur between the alkoxyl radical

and the double bond (314, 341),

R CH CH CH CH2 R

O

R CH CH CH2R,>
ð61Þ

TABLE 10. Solvent Effects on Rates of H Abstraction (ka) and b-Scission

(kb) of Cumyloxyl Radicals (CumO�). Data from (327).

H Abstraction b-Scission

ka� 10�6 M�1s�1 kb� 10�5 s�1 ka/kb M�1

CCl4 1.1 2.6 4.5

C6H6 1.2 3.7 3.2

C6H5Cl 1.1 5.5 2.0

(CH3)3COH 1.3 5.8 2.3

CH3CN 1.2 6.3 1.9

CH3COOH 1.3 19 0.7
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but this has been questioned on energetic grounds, i.e., the dissociation energy for

vinyl bonds is 109 kcal but for allylic bonds is 60 (111). An alternative explanation

is that scission will occur preferentially at the site fulfilling the thermodynamic

requirement to form the most stable product, e.g., saturated aldehydes are more

stable than unsaturated aldehydes. However, there are disagreements over whether

the stability of the radical (333, 342–344) or the carbonyl product (327, 341) is the

determining force. Inductive effects of the ��COOH group increase the tendency

toward a scission, but this has less overall influence than the aforementioned fac-

tors. The presence of an acid group favors selective cleavage between��OOH and

double bond (a or b depending on position of��OOH). Heat and metals induce one-

electron redox reactions, which generate a-monocarbonyls (scission on ��COOH

side of alkoxyl radicals) and an ejected radical that can initiate new chains (335).

Thus, the scission pattern for oxidizing fatty acids is mixed and varies with the pro-

duct structure and reaction conditions.

Evaluation of products from oleate oxidation provides a simple example of how

these factors interact in directing scission (312). The tendency for a-cleavage

increases as the alkoxyl radical position moves away from the carboxylic acid;

there is relatively little positional preference for b-cleavage (Table 11). This pattern

is consistent with preferential scission between the alkoxyl radical and the double

bond as well as formation of saturated aldehydes.

The dominant products do indeed derive from scission between the alkoxyl radi-

cal and the double bond, but a variety of scissions that are less favorable thermo-

dynamically occur at the same time, generating the complex mixture of products

shown in Figures 8–10 and Table 12. For monohydroperoxides, scission varies

with the position of the alkoxyl, with the longest saturated product receiving pre-

ference. For alkoxyl radicals from dihydroperoxides, dominant cleavages are still

between the ��CO��� and double bond, but 
40% occur at the alkoxyl nearest

the ��COOH, and half that occur on the CH3 terminal alkoxyl radical (345).

It is important to recognize that scission does not necessarily stop after reaction

of initial alkoxyl radicals. Scissions of secondary products generated during lipid

oxidation also contribute to propagation and to the ultimate product mix (346).

Malonaldehyde is perhaps the best known example of this, as will be discussed

further in Section 4.2.

TABLE 11. Distribution of a and b Scissions as a Function

of Alkoxyl Radical Distance from –COOH in Oleic Acid. Data

from (312).

LO Position % a-Scission % b-Scission

8 3.2 7.4

9 10.4 8.0

10 22.0 6.5

11 23.0 10.6
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TABLE 12. Scission Products from Unsaturated Fatty Acids Oxidized

at Room Temperature. (Data from 3, 8, 273, 290, 314, 340, 341, 345, 347–349.)

OLEIC ACID

Major Products Product Classes and Carbon Chain Length

Nonanal Hydrocarbons 6–8

Octanal Alkanals 2–4, 5, 6, 7, 8, 9, 10,11

Undec-2-enal 2-Alkenals 6–9, 10, 11

Undecanal Acids 1, 6–9

Alkanols 5–8

2-decenal Alkylformates 2–8

LINOLEIC ACID

Major Products Product Classes and Carbon Chain Length

Hexanal Hydrocarbons 3–5

2,4-decadienal Alkanals 3, 4, 5, 6, 7, 8

2-octenal Alkenals 7, 8, 9, 10

2-heptenal Dienals 9, 10

Oxo-alkanals 7, 8, 9

Ketones 7, 8

Alcohols 3, 4, 5, 6, 7, 8

Acids 1, 5, 6, 7, 9

Esters 1, 6, 7, 8

LINOLENIC ACID

Major Products Product Classes and Carbon Chain Length

2,4-heptadienal Hydrocarbons 1–3

3-hexenal Alkanals 1–3, 6

Propanal Alkenals 4, 5, 6, 7

2,4,7-decatrienal Dienals 7, 8, 9

2-pentenal Trienals 10

Octadienal Ketones 5, 18

Pentene-3-one Alcohols 3, 4, 5, 6, 7, 8

Octadiene-2-one Acids 1, 5, 6, 7, 9

Esters 1, 6, 7, 8

Oxo-alkanals 1, 6, 7, 8

ARACHIDONIC ACID

Major Products Product Classes and Carbon Chain Length

Hexanal Alkanal 2, 6, 7

2,4-decadienal Alkenal 7, 8, 9, 11

2,4,7-tridecatrienal Dienal 9, 10, 11, 12

2-heptenal Ketones

2-octenal Alkanes 5, 6

Pentanal Aldehyde esters 4, 5

1-octen-3-one

4-decenal

3,5-undecadien-2-one

2,6-dodecadienal

5-oxo-pentaoate
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3.3. Propagation Reactions of LOOH; Mono- vs. Bimolecular LOOH
Decomposition and Chain Branching

It should be obvious from the discussion above that hydroperoxides are the key

intermediates controlling the progress of lipid autoxidation. As long as peroxyl

radicals remain in the b-scission manifold, with O2 continuously being added to

or eliminated from lipid alkyl radicals, perceptible oxidation does not progress.

This is the well-known induction period (Figure 11) during which oxygen absorp-

tion and traditional chemical changes in the lipids are difficult to detect for several

reasons:

1. Until H abstraction occurs, no net change occurs.

2. Standard analytical techniques are not sensitive enough or fast enough to

detect the low levels of initial products.

3. Only traditional products such as conjugated dienes and hydroperoxides have

been analyzed in most cases. If cyclization occurs before H abstraction to

form hydroperoxides, the oxidation may be missed by standard peroxide

value analyses.

4. Hydroperoxides are often breaking down as fast as (or faster than) they are

formed.

Ultimately, production of lipid hydroperoxides, even by circuitous routes,

becomes the major process driving the oxidation reaction forward. LOOH are the

first stable products of lipid oxidation, accumulating in the absence of pro-oxidant

heat, metals, hemes, ultraviolet light, peroxyl radicals, or antioxidant acids or

nucleophiles. However, from a practical standpoint, one or more of these or other

decomposing factors are nearly always present, so the low energy O��O and O��H

bonds undergo a variety of scission reactions. Indeed, a large proportion of the

2 LOOH LO  + LOO· ·
LOOH LO· + OH–/·OH

Secondary oxidation processes

O2 O2LH L· LOO·
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Figure 11. Diagrammatic representation of changes in dominant reactions and products over

the course of lipid oxidation. Three separate rate periods are usually designated: Induction

period (I), monomolecular rate period (M), and bimolecular rate period (B).
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LOO� and all of the LO� involved in propagation are not ab initio radicals, but

derive from some form of LOOH decomposition (350).

To briefly recap what has already been covered in Section 2, redox-active metals

break the O-O bond by electron transfer, hence LOOH decomposes heterolytically

to generate radicals and ions. Reducing metals such as Fe2þ and Cuþ generate

alkoxyl radicals (LO�) and hydroxide ions (OH�), whereas oxidizing metals such

as Fe3þ and Cu2þ give peroxyl radicals (LOO�) and hydrogen ions (Hþ):

+ Mn+ (fast)  LO + OH–LOOH K ~ 109 M–1sec–1 ð62aÞ

+ M(n+1)+ (slow)  LOO + H+LOOH ð62bÞ

Hydroperoxides are also ‘‘recycled’’ by reaction with peroxyl radicals:

+ LOOH +L′OOH LOO L′OO ð63Þ

These reactions must be distinguished from homolytic decomposition by heat

and UV light that break the O��O bond by energy deposition, yielding alkoxyl

and hydroxyl radicals (�OH). The O��O in organic hydroperoxides (BDE¼ 25–

38 kCal/mole) begins decomposing at about 50C and is completely decomposed

at 160C (297).

LO + OHLOOH
∆ ð64Þ

Homolytic scission is much more catastrophic in terms of lipid oxidation because

two propagating radicals are released per hydroperoxide, LO� is more reactive and

more selective than LOO�, and HO� is extremely reactive. HO� is rather unselec-

tive, abstracting hydrogen atoms all along the acyl chain, and it can also readily add

to double bonds (still generating a radical). Hence, the net effect of LOOH decom-

position is a transition in mechanism and kinetics. Lipid oxidation essentially gath-

ers steam, increasing in rate and extent as LO� becomes the dominant chain carrier

and secondary chains are initiated. This process, often referred to as chain branch-

ing, greatly amplifies and broadcasts the effects of initiation: if not intercepted by

nonlipid molecules, a single initiating event can result in sequential oxidation of

literally hundreds of molecules in the primary chain and in secondary branching

chains, as shown in Figure 12. The net effect is a noticeable increase in measurable

oxidation, as seen in the monomolecular rate period (Figure 11).

Oxygen uptake remains slow and LOOH decomposes monomolecularly (Reac-

tions 62–64) during early stages of lipid oxidation as main chains are extending,

branches are developing, and hydroperoxide concentrations are low. However,

the process becomes more complicated as LOOH accumulates, e.g., in the presence

of lipoxygenase or the absence of decomposers at low temperature, in the dark, or

with metal chelation. At high [LOOH], i.e., greater than 1% oxidation (114), it has

been proposed that LOOH transition dimers form via hydrogen bonding and bimo-

lecular decomposition ensues, leading to greatly accelerated oxidation (277, 351):

2 LOOH LOOH...HOOL LO + H2O + OOL ð65Þ
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Now both alkoxyl and peroxyl radicals are present equally, and although LO� dom-

inates kinetically, LOO� still produces secondary chains. This shift can be seen gra-

phically in the dramatic increase in oxygen consumption rates and production of

LOOH in the bimolecular rate period (B) in Figure 11.

Does bimolecular decomposition actually occur? This mechanism has been

widely included in discussions of lipid oxidation, but it is also somewhat controver-

sial. Supporting the theory is the rapid O2 uptake and shift in product mix (352), as

well as the tendency of hydrophilic hydroperoxides to dimerize in nonpolar solu-

tions (353) (e.g., neat lipids) and at high concentrations where bimolecular decom-

position is thermodynamically favorable (less endothermic than unimolecular

homolysis) (353). Contradicting this are poor fits of oxidation kinetics for some

compounds (354). Possible sources of inconsistencies between studies include

the measures used to determine kinetics (appearance of product vs. loss of starting

material vs. oxygen consumption), specific assumptions made in deriving kinetic

equations, and particularly the nature of the oxidizing compound. The rate of reac-

tion increases and the fit of kinetic data improves with a decrease in C��H bond

dissociation energies and with increased chain length. For example, methyl oleate,

for which the oxidation kinetics are faster, has a better fit with bimolecular break-

down theory than either n-decene or ethyl benzene (355).

The latter observations with methyl oleate, together with thermodynamic consid-

erations and EPR evidence for free radical intermediates, suggest an alternative

explanation for the dramatic increase in oxidation rates once hydroperoxides

accumulate, namely that bimolecular decomposition may be specific to allylic

hydroperoxides and proceed via LOO� radical-induced decomposition rather than

by dissociation of hydrogen-bonded dimers (280). Reaction sequence 63 is analo-

gous to Reactions 49 and 50a, where one slowly reacting radical reacts with a

L2HO2 L3HO2 O2 L4H O2 L5H

L5

L2OO   +   H L3O   +   H2O   +   OOL4

L6H L7H L8H L9H L10H

L6 L7 L8 L9 L10

L2OOL2L1OOL1 L3OOL3 L4OOL4 etc
.

Branching chains

Main radical chain

L1OOH L2OOH L3OOH L4OOH+

L1O   +   OH

Figure 12. Chain propagation and branching in lipid autoxidation. The main chain starts at the

the ab initio radical, L�1, and is driven by cyclical addition of oxygen to form LOO �, then

abstraction of hydrogens to generate new propagating L� and product LOOH. Branching

reactions are secondary chains originating from radicals produced via a variety of LOOH

decompositions.
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nonpropagating hydroperoxide to generate three very reactive radicals—two LO�

and one �OH. The heavy arrows indicate the favored pathway.

LOO + R1 CH2 CH CH CH CH2-

OOH

R1 CH2 CH CH CH CH2-

LOO OOH

LO + R1 CH2 CH CH CH CH2-
O OOH

R1 CH2 CH CH CH CH2-

LOO O

+ OH

R1 CH2 CH CH CH CH2- + OH

O O

LO + R1 CH2 CH CH CH CH2-

O O

ð66Þ

Radical-induced decomposition is thermodynamically favorable (Ea¼ 37.5 kCal),

and is also more consistent with the characteristics of bimolecular initiation by

hydroperoxides originally proposed by Russell (356), the kinetics measured in lipid

oxidation systems, and significant epoxide products reported in many studies. Most

importantly, the radical-induced decomposition described in Reaction 63 provides a

powerful cascade of reactive radicals to fuel the very rapid increase in oxidation

during the bimolecular rate period.

3.4. Factors Influencing Propagation Pathways (abstraction vs.
scission reactions vs. rearrangement) of LOO� and LO�

The net lipid oxidation observed is a net sum of all the competing reactions occur-

ring in a given system:

LOO� Reactions LO� Reactions LOOH Reactions

b-scission of O2! isomers H abstraction Decomposition !
H abstraction Addition chain branching

Cyclization to epidioxides Cyclization to epoxides

Addition b-scission! fragment products

Dismutation

Hopefully, this chapter has made it clear that there is no fixed sequence of reac-

tion pathways for lipid oxidation. Rather, the pathways most active probably

change with reaction system, determined by the type and concentration of lipid,
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the solvent, phase distributions of catalysts, surface and interfaces, and numerous

other factors. As a consequence, no one standard assay will give a complete or

accurate picture of the progress of lipid oxidation. Indeed, one of the difficulties

in sorting out controlling factors is that so few lipid oxidation studies have analyzed

products quantitatively as well as qualitatively, and even fewer have measured mul-

tiple classes of products simultaneously. Several decades of detailed, painstaking

product analyses, as discussed above, have now provided a reasonably clear picture

of what kinds of compounds are generated during lipid oxidation, but we still need

coordinated quantitative analyses of all the classes of products to determine relative

contributions of the various pathways under specific reaction conditions. Such

information would tremendously improve our ability to tailor oxidation analyses

to individual systems as well as to design more effective antioxidant strategies.

Arguments have been presented in the literature that the structure and configura-

tion of the target molecule at the time of radical attack sterically and thermodyna-

mically establish the reaction mechanisms, whereas system conditions, particularly

temperature, have relatively little effect. Based on short-term oxidation of simple

alkenes, Van Sickle and coworkers (275, 357) proposed that the ratio of H abstrac-

tion to addition is determined by the alkene structure and is constant over a very

wide temperature range. There is some support for this position in the thermody-

namics of H abstraction vs. addition with different double bond structures

(Table 13). Clearly, doubly allylic hydrogens are the most susceptible to abstrac-

tion, and with this structure, H abstraction has a slight edge over addition most

of the time. Allylic hydrogens of isolated double bonds are less susceptible to

both H abstraction and addition, reflecting relatively low reactivity (as with oleic

acid). In contrast, the conjugated double bond is activated chemically as a result

of its extended resonance system: only in this structure is addition competitive

with H abstraction, and both reactions are strong. Thus, conditions that favor addi-

tion actually develop during lipid oxidation. Although addition is of little impor-

tance in early stages, it becomes quite important in secondary stages of oxidation

for linoleate and higher PUFAs. However, Van Sickle’s theory is not totally applic-

able to lipids because decades of research has shown quite clearly that system con-

ditions play a major role in determining which propagation mechanisms dominate

in lipid oxidation.

Reaction preferences in lipid oxidation have mostly been deduced from product

analyses; the few rate constants available for lipid reactions have been determined

TABLE 13. Ease of Oxyl Radical H Abstraction vs. Addition

for Different Double Bond Configurations. Data from (279).

�H abstraction �H addition

kcal/mol kcal/mol

RCH2CH��CHCH2R0 �15 �8

RCH��CH��CH��CHR0 �19 �20

RCH��CH��CH2��CH��CHR0 �26 �8
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in pulse radiolysis studies in the laboratories of Patterson (195–197, 358) and Bors

(194, 198, 261, 299, 308). Nevertheless, we can gain some insights from attempts to

determine relative contributions of H abstraction, rearrangements, radical additions,

and scissions in oxidation of small alkenes that lack the steric complications of fatty

acid chain length and polyunsaturation (206, 275, 312, 327, 336, 357). Relevant rate

constants are compiled in Table 14. The table includes all fatty acid reaction rates

available, and these are supplemented with rates from related compounds, primarily

tert-butyl and cumyloxyl radicals. This approach is justified because model systems

have shown that H abstraction rates are determined primarily by the bond strength

of the H being abstracted and are relatively independent of the R-group of the

abstracting oxy radicals (278). Also, tert-butyl peroxyl and alkoxyl radicals, as

well as the corresponding oxyl radicals of cumene, have been shown to be

reasonable models for unsaturated fatty acids (261, 299, 308, 332, 333). Therefore,

consideration of the comparative rate data that has accumulated in defined chemical

systems can help elucidate the logic of oxidation processes in lipids. Most critically,

it shows how we are usually looking at a totally different process when systems are

oxidized under different conditions, and our interpretations of product data and

designs of antioxidant strategies must recognize and account for alternative oxida-

tion pathways.

When searching for rate constants to support the product distributions identified

under different conditions of lipid oxidation begain, numbers were expected that

would establish a distinct kinetic hierarchy. Surprisingly, what is most apparent

from the rate constants in Table 13 is the lack of clear priority of any of the reac-

tions so that it becomes difficult to establish any ‘‘rules’’ for expected reactivity.

Rather, the dominant products in any given reaction must be specifically system

dependent. Some of the distinction between reactions may be blurred in ranges

of values encompassing multiple sources of oxyl radicals that only approximate

reactions of lipid radicals, and this argues for more research focused specifically

on lipid reactions. Nevertheless, several important patterns do emerge.

1. The literature has long noted that alkoxyl radical reactions were faster than

peroxyl radicals and that reaction rates increased with the solvent polarity.

The values in Table 13 reveal the magnitude of those differences—several

orders of magnitude in most cases.

2. Both peroxyl and alkoxyl radicals abstract hydrogens much faster from

hydroperoxides than from lipid allylic positions, a fact that has been little

appreciated previously and can have great consequences to oxidation kinetics

and product distributions.

3. There is a surprising lack of clear preference for one reaction over another,

except that H abstraction has a slight priority in general. Thus, most systems

should be expected to produce mixtures of products rather than a single class,

and only small modifications in reaction conditions (including extent of

oxidation) are sufficient to shift the balance between abstraction, cyclization,

and scission reactions, altering the product distribution.
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TABLE 14. Rate Constants for Competing Reactions of Lipid or Related Peroxyl and Alkoxyl Radicals.a

ROO� Reference LO� Reference

H abstraction, LH nonpolar organic <1–400 M�1s�1 88, 223, 247, 258, 359 104–107 M�1 s�1 197, 240, 327, 331

polar, aqueous 106–108 L M�1s�1 198

H abstraction, LOOH nonpolar organic 600 M�1s�1 223, 360 2.5� 108 M�1 s�1 307

polar, aqueous NA NA

Cyclization nonpolar organic 101–103 s�1 11, 247 104–105 s�1 307, 361

polar, aqueous NA NA

Addition nonpolar organic NA 104–108 M�1 s�1 258, 332

polar, aqueous NA NA

b-scission oleate 1–8 s�1 11, 250, 253 103–105 s�1 org 305, 327, 364

linoleate 27–430 s�1 11, 226 104–105 s�1 polar org 305, 327

106–107 s�1 aq 198, 328, 333

Dismutation nonpolar organic 106–109 L M�1s�1 192, 258, 354, 362, 363 109–1010 M�1s�1 361, 362, 364, 365

polar, aqueous 107–108 L M�1s�1 261 NA

oleate-OO� 106 M�1s�1 195, 196, 223

aData included authentic fatty acids whenever possible, plus primarily cumyl, tetralinyl, and t-butyl peroxyl and alkoxyl radicals.

NA: data not available.



At the risk of being redundant, let me summarize conditions that shift chain

propagation mechanisms in lipid oxidation:

a. Hydrogen abstraction from other fatty acid chains by LOO� and LO� is

favored under conditions providing close contact between lipid chains with-

out competition from other H sources—i.e., in aprotic environments such as

neat lipids and the lipid interior of membranes, where lipid chains are closely

associated. In solvents, H abstraction is favored at moderate lipid concentra-

tions where enough substrate is present to supply hydrogens. However, at low

lipid concentrations, cyclization or scission dominate, whereas at high concen-

trations, radical additions and recombinations become more important (279).

b. Hydrogen abstraction rates increase with solvent polarity and temperature—

but under these conditions, accelerated propagation of lipid oxidation as in (a)

must compete with H abstraction from solvent or other nonlipid sources and

also with increased rates of scission.

c. Cyclization is favored when oxygen is limited and abstractable hydrogens are

not available, i.e., in neat lipids, aprotic solvents, and low lipid concentra-

tions. Cyclization is facilitated by polyunsaturation, radical formation at

internal positions, and iron chlorides. As temperature increases, cyclization

diminishes in importance as a propagation mechanism because it is less

affected by temperature than other propagation processes and because

epidioxide peroxyl radicals have an increasing tendency to dimerize rather

than abstract hydrogens.

d. Scission is favored over H abstraction in polar protic solvents that provide the

protons necessary to stabilize the scission products, but an excess of water

shifts propagation to termination as protons for stabilization of secondary

products are drawn from nonlipid sources and increased hydrolysis yields

tertiary lipid oxidation products. Scission also increases markedly with

temperature as thermal energy facilitates bond rupture.

e. Propagation by addition is generally a minor reaction whenever hydrogen

sources are readily available, but increases when abstractable hydrogens

are limited in aprotic solvents, particularly when there is a conjugated double

bond. Thus, addition becomes more important once oxidation chains are

established. Addition also increases with lipid concentration, but under these

conditions it also must compete with increased rates of H abstraction.

All the pathways outlined above eventually lead to H abstraction to form inter-

mediate products that then breakdown to secondary products. Why, then, is the dis-

tinction between propagation mechanisms important, other than as an academic

exercise? The answer is that shifting among propagation pathways critically affects

the kinetics of oxidation, whether determined by oxygen consumption or appear-

ance of specific products, and can induce large differences in the ultimate mix of

products, particularly volatiles. This has several important implications and conse-

quences. The first is analytical. If the dominant pathway is not being monitored, an

332 LIPID OXIDATION: THEORETICAL ASPECTS



inaccurate picture of the rate, extent, and character of lipid oxidation is generated

and reactivity is misinterpreted. For example, when peroxide values alone are used

to follow oxidation under conditions favoring cyclization or scission, much of the

lipid change may be missed altogether. Second, changes in the product distributions

critically alter flavors and odors from lipid oxidation, and also the potential for

secondary effects such as nonenzymatic browning and reactions with proteins.

Finally, without information about dominant and active propagation pathways,

the most effective strategies for inhibition of the oxidation may not be applied.

For example, using only phenolic antioxidants in systems where scission is domi-

nant will probably not be sufficient to stop production of off-flavors and odors. To

achieve long-term stability, antioxidant approaches must be tailored specifically to

control all active propagation pathways.

4. TERMINATION

Termination is one of those nebulous handwaving terms used to imply that a pro-

cess is coming to a close. In lipid oxidation, ‘‘termination’’ is an even fuzzier con-

cept in that, from a practical standpoint, the lipid oxidation chains probably never

fully stop. In addition, a specific radical may be terminated and form some product,

but if this occurs by H abstraction or rearrangement, another radical is left behind

so the chain reaction continues. Net oxidation slows down when H abstractions or

other radical quenching processes exceed the rate of new chain production, but it

would be difficult indeed to totally stop the entire radical chain reaction. Thus, in

the discussion below, ‘‘termination’’ refers to an individual radical, not the overall

reaction.

Free radicals terminate to form nonradical products by four major mechanisms:

a. Radical recombinations

b. A variety of cleavage reactions when proton sources are present to stabilize

products

c. Co-oxidations of other molecules (radical transfer)

d. Eliminations

LOOH decompositions and rearrangements, sometimes listed as termination reac-

tions, are major sources of propagation LOO�, LO�, and �OH radicals, so were dis-

cussed previously in Section 3.3. The mechanisms dominating in a given system are

influenced by the nature and concentration of the radicals, the oxygen pressure, and

the solvent.

4.1. Radical Recombinations

The number of variations possible for radical recombination is nearly limitless, and

this accounts, in part, for the broad range of oxidation products detected in lipid
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oxidation. Nonetheless, recombinations are not random, and distinct patterns of

favored recombinations have been identified.

Temperature and oxygen pressure are key determinants of radical recombina-

tion pathways. As shown in the well-known curves of Figure 13 (114, 115), L�

reactions dominate under low oxygen (pO2¼ 1 to about 80–100 mm Hg)

and high temperature (reduced O2 solubility) conditions, high pO2 favors

LOO� reactions (more likely additions than recombinations), and LO� contribu-

tions to the product mix dominate when LOOH or LOO� decompositions are fas-

ter than their formation, i.e., in secondary stages of oxidation and at moderate

temperatures and oxygen pressures (15). These oxygen effects on product distri-

butions are indeed striking, but they should not be misconstrued as the only role

of oxygen. Oxygen plays critical and complex roles in all three stages of lipid

oxidation—initiation, propagation, and termination—although the effects are

different in each stage (363), as was implied in discussion of Sections 2 and 3

above.

4.1.1. Peroxyl Radicals Secondary peroxyl radicals, as are found in most lipid

acyl chains, recombine rapidly (2k¼ 108-109 M�1s�1) (192, 362) to form a variety

of products, including alcohols and ketones (Reaction 67) (361, 362, 366), ketones

and alkanes (Reaction 68) (60, 292), or acyl peroxides and peroxyl radicals (Reac-

tion 69) (264, 367, 369). The alcohols thus produced are indistinguishable from H

abstraction products of an original LO�, but the ketones and dialkyl peroxides are

unique to recombination reactions. As any R3OO� and RO� released from Reaction

68 or Reaction 69a react further, peroxyl radical recombinations also have the

potential for propagating lipid oxidation (Section 3.1.4).
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Figure 13. Effects of oxygen and temperature on termination processes in lipid oxidation.

Adapted (114).
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Whether radical or nonradical products dominate depends on the nature of the

peroxyl radical, the solvent, and the temperature (292). The self-reaction is facili-

tated in neat oils or aprotic solvents where high LOO� concentrations can accumu-

late and H abstraction from external molecules is limited; such LOO�

recombinations have been extensively cited as the dominant termination product

under high pO2 conditions. Thus, it is surprising that in reality, LOO� recombina-

tion is a major reaction only for oleic acid where the reaction is relatively slow

(2k¼ 1–10� 106 M�1 sec�1) (223) even though there are fewer competing reac-

tions (192). Some evidence for Russell mechanism in oxidizing linoleic acid has

been presented (367, 368). However, in the higher PUFAs, there is a much stronger

tendency toward internal rearrangements to epoxides, etc. (369), as has been

discussed above, and the LOO� disappears very rapidly by other reactions

[2k¼ 107 L mol�1 sec�1 for L and Ln (196); 2k¼ 4.8� 108 mol�1 sec�1 for An

(192)]. LOO� still forms crosslinks, but via addition reactions rather than peroxyl

recombinations.

The a-hydrogen is particularly important for stabilizing products, so secondary

ROO� or LOO� (Reaction 67) terminate 100–500 times faster than tertiary ROO�

(Reaction 68) (240, 360–362, 364). In oleic acid, most peroxyl radicals are sec, but

tert peroxyl radicals may derive in secondary oxidations of scission products. This

may explain why oleic acid produces Russell products, although in lesser amounts

than would be expected (253). Tertiary ROO� produce ketones and release new pri-

mary peroxyl radicals that can initiate radical chains, rearrange, or be quenched by

solvent (294).

There is considerable controversy over whether and how the Russell Mechanism

involving tetroxide intermediates (107) actually occurs in lipids, and whether

the oxygen is released as 1O2. In early work, Ingold proposed that the Russell

mechanism (Reaction 69) was the most important termination process for sec
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peroxyl radicals (223), and the mechanism has been widely invoked. Nevertheless,

although the ketone and alcohol products are found in reactions of small primary

peroxyl radicals (366), the prescribed O2 elimination and alcohol-ketone nonradical

products have not always been observed with more complicated lipid peroxyl radi-

cals (367, 370–372). Indeed, Reactions 67 and 68 are probably unimportant at room

temperature where 80–90% of the ROO� ends up as RO� and < 20% of total reac-

tion leads to nonradical products (292). Thus, as long as pO2 is not limiting, LOO�

recombination is more active as a propagating reaction than in termination to non-

radical species. However, as the temperature increases, this proportion reverses

as b-scission of oxygen from LOO� predominates and LOO� concentrations are

decreased below the level required for effective self-reaction (292, 366). Under

these conditions, the reaction more likely proceeds via the stepwise radical addition

process (Reaction 70) proposed as a general alternative to the Russell mechanism (277).

It should be noted that the tetroxide intermediate proposed as the mechanism for

peroxyl radical disproportionation remains somewhat controversial. If it exists, it

has been argued that the oxygen should be released as 1O2 to avoid spin restrictions

(291). Some studies claim to have detected 1O2 from lipid hydroperoxides (366),

but the evidence has not been conclusive. One of the difficulties in determining

when 1O2 is produced is that O2
�� reduces singlet oxygen when water sufficient

to provide a hydration shell of five water molecules is present (373).

4.1.2. Alkoxyl and Alkyl Radical Recombinations A wide variety of alkoxyl

and alkyl radical recombinations have been proposed to explain lipid oxidation pro-

ducts observed in model reaction systems and in food or biological materials. Many

are hypothetical, based on detailed studies with simple compound, but not necessa-

rily verified in lipid oxidation. Nevertheless, the radical recombinations outlined

below do provide a pathway to products not generated in the reactions already dis-

cussed. Obviously, recombinations lead to polymers. Perhaps just as importantly,

however, recombinations of the fragment radicals formed in a and b scissions of

alkoxyl radicals generate low levels of volatile compounds and flavor components

that augment those produced in scission reactions and provide the undertones and

secondary notes that round out flavors (340).

R1O R2O R1OOR2+ dimer peroxides ð71Þ

R1O R2 R1OR2+ eathers ð72Þ

ketones, alkanesR1 CH R2

O

R+ R1 C R2

O

RH+ ð73Þ

R1 CH R2

O

RO R1 C R2

O

ROH ketones, alcohols+ + ð74Þ

R1 R2 R1 R2 alkane polymers+ ð75Þ
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There is little data available to provide a quantitative sense of the contribution of

these radical recombinations to the overall mix of lipid oxidation products. The

rates of recombinations generally follow the energy of the dimer bond formed

(198, 305, 323):

Bond E Rate Constant (M�1 sec�1)

R� þR� 80–90 1010–1011

R� þRO� 80–90 1010–1011

RO� þRO� 35–40 107–109

That lipid alkoxyl radicals recombine (Reaction 71) at diffusion controlled rates

(k¼ 109 M�1s�1) (198, 305) probably accounts for the presence of low levels of

peroxides even under mild conditions and low levels of oxidation. In one study, oxi-

dation of linoleic acid at 30C gave��C��O��O��C�� dimers. Reactions 71–73 were

found in linolenic acid oxidized under mild conditions to PV 585; this increased

to > 50% at PV 4000 and to > 75% after heating to 40C (276). Alkoxyl radicals

from hydroperoxyepidioxides heated at 40C generated > 90% dimers (276).

The reactivity described in the reactions above was determined in neat oils.

When oils are in polar solvents or dilute solution in nonpolar solvents, b-scission

dominates and radical recombinations are probably unimportant.

4.2. Scission Reactions

b-scissions of alkoxyl radicals are the major source of aldehyde products in lipid

oxidation. As discussed in Section 3.2.4, a major aldehyde product and a propagat-

ing radical are formed via scission of the initial alkoxyl radical in a fatty acid. How-

ever, products continue to form as unsaturated radical fragments oxidize and

undergo secondary scissions to produce carbonyls and alkanes of shorter chain

length (224), secondary products that contribute dramatically to the characteristic

odors and flavors associated with lipid oxidation. In fact, most evidence suggests

that initial oxidation primes fatty acids for additional attack—i.e., oxidation con-

tinues on the same molecules rather than randomly attacking new ‘‘virgin’’ acyl

chains. The increased susceptibility to oxidation derives both from conjugation

and secondary products that oxidize more easily than the parent fatty acids. It is,

therefore, not surprising that identifying products of scission reactions of hydroper-

oxides and various radicals has been the subject of so much research (3, 8, 232, 273,

290, 314, 341, 345, 347–349, 374, 375).

Review of all the scission reactions responsible for the hundreds of volatile pro-

ducts in lipid oxidation is beyond the scope of this chapter. The reader is referred to

the available reviews (3, 314, 340, 341, 347) for further details. The scission pattern

of hydroperoxide epidioxides from linoleic acid is included here to show how the

decompositions can become quite complex (Figure 14), and lists of typical products

resulting from scission reactions of oleic, linoleic, and linolenic acids are presented

in Table 12.
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Figure 14. Secondary scissions of intermediate products make important contributions to the

total mix of compounds generated during lipid oxidation, shown here for linoleic acid and esters.

Top: Oxidation and subsequent scission of radicals released in scissions of initial alkoxyl radicals

augment some of the original scission aldehydes, although by different routes, and produce

some different compounds as well, including the pentyl furan responsible for reversion flavor in

oils. Similarly, decomposition of epidioxides formed during photosensitized oxidation of linoleate

increase yields of major aldehydes and also produce longer chain aldehydes. Adapted from

(273, 314).
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This discussion would be incomplete without some mention of the most notor-

ious scission product of lipid oxidation, namely malondialdehyde (MDA). MDA is

a downstream scission product from five-membered cyclic hydroperoxides, which

can only be formed in linolenic and higher fatty acids (376, 377). Reaction 76

shows only one positional isomer of malonaldehyde, although at least four perox-

ides give comparable structures (376). Thus, formation of MDA first requires

appropriate conditions to generate cyclic peroxide precursors (251), i.e., internal

hydroperoxides, aprotic solvents, low lipid concentrations, and limited oxygen

pressures. Then conditions for cleavage of the endoperoxide must be supplied,

usually mild heat and acid (374). Yields of authentic MDA determined by GC-

MS in autoxidized fatty acids are usually less than 0.1% (374, 378), although up

to 5% MDA was found in photosensitized fatty acids (374) in which internal hydro-

peroxides are formed in high concentrations.

O
O

(CH2)3COOR
C5H11

OOH

H+ or ∆

O
O

(CH2)3COOR
C5H11

OOH

O

(CH2)3COOR
C5H11

OOH

O
+

ð76Þ

4.3. Co-Oxidations with Non-Lipid Molecules

Lipid alkoxyl and peroxyl radicals abstract H’s from any available sources, includ-

ing nonlipid molecules such as amino acids (346, 379–382), proteins (99, 383, 384),

nucleic acids (385, 386), antioxidants (318), carotenoids and other pigments, and

even carbohydrates (387). As was noted in the discussion above (Sections 3.1.1

and 3.2.1), this quenches the lipid radical and stops propagation of the immediate

radical chain. However, there is increasing evidence that the radicals transferred to

proteins and carbohydrates, in particular, may follow processes similar to lipids,

i.e., add oxygen to form peroxyl radicals that abstract H’s and initiate new radical

chains. In this way, lipids serve to ‘‘broadcast’’ oxidation damage to other mole-

cules in foods and biological systems (186, 390).

What is important in the context of termination reactions is that radicals formed

in nonlipid molecules combine with lipid radicals to generate co-oxidation products

(Reactions 77 and 78) that provide footprints of LOOH reactions (389) and

should not be ignored in consideration of lipid oxidation kinetics, mechanisms,
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and overall effects in foods and biological systems. Co-oxidation products

limit extractability of lipids for analysis and, in addition, often remove lipids

from product streams normally analyzed. Consequently, these products have

probably been severely underestimated in studies of lipid oxidation in complex

systems.

Cysteine (379, 380)

RSH

OH

OH HS
COOH

O

O

NH2

LO

LOO
+ +

LOH

LOOH

RS-OOL, RS-OL, RS-epoxy-L adducts

eg.

RS
ð77Þ

ð77aÞ

LO

LOO
+ +

LOH

LOOH

>NH >N

−NH

N OOL, N OL adducts

−NH2 ð78Þ

ð78aÞ

Lipid radical transfer has been demonstrated for trp, arg, his, and lys (99, 383,

384), all of which have reactive N groups on their side chains, and radical decom-

position products from these amino acids have been identified (381, 382, 390). Tyr-

osine and methionine degradation by oxidizing lipids has also been demonstrated

(390), but the intermediate radicals in the reaction may be too unstable for detec-

tion. Lipid radical adducts to amino acids are important flavor precursors (340) and

also may play critical roles in pathological processes in vivo (186, 388).

4.4. Elimination Reactions

HO� and HOO� can be eliminated from LOOH, respectively yielding an internal

carbonyl (ketone) (Reaction 79a) and a desaturated product with an additional

double bond (Reaction 79b) (391, 392). These are not major reactions, but never-

theless account for some of the lipid oxidation products identified under various

conditions.
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5. EXPANDED INTEGRATED REACTION SCHEME

The classic free radical chain reaction mechanism used for more than five decades

to understand and track oxidation reactions was developed from product analyses

that were somewhat crude compared with the sophisticated chromatography and

spectroscopy available today. The reaction scheme is not wrong, but it may be

incomplete, at least for complex molecules such as polyunsaturated fatty acids.

Current information raises questions about the literal application of the classic

free radical chain sequence to lipid oxidation. Observed products do not match

those predicted: Many studies have now shown that hydroperoxides are not exclu-

sive products in early stages and lipid alcohols are not even major products after

hydroperoxide decomposition. Product distributions are consistent with multiple

pathways that compete with each other and change dominance with reaction con-

ditions and system composition. Rate constants show no strong preference for H

abstraction, cyclization, addition, or scission, which partially explains the mixture

of products usually observed with oxidizing lipids. It could be argued that the reac-

tions in Figure 1 accurately describe early processes of lipid oxidation, but LOO�

rate constants considerably higher for cyclization than for abstraction contradict

this.

The picture emerging from integration of all these observations is that lipid oxi-

dation has multiple pathways available and that the balance of pathways taken in a

given system depends on solvent, fatty acid composition and concentration, initia-

tion mechanisms and catalysts present, temperature, oxygen pressure, and espe-

cially on availability of abstractable hydrogens from lipids and other sources.

These multiple pathways must be considered in determining appropriate analyses

for lipid oxidation, designing more effective strategies for stabilization of foods

where lipid oxidation is a major mode of deterioration, and understanding how lipid

oxidation may mediate pathological processes in vivo.

Therefore, a new integrated paradigm for lipid oxidation is proposed in which

the major alternative pathways are added to the classic free radical chain

(Figure 15). The traditional reaction sequence involving hydrogen abstractions is

presented vertically down the center of the scheme because most radicals formed

in alternative reactions ultimately abstract hydrogens to propagate the chain. This is

the core of the oxidation process. Pathways that compete with H abstraction are
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shown for both peroxyl and alkoxyl radicals, and the H abstractions that are asso-

ciated with these alternative reactions and propagate the oxidation chain are either

designated specifically (dotted lines) or implied in the production of reactive radi-

cals. Cyclization and addition yield intermediate products with radicals at new sites.

These radicals can add oxygen and form peroxides that either enter the traditional

H abstraction flow, designated by the dotted lines, or undergo further addition

LO• + OH– + M(n+1)+HO• + •OL

+/-
Elec

tro
n tra

nsfe
r

AN INTEGRATED SCHEME FOR LIPID OXIDATION

L•

LOO•

LOOH

LH

O2

Hydrogen abstraction
from LH or RH

β -Scission of O2
Isomerization

Cis → trans

Cyclization

LOO+ or LOO–

H+ Epoxides-•

Scis
sio

n

C
yc

liz
at

io
n

H abstraction

C
=C

A
dd

iti
o

n

Mn+hν ∆

E, 1 e– oxidation

Epidioxides-•,
Endoperoxides-•Dimers-•

Polymers

Addition

Cyc
liz

atio
n

LOH + L•

Epoxides-•

+
LO•

Epoxides
(Hydroxy-, hydroperoxy- )

Polymers

R
ecom

bination

Peroxides,
ketones

Scission

Aldehydes
Alkanes,
Oxo cmpds.,

Scission
radicals •

Secondary oxidations

Dimers

O2

O2

O2-CH=CH- addition

Figure 15. Integrated scheme for lipid oxidation accounting for multiple reactions pathways

competing with the classic hydrogen abstraction. Dotted lines indicate paths for oxygen addition

to secondary radicals formed in cyclic and addition products, with formation of new peroxyl

radicals.
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or scission reactions outside the traditional scheme. Some of the products resulting

from these alternative pathways are the expected aldehydes, etc., but some are not.

Thus, alternative reaction paths increase the complexity of both the kinetics and the

product mix of lipid oxidation. In addition, an attempt has been made to distinguish

termination of individual radicals from termination of the oxidation chain by

including side radicals produced in each reaction. Products are generated by oxida-

tion and have impacts on the system, whether food or biological, but the process

nevertheless continues. Any radical deriving during lipid oxidation has the potential

to start a separate chain of its own, equivalent to the entire reaction scheme. This

approach more accurately portrays the perpetuity of lipid oxidation reactions in the

absence of antioxidants or interceptors.

This integrated scheme is a first step to broader recognition of the complexities

of lipid oxidation and should be considered a work in progress. The lack of rate

constants for lipid reactions, in itself, shows there is still much that we do not

know, and factors shifting the balance between pathways are only beginning to

be understood. The past twenty years have brought great progress in our under-

standing of the details of lipid oxidation reactions, and increasing sophistication

and sensitivity of analytical techniques promise to advance our knowledge even

faster in the next few years. Demands for increased stability in foods and control

of lipid oxidation in vivo will force us to look beyond the traditional hydroperox-

ides and consider the multiple pathways and products that may contribute critically

to system deterioration and toxic side reactions.

Hopefully, this chapter will stimulate and encourage broader consideration

of the multiple pathways of lipid oxidation, as well as more collaborative

research between food chemists, biochemists, and organic chemists to obtain the

reaction details that will ultimately be needed to control lipid oxidation in any

system.
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Lipid Oxidation:

Measurement Methods
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1. INTRODUCTION

Dietary lipids, naturally occurring in raw food materials or added during food

processing, play an important role in food nutrition and flavor. Meanwhile, lipid

oxidation is a major cause of food quality deterioration, and has been a challenge

for manufacturers and food scientists alike. Lipids are susceptible to oxidative

processes in the presence of catalytic systems such as light, heat, enzymes, metals,

metalloproteins, and micro-organisms, giving rise to the development of off-flavors

and loss of essential amino acids, fat-soluble vitamins, and other bioactives. Lipids

may undergo autoxidation, photo-oxidation, thermal oxidation, and enzymatic

oxidation under different conditions, most of which involve some type of free radi-

cal or oxygen species (1, 2). Among these, only autoxidation and thermal oxidation

are discussed here in detail.

Autoxidation is the most common process leading to oxidative deterioration and

is defined as the spontaneous reaction of atmospheric oxygen with lipids (3). The

process can be accelerated at higher temperatures, such as those experienced during

deep-fat frying, which is called thermal oxidation, with increases in free fatty acid

and polar matter contents, foaming, color, and viscosity (4). Unsaturated fatty acids
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are generally the reactants affected by such reactions, whether they are present as

free fatty acids, triacylglycerols (as well as diacyglycerols or monoacylglycerols),

or phospholipids (3). It has been accepted that both autoxidation and thermal

oxidation of unsaturated fatty acids occurs via a free radical chain reaction that

proceeds through three steps of initiation, propagation, and termination (5). A

simplified scheme explaining the mechanism of autoxidation is given below:

As oxidation normally proceeds very slowly at the initial stage, the time to reach a

sudden increase in oxidation rate is referred to as the induction period (6). Lipid

hydroperoxides have been identified as primary products of autoxidation; decom-

position of hydroperoxides yields aldehydes, ketones, alcohols, hydrocarbons, vola-

tile organic acids, and epoxy compounds, known as secondary oxidation products.

These compounds, together with free radicals, constitute the bases for measurement

of oxidative deterioration of food lipids. This chapter aims to explore current

methods for measuring lipid oxidation in food lipids.

2. METHODS FOR MEASURING LIPID OXIDATION

Numerous analytical methods are routinely used for measuring lipid oxidation in

foods. However, there is no uniform and standard method for detecting all oxidative

changes in all food systems (7). Therefore, it is necessary to select a proper and

adequate method for a particular application. The available methods to monitor

lipid oxidation in foods can be classified into five groups based on what they mea-

sure: the absorption of oxygen, the loss of initial substrates, the formation of free

radicals, and the formation of primary and secondary oxidation products (8). A

number of physical and chemical tests, including instrumental analyses, have

been employed in laboratories and the industry for measurement of various lipid

oxidation parameters. These include the weight-gain and headspace oxygen uptake

method for oxygen absorption; chromatographic analysis for changes in reactants;
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iodometric titration, ferric ion complexes, and Fourier transform infrared (FTIR)

method for peroxide value; spectrometry for conjugated dienes and trienes, 2-thio-

barbituric acid (TBA) value, p-anisidine value (p-AnV), and carbonyl value;

Rancimat and Oxidative Stability Instrument (OSI) method for oil stability index;

and electron spin resonance (ESR) spectrometric assay for free-radical type and

concentration. Other techniques based on different principles, such as differential

scanning calorimetry (DSC) and nuclear magnetic resonance (NMR), have also

been used for measuring lipid oxidation. In addition, sensory tests provide subjec-

tive or objective evaluation of oxidative deterioration, depending on certain details.

3. MEASUREMENT OF OXYGEN ABSORPTION

3.1. Weight Gain

Consumption of oxygen during the initial stage of autoxidation results in an

increase in the weight of fat or oil, which theoretically reflects its oxidation level.

Heating an oil and periodically testing for weight gain is one of the oldest methods

for evaluating oxidative stability (9). This method requires simple equipment and

directly indicates oxygen absorption through mass change. Oil samples are weighed

and stored in an oven at a set temperature with no air circulation. To avoid the influ-

ence of mass change by volatiles, samples can be preheated in an inert atmosphere.

Samples are then taken out of the oven at different time intervals, cooled to ambient

temperature, and reweighed; the weight gain is then recorded. The induction period

can be obtained by plotting weight gain against storage time. In some cases, the

time required to attain a 0.5% weight increase is taken as an index of oil stability

(7, 9, 10).

As a physical method for measuring lipid oxidation, the weight-gain method has

several drawbacks such as discontinuous heating of the sample, which may give rise

to non-reproducible results, and requiring long analysis time and intensive human

participation (7). Nevertheless, this method offers advantages such as low instru-

mentation cost as well as a high capacity and processing speed of samples without

limitation (7). Antolovich et al. (9) suggested that this technique may be extended

to more sophisticated continuous monitoring of mass and energy changes as in ther-

mogravimetry (TG)/differential scanning calorimetry (DSC). The weight-gain

method can also be used for measuring antioxidant activity by comparing the

results in the presence and absence of an antioxidant. Nevertheless, this method

is useful only when highly unsaturated oils, such as marine oils and vegetable

oils containing a high content of polyunsaturated fatty acids, are examined.

3.2. Headspace Oxygen Uptake

In addition to the weight-gain method, oxygen consumption can be measured

directly by monitoring the drop of oxygen pressure. Using headspace oxygen meth-

od, an oil sample is placed in a closed vessel also containing certain amount of oxy-

gen at elevated temperatures, commonly around 100�C. The pressure reduction in
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the vessel, which is due to the oxygen consumption, is monitored continuously and

recorded automatically. The induction period as the point of maximum change in

rate of oxygen uptake can be calculated (11). A commercial instrument for this

method, known as Oxidograph, is available. In the Oxidograph, the pressure change

in the reaction vessel is measured electronically by means of pressure transducers

(7, 12).

Oxygen consumption can also be measured by electrochemical detection of

changes in oxygen concentration. However, the analysis of the graphical data

obtained has been the bottleneck for this technique. The use of a semiautomatic

polarographic method has been proposed as an improvement for evaluation of lipid

oxidation by determination of oxygen consumption (13). As described by Genot

et al. (13), this method is based on use of two oxygen meters with microcathode

oxygen electrodes, coupled to a computerized data collection and processing unit.

The headspace oxygen method is simple and reproducible and may be the best

analytical method to evaluate the oxidative stability of fats and oils (14). Its appli-

cation in measurement of lipid oxidation in food products other than fats and oils,

however, is limited because protein oxidation also absorbs oxygen (15).

4. MEASUREMENT OF REACTANT CHANGE

Lipid oxidation can also be assessed by quantitatively measuring the loss of initial

substrates. In foods containing fats or oils, unsaturated fatty acids are the main

reactants whose composition changes significantly during oxidation. Changes in

fatty acid composition provide an indirect measure of the extent of lipid oxidation

(15). In this method, lipids are extracted from food, if necessary, and subsequently

converted into derivatives suitable for chromatographic analysis (7). Fatty acid

methyl esters (FAME) are the derivatives frequently used for determination of fatty

acid composition, usually by gas chromatography (GC) (16). Similarly, iodine

value, which reflects the loss of unsaturation, can also be used as an index of lipid

oxidation (17).

Measurement of changes in fatty acid composition is useful for identification of

lipid class and fatty acids that are involved in oxidation reactions (7). However,

because the distribution of unsaturated fatty acids varies in different food systems,

for instance, the highly unsaturated fatty acids being located predominantly in

phospholipids of muscle foods, separation of lipids into neutral, glycolipid, phos-

pholipid, and other classes may be necessary (7, 15). Moreover, it is an insensitive

way of assessing oxidative deterioration. For comparison through calculation, oxi-

dation of 0.4% polyunsaturated fatty acids to monohydroperoxides would represent

a change of 16 meq oxygen/kg oil in peroxide value, whereas a change of less than

1.0 meq oxygen/kg oil could readily be detected by measuring peroxide value (12).

Additionally, the application of this method is limited because of its inability

to serve as an indicator of oxidation of more saturated lipids (7). Nevertheless,

its usefulness for measuring oxidation of highly unsaturated oils cannot be

underestimated.
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5. MEASUREMENT OF PRIMARY PRODUCTS OF OXIDATION

5.1. Peroxide Value (PV)

Lipid oxidation involves the continuous formation of hydroperoxides as primary

oxidation products that may break down to a variety of nonvolatile and volatile

secondary products (8, 15). The formation rate of hydroperoxides outweighs their

rate of decomposition during the initial stage of oxidation, and this becomes

reversed at later stages. Therefore, the peroxide value (PV) is an indicator of the

initial stages of oxidative change (18). However, one can assess whether a lipid

is in the growth or decay portion of the hydroperoxide concentration by monitoring

the amount of hydroperoxides as a function of time (7).

Analytical methods for measuring hydroperoxides in fats and oils can be classi-

fied as those determining the total amount of hydroperoxides and those based on

chromatographic techniques giving detailed information on the structure and the

amount of specific hydroperoxides present in a certain oil sample (8). The PV repre-

sents the total hydroperoxide content and is one of the most common quality indi-

cators of fats and oils during production and storage (9, 18). A number of methods

have been developed for determination of PV, among which the iodometric titra-

tion, ferric ion complex measurement spectrophotometry, and infrared spectroscopy

are most frequently used (19).

5.1.1. Iodometric Titration Method Iodometric titration assay, which is based

on the oxidation of the iodide ion (I�) by hydroperoxides (ROOH), is the basis of

current standard methods for determination of PV (9). In this method, a saturated

solution of potassium iodide is added to oil samples to react with hydroperoxides.

The liberated iodine (I2) is then titrated with a standardized solution of sodium thio-

sulfate and starch as an endpoint indicator (7, 9, 20). The PV is obtained by calcu-

lation and reported as milliequivalents of oxygen per kilogram of sample (meq/kg).

The official determination is described by IUPAC (21). Chemical reactions involved

are given below:

ROOHþ 2Hþ þ 2KI! I2 þ ROHþ H2Oþ 2Kþ

I2 þ 2NaS2O3 ! Na2S2O6 þ 2NaI

Although iodometric titration is the most common method for measurement of PV,

it suffers from several disadvantages. The procedure is time-consuming and labor-

intensive (18). As described by Ruiz et al. (18), the assay includes six steps: accu-

rate weighing of the sample, dissolution of lipids in chloroform, acidification with

acetic acid, addition of potassium iodide, incubation for exactly 5 minutes, and

titration with sodium thiosulfate. This technique requires a large amount of sample

and generates a significant amount of waste (18, 22, 23). Furthermore, possible

absorption of iodine across unsaturated bonds and oxidation of iodide by dissolved

oxygen are among potential drawbacks of this method (7, 9). Besides, lack of sen-

sitivity, possible interferences, and difficulties in determining the titration endpoint
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are also the main limitations (8, 23). To overcome these drawbacks, novel methods

based on the same reaction have been developed, in which some other techniques

are adopted as modification of the classical iodometric assay. Techniques such as

colorimetric determination at 560 nm (24), potentiometric endpoint determination

(25), and spectrophotometric determination of the I�3 chromophore at 290 nm or

360 nm (26, 27) have been proposed. In addition, an electrochemical technique

has been used as an alternative to the titration step in order to increase the sensitiv-

ity for determination of low PV by reduction of the released iodine at a platinum

electrode maintained at a constant potential (7).

5.1.2. Ferric Ion Complexes Other chemical methods based on the oxidation of

ferrous ion (Fe2þ) to ferric ion (Fe3þ) in an acidic medium and the formation of

iron complexes have also been widely accepted. These methods spectrophotometri-

cally measure the ability of lipid hydroperoxides to oxidize ferrous ions to ferric

ions, which are complexed by either thiocyanate or xylenol orange (23, 28, 29).

Ferric thiocyanate is a red-violet complex that shows strong absorption at 500–

510 nm (8). The method of determining PV by coloremetric detection of ferric thio-

cyanate is simple, reproducible, and more sensitive than the standard iodometric

assay, and has been used to measure lipid oxidation in milk products, fats, oils,

and liposomes (8, 23).

The ferrous oxidation of xylenol orange (FOX) assay uses dye xylenol orange to

form a blue-purple complex with a maximum absorption at 550–600 nm (8). This

method is rapid, inexpensive, and not sensitive to ambient oxygen or light (30). It

can consistently quantify lower hydroperoxide levels; and good agreement exists

between the FOX assay and the iodometric method (30). The FOX method has

been successfully adapted to a variety of applications. However, because many fac-

tors, such as the amount of sample, solvent used, and source of xylenol orange, may

affect the absorption coefficient, knowledge of the nature of hydroperoxides present

in the sample, and careful control of the conditions used are required for accurate

measurements (8).

5.1.3. Fourier Transform Infrared Spectroscopy (FTIR) It has been recog-

nized that hydroperoxides can quantitatively be determined by IR spectroscopy

via measurement of their characteristic O-H stretching absorption band (31). An

absorption band at about 2.93 mm indicates the generation of hydroperoxides,

whereas the replacement of a hydrogen atom on a double bond or polymerization

accounts for the disappearance of a band at 3.20 mm. The formation of aldehydes,

ketones, or acids gives rise to an extra band at 5.72 mm. Furthermore, cis-, trans-

isomerization and formation of conjugated dienes can be detected through the

changes in the absorption band in the range of 10 mm to 11 mm (7).

A rapid Fourier transform infrared spectroscopy (FTIR) method based on the

stoichiometric reaction of triphenylphosphine (TPP) with hydroperoxides has

been developed and successfully applied to determination of PV of edible oils

(32). The hydroperoxides present in oil samples react stoichiometrically with

TPP to produce triphenylphosphine oxide (TPPO), which has an intense absorption
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band at 542 cm�1 in the mid-IR spectrum (8, 18). The band intensity is measured

and converted to peroxide value. The chemical reaction involved is given below:

ROOHþ TPP�!TPP¼Oþ ROH

By using tert-butyl hydroperoxide spiked oil standards and evaluation of the band

formed at 542 cm�1, a linear calibration graph covering the range of 1–100 PV was

obtained (18). More recently, disposable polymer IR (PIR) cards have been used as

sample holders where unsaturated oil samples oxidize at a fairly rapid rate (33). In

the FTIR/PIR card method, warm air continuously flows over the sample allowing

oxidation to be monitored at moderate temperatures. At periodic intervals, indivi-

dual cards are removed and the FTIR spectra scanned (33). Another new FTIR

approach uses flow injection analysis (FIA), which offers exact and highly repro-

ducible timing of sample manipulation and reaction as well as a closed environment

with oxygen and light being easily excluded (18).

The FTIR spectroscopy is a simple, rapid, and highly precise method. It shows

excellent correlation with the iodometric method and avoids the solvent and reagent

disposal problems associated with the standard wet chemical method (18, 32). The

FTIR method provides an automated, efficient and low-cost means of evaluating

oxidation in oils undergoing thermal stress and has gained considerable interest

for quality control in the industry (8, 20, 34). However, there is a need to charac-

terize the spectral changes, assign wavelengths to more common molecular species

produced, and access potential spectral cross interferences (20). Recently, an

improved Fourier transform infrared attenuated total reflectance (FTR-ATR) meth-

od using the whole FTIR spectral data instead of particular wavenumbers has been

proposed (34).

In addition to the three major methods discussed above, other techniques have

also been employed in determination of PV, such as chemiluminescence and chro-

matography. Chemiluminescence method is based on detecting the chemilumines-

cent products generated during the reaction of hydroperoxides with substances such

as luminol and dichlorofluorescein (7, 35). This method was reviewd by Jimenez

et al. (36). High correlations have been found between chemiluminescence and

other standard methods, indicating that chemuliminescence could serve as an accu-

rate tool for determination of PV (37). However, this method has low sensitivity to

tert-butyl hydroperoxide, tert-butyl perbenzoate, diacyl peroxides, and dialkyl per-

oxides (35). Chromatographic techniques, mainly gas chromatography (GC) and

high-performance liquid chromatography (HPLC), have also been employed for

evaluation of lipid oxidation. These methods provide information about specific

hydroperoxides, whereas other assays measure their total amount. Chromatographic

methods require small amounts of sample, and interference from minor compounds

other than hydroperoxides can be easily excluded (8). HPLC shows advantages over

GC and has become a popular technique for hydroperoxide analysis. It operates at

room temperature, thus decreases the risk of artifact formation, and no prior deri-

vatization is required (8). A wide range of hydroperoxides can be analyzed using

either normal or reverse-phase HPLC. Thus, hydroperoxides, the primary products
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and intermediates in lipid oxidation reaction, provide an important parameter for

evaluation of oxidation level. In addition, the inhibition of formation or action of

these unstable species by antioxidants can be used as a means of assessing antiox-

idant activity (9). Measurement of hydroperoxides is also carried out in accelerated

tests to establish the oxidative stability of a given oil. A case in point is the active

oxygen method (AOM), in which air is bubbled through fat or oil held at 98–100�C
and PV is determined periodically (7, 38). The time required to reach a PV of 100

meq/kg is the AOM stability of the oil sample (7). This method is now considered

outdated and is replaced by other standard methods in the industry, although

product specifications still routinely give AOM values (38).

5.2. Conjugated Dienes and Trienes

It was discovered in 1933 that the formation of conjugated dienes in fats or oils

gives rise to an absorption peak at 230–235 nm in the ultraviolet (UV) region. In

the 1960s, monitoring diene conjugation emerged as a useful technique for the

study of lipid oxidation (9). During the formation of hydroperoxides from unsatu-

rated fatty acids conjugated dienes are typically produced, due to the rearrangement

of the double bonds. The resulting conjugated dienes exhibit an intense absorption

at 234 nm; similarly conjugated trienes absorb at 268 nm (7). An increase in UV

absorption theoretically reflects the formation of primary oxidation products in fats

and oils. Good correlations between conjugated dienes and peroxide value have

been found (39, 40).

Ultraviolet detection of conjugated dienes is simple, fast, and requires no

chemical reagents and only small amounts of samples are needed. However, this
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Reduction

hydroxydiene

conjugated triene
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and

Figure 1. Chemical reaction steps in conjugable oxidation products (COP) assay.
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TABLE 1. Summary of Methods for Analysis of Primary Oxidation Products.

Method Principle Measurement Sensitivity Applications

Iodometric titration (PV) Reduction of ROOH with KI

and measurement of I2

Titration with Na2S2O3 �0.5-meq/kg fat Fats and oils

Ferric ion complexes (PV) Reduction of ROOH with Fe2þ

and formation of Fe3þ

complexes

Absorption at 500–510 nm

of the red complex with

SCN�

�0.1-meq/kg fat Fats, oils and food lipids

Absorption at 560 nm of the

blue-purple complex with

xylenol orange

�0.5-meq/kg sample All samples

FTIR (PV) Reduction of ROOH with TPP Absorption at 542 cm�1 of

TPPO

�0.2-meq/kg fat Fats and oils

Chemiluminescence (PV) Reaction with luminol in the

presence of heme catalyst

Chemiluminescence

emission of oxidized

luminol

�1 pmol Fats and oils

GC-MS (PV) Reduction of ROOH to ROH

and quantitation of ROH

derivatives

ROH derivatives From ng to fg depending on

technical details, amount

of sample and detection

system

All samples

UV spectrometry

(conjugated dienes and

trienes)

Estimation of conjugated

dienes and trienes

Absorption at 230–234 nm

and 268 nm

�0.2 meq/kg lipid All samples

NOTE: The oxygen absorption measurement and loss of double bonds for fatty acid analysis are not considered as primary changes in this table.

Adapted from (8).



method has less specificity and sensitivity than PV measurement (9, 12). Further-

more, the result may be affected by the presence of compounds absorbing in the

same region, such as carotenoids (7). To avoid these interferences, an alternative

spectroscopic method measuring conjugable oxidation products (COPs) has

been proposed. In this method, hydroperoxides and some decomposition products

are converted to more conjugated chromophores by reduction and subsequent

dehydration (Figure 1). The concentrations of the resultant conjugated trienes

and tetraenes are determined from their respective absorption at 268 nm and

301 nm and expressed as COP values (7, 12).

Table 1 summarizes different methods available for analysis of primary oxida-

tion products. Both chemical and instrumental methods are included in this

table.

6. MEASUREMENT OF SECONDARY PRODUCTS OF OXIDATION

The primary oxidation products (hydroperoxides) are unstable and susceptible to

decomposistion. A complex mixture of volatile, nonvolatile, and polymeric second-

ary oxidation products is formed through decomposition reactions, providing var-

ious indices of lipid oxidation (5). Secondary oxidation products include aldehydes,

ketones, alcohols, hydrocarbons, volatile organic acids, and epoxy compounds,

among others. Methods for assessing lipid oxidation based on their formation are

discussed in this section.

6.1. Thiobarbituric Acid (TBA) Test

The thiobarbituric acid (TBA) test was proposed over 40 years ago and is now

one of the most extensively used methods to detect oxidative deterioration of

fat-containing foods (41). During lipid oxidation, malonaldehyde (MA), a minor

component of fatty acids with 3 or more double bonds, is formed as a result of

the degradation of polyunsaturated fatty acids. It is usually used as an indicator

of the lipid oxidation process, both for the early appearance as oxidation occurs

and for the sensitivity of the analytical method (42). In this assay, the MA is reacted

with thiobarbituric acid (TBA) to form a pink MA-TBA complex that is measured

spectrophotometrically at its absorption maximum at 530–535 nm (Figure 2) (9, 43, 44).

The extent of oxidation is reported as the TBA value and is expressed as milligrams
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Figure 2. Reaction of 2-thiobarbituric acid (TBA) and malonaldehyde (MA).
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of MA equivalents per kilogram sample or as micromoles of MA equivalents per

gram of sample. It must, however, be noted that alkenals and alkadienals also react

with the TBA reagent and produce a pink color. Thus, the term thiobarbituric acid

reactive substances (TBARS) is now used instead of MA.

The TBA test can be performed by various procedures, among which four major

types have frequently been employed. These include test on the whole sample, test

on an aqueous or acid extract of sample, test on a steam distillate, and test on

extracted lipid from a sample (45). The test on a steam distillate (distillation meth-

od) is the most commonly used method for determining TBA value. Tarladgis et al.

(46) found that the distillation of an acidified sample was essential to liberate MA

from precursor or bound forms, to produce maximal color development and, espe-

cially, to separate TBARS from the food matrix (44). Although the distillation

method is the most popular TBA method, it is generally considered less accurate

and reproducible than the method using food extracts (15). However, trends

obtained in comparative studies always provide useful information that correspond

with other measurements. Comparison of different TBA test procedures has

been made by Hoyland et al. (46), Shahidi et al. (47), Pikul et al. (48), and

Wang et al. (49).

The TBA test is used frequently to assess the oxidative state of a variety of food

systems, despite its limitations, such as lack of specificity and sensitivity (44). As

already noted, many other substances may react with the TBA reagent and contri-

bute to absorption, causing an overestimation of the intensity of color complex (44).

Interferences may come from additional absorption of other alkanals, 2-alkenals,

2,4-alkdienals, ketones, ketosteroids, acids, esters, proteins, sucrose, urea, pyri-

dines, and pyrimidines, also referred to as TBARS (43, 50). For instance, the

reaction of TBA with various aldehydes leads to the development of a yellow

chromogen (aldehyde-TBA adduct) with an absorption maximum at 450 nm, which

overlaps with the pink peak at 532 nm resulting in erroneously high TBA values in

certain cases (43, 45, 51). Furthermore, the presence of barbituric acid impurities in

the TBA reagent may produce TBA-MA-barbituric acid and MA-barbituric acid

adducts that absorb at 513 nm and 490 nm, respectively, indicating that thiobarbi-

turic acid should be purified before use (43). In addition, nitrite can interfere in the

TBA test, whereas sulfanilamide could be added to samples to avoid the interfer-

ence when residual nitrite is present (52). In order to improve the specificity and

sensitivity of the TBA test, several modifications to the original TBA procedures

have been proposed, including reduction of the heating temperature to stabilize

the yellow color aldehyde-TBA complex (53), addition of antioxidants to sample

in an attempt to prevent oxidation during the test (54), extraction of the MA prior

to the formation of the chromogen (43), direct FTIR analysis of TBARS, and use of

HPLC to separate the complex before measurement or to characterize the individual

species of TBARS (9, 43).

Despite it limitations, the TBA test provides an excellent means for evaluating

lipid oxidation in foods, especially on a comparative basis. However, its use in bulk

oils is less common than the so-called para-anisidine value (p-AnV) detailed

below.
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6.2. p -Anisidine Value (p -AnV)

The p-anisidine value (p-AnV) method measures the content of aldehydes (princi-

pally 2-alkenals and 2,4-alkadienals) generated during the decomposition of hydro-

peroxides. It is based on the color reaction of p-methoxyaniline (anisidine) and the

aldehydic compounds (55). The reaction of p-anisidine reagent with aldehydes

under acidic conditions affords yellowish products that absorb at 350 nm

(Figure 3) (7, 12). The color is quantified and converted to p-AnV. The p-AnV is

defined as the absorbance of a solution resulting from the reaction of 1 g of fat in

isooctane solution (100 ml) with p-anisidine (0.25% in glacial acetic acid) (12).

This test is more sensitive to unsaturated aldehydes than to saturated aldehydes

because the colored products from unsaturated aldehydes absorb more strongly at

this wavelength (12). However, it correlates well with the amount of total volatile

substances (55). The p-AnV is a reliable indicator of oxidative rancidity in fats and

oils and fatty foods (56). A highly significant correlation between p-AnV and flavor

scores and PV has been found (57). Nevertheless, some authors have indicated that

p-AnV is comparable only within the same oil type because initial AnV varies

among oil sources (58). For instance, oils with high levels of polyunsaturated fatty

acids might have higher AnV even when fresh (59).

This method is used less frequently in North America, but is widely employed in

Europe (38), particularly as a part of the Totox number, as explained below. Caution
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Figure 3. Possible reactions between p-anisidine reagent and malonaldehyde.
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must be exercised when performing this test because of toxicity of the anisidine

reagent (55).

6.3. Totox Value

The Totox value is a measure of the total oxidation, including primary and second-

ary oxidation products. It is a combination of PV and p-AnV:

Totox value ¼ 2 PVþ p-AnV

During lipid oxidation, it is often observed that PV first rises, then falls as hydro-

peroxides decompose (38). PV and p-AnV reflect the oxidation level at early and

later stages of oxidation reaction, respectively. Totox value measures both hydro-

peroxides and their beakdown products, and provides a better estimation of the

progressive oxidative deterioration of fats and oils (38). However, Totox value

has no scientific basis because it is a combination of two indicators with different

dimensions (7). Recently, Wanasundara and Shahidi used TBA values and defined

TotoxTBA as 2PVþ TBA using the TBA test in place of the p-AnV assay (60).

6.4. Carbonyls

The carbonyl compounds, including aldehydes and ketones, are the secondary oxi-

dation products generated from degradation of hydroperoxides, and are suggested

to be the major contributors to off-flavors associated with the rancidity of many

food products (9). The analysis of total carbonyl compounds, which is based on

the absorbance of the carbonyl derivatives, provides another approach to measure

the extent of lipid oxidation in fats and oils. In this method, the total carbonyl

content is measured by a colorimetric 2,4-dinitrophenylhydrazone procedure. The

carbonyl compounds formed during lipid oxidation are reacted with 2,4-dinitrophe-

nylhydrazine (DNPH) followed by the reaction of the resulting hydrazones with

alkali (Figure 4). The final colored products are then analyzed spectrophotometrically
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Figure 4. Reactions between carbonyls and 2,4-dinitrophenylhydrazine.
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at a given wavelength (7, 15). Many variations of this method using an alternative

solvent, reagent, wavelength, or workup have been reported. The determination of

total content of carbonyls has been used in different oxidative stability studies.

However, it has been criticized because the determination conditions cause degra-

dation of hydroperoxides into carbonyl derivatives, giving erroneous results (58).

Carbonyls produced from protein oxidation may also give rise to higher values

than those expected from lipid oxidation alone. The addition of triphenylphosphine

(TPP) prior to carbonyl determination has been proposed to avoid the interference

from hydroperoxides. Hydroperoxides are reduced by TPP, and neither TPP nor

TPPO, the oxidation products of TPP, interfere with the measurement of carbonyl

content (61). In quality assessment of used frying fats, where short-chain carbonyls

are already removed by distillation at the high temperature of the deep-frying,

selectivity can be improved by determination of higher carbonyl compounds instead

of the total carbonyls. HPLC is used to separate the DNPH derivatives of higher

carbonyls from those of short-chain carbonyl compounds (62).

Apart from detection of total carbonyl content, the analysis of individual carbo-

nyl compounds has gained popularity for following lipid oxidation. Hexanal, one of

the major secondary products formed during the oxidation of linoleic and other o6

fatty acids, serves as a reliable indicator of lipid oxidatin in foods rich in o6 fatty

acids (7). A strong linear relationship was reported between hexanal content, sen-

sory scores, and TBA values (63). Moreover, measurement of hexanal offers the

advantage of analyzing a single, well-defined end product for antioxidant efficiency

studies (9). Hexanal can be quantified by chromatography (64) or as the intensity of

the carbonyl band by NIR spectroscopy (65). Nevertheless, these methods may

require volatilization of hexanal, whereas hexanal volatilization may be hindered

due to covalent or other types of binding between hexanal and proteins in foods

and, thus, may affect accurate hexanal quantifications (66). More recently, an

indirect enzyme-linked immunosorbanct assay (ELISA) has been developed for

monitoring lipid oxidation through quantification of hexanal-protein adducts, which

are recognized by polyclonal or monoclonal antibodies (66).

Other carbonyl compounds, including propanal, pentanal, decadienal, etc., are

also used for evaluating lipid oxidation in foods. For instance, propanal is a recom-

mended indicator for lipid oxidation in foods that are high in o3 fatty acids, such as

marine oils (67, 68). In general, it is essential to use appropriate indicators when

assessing the oxidative deterioration of different food systems.

6.5. Oil Stability Index (OSI)

During lipid oxidation, volatile organic acids, mainly formic acid and acetic acid,

are produced as secondary volatile oxidation products at high temperatures, simul-

taneously with hydroperoxides (20, 69). In addition, other secondary products,

including alcohols and carbonyl compounds, can be further oxidized to carboxylic

acids (20). The oil stability index (OSI) method measures the formation of volatile

acids by monitoring the change in electrical conductivity when effluent from

oxidizing oils is passed through water (12). The OSI value is defined as the point

of maximal change of the rate of oxidation, attributed to the increase of conductivity
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by the formation of volatile organic acids during lipid oxidation (70). However, this

method requires a somewhat higher level of oxidation (PV > 100) to obtain mea-

surable results than other methods in which hydroperoxides are the most important

products formed and detected (71). Therefore, to determine oil stability in the

laboratory, especially for some oils that are stable under normal conditions, the oxi-

dation process is accelerated by exposing oil samples to elevated temperatures in

the presence of an excess amount of air or oxygen (72, 73). The OSI method differs

from ambient storage conditions by using a flow of air and high temperatures

to accelerate oxidation (71). The OSI is an automated development of the active-

oxygen method (AOM), because both employ the principle of accelerated oxida-

tion. Nevertheless, the OSI test measures the changes in conductivity caused by

ionic volatile acids, whereas PV is determined in the AOM (7).

Two pieces of commercially available equipment, the Rancimat (Metrohm Ltd.)

and the Oxidative Stability Instrument (Omnion Inc.), are employed for determin-

ing the OSI value. Rancimat is a rapid automated method, which agrees well with

the AOM (71). In the Rancimat assay, a flow of air is bubbled through a heated oil,

usually at 100�C or above. For marine oils, temperatures as low as 80�C are often

used. Volatile compounds formed during accelerated oxidation are collected in dis-

tilled water, increasing the water conductivity. The change of conductivity is plotted

automatically and the induction period of the oil or the time taken to reach a fixed

level of conductivity is recorded (20, 74). The Rancimat assay enables continuous

monitoring of the oxidation process. As reported by Farooq et al. (75), analysis by

the Rancimat method is four to five times more rapid than that by the AOM. Excel-

lent correlation between Rancimat and conjugated dienes has been found (72).

However, the main shortcoming of this method is that only eight samples can be

included in each batch. Another appatatus, the Oxidative Stability Instrument, oper-

ates on the same principle as the Rancimat, and has the capacity of simultaneously

analyzing up to 24 samples (20). Various modifications have been proposed for

assessing lipid oxidation by the OSI method. These include the use of auxiliary

energies, such as microwaves to shorten the analysis time (72) and a combination

of the OSI method with chromatography to obtain specific information about vola-

tile products (76). The volatiles trapped during measurement by the Rancimat assay

can be analyzed by headspace-GC (HS-GC) with FID and GC-MS for quantifica-

tion of individual volatiles, thus improving the specificity of the assessment (76).

Although the OSI method is useful for quality control of oils, it is not recom-

mended for measurement of antioxidant activity for certain reasons. The high tem-

peratures used do not allow reliable predictions of antioxidant effectiveness at

lower temperatures. Volatile antioxidants may be swept out of the oil by the air

flow under test conditions, and also the oils are severely deteriorated when endpoint

is reached (12).

6.6. Hydrocarbons and Fluorescence Assay

Formation of saturated hydrocarbons, especially short-chain (C1-C5) hydrocarbons

such as ethane, propane, and pentane, can be measured for monitoring lipid oxida-

tion when aldehydes are either absent or undetectable (7, 15). Pentane content,
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determined by GC techniques, has been a useful parameter to assess rancidity of

fats and oils as well as freeze-dried muscle foods (7, 15). Significant correlations

existed between pentane levels and rancid odor scores (15).

It has been observed that the content of secondary oxidation products, such as

malonaldehyde (MA), decreases with increased lipid oxidation, which can be

explained by further reaction of MA with proteins. MA reacts with compounds con-

taining primary amino groups (proteins, amino acids, DNA, phospholipids) to form

fluorescent products (Figure 5) (37). A fluorescence assay has been successfully

used to assess lipid oxidation in muscle foods and biological tissues.

In addition to MA, hydroperoxides and other aldehydes also react with amino

compounds generating various fluorescent products with different excitation and

emission maxima (37). Significant correlations existed between this method and

the TBA value as well as oxygen absorption level, and appears to be a reliable
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Figure 5. Reaction of lipid oxidation products such as malonaldehyde and amines.

TABLE 2. Summary of Methods for Analysis of Secondary Oxidation Products.

Method Compounds Comments Applications

TBA TBARS, mainly

malonaldehyde

Spectrometry technique

It can be carried out

on whole sample

All samples,

especially fish

oils

p-Anisidine Aldehydes, mainly

alkenals

Absorption at 350-nm

Standard method

Fats and oils

Carbonyls Total carbonyls or

specific carbonyl

compound formed

Spectrometry technique

and HPLC for total

or specific carbonyl

compounds

Fats and oils

OSI method

(Rancimat &

Oxidative Stability

Instrument)

Volatile organic acids Monitoring changes in

conductivity Rapid

and automated

Fats and oils

Gas Chromatography Volatile carbonyls and

hydrocarbons

Direct headspace Rapid

analysis

All samples

Adapted from (8).
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indicator of oxidative deterioration in muscle foods, especially in freeze-dried

products (37, 77).

Table 2 exhibits the summary of methods for analysis of secondary oxidation

products.

7. MEASUREMENT OF FREE RADICALS

The initial steps of lipid oxidation involve chain reactions of free radicals as impor-

tant short-lived intermediates. Oxidation level of fats and oils can be measured

directly by detecting the formation of radicals. Methods based on the detection

of radicals or on the tendency for the formation of radicals provide a good indica-

tion of initiation of lipid oxidation (78, 79).

Electron spin resonance (ESR), also referred to as electron paramagnetic reso-

nance (EPR) spectroscopy, relies on the paramagnetic properties of the unpaired

electrons in radicals and has been developed for assessing the formation of free

radicals originating in the early stages of oxidation and the onset of primary oxida-

tion (6, 78). The assay measures the absorption of microwave energy when a

sample is placed in a varied magnetic field (7). Quantification of radical concentra-

tions is complicated by comparison with stable paramagnetic compounds, such as

transition metals and nitroxyl radicals (78). However, the short lifetimes and low

steady-state concentration of the highly reactive lipid-derived radicals make it dif-

ficult to detect these radicals at concentrations lower than the minimum detectable

concentration of 10�9 M (78). To overcome this problem, various approaches have

been used, including pulse radiolysis and UV photolysis, continuous flow systems

and spin trapping, among which spin trapping has been the most widely employed

procedure (9). Spin trapping technique allows the accumulation of detectable con-

centrations of longer-lived radicals by addition to samples of a spin trapping agent,

which reacts with free radicals to form more stable spin adducts, but often at the

expense of the ability to identify the original radical (6, 9, 78). Nitroso compounds

and nitrones are the most common spin traps, both leading to nitroxyl type spin

adducts, such as a-phenyl-tert-butylnitrone (PBN) adducts (Figure 6) (78).
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Figure 6. Formation of nitroxyl radical spin adducts.
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ESR spectroscopy is of great value for the study of the early stages of lipid oxi-

dation and prediction of oxidative stability of fats and oils. It has high sensitivity

and allows mild conditions by applying significantly low temperatures and requires

little sample preparation (6, 78, 80). Strong linear correlations were found between

ESR and Rancimat and oxygen consumption analyses (6, 79). ESR has also been

used for evaluation of antioxidant activity (81). Nevertheless, spin traps used in the

ESR assay have been reported to exhibit widely differing trapping efficiencies for

different radicals and show both pro-oxidant and antioxidant effects (9, 82, 83).

Moreover, spin adducts can act as antioxidants, giving erroneous results of oxida-

tive stability of samples (9). However, even with these limitations, the ESR spectro-

scopy is a suitable method for measuring lipid oxidation in foods and in biological

tissues.

8. OTHER METHODS

8.1. Differential Scanning Calorimetry (DSC)

During lipid oxidation, fat or oil materials reveal a number of thermally induced

transitions, such as the transfer of oxygen molecules to unsaturated fatty acids

(exothermic process) (84). Therefore, thermal analysis can be applied in accelerated

oil stability tests. The differential scanning calorimetry (DSC) technique, which is

based on thermal release of oxidation reactions, has the potential as a nonchemical

method for assessing oxidative stability of fats and oils, indicating the onset of

advanced oxidation (termination) (6). It provides unique energy profile information,

which specifically measures the temperature and heat flows associated with lipid

oxidation as a function of time and temperature (85). The method uses isothermal

or nonisothermal conditions and a flow of oxygen as purge gas, with a calorimeter

measuring the heat flow into (endothermic) or out of (exothermic) an oil sample

undergoing oxidation changes (6, 84). The oxidation curves of the sample are

obtained with different heating time, and a dramatic increase for the evolved

heat can be observed with the appearance of a sharp exothermic curve during initia-

tion of oxidation. The endpoint is taken at the time where a rapid exothermic reac-

tion between oil and oxygen occurs and induction period (IP) determined

automatically by intersection of extrapolated baseline and tangent line (leading

edge) of the exotherm (Figure 7) (6, 84). The DSC also measures oxidation onset

temperature, the temperature at maximum reaction, and the ending temperature

(84). The isothermal and nonisothermal DSC show good agreement, suggesting

that both isothermal and nonisothermal DSC are suitable for oxidation studies of

oils (86). The DSC technique has recently been reviewed by Tan et al. (84, 87).

The DSC is a sensitive, effective, and consistent method for characterization of

the quality of oils at different stages of oxidation (20). It is simple and rapid, and it

requires no solvent or chemical reagent. As reported by Hassel et al. (89), oils sam-

ples, which required 14 days via AOM, could be evaluated in less than 4 hours

by DSC. Thus, DSC is a reliable alternative to current methods for monitoring lipid
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oxidation (85). The results from DSC show excellent correlations with other

accelerated methods and chemical analyses (6, 73, 85).

8.2. Nuclear Magnetic Resonance (NMR) Spectroscopy

High-resolution 1H NMR spectroscopy, in which hydrogen atoms (proton, 1H) with

various locations in the triacylglycerol (TAG) molecules are determined, has been

used to evaluate oxidative deterioration of fats and oils (7). The principle of NMR is

that hydrogen atoms in a strong magnetic field absorb energy, in the radiofrequency

range, depending on their molecular environment, in which changes occur during

the oxidation process (7). These changes may be monitored by NMR spectroscopy

as a reflection of oxidation level of food lipids. The oil sample is dissolved in

CDCl3 to avoid inference from solvent, and its NMR spectrum recorded, with tetra-

methylsilane (TMS) as an internal standard (7). The spectrum shows several groups

of signals, corresponding to the hydrogen atoms in different locations in the TAG

molecules (Figure 8). The total number of each of these differently located protons

can be calculated, from which ratios of aliphatic to olefinic protons (Rao) and ali-

phatic to diallylmethylene protons (Rad) may be obtained (7). Both ratios increase

steadily during lipid oxidation and may serve as an index of oxidative deterioration

of oil samples. This method was reviewed by Guillen et al. (90). NMR spectroscopy

has been used by many researchers, and the changes in Rao and Rad measured by

NMR correlated well with Totox values (91, 92), conjugated diene values, and TBA

values (93). In addition to 1H NMR, 13C NMR and 31P NMR are also powerful tools

to predict oxidative stability of oils (94–96). 13C NMR enables direct observation

of carbon atoms. The selectivity and dispersion of 13C NMR spectra are very

high (96). 13C NMR assesses lipid oxidation by monitoring the changes of carbon

chains in TAG molecules, revealing the specific sites that oxidative degradation
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Figure 7. Determination of induction period (IP) by DSC.
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occurs (94). However, because the abundance of the NMR active 13C nucleus iso-

tope is only 1.12% of 12C, the sensitivity of 13C NMR is usually much lower than

that of 1H NMR (96).

NMR spectroscopy is a rapid, nondestructive, and reliable technique for asses-

sing lipid oxidation. It simultaneously measures both the primary and the secondary

oxidative changes in oils, and provides specific information on oxidative regions in

the TAG molecules. Thus, NMR spectroscopy is considered a more suitable means

for estimating lipid oxidation than chemical determinations.

8.3. Sensory Evaluation

For the food industry, the detection of oxidative off-flavors by taste or smell is the

main method of deciding when a lipid-containing food is no longer fit for consump-

tion (12). Terminologies and methodologies have been developed for sensory

evaluation of specific food products such as meats, peanuts, and vegetable oils

(97). In the edible oil industry, the AOCS (American Oil Chemists’ Society) Flavor

Quality Scale (revised) with separate grading and flavor intensity has been

employed for describing lipid oxidation (97), as summarized in Table 3. The

descriptive analysis, including the detection and the description of both the quali-

tative and quantitative sensory aspects of a product, is performed by a trained panel,

as the sensitivity to the off-flavors varies among different individuals (12, 97). The

sensory induction period of the product can be determined.
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Figure 8. 1H NMR spectrum of oxidized canola oil.
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Sensory evaluation of lipid oxidation has been conducted by many researchers

(98–100). However, as a subjective method, the reproducibility of sensory analysis

is generally considered worse than that of chemical or instrumental methods. More

recently, use of an electronic nose to monitor the formation of volatile compounds

associated with off-flavors from lipid oxidation has been proposed to supplement

information from human sensory panels (101).

9. MEASUREMENT OF FRYING FAT DETERIORATION

Deep-fat frying is a popular method for food preparation, in which vegetable oils

not only are used as a heat-exchange medium, but also contribute to the quality of

fried products (7). However, lipid oxidation easily occurs at relatively high tem-

peratures, producing a complex series of compounds that exerts undesirable effects

on food flavor and quality (4). The measurement of lipid oxidation, therefore, is

essential to determine its effect on food and oil quality, as well as the useful life

of fats or oils subjected to frying. The oxidative changes in frying fats are charac-

terized by a decrease in the total unsaturation of the fat with increases in the free

fatty acid content, foaming, color, and viscosity as well as the content of polar com-

pounds and polymeric material (4). Quality evaluation of frying fats, may be carried

out in different ways. Physical methods estimate oxidative degradation by monitor-

ing changes in physical properties of frying fats, such as molecular weight, specific

gravity, smoke point, refractive index, chromatic parameter, viscosity, surface

tension, and dielectric constant (4). Generally, rejection point of frying fat is estab-

lished by sensory assessment. Chemical methods include the iodine value, saponi-

fication value, free fatty acid content, peroxide value, TBA value, or p-anisidine

value, among others. PV is less useful because hydroperoxides decompose at about

150�C, and no accumulation of peroxides can be detected.

The extent of oxidation can also be assessed by the analysis of oxidized fatty

acids by spectroscopic means such as IR and NMR techniques (102). Moreover,

GC-MS for volatile profile analysis (103) and HPLC for determination of DNPH

derivatives of nonvolatile higher carbonyl compounds (62) provide qualitative

TABLE 3. A Partial List of Terms Used to Describe

Oxidized Oil.

Flavor-Related Terms Process-Oriented Terms

Buttery Hydrogenated

Nutty Oxidized

Beany Reverted

Grassy Light-struck

Watermelon Rancid

Painty

Fishy

Adapted from (97).
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and quantitative evaluation of oxidation in frying fats. Cyclic fatty acids (Figure 9),

which may contain hydroxy and keto groups, are formed during deep frying and can

be measured by chromatography after derivatization (4, 7). Furthermore, determi-

nation of polar material in frying fats is a reliable approach for oil quality evalua-

tion and is an official method in Europe. This method involves separation of fat into

a polar and nonpolar fraction via silica gel chromatography. Nonpolar fat can be

weighed and the total polar material calculated or determined directly by their elu-

tion from the silica gel column (4,7).

Routine analysis for frying fat deterioration has been reviewed by Gertz (104).

Usually, more than two methods are required when using chemical analysis because

no single group of compounds has been identified as a key indicator of oxidative

degradation of frying fats.

10. METHODS FOR MEASURING ANTIOXIDANT ACTIVITY

A variety of natural and synthetic antioxidants are used in fat-containing foods in

order to inhibit lipid oxidation with a wide range of efficiencies, depending on their

properties, concentrations, and processing conditions. The need to measure antiox-

idant activity is well documented. Although numerous methods have been proposed

for measurement of antioxidant activity, the essential features of any test are a sui-

table substrate, an oxidation initiator, and an appropriate measure of endpoint (9).

Therefore, certain aspects should be taken into consideration when selecting a test

for measuring antioxidant activity. These include the model food system used for

(CH2)nH

(CH2)8−nCOOH

(CH2)nH

(CH2)12−nCOOH

n = 1 & 2 n = 3 & 4

COOH

CH3

(CH2)nH

R

(CH2)nH

R

(CH2)nH

R

9 7 5 3

Double bond may present on the positions of C4, C5, C7, C8, or C9.

R = −(CH2)11−nCOOH 1 < n < 11

Figure 9. Chemical structures of cyclic fatty acids formed during deep frying.
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the test, and the means by which oxidation is accelerated and monitored (12). Nor-

mally, most assessments of antioxidant activity are performed in oil, or other model

systems, giving sensible prediction for the activity in oil or water-in-oil emulsions,

whereas the results may be misleading for oil-in-water emulsions (12). Further-

more, stripping of oils may be necessary in such evaluations because the endogen-

ous antioxidants in nonstripped oils are found to enhance the oxidative stability of

oils, thus giving rise to erroneous results in the efficiency of antioxidants under

investigation (105–107). In addition to oils and fats, lipid substrates used for testing

antioxidant activity could be fatty acids, fatty acid ethyl esters or triacylglycerols

(9), and b-carotene (108–110). In some cases, such as radical scavenging methods,

no substrate is used. Most test procedures involve initiators to accelerate oxidation.

The combination of increased temperature and oxygen supply, addition of metal

catalysts, and exposure of the reactants to light can reduce the oxidative stability

by a large amount (9, 12). Nevertheless, the elevated temperature may bring about

changes in the oxidation mechanism, thus causing difficulties in the prediction of

TABLE 4. Methods of Expressing Results of Antioxidant Activity Tests.

Method Dimensions

Induction period h, d

Time to reach a set level of oxidation (pre-

induction period)

h, d

Rate of oxidation (pre-induction period) mol kg�1 hr�1, gL�1 d�1

Concentration to produce equivalent effect to

reference antioxidant (pre-induction period)

mol kg�1, gL�1

Concentration of ROOH functional group after

set time period

mequiv. kg�1

Concentration of oxidation product after set

time period

mg kg�1 (ppm w/w)

Scale reading after set time period Absorbance, conductivity, etc.

Free stable radical quenching (DPPH) Percentage inhibition

EC50, concentration to decrease concentration

of test free radical by 50%

TEC50, time to decrease concentration of test

free radical by 50%

Total radical-trapping antioxidant parameter

(TRAP)

mmol peroxy radical deactivated L�1

ABTS assay, phycoerythrin assay TEAC (mM Trolox equivalent to 1-mM test

substance)

Phycoerythrin assay ORAC, oxygen radical absorbance capacity;

mmol of Trolox equivalents

FRAP assay Absorbance of Fe2þ complex at 593 nm

produced by antioxidant reduction of

corresponding tripyridyltriazine Fe3þ

complex

Metal chelating assay Percentage of inhibition of ferrozine-Fe2þ

complex formation

NOTE: Also see Tables 1 and 2 for other tests applicable to antioxidant activity determination.

Adapted from (9).
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antioxidant activity at low temperatures as compared with those at high tempera-

tures (9, 12). After the substrate is oxidized under standard conditions, the oxidation

is monitored by chemical, instrumental, or sensory methods. An appropriate mea-

sure of endpoint is essential for assessing antioxidant activity. Analytical strategies

for endpoint determination include measurement at a fixed time point, measurement

of reaction rate, lag phase measurement, and integrated rate measurement (9). The

resulting antioxidant activity is expressed using a wide range of parameters (Table 4).

Approaches proposed for testing antioxidant activity include measuring of the

current state of oil samples, as discussed above, and radical scavenging assays, which

are gaining popularity in the evaluation of antioxidant activity. Radical scavenging

methods measure the relative abilities of antioxidants to scavenge synthetic radicals

or natural in comparison with the antioxidant potency of a standard antioxidant

compound (111). Trolox (6-hydroxy-2,5,7,8-tetramethylchroma-2-carboxylic acid),

ascorbic acid, and quercetin are among the standard antioxidants frequently

used. The most commonly used synthetic radicals are DPPH (2,2-diphenyl-1-

picrylhydrazyl) and ABTS (3-ethylbenzthiazoline-sulfonic acid) radicals. DPPH test

(112–116) and ABTS assay (117–122) are simple, rapid, and involve no substrate.

However, it has been suggested that these artificial substrate-free methods do not

always adequately mimic the processes in food systems, which sometimes makes

them less valuable for predicting the effectiveness of the antioxidant in foods (9).

Other measurements of antioxidant activity include FRAP (ferric reducing-

antioxidant power) (123–126), TRAP (total radical-trapping antioxidant parameter)

(123, 127), phycoerythrin assay (128, 129), and test of metal chelating capacity

(130, 131), among others. Reviews on methods for testing antioxidant activity

have been published (9, 12).

11. CONCLUSIONS AND RECOMMENDATIONS

Lipid oxidation may be assessed in many ways, among which changes in the initial

reactants and formation of oxidation products are most commonly assessed. Mean-

while, sensory analysis assesses both the subjective and, in some cases, objective

measurements of oxidative changes in foods. Each method shows both advantages

and disadvantages, thus it is important to select the most adequate method, depend-

ing on the system under investigation and the state of oxidation itself. The use of

two or more methods assessing both primary and secondary oxidation products is

highly recommended.
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Most of the flavor compounds in fats and oils are produced by the reaction of

oxygen with unsaturated fatty acids in triacylglycerols or polar lipids. On the other

hand, some flavor compounds such as those present in cocoa butter, roasted sesame

oil, or roasted peanut oil are generated by the interaction of reducing sugars with

amino compounds during thermal processing.

The development of objectionable flavor compounds by oxidation has significant

detrimental effects on consumer acceptability of edible oils. In the last four dec-

ades, much progress has been made in the chemistry of volatile products of lipid

oxidation, mainly as a result of advances in separation techniques and analytical

methodology, particularly gas chromatography-mass spectrometry.

1. FREE RADICAL AUTOXIDATION OF LIPIDS

The reaction of unsaturated lipids with oxygen to form hydroperoxides is generally

a free radical process involving three basic steps of initiation, propagation, and

termination (1, 2).

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
Edited by Fereidoon Shahidi. Copyright # 2005 John Wiley & Sons, Inc.
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Initiation:

RH
heat, light

metal
R H+

ROOH + Mn+ RO M(n+1)++ + OH−

Mn+ROO +ROOH + M(n+1)+ + H+

2ROOH ROO RO+ + H2O

Propagation:
ROOR O2+

ROO + RH
slow

ROOH

ROHRO + RH + R

Termination:
+R R R R

+R ROO ROOR

ROO ROOR+ROO + O2

RH, R�, RO�, ROO�, ROOH, and M represent an unsaturated fatty acid or ester

with H attached to the allylic carbon atom, alkyl radical, alkoxy radical, peroxy

radical, hydroperoxide, and transition metal, respectively.

The initiation reaction is the hemolytic abstraction of hydrogen to form a car-

bon-centered alkyl radical in the presence of an initiator. Under normal oxygen

pressure, the alkyl radical reacts rapidly with oxygen to form the peroxy radical,

which in turn reacts with more unsaturated lipids to form hydroperoxides. The

lipid-free radical thus formed can further react with oxygen to form a peroxy radi-

cal. Hence, the autoxidation is a free radical chain reaction. Because the rate of

reaction between the alkyl radical and oxygen is fast, most of the free radicals

are in the form of the peroxy radical. Consequently, the major termination takes

place via the interaction between two peroxy radicals.

The rate of autoxidation increases with the degree of unsaturation. In neat sys-

tems without adding initiators, linoleate having two double bonds was 40 times

more reactive than oleate, which has only one double bond, linolenate having three

double bonds was 2.4 times more reactive than linoleate, and arachidonate having

four double bonds was 2 times more reactive than linolenate (2, 3).

2. HYDROPEROXIDES OF FATTY ACIDS OR THEIR ESTERS

It is well known that the free radical mechanism of hydroperoxide formation

involves the abstraction of a hydrogen atom from the a-methylene group of a lipid
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molecule. This result is favored because of the formation of a very stable allyl radi-

cal in which the electrons are localized over either three carbon atoms such as in the

case of oleate or five carbon atoms such as in the case of linoleate and other poly-

unsaturated fatty esters. The mechanisms for the formation of isomeric hydroper-

oxides by autoxidation have been reviewed extensively (4, 5).

For oleate, the hydrogen abstraction on C-8 and C-11 produces two allylic radi-

cals. These intermediates react with oxygen to produce a mixture of 8-, 9-, 10-, and

11-allylic hydroperoxides. Autoxidation of linoleate involves hydrogen abstraction

on the doubly reactive allylic C-11, with the formation of a pentadienyl radical. The

intermediate radical reacts with oxygen to produce a mixture of conjugated 9- and

13-diene hydroperoxides. In the case of linolenate in which there are two separate

1,4-diene systems, hydrogen abstraction will take place on the two methylene

groups, C-11 and C-14. These intermediate free radicals react with oxygen to

form conjugated dienes with hydroperoxides on C-9 and C-13, or C-12 and C-

16, with the third double bond remaining unaffected.

2.1. Decomposition of Hydroperoxides

Hydroperoxides of unsaturated fatty acids formed by autoxidation are very unstable

and break down into a wide variety of volatile flavor compounds as well as nonvo-

latile products. It is widely accepted that hydroperoxide decomposition involves

homolytic cleavage of the –OOH group, giving rise to an alkoxy radical and a

hydroxy radical (5).

R CH R′
OOH

R CH R′
O

+ OH

The alkoxy radical undergoes b-scission on the C��C bond, with the formation of an

aldehyde and alkyl or vinyl radical. A general reaction scheme with the formation

of volatile aldehyde, alkene, and alcohol is illustrated in Figure 1 (6).

2.1.1. Aldehydes Of the volatiles produced by the breakdown of the alkoxy

radicals, aldehydes are the most significant flavor compounds. Aldehydes can be

produced by scission of the lipid molecules on either side of the radical. The pro-

ducts formed by these scission reactions depend on the fatty acids present, the

hydroperoxide isomers formed, and the stability of the decomposition products.

Temperature, time of heating, and degree of autoxidation are variables that affect

thermal oxidation (7).

Some volatile aldehydes formed by autoxidation of unsaturated fatty acids are

listed in Table 1. The aromas of aldehydes are generally described as green, painty,

metallic, beany, and rancid, and they are often responsible for the undesirable fla-

vors in fats and oils. Hexanal has long been used as an index of oxidative deteriora-

tion in foods. Some aldehydes, particularly the unsaturated aldehydes, are very

potent flavor compounds. Table 2 lists aroma characteristics of some common alde-

hydes found in fats and oils (8).
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Hexanal and 2,4-decadienal are the primary oxidation products of linoleate. The

autoxidation of linoleate generates 9- and 13-hydroperoxides of linoleate. Cleavage

of 13-hydroperoxide will lead to hexanal and breakdown of 9-hydroperoxide will

lead to 2,4-decadienal (9). Subsequent moisture-mediated retro-aldol reaction of

2,4-decadienal will produce 2-octenal, hexanal, and acetaldehyde (10). 2,4-Deca-

dienal is known to be one of the most important flavor contributors to deep-fat fried

foods (11).

2,4-Decadienal can undergo further oxidation to produce trans-epoxy-trans-

decenal. This compound was recently characterized as one of the most potent odor-

ants of soybean oil stored in the dark and has a low odor threshold of approximately

1.5 pg/L (air) (12).

R1 CH CH

O2

R1 CH CH CH

O

R2

OH

R1 CH CH O O

R2 CHO

OH

R1 CH CH CH

O

R2

(A) (B)

R1 CH CH O OH

R1 CH CH O

RH

RH

OH

R1 CH CH2

R1 CH CH OH

R1 CH2 CHO

R1 CH CH CHO

R2H

R2

O2

R2 O O

RH

R2 O OH

OH

R2 O

RH

R2 OH

Scission A Scission B

+ +

RH RH

Figure 1. General reaction pathway for the hemolytic cleavage of hydroperoxides of unsaturated

fats (6).
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2.1.2. Ketones Aliphatic ketones formed by autoxidation of lipids also contri-

bute to the flavor of oils and food products. For example, Guth and Grosch (13)

identified 1-octen-3-one as one of the odor-active compounds in reverted soybean

oil. This compound was described as metallic and mushroom-like. The reaction

pathway for the formation of 1-octen-3-one from the linoleate-10-hydroperoxide

via the b-scission route is illustrated in Figure 2. 10-Hydroperoxide of linoleate

is not the usual hydroperoxide formed by autoxidation of linoleate; however, it is

one of the major hydroperoxides formed by the photosensitized oxidation (singlet

oxygen reaction) of linoleate (14).

TABLE 1. Some Volatile Aldehydes Obtained from Autoxidation

of Unsaturated Fatty Acids (6).

Fatty Acid Monohydroperoxides Aldehydes Formed

Oleate 8-OOH 2-Undecenal

Decanal

9-OOH 2-Decenal

Nonanal

10-OOH Nonanal

11-OOH Octanal

Linoleate 9-OOH 2,4-Decadienal

3-Nonenaal

13-OOH Hexanal

Linolenate 9-OOH 2,4,7-Decatrienal

3,6-Nonadienal

12-OOH 2,4-Heptadienal

3-Hexenal

13-OOH 3-Hexenal

16-OOH Propanal

Arachidonate 5-OOH 2,4,7,10-Hexadecatetraenal

3,6,9-Pentadecatrienal

8-OOH 2,4,7-Tridecatrienal

3,6-Dodecadienal

9-OOH 3,6-Dodecadienal

11-OOH 2,4-Decadienal

3-Nonenal

12-OOH 3-Nonenal

15-OOH Hexanal

Eicosapentaenoate 5-OOH 2,4,7,10,13-Hexadecapentaenal

3,6,9,12-Pentadecatetraenal

8-OOH 2,4,7,10-Tridecatetraenal

3,6,9-Dodecatrienal

9-OOH 3,6,9-Dodecatrienal

11-OOH 2,4,7-Decatrienal

3,6-Nonadienal

12-OOH 3,6-Nonadienal

14-OOH 2,4-Heptadienal

3-Hexenal

15-OOH 3-Hexenal

18-OOH Propanal
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TABLE 2. Sensory Characteristics of Selected Aldehydes.

Volatile Aldehyde Odor Characteristics

Pentanal Woody, bitter, oil

Hexanal Fatty, powerful, oily, grassy

Heptanal Oily, fatty, heavy, woody, penetrating, nutty

Octanal Fatty, sharp, citrus

Nonanal Fatty, waxy, painty, citrus

Decanal Penetrating, sweet, waxy, painty

Undecanal Fatty, tallowy

2-Hexenal Sweet, fragrant, almond. Fruity, green, leafy

2-Heptenal Oxidized, tallowy, pungent

2-Octenal Brown beans, herbaceous, spicy

2-Nonenal Penetrating, Fatty, waxy, nutty, rancid

2-Decenal Painty. Fishy, fatty

2-Undecenal Fresh, fruity, orange-peel like

2,4-Heptadienal Fatty, rancid, hazelnut-like

2,4-Decadienal Powerful, fatty, citrus

Modified from Morales et al. (8).

CH3 (CH2)4 CH CH CH2

–OH

CH3 (CH2)4 CH CH CH2 CH

O

CH CH

OH

(CH2)6 COOR

RH

CH3 (CH2)4 CH CH

O

CH2

RH

CH3 (CH2)4 CH CH CH2

O

–OH

CH3 (CH2)4 CH CH

O

CH2

OH

(O)

CH3 (CH2)4 CH CH CH2

CH3 (CH2)4 CH CH CH2

O O

CH3 (CH2)4 CH CH CH2

OH

O2

Linoleate

10

Figure 2. Mechanism for the formation of 1-octen-3-one from 10-hydroperoxide of linoleate.
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2.1.3. Furan 2-Pentylfuran has been identified in many fats and oils. It is a well-

known autoxidation product of linoleate and has been known as one of the com-

pounds responsible for the reversion of soybean oil (15). Figure 3 shows the prob-

able mechanism for its formation. The conjugated diene radical generated from the

cleavage of the 9-hydroxy radical of linoleate may react with oxygen to produce

vinyl hydroperoxide. The vinyl hydroperoxide will then undergo cyclization via

the alkoxy radical to yield 2-pentylfuran (7).

2.1.4. Alcohols and Other Compounds Cleavage of lipid hydroperoxides will

also lead to alcohols, alkanes, alkenes, and alkynes. The mechanism for the forma-

tion of 1-octen-3-ol, which has a strong mushroom flavor, is also shown in Figure 2.

Because of their relative high odor threshold, alcohols and hydrocarbons are gen-

erally not considered to be important contributors to the flavors of fats and oils and

lipid-containing foods.

2.2. Singlet Oxygen Oxidation of Lipids

Oxidation of lipids occurs in the presence of molecular oxygen in both the singlet

and triplet states. Atmospheric oxygen that is in the triplet state contains two

unpaired electrons, whereas oxygen in the singlet state has no unpaired electrons

(16, 17). The electron arrangement of triplet oxygen does not allow for a direct

reaction of lipid molecules that exist in the singlet state. Singlet oxygen can be

CH3 (CH2)4 CH CH CH CH

CH3 (CH2)4 CH CH CH CH CH (CH2)7 COOR

O

CH3 (CH2)4 CH CH CH2 CH CH (CH2)7 COOR

CH3 (CH2)4 CH CH CH CH

O

H3C (CH2)4
O

H3C (CH2)4
O

CH3 (CH2)4 CH CH CH CH

O OH

O2, RH

–OH

–H

Figure 3. Mechanism for the formation of 2-pentylfuran (6).
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generated by the interaction of light, photosensitizers, and oxygen. Singlet oxygen

has been suggested to be responsible for initiating lipid oxidation of food products

because of its ability to directly react with linoleic acid at least 1480 times faster

than triplet oxygen (17).

The ‘‘ene’’ reaction of singlet oxygen is important in the photoxidation process

in edible oils. In this reaction, singlet oxygen reacts with olefins to form allyl hydro-

peroxides through a six-membered ring transition state as shown in Figure 4. The

lipid hydroperoxides produced from singlet oxygen are different from those gener-

ated by autoxidation. In singlet oxygen oxidation, both conjugated and nonconju-

gated hydroperoxides are formed; in free radical autoxidation, nonconjugated

hydroperoxides are not usually formed (17).

One of the major volatile compounds formed from cottonseed oil was 1-decyne,

which was reported as a predominant volatile of photooxidized cottonseed oil

formed from its precursor, sterculic acid, as shown in Figure 5. The endogenous

trace amount of chlorophyll acts as a photosensitizer to produce singlet oxygen.

The singlet oxygen then attacks the cyclopropenoid fatty acid, namely, sterculic

acid, followed by degradative cleavage and molecular rearrangement to yield

1-decyne (18).

R2

H

R1
R2

H

R1

O
O

R2

R1

OOH

1O2

6-membered ring

Figure 4. The ‘‘ene’’ reaction of singlet oxygen with unsaturated fatty acid.

C O

CH

C

OH

(CH2)7COOH

CH3(CH2)6CH2

CH3(CH2)6CH2C C (CH2)7COOH

CH2

C O

CH2

C

OH

(CH2)7COOH

CH3(CH2)6CH

CH3(CH2)7 C CH HOOC(CH2)7 COOH

C C (CH2)7COOH

CH2

OOH

CH3(CH2)6CH

1O2

Sterculic acid

1-decyne

+

Figure 5. Proposed mechanism for the formation of 1-decyne from the photooxidation of

sterculic acid (18).
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3. MAJOR VOLATILE COMPOUNDS OF COMMERCIAL
FATS AND OILS

The volatile compounds of eight different vegetable oils, namely, canola, corn, cot-

tonseed, olive, peanut, safflower, soybean, and sunflowerseed oil, have been ana-

lyzed and reported by Snyder et al. (19). Table 3 shows the quantitative data of

the volatile compounds identified in these vegetable oils after eight days of storage

at 60�C.

The volatile compounds in each of the stored vegetable oil samples were related

to the main fatty acid components of the oil. Safflower, sunflowerseed, corn, and

TABLE 3. Volatile Compounds in Vegetable Oils After 8 Days Storage at 60�C (19).

Volatile GC Peak Area

Compounds Canola Corn Cottonseed Olive Peanut Safflower Soybean Sunflowerseed

Ethane 1.0 1.0 0.8 0.2 8.0 0.2 0.9 1.0

Propane 0.7 10.6 12.6 0.6 — 10.4 9.1 12.7

Propenal 1.5 2.3 2.1 1.7 2.4 2.3 4.5 2.9

Pentene 0.2 — — — — — — —

Pentane 0.5 24.3 32.7 14.9 19.0 54.1 11.1 41.5

Propanal 1.0 — — 0.3 0.6 — 0.7 —

Pentene 0.1 — — 0.1 — 0.1 0.1 —

Hexane 1.1 0.4 0.3 0.3 0.2 0.4 0.3 0.1

2-Butenal 0.5 0.2 0.2 — 0.3 — 0.5 0.1

1-Penten-3-ol 0.4 — — — — — 0.8 0.1

Pentanal 0.5 1.0 1.3 1.8 2.8 1.9 2.9 2.4

Heptane 0.2 0.2 — 2.2 0.5 0.2 0.1 0.4

Pentenal 0.3 0.1 0.1 — — — 0.6 —

Pentanol 0.3 0.5 0.8 0.5 1.4 2.0 1.5 1.3

Octene — 0.1 0.1 0.2 0.5 0.1 0.2 —

Hexanal 3.1 9.8 10.3 5.8 7.6 11.1 10.7 10.5

Octane 3.7 2.2 3.9 4.1 0.3 0.2 0.3 4.5

Octene — 0.1 — 0.1 0.2 0.1 0.2 —

t-2-Hexenal 0.2 0.3 0.5 0.2 0.8 0.3 0.5 0.7

Heptanal 0.8 0.6 2.2 1.8 2.0 3.2 2.1 1.8

c-2-Heptenal 0.2 0.2 0.1 0.1 — 0.3 0.2 —

t-2-Heptenal 0.9 1.3 3.6 2.6 1.5 5.6 5.1 3.4

1-Octen-3-ol 0.1 0.3 0.2 0.3 0.3 0.1 0.3 0.3

2-Pentylfuran 0.2 0.5 0.8 0.2 0.7 0.7 1.0 0.6

t,c-2,4-Heptadienal 0.5 — — — — — 0.6 —

Octanal 0.5 0.3 0.4 1.1 0.6 0.4 0.5 0.3

t,t-2,4-Heptadienal 0.8 — — — — — 0.8 —

Octenal 0.2 0.5 0.5 0.6 0.7 0.6 0.4 0.5

Nonanal 1.2 0.5 0.6 2.8 0.5 0.4 0.6 0.4

t-2-Decenal 0.2 0.2 0.3 0.7 0.2 0.2 0.3 0.3

Decenol 0.1 0.1 0.1 0.2 0.1 0.1 0.1 0.1

t,c-2,4-Decadienal 0.3 0.3 0.4 0.1 0.3 0.3 0.6 0.4

t,t-2,4-Decadienal 0.8 1.0 1.2 0.8 0.8 1.5 1.4 1.4

Undecenal 0.1 0.1 0.2 0.2 0.2 0.2 0.1 0.2

Total area 25.8 63.1 77.6 49.2 53.6 99.6 40.2 70.4
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cottonseed oils, with the highest amount of linoleate, tended to produce the greatest

amount of volatiles, especially pentane and hexanal. Canola and soybean oils,

which contain linolenate, both formed measurable amounts of 2,4-heptadienal.

Olive oil, with the largest quantity of oleate, produced the most octanal and

nonanal.

3.1. Flavor Compounds of Selected Fats and Oils

3.1.1. Butter Because of their commercial significance, the flavor of butter and

butter oil has been studied extensively. More than 230 volatile compounds have

been identified in different types of butter as well as butter oil (20). The typical

flavor of fresh butter is influenced by carbonyl compounds formed by oxidation

of unsaturated fatty acids in milk. Critical flavors in butter have recently been

reviewed (21, 22).

Using odor activity value (ratio of concentration to odor threshold), Forss et al.

(23), Urbach et al. (24), and Stark and co-worker (25–27) reported d-decalactone,

d-octalactone, decanoic acid, dodecanoic acid, skatole, and indole as important

contributors to the flavor of butter oil. In addition, the data of Siek et al. (28) indi-

cated that in fresh butter, the levels of butanoic acid, caproic acid, d-decalactone

were above their taste threshold.

By using aroma extract dilution analysis (AEDA) of the volatile fractions of

fresh and stored butter oil, Widder et al. (29) determined diacetyl, butanoic acid,

d-octalactone, skatole, d-decalactone, cis-6-dodeceno-d-decalactone, 1-octen-3-

one, and 1-hexen-3-one as potent contributors to the flavor of butter oil. The con-

centration of 1-octen-3-one, trans-2-nonenal, and cis-1,5-octadien-3-one increased

during the storage of the butter oil at room temperature.

Table 5 shows the sensory evaluation by Schieberle et al. (30) of the different

kinds of butter, namely, Irish sour cream (ISC), cultured butter (CB), sour cream

(SC), sweet cream (SwC), and farmer sour cream (FSC). It revealed ISC butter

and FSC butter with the highest overall odor intensities. Table 5 shows that 19

odor-active compounds were detected by aroma extract dilution analysis (AEDA)

in a distillate of the ISC butter. The highest flavor dilution (FD) factors have been

found for d-decalactone, skatole, cis-6-dodeceno-g-lactone, and diacetyl followed

by trans-2-nonenal, cis,cis-3,6-nonadienal, cis-2-nonenal, and 1-octen-3-one.

TABLE 4. Odor Profiles of the Butter Samples (29).

Butter Samples Odor Quality Intensitya

Irish sour cream (ISC) Buttery, creamy, sweet 3

Cultured butter (CB) Typical butter-like, sweet 2–3

Sour cream (SC) Mild, weakly buttery, sour 1–2

Sweet cream (SwC) Slightly sour mild 1

Farmer sour cream (FSC) Rancid, like butanoic acid 3

aIntensity: 1, weak; 2, medium; 3, strong.
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Aroma extract dilution analysis has also been applied to heated butter (31). Key

aroma compounds with highest FD factors have been identified as d-octalactone,

skatole, methional, d-decalactone, 2,5-dimethyl-4-hydroxy-3(2H)-furanone (fura-

neol), and 1-octen-3-one followed by 1-hexen-3one, cis-2-nonenal, trans-2-

nonenal, trans, trans-2,4-decadienal, trans-4,5-epoxy-trans-2-decenal, and g-octa-

lactone. Unsaturated triacylglycerols in butterfat are presumed to generate these

potent odorants during heating. Additionally, thermal degradation of proteins and

Maillard reaction can account for the formation of skatole, methional, and furaneol.

3.1.2. Cocoa Butter Cocoa butter is one of the most liked and highly prized

food ingredients because of its desirable flavor and unique melting behavior. As

early as 1961, van Elzakker and van Zutphen (32) studied and identified 23 volatile

compounds in the vacuum steam distillate of cocoa butter. Later, Rizzi (33) identi-

fied nine alkylpyrazines including methylpyrazine, 2,5-dimethylpyrazine, 2,6-

dimethylpyrazine, 2,3-dimethylpyrazine, 2-ethyl-5-methylpyrazine, trimethylpyra-

zine, 2,5-dimethyl-3-ethylpyrazine, 2,6-dimethyl-3-ethylpyrazine, and tetramethyl-

pyrazine in the basic fraction of a vacuum steam distillate of cocoa butter.

The flavor of cocoa butter depends on the processing conditions to which the

cocoa beans are subjected. Cocoa butter obtained from roasted cocoa beans has a

strong flavor reminiscent of cocoa. Cocoa butter obtained from unroasted cocoa

beans that have been given a steam treatment has a considerable milder, yet distinc-

tive, flavor.

The most comprehensive study on the flavor compounds of cocoa butter was that

of Carlin et al. (34–37). They compared the volatile compounds of cocoa butters

TABLE 5. Potent Odorants in an Irish Sour Cream Butter (30).

Flavor Dilution

Compound (FD) Factor Odor Description

Diacetyl 256 Buttery

1-Penten-3-one 32 Vegetable-like

Hexanal 8 Green

1-Octen-3-one 8 Mushroom-like

cis,cis-3,6-Nonadienal 64 Soapy

cis-2-Nonenal 64 Fatty, green

trans-2-Nonenal 128 Green, tallowy

trans,trans-2,4-Nonadienal 8 Fatty, waxy

trans,trans-2,4-Decadienal 32 Fatty, waxy

g-Octalactone 64 Coconut-like

trans-4,5-Epoxy-trans-2-decenal 32 Metallic

Skatole 512 Mothball-like

d-Decalactone 4096 Coconut-like

cis-6-Dodeceno-g-lactone 512 Peach-like

Acetic acid 128 Pungent

Butanoic acid 512 Buttery, sweaty

Hexanoic acid 32 Pungent, musty
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from roasted and unroasted cocoa beans. Pyrazines were present in greater numbers

and at higher concentrations in the roasted cocoa butter. Of the 62 pyrazines iden-

tified, 57 were identified in the roasted cocoa butter and only 27 in the unroasted

samples. Table 6 lists the comparison of the major pyrazines identified in cocoa

butters from roasted and unroasted cocoa beans.

The most abundant pyrazine identified in cocoa butters was tetramethylpyrazine,

which existed at an extremely high concentration in the unroasted cocoa butter but

only a moderate level in the roasted cocoa butter. Tetramethylpyrazine accounted

for over 90% of the pyrazine content of the unroasted cocoa butter. Besides thermal

generation, tetramethylpyrzine could be formed in cocoa beans through biosyn-

thetic reactions. Kosuge and Kamiya (38) identified tetramethylpyrazine as a meta-

bolic product of a strain of Bacillus subtilis. Several species of this organism were

identified in a fermenting mass of cocoa beans by Ostovar (39).

Table 7 lists the oxazoles and thiazoles identified in the sample of cocoa butter.

They were present only in roasted cocoa butter. The sensory characteristics of these

compounds shown in Table 7 indicated that oxazoles and thiazoles possessed inter-

esting green, fatty, sweet, and nutty sensory qualities and were high-impact flavor

TABLE 6. Some Major Pyrazines Identified in Cocoa Butters from Roasted and Unroasted

Cocoa Beans (37).

Relative Concentration

———————————————

Pyrazines Roasted Unroasted

Tetramethylpyrazine 270 3400

Trimethylpyrazine 2620 380

2,5-Dimethyl-3-ethylpyrazine 750 40

2,5-Dimethylpyrazine 710 60

2-Isopropyl-3-methylpyrazine 510 trace

2,6-Dimethylpyrazine 490 —

2-Acetyl-3-methylpyrazine 390 20

2-Ethyl-3,5,6-trimethylpyrazine 310 20

2,6-Diethyl-3-methylpyrazine 10 150

6,7-Dihydro-5H-cyclopentapyrazine 110 —

Methylpyrazine 90 10

2-Acetyl-3-ethylpyrazine 90 10

2,5-Diethyl-3-methylpyrazine 90 —

2-Butyl-3,6-dimethylpyrazine 80 trace

2-Methyl-6,7-Dihydro-5H-cyclopentapyrazine 80 trace

2-Methyl-5-vinylpyrazine 70 —

Isopropenylpyrazine 70 —

2-Methyl-3-pentylpyrazine 50 c

2-Methyl-6-vinylpyrazine 40 30

2,3-Dimethylpyrazine trace 30

2,3-Dimethyl-5-ethylpyrazine — 30

2,3-Dimethyl-5-butylpyrazine 30 —

2,5-Dimethyl-5-isobutylpyrazine 30 —

5,6,7,8-Tetrahydroquinoxaline 30 —
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compounds in roasted cocoa butter (36, 37). Of particular interest, 2-pentylthiazole

identified had strong fatty, green, and sweet notes and may be an important contri-

butor to cocoa butter flavor. Oxazoles could possibly be formed through the

Strecker degradation of aminoketones, which result from the condensation of

a-dicarbonyl compounds with amino acids (40). They might also form through

reaction between amino acids (41). Maga (42) has reviewed the occurrence of thia-

zoles in foods and possible pathways of formation. Thiazoles could possibly form

through the interaction of sulfur-containing amino acids and carbonyl-containing

compounds.

3.1.3. Lard Lard is a traditional edible fat for Chinese people. Lard is generally

prepared either by dry-rendering or by wet-rendering. The dry-rendered lard with

pork back fat as the raw material usually has better flavor than the wet-rendered lard

and is used as cooking fat or shortening. The wet-rendered lard with pork belly fat

as the raw material usually has an undesirable flavor and must be refined before

further use.

The volatile flavor compounds of lard have been studied by Watanabe and Sato

(43–48). They heated the lard at 160–170�C under a stream of air and collected the

volatile compounds. They found that 2,4-decadienal and lactones contributed sig-

nificantly to the flavor of lard. Hwang and Chen (49) compared the volatile flavor

compounds generated by heating the crude and refined samples of both dry-ren-

dered and wet-rendered lard at 190�C for 2 hours. Table 8 summarizes the amounts

of some flavor-contributing volatiles in different samples of lard. Crude dry-ren-

dered lard showed the highest content of these compounds followed by crude

wet-rendered lard, refined dry-rendered lard, and refined wet-rendered lard. Appar-

ently, dry-rendering can yield lard with a stronger flavor.

TABLE 7. Oxazoles and Thiazoles Identified in Roasted Cocoa Butter (36).

Compounds Odor Description

2-Pentylthiazole Strong, green, fatty, sweet

2-Acetyl-5-methylthiazole

2-Isopropyl-4,5-dimethylthiazole

2-Isopropyl-4-methylthizaole Strong, camphorus

2-Acetyloxazole

2-Isopropyl-4,5-dimethyloxazole

2-Isopropyl-4-ethyl-5-methyloxazole Sweet, fruity

2-Methyl-4,5-dibutyloxazole

4,5-Dimethyloxazole

2-Methyl-4-ethyl-5-propyloxazole Green fatty, vegetable-like

2,5-Dimethyl-4-butyloxazole Fresh acidic, green, pickle-like

2-Methyl-4-ethyl-5-butyloxazole Acidic, fatty, sweet, flowery

2-Butyl-4-methyl-5-ethyloxazole Green, sweet

2-Butyl-4-ethyl-5-methyloxazole Green, herbal, weak, acidic, slight buttery

4,5-Dibutyloxazole

2,5-Dibutyl-4-methyloxazole Sweet, fruity, green
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3.1.4. Soybean Oil Soybean oil is the highest volume vegetable oil produced in

the world, as well as in the United States. Because of its commercial importance,

the flavor chemistry of soybean oil has been extensively studied and reviewed (50).

The development of a characteristic, objectionable, beany, grassy, and hay-like

flavor in soybean oil, commonly known as reversion flavor, is a classic problem of

the food industry. Soybean oil tends to develop this objectionable flavor when its

peroxide value is still as low as a few meq/kg, whereas other vegetable oils, such as

cottonseed, corn, and sunflower, do not (15, 51). Smouse and Chang (52) identified

71 compounds in the volatiles of a typical reverted-but-not-rancid soybean oil. They

reported that 2-pentylfuran formed from the autoxidation of linoleic acid, which is

the major fatty acid of soybean oil, and contributes significantly to the beany and

grassy flavor of soybean oil. Other compounds identified in the reverted soybean oil

also have fatty acids as their precursors. For example, the ‘‘green bean’’ flavor is

caused by cis-3-hexenal, which is formed by the autoxidation of linolenic acid that

usually constitutes 2–11% in soybean oil. Linoleic acid oxidized to 1-octen-3-ol,

which is characterized by its ‘‘mushroom-like’’ flavor (53).

The most interesting studies on the flavor of soybean oil were those published

by Ullrich and Grosch (54) and Guth and Grosch (13, 55). By using aroma extract

dilution analysis, they determined some odor compounds that strongly contributed

to the off-flavor of soybean oil samples, which were stored at room temperature

either in daylight or in the dark. Table 9 lists the FD factor values of various

odor compounds in soybean oil samples. 3-Methyl-2,4-nonanedione, cis-3-hexenal,

cis-2-nonenal, cis-1,5-octadien-3-one, 1-octen-3-hydroperoxide, 4,5-epoxy-trans-

2-decenal, 1-octen-3-one, cis-1,5-octadien-3-hydroperoxide, and trans-2-nonenal

were identified as primary odorants of soybean oil, which were exposed to daylight.

They also observed that the major differences in the intensity of the reversion odor

TABLE 8. The Amounts of Volatile Flavor Contributing Compounds from Lards

of Different Treatments (47).

CDLa RDL CWL RWL

—————————————————————————————

Compounds (mg/100-g lard)

1-Octen-3-ol 2.21 1.83 1.89 1.40

n-Hexanal 10.87 8.13 10.38 7.60

n-Octanal 2.67 2.12 2.07 1.86

trans-2-Heptenal 11.04 8.45 10.44 7.23

n-Nonanal 10.92 8.15 8.70 6.99

trans-2-Octenal 3.24 2.66 2.77 2.40

trans-2-Nonenal 3.14 2.46 2.59 1.89

2,4-Decadienal 17.01 14.34 15.06 12.10

2-Pentylfuran 0.80 0.43 0.43 0.38

g-Octalactone trace 0.38 trace trace

Total 61.90 48.95 54.78 41.85

aCDL, crude dry-rendered lard; RDL, refined dry-rendered lard; CWL, crude wet-rendered lard; and RWL,

refined wet-rendered lard.
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of soybean oil samples were mainly caused by an increase in the concentration of

3-methyl-2,4-nonanedione during storage. Guth and Grosch (56) further identified

two furanoid fatty acids, namely, 10,13-epoxy-11,12-dimethyloctadeca-10,12-die-

noic acid and 12,15-epoxy-13,14-dimethyloctadeca-12,14-dienoic acid in soybean

oil as precursors for 3-methyl-2,4-nonanedione. The proposed mechanism for the

photogeneration of 3-methyl-2,4-nonanedione is shown in Figure 6. However, the

work of Kao et al. (57) cannot support the theory that furanoid fatty acids or

3-methyl-2,4-nonanedione contribute strongly to the reversion flavor of soybean

TABLE 9. Aroma Extract Dilution Analysis of the Stored Soybean Oils (12).

Flavor Dilution (FD) Factor

————————————————

Compound SBO (Daylight)a SBO (Dark)b

cis-3-Hexenal 2048 8

Hexanal 16 <1

Pentanoic acid 32 <1

trans-2-Heptenal 64 <1

1-Octen-3-one 256 16

cis-1,5-Octadien-3-one 512 <1

2,4-Heptadienal 8 4

Octanal 16 8

cis-2-Octenal 16 <1

trans-2-Octenal 32 8

cis-3-Nonenal 16 8

1-Octen-3-hydroperoxide 512 32

cis-1,5-Octadien-3-hydroperoxide 256 4

cis-2-Nonenal 1024 64

trans,cis-2,4-Nonadienal 16 8

trans-2-Nonenal 256 32

2,4-Nonadienal 32 16

trans,trans-2,4-Nonadienal 16 16

3-Methyl-2,4-nonanedione 16348 16

trans-4,5-Epoxy-trans-2-nonenal <1 8

trans,trans-2,4-Decadienal 32 16

trans-4,5-Epoxy-trans-2-decenal 512 256

aThe oil sample was stored for 30 days at room temperature and in daylight.
bThe oil sample was stored for the sample period in the dark.

1O2

O
(CH2)7COOH

O
(CH2)7COOHOH

O

OOH OO

O
(CH2)7COOH+

Figure 6. Proposed mechanism for the photogeneration of 3-methyl-2,4-nonanedione (56).
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oil. No significant flavor differences were found when soybean oils with high or low

contents of furanoid fatty acids were evaluated during storage for off-flavor inten-

sity of soybean oil (57).

The odor properties of two volatile hydroperoxides, 1-octen-3-hydroperoxide

and cis-1,5-octadien-3-hydroperoxide, are shown in Table 10. The odor thresholds

of these hydroperoxides were 10-fold higher than those of the corresponding

ketones. Precursors of both hydroperoxides are presumably the 10-hydroperoxide

of linoleic acid and linolenic acid, which are easily formed by photosensitized oxi-

dation of linoleic acid and linolenic acid (48). As shown in Figure 7, a b-scission of

the 10-hydroperoxy group, the rearrangement of the double bond and combination

of the allylic radical formed with oxygen, followed by abstraction of a hydrogen

atom would result in the two allyl hydroperoxides having eight carbon atoms.

As shown in Tables 9 and 10, on the basis of its high FD factor and its odor

properties, the trans-4,5-epoxy-trans-2-decenal contributed significantly to the

green, hay-like overall odor in soybean oil stored in the dark. Guth and Grosch sug-

gested (13) that an epoxyhydroperoxy fatty acid could be the precursor of such

epoxy aldehydes. Figure 8 shows the proposed pathway for the formation of

trans-4,5-epoxy-trans-2-decenal from linoleic acid via the trans-12,13-epoxy-9-

hydroperoxy-trans-10-octadecenoic acid intermediate.

3.1.5. Canola Oil Canola oil is obtained from low erucic acid, low glucosinolate

rapeseed. The unique polyunsaturated fatty acid and low saturated composition of

canola oil differentiates it from other oils. It has a higher oleic acid (18:1) content

(55%) and lower linoleic acid (18:2) content (26%) than most other vegetable oils,

but it contains 8–12% of linolenic acid (18:3) (58). Canola oil is most widely used

in Canada and is considered a nutritionally balanced oil because of its favorable

ratio of near 2:1 for linoleic to linolenic acid content. Unlike most other edible

oils, the major breakdown products of canola oil are the cis, trans- and trans, trans-

2,4-heptadienals with an odor character generally described as oily, fatty, and putty.

Stored canola oil shows a sharp increase in the content of its degradation products,

which are well above their odor detection thresholds. The aroma is dominated by

cis, trans-, trans, trans-2,4-heptadienals, hexanal, nonanal, and the cis, trans- and

TABLE 10. Odor Properties of the Hydroperoxides and the Epoxides Identified in Stored

Soybean Oils (12).

Odor Threshold

———————

Compound Odor Description (ng/ L, air)

1-Octen-3-hydroperoxide Metallic, mushroom-like 0.6–1.2

1-Octen-3-one Mushroom-like 0.03–0.12

cis-1,5-Octadien-3-hydroperoxide Geranium-like, metallic 0.03–0.06

cis-1,5-Octadien-3-one Geranium-like, metallic 0.003–0.006

trans-4,5-epoxy-trans-2-nonenal Metallic 0.25–1.0

trans-4,5-epoxy-trans-2-decenal Metallic, green 0.0005–0.005
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trans, trans-decadienals. Octen-3-one with a strong metallic flavor, generally con-

sidered an off-flavor in oils, occurs at a concentration of 75 ppb in aged oil, which is

approximately 750 times above its odor detection threshold. Despite its relatively

low concentration, the metallic note of octen-3-one contributes markedly to the

overall flavor character of the aged oil (59).

O O

R
(CH2)6 COOH

O OH

H (CH2)6 COOH

O

O O

R

O OH

R

Figure 7. Reaction routes proposed for the formation of 1-octen-3-hydroperoxide (R����CH2��
(CH2)4�� ) and cis-1,5-octadien-3-hydroperoxide (CH3��CH2��CH����CH��CH2) (13).

CH3 (CH2)4 CH CH CH2 CH CH (CH2)7 COOH

CH3 (CH2)4 CH CH CH CH CH (CH2)7 COOH

OOH

CH3 (CH2)4 CH CH CH CH CH (CH2)7 COOH

O O OH

CH3 (CH2)4 CH CH CH

O

CH CHO
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Figure 8. Proposed reaction route to the trans-4,5-epoxy-trans-2-decenal via the trans-12,13-

epoxy-9-hydroperoxyoctadec-(E)-10-enoic acid (13).
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3.1.6. Olive Oil Olive oil is commonly used as a table and cooking oil because of

its unique flavor and stability. Olive oil comes from the fruits of the olive tree Olea

europea, which has been cultivated for many years in the Southern European coun-

tries bordering the Mediterranean and in North Africa. Virgin olive oil is extracted

under mild conditions and is normally consumed without further treatment, the nat-

ural flavor compounds that confer its characteristic aroma are preserved and are

uniquely recognized by consumers. In the intact fruit, a high percentage of fatty

acids, exists which are mainly bound as triacylglycerols; however, in the oil, there

is a resulting high percentage of free fatty acids. Two reasons could account for the

high levels of free fatty acid: A high moisture content that is favorable to lipase

action, and bruising of the olive fruit during harvest, transportation, and milling

of the fruits. The primary free fatty acids are the unsaturated oleic, linoleic, and

linolenic acids, with oleic acid constituting 80% of the free fatty acids. These

free fatty acids contribute significantly to the taste of the oil and serve as the pre-

cursors for the aroma compounds of olive oil.

The aroma compounds of olive oil have recently been reviewed by Kiritsakis

(60). The most abundant aroma compounds in virgin olive oil are C-6 aliphatic

compounds, trans-2-hexenal, trans-2-hexen-1-ol, hexan-1-ol, cis-3-hexen-1-ol,

cis-2-penten-1-ol, cis-3-hexenal, hexyl acetate, and hexanal, accounting for about

80% of total volatile compounds with the prominence of trans-2-hexenal (61–

64). These C-6 compounds provide the green perception and unique aroma of olive

oil. Recently, 2,4-dimethylfuran has been found in olive oil with unpleasant sensory

quality (65). As a result, the ratio of trans-2-hexenal/2,4-dimethylfuran has been

proposed as a quality marker for olive oil and the ratio value of less than 1.5 indi-

cates lower quality olive oil (65).

The stability of olive oil compared with other vegetable oils is attributed to the

high-to-low ratio of oleic to linoleic acid, and to the degradation of the chlorophylls

to pheophytins (60). In addition, olive oil is also rich in antioxidative phenolic com-

pounds such as hydroxytyrosol (66).

3.1.7. Marine Oils Since the use of sardine oil as a food ingredient was discon-

tinued in the 1950s, the Food and Drug Administration (FDA) has determined that

fish oils were totally new ingredients for human foods. As a result, 90% of the fish

oil produced in the United States was exported to Europe as a food oil and 10% was

used domestically in nonfood applications. After lengthy petition, the FDA finally

affirmed the GRAS status of partially hydrogenated (PHMO) and hydrogenated

menhaden oil (HMO) for direct use as human food ingredients in 1989 (67).

Fish oils are a rich source of o-3 polyunsaturated fatty acids such as eicosapen-

taenoic acid (EPA) and docosahexaenoic acid (DHA). The supplementation of Wes-

tern diets with fish oils containing EPA and DHA has been recommended (68, 69),

and it can be beneficial for ischemic heart disease and thromboembolic events.

In order to explain the reason that marine oils are much more labile than com-

mon vegetable oils, basic lipid chemistry, such as oxidation rate, induction period,

and oxygen uptake were determined and reported by several researchers (70–72).

The relative oxidation rates of fatty esters at 36.5�C were found to be highly
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correlated to their molecular unsaturation, i.e., oleate (1.0), linoleate (8.0), linole-

nate (21.7), and EPAþDHA (39.1). Relative oxygen uptake (first two days in air)

of oleate, linoleate, linolenate, EPA, and DHA were <1, 1, 99, 743, and 948, respec-

tively. Induction periods (90 lux at 5�C) were also related to the degree of unsatura-

tion of fatty esters. The induction period of oleate was found to be more than

100 days (estimated) and those of linoleate, linolenate, and EPAþDHA, were

50, 20, and 4 days, respectively (68).

The high oxidation rates of EPA and DHA and the instability of their hydroper-

oxides caused the rapid formation of secondary products such as volatile aldehydes

and other compounds, which, in turn, impart flavor reversion in fish oils (56). The

hydroperoxides produced from autoxidation of EPA (73) and DHA (74) have been

identified but not quantified. They form eight and ten isomers, respectively. Noble

and Nawar (75) analyzed the volatile compounds in autoxidized DHA and identi-

fied a number of aldehydes. Most of the aldehydes identified could be explained by

the b-scission of alkoxy radicals generated by the homolytic cleavage of each iso-

mer of the hydroperoxides as shown in Figure 9.

Meijboom and Stroink (76) found that 2-trans, 4-cis, 7-cis-decatrienal was the

compound responsible for the fishy off-flavors occurring in autoxidized oil contain-

ing o-3 fatty acids. This trienal was also found in autoxidized methyl DHA by

Noble and Nawar (75) and in autoxidized mackerel oil by Ke et al. (77).

The most detailed studies on the flavor of fish oil in recent years were probably

those of Hsieh et al. (78, 79), Lin et al. (80), and Lin (81). In their studies, a series

of alkanals, alkenals, alkadienals, and alkatrienals were determined by dynamic

headspace gas chromatography-mass spectrometry in crude menhaden oils (Table 11).

Most of these aldehydes contributed to the characteristic oxidized oily odors, such

as green grassy, waxy, and rancid in the crude oils. Alkatrienals, i.e., nonatrienal

and decatrienals, were also found at ppb levels in the dynamic headspace of

the crude oils. 2-trans,4-trans,7-cis-Decatrienal, 2-trans,4-cis,7-cis-decatrienal,

Propanal
2,4-Heptadienal
3-Hexenal
2,4,7-Decatrienal
3,6-Nonadienal
2,4,7,10-Tridecatetraenal
3,6,9-Dodecatrienal
2,4,7,10,13-Hexadecapentaenal
3,6,9,12-Pentadecatetraenal
2,4,7,10,13,16-Nonadecahexaenal

20-OOH
16-OOH
17-OOH
13-OOH
14-OOH
10-OOH
11-OOH
7-OOH
8-OOH
4-OOH

C-18

C-15

C-12

C-9

C-6

COOH
18 15 12 9 6 3

Initial H Abstraction Hydroperoxide Aldehydes Formed

Figure 9. Aldehydes derived from autoxidized decosahexaenoic acid.
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and 4-cis-heptenal impart a strong fishy odor to oils. Aldehydes have a green

or plant-like note; ketones (1-octen-3-ol) have a metallic off-flavor. Besides the

aldehydes identified in crude menhaden oil, other compounds identified such as

short-chain unsaturated alcohol (1-penten-3-ol), had a medicinal odor, and others

had a green unpleasant odor and may also contribute to the flavor of fish oil.

Lin et al. (80) also reported that steam-deodorization can effectively remove a

total of 99% of most aldehydes in the oils. However, reversion flavor of fish oils

during storage can generate pentylfuran and aldehydes that have green and beany

odors.

Cadwallader and Shahidi (82) identified the potent odorants of seal blubber oil

by direct thermal desorption-gas chromatography-olfactometry (DTD-GCO). In

TABLE 11. Volatile Aldehydes Identified in the Gulf

Menhaden Oil (54).

Compounds GC Area (%)

n-Butanal 0.97

n-Pentanal 0.82

cis-2-Butenal 0.55

n-Hexanal 1.56

cis-2-Pentenal 1.48

n-Heptanal 1.42

trans-2-Hexenal 0.97

trans-4-Heptenal 0.24

n-Octanal 0.61

trans-2-Heptenal 0.31

n-Nonanal 0.51

2,4-Hexadienal trace

cis-2-Octeenal 0.13

trans-2-Octenal 0.43

2,4-Heptadienala 0.69

n-Decanal 0.15

2,4-Heptadienala 1.39

Benzaldehyde 0.34

trans-2-Nonenal 0.14

cis-4-Decenal 0.14

2,4-Octadienala 0.11

2,6-Nonadienala 0.06

2,4-Octadienala 0.34

trans-4-Decenal 0.02

2,4-Nonadienala trace

2,4-Nonadienala trace

2,4-Decadienal trace

2,4-Undecadienala trace

Nonatrienala trace

Nonatrienala trace

Decatrienala trace

Decatrienala trace

aConfiguration of geometric isomers were not determined.
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general, odorants were present at higher odor-potency in the crude oil. Predominant

odorants were (Z)-1,5-octadien-3-one (metallic), (E, E, Z)-2,4-7-decatrienal (fatty,

fishy), (Z)-3-hexenal (green, cut-leaf), and (E,Z)-2,6-nonadianal, (cucumber).

These compounds are among breakdown products of thermally labile hydroper-

oxides and are responsible for the typical off-flavors encountered in stored marine

oils.

Oxidative stability of o-3 fatty acids can be increased using free radical scaven-

gers. TBHQ (t-butylhydroquinone) at a concentration of 0.02% has successfully

slowed down the oxidation of menhaden oil for up to 40 days, compared with

3 days for the control group (83). a-Tocopherol and butylated hydroxytoluene

(BHT) alone or in combination increased the oxidative stability of EPA and

DHA (84). The most notable success in fish oil stabilization has been achieved

with ternary antioxidant systems, which contain a- or g-tocopherol concentrates,

ascorbic acid (or ascorbyl palmitate), and lecithin (85).

3.1.8. Sesame Oil Sesame oil has traditionally been used in eastern Asian coun-

tries, especially China, Japan, Korea, and Taiwan. It has been prized for its nutritive

and health-promoting values. Sesame oil, prepared from roasted sesame seeds, has

a distinctive flavor and a long shelflife (86). Several studies have been reported on

the flavor components of sesame oil (87–91). The amount of volatile flavor com-

pounds in sesame oil is greatly affected by the roasting process. It has been reported

that the ratio of the amount of volatile components in deep-roasted oils was

increased by 2–7 times in deep-roasted oil as compared with that of light-roasted

oils (90).

Perhaps the most important compounds identified in the roasted sesame oils are

2-furfurylthiol and guaiacol. Using aroma extract dilution analysis method, these

two compounds have been characterized by Schieberle (92) to be the most odor-

active compounds in roasted sesame seeds. 2-Furfurylthiol, having an intense

coffee-like odor, increased from 16 ppb in roasted oil processed at 160�C for

30 min to 158 ppb in the oil processed at 200�C for 30 min (Table 12). Guaiacol

has a burnt and smoky odor with an extremely low-odor threshold of 0.02 ppt in

TABLE 12. Changes in the Content (ppb) of Selected Odor-Active Compounds in Sesame

Oils with Sesame Seeds Roasted at 160, 180, 200, and 220�C for 20 min (88, 89).

FD Factor in Roasted Content (ppb)

———————————————————

Compound Sesame Seed 160�C 180�C 200�C 220�C

2-Furfurylthiol 20480 16 51 105 158

Guaiacol 10240 147 365 537 718

Acetylpyrazine 1280 57 169 201 197

2-Ethyl-3,5-dimethylpyrazine 1280 73 161 276 287

2,3-Diethyl-5-methylpyrazine 640 13 29 57 50

trans,trans-2,4-Decadienal 640 121 169 287 333

2-Ethyl-5-methylpyrazine 320 96 234 301 301
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water. The amount of guaiacol increased from 147 ppb in roasted oil processed at

160�C for 30 min to 718 ppb in the oil processed at 200�C for 30 min (Table 12).

The extremely high concentration of guaiacol in the high-temperature roasting

sample certainly contributes to its smoky and overburnt sensory quality.
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10
Flavor and

Sensory Aspects

Linda J. Malcolmson

Canadian International Grains Institute

Winnipeg, Manitoba, Canada

1. INTRODUCTION

Sensory evaluation is a scientific discipline that uses humans to measure the accept-

ability and sensory properties of food and other materials. Sensory properties

important in food products include attributes of appearance, odor, taste, and texture.

The use of humans as measuring devices is necessary because only humans can

define what is ‘‘acceptable,’’ and in many cases, no instrumental or chemical method

can adequately measure or replicate the human response. For this reason, sensory

evaluation is a vital component in any quality assessment program. In such pro-

grams, sensory evaluation can be used to monitor product quality; determine effects

of alternative processing, ingredients, or formulations; evaluate packaging; and

determine product shelf life.

2. SENSORY METHODS

Sensory methods are often criticized as being subjective techniques. Part of the pro-

blem lies with the failure to acknowledge that two distinct types of sensory tests
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exist. Product-orientated tests involve the use of selected and trained panelists

under controlled testing conditions to evaluate the attributes of a product. These

products are objective because they meet the criteria of objectivity, namely freedom

from personal bias and repeatability. Consumer-oriented tests involve the use of

consumer panelists to determine degree of liking for a product or product accept-

ability. These tests, by their very nature, are subjective because it is the subjective

information (personal likes and dislikes) that is of interest. Thus, if sensory tests

are done under controlled testing conditions, using trained panelists and appropriate

sensory methodologies, the procedures are objective.

The sensory method chosen for a test is dependent on the type of information

required. The appropriate method can only be selected after the objectives of the

test are clearly defined. As illustrated in Table 1, there are a substantial number

of test methods available and it is important to be familiar with them in order to

apply the correct method to achieve the correct results. Familiarity with the test

methods also reduces the likelihood of relying on a single method. Difference

and descriptive tests are the main tests used to evaluate fat and oil quality. Both tests

require the use of trained panelists, but the level of training is considerably more for

descriptive testing. In difference testing, panelists only determine if there is a dif-

ference between samples. The degree of difference is not determined. In contrast,

descriptive tests allow panelists to rate the intensities of several attributes resulting

TABLE 1. Summary of Product-Oriented and Consumer-Oriented Sensory Tests.

Test Type Test Procedure and Objective Test Method

Product-oriented Threshold—measures the level at which

a sensory characteristic can be detected

Method of limits

Average error

Frequency

Difference—measures difference or

similarity between products or attributes

of products

Paired comparison

Duo-trio

Dual-standard

Triangle

Scaling—measures intensity of a

product attribute

Ranking

Category

Magnitude estimation

Duration—measures the duration for

which an attribute is detected

Time-intensity

Descriptive analysis—measures the

intensity of several attributes

associated with the product

Flavor profile

Texture profile

Quantitative descriptive

analysis

Deviation from reference

Consumer-oriented Acceptance—measures acceptance

of product

Preference—measures which

product is preferred

Paired comparison

Hedonic—measures degree of

liking/disliking for a product

Ranking

Category
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in a full description or profile of the samples. A more thorough discussion of test

methodologies is available elsewhere (1, 2).

3. FACTORS AFFECTING SENSORY MEASUREMENTS

Standard practices have been developed for conducting sensory panels in order to

minimize psychological errors and physical testing conditions that can influence

human judgment. By controlling these factors, reliable sensory results can be

achieved. The following sections outline the most common psychological errors

and how they can be minimized.

3.1. Expectation Error

Expectation error occurs when panelists are given information about the samples

prior to the test. This information can influence their judgment because panelists

usually find what they expect to find. To control for this error, panelists are only

given enough information for them to perform the task, samples are coded to con-

ceal identity, the panel is held in a separate room away from the preparation area,

and the person conducting the test does not serve as a panelist.

3.2. Suggestion Error

This error occurs when one panelist’s reaction to a sample causes other panel mem-

bers to change their judgments. To minimize this error, individual booths are used

and no discussion is permitted during testing.

3.3. Stimulus Error

Stimulus error occurs when panelists are influenced by irrelevant sample differ-

ences, such as differences in size, volume, and color of the samples. To minimize

this error, the samples must be prepared and served under identical conditions.

Unwanted color differences should be masked using colored lights.

3.4. Positional Bias or Order Effect

The order in which samples are evaluated can influence a panelist’s judgment. The

first sample is often scored higher regardless of the product being tested. To mini-

mize this effect, serve samples to panelists in a randomized order: this way posi-

tional bias is balanced for the panel as a whole. A warm-up sample can also be used

that calibrates the panel before beginning the test.

3.5. Central Tendency Error

This error is characterized by panelists avoiding the end points on a scale when rat-

ing samples. Use of reference samples and training can minimize this error.
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3.6. Contrast and Convergence Errors

Contrast error occurs when two samples are very different from each other. Panel-

ists tend to exaggerate the difference in their scores. Convergence error is the oppo-

site effect whereby a sample may mask small differences between two samples

causing their scores to converge. To minimize both of these errors, sample and serv-

ing orders must be randomized among the panelists.

4. EXPERIMENTAL DESIGN AND STATISTICAL ANALYSIS

The experimental design that is selected and the statistical analysis that is applied to

the data will significantly influence the outcome of a test. In sensory testing, the

experimental design dictates the serving order of the samples. Several experimental

designs are available to choose from, including completely randomized, balanced

complete block, and balanced incomplete block designs. Key elements to good

experimental design include randomization, blocking, and replication.

Randomization is done to minimize the effects of uncontrolled sources of varia-

tion or error and to eliminate bias. It involves ordering sample treatments in such

a way that each treatment has an equal chance of being selected. In sensory testing,

the order of sample presentation to each panelist is randomized.

Blocking is used to increase the power of an experiment by removing known

sources of variability from the estimate of error. Blocks can include panelists, repli-

cations, treatment, or anything else that is a known source of variation. By grouping

experimental units into blocks, a more accurate measure of pure or experimental

error is obtained.

Replication involves repeating the experiment under identical conditions. It

improves the reliability and validity of test results and is necessary to provide an

estimate of experimental error. The number of replications completed is determined

by time, cost, and sample constraints. However, the more replications completed,

the better the estimate of experimental error and the more reliable the results.

Statistics are used in sensory testing to determine whether the responses from

panelists are sufficiently similar or represent a random occurrence. Knowing the

degree of similarity enables one to draw conclusions about the samples being tested

with some measure of confidence in the context of that population of subjects and in

the case of consumer-oriented tests to the population in general. Thus, it is impor-

tant that appropriate statistical methods be applied to sensory data to satisfy the test

objectives. For a more thorough discussion of the appropriate statistical methods for

each of the various sensory tests, refer to Stone and Sidel (1) and ASTM (2).

5. SENSORY TESTING FACILITY

An important requirement of conducting sensory tests is the availability of a facility

specifically designed for sensory testing. This is necessary to ensure that tests are
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run efficiently and conducted under controlled conditions with minimum distrac-

tions. Without proper controls, reliable results may not be achieved. Permanent test-

ing facilities provide the best testing environment. If this is not feasible, it is

possible to adapt existing facilities for sensory testing. The types of tests to be con-

ducted, the amount and frequency of testing, and the space and resources available

will be deciding factors in the facilities that are developed for sensory testing. In

general, space is needed for preparation of samples, testing, and training. A more

thorough discussion regarding the design of sensory testing facilities including

illustrations of possible layouts can be found elsewhere (1, 3).

The preparation area should provide sufficient counter space for preparation of

samples and layout of sample trays. The area should provide refrigerated and frozen

storage, electrical ranges and microwave ovens for heating, and sinks and dish-

washers for cleaning purposes. Installation of distilled or filtered water should be

considered for panelists’ rinsing water and preparation of solutions if tap water

imparts a flavor and odor. Ventilation hoods with exhaust fans should be installed

to remove odors in order to prevent the odors from spreading to the booth area.

The testing facility must provide panelists a setting that minimizes factors that

can influence their judgments. For this reason, individual booths are constructed so

that a panelist can evaluate the samples without being influenced by other panelists.

The booth area should be separate from the preparation area. Ideally, this room

should be adjacent to the preparation area to permit samples to be passed through

the wall of the preparation area to the panelist. Eight booths should be adequate to

run most sensory programs. Each booth should be equipped with a counter, chair, a

pass-through opening to the preparation area, individual lighting, and an electrical

outlet for warming trays. Individual sinks for expectoration can also be provided

but are problematic due to sanitation, noise, and odor problems. The use of covered

disposable containers for expectoration is a more acceptable alternative. Some

booths are computerized so that panelists utilize a computer screen, keyboard,

and mouse rather than a paper ballot to record their judgments.

A booth width of 67–80 cm and a counter depth of 45– 60 cm is recommended.

Counter height should be the same as the counter height on the other side of the

pass-through wall to permit ease of passing trays from one side to the other. Stan-

dard counter height is 90 cm. Partitions between booths should be at least 90 cm

high and should extend 45 cm beyond the edge of the countertop to provide full

privacy for the panelist (3). Walls and booths should be constructed of opaque,

nonreflecting material that is neutral in color. Countertops and flooring should be

odor-free and easily cleaned. Construction of a soffit above the booth counter is

recommended to house lighting fixtures and ventilation ducts (1). Adequate space

must be provided so that panelists can enter and exit the room without disturbing

others. Pass-throughs from the preparation area should be large enough to accom-

modate tray passage. The opening can be fitted with a hinged, sliding, flip-up,

or bread-box type door. However, more counter space will be required if hinged,

flip-up, or bread-box type openings are used.

Each booth should have its own lighting to ensure uniform light distribution. Use

of both incandescent and fluorescent lighting offers greater testing flexibility.
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Fluorescent lights do not generate heat and are recommended when color evalua-

tion is critical because bulbs can be selected that more closely match natural day-

light. In situations when color differences between samples needs to be masked,

colored incandescent bulbs or colored filters are used. Red lights are recommended

for masking color differences in oil samples.

Room temperature control and adequate ventilation are the most critical factors

in designing the panel room. In order to maintain a comfortable temperature in the

room, air-conditioning should be installed. A slight positive air pressure should be

maintained in the booth area to prevent infiltration of external odors. Individual

exhaust ventilation ducts should be located in each booth. Air turnover in the

room should occur at least every 30 seconds (1). Recirculated and makeup air

should pass through activated carbon filters to remove odors.

If an area specifically designed for sensory testing is not available, a temporary

area such as a boardroom can be set up provided that noise, distractions, and odors

are minimized. Portable partitions made of heavy cardboard, wood, or metal can be

used to provide individual booths for panelists.

The training area should also be adjacent to the preparation area and should

allow for group discussion and testing of products. A comfortable, well-lit room

with good ventilation and a table for 8–12 panelists is required. A whiteboard or

flip chart should be provided to facilitate discussion.

Information pertaining to the design of a facility for evaluating room odor has

been published by Mounts and Warner (4). The most important feature of this facility

is the air lock room that a panelist must pass through before entering the actual odor

room. This helps prevent significant loss of volatile odor components from the test

room. Control of the amount of airflow into and out of the rooms is also required.

6. SAMPLE PREPARATION AND PRESENTATION

Samples should be prepared and presented to panelists under identical conditions.

It is recommended that at least 30 g of solid food or 15 mL of liquid food be

served (5). It may be necessary to serve some foods with a carrier or to use dilu-

tions. For example, crackers or white bread may be used as a carrier for the evalua-

tion of margarine. However, it is generally better to avoid the use of a carrier where

possible, because they have flavor and textural characteristics of their own that can

interfere with the panelists’ evaluation of the intended product. Through training,

panelists can usually overcome any aversions they might have to sampling a fat-

based product on its own. If crude oil is to be evaluated, dilution may be required

but the effect of the dilution medium needs to be considered. Warner et al. (6)

found that good quality freshly deodorized soybean oil could be used as a diluent

at a ratio of 95:5 in the evaluation of crude soybean oils. Stone and Hammond (7)

reported on a method for evaluating oils in emulsions stabilized with gum acacia.

The method allows for smaller quantities of oil to be evaluated because the total

volume is increased through dilution. This can be an issue when evaluating experi-

mental lines in breeding programs. The emulsion also clears the palate sooner and
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more thoroughly than a pure oil, thereby reducing sample carryover from one oil

sample to the next.

Whenever human subjects are used, every effort must be made to ensure that the

panelists are not exposed to any risk associated with the samples. If there is some

concern, precautions, such as expectorating the samples or only evaluating odor,

should be implemented.

Generally, samples should be served at the temperature at which the food is

usually consumed. Soft margarines are served at 4 –5�C, whereas hard margarines

can be served at 4 –5�C or 22–24�C. It is recommended that salad oils be evaluated

at a temperature of 50�C (8, 9) because this temperature brings out their character-

istic odor and flavor. A circulating waterbath can be used for heating and keeping

sample containers warm (9). If a waterbath is not available, an electric warming

tray equipped with a pan containing water can be used. Alternatively, AOCS (8)

recommends heating aluminum blocks containing the sample containers to the

desired temperature.

Glass containers are recommended in the evaluation of salad oils because glass

can be cleaned more thoroughly and therefore reused. Small glass beakers or jars

work the best, but test-tubes can also be used if necessary. The containers should

only be slightly filled with oil and should be capped to permit volatiles to build

in the headspace. AOCS (8) recommends using 10 mL of oil in a 50 mL glass

beaker covered with a watch glass. Disposable plastic or Styrofoam containers

can be used provided the samples are not being heated and they do not impart

any flavors or odors of their own. If samples are only being assessed for their

odor properties, 10 g of oil can be placed in a 125 mL covered glass jar containing

30 g of glass beads (10). The glass beads are used to enhance the release of odor

volatiles when the sample is swirled prior to sniffing. Disposable filter paper sticks

used in the perfume industry can also be employed for assessing the odor charac-

teristics of an oil by dipping the stick into the oil and smelling the oil absorbed onto

the filter paper.

Margarine can be served by preloading on to plastic serving spoons for flavor

evaluations. If margarines are to be evaluated for their spreadability properties,

they should be served in a small plastic or paper cup (25–30 mL) with a plastic

knife and a slice of white bread. Bland crackers can also be used, although these

are less desirable than bread in evaluating spreadability due to their limited size

and ease of breaking.

Samples should be coded in such a way that they impart no information to the

panelists that might influence their judgment. It is therefore recommended that

samples be coded with three digit random numbers. Samples should be served in

a random order to each panelist to minimize positional bias or order effect.

The number of samples that can be evaluated in a session is dependent on the

amount of training and experience of the panelists and on the nature of the product

being evaluated. In the case of fats and oils, sensory fatigue can result from the

evaluation of too many samples. This is due, in part, to carryover effects caused

by the tendency of fats and oils to coat the mouth, making it difficult to cleanse

the palate. Warm water (38– 40�C) is necessary to clear the mouth when fats and
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oils are being evaluated. Unsalted crackers or white bread can also be used. In some

cases, it may be necessary to specify a waiting time between samples. As a result

of the nature of fats and oils, most experienced panelists expectorate samples rather

than swallow them. If samples are only being evaluated for odor, it is recommended

that panelists sniff a sample of water between samples or wait between samples

before proceeding to the next sample (20–30 seconds is usually adequate). Panelists

need to mutually agree on how the samples should be evaluated and then should

consistently use this technique.

7. REFERENCE SAMPLES

The use of reference samples or standards is critical in both training and calibration

of panelists during testing. Reference samples are used during training to aid panel-

ists in understanding terminology used to describe product quality. They are also

used to anchor end-points and mid-points on attribute rating scales. The presence

of reference samples during testing permits calibration of panelists before evalua-

tion of the coded samples, thereby ensuring panelists score the coded samples more

consistently. This is especially critical when sensory testing takes place over a per-

iod of time, such as during storage testing. Reference samples can be either internal

or external references or standards. Internal references are selected from the sam-

ples that are to be tested. For example, fresh and oxidized oils are used to anchor the

bland and strong end-points on an oil intensity scale, respectively. An external

reference is a chemical or alternative food product that is selected to represent a

specific attribute. An example of an external reference would be the use of a bland

oil sample spiked with an artificial butter flavoring to anchor the high-intensity end-

point on a buttery intensity scale. Spiking good quality oil with oxidized oil using a

series of different ratios can be done to provide a range of oxidized samples

that can be used during training. Regardless of the reference used, it is important

that the product selected clearly represents the attribute and that it is stable and

will not change over the course of the sensory test (11). Terms, definitions, and re-

ference samples suitable for evaluating fats, oils, and fat-containing foods are pro-

vided in Table 2.

TABLE 2. Flavor and Odor Terms, Definitions, and Reference Standards Used

in the Evaluation of Fats, Oils, and Oil-Containing Foods.

Term Definition Reference Standard

Acrid Aromatic characteristic of burnt oil,

pungent, sharp.

Canola oil heated to 240�C, acrolein

Beany Aromatic characteristic of soybeans. Cooked soybeans, not raw or green

Bland No aromatics or flavors perceived

Burnt Aromatic characteristic of overheating. Crude corn oil (odor only)

Buttery Aromatic characteristic of fresh, unsalted butter. Unsalted fresh butterdiluted1:99 in fresh oil

Cardboard Aromatic characteristic of slightly oxidized oil or

oil containing foods.

Water that has had cardboard or paper

soaked in it for 30 min and then filtered to

remove paper
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TABLE 2. (Continued )

Term Definition Reference Standard

Corny Aromatic characteristic of steeped corn and

corn oil.

Crude corn oil diluted 5:95 in good quality

deodorized corn oil

Fishy Aromatic characteristic of oxidized

linolenate-containing oils such as linseed,

canola, and soybean.

Cod liver oil or canola oil heated to 190�C

for 30 min

Fried Food Aromatic characteristic of food fried in hot oil. Deep fried potatoes

Fruity Aromatic characteristic of ripe non-citrus fruit. Olive oil

Grassy Aromatic characteristic of freshly mown

green grass.

Fresh cut green grass, hexanal

Green Aromatic characteristic of raw, unripe

vegetables.

Raw soybeans

Hay Aromatic characteristic of dried grass or hay. Crude soybean oil from heat-processed

beans diluted 5:95 in fresh oil

Hull-like Aromatic characteristic of grain hulls. Peanut or sunflower hulls

Hydrogenated Aromatics characteristic of typical hydrogenated

oils comprised of attributes of paraffin, fruity,

and flowery.

Hydrogenated soybean oil with a iodine

value of <100

Melon Aromatic characteristic of ripe melons. 0.002 ppm cis-6-nonenal in fresh oil

Metallic Aromatic characteristic of metal coins. 0.01% ferrous sulfate in distilled water

Musty Aromatic characteristic of damp basement. Geosmin (odor only)

Nutty Aromatic characteristic of fresh nuts. Freshly processed peanut oil

Overheated Aromatic characteristic of oil overheated

during processing

Crude corn oil (odor only)

Oxidized General term used to describe aromatics

characteristic of oxidized oils from slight to

intense i.e. from buttery to painty. Not

recommended as a descriptor.

Painty Aromatic characteristic of oxidized

linolenate-containing oils such as linseed,

canola, and soybean with a peroxide value

>10.

Linseed oil

Pine Aromatic characteristic of pine needles. Nondeodorized sunflower oil diluted 5:95

in fresh sunflower oil

Rancid Aromatic characteristic of oxidized oil. Safflower or sunflower oil with a peroxide

value >5

Raw Aromatic characteristic of unprocessed

grain or vegetables.

Whole wheat flour, raw potato

Reverted General term used to describe an oxidative

process known as reversion. Not

recommended as a descriptor.

Rubbery Aromatic characteristic of old rubber. Rubber stoppers used for chemical

glassware

Smokey Aromatic characteristic of overheated oil. Oil heated to 240�C

Sour Basic taste characteristic of acids. 0.08% citric acid in water solution

Stale Aromatics characteristic of old, no longer

fresh product with loss of original flavors;

usually occurs in initial stages of oxidation.

Potato chips aged 2 weeks at 25�C

Sulfur Aromatic characteristic of sulfur compounds. Nondeodorized canola oil diluted 5:95 in

fresh oil

Waxy Aromatic characteristic of melted paraffin. Paraffin oil

Weedy Aromatic characteristic of green non-grass weeds. Fresh cut green weeds

Woody Aromatic characteristic of dry wood. Sawdust, wood chips, popsicle sticks, or

peanut oil heated to 190�C for 30 min

Adapted from Warner (12).
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8. SELECTION AND TRAINING OF PANELISTS

Panelists for trained panels can be recruited from the organization where the testing

is to be conducted. In many cases, approval to use panelists as human subjects

requires prior approval by an internal committee, so the agency can be in compli-

ance with national, regional, or organizational requirements for use of human sub-

jects. Provided there is management support, most employees are willing to

participate if they feel their contribution is important. Potential panelists should

be asked to complete a simple questionnaire to determine their likes and dislikes

of foods, any food restrictions, allergies and medications, and time available for

panels. This information is useful in screening individuals in terms of availability

and general health. Candidates should be in good health and not prone to frequent

colds. Certain medications may alter a panelist’s sensitivity to taste and odor com-

pounds. Age, sex, and smoking habits may be other factors to consider in selecting

panelists, although they are not critical.

The next step is to screen panelists for their sensory acuity. This is done by

having panelists complete tests designed to identify their ability to recognize basic

tastes, common odors, and textural characteristics. More information on these tests

is provided in guidelines published by ASTM (13).

The final step in the selection of panelists is based on their ability to detect dif-

ferences in the products that they will be evaluating and to be consistent in their

judgments. This is often done using a series of triangle tests. For example, samples

of vegetable oils of known differences are presented to potential panelists. Pane-

lists are asked to identify which sample is different to gain a measure of the

panelist’s ability to discriminate. The test is repeated several times to gain a mea-

sure of the panelist’s ability to reproduce judgments. A group of 20 –25 potential

panelists are generally screened in order to select a panel of 8–12 members for

training.

The performance of individual panelists and the panel as a whole is improved

significantly through training as the goal is to help panelists make valid, reliable,

and objective judgments free of personal preferences. Training exercises are

designed to teach panelists about the terminology used to describe product quality,

the scoring system, and the task they are being asked to perform. They are

also exposed to the range of samples they are likely to encounter in the test

sessions and to reference samples. Through discussion, panelists learn to develop

standardized evaluations such that panelists’ responses are consistent and agree

with each other. Depending on the needs of the group, training sessions are

designed to last 30 –60 minutes per day over a period of 1–2 weeks. The exact

length of time depends on the nature of the products to be tested, the number of

attributes to be measured, and the past experience of the panelists. Training is

complete when panelists are in agreement on the attributes to be measured and

in the placement of the reference samples on the scale, are comfortable with

the procedure, are consistent in their judgments, and are in agreement with each

other.
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9. MONITORING AND MOTIVATION OF PANELISTS

Panelist performance as a group and individually should be monitored throughout

the testing period to ensure the panel is performing and does not require recalibra-

tion. To determine this, a set of samples of known differences is evaluated by the

panel on several occasions.

It is important to maintain the interest and motivation of panelists throughout

training and testing because panelists who are highly motivated perform better.

Feedback about their performance, especially during training, is critical to keep

panelists motivated. Rewards of food or beverage at the conclusion of the session

can also be used. At the conclusion of the test, panelists should be provided with

information about the test and be assured that their contribution was appreciated.

This is important as it will assist in motivating panelists to participate in future

panels.

10. SENSORY EVALUATION OF OILS

Salad oils are evaluated for their initial odor and flavor and for their stability during

storage. During odor evaluations, the sample container should always be covered.

Panelists are instructed to gently swirl the container, remove the cover quickly,

and take three short sniffs before placing the lid back on the container. Odors dis-

appear from the headspace quickly, so it is important for panelists to make their

judgment as rapidly as possible. If retesting of the oil is required, panelists should

allow the volatiles to concentrate in the headspace of the covered sample. Generally

3–5 minutes is adequate. The exact waiting time is dependent on the amount of

headspace and the aperture of the container. Evaluation of the flavor characteristics

of oil requires taking 5–10 mL of oil into the mouth, pulling air through the oil,

and exhaling through the nose. This procedure enhances the flow of volatiles to

the retronasal area responsible for detection of odors through the oral cavity.

Although some researchers suggest that this method is more sensitive than the

nasal method of assessing volatiles, by carefully controlling testing conditions,

the nasal method can be successfully used to assess oil quality. Indeed, panelists

can generally evaluate more samples using this technique because there is no

buildup of oil residue as there is when oil is taken into the mouth.

The American Oil Chemists’ Society (AOCS) and the American Society for

Testing Material (ASTM) have published recommended practices with regard to

the serving containers and serving procedures that should be used when assessing

oil samples (8, 9). The AOCS practice includes two rating scales based on a

10-point scoring system for measuring the overall quality and intensity of liquid

vegetable oils. The intensity scale has a range from 10¼ bland to 1¼ extremely

strong (Figure 1). This scale is recommended for rating oils that have a bland

odor and flavor after processing, such as canola, soy, sunflower, safflower, and

cottonseed. Oils such as corn, peanut, and olive, which have a naturally distinct
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yet desirable odor and flavor, should be rated on the quality scale (Figure 2). After

rating the overall flavor of the sample, panelists are instructed to rate the oil

for individual flavor characteristics on a 3-point scale from weak to strong using

a checklist of possible flavor attributes. The practice of having panelists rate the

overall intensity or quality, followed by rating individual attributes, suggests that

a single measurement is not always adequate to profile an oil. In such instances,

it may be more practical and informative to have panelists rate the intensity of

specific attributes using scales that are less restrictive than the 3-point scales

used in the AOCS method. Malcolmson et al. (14) have successfully used

Directions: Take 5-10 mL of warm oil into the mouth; pull air through the oil and exhale through 
the nose.  Rate samples for overall flavor intensity on the 10 point scale; identify flavors and rate 
as weak (W), moderate (M), or strong (S).  
 
 
Intensity     Overall Intensity Scores 
 
    492  716  258  931 
 
10  Bland  ____  ____  ____  ____ 
 
  9  Trace  ____  ____  ____  ____ 
 
  8  Faint  ____  ____  ____  ____ 
 
  7  Slight  ____  ____  ____  ____ 
 
  6  Mild  ____  ____  ____  ____ 
 
  5  Moderate ____  ____  ____  ____ 
 
  4  Definite ____  ____  ____  ____ 
 
  3  Strong  ____  ____  ____  ____ 
 
  2  Very Strong ____  ____  ____  ____ 
 
  1  Extreme ____  ____  ____  ____ 
 
 
Descriptions     Intensity 
 
Nutty   ____  ____  ____  ____ 
Buttery   ____  ____  ____  ____ 
Corny   ____  ____  ____  ____ 
Beany   ____  ____  ____  ____ 
Hydrogenated  ____  ____  ____  ____ 
Burnt   ____  ____  ____  ____ 
Weedy   ____  ____  ____  ____ 
Grassy   ____  ____  ____  ____ 
Rubbery  ____  ____  ____  ____ 
Melon   ____  ____  ____  ____ 
Rancid   ____  ____  ____  ____ 
Painty   ____  ____  ____  ____ 
Fishy   ____  ____  ____  ____  
Other __________ ____  ____  ____  ____ 

Figure 1. Flavor intensity ballot (8).
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unstructured line scales to rate the intensity of buttery and painty odors of various

canola oils stored under accelerated storage conditions.

Sensory quality of olive oil is currently determined by the European Union regu-

lation (15) or the International Olive Oil Council (IOOC) trade standard (16). Both

official methods used trained panelists but differ in the sensory descriptors and the

scales employed. The EU standard involves rating the oil for olfactory, gustatory,

and tactile attributes on intensity rating scales ranging from 0 (no perception) to 5

Directions: Take 5-10 mL of warm oil into the mouth; pull air through the oil and exhale through 
the nose. Rate samples for overall flavor quality on the 10 point scale; identify flavors and rate 
as weak (W), moderate (M), or strong (S).  
 
 
Intensity     Overall Quality Scores 
 
    492  716  258  931 
 
10  Excellent ____  ____  ____  ____ 
 
  9  Good  ____  ____  ____  ____ 
 
  8    ____  ____  ____  ____ 
 
  7  Fair  ____  ____  ____  ____ 
 
  6    ____  ____  ____  ____ 
 
  5  Poor  ____  ____  ____  ____ 
 
  4    ____  ____  ____  ____ 
 
  3  Very Poor ____  ____  ____  ____ 
 
  2    ____  ____  ____  ____ 
 
  1  Bad  ____  ____  ____  ____ 
 
 
Descriptions     Intensity 
 
Nutty   ____  ____  ____  ____ 
Buttery   ____  ____  ____  ____ 
Corny   ____  ____  ____  ____ 
Beany   ____  ____  ____  ____ 
Hydrogenated  ____  ____  ____  ____ 
Burnt   ____  ____  ____  ____ 
Weedy   ____  ____  ____  ____ 
Grassy   ____  ____  ____  ____ 
Rubbery  ____  ____  ____  ____ 
Melon   ____  ____  ____  ____ 
Rancid   ____  ____  ____  ____ 
Painty   ____  ____  ____  ____ 
Fishy   ____  ____  ____  ____  
Other __________ ____  ____  ____  ____ 

Figure 2. Flavor quality ballot (8).
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(extreme), followed by an overall rating for grade on a 9-point scale from 1 (lowest

quality) to 9 (maximum quality). Using these methods, Aparicio and Morales (17)

proposed a flavor sensory wheel to show relationships among attributes perceived

in olive oils evaluated by Spanish, Italian, Dutch, and British trained panels based

on principal component analyses.

Scales reportedly used by the oil industry combine intensity and quality charac-

teristics in one scale. For example, oil with a weak melon flavor is rated as a 5,

whereas oil with a weak painty flavor is rated as a 4. These scales are not

recommended because information cannot be accurately captured using scales of

this nature.

11. SENSORY EVALUATION OF OIL-CONTAINING FOODS

Evaluation of oil-containing foods, such as salad dressings, mayonnaise, and mar-

garines, requires highly trained panelists. During training, panelists agree on the

attributes important in a good quality product. Attributes of appearance, taste,

flavor, and texture need to be considered as well as physical attributes such as pour-

ability and spreadability. Definitions, references, and evaluation procedures must

also be established during training. The use of dilutions or carriers may be required.

However, trained panelists generally prefer to evaluate these products without the

use of carriers or dilutions as they find the task easier without the presence of inter-

fering ingredients. Attributes are rated for their intensities using either category/

structured scales or unstructured line scales. Using unstructured line scales, Kok

et al. (18) measured the spreadability, graininess, and waxiness of margarines

served at room temperature while Rousseau and Marangoni (19) measured cold

spreadability, butter flavor, off-flavors, and texture (oily, lingering coating in mouth

to clean, rapid melt-in-mouth). Structured scales were used by Jacobsen et al. (20)

to evaluate the aroma, flavor, and textural properties of mayonnaise.

12. SENSORY EVALUATION OF FRYING OILS/ROOM ODOR

Methods to evaluate the odor characteristics of heated oils were developed by

Evans et al. (21), which involved heating the oil to 190�C and having panelists enter

the room and rate the odor of the room for overall quality and individual odor char-

acteristics using 0–10 point intensity scales where 2¼weak, 5¼moderate, and

8¼ strong. This method was later upgraded by constructing a small room with

controlled air flow and temperature (4).

13. SENSORY EVALUATION OF FRIED FOODS

The sensory properties of fried foods are evaluated either immediately after frying,

e.g., French fries, chicken, fish, or after storage, e.g., potato chips and other snack
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foods. Bread cubes have also been used as an alternative by some researchers

(22, 23). Similar to the evaluation of oils, fried foods can be evaluated for flavor

quality using a scale similar to the quality scale used for oils (Figure 1). However,

additional information can be obtained by having panelists rate individual flavor

or off-flavor characteristics using less restrictive category scales, i.e., scales grea-

ter than 3 points or by using unstructured line scales. Petukhov et al. (24) reported a

technique for evaluating the odor properties of stored potato chips that involved

presenting panelists with individual bags of chips. The bags were opened by the

panelist and immediately rated for painty and stale/musty odor using unstruc-

tured line scales. French fries are also evaluated for off-flavors/off-odors as well

as textural properties such as greasiness and crispiness (25).

14. ELECTRONIC NOSE

Recent advances in the technology of multisensor arrays and neural computing have

made the development of the electronic nose of great interest to the food industry

for discrimination between odors (26). Provided the instrument has been calibrated

properly, the technique is rapid, nondestructive, and objective. Shen et al. (27)

found the electronic nose was capable of measuring changes in volatile compounds

associated with lipid oxidation in canola, corn, and soybean oils stored under accel-

erated conditions and Aparicio et al. (28) found the electronic nose could be cali-

brated to detect rancidity levels in good quality olive oil spiked with rancid olive oil.

15. GAS CHROMATOGRAPHY–OLFACTOMETERY

Gas chromatography– olfactometery (GC-O) provides a sensory profile of odor

active compounds present in an aroma extract by sniffing the GC effluent. Several

techniques have been developed to collect and process GC-O data and to estimate

the sensory contribution of individual odor active compounds, including dilution

analysis (29, 30), time intensity (31), and detection frequency (32) methods.

GC-O has successfully been used to evaluate the odor active compounds of

olive oil (33), soybean oil (34), and fish oil enriched mayonnaise (35).

16. CONCLUSIONS

Sensory evaluation can play an important role in quality assessment programs.

By controlling and using proper testing conditions, and by using trained panelists

and appropriate sensory methodologies, sensory evaluation can provide essential

information necessary to make an informed decision on quality, and can contribute

to a better understanding of product behavior. Sensory evaluation is also necessary

in validating instrumental methods such as the electronic nose and for determining

key odorants using GC-O techniques.
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1. AN ANTIOXIDANT—DEFINITION

In a biological system, an antioxidant can be defined as ‘‘any substance that when

present at low concentrations compared to that of an oxidizable substrate would sig-

nificantly delay or prevent oxidation of that substrate’’ (1). The oxidizable substrate

may be any molecule that is found in foods or biological materials, including car-

bohydrates, DNA, lipids, and proteins. Food is a multicomponent system composed

of a variety of biomolecules, and therefore, this definition describes well an antiox-

idant. However, regulatory bodies that overlook the food-supply categorize antiox-

idants under food additives and define them as ‘‘substances used to preserve food by

retarding deterioration, rancidity, or discoloration due to oxidation’’ (Code of

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
Edited by Fereidoon Shahidi. Copyright # 2005 John Wiley & Sons, Inc.
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Federal Regulations, Food and Drug Administration). In foods, much of the work

on antioxidants has emphasized retardation of lipid oxidation, which eventually

triggers and transforms to the oxidation of other macromolecules such as proteins.

It is the intention of this chapter to summarize the available information on the

chemistry, technology, and regulatory aspects of compounds that can delay oxida-

tion of unsaturated fats and lipids in food.

2. HISTORY OF ANTIOXIDANTS AND THEIR USE

Antioxidants may occur as natural constituents of foods, and may intentionally be

added to products or formed during processing. Use of substances to enhance qual-

ity of food by means of delaying lipid oxidation has been in practice for centuries,

although it was not chemically defined or understood. The first recorded scientific

observation on oxidation inhibitors came from Berthollet in 1797 (2) and later from

Davy (3). Their theory was described as ‘‘catalyst poisoning’’ in oxidative reactors,

and this was well before the free radical theory of peroxidation had been proposed.

Duclaux (4) first demonstrated participation of atmospheric oxygen in oxidation of

free fatty acids. Later, it was found that oxidation of unsaturated acylglycerols can

generate rancid odors in fish oils (5).

The earliest reported work on the use of antioxidants to retard lipid oxidation

appeared in 1843, in which Deschamps showed that an ointment made of fresh

lard containing gum benzoin (contains vanillin) or populin (from polar buds, con-

tains saligenin and derivatives) did not become rancid as did the one with pure lard

(2). Interestingly, the first reports on antioxidants employed for food lipids were

about using natural sources; in 1852, Wright (6) reported that elm bark was effec-

tive in preserving butterfat and lard. Chevreul (7) showed that wood of oak, poplar,

and pine (in the order of decreasing efficacy) retarded the drying of linseed oil films

applied on them, and on all three, it took much longer time to dry than on glass.

Moureu and Dufraise (8–11) first reported the possibility of using synthetic chemi-

cals, especially phenolic compounds, to retard oxidative decomposition of food

lipids. Their work provided the basic information leading to theories of lipid oxida-

tion and antioxidants, which they referred to as ‘‘inverse catalysis.’’ Systematic

investigation of antioxidant activity based on the chemistry of radical chain perox-

idation of ‘‘model’’ chemicals was reported by Lowry and his collegues (12) and

Bolland and tenHave (13) of the British Rubber Producers Research Association.

Antioxidant synergism in food was first reported by Olcott and Mattill (14), and

this was significant in achieving oxidative stability in food by using a combination

of antioxidants found in the unsaponifiable fraction of oils. They described the anti-

oxidants as inhibitors and grouped them into acid type, inhibitols, and hydroqui-

none and phenolics. Bailey (15) and Scott (16) have provided the history and a

descriptive analysis of the development of antioxidants in their books, ‘‘The Retar-

dation of Chemical Reactions’’ and ‘‘Antioxidants and Autoxidation’’, respectively.

Since the early 1960s, the understanding of autoxidation of unsaturated lipids and

antioxidative mechanisms have advanced significantly as a result of development of
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effective analytical tools. The last two decades have been very important to the anti-

oxidant research. Around the world a revival is seen in studying the natural antiox-

idants in foods and the potential health benefits of natural antioxidants in relation to

prevention and therapy of oxidative stress and related diseases. The emphasis has

largely been on their implications on vital biological reactions that have a direct

relationship to tissue injury and degenerative diseases. Enough scientific evidences

have already been accumulated in relation to these conditions with free radicals and

reactive oxygen species. Therefore, not only enhancing the shelf life stability of

foods has been examined, but also control of lipid oxidation by suppressing free

radical formation in foods to prevent their deleterious health effects has become

important. The quest for understanding the oxidation of lipids and its prevention

and control has continued since historical times and is still on.

3. SCOPE OF USING ANTIOXIDANTS IN FOOD

The function of an antioxidant is to retard the oxidation of an organic substance,

thus increasing the useful life or shelf life of that material. In fats and oils, anti-

oxidants delay the onset of oxidation or slow the rate of oxidizing reactions. Oxida-

tion of lipids chemically produces compounds with different odors and taste and

continues to affect other molecules in the food. The main purpose of using an anti-

oxidant as a food additive is to maintain the quality of that food and to extend its

shelf life rather than improving the quality of the food. Figure 1 illustrates how anti-

oxidants can affect the quality maintenance of food in terms of oxidative rancidity

Figure 1. Typical curves for oxidation of lipids (a) No antioxidant added; (b) and (c) represent

added or endogenous antioxidants. Antioxidant activity of (c) is higher than (b). IP1, IP2, and IP3

are induction period in hours or days.
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development. Use of antioxidants reduces raw material wastage and nutrition loss

and widens the range of fats that can be used in specific products. Thus, antioxi-

dants are useful additives that allow food processors to use fats and oils economic-

ally in their product formulation.

4. OXIDATION OF FATS AND OILS AND MECHANISM
OF ANTIOXIDANTS

In fats and oils, the process of oxidation is similar to that oxidation of any other

unsaturated organic material and requires an initiation process, in order to generate

free radicals from the substrate. As antioxidants inhibit oxidation or autoxidation

process, the mechanism(s) involved need(s) to be discussed. Figure 1 explains

the relationship of antioxidant activity and oxidation of a lipid as examined by a

typical evaluation method.

Autoxidation is the oxidative deterioration of unsaturated fatty acids via an auto-

catalytic process consisting of a free radical chain mechanism. This chain includes

initiation, propagation, and termination reactions that could be cyclical once

started. The initiation process generates free radicals from the substrate. The a-

methylenic H atom is abstracted from the unsaturated lipid molecule to form a lipid

(alkyl) radical (R�) (Scheme 1, Equation [1]). The lipid radical is highly reactive

and can react with atmospheric oxygen (3O2), a facile reaction resulting from the

diradical nature of the oxygen molecule, and it produces a peroxy radical (ROO�)

(Scheme 1, Equation [2]). In the propagation reactions, the peroxy radical reacts

with another unsaturated lipid molecule to form a hydroperoxide and a new

unstable lipid radical (Scheme 1, Equation [3]). As a new free radical is generated

at each step, more oxygen is incorporated into the system. The newly propagated

lipid radical will then react with oxygen to produce another peroxy radical, result-

ing in a self-catalyzed, cyclical mechanism (Scheme 1, Equation [4]).

       I 
RH       [1] 

R• + 3O2       [2] 

ROO• + RH      [3] 

ROOH       [4] 

RO•+ RH      [5]

Scheme 1. Possible reactions of the autoxidation process. ‘‘R’’ is an alkyl group of an

unsaturated lipid molecule. ‘‘H’’ is an a-methylenic hydrogen atom easily detachable because of

the activating influence of the neighboring double bond or bonds. ‘‘ RO�’’ is alkoxy radical,

‘‘ROO�’’ is peroxy radical, and ‘‘I’’ is an initiator.
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Hydroperoxides are unstable and may degrade to radicals that accelerate propaga-

tion reactions. These are branching steps of lipid autoxidation process (Scheme 1,

Equations [5] and [6]). This chain reaction proceeds, and termination occurs only

when two free radicals combine to form a nonradical product. Autoxidation can

break down the substrate molecules as well as forming new molecules causing

gross changes in the chemical and physical properties of the oxidizing substrate

(17–19). Degradation of hydroperoxides may generate new molecules that have

undesirable odors and flavors, associated with oxidative rancidity of unsaturated

lipids. Such sensory perceivable changes are noted when oxidation of unsaturated

lipids has been progressed to advanced stages. This is only a brief description of

autoxidation process.

A lipid that contains double bonds undergoes autoxidation induced by various

ways. It is now clear that metal-catalyzed decomposition of preformed hydroperox-

ides is the most likely cause for the initiation process. The direct oxidation of unsa-

turated lipids by triplet oxygen (3O2) is spin forbidden. This is because of the

opposite spin direction of ground state lipid of single multiplicity and oxygen of

triplet multiplicity, which does not match. When initiators are present, this spin bar-

rier between lipids and oxygen can readily be overcome and produce radicals by

different mechanisms. Ground state oxygen may be activated in the presence of

metal or metal complexes and can initiate oxidation either by formation of free radi-

cals or singlet oxygen. Exposure of lipids to light, metals, singlet oxygen and sen-

sitizers (chlorophyll, hemoproteins, and riboflavin), or preformed hydroperoxide

decomposition products causes generation of primary hydroperoxides. Photosensi-

tized oxidation or lipoxygenase-catalyzed oxidation also produces hydroperoxides.

Thermal oxidation is also autocatalytic and considered as metal-catalyzed

because it is very difficult to eliminate trace metals (from fats and oils or food)

that act as catalysts and may occur as proposed in Equation 4. Redox metals of

variable valency may also catalyze decomposition of hydroperoxides (Scheme 2,

Equations [6] and [7]). Direct photooxidation is caused by free radicals produced

by ultraviolet radiation that catalyzes the decomposition of hydroperoxides and per-

oxides. This oxidation proceeds as a free radical chain reaction. Although there

should be direct irradiation from ultraviolet light for the lipid substrate, which is

usually uncommon under normal practices, the presence of metals and metal com-

plexes of oxygen can become activated and generate free radicals or singlet oxygen.

ROOH + M2+ - + M3+    [6] 

ROOH + M3+ H+ + M2+    [7]

Scheme 2. Possible reactions of generating hydroperoxides (Mnþ is the metal ion with

transitional valency).

Photosensitized oxidation is a direct reaction of light-activated, singlet oxygen with

unsaturated fatty acids, and subsequently hydroperoxides are formed. Photosensitized
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oxidation happens because of the presence of molecules that can absorb visible or

near UV light to become electronically excited (sensitizers) (Equation 8). Pigments

initiating photosensitized oxidation in foods include chlorophylls, hemoproteins,

and riboflavin. The type I sensitizer serves as photochemically activated free radical

initiator, and type II sensitizers in the triplet state interact with oxygen by energy

transfer to form singlet oxygen (1O2) that reacts further with unsaturated lipid

(Equation 9). Under photosensitized oxidation conditions, the reaction of unsatu-

rated lipids with singlet oxygen (1O2) leads to rapid formation of hydroperoxides

(Equations 10) (17, 19, 20).

 

 

Sensitizerground +hν →Sensitizerexited    [8] 
 
Sensitizerexcited + 3O2 → Sensitizerground  + 1O2   [9] 
 
1O2 + RH →ROO• + H•     [10]

Scheme 3. Formation of hydroperoxides by photoxidation of a lipid with a sensitizer (hv is energy

in the form of UV light, sensitizers that are naturally present in photosensitive pigments, their

degradation products, or polycyclic aromatic hydrocarbons capable of transferring energy from

light to chemical molecules).

5. CLASSIFICATION OF ANTIOXIDANTS

Antioxidants may be broadly grouped according to their mechanism of action: pri-

mary or chain breaking antioxidants and secondary or preventive antioxidants.

According to this classification, some antioxidants exhibit more than one mechan-

ism of activity, therefore, referred to as multiple-function antioxidants. Another

commonly used classification categorizes antioxidants into primary, oxygen scaven-

ging, and secondary, enzymatic and chelating/sequestering antioxidants. However,

synergistic antioxidants are not included in this classification. During the past two

decades, several naturally occurring compounds have been added into the list of

antioxidants that are effective against oxidation of unsaturated fats and oils and

most of them fall into the multifunctional category. Classification of antioxidants

according to the mode of activity as primary and secondary is preferred in this dis-

cussion.

5.1. Primary Antioxidants

Primary antioxidants are also referred to as type 1 or chain-breaking antioxidants.

Because of the chemical nature of these molecules, they can act as free radical

acceptors/scavengers and delay or inhibit the initiation step or interrupt the

propagation step of autoxidation. Figure 2 illustrates possible events that primary

436 ANTIOXIDANTS: SCIENCE, TECHNOLOGY, AND APPLICATIONS



Figure 2. Possible interactions of primary and secondary antioxidants with lipid oxidation pathway in foods.
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antioxidants may interfere along the lipid autoxidation pathway. Primary antioxi-

dants cannot inhibit photosensitized oxidation or scavenge singlet oxygen.

ROO• + AH   [11] 

R•    [12] 

ROO• + A•    [13] 

RO• + AH   [14] 

RO• + A•    [15] 

A• + A•    [16]

Scheme 4. Mechanism of primary antioxidant activity (AH is an antioxidant molecule).

The first kinetic study of antioxidant activity was conducted by Boland and tenHave

(13) who postulated the Equations 11 and 12. The primary antioxidants (AH) react

with lipid and peroxy radicals (ROO�) and convert them to more stable, nonradical

products as shown in Scheme 4, Equations 13 and 14. These antioxidants are cap-

able of donating a hydrogen atom to lipid radicals and produce lipid derivatives and

antioxidant radicals (A�) that are more stable and less readily available to partici-

pate in propagation reactions (Equation 12). Primary antioxidants have higher affi-

nities for peroxy radicals than lipids and react predominantly with peroxy radicals.

The following reasons have been listed for their high affinity. Propagation is the

slow step in lipid oxidation process; thus, peroxy radicals are found in compara-

tively larger quantities than other radicals. In addition, peroxy radicals have lower

energies than alkoxy radicals; therefore, they react more readily with the low-

energy hydrogen of primary antioxidants than unsaturated fatty acids. As the free

radical scavengers are found in low concentration, they do not compete effectively

with initiating radicals (e.g., hydroxyl radicals) (21, 22). Therefore, primary antiox-

idants inhibit lipid oxidation more effectively by competing with other compounds

for peroxy radicals, and they are able to scavenge peroxy- and alkoxy-free radicals

formed during propagation (Equation 3) and other reactions (Equations 4 and 5) in

autoxidation.

The antioxidant radical produced because of donation of a hydrogen atom has a

very low reactivity toward the unsaturated lipids or oxygen; therefore, the rate of

propagation is very slow. The antioxidant radicals are relatively stable so that they

do not initiate a chain or free radical propagating autoxidation reaction unless pre-

sent in very large quantities. These free radical interceptors react with peroxy radi-

cals (ROO�) to stop chain propagation; thus, they inhibit the formation of peroxides

(Equation 13). Also, the reaction with alkoxy radicals (RO�) decreases the decom-

position of hydroperoxides to harmful degradation products (Equation 14).

Most of the primary antioxidants that act as chain breakers or free radical

interceptors are mono- or polyhydroxy phenols with various ring substitutions.
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The antioxidant effectiveness is influenced by the chemical properties of the com-

pound including hydrogen bond energies, resonance delocalization, and susceptibil-

ity to autoxidation. The ability of the primary antioxidant molecule to donate a

hydrogen atom to the free radical is the initial requirement. The ability of the

free radical interceptor (scavenger) to donate a hydrogen atom to a free radical

can be predicted from standard one-electron potentials (Table 1). According to

Buettner (21), each oxidizing species is capable of stealing an electron (or H

atom) from any reduced species listed below it. That means when the standard

one-electron reduction potential is concerned, the free radical scavengers that

have reduction potential below peroxy radicals are capable of donating an H

atom to peroxy radical and form a peroxide. The resulting antioxidant radical

should be of low energy, ensuring the lesser possibility of catalyzing the oxidation

of other molecules. The formed antioxidant radical is stabilized by delocalization of

the unpaired electron around the phenol ring to form a stable resonance hybrid (Fig-

ure 3) and as a result attained low-energy levels (18, 22, 23).

Antioxidant radicals are capable of participating in termination reactions with

peroxy (Equation 13), alkoxy (Equations 14 and 15), or antioxidant (Equation

16) radicals removing reactive free radicals from the system. In fats and oils con-

taining phenolic antioxidants, dimers of antioxidant molecules are usually found.

This is a good indication that antioxidant radicals readily undergo termination reac-

tions and form dimers as proposed in Equation 13. When considering all of these,

the primary antioxidants or free radical scavengers can inactivate at least two free

radicals, the first one during the interaction with peroxy radical and the second in

the termination reaction with another peroxy radical.

TABLE 1. Standard One-Electron Reduction Potential ðEo 0 Þ
at pH 7 for Selected Radical Couples (Adapted from Ref. 21).

Couple Eo0 (mV) at pH 7.0

HO�, Hþ/H2O 2310

RO�, Hþ/ROH (alkoxy) 1600

ROO�, Hþ/ROOH (peroxyl) 1000

PUFA�, Hþ/PUFA-H (polyunsaturated fatty acid) 600

a-Tocopheroxyl�, Hþ/a-tocopherol 500

Ascorbate�, Hþ/ascorbate� 282

Dehydroascorbic/ascorbate
�� �174

OH O O O O
ROO ROOH

Figure 3. Stable resonance hybrids of phenoxy radical of phenolic antioxidant [adapted from

(18)].
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The compounds that exhibit primary antioxidant activity include polyhydroxy

phenolics as well as the hindered phenolics. There are several synthetic ring-

substituted phenolics as well as naturally occurring phenolic compounds that

may perform via the primary antioxidant mechanism, as discussed later in this

chapter. The common feature of all of these antioxidants is that they are mono-

or polyhydroxy phenols with various ring substitutes (Figure 4). Substitution

with an electron-donating group/s ortho and/or para to the hydroxyl group of phe-

nol increases the antioxidant activity of the compound by an inductive effect (e.g.,

2,6-di-tert-butyl-4-methylphenol or BHA). Thus, the presence of a second hydroxyl

group in the 2- (ortho) or the 4-position (para) of a phenol increases the antioxidant

activity (e.g., TBHQ). In the dihydroxybenzene derivatives, the semiquinoid radical

produced initially can be further oxidized to a quinone by reacting with another

lipid radical (Figure 5). This semiquinoid radical may disproportionate into a qui-

none and a hydroquinone molecule, and the process of this conversion contributes

to antioxidant activity as peroxy radical scavenging potential (18, 24). Table 2 sum-

marizes most commonly used primary antioxidants in fats and oils and lipid-

containing foods. Substitution with butyl or ethyl group/s para to the hydroxy

groups also enhances the antioxidant activity. Substitution of branched alkyl groups

at ortho positions enhance the ability of the molecule to form a stable resonance

structure that reduces the antioxidant radical’s participation in propagation

reactions (18, 23).

OH

C(CH3)3

OCH3

2-BHA

OH

OCH3

C(CH3)3

3-BHA

OH

C(CH3)3

CH3

(H3C)3C

Butylated hydroxytoluene (BHT)

OH

C(CH3)3

OH

Tertiary-butylhydroquinone (TBHQ)

OH

OH

COO-R

HO

Gallates

N
H

CH3

CH3

CH3

C2H5O

6-Ethoxy-1,2-dihydro-2,2,4-trimethylquinoline (Ethoxyquin)

R = C3H7

R = C8H17 
R = C12H25

Propylgallate
Octylgallate

Dodecylgallate

Butylated hydroxyanisole (BHA)

BHT

Figure 4. Chemical structures of synthetic phenolic antioxidants commonly used in fats and oils.
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To be most effective, primary antioxidants should be added during the induction

or initiation stage of the autoxidation reaction cascade. Antioxidants can scavenge

the formed free radicals, as the cyclical propagation steps have not occurred at this

stage. Addition of primary antioxidants to a lipid that already contains substantial

amounts of lipid peroxides may result in loss of antioxidant activity (25).

5.2. Secondary Antioxidants

Secondary antioxidants are also classified as preventive or class II antioxidants.

They offer their antioxidant activity through various mechanisms to slow the rate

of oxidation reactions. The main difference with primary antioxidants is that the

ROOH

O

R′

OH

O

R′

OH

OH

R′

OH
ROO

OH

R′

OH

O

R′

O

Dihydroxy quinone
derivative

Semiquinoid radical

Hydroquinone derivative

Quinone derivative

ROO

ROOH

Figure 5. Possible mechanism of antioxidant activity of dihydroxybenzene derivative.

TABLE 2. Primary Antioxidants that are Commonly

Used in Foods.

Natural Synthetic

Carotenoids Butylated hydroxyanisole (BHA)

Flavonoids Butylated hydroxytoluene (BHT)

Phenolic acids Ethoxyquin

Tocopherols and tocotrienols Propyl gallate (PG)

Tertiary-butylhydroquinone (TBHQ)
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secondary antioxidants do not convert free radicals into stable molecules. They act

as chelators for prooxidant or catalyst metal ions, provide H to primary antioxi-

dants, decompose hydroperoxide to nonradical species, deactivate singlet oxygen,

absorb ultraviolet radiation, or act as oxygen scavengers. They often enhance the

antioxidant activity of primary antioxidants. Table 3 provides examples of some

of these compounds that exhibit secondary antioxidant activity.

5.2.1. Sequestering/Chelating Agents or Metal Deactivators Heavy metals

with two or more valency states with a suitable oxidation-reduction potential

between them (e.g., Co, Cu, Fe, Mn, etc.) shorten the induction period and increase

the maximum rate of oxidation of lipids. Trace amounts of these metal ions are pre-

sent in the lipid-containing foods coming from naturally present compounds or

included during processing operations. The effectiveness of copper as a catalyst

for hydroperoxide decomposition has been reported (26–28). Transition metals

such as iron exhibit low solubility at pH values near neutrality (29). That means

in foods, transition metals may exist chelated to other compounds; many com-

pounds form complexes with these metals and change their catalytic activity. Che-

lation can increase the prooxidant activity of transition metals by making them

more nonpolar (increase solubility in lipids; 30), and some can increase oxidative

reactions by increasing metal solubility or altering redox potential (31). According

to Graf and Eaton (32), chelators may exert antioxidant activity by prevention of

metal redox cycling, occupation of all metal coordination sites, and formation of

insoluble metal complexes and steric hindrance of interactions between metals

and lipids or oxidation intermediates (e.g., peroxides). Chelation of these metal

ions or use of metal deactivators reduces the pro-oxidant activity by raising the

energy of activation for intiation reactions. The most effective form of chelating

agents as secondary antioxidants, which form s-bonds with metal ions because

they reduce the redox potential and stabilize the oxidized form of the metal ion.

Chelating agents such as heterocyclic bases that form p-complexes raise the

redox potential and may accelerate metal-catalyzed hydroperoxide decomposition

(Equations 7 and 8) and act as prooxidants.

Multiple carboxylic acid compounds such as citric acid, ethylenediaminetetraa-

cetic acid (EDTA), and phosphoric acid derivatives (polyphosphates and phytic

acid) are commonly used in extending the shelf life of lipid-containing foods

because of their metal chelating properties. Typically these chelators are water solu-

ble, but citric acid exhibits solubility in lipids, which allows it to inactivate metals

TABLE 3. Compounds that Exhibit Secondary Antioxidant Activity.

Mode of Activity Compounds in use

Metal chelation Cirtic, Malic, Succinic and Tartaric acids

Ethylenediaminetetraacetic acid, Phosphates

Oxygen scavenging and reducing agents Ascorbic acid, Ascorbyl palmitate, Erythorbic acid,

Sodium erythorbate, Sulfites

Singlet oxygen quenching Carotenoids (b-Carotene, Lycopene and Lutein)
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in the lipid phase (33). Chelator’s activity depends on pH and the presence of other

chelatable ions (e.g., Ca). Most food grade chelators are unaffected by food-proces-

sing operations and storage; however, polyphosphates may decrease their antioxi-

dant activity because of possible hydrolysis by endogeneous phosphatases in foods,

especially in raw meat (22).

Several proteins that exist in food (e.g., lactoferrin, ferritin, transferritin, heme

protein) possess strong binding sites for iron. Reducing agents (ascorbate, cysteine,

superoxide anion) to low pH causes release of iron from proteins and accelerates

lipid oxidation (34). Some amino acids and peptides found in muscle foods (e.g.,

carnosine) are capable of chelating metal ions and inhibit their prooxidant activity

(35, 36).

5.2.2. Oxygen Scavengers and Reducing Agents As oxygen is essential and

is one of the reactants in the autoxidation process, scavenging of oxygen molecular

species is one way of providing antioxidant activity. Ascorbic acid acts as a reduc-

ing agent and as an oxygen scavenger. The mechanism of antioxidant activity of

ascorbic acid is discussed elsewhere in this chapter.

Singlet oxygen is the excited state oxygen, and its inactivation is an effective

way of preventing initiation of lipid oxidation. Carotenoids are capable of inactivat-

ing photoactivated sensitizers by physically absorbing their energy to form the

excited state of the carotenoid. Later, the excited state carotenoid returns to ground

state by transferring energy to the surrounding solvent (37, 38). Other compounds

found in food, including amino acids, peptides, proteins, phenolics, urates, and

ascorbates also can quench singlet oxygen (20).

Compounds such as superoxide anion and peroxides do not directly interact with

lipids to initiate oxidation; they interact with metals or oxygen to form reactive spe-

cies. Superoxide anion is produced by the addition of an electron to the molecular

oxygen. It participates in oxidative reactions because it can maintain transition

metals in their active reduced state, can promote the release of metals that are

bound to proteins, and can form the conjugated acid, perhydroxyl radical depending

on pH, which is a catalyst of lipid oxidation (39). The enzyme superoxide dismu-

tase that is found in tissues catalyzes the conversion of superoxide anion to hydro-

gen peroxide.

Catalase is capable of catalyzing the conversion of hydrogen peroxides to water

and oxygen (40). Glucose oxidase coupled with catalase is well used commercially

to remove oxygen from foods, especially fruit juices, mayonnaise, and salad dres-

sings (19). Glutathione peroxidase that is found in many biological tissues also

helps to control both lipid and hydrogen peroxides (41, 42). These enzymic reac-

tions help to reduce various types of radicals that could be formed in lipid-contain-

ing biological systems.

5.3. Synergism and Synergists

Synergism is the cooperative effect of antioxidants or an antioxidant with other

compounds to produce enhanced activity than the sum of activities of the individual
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component when used separately (43). Figure 6 illustrates how synergistic effect is

expressed as antioxidant activity. Two types of synergism are observed, one invol-

ving primary antioxidants only and the other involving a combination of primary

antioxidants with metal chelators or peroxy scavengers.

In a combination of two or more free radical scavengers, rapid reaction with free

radicals occurs because of the differences in bond dissociation energies or steric

hindrance of free radical scavenger/ROO� interactions (23). These differences result

in one scavenger being used faster than the other. Also, it is possible to regenerate

the primary antioxidant by transferring its radical to another scavenger. Ascorbic

acid together with a-tocopherol also shows a good synergism, which is explained

by the regeneration and recycling of the tocopheroxyl radical intermediate to the

parent phenol, a-tocopherol (44, 45).

In the combination(s) of free radical scavenger and metal chelator, the chelator

decreases the oxidation rates by inhibiting metal-catalyzed oxidation; thus, fewer

free radicals are generated in the system. Inactivation of antioxidants via termina-

tion reaction or participation in autoxidation occurs to a lesser extent in such situa-

tions. This makes the concentration of antioxidant, which is available to scavenge

free radicals, to be always greater at a given time than when no metal chelator is

present. Therefore, the combination of chelator and radical scavenger decreases

free radical generation and increases radical scavenging potential (22). Strong

synergistic activity has been observed in the mixtures of natural tocopherols and

citric acid. The synergistic effect of this mixture is caused by the chain-breaking

ability of tocopherols and metal chelation of citric acid (19).

In an antioxidant combination that contains compounds exhibiting different

mechanisms of action and physical properties, inhibition of oxidation occurs in

Figure 6. Synergistic effect of antioxidants: (a) 0.32% (w/w) dipalmitoyl phosphatidylethanola-

mine, (b) 0.02% (w/w) propyl gallate, and (c) is (a)þ(b), evaluated in lard at 120�C, and the

induction period was used to compare antioxidant activity [modified and redrawn from (44)].
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many different phases. This suggests that food antioxidants should be carefully

selected considering such factors as the type of oxidation catalyst, physical state

of lipid (bulk, emulsified), pH, temperature, and the ability to interact with other

components in the food.

6. EVALUATION OF ANTIOXIDANT ACTIVITY

Antioxidant activity of a given compound is assessed as resistance to oxidation of

lipids in the presence of that particular compound. Therefore, most of the

methods described and used to assess antioxidant activity follow oxidation and

the stages of oxidation of unsaturated lipid substrates. Many techniques have

been developed to determine the antioxidant efficacy of the compounds of interest,

but all of these have to be employed and interpreted carefully. Frankel (19, 46) has

listed following parameters that are fairly important in choosing methods to evalu-

ate antioxidants.

Substrate: Should be relevant to foods. Triacylglycerols and phospholipids, in

the bulk, emulsion, or liposome form represent the closest model in biological

systems including foods.

Conditions: Test under various conditions. Under different temperatures, with

metal catalysts, with surface exposure, etc., select these conditions to mimic

conditions in food.

Analysis: Measure relatively low levels of oxidation (below 1%) and include

measurement of initial or primary products of lipid oxidation (e.g., hydro-

peroxides, conjugated dienes) as well as secondary decomposition products

of lipid oxidation (e.g., carbonyls, volatiles, dialdehydes).

Concentrations: Compare antioxidants at the same mole concentration of active

compound, and an appropriate reference compound should also be used,

which may be a structurally related reference compound. With crude extracts

(e.g., natural antioxidants), compositional data are needed to compare

samples.

Calculations: Use the induction period, percentage inhibition or rates of hydro-

peroxide formation or decomposition, or IC50 value (concentration required

to achieve 50% inhibition) based quantification (this is discussed further in a

later section).

Obviously attention should also be paid to the system under examination. Thus,

bulk oil, water-in-oil, or oil-in water emulsions behave differently under similar

oxidation conditions.

An updated review by Antolovich et al. (47) discusses the methods of determin-

ing antioxidant activity extensively. The methods used in measuring antioxidant

activity may be categorized into three groups, which directly or indirectly measure

the rate or extent of the following:
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1. Decay of substrate, probing compound, or oxygen consumption

2. Formation of oxidation products by the oxidizing substrate

3. Formation or decay of probing free radicals.

Methods that use approaches (1) and (2) measure antioxidant activity as an inhi-

bitory effect exerted by the test compound on the extent or rate of consumption of

reactants or the formation of oxidation products. The antioxidant activity (AA) of a

compound or a component mixture that is a function of many parameters of the

assay method employed may be defined using the following mathematical expres-

sions (47; Schemes 5 and 6):

AA ¼ f ðtime or rate; temperature; substrate; concentration of antioxidant;

concentration of other substancesa; partitioning behaviorÞ
ae:g:; oxygen; peroxides; or other antioxidants or prooxidants

For a fixed set of assay conditions, AA could be defined independent of the test

method. Scheme 5 provides equations for a situation that measures time as the inde-

pendent variable.

AA = (tAH – tCONTROL)/([AH])tCONTROL 

where 

tAH is time taken by the substrate to reach a predetermined level of oxidation based on the  

test method 

t CONTROL is the time for untreated substrate or control to reach the same level of oxidation  

[AH] is the concentration of antioxidant in appropriate units  

After rearranging, 

 AA = [(tAH / tCONTROL) – 1] / [AH] 

Scheme 5. Proposed expressions to calculate antioxidant activity.

According to the equations in Scheme 5, if:

tCONTROL ¼ tAH; no antioxidant activity is exerted

tCONTROL < tAH; an antioxidant activity is exhibited

tCONTROL > tAH; a prooxidant activity is observed and AA has a negative value

A similar expression can be formulated for rate of oxidation.
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Another expression that can be used is relative antioxidant activity (RAA;

Scheme 6).

RAAAH = AAAH/AAREFERENCE  

where  

AAAH is antioxidant activities of test compound 

AAREFERENCE  is the antioxidant activity of the reference antioxidant at the same molar

concentration 

Rearranging gives,  

 AAAH = (RAAAH ) AAREFERENCE

Scheme 6. Proposed expressions to calculate relative antioixidant activity.

RAA represents the activity equivalence of the test compound relative to the

reference antioxidant, which is suitable for activity comparison.

Methods of category (3) tract the capacity of the test compound to capture radi-

cals or to inhibit radical formation rather than monitoring the actual oxidation pro-

duct formation or substrate oxidation. Several new methods are developed based on

this concept, and a variety of new parameters for expressing results are used. It is

expected that a high correlation exists between these two types of measurements. It

should be noted here that there are no standard units for reporting the antioxidant

activity because such activity (assay, capacity, efficiency, effectiveness, etc.) is

independent of the test procedure. Table 4 summarizes the methods available for

measuring antioxidant activity and how the results of such determinations are

expressed.

Another way of categorizing the methods of determining antioxidant activity

is (1) accelerated stability tests, and (2) free radical-based methods. Most of the

studies that are currently used tend to employ accelerated test systems and try to

relate them to real food systems.

6.1. Methods Based on Lipid/Substrate Oxidation (Stability Tests)

These methods are based on lipid (substrate) oxidation and specific to the analysis

of oxidation that occurs in food lipids. The tests employed strongly correlate to the

conditions that oils and fats are subjected to during processing, food preparation,

and storage. The substrate is a model compound that could be a pure triacylgly-

cerol, fatty acid methyl ester, or an actual edible oil/lipid. Favorable conditions

for substrate oxidation (e.g., high temperature) are provided to facilitate increased

rate of oxidation reactions in a controlled environment. The end point is determined
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TABLE 4. Methods, Entities Tested, and Units to Express Results in Determining Antioxidant Activity.

Method/Test Reference/s Measurement Results and Units

Substrate oxidation or oxidation

product formation

Active oxygen method

Oven storage test

Shelf storage test

49, 50

51, 52

9>>>>>>=
>>>>>>;48

Change of mass, peroxide value or

hydroperoxides, conjugated dienes,

2-thiobarbituric acid reactive substances,

anisidine value, formation of hexanal,

ethane, or pentane

9>>>>>>>>>>>>>>>>>>>>>>>>>>=
>>>>>>>>>>>>>>>>>>>>>>>>>>;

Induction period (h, d)

Time to reach a set level of oxidation

during preinduction period (h, d)

Rate of oxidation during preinduction

period (mol kg�1hr�1, g L�1d�1)

Concentration required to produce

equivalent effect to reference antioxidant

during preinduction period (mol kg�1,

g L�1)

Concentration of a functional group after a

set time period (mequiv. kg�1)

Concentration of an oxidation product after

a set time period (mg kg�1, ppm w/w)

Scale reading after a set time period

(absorbance, conductivity, etc.)

Free radical capturing or suppression of

formation

DPPH quenching assay

Hydroxyl radical quenching assay

Superoxide radical quenching assay

53, 54

55

56–58

Ability to quench DPPH radical in solution

Ability to quench hydroxyl radicals

generated in a model system

9>>>>>>>>>>=
>>>>>>>>>>;Ability to quench superoxide radicals

generated in a model system

Percentage inhibition, EC50 (concentration of

test compound required to decrease the

concentration of test free radical by 50%),

TEC50 (time to decrease concentration of

test free radical by 50%).



Electron paramagnetic resonance (EPR)

spectrometry/spin trap tests

59–61 Detects free radical involved in autoxidation

and related process

Intensity or rate of change in EPR signal

Ferric Reducing Antioxidant Power 62–64 Spectrophotometric measurement of Fe (II)

complex formed due to reducing ability of

the test compounds

Change of absorbance

Oxygen Radical Absorption Capacity 65–67 Based on Phycoerythrin assay Fluorencence intensity, mmol of Trolox

equivalents

Total Radical-trapping Antioxidant

Parameter

68, 69 Measure oxygen consumption during controlled

lipid oxidation induced by thermal decom-

position of 2,20Azobis(2-aminopropane)

hydrochloride; AAPH

mmol peroxy radical deactivated L�1

Trolox Equivalent Antioxidant Capacity 70, 71 Based on inhibition of production of

2,20Azinobis(3-ethylbenzthiazoline)-6-

sulfonic acid; ABTS radical cation and mM

concentration of a Trolox solution having

antioxidant capacity equivalent to 1.0-mM

solution of test substance

mM L�1 Trolox equivalents



by measuring chemical (e.g., primary or secondary oxidation products) or physical

changes (e.g., change of mass or energy) of the oxidizing substrate. Table 5

provides a summary of methods commonly used for stability testing of edible oils.

6.1.1. Shelf Storage Test The test material is stored under similar conditions as

in retail and is evaluated for the effectiveness of antioxidants in prolonging the pre-

mium quality of the product. Periodic evaluation of the lipid oxidation products

(primary or secondary) by chemical tests (e.g., peroxide value, conjugated diene

value, 2-thiobarbituric acid reactive substances, hexanal content) or sensory evalua-

tion will be used to find out the onset of oxidation. The main drawback of this kind

of evaluation is the time taken; therefore, rapid evaluation or accelerated methods

are often preferred (19, 51).

6.1.2. Active Oxygen Method (AOM) This is one of the widely used methods

for evaluating antioxidant activity. This test involves bubbling air through the

heated lipid sample to accelerate its oxidation. Periodic analysis of peroxide value

is carried out to determine the time required for the fat to oxidize under the condi-

tions provided by AOM. This method has also been referred to as the Swift stability

test. The fully automated version of this method is available as Rancimat apparatus

(Metrohm Ltd, Herisau, Switzerland) and is accepted as a standard method by ISO

(ISO6886) and American Oil Chemists’ Society (AOCS Cd 12b-92) (47– 49, 73).

Similarly, the Oxidative Stability Instrument (OSI, Omnion, Inc., Rockland, MA)

uses a similar principle as AOM. This instrument is sensitive to the change of con-

ductivity of water, which receives the air passed through the oxidizing lipid. OSI

uses induction period or oxidative stability index as the measure of stability of

TABLE 5. Commonly Used Accelerated Stability Tests for Oils in Evaluating Antioxidants

(72).

Method/Test Conditions and characteristics

Ambient storage Atmospheric pressure and room temperature, too slow and

time consuming

Active oxygen method (AOM) Bubbling air in a closed environment, 98�C, do not represent

normal storage

Rancimat is the automated version, also OSI instrument

Light Atmospheric pressure and room temperature, rapid screening

test, photo-oxidation occurs

Metal catalysts Atmospheric pressure and room temperature, rapid screening

test, more decomposition occurs

Oxygen uptake Atmospheric pressure, 80–100�C, do not represent normal

storage

Oxygen bomb 65–115 psi, O2, 99�C, do not represent normal storage

Schaal oven Atmospheric pressure, 60–70�C, generally correlates well

with actual storage

Weight gain Atmospheric pressure, 30–80�C, not always very sensitive
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the antioxidant-containing lipid, and it is accepted by the AOCS (73) [AOCS

method Cd-126-92 (97)].

6.1.3. Oven Storage Test The lipid with or without antioxidants is allowed to

oxidize in an electrically heated convection oven (60–70�C). The oil is periodically

assessed for change of its mass and its formation of primary oxidation products

(hydroperoxides; peroxide value, conjugated dienes; conjugated diene value) or

secondary products of oxidation (aldehydes; hexanal, dialdehydes, 2-thiobarbitiuric

acid reactive substances; TBARS) or off-odor formation (50–52) . This method is

commonly referred to as the Schaal oven method and is widely used for bulk oil

substrates. Conditions provided in this process are suitable for a low degree of oxi-

dation; thus, the results correlate well with actual shelf stability of the antioxidant-

containing lipids.

6.1.4. Multiphase Systems Antioxidant activity depends very much on the

lipid substrate used for evaluation and the hydrophilic/lipophilic nature of the anti-

oxidative compound. Solubility and partition properties of the compound in the

medium affect the activity of antioxidants in the bulk lipid systems. As most foods

cannot be related to bulk oil systems (e.g., meat, fish, eggs, mayonnaise, salad dres-

sings, etc.), evaluation of antioxidants in multiphase systems is more relevant to

their physical and chemical nature. Because of the very same reasons, several stu-

dies have found that compounds exhibiting strong activity against oxidation of

lipids in bulk systems are often inefficient in colloidal and emulsion systems.

Three systems are generally used for such evaluations: emulsions (water-in-oil,

oil-in-water), liposomes (uni- or multilamellar vesicles formed with aqueous phase

and phospholipids), and micelles (emulsions formed with free fatty acids and aqu-

eous phase). A lengthy discussion about how to use these multiphase systems in

evaluating antioxidant activity is provided by Frankel (19).

Porter (74) has proposed a theory for distinguishing the effectiveness and beha-

vior of antioxidants in bulk oils and emulsions and membranes. The ‘‘polar para-

doxical behavior’’ (75, 76) describes the anomalous effect of antioxidants on lipids

when they are in different physical systems. Work carried out by Frankel et al. (77)

used the interfacial partitioning phenomenon to explain the reciprocal effect of anti-

oxidants in bulk oil versus multiphase/colloidal systems. This phenomenon recog-

nizes the discrete phases of the oxidative stability and antioxidative mechanism;

however, exact details are not yet fully understood. The oxidative stability of

food lipids varies according to their colloidal location because of the exposure of

the lipid to the antioxidant/proxidant is different in such an environment. The par-

titioning of the antioxidant between the aqueous and nonaqueous phases depends

on their solvent properties. Also, the partitioning of antioxidants into the nonaqu-

eous phase can exert an important effect on activity by protecting the lipid oxidiz-

able substrate. Figure 7 explains probable interfacial distribution of antioxidative

compounds based on their hydrophobicity and hydrophilicity in monophasic and

bipahsic systems. Surfactants can improve the solubility of lipophilic antioxidants

in the interface and exert a significant effect on activity (77, 78). Thus, it is important
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to use several methods to measure different products of oxidation under various

conditions, including multiphase systems, especially in evaluating natural com-

pounds as antioxidants in foods or biological systems (46).

6.2. Methods Based on Radical Scavenging Ability

Several methods have been described and used based on the fact that antioxidants

are radical scavengers in aqueous and lipid phases. The radicals employed in these

methods do not necessarily originate from lipid oxidation. In general, two

approaches are used in these methods. One involves the generation of a free radical

species and direct measurement of its inhibition caused by the test compound; such

methods do not require an actual substrate to be oxidized. The other approach uses

assay systems that involve oxidation of a substrate that is coupled with generated

free radicals, which is actually an indirect measurement. The ability of a compound

to inactivate radicals that are generated in a model system is extrapolated to its

potential as an antioxidant in lipid and lipid-containing foods. These methods are

widely and effectively used as screening and comparison tests in search for natu-

rally occurring antioxidants. They are simple and easy to use but should be care-

fully interpreted. An extensive discussion of the methods of antioxidant activity

Figure 7. A schematic of probable distribution of hydrophilic and hydrophobic antioxidants in

bulk oil (oil–air interface) and oil-in-water emulsion interface [adapted from (46)].
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determination that are based on free radical scavenging is found in the review by

Antolovich et al. (47).

6.2.1. DPPH Free Radical Blois (53) showed that a,a-diphenyl-b-picrylhydra-

zyl radical (DPPH�) can be used for determining antioxidant activity of ascorbic

acid, tocopherol, and quinones (Figure 8a and b). DPPH in ethanol shows a strong

absorption band at 517 nm (independent of pH from 5.0 to 6.5), and the solution

appears to be deep violet in color. As the DPPH radical is scavenged by the donated

hydrogen from the antioxidant, the absorbance is diminished according to the

stoichiometry.

As DPPH radical is paramagnetic and can become a stable diamagnetic mole-

cule by accepting an electron or hydrogen radical, it can exhibit a change of its

spin resonance using electron paramagnetic resonance (EPR). If the compound in

question is able to scavenge DPPH radicals, the EPR signal of DPPH is attenuated

(Figure 9a), and this can be quantified by integration into an appropriate calculation

program. Use of DPPH radical in combination with monitoring EPR signal has

been commonly used to assess natural antioxidants (54, 79–81). Although DPPH

is a comparatively stable free radical at room temperature, it is not water soluble

and the reaction mechanism between the antioxidant and DPPH radical depends on

the structural conformation of the antioxidant (82).

6.2.2. Oxygen Radicals The oxygen radical absorbing capacity (ORAC) meth-

od (66, 67) is developed based on the ability of antioxidant compounds to scavenge
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Figure 8. Proposed reaction between a,a-diphenyl-b-picrylhydroxyl (DPPH) radical and

Oxidizable groups. (a) oxidation of conjugated group of ascorbic acid to the dehydro form and

(b) oxidation of hydroquinone [adapted from (53)].
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oxygen (e.g., peroxy) radicals. The peroxy free radical generated using 2,20-
azobis(2-amidinopropane) dihydrochloride (AAPH; as the generator) in a buffered

system is targeted to damage b-phycoerythrin (b-PE, a phycobilliprotein containing

a red photoreceptor pigment) molecule. The fluorescent signal of b-PE is recorded

and interpreted as ORAC (as micromole Trolox equivalents per weight of material).

An automated system of ORAC coupled with chromatographic systems is available

for measuring total antioxidant capacity of natural products (67).

Figure 9. Electron paramagnetic resonance of (a) a,a-diphenyl-b-picrylhydroxyl (DPPH) radical

and (b) hydroxyl radical as spin adduct of DMPO-OH. (A test solution composed of 50 ml of 1:10

(v/v) diluted methanolic extract of Elusine coracana was added as a radical quencher, and

splitting constant of N and H was 14.791 G.) [From (79), with permission.]
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6.2.3. Hydroxyl Radicals Hydroxyl radical generated from Fenton reaction

(Equation 17) in a buffered system can be used to evaluate hydroxyl radical scaven-

ging ability of an antioxidant. Shi et al. (59) have shown that EPR may be used to

assess the hydroxyl radical scavenging ability of compounds when an appropriate

spin trapping agent (i.e., 5,5-dimethyl-1-pyrroline-N-oxide; DMPO) is used (see

Figure 9b).

Halliwell et al. (55) have described a model that uses hydroxyl radicals gener-

ated from Fenton reaction to degrade 2-deoxy-D-ribose. The decomposed products

of deoxyribose are 2-thiobarbituric acid-reactive substances (TBARS). If the anti-

oxidant present in the system scavenges hydroxyl radicals generated, deoxyribose is

protected and the amount of TBARS produced is less.

Fe2+ + H2O2 → Fe3+ + OH + OH −     [17]

Scheme 7. Hydroxyl radical generation via Fenton reaction.

6.2.4. Superoxide Radical The scavenging ability of antioxidants for superox-

ide radical anions generated in a model reaction is also employed to assess antiox-

idant activity. Superoxide radical anions can be generated in vitro by enzymatic

(Equation 18) or nonenzymatic reactions using a xanthine–xanthine oxidase sys-

tem, which requires oxygen for the reaction to generate superoxide radicals. Quan-

tification of superoxide radicals can be achieved using chemiluminescence (58)

with an appropriate agent (e.g., lucigenin) or by using the oxygen consumption

kinetics (83). The nonenzymic system uses reduction of tetrazolium salt induced

by superoxide radicals generated in a phenzine methosulfate/NADH mixture (56,

57). Meyer et al. (84) showed that scavenging of superoxide anion radical is not

necessarily effective in preventing lipid oxidation by phenolic compounds in natur-

al extracts. Also, no equilibrium can be achieved when superoxide radicals are gen-

erated continuously during the test, which is seen as a shortcoming when using

O2

��-scavenging ability to assess antioxidant activity.

         Xanthine oxidase 

Xanthine + H2O + 2O2   → 2O2
· - + Uric acid + 2H+ [18] 

Scheme 8. Generation of superoxide radical by an enzymatic reaction.

7. COMMONLY USED ANTIOXIDANTS IN FOODS

This discussion is carried out based on the origin of the antioxidative compound:

synthetic (manufactured chemical molecules) and natural (originated from food

related material), which is widely used by the food industry. Although compounds
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TABLE 6. Physical Properties of Synthetic Antioxidants Used in Foods (18, 88, 89).

Gallates

Property/Characteristic BHA BHT Dodecyl Propyl TBHQ

Appearance Waxy solid White crystals White crystals White crystals White-tan crystals

Carry through properties Very good Fair–Good Fair–Good Poor Good

Boiling point (�C) 264–270 265 — Decompose above 148 300

Melting point (�C) 50–52 69–70 146–148 146–148 126–128

Solubility (%, w/w) in

Corn oil 30 40 0 0 5–10

Glycerol 1 0 — 25 <1

Lard 30–40 50 — 1 5–10

Methyl linoleate very soluble very soluble 1 1 >10

Propylene glycol 50 0 6.5 4 30

Water 0 0 <1 <1 <1

Synergism BHT & gallates BHA BHA BHA —



such as a-tocopherol and D-ascorbic acid are synthesized, they are considered as

naturally existing compounds; thus, they are considered as ‘‘natural’’ and are dis-

cussed under natural antioxidants.

7.1. Synthetic Antioxidants

Synthetic antioxidants are manmade and are used to stabilize fats, oils, and lipid-

containing foods and are mostly phenolic-based. Many compounds are active as

antioxidants, but only a few are incorporated into food because of strict safety reg-

ulations. These phenolic derivatives usually contain more than one hydroxyl or

methoxy group. Ethoxyquin is the only heterocyclic, N-containing compound

that is allowed for use in animal feeds.

Synthetic phenolic antioxidants are p-substituted, whereas the natural phenolic

compounds are mostly o-substituted. The p-substituted substances are preferred

because of their lower toxicity. The m-substituted compounds are inactive. Syn-

thetic phenolic antioxidants are always substituted with alkyl groups to improve

their solubility in fats and oils and to reduce their toxicity (24, 85, 86). The primary

mechanism of activity of these antioxidants is similar to those of primary antioxi-

dants. An antioxidant molecule reacts with a peroxy radical produced by the oxi-

dizing lipid, thus forming a hydroperoxide molecule and an antioxidant free radical.

A similar path of reaction may occur with the alkoxy free radicals formed during

the decomposition of hydroperoxides. The antioxidant free radical so formed may

be deactivated by a lipid peroxy or an alkoxy radical or with another antioxidant

radical. Dimers and even trimers of antioxidant molecules are formed because of

the reaction of antioxidant radicals, and these may have a modest antioxidant activ-

ity of their own. With the help of synergists such as ascorbic acid, some of these

original antioxidant molecules may be regenerated. Quinones are formed from phe-

nolic antioxidants by reaction with peroxy radicals. When antioxidants are present

in excess, the reaction of antioxidant free radicals with oxygen may become impor-

tant; even their reaction with polyunsaturated fatty acids has some impact on the

course of oxidation. Therefore, at high concentrations, phenolic antioxidants may

act as pro-oxidants.

In most countries, use of synthetic antioxidants is regulated and the safety of the

compounds involved has been tested based on long-term toxicity studies. The abil-

ity of an antioxidant to withstand thermal treatment (e.g., frying or baking) and to

retain sufficient stabilizing activity for the food (fried or baked) is termed as ‘‘carry

through property.’’ Table 6 provides a summary of physical properties of commonly

used synthetic antioxidants. Several researchers have studied the effectiveness of

these compounds in suppressing lipid oxidation in fats and oil, and Tables 7

and 8 provide comparative effects of synthetic antioxidants (82).

7.1.1. Butylated Hydroxyanisole (BHA) This monophenolic compound exists

as a mixture of two isomers (Figure 4), 3-tertiary-butyl-4-hydroxyanisole (90%)

and 2-tertiary-butyl-4-hydroxyanisole (10%). The 3-isomer shows a higher antiox-

idant activity than the 2-isomer. BHA is commercially available as a white, waxy
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flakes that is lipid soluble. BHA exhibits good antioxidant activity in animal fats as

compared to vegetable oils. It has good carry through properties but is volatile at

frying temperatures. When BHA is included into packaging materials it easily

migrates to the containing food and delays lipid oxidation (18, 74, 91).

7.1.2. Butylated Hydroxytoluene (BHT) BHT is also a monohydroxyphenol

(Figure 4) and is widely used in foods. This fat-soluble antioxidant is available

as a white crystalline compound. BHA is less stable than BHT at high temperatures

and has lower carry-through properties. BHA and BHT act synergistically, and sev-

eral commercial antioxidant formulations contain both of these antioxidants. BHT

is effectively used in oxidation retardation of animal fats. It is postulated that BHA

TABLE 7. Effect of Different Antioxidants on Oxidation of Soybean Oil

[Adapted from (90)].

Antioxidant Activity (as time in hours taken to reach peroxide value of 70)

Antioxidant

(at 0.02% level) 45�Ca 98�Cb

Control (no added antioxidant) 168 5

Ascorbyl acid 288 43

Ascorbyl palmitate 456 13

BHA 216 9

BHT 240 11

PG 360 14

TBHQ 544 28

aOxidation at 45�C as a thin layer of oil.
bOxidation at 98�C at AOM conditions.

TABLE 8. Effect of Antioxidants and Metal Inactivators on the Oxidation of Soybean Oil

[Adapted from (87)].

Antioxidant Activity

Antioxidant or Combination (hours based on peroxide value of soy bean oil)

Controla (contain 1500 ppm tocopherol) 26

C-treatedb (contain 45 ppm tocopherol) 17

C-treatedþ ascorbic acidc 43

C-treatedþ BHAc 18

C-treatedþ BHAþ0.01% citric acidc 56

C-treatedþ BHTc 23

C-treatedþ BHTþ 0.01% citric acidc 53

C-treatedþ citric acidc 50

C-treatedþ propyl gallatec 26

C-treatedþ a-tocopherolc 21

C-treatedþ a-tocopherolþ 0.01% citric acidc 53

aNaturally present mixed tocopherol.
bCarbon black treated oil to remove natural tocopherol partially.
cAntioxidant concentration is 0.57 mmol/kg.
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interacts with peroxy radicals to produce a BHA phenoxy radical. This BHA phe-

noxy radical may abstract a hydrogen atom from the hydroxyl group of BHT. BHA

is regenerated by the H radical provided by BHT. The BHT radicals so formed can

react with a peroxy radical and act as a chain terminator (92, 53).

7.1.3. Ethoxyquin Ethoxyquin, 6-ethoxy-1,2-dihydro-2,2,4-trimethylquinoline

(Figure 4), is used as an antioxidant in animal feeds primarily to protect carotenoid

oxidation. It may also be used in fish products, fish oil, poultry fats, potatoes,

apples, and pears during storage and especially to protect pigment oxidation in

ground chili and paprika (93). Ethoxyquin may act as a free radical terminater.

Dimerization of the radical may inactivate the antioxidant (94).

7.1.4. Gallates Esters of gallic acid (Figure 4), namely, n-propyl, n-octyl, and

n-dodecyl gallates, are approved antioxidants for food use. Propyl gallate (PG),

the most commonly used gallate, is slightly water soluble and is available as a white

crystalline powder. PG is not suitable for use in frying oils because it is volatile at

the high temperatures of frying (18, 92). Octyl and dodecyl gallates are more lipid

soluble and heat stable and have better carry-through properties. Gallates can che-

late metal ions effectively, thus retarding lipid oxidation catalyzed by metal ions.

However, this may negatively effect the esthetic appeal of the food, because of

the dark color of the metal-gallate complexes. Therefore, gallate formulations are

always available with a metal chelator such as citric acid to prevent any discolora-

tion in the incorporated food. Gallates show synergistic activity with both primary

and some of the secondary antioxidants (94). Propyl gallate works well with BHA

and BHT because of a synergistic action, however, its use together with TBHQ is

not permitted in the United States (25).

7.1.5. Tertiary-Butylhydroquinone (TBHQ) This is a diphenolic antioxidant

(Figure 4) and is widely used in a variety of fats and oils. TBHQ has excellent

carry-through properties and is a very effective antioxidant for use in frying oils.

It is available as a beige color powder that is used alone or in combination with

BHA or BHT. TBHQ can be used in a variety of lipid-containing foods and fats

and oils. Chelating agents such as monoacyglycerols and citrates enhance the activ-

ity of TBHQ, mainly in vegetable oils and shortenings.

TBHQ reacts with peroxy radicals to form a semiquinone resonance hybrid. The

semiquinone radical intermediate may undergo different reactions to form more

stable products; they can react with one another to form dimers, dismutate, and

regenerate as semiquinones; and they can react with another peroxy radical

(Figure 5; 18, 24). A possible mutagenic effect of TBHQ has been the subject of

extensive studies, and few countries in the world including Japan and the European

Union countries do not yet approve its use in foods. Since 1999, TBHQ is included

in the class IV preservative list in Canada, with a maximum usage level of 0.02%

(Canada Food and Drug Act).
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7.2. Natural Antioxidants

Use of plant parts (bark, leaves, seeds, etc.) and their extracts to preserve food from

developing a rancid taste is a practice that has continued since prehistoric time.

There is evidence that even for the industrial materials, plant-based components

were used as antidrying agents to prevent oxidation and polymerization of polyun-

saturated fatty acid-rich plant oils (2, 5, 48). During the past two decades, intensive

research has been carried out on naturally occurring antioxidative compounds from

different sources. The main drive behind this search was to reduce the use of syn-

thetic compounds as food additives because of their potential negative health effects

and as a result of consumer demand.

Plant-based components have increasingly been advocated as ‘‘safe and natural’’

antioxidants considering their existence in regular foods that are consumed. Much

of the interest on naturally occurring antioxidants is developed because of the trend

to minimize or avoid the use of synthetic food additives. Continuous effort in

searching for naturally occurring antioxidative compounds during the past 20 years

has helped to develop efficient models for activity screening, structure function

relationship assessment, categorizing sources of antioxidant groups, developing

methods of isolating purified antioxidative compounds from natural sources, and

developing branded foods (e.g., claims for marketing purpose). Again, one has to

keep in mind that the ‘‘safe it is natural’’ is based on the fact that these secondary

metabolites are present in small concentrations in regular foods. If these are to be

added to foods that are largely consumed, they should undergo all safety clearances.

There are many naturally occuring compounds that act as antioxidants in fats and

lipid-containing foods. Among these, only a few are currently approved and

employed in foods. Groups of compounds that are found naturally and exhibit

strong antioxidant activity are discussed here.

7.2.1. Ascorbic Acid and Ascorbic Acid Esters and Salts Vitamin C or

ascorbic acid is widespread in nature but sparingly associated with fats of oils

because of its hydrophilic nature (95). Ascorbic acid in the free form, salts of

sodium and calcium, and esters of stearic and palmitic are commonly used as anti-

oxidants in foods. Erythorbic acid is the D-isomer of naturally present L-ascorbic

acid (Figure 10) and is often used as an antioxidant in dried fruits and a cure
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Figure 10. Chemical structures of L-ascorbic acid, erythorbic acid, and ascorbyl palmitate.
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accelerator in cured meat. Unlike ascorbic acid, erythorbic acid is not a natural con-

stituent of foods and has minimal vitamin C activity. Similar to ascorbic acid,

erythorbic acid is highly water-soluble but remains insoluble in oils (97).

In foods, water-soluble ascorbic acid acts as a secondary antioxidant and parti-

cipates in various antioxidative and related functions. Ascorbic acid is capable of

quenching various forms of oxygen (singlet oxygen, hydroxyl radicals, and super-

oxide). When ascorbic acid acts as a hydrogen donor, ascorbyl radical so produced

may reduce or terminate radical reactions; hydroperoxides may then be converted

into stable products. Ascorbic acid can reduce primary antioxidant radicals and thus

act as a synergist. A very good example is donating a hydrogen atom to tocopheryl

radical and then regeneration of tocopherol (Figure 11), which is commonly

observed in the biological systems. In addition to that, ascorbic acid can shift the

redox potential of food systems to the reducing range and can act synergistically

with chelators and regenerate primary antioxidants other than tocopherols (98).

In vivo ascorbic acid acts as a primary antioxidant and in tissues it is essential for

the prevention of oxidative cellular damage by hydrogen peroxide (99). In a solu-

tion, ascorbic acid readily oxidizes to dehydroascorbic acid. This formation occurs

through one- or two-electron transfer that is due to its enediol structure. It is

a reductone and has a very high affinity for oxygen. The 2- and 3-positions of

ascorbic acid are unsubstituted. Oxidation happens via the intermediate semi-

dehydroascorbic acid or monodehydroascorbic acid or ascorbate free radical. The

semidehydroascorbic acid is either reduced to give ascorbic acid again or oxidized

to give dehydroascorbic acid. In nature, these compounds complete a redox system

(Figure 12). The redox cycle is completed in living tissues by enzymatic reduction

of dehydroascorbic acid to ascorbic acid. Seib (101) has reviewed the oxidation and

other reactions of ascorbic acid.

Ascorbyl palmitate and ascorbyl stearate are synthetic derivatives of ascorbic

acid. Ascorbic palmitate is soluble in lipid-containing foods because of its relatively

good hydrophobicity (88). Ascorbyl palmitate is hydrolyzed by the digestive sys-

tem to provide nutritionally available ascorbic acid and palmitic acid, but health

claims cannot be made for its vitamin C contribution.

As an antioxidant, ascorbic acid is very attractive as it carries GRAS (generally

recognized as safe) status with no usage limits; it is a natural or nature-identical

Figure 11. Regeneration path of tocopherol by ascorbic acid and during participation in radical

scavenging in biological systems [adapted from (96)].
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product and is highly recognized as an antioxidant among the nutrient category.

Ascorbic acid is also used as an acidulant and flavorant. Heat treatment makes

ascorbic acid unstable, and it participates in nonenzymic browning reactions and

degrades through reductone formation. Ascorbic acid and its salts (Na- and Ca-

ascorbate) are water soluble and are not applicable as antioxidants in oils and

fats. These salts are used extensively for stabilizing beverages that contain oxidiz-

able substrates. In fats, ascorbyl palmitate is used mostly because of its superior
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semidehydroascorbic acid, (b) disproportionation of semidehydroascorbic acid, and (c) reduction

of dehydroascorbic acid [From (100), with permission].
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solubility. Ascorbyl palmitate also has GRAS status, and there are no restrictions

for its usage level.

7.2.2. Carotenoids Carotenoids are ubiquitously found lipid-soluble-colored

compounds, mainly from green plants, fruits, and vegetables. The two classes of

carotenoids, carotenes and xanthophylls, are composed of 40-carbon isoprenoid

or tetraterpenes with varying structural characteristics. Carotenes are polyene

hydrocarbons and vary in their degree of unsaturation (e.g., b-carotene, lycopene;

Figure 13). Xanthophylls are derived from carotenes by hydroxylation and epoxi-

dation, thus containing oxygen (e.g., astaxanthene, canthaxanthin). Some carote-

noids exhibit biological activity of vitamin A and hence are categorized as

provitamin A. b-Carotene is the most abundantly found provitamin A. Many fats

and oils, especially those from plant sources, contain b-carotene, and it contributes

to the deep intense orange red color of many oils (94, 102).

Carotenoids can act as primary antioxidants by trapping free radicals or as sec-

ondary antioxidants by quenching singlet oxygen. In foods, carotenoids usually act

as a secondary antioxidant; however, at low oxygen partial pressure (<150 mm Hg,

in the absence of singlet oxygen), carotenoids may trap free radicals and act as a

chain-breaking antioxidant (95, 104). At high oxygen concentrations, the antioxi-

dant activity of b-carotene is diminished. Increased oxygen concentration leads to

the formation of carotenoid peroxy radicals because the conjugated double bonds of

carotenoid molecules are very susceptible to the attack by peroxide radicals. This

reaction favors autoxidation of b-carotene over inactivation of lipid peroxy radicals

β–carotene, β, β–carotene

Lycopene, ψ, ψ–carotene

Lutein, β, ε–carotene-3,3′-diol

HO

OH

Figure 13. Chemical structures of some carotenoids.
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(103). At low oxygen concentrations, the lifetime of the carotenoid radical is long

enough to permit its reaction with another peroxy radical and to form nonradical

species. The unsaturated structure of b-carotene allows the molecule to delocalize

electrons in the radical and to produce a resonance-stabilized product with the per-

oxy radical. This carotene radical participates in termination reactions and converts

peroxy radicals to less damaging products. Lieber (104) has provided details of

antioxidative reactions of carotenoids. The combination of carotenoids and toco-

pherols results in synergistic action (105, 106). The stability of carotenoids is

affected by oxygen, heat, pH, light, and metals; therefore, care should be taken

in their handling as antioxidants.

Singlet oxygen, which is unstable, preferentially transfers energy to b-carotene

to produce triplet state b-carotene. This occurs through an exchange electron trans-

fer mechanism. Triplet state b-carotene releases energy in the form of heat, and the

carotenoid is returned to its normal energy state. This mechanism allows the caro-

tenoid molecule to be an effective quencher of numerous molecules of singlet oxy-

gen (102). The ability of carotenoids to quench singlet oxygen is related to the

number of carbon double bonds in their chemical structures. Carotenoids with

nine or more conjugated double bonds are very effective antioxidants. Because

of the presence of additional functional groups in the hydrocarbon structure,

xanthophylls cannot perform as effectively as antioxidants (94).

7.2.3. Tocopherols and Tocotrienols Tocopherols and tocotrienols are the

natural antioxidative compounds found widely in different tissue, even if it is in

trace amounts. Tocopherols are found abundantly in vegetable oil-derived foods.

These monophenolic compounds possess varying antioxidant activities. Tocopherols

and tocotrienols comprise the group of chromanol homologs that exert vitamin E

activity in the diet. These different homologs vary in the extent of methylation of

the chromane ring. The a-, b-, g-, and d-tocopherols contain a saturated phytyl (tri-

methyltridecyl) side chain (Figure 14). The corresponding tocotrienols have unsa-

turated phytyl chain at the 3-, 7-, and 11-positions. Only RRR isomers are found

naturally. Synthetic a-tocopherol (all rac-a-tocopherol) is a combination of eight

sterioisomers that are found in equal amounts in the mixture. Biologically, RRR-

a-tocopherol is the most active vitamin E homolog. The antioxidant activity of

a-, b-, g-, and d-tocopherols and tocotrienols decreases in the order of a >
b > g > d in vivo (107, 108) and a> b> g> a in bulk oils and fats (108).

Vitamin E activity of tocopherols decreases in the order of a> b> g> d (107).

Antioxidant activity of tocopherols is mainly by scavenging peroxy radicals

thus interrupting chain propagation (95), which is based on the tocopherol–

tocopherylquinone redox system. The active configuration is the phenolic group

in the benzene ring, located at the para position to the oxygen atom bound next

to the dihydropyrone cycle. Alpha-tocopherol donates a hydrogen atom to a peroxy

radical resulting in an a-tocopheryl semiquinone radical (Figure 15). This radical

may further donate another hydrogen to produce methyltocopherylquinone or react

with another tocopheryl semiquinone radical to produce an a-tocopherol dimer. The

methyltocopherylquinone is unstable and will yield a-tocopherylquinone (100).
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The a-tocopheryl dimer continues to possess antioxidant activity. Also, two toco-

pheryl semiquinone radicals can form one tocopheryl quinone molecule and regen-

erate one tocopherol molecule. The decomposition products of tocopherols (during

thermal oxidation) can slowly oxidize and release tocopherol that can act as an anti-

oxidant (100).

Commercially, tocopherol is available as a pure all-rac-a-tocopherol, mixed

tocopherols having various contents of a-, b-, g-, or d-tocopherols (diluted in vege-

table oil) and synergistic mixtures containing tocopherols, ascorbyl palmitate or

other antioxidants, and synergists such as lecithin, citric acid, and carriers. Extrac-

tion of tocopherols from natural sources and chemical synthesis of tocopherols are

well described by Schuler (100).

Tocopherols are considered as natural antioxidants for lipid-containing foods

and marketed as ‘‘all natural.’’ They are permitted in food application according

to GMP regulations (21CFR 182.3890). Natural tocopherols are limited to 0.03%

(300 ppm) in animal fats (9 CFR 318.7). As most vegetable oils naturally contain

tocopherols, the addition of this antioxidant may pose prooxidant effects.

7.2.4. Other Phenolic Antioxidative Compounds from Plants Higher plants

are rich in a myriad of phenolic compounds in their secondary metabolite pool.

Among these, phenolic acids and polyphenolic derivatives are found to be the

most important series of hydrophilic–hydrophobic antioxidative compounds natu-

rally present. In foods, these polyphenolic compounds act as radical scavengers
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or metal chelators, and some may play a multifunctional role. Numerous plants and

their parts have been identified as sources of phenolic acids, flavonoids, and related

compounds. Antioxidant activity of phenolic compounds from various plant sources

has been reported in several peer-reviewed papers, reviews, and books. Interested
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readers are referred to reviews by Shahidi et al. (18, 109–112) about the sources of

natural phenolics possessing antioxidative activity that are obtained from plants and

have potential applications in oils and fats (as discused below).

7.2.4.1. Antioxidants from Cereals, Oilseeds, and Related Sources Seeds rich

in oils are also abundant sources of various types of antioxidative compounds.

Among these carotenoids, phenolic acids, and their derivatives, flavonoids, phytic

acid, lignans, and tocopherols are predominantly found depending on the plant gen-

era and species. Reviews by Wanasundara et al. (110) and Shukla et al. (111) dis-

cuss antioxidants of oilseeds and their products in detail.

7.2.4.1.1. PHENOLIC ACIDS AND THEIR DERIVATIVES Phenolic acids are found in plants

and have the basic chemical structure of C6-C1 (benzoic acids) and C6-C3 (cinnamic

acids) (Figure 16). A range of substituted benzoic acid or cinnamic acid derivatives

comprise these two major families of phenolic acids that are found in plants. Both

of these families occur as free, conjugated, or esterified form, and sometimes as

depsides such as chlorogenic acid (3-caffeoyl-quinic acid). Phenolic acids serve

as free radical acceptors and chain breakers. The presence of a phenolic ring in

the molecular structure and side chains facilitates the radical accepting ability of

phenolic acids. According to Chimi et al. (113) and Pokorný (114), monohydroxy

phenolic acids are less efficient as antioxidants than polyhydroxy phenolic acids.

The presence of the CH����CH-COOH group in cinnamic acids ensures a greater

antioxidative activity than a ��COOH group as in benzoic acids. The participation

of the C����C bond is important in stabilizing the antioxidant radical by resonance.

The antioxidant activity of phenolic acids and their esters depends on the num-

ber of hydroxyl groups in the molecule, and this would be strengthened by steric
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hindrance. Hydroxylated cinnamic acids are more effective antioxidants than their

benzoic acid counterparts. When the acid group is esterified with a bulky group

such as a sugar, the antioxidant potency of the molecule is further enhanced

(115). Introduction of a second hydroxyl group in the ortho or para position

increases the antioxidant activity of hydroxylated phenolic acids. Therefore, acids

with ortho diphenolic groups (caffeic and protocatechuic acids) are more efficient

antioxidants than their respective monophenolic acids ( p-hydrobenzoic and p-

coumaric acids). Gallic acid that has three hydroxyl groups is more active than pro-

teocatechuic acid, but more than three hydroxyl groups in the structure does not

appear to improve the antioxidant efficiency in oil systems (114). The aromatic

ring substituted with two or three phenolic groups in the ortho position are particu-

larly important; some hydroxyl groups may be methoxylated. Substitution of one or

two methoxy groups at the ortho position relative to the hydroxyl group markedly

increases the antioxidant activity of phenolic acids. Therefore, sinapic acid is a

more efficient antioxidant than ferulic acid, which is more efficient than p-coumaric

acid. For the same reason, syringic acid is more active than vanillic acid and p-

hydroxybenzoic acid (115). Ortho substitution of the phenolic acid with electron

donor alkyl or methoxy groups increases the stability of aryloxy radical and thus

the antioxidant activity. Methoxy substitution strengthens the antioxidant activity

than the addition of a hydroxyl group to the molecule (113, 114).

7.2.4.1.2. LIGNANS Lignans are compounds with great chemical diversity and

found in all parts of the plants. They are dimers of phenyl proponoid (C6-C3) units

linked by the central carbons of their side chains (116). Among these, bisepoxy lig-

nans and cyclolignans that occur in oilseeds (sesame and flax) exhibit strong anti-

oxidative activity in aqueous and lipid media. Lignans of sesame (Sesamum

indicum L.) seed include sesamin, sesamolin, sesaminol, and sesamol, which act

as endogenous antioxidants for the oils (117–119). Sesamolin may undergo chemi-

cal changes during thermal treatment and under processing conditions (e.g., bleach-

ing) and forms sesaminol and sesamolinol (120–122). High oxidative stability of

sesame oil obtained from roasted seed may be largely attributed to the presence

of lignan compounds (123–125).

Lignans of flaxseed exist as secoisolariciresinol diglucoside (SDG; 126). SDG is

a potent antioxidant in biological systems because of its tendency to associate in the

aqueous phase. Much of the work on antioxidant activity of SDG is related to its

radical mediated disease prevention (127, 128). Lignans of both sesame (121, 122)

and flax (129, 130) have shown hydrogen-donating ability and scavenging activity

for various free radicals.

7.2.4.1.3. STEROLS Phytosterols are mostly associated with unrefined vegetable

oils and exist as derivatives of phenolic acids (e.g., ferulic acid). Several studies

are available on antioxidant activity of sterols and their derivatives from sources

such as corn fiber, oats, and rice. These compounds can be obtained from the unsa-

ponifiable fraction that is removed during vegetable oil refining. Triterpene alcohols

and hydrocarbons (131), or sterols (Figure 20) from oats (132, 133), rice (134, 135),
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and corn fiber (135, 136), were able to exert the antioxidative effect on frying oils

and as a result displayed antipolymerizing effects. It has been suggested that dona-

tion of a hydrogen atom from the allylic methyl group in the side chain of sterols

followed by isomerization to a relatively stable tertiary allylic free radical may

be the mechanism for sterol antioxidant activity (132). The ethylidine group

(CH3��CH����) in the side chain of the sterol molecule seems essential for performing

the antipolymerizing effect on the frying oils at high temperatures (137, 138). The

g-oryzanol of rice bran performed good antioxidant activity in a linoleic acid model

system at 37�C as opposed to frying temperatures. g-Oryzanol of rice is composed

of at least ten compounds that are mainly ferulic acid derivatives of triterpene alco-

hols, stigmasterol, campesterol, sitosterol, and cycloartinol (Figure 20; 137). Plant

sterol-based compounds are available as physiological antioxidants to prevent cer-

tain disease conditions. Commercial preparations of sterol–based natural antioxi-

dants for high-temperature food applications are not abundantly available yet.

7.2.4.2. Antioxidants from Labiatae Herbs Among phenolic diterpenes, carno-

sic acid and carnosine are the very active antioxidants that are commercially avail-

able as natural antioxidants for lipid-containing foods. Chemically, carnosic acid

has a structure consisting of three six-membered rings, including a dihydric poly-

phenolic ring and a free carboxylic acid, and carnosol is a derivative of carnosic

acid containing a lactone ring (Figure 17). These active antioxidants are found espe-

cially in plants of the Labiatae family (oregano, rosemary, sage, and thyme). Com-

mercial extracts of these plants are produced by organic solvent extraction of the

plant parts and subsequent deodorization and bleaching. Commercially these anti-

oxidants are available as powder, paste, or liquid and formulations in propylene gly-

col, medium-chain triacylglycerols, or vegetable oils. Schuler (100) has discussed

preparation of rosemary antioxidants and their effectiveness in oils compared with

other antioxidants.

Extensive studies (139, 140) on rosemary extracts containing carnosol, carnosic

acid, and rosmarinic acid have shown that the activities of these natural antioxidants

are system-dependent and that their effectiveness in different food systems is diffi-

cult to predict. In bulk vegetable oils (corn, soybean and peanut) and fish oils, car-

nosol and carnosic acid are effective antioxidants. It has been hypothesized that this

Carnosic acid

OH

HOOC

H
H3C CH3

HO

Carnosol

OH

C

H
H3C CH3

HO
O

O

Rosemarinic acid

O

O

COOH
OH

OH

Figure 17. Chemical structures of carnosine, canosic acid, and rosemarinic acid.

COMMONLY USED ANTIOXIDANTS IN FOODS 469



behavior of rosemary antioxidants is attributed to the partitioning differences in the

biphasic system. These hydrophilic antioxidants are oriented in the oil–air interface

and protect the bulk oil phase from oxidation. However, in oil-in-water emulsions,

they are less effective in the oxidation of the oil–water interface, where most of the

oxidation reactions take place (see illustration in Figure 7). It has been hypothe-

sized that the hydrophilic antioxidants (e.g., rosmarininc acid, gallic acid, cate-

chins, propyl gallate) partitioned more (>90%) into the aqueous phase, thus

allowing a considerably low concentration of antioxidants in the oil phase, causing

less antioxidative protection (141). Carnosic acid and carnosol are oxidized during

oxidation at 60�C and higher temperatures; however, antioxidant activities are

maintained; apparently the oxidation products are active antioxidants at high tem-

peratures. These compounds have good carry-through properties and protect frying

oils and fried foods.

7.2.4.3. Flavonoids from Green Tea Among the natural flavonoids studied as

antioxidants for lipid-containing foods, polyphenolic catechins from green tea

(Camellia sinensis L) have been extensively scrutinized (142, 143). Extracts of

immature leaves of the plant (green tea) are rich in flavan-3-ols and their gallic

acid derivatives, namely, (þ)-catechin, (�)-epicatechin, (þ)-gallocatechin, (�)-

epicatechin gallate, (�)-epigallocatechin, and epigallocatechin gallate (Figure 18).

Flavonoids are a heterogeneous group of phenolic compounds having a benzo-g-

pyrone structure (Figure 18) in the molecule and occur ubiquitously in plants.

Approximately 90% of flavonoids occur in plants in the glycosidic form (143, 144).

Antioxidant activity of flavonoids is bimodal, and they are very effective in counter-

acting lipid oxidation; however, this is very much dependent on the chemical and

physical properties of the system. Flavonoids function as primary antioxidants in

systems when metal catalyzed oxidation is not present. Because of their lower

redox potentials (230<E0< 750 mV), flavonoids (145) are thermodynamically

able to reduce highly oxidizing free radicals with redox potential in the range of

2310–1000 mV, such as alkoxy, hydroxyl, peroxy, and superoxide (See Table 1,

21) radicals by hydrogen donation. Flavonids can form resonance-stabilized radi-

cals while scavenging oxidative free radicals (18). For a molecule that has 30, 40-
dihydroxylation donation of one H atom to a free radical may produce a flavonoid

aryloxy radical. This flavonoid aryloxy radical may react with a second radical and

acquire a stable quinone structure (Figure 19a; 145, 146). At the same time, flavo-

noids are good metal chelators that can be used for inhibition of metal-catalyzed

oxidation initiation. Metal chelation ability of flavonoids is caused by the ortho-

diphenol structure in rings A and B (3-hydroxy-4-keto group or the 5-hydroxy-4-

keto) and ketol structure in ring C (Figure 19b). An ortho quinol group at the B ring

has also demonstrated metal ion chelating activity (18, 147).

The position and the degree of hydroxylation (especially at the A and B rings)

are of primary importance in determining the antioxidant activity of flavonoids.

Dihydroxylation at ortho position of the B ring contributes to antioxidant activity;

however, para and meta hydroxylation of the B ring do not occur naturally. All fla-

vonoids with 30,40-dihydroxy configuration possess antioxidant activity (18, 147).
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Other important features include carbonyl group at position 4 and a free hydroxyl

group at position 3 or 5 (91). Among aglycones, the presence of a free 3-hydroxyl

group in the C ring is a requirement for maximal radical scavenging activity of fla-

vonoids (148, 149). When a disaccharide is glycosylated to a flavonoid (e.g., rutin),
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the substituent at position 3 becomes a poorer leaving group; thus, the molecule

becomes less oxidizable and exhibits a lower antioxidant activity in free fatty

acid systems than monosaccharide glycosides (e.g., quercetin; 149). Many of the

flavonoids and related substances display a significant antioxidant behavior in

lipid-aqueous and lipid–lipid food systems (147). Most of these compounds have

very low solubility in the lipid phase, and it is a serious disadvantage if the aqueous

phase is present to a in considerable extent in the food.

The antioxidant activity of these catechins and the derivatives showed a marked

difference depending on the substrate used for evaluation. In bulk corn oil that was

oxidized at 50�C epigallocatechin, epigallocatechin gallate and epicatechin gallate

exhibited better antioxidant activity than epicatechin or catechin. These catechins

have been very effective in retarding oxidation of polyunsturated fatty acids-rich
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Figure 19. (a) Free radical scavenging by flavonoids. (b) Binding sites of flavonoids for metal

ions.
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Figure 20. Chemical structure of antioxidative sterols identified from (a) oats, and (b) rice and

corn fiber.
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vegetable, and marine oils (150–152). In the oil-in-water emulsions, all catechins

tested were pro-oxidants; however, in the liposomes comprising lecithin, epigallo-

catechin gallate was the best antioxidant, followed by epicatechin, epigallocatechin,

epicatechin gallate, and catechin (78, 152). When tea catechins were added to noo-

dles and to the frying oils, they were able to improve the oxidative stability of the

fried product and the oil used for frying (153). In addition to that, tea polyphenols

exhibited protecting ability against b-carotene oxidation; i.e., tea catechins were

able to exert an antidiscoloring effect on beverages containing b-carotene that

were UV-light irradiated (153).

The antioxidant activity of individual tea polyphenols in different model assays

showed a proportional relationship to the number of hydrogen radical donors of

catechins. A synergistic effect was observed between tea catechins and caffeine,

ascorbic, citric, malic, and tartaric acids and tocopherols (153). Formation of oxi-

dation products of (þ)-catechin during the antioxidative process has been observed

in oxidation model studies. According to the proposed mechanism, (þ)-catechin

can scavenge four radicals per molecule (154, 155). Yamamoto et al. (156) have

summarized the chemistry and application aspects of green tea, especially in rela-

tion to using their catechins.

8. ESTIMATION AND ANALYSIS OF ANTIOXIDANTS IN FOODS

Qualitative and quantitative detection of antioxidants and potential antioxidative

compounds is of utmost importance to researchers and industry and regulatory

agencies. Numerous methods based on colorimetry, spectrometry, fluorometry, vol-

tammetry, polarography, thin-layer chromatography, paper chromatography, gel

permeation chromatography, gas chromatography, and high-performance liquid

chromatography have been described for both natural and sysnthetic compounds

for their antioxidant activity in foods (157). Almost all of these procedures require

considerable sample preparation and estimation of individual antioxidants. A con-

siderable number of procedures have been developed and tested in collaborative

studies for determination of commonly used antioxidants, which are strictly regu-

lated for their use. Kochhar and Rossell (157) have provided an elaborative discus-

sion about the methods used to determine BHA, BHT, gallates, tocopherols, and

TBHQ. Official methods have been developed to determine phenolic antioxidants

under the category of food additives (AOAC method 983.15; 158).

9. TECHNOLOGICAL CONSIDERATIONS
IN USING ANTIOXIDANTS

The type of food to which antioxidants may be added is variable and ranges from

baked goods, biscuits, chewing gum, dry snacks, fruit drinks, mayonnaise, meat pro-

ducts, nuts, and oils and fats, among others. For food applications, the antioxidants

must be effective at low concentrations (below 0.02%, w/w) because at high concen-

trations, they may act as pro-oxidants. The antioxidants should also be nontoxic.
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Usually the antioxidant is directly added to the food as a concentrate in lipid/oil,

dissolved in a food grade solvent, or in an emulsified form that may be sprayed onto

the food product. Antioxidants must be thoroughly blended with the lipid to obtain

their maximum potency. To be effective, antioxidant(s) should partition between

oil–air interfaces in bulk oil systems or between oil–water interfaces in the emul-

sion systems. Antioxidants must be added, as soon as possible, to the fresh product

as they cannot reverse any oxidation reactions that have already occurred (157).

Metal deactivators such as citric acid are added to vegetable oils after heating,

during the cooling stage of deodorization step of vegetable oils (19). An effective

antioxidant should be stable under processing conditions, especially at high tem-

peratures, and possess a good ‘‘carry through property.’’

Antioxidants that are added to fats and oils are usually in the form of liquid for-

mulations. The major considerations of devising antioxidant formulations include

the following:

1. Antioxidants with different degrees of potency are formulated in an anti-

oxidant combination/mixture.

2. Better control and accuracy in applying of antioxidants should be achieved

with the mixture or formulation.

3. Ability to use synergistic effect of antioxidants to enhance their activity.

4. Complete distribution or solvation of antioxidants in fats and oils.

5. Prevent or minimize discoloration associated with specific antioxidants.

6. Ease of handling.

Most synthetic antioxidants are formulated with polypropylene glycol, glyceryl

monooleate, mono- and diacylglycerols, or vegetable oils as carriers to enhance

their solubility or dispersibility in foods. Several synergistic mixtures are available

commercially, especially citric acid with synthetic antioxidants. Commercial

preparations of natural antioxidants are predominantly tocopherol- and ascorbic

acid ester-based. Few formulations are available with rosemary, sage, and tea

chatechin-based antioxidative ingredients. In these formulations, vegetable oils

and starches are used as carriers and citric acid is also included. Elliot (159) has

extensively discussed the technological considerations when using ascorbic acid,

b-carotene, and tocopherols as antioxidants in lipid-containing foods. These antiox-

idants should be handled differently than the synthetic antioxidants because of their

reactive nature.

10. REGULATORY STATUS AND SAFETY ISSUES
OF SYNTHETIC AND NATURAL ANTIOXIDANTS

All synthetic antioxidants are generally categorized under direct food additives.

They are subjected to careful scrutiny and complex toxicological studies for

approval. However, the usage and approval of an antioxidant may differ from
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one country to another. Many countries have adopted regulations similar to the Uni-

ted States regarding the usage of these antioxidants; however, significant differ-

ences exist among different countries on their type, application, and usage levels.

Table 9 provides a summary of regulations governing the use of synthetic antiox-

idants in Canada and the United.

In Canada, the use of antioxidants is regulated under the Food and Drug Act

(Heath Canada), and in United States, it is regulated by the Federal Drug Admin-

istration and the U.S. Department of Agriculture. When it comes to the European

Economic Community, directives regulate the use of antioxidants; however, indivi-

dual member countries still have the control of usage levels. In Japan, the Food

Sanitation Law specifies the use of antioxidants (48).

Antioxidative compounds naturally present in food are not covered under present

regulations; obviously, it is not a controlled substance as it is part of the raw mate-

rial of food processing. However, if an antioxidative compound isolated from a

natural source is to be added to food, the compound should comply with the appro-

priate regulations and safety clearances.

11. SAFETY CONSIDERATIONS OF ANTIOXIDANTS
USED IN FOODS

The safety of food additives is always a controversial discussion because of their

possible toxic effects during long-term intake. It has become clear that antioxidants

may share a number of toxic properties at high doses. However, it is logical to con-

sider using antioxidants at low levels to reduce the deleterious effects of consuming

lipid oxidation products that may be produced if no antioxidants are used. The

intake amount of each antioxidant is different with the food and the dietary habits.

The use of antioxidants in different countries is limited by specific regulations,

established on the basis of their safety for use and technological need. Many coun-

tries follow the recommendations of the Joint FAO/WHO Expert Committee on

Food Additives and Contaminants (JECFA) on the safe use of food additives.

The safety evaluations produced by international bodies such as the Joint FAO/

WHO expert committee on food additives (JECFA) and the European Commission

(EC) scientific committee for food additive (SCF) are used to establish acceptable

daily intake (ADI). ADI is defined as the average amount of the substance that can

be consumed daily for a lifetime without health hazards and expressed on the basis

of bodyweight. In determining ADI, a range of toxicity tests is carried out. From

these tests, the effect that is most sensitive is studied to ascertain the maximum dose

at which that effect is no longer observed (no-effect level). A reduction or a safety

factor is used to refine the no-effect level, considering the possible difference in

sensitivity between species (animals and human) and individuals. To ensure there

is an adequate margin of safety for consuming groups, an arbitrary safety factor of

100 is normally used (159). A factor lower than 100 is used if ADI is based on

human toxicity study data. For some compounds, ADI is ‘‘not specified.’’ Accord-

ing to the Joint FAO/WHO Expert committee recommendations, this is ‘‘specified
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TABLE 9. Regulations Governing the Use of Synthetic Antioxidants in Canada and the United States.

Canadaa United Statesb

Item Number and Permitted in

Compound or upon Maximum level of use Citation and Permitted in Maximum level of use

Ascorbic acid Class IV, A.1 21 CFR 182.3013 GRAS with GMP

In fats and oils, monoglycerides

and diglyceride, shortenings,

Unstandardized foods

GMP

Ascorbyl palmitate Class IV, A.2 21 CFR 182.3149 GRAS with GMP

In fats and oils, lard,

monoglycerides and

diglyceride, Shortenings

GMP

Unstandardized foods except

meat and meat byproducts, fish,

poultry meat and its byproducts

GMP

Margarine Not to exceed 0.02% of the fat

content, alone or in combination

with ascorbyl stearate

Ascorbic stearate Class IV, A.3

In fats and oils, monoglycerides

and diglyceride, Shortenings

GMP

Margarine Not to exceed 0.02% of the fat

content, alone or in combination

with ascorbyl palmitate

BHA Class IV, B.1 21 CFR 172.110 Alone or in combination

with BHT

In fats and oils, shortenings,

margarine

Not to exceed 0.02%, alone or in

combination with BHT, PG or

TBHQ

Dehydrated potato shreds 50 ppm

Dried breakfast cereals, dehy-

drated potato products

Not to exceed 0.005%, alone or in

combination with BHT or PG

Active dry yeast 1,000 ppm



TABLE 9. (Continued)

Chewing gum Not to exceed 0.02%, alone or in

combination with BHT or PG

Beverages and desserts

prepared from dry

mixes

2 ppm

Essential oils, citrus oil flavors, dry

flavours

Not to exceed 0.125%, alone or in

combination with BHT or PG

Chewing gum base 1,000 ppm

Citrus oils Not to exceed 0.5%, alone or in

combination with BHT or PG

Dry breakfast cereals 50 ppm

Partially defatted pork or beef fatty

tissues

Not to exceed 0.065%, alone or in

combination with BHT

Dry diced glazed fruit 32 ppm

Vitamin A liquids for foods 5 mg/1,000,000 international units Dry mixes for beverages

and desserts

90 ppm

Dry beverage mixes, dry dessert

and confection mixes

0.009% Edible fats and oils

excluding butterfat and

margarine

200 ppm

Active dry yeast 0.1% Emulsion stabilizers for

shortenings

200 ppm

Unstandardized foods except

preparations of meat and meat

by products, fish, poultry meat

and its by products

Not to exceed 0.02% of total fat

content of food, alone or in

combination with BHT or PG

Essential oils 1,000 ppm

Dry vitamin D preparations for

food

10 mg/1,000,000 international

units

Margarine 200 ppm

Margarine Not to exceed 0.01% of the fat

content, alone or in combination

with BHT or PG or both

Potato flakes 50 ppm

Dried cooked poultry meat 0.015% of the fat content alone or

in combination with PG or citric

acid or both

Potato granules 10 ppm

Sweet potato flakes 50 ppm



BHT Class IV, B.2 21 CFR 172.115 Alone or in combination

with BHA

Fats and oils, lard, shortening Not to exceed 0.02%, alone or in

combination with BHA, PG or

TBHQ

Dehydrated potato

shreds

50 ppm

Dried breakfast cereals, dehy-

drated potato products

Not to exceed 0.005%, alone or in

combination with BHA or PG

Dry breakfast cereals 50 ppm

Chewing gum Not to exceed 0.02%, alone or in

combination with BHA or PG

Chewing gum base 1,000 ppm

Essential oils, Citrus oil flavors,

Dry flavours

Not to exceed 0.125%, alone or in

combination with BHA or PG

Edible fats and oils

excluding butter fat and

margarine

200 ppm

Citrus oils Not to exceed 0.5%, alone or in

combination with BHA or PG

Emulsion stabilizers for

shortenings

200 ppm

Essential oils 1,000 ppm

Partially defatted pork or beef

fatty tissues

Not to exceed 0.065%, alone or in

combination with BHA

Margarine 200 ppm

Vitamin A liquids for foods 5 mg/1,000,000 international

units

Potato flakes 50 ppm

Parboiled rice 0.0035% Potato granules 10 ppm

Unstandardized foods except

preparations of meat and meat

byproducts, fish, poultry meat

and its byproducts

Not to exceed 0.02% of total fat

content of food, alone or in

combination with BHA or PG

Sweet potato flakes 50 ppm

Dry vitamin D preparations for

food

10 mg/1,000,000 international

units

Margarine Not to exceed 0.01% of the fat

content, alone or in combina-

tion with BHA or PG or both



TABLE 9. (Continued)

Citric acid Class IV, C.3

In fats and oils, monoglycerides

and diglyceride, shortenings,

GMP

Unstandardized foods except

preparations of meat and meat

byproducts, fish, poultry meat

and its byproducts

GMP

Dried cooked poultry meat Not to exceed 0.015% of fat

content, alone or in combina-

tion of BHA or PG or both

Monoacylglycerol

citrate

Class IV, M.1 21 CFR 172.832 Not to exceed 200 ppm of

total fat

In fats and oils, monoglycerides

and diglyceride, shortenings

GMP

Unstandardized foods except

preparations of meat and meat

byproducts, fish, poultry meat

and its byproducts

GMP

Margarine Not to exceed 0.01% of fat con-

tent, alone or in combination of

mono i sopropyl citrate or

stearyl citrate or both

Mono isopropyl

citrate

Class IV, M.2 21 CFR 582.6511 GRAS with GMP

In fats and oils, monoglycerides

and diglyceride, shortenings

GMP Use as a sequestrant

Unstandardized foods except

preparations of meat and meat

byproducts, fish, poultry meat

and its byproducts

GMP



Margarine Not to exceed 0.01% of fat con-

tent, alone or in combination of

mono glyceride citrate or

stearyl citrate or both

Propyl gallate Class IV, P.1

In fats and oils, lard, shorten-

ings

Not to exceed 0.02%, alone or in

combination with BHA, BHT or

TBHQ

21 CFR 184.1660 Not to exceed 0.02% of

fat content including

essential (volatile) oil

content

Chewing gum base 100 ppm

Dried breakfast cereals, dehy-

drated potato products

Not to exceed 0.005%, alone or in

combination with BHA or BHT

Edible oils and fats

excluding butterfat and

margarine

100 ppm

Chewing gum Not to exceed 0.02%, alone or in

combination with BHA or BHT

Margarine 100 ppm

Essential oils, dry

flavors

Not to exceed 0.125%, alone or in

combination with BHA or BHT

Citrus oils Not to exceed 0.5%, alone or in

combination with BHA or BHT

Unstandardized foods except

preparations of meat and meat

byproducts, fish, poultry meat

and its byproducts

Not to exceed 0.02% of the fat

content alone or in combination

with BHA or BHT

Margarine Not to exceed 0.01% of the fat

content, alone or in combina-

tion with BHA or BHT or both

Dried cooked poultry meat 0.015% of the fat content alone or

in combination with BHA or

citric acid or both



TABLE 9. (Continued)

TBHQ Class IV, T.1A

In fats and oils, lard,

shortenings

Not to exceed 0.02% alone or in

combination with BHA or BHT

or PG

21 CFR 172.185 Not to exceed 0.02% of

fat content including

essential (volatile) oil,

Alone or in combination

with BHA and/or BHT

Tocopherols

(a-,concentrate

or mixed)

Class IV, T.2

In fats and oils, lard, monogly-

cerides and diglyceride,

shortenings

GMP 21 CFR 182.3890 GRAS with GMP

Unstandardized foods except

preparations of meat and meat

by products, fish, poultry meat

and its by products

GMP

aFrom Canada Food and Drugs Act.
bFrom U.S. Code of Federal Regulations.



on the basis of the available data (biochemical, chemical, toxicological and other),

the total daily intake of the substance, from its use at levels necessary to achieve the

desired effect and from its acceptable background in food, and does not, in the opi-

nion of the committee, represent a hazard to health. For that reason and for the rea-

sons stated in the individual evaluations, the establishment of an ADI expressed in

numerical form is not deemed necessary’’ (160, 161). For some of the compounds,

because of the insufficient information available, an ADI level is not specified or

‘‘No ADI allocated.’’ Table 10 provides information on ADI available for food anti-

oxidants in use. Barlow (160) has provided a very descriptive examination on the

toxicological studies on antioxidants used as food additives.

Toxicological risks may develop when the daily doses of a compound rise above

a certain threshhold limit; therefore, toxicity is a matter of dose as well. Natural

antioxidants, especially carotenoids, phenolic acids, flavonoids, and sterols, may

also exert in vivo pro-oxidative activity. Rietjens et al. (166) have provided an ela-

borate discussion on the pro-oxidative chemistry and toxicity of well-known natural

antioxidants, including ascorbic acid, tocopherols, carotenoids, and flavonoids.
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1. INTRODUCTION

Oxidation of unsaturated lipids is a major cause of food quality deterioration by

giving rise to the development of off-flavor compounds and loss of nutritional value

of food products (1). Although it has been known for a long time that lipid oxida-

tion can be induced by catalytic systems such as light, temperature, enzymes,

metals, and metalloproteins; the mechanism of oxidation reactions remained uncer-

tain until the 1940s when free radicals and reactive oxygen species were found to be

involved in oxidation processes by the pioneering work of Farmer et al. (2), Bolland

and Gee (3), and Bateman et al. (4–6). Furthermore, antioxidants were found to

protect lipids against oxidation either by quenching free radicals or scavenging

oxygen, among others (6). Antioxidants are substances that, when present in foods

at low concentrations compared with that of an oxidizable substrate, markedly

delay or prevent the oxidation of the substrate (7). Antioxidants that fit in this defi-

nition include free radical scavengers, inactivators of peroxides, and other reactive

oxygen species (ROS), chelators of metals, and quenchers of secondary lipid

oxidation products that produce rancid odors (8). Antioxidants have also been
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used in the health-related area because of their ability to protect the body against

damage caused by ROS as well as reactive nitrogen species (RNS) and those of

reactive chlorine species (RCS) (9).

Antioxidants can be broadly classified by their mechanism of action as primary

antioxidants, which break the chain reaction of oxidation by hydrogen donation and

generation of more stable radicals, and secondary antioxidants, which slow the oxi-

dation rate by several mechanisms, including chelation of metals, regeneration of

primary antioxidants, decomposition of hydroperoxides, and scavenging of oxygen,

among others. These substances may occur naturally in foods, such as tocopherols

and ascorbic acid; however, natural antioxidants are often, at least partially, lost

during processing or storage, thus exogenous antioxidants are intentionally added

to products or their precursors participate in the formation of antioxidants during

processing. Although there are many of compounds that have been proposed to

inhibit oxidative deterioration processes, only a few can be used in food products

(10). Antioxidants for use in food processing must be inexpensive, nontoxic, effec-

tive at low concentrations (0.001–0.02%), capable of surviving processing (carry-

through), stable in the finished products, and devoid of undesirable color, flavor, and

odor effects. In general, the selection of antioxidants depends on products, compati-

bility, and regulatory guidelines (11). In this chapter, the properties and applications

of antioxidants in foods as well as their regulatory status are discussed.

2. SYNTHETIC ANTIOXIDANTS

Although the use of antioxidants dates back to ancient times when herbs and spices

were used in food preservation, modern antioxidant technology is only about

60 years old. Since free radicals were found to be responsible for lipid oxidation,

hundreds of natural and synthetic compounds have been evaluated for their efficacy

as radical scavengers or for their other inhibitory effects. Among them, only four

synthetic antioxidants are widely used in foods; namely, butylated hydroxyanisole

(BHA), butylated hydroxytoluene (BHT), propyl gallate (PG), and tert-butylhydro-

quinone (TBHQ) (7, 12). Scientists are attempting to develop novel synthetic anti-

oxidants aimed at retarding the effects of free-radical-induced damage in various

food products as well as in the human body cells (13). Synthetic antioxidants

used in the food industry can be added as direct additives or indirectly through

diffusion from packaging material (6).

All antioxidants have points of strengths and weaknesses. Therefore, certain

points, such as thermal stability, effective concentration, and synergism, should

be taken into consideration when selecting antioxidants for use in particular foods.

Regulatory status is another factor that cannot be ignored, especially for some anti-

oxidants that have been reported to show potential adverse health effects. Synthetic

antioxidants have been tested for safety and approval for use in food at low concen-

trations on the basis of complex toxicity studies (10). Allowable limits for use of

antioxidants vary greatly from country to country, and depend on the food product

under consideration (11).
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2.1. BHA (Butylated Hydroxyanisole) and BHT (Butylated
Hydroxytoluene)

Phenolic and polyphenolic compounds are the most active dietary antioxidants (14).

The structural variation of phenolic antioxidants directly influences their physical

properties, resulting in differences in their antioxidant activity. BHA and BHT are

examples of phenols, in which the aromatic ring contains alkyl groups (hindered

phenols), which are extremely effective as antioxidants (11).

Chemically, BHA is a mixture of two isomers (2-tertiary-butyl-4-hydroxyani-

sole and 3-tertiary-butyl-4-hydroxyanisole) (Figure 1). The 3-isomer is generally

considered to be a better antioxidant, and accounts for 90% of the commercial

BHA (12). BHA is a white, waxy solid that is sold in the form of flake or tablet.

It is a highly fat-soluble monophenolic antioxidant that is extensively used in bulk

oils as well as oil-in-water emulsions (10–12). It is effective in animal fats and rela-

tively ineffective in vegetable oils. Demonstrating considerable effectiveness in

controlling the oxidation of short-chain fatty acids, BHA is frequently used for the

preservation of coconut and palm kernel oil in cereal and confectionery products

(10). BHA is good in baking because of its stability to heat and its mild alkaline

conditions, although its application in frying is limited due to its volatility (11).

However, it can be added to packaging materials to provide protection to food pro-

ducts inside the package through volatilization (12). BHA is particularly useful in

protecting the odor and flavor of essential oils (10). Furthermore, BHA has been

reported to possess antimicrobial activity (15–17) and is known to act synergisti-

cally with other antioxidants such as BHT.

BHT (3,5-di-tert-butyl-4-hydroxytoluene) (Figure 2) is a white crystalline solid

with properties similar to BHA (12). It is appropriate for thermal treatment but not

as stable as BHA (11). Being able to regenerate BHA, BHT is commonly used in

  

2–isomer

OCH3

OH

OCH3

OH

C(CH3)3

C(CH3)3

3–isomer

Figure 1. Chemical structures of BHA molecules.

CH3

OH

C(CH3)3(CH3)3C

Figure 2. Chemical structure of BHT.
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combination with BHA to provide greater antioxidant activity (18). BHT does not

have an optimum concentration; usually, BHA/BHT mixtures are added to foods at

levels of up to 0.02% (10, 11). Both BHA and BHT have a slight phenolic odor, and

may impart undesirable odor in foods when used at high temperature for an

extended period of time (10, 11).

Although synthetic antioxidants have widely been used in the food industry,

there are some arguments about their safety (19). The use of BHA and BHT in

foods has been decreased due to their potential action as promoters of carcinogen-

esis (20). In addition to the carcinogenicity of BHA in the forestomach of rodents,

BHA and BHT have been reported to be cytotoxic (21–23). Furthermore, a sugges-

tion has been made that BHT be withdrawn from use in all foods because of its

possible adverse effects on the kidney and liver as well as lung tissues of rat

(24, 25). However, some scientists have noted that the metabolism of BHT in rat

and man are too widely different to allow a proper hazard assessment of BHT in

humans (26). It is generally considered that permitted food antioxidants, such as

BHA and BHT, have a considerable safety margin; for instance, the dose for

enhancement of carcinogenesis is at least 1500-fold greater than that in human

exposure (27, 28). Meanwhile, BHA and BHT have been reported by some

researchers to pose no cancer hazard to humans and, on the contrary, have health

benefits related to their anticarcinogenic and antimutagenic properties as well as

inhibition of cholesteral oxidation (29–32).

Despite positive and negative reports of these synthetic antioxidants on human

health, their use is subject to regulation, in the United States, under the Food and

Drug Administration (FDA) and the U.S. Department of Agriculture (USDA); in

Canada, the Food and Drug Regulations (National Health and Welfare); in Europe,

the European Economic Community (EEC); and in Japan, the Food Sanitation Law.

Many other countries have adopted regulations similar to those used in the United

States, with significant differences existing both in the antioxidants approved and in

their application and level of usage (10, 11). According to the existing food additive

regulations published by the FDA, BHA and BHT are lawful for use individually or

in combination at a maximum level of 0.02%, or 200 ppm, based on the lipid con-

tent of food products, as specified by the Code of Federal Regulations (CFR) (6, 7, 12).

Although BHA and BHT are effective at low concentrations, they become pro-

oxidant at high levels in foods (11, 33). As specified in 21CFR, 172.100, and

172.115, limitations for BHA and BHT, alone or in combination for specific pro-

ducts, are as follows: 10 ppm in potato granules; 50 ppm in dehydrated potato

shreds, dry breakfast cereals, potato flakes, and sweet potato flakes; and 200 ppm

in emulsion stabilizers for shortenings (11). BHA and BHT are not allowed in fish

products (5). The summery of regulations, applications, and properties of BHA and

BHT are shown in Tables 1 and 2.

The daily dietary intakes of BHA and BHT have been estimated in many coun-

tries. The daily intakes of BHA and BHT in Japan in 1998 were 0.119 and

0.109 mg/d/person, which reflect 0.5% and 0.7% of the acceptable daily intake

(ADI), respectively (35). The estimates of theoretical maximum daily intake

(TMDI) of BHA and BHT in Brazil published in 2001 were in the range of
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TABLE 1. Properties, Applications, and Regulations of BHA.

NAME: Butylated hydroxyanisole (BHA)

CATEGORY: Antioxidant

FOOD USE: Bakery products/Meat products/Spices/Cereals/Dehydrated

mashed potatoes/Beverage mixes/Dessert mixes/Nuts/Vita-

mins/Yeast/Vegetable oils/Animal fats/Processed cheeses/

Margarine/Essential oils/Chewing gum base

SYNONYMS: Mixture of two isomers: 3-tertiary butyl-4-hydroxyanisole and

2-tertiary butyl-4-hydroxyanisole/(1,1-dimethylethyl)-4 meth-

oxyphenol/E320/ Antracine 12/Embanox/Nipantiox/Sustane

BHA/ Sustane 1-F/Tenox 4B/ Tenox 5B

FORMULA: (CH3)3CC6H3OCH3OH

MOLECULAR MASS: 180.25

PROPERTIES AND

APPEARANCE: White waxy flakes or tablets

MELTING RANGE IN �C: 48–55

FLASH POINT IN �C: 130

PURITY %: Not less than 98.5 of 2-isomer and not less than 85 of 3-isomer

SOLUBILITY % AT VARIOUS TEMPERATURE/pH COMBINATIONS:

in water: at 20�C Insoluble

in vegetable oil: at 25�C 30% cottonseed oil

40% coconut, corn, peanut oils

50% soybean oil

in ethanol solution: 100% at 25�C >25%

in propylene glycol: at 20�C 70%

FUNCTION IN FOODS: Antioxidant preservative by terminating free radicals formed

during autoxidation of unsaturated lipids. It also possesses

antimicrobial activity as a phenolic compound.

ALTERNATIVES: BHT; PG; TBHQ

SYNERGISTS: BHT; propyl gallate; methionine; lecithin; thiodipropionic acid;

citric acid; phosphoric acid

FOOD SAFETY ISSUES: This antioxidant has not been subjected to great criticism of

safety. However, suspected for tumor formation in animals with

forestomach.

LEGISLATION: USA: Maximum usage level approved for general use; FDA

0.02% and USDA 0.01% of weight of fat.

Special applications include:

Chewing gum base: 0.01% by weight of chewing gum base

Active dry yeast or dry material

Emulsion stabilizer: 0.02% by weight of emulsion, shortenings,

stabilizer

Potato flakes, sweet potato flakes: 0.005% by weight, dry

breakfast cereal, of food material, packaging material

Potato granules: 0.001% by weight of potato granules

Dry mixes for beverages: 0.009% of material and desserts

Beverages and desserts, prepared from dry mixes: 0.0002%

Dry diced glazed fruits: 0.0032%

Flavor substances: 0.5% of essential oil content

U.K. and EUROPE: approved

CANADA: approved

AUSTRALIA/PACIFIC RIM and JAPAN: approved

Adapted from (34).
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TABLE 2. Properties, Applications, and Regulations of BHT.

NAME: Butylated hydroxytoluene (BHT)

CATEGORY: Antioxidant

FOOD USE: Breakfast cereals/Baked goods/Potato chips/Vegetable

oils/Snack foods/Butter/Margarine/Frozen seafoods/

Chewing gum base

SYNONYMS: 2,6-bis (1,1-dimethylethyl)-4-methylphenol/2,6-di-tert-

butyl-p-cresol/2,6-di-tert-butyl-4-methylphenol/E321/

Antracine 8/Ionol CP/Dalpac/Impruvol/Vianol/Tenox

BHT/Tenox 8/Sustane BHT

FORMULA: [(CH3)3C]2C6H2CH3OH

MOLECULAR MASS: 220.34

PROPERTIES AND APPEARANCE: White granular crystals with slight odor

MELTING RANGE IN �C: 69–72

FLASH POINT IN �C: 118

PURITY %: Not less than 99

SOLUBILITY % AT VARIOUS TEMPERATURE/pH COMBINATIONS:

in water: at 20�C Insoluble

in vegetable oil: at 25 �C 30% cottonseed, coconut, corn,

peanut and soybean oils

in ethanol solution: 100% at 25�C 25%

in propylene glycol: at 20�C Insoluble

FUNCTION IN FOODS: Antioxidant preservative; prevents oxidative rancidity

development in oil-containing foods by terminating free

radicals formed during autoxidation of unsaturated lipids.

It possesses antimicrobial activity as a phenolic com-

pound.

ALTERNATIVES: BHA; PG; TBHQ

SYNERGISTS: BHA

FOOD SAFETY ISSUES: This antioxidant has not been subjected to great criticism

over safety.

LEGISLATION: USA: Maximum usage level approved for general use;

FDA 0.02% and USDA 0.01% of weight of fat.

Special applications include:

Enriched rice: 0.0033%

Nonalcoholic beverages, frozen raw breaded shrimp,

mixed nuts and margarine: 0.02% based on oil content

Dry sausage: 0.003%

Fresh pork sausage, brown-and-serve sausage, pre-

grilled beef patties, pizza toppings, meatballs, dried

meats: 0.01%

Rendered animal fat or combination with vegetable fat,

poultry fat or various poultry procucts: 0.01%

Dry breakfast cereals: 0.005%

Emulsion stabilized for shortening: 0.02%

Potato granules: 0.001%

Potato flakes, sweet potato flakes, dehydrated potato

shreds: 0.005%

U.K. and EUROPE: approved

CANADA: approved

AUSTRALIA/PACIFIC RIM and JAPAN: approved

Adapted from (34).
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0.09–0.15 and 0.05–0.10 mg/kg body weight, respectively, indicating that it is un-

likely to exceed the ADI (0.5 and 0.3 mg/kg body weight) (36). In the Netherlands,

the mean intake of BHA and BHT in 2000 was 105 and 351 mg/day (37). In Italy,

the likelihood of exceeding the ADI for BHA was very low. However, the TMDI of

BHT was above the ADI. The three food categories, ‘‘pastry, cake, biscuits,’’

‘‘chewing gums,’’ and ‘‘vegetable oils and margarine,’’ were the major sources of

BHT and contributed 74% of the TMDI (38).

2.2. TBHQ (tert-Butylhydroquinone) and Gallates

TBHQ (Figure 3) is a beige powder or is a white-to-tan crystal that is used fre-

quently in frying applications with highly unsaturated vegetable oils. Its solubility

in different solvents declines in the order of alcohol > fats > water. As a diphenolic

antioxidant, TBHQ is more effective in vegetable oils than BHA and BHT. It is

stable to heat and is regarded as the most effective antioxidant in preventing the

oxidation of frying oils and an alternative or supplement to oil hydrogenation

for increasing oxidative stability (10, 11). TBHQ shows excellent synergism

with other antioxidants such as citric acid. A ternary mixture containing TBHQ,

monoacylglycerol citrate (MGC), and ascorbyl palmitate (AP) exhibited the highest

thermal stability and provides optimum protection for oil during high-temperature

processing (39). TBHQ mixed with BHA and BHT can increase the smoke point of

fats and oils (40).

Three esters of gallic acid are approved for use in foods, namely propyl gallate

(PG), octyl gallate, and dodecyl gallate (Figure 4). PG is a white crystalline powder

that is slightly soluble in both water and fat, whereas the higher octyl and dedecyl

gallate are practically insoluble in water but dissolve easily in fats and oils (10).

OH

OH

C(CH3)3

Figure 3. Chemical structure of TBHQ.

COOR

OH

OHHO

= C3H7 
= C8H17

= C12H25

Propyl Gallate
Octyl Gallate
Dodecyl Gallate

R

Figure 4. Chemical structures of different alkyl gallates.
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Therefore, PG is widely used in foods where lipid-soluble antioxidants such as

BHA, BHT, and TBHQ are not suitable. PG is inappropriate for frying due to its

poor stability at high temperatures. It decomposes at its melting point of 148�C (11,

12). Gallates can form undesirable, dark-colored complexes with iron and copper;

thus, they are sold as a mixture with metal chelators such as EDTA. Gallates also

act synergistically with other antioxidants (11, 12).

As synthetic antioxidants, the safety of TBHQ and gallates has been questioned

and, similar to BHA and BHT, both drawbacks and benefits of TBHQ and gallates

have been reported. According to the literature, TBHQ exhibited a nontypical mode

of cell death and proved cytotoxic toward human monocytic leukaemia cells (41). It

caused apoptosis and significantly promoted DNA damage (42–44). PG suppressed

humoral immunity (45). The coadministration of TBHQ or PG with sodium nitrite

promoted forestomach carcinogenesis (46). Meanwhile, TBHQ and PG have been

reported to be beneficial to human health. TBHQ was reported to be an effective

inhibitor of cholesterol oxidation (32, 47), and PG provided inhibition of foodborne

pathogens (48). Anticarcinogenic and antimutagenic activities of TBHQ and PG

have also been reported (29, 49).

In accordance with regulations concerning the use of antioxidants in foods,

TBHQ is permitted for food use by the FDA and the USDA at less than 0.02%

and 0.01%, respectively. At levels higher than 0.02%, TBHQ may exert a pro-

oxidant effect. The CFR specifies the maximum addition of TBHQ as 0.02%

(200 ppm) (6, 12). However, the combination of TBHQ and PG is illegal (12). In

Japan and European coutries, addition of TBHQ in foods is not allowed (7, 11),

although its use in Canada is quite recent and dates back to 1999. PG is the only

gallate permitted in foods in the United States and Canada, but the use of higher

alkyl gallates is approved in several European countries (10). Gallates have opti-

mum concentrations for antioxidant activity and may act as pro-oxidants when

used at high levels (10). Tables 3 and 4 show detailed information on the regulatory

status of TBHQ and PG in various applications, respectively. With respect to daily

intake, according to investigations in Brazil and Italy, the estimate of TMDI for

TBHQ and gallates was very low and unlikely to exceed the ADI (36, 38).

2.3. Erythorbic Acid and Ascorbyl Palmitate

Erythorbic acid (or D-ascorbic acid) (Figure 5) is a white or slightly yellow crystal-

line powder that is often used in fruits and cured meats to enhance curing action and

to stabilize the color of food products (34). Unlike its isomer L-ascorbic acid,

erythorbic acid is not a natural constituent of foods and has minimal Vitamin C

activity (11).

Ascorbyl palmitate (Figure 6), a synthetic derivative of ascorbic acid, is a white

powder with a soapy taste and citrus-like odor (34). It has better lipid-solubility

compared with that of ascorbic acid and its salts, and is often used in combination

with a-tocopherol in lipid-containing foods (11). Ascorbyl palmitate prevents oxi-

dative rancidity by quenching singlet oxygen, among other modes of action (34).
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TABLE 3. Properties, Applications, and Regulations of TBHQ.

NAME: Tert-butylhydroquinone (TBHQ)

CATEGORY: Antioxidant

FOOD USE: Dry cereals/Edible fats/Margarine/Pizza toppings/

Potato chips/Poultry/Dried meats/Sausages/Beef pat-

ties/Vegetable oils

SYNONYMS: 2-(1,1-dimethylethyl)-1,4-benzenediol/mono-t-butyl

hydroquinone/ Sustane TBHQ/Tenox TBHQ

FORMULA: (CH3)3CC6H3(OH)2
MOLECULAR MASS: 295

PROPERTIES AND APPEARANCE: White to tan color solid crystals, having a characteristic

odor

MELTING RANGE IN �C: 126.5–128.5

FLASH POINT IN �C: 171

PURITY %: 99

SOLUBILITY % AT VARIOUS TEMPERATURE /pH COMBINATIONS:

in water: at 20�C <1% at 100�C 5%

in vegetable oil: at 20�C 10% in corn, cottonseed, and soybean oils

in ethanol solution: 100% 25%

in propylene glycol: at 20�C 30%

FUNCTION IN FOODS: Prevents oxidative rancidity developmentin foods by

terminating free radicals formation

ALTERNATIVES: BHA; BHT

SYNERGISTS: BHA; citric acid

FOOD SAFETY ISSUES: Has shown mutagenicity in vivo; therefore, some

countries consider that TBHQ does not meet current

standards of toxicity testing.

LEGISLATION: USA: Not allowed to use in combination with PG. For

general usage, FDA-0.02%, USDA-0.01%, based on

lipid content of food.

Special food use:

Nonalcoholic beverages

Margarine, mixed nuts: 0.02% alone or in combination

based on lipid content

Dried meats

Fresh pork or beef sausages

Pre-grilled beef patties

Pizza toppings

Meatballs: 0.01% based on weight of finished product

Rendered animal fats

EUROPE, U.K., NORWAY, DENMARK, SWEDEN,

SWITZERLAND: not allowed for food use

CANADA: allowed for food use

AUSTRALIA/PACIFIC RIM:

AUSTRALIA, NEW ZEALAND: allowed for food use

JAPAN: not allowed for food use

Adapted from (34).
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TABLE 4. Properties, Applications, and Regulations of PG.

NAME: Propyl gallate (PG)

CATEGORY: Antioxidant

FOOD USE: Chewing gum base/Nonalcoholic beverages/Margarine/

Mixed nuts/Fresh or dry sausages/Pre-grilled beef

patties/Rendered animal fat/Pizza toppings and

meatbal

SYNONYMS: n-propyl-3,4,5-trihydroxybenzoate/3,4,5-trihydroxyben-

zoic acid/Gallic acid, propyl ester/E310/Nipa 49/

Nipagallin P/Tenox PG/Sustane PG

FORMULA: (HO)3C6H2COOCH2CH2CH3

MOLECULAR MASS: 212.20

PROPERTIES AND APPEARANCE: White crystalline powder with slight odor

MELTING RANGE IN �C: 146–150

FLASH POINT IN �C: 187

PURITY %: Not less than 98 and not more than 102.5 on the dried

basis

SOLUBILITY % AT VARIOUS TEMPERATURE/pH COMBINATIONS:

in water: at 20�C <1%

in vegetable oil: at 20�C 1% in cottonseed oil

2% in soybean oil

insoluble in corn oil

in ethanol solution: 100% at 25�C >60%

FUNCTION IN FOODS: Prevents oxidation rancidity development in lipid-con-

taining foods by terminating free radicals formation

during autoxidation of unsaturated lipids.

ALTERNATIVES: BHA; BHT; TBHQ; octyl gallate; dodecyl gallate

SYNERGISTS: BHA; BHT

FOOD SAFETY ISSUES: Not subjected to great criticism over safety.

LEGISLATION: USA: not allowed to use in combination with TBHQ.

For general usage, FDA- 0.02% and USDA – 0.01%

alone or in combination with BHT or BHA by weight of

lipid proportion of food.

Special applications include:

Chewing gum base: 0.1%

Nonalcoholic beverages: 0.1%

Margarine: 0.1%

Mixed nuts: 0.02% based on oil content

French beef or pork sausages

Brown-and-serve sausages

Pre-grilled beef patties

Pizza toppings and meatballs: for all these 0.01% based

on weight of finished product

Rendered animal fats or combination of such fats with

vegetable fat: 0.01% based on lipid content

U.K.: approved

EUROPE: listed

CANADA: approved

AUSTRALIA/PACIFIC RIM and JAPAN: approved

Adapted from (34).
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More recently, replacement of the palmitate moiety with oleate has been proposed

to increase solubility as well as antioxidant activity in oils (50).

Both erythorbic acid and ascorbyl palmitate have ‘‘Generally Recognized as

Safe (GRAS)’’ status with the FDA (11). No restrictions on their usage levels are

imposed except for the maximum addition of 0.02% for ascorbyl palmitate in mar-

garine (34).

Table 5 shows the maximum levels permitted by the FDA for the four major syn-

thetic antioxidants (BHA, BHT, PG, and TBHQ) in specific applications (51). The

regulatory status for these antioxidants in the USA, Canada, and Europe is given in

Table 6; Table 7 summarizes their status in other countries for which a listing could

be found. In addition to the major synthetic antioxidants discussed above (BHA,

BHT, TBHQ, gallates, erythorbic acid, and ascorbyl palmitate), several other

O

H

CHO H

CH2OH

O

OHHO

Figure 5. Chemical structure of erythorbic acid.

O

H

CH OH

CH2OOC(CH2)14CH3

O

OHHO

Figure 6. Chemical structure of ascorbyl palmitate.

TABLE 5. Maximum Levels Permitted for Antioxidants in Specific Applications.

Food Type Maximum Permitted Levels (ppm)

BHA BHT PG TBHQ

Active dry yeast 1000 — — —

Beverages from dry mixes 2 — — —

Dehydrated potato shreds 50 50 — —

Dried meant 100 100 100 100

Dry breakfast cereals 50 50 — —

Dry diced fruits 32 — — —

Dry mixed for beverages and desserts 50 — — —

Dry sausage 30 30 30 30

Emulsion stabilizers for shortenings 200 200 — —

Fresh sausage 100 100 100 100

Potato flakes 50 50 — —

Poultry products 100 100 100 100

Adapted from (51).
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TABLE 6. Regulatory Responsibility for Major Antioxidants.

U.S. FDA USDA Canada (NHW) Europe (EEC)

BHA 21 CFR 182.3169 9 CFR 318.7 Table XI, Part IV, B.1, 320 E320

BHT 21 CFR 182.3173 9 CFR 318.7 Table XI, Part IV, B.2, 321 E321

Gallates 21 CFR 184.1660 9 CFR 381.147 Table XI, Part IV, P.1, 324 E310-312

TBHQ 21 CFR 172.185 9 CFR 361.147 Table XI, Part IV, T.1A, 325 Not approved

Tocopherols 21 CFR 182.3890 9 CFR 318.147 Table XI, Part IV, T.2, 325 E306-309

Adapted from (10).

TABLE 7. Regulatory Approval Status of Major Antioxidants in Different Countries.

Antioxidants

————————————————————————————
Country BHA BHT Gallates TBHQ

Afghanistan þ þ � �
Argentina þ þ � þ
Australia þ þ þ þ
Austria þ � � �
Bahrain þ þ þ þ
Barbados � � � þ
Belgium þ þ � �
Brazil þ þ þ þ
Chile þ þ þ þ
China þ þ þ �
Columbia þ þ þ þ
Cyprus þ þ � �
Denmark þ þ þ �
Ecuador þ þ � �
Finland þ þ þ �
France þ þ þ �
Germany þ þ þ �
Gibraltar þ þ � �
Greece � � þ �
Hong Kong þ þ � �
Hungary þ þ � �
Indonesia þ � � �
Iran þ þ þ þ
Ireland þ þ þ �
Israel þ þ � þ
Italy þ þ þ �
Jamaica � � � �
Japan þ þ þ �
Kenya þ � þ �
Korea, South þ þ þ þ
Luxembourg þ þ þ �
Malaysia þ þ þ þ
Malta þ þ � þ
Mauritius þ þ þ �
Mexico þ þ þ þ
Morocco � � � þ
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synthetic antioxidants have been used less frequently in the food and feed industry.

These include ethoxyquin, trihydroxybutyrophenone (THBP), and some secondary

antioxidants such as thiodipropionic acid and dilauryl thiodipropionate (10, 11).

Novel synthetic antioxidants have been created in order to obtain stronger antioxi-

dant activity than that of traditional ones (52). However, the general consumer

rejection of synthetic food additives has led to a decrease in their use and an

increased interest in their replacement with natural ingredients.

3. NATURAL ANTIOXIDANTS

Concerns about the safety of synthetic antioxidants have given rise to a large body

of research on natural sources of antioxidants. Natural antioxidants allow food pro-

cessors to produce stable products with ‘‘clean’’ labels of all-natural ingredients, as

described by Reiche (11). They bring less rigorous burden-of-safety proof than that

required for synthetic products (11). In addition to their antioxidant activity, some

natural antioxidants, such as vitamins, minerals, and enzymes, are also regarded as

nutrients due to their bioactivity. However, natural antioxidants may possess several

drawbacks, including high usage levels, low antioxidant efficiency, undesirable

flavor or odor, and possible loss during processing (11). The safety of natural

TABLE 7. (Continued )

Netherlands þ þ þ �
New Zealand þ þ þ þ
Nigeria þ þ � �
Norway þ þ þ �
Pakistan þ þ � �
Panama þ þ þ þ
Papua New Guinea þ � � �
Peru þ þ � �
Philippines þ þ þ þ
Portugal þ þ � �
Saudi Arabia þ þ þ þ
Singapore þ þ þ �
South Africa þ þ þ þ
Spain þ � � �
Sweden þ þ þ �
Switzerland þ þ þ �
Taiwan þ þ þ þ
Thailand þ þ þ þ
Trinidad/Tobago þ þ þ �
Turkey � � þ þ
United Kingdom þ þ þ �
Uruguay þ þ � �
Venezuela þ þ þ þ
Zimbabwe þ � � �

Adapted from (10).
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antioxidants cannot be taken for granted because of their potential mutagenicity,

carcinogenicity, teratogenicity, or other pathogenic activities (10). A case in point

is nordihydroguariaretic acid (NDGA), which was removed from the GRAS list and

is no longer of practical use (11, 19). NDGA is a natural constituent of creosote

bush.

Ascorbic acid and tocopherols are the most important commercial natural anti-

oxidants. In addition, many naturally occurring phenolic antioxidants have been

identified in plant sources and vegetable extracts that may lend themselves for

use in a variety of food applications (53). Recent research has focused on isolation

and identification of effective antioxidants of natural origin (11).

3.1. Tocopherols and Tocotrienols

Tocopherols and tocotrienols, collectively known as tocols, are monophenolic and

lipophilic compounds that are widely distributed in plant tissues (7). The main com-

mercial source of natural tocopherols is the soybean oil. Tocotrienols, less common

than tocopherols, are present in palm oil, rice bran oil, as well as cereals and

legumes (11). Tocopherols and tocotrienols are classified into a-, b-, g-, and d-,

depending on their chemical structures (Figure 7). In general, tocotrienols have a

stronger antioxidant effect on lipid oxidation than tocopherols. The antioxidant

activity of tocopherols is dependent on temperature and is in the order of d- >
g- > b- > a-tocopherol (7). Tocopherols (mixed natural concentrate) are a golden
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Figure 7. Chemical structure of tocopherols and tocotrienols.
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brown colored, slightly viscous liquid with a characteristic odor. However, synthetic

tocopherol (mixed a-, g-, and d-) is a yellow to brownish viscous oily and odorless

liquid (34). Tocols are soluble in vegetable oils but insoluble in water. They func-

tion as a free radical terminator in autoxidation reactions, and they are often used in

food products deficient in natural antioxidants, such as animal fats, waxes, and but-

terfat, among others (34, 54). Tocopherols act synergistically with ascorbic acid,

citric acid, and phospholipids.

As natural antioxidants, tocopherols have GRAS status, and they are regarded as

safe food additives. However, as noted earlier for other antioxidants, excessive

addition of tocopherols may lead to pro-oxidant effects (6, 11). Furthermore, the

hemorrhagic toxicity of a large dose of a-tocopherol has been reported (55). There-

fore, use of tocopherols as antioxidants in foods is subject to regulations. The FDA

(21CFR 182.3890) and the USDA (9CFR 318.147), Canada NHW (Table XI, Part

IV, T.2, 325), and the EEC (E306-309) govern the regulations of tocopherols in

foods in the United States, Canada, and European countries, respectively (10). In

the United States, natural tocopherols are limited to 0.03%, i.e., 300 ppm in animal

fats, and 0.02% in combination with BHA, BHT, and PG (9CFR 318.7). In the UK

and some other European countries, their maximum addition is not to exceed

500 ppm (10, 34). With respect to ADI of a-tocopherol, it has been reported that

an intake of 1000 mg/day is without risk, and 3200 mg/day is without any consis-

tent risk (56). Actually, in the United States, the majority of men and women fail to

meet the current recommendation for Vitamin E intake, according to a recent report

on American diets (57).

3.2. Ascorbic Acid and Ascorbate Salts

L-ascorbic acid (Vitamin C) and its salts (sodium ascorbate and calcium ascorbate)

(Figure 8) are widespread in plant tissues or are produced synthetically in large

quantities (11). Ascorbic acid is a white or slightly yellow crystalline powder

that is extensively used to stabilize beverages, fruits, and vegetables. Its application

in fats and oils, however, is limited because of the insolubility in lipids. It acts as an

antioxidant with multiple functions, including quenching various forms of oxygen,

reduction of free radicals, and regeneration of primary antioxidants (34). The effect

of ascorbic acid on lipid stability in foods is mainly due to synergistic interactions

with other antioxidant compounds (58). It shows excellent synergism with a-toco-

pherol, citric acid, BHA, BHT, and metal chelators. Ascorbic acid strongly inhibits

the depletion of a-tocopherol by regenerating it (6, 59).
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CH OH

CH2OH
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OHHO

Figure 8. Chemical structure of ascorbic acid.
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In addition to antioxidant activity, ascorbic acid also functions as Vitamin C, a

flavorant, an acidulant, a color fixing, and a reducing agent in food products (11,

34). Moreover, it can diminish the generation of odor-active compounds in emul-

sions (60). However, the natural ascorbic acid in foods can be easily destroyed dur-

ing processing as a result of susceptibility to heat, light, pH, oxygen, acrid smoke,

and water activity; thus, it is often added to foods exogenously (61, 62).

Ascorbic acid and ascorbate salts have GRAS status with no usage limits.

According to the literature, Vitamin C is safe at supplementation levels of up to

600 mg/day, and higher levels of up to 2000 mg/day are without risk (56). The

ascorbic acid and its salts carry GRAS status and with minimal associated organo-

leptic problems; thus, they are safe, stable, and good antioxidant candidates for use

in foods (63). As natural or natural-identical products, they are highly recognized as

antioxidant nutrients by consumers (11).

3.3. Carotenoids

Carotenoids are yellow, orange, and red lipid-soluble pigments that occur widely in

plants, fruits, and vegetables. They are 40-carbon isoprenoids with varying struc-

tures (Figure 9), and can be classified as carotenes and xanthophylls (11). Certain

carotenoids are also referred to as pro-vitamins such as b-carotene, a-carotene, and

b-cryptoxanthin. Carotenoids are antioxidant nutrients that act mainly as secondary

antioxidants in foods by quenching singlet oxygen. They may also prevent oxida-

tion by trapping free radicals in the absence of singlet oxygen (11). Carotenoids are

a good synergist with tocopherols. b-Carotene, lutein, lycopene, and isozeaxanthin

are typical carotenoids that effectively retard oxidation in foods. Astaxanthin has

antioxidant activity that is ten times greater than that of b-caroten, lutein, zeax-

anthin, and canthaxanthin, and is often used in fish products (64).

b-Carotene is a purple hexagonal prism or a red leaflet that is often used in fruit

juices, cheese, dairy products, fats, and oils (34). It has poor solubility in most

common solvents, and is highly reactive and unstable to heat, light, pH, oxygen,

and the presence of metals, resulting in limited applications as a food antioxidant

(11). In a high-oxygen concentration, b-carotene may exhibit a pro-oxidant, rather

than an antioxidant effect in food products (61). Carotenoids are natural constitu-

ents of foods and have GRAS status. No limitation on their addition level has been

stipulated.

In addition to the three major classes of natural antioxidants (tocols, ascorbic

acids, and carotenoids), several other natural substances have been identified that

show antioxidant activity through different mechanisms; these include phospholi-

pids, flavonoids, protein hydrolyzates, organic acids, sterols, Maillard reaction pro-

ducts, and enzymes. These are naturally occurring constituents of food and act as

endogenous antioxidants that help prevent oxidation reactions. They are also

regarded as a potential for replacement of synthetic antioxidants. A great deal of

research has been conducted on evaluation of their antioxidant activity and methods

of extraction. A variety of natural products can serve as sources of natural antiox-

idants, among which fruits and vegetables, spices and herbs, oilseeds, and animal
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and microbial products have been considered (64, 65). Grapes, berry fruits, and

citrus are rich sources of antioxidants (65). Among vegetables, garlic, broccoli,

mushroom, and pulses have been shown to possess antioxidant effects (65–67); spi-

nach powder has been reported to be capable of improving lipid stability in deep-

fat-fried products (68). Aside from fruits and vegetables, several studies have con-

firmed that many spice and herb extracts show strong antioxidant activity, such as

rosemary, sage, oregano, cinnamon, thyme, green tea, and evening primrose extract

(65, 69–73). Flaxseed, sunflower, soybean, cottonseed, rapeseed, and sesame seed

typify the sources of antioxidants from oilseeds (64, 74, 75). More recently, Shahidi

et al. (76) have reported the antioxidant activity of de-fatted Niger seed extract.

Animal products can serve as good sources of natural antioxidants, such as protein

hydrolyzates (peptides and amino acids), carotenoids, chitosan, and enzymes (64,

77, 78). Furthermore, microbial fermentation is becoming a promising method for

producing natural antioxidants (64).

These antioxidants are all-natural ingredients of foods and have GRAS status.

However, because of the ability of some natural antioxidants to exhibit pro-oxidant

activity, caution should be exercised when adding them to food systems (79).

Furthermore, the safety of natural compounds with antioxidant activity should be

established.

4. CONCLUSIONS

In foods that may undergo oxidation, antioxidants, endogenous or exogenous, func-

tion as an inhibitor to oxidation reactions through various mechanisms. Neverthe-

less, natural antioxidants are deficient in some foods and can easily deteriorate

during processing or in storage, necessitating the use of synthetic antioxidants.

However, most synthetic antioxidants are effective at low concentrations, and the

addition of higher levels may lead to a pro-oxidant effect. Additionally, large doses

of synthetic antioxidants have been reported to impart safety problems. Therefore,

caution must be taken when selecting and adding antioxidants in food systems.

TABLE 8. Antioxidants Conventionally Permitted in Foods.

ascorbic acid, sodium, calcium salts glycine

ascorbyl palmitate and stearate gum guaiac

anoxomer lecithin

butylated hydroxyanisole (BHA) ionox-100

butylated hydroxytoluene (BHT) polyphosphates

tert-butylhydroquinone (TBHQ) propyl, octyl, and dodecyl gallates

citric acid, stearyl, and isopropyl esters tartaric acid

erythorbic acid and sodium salt trihydroxybutyrophenone

ethoxyquin tocopherols

ethylenediaminetraacetic acid (EDTA) thiodipropionic acid, dilauryl and distearyl esters

and calcium disodium salt

Adapted from (64).
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Meanwhile, the safety of natural antioxidants should not be taken for granted as

antioxidants from natural sources are attracting more and more attention. Adher-

ence to regulatory guidelines remains a necessity.

The most common antioxidants permitted for use in foods in most countries are

shown in Table 8. Table 9 presents the ADI of some antioxidants allocated by the

Joint FAO/WHO Expert Committee on Food Additives (JECFA). The food produ-

cer has full responsibility for the choice of suitable antioxidants according to the

corresponding guidelines governed by regulatory laws of the individual country

or the international bodies that declare their safety (64).
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1. INTRODUCTION

For the past half centrury, healthy eating concepts have evolved around

avoiding fat. This is demonstrated in part from the USDA’s dietary guideline

handbook, which recommends that fats and oils be consumed ‘‘sparingly’’. At

present, fat accounts for approximately 35% of the calories in a standard

North American diet. With many campaigns directed at low-fat diets to protect

consumer health and heart, a current situation exists where efforts to reduce

total fat intake have resulted in a shift away from fat foods to high carbo-

hydrate diets that, in turn, contain similar potential health-related concerns.

For example, an increased awareness to the hazards of possible elevations in

triacylglycerols attributed to a high carbohydrate intake has surfaced with

syndrome- X profiles and increased risk to heart disease. It is vitally important

to acknowledge the importance of fat in the diet as a principal source of

energy, essential fatty acids, and fat-soluble vitamins, in addition to expressing

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
Edited by Fereidoon Shahidi. Copyright # 2005 John Wiley & Sons, Inc.

513



a concern about potential adverse reactions attributed to specific components

in fats and oils, that may initiate or promote disease. Moreover, dietary fats

provide important organoleptic qualities and a strong satiety signal. Fat is a

primary component of cell membranes; for example, the brain alone represents

70% fat.

Safety of fats and oils has mostly centered on the very visible components of

the total crude lipid fraction of foodstuffs, such as saturated fat and cholesterol

and products of lipid hydrogenation and oxidation. Since the increased awareness

of health risks attributed to dietary fats that started in the 1950’s by Ancel Keys

from University of Minnesota, who initially described a link between dietary

saturated fatty acid and cholesterol-induced increase in blood cholesterol,

much interest has been given to the source of dietary fat. Saturated and trans-fatty

acids and cholesterol accelerate atherogenesis, whereas monounsaturated and

polyunsaturated fatty acids (PUFA) are associated with reduced incidence of

coronary heart disease. With the greater awareness that consumption of n-3

PUFA exert a protective potential against heart disease by lowering concentra-

tions of very low-density lipoprotein, triacylglycerides and reduced blood

pressure, platelet aggregation, and thrombosis (1), we are now appreciating

that not all fats are equal in health implications. Moreover, relatively less visible

components of dietary fat intake may have an even greater role in preventing,

or alternatively initiating and propagating, chronic diseases. For example, the

introduction of plant sterol and stanol esters into the diet has been shown to

effectively lower serum cholesterol and low-density lipoproteins (2); reliable

biomarkers for coronary heart disease. Vitamin E is another example of an

important lipid soluble nutrient that has antioxidant activity and may, in concert

with Vitamin C, protect against LDL oxidation, vascular endothelial dysfunction,

and atherosclerosis (3). Alternatively, fat-soluble hydrocarbons with toxic

potential must also be realized. Examples of these include the heterocyclic

amines derived in cooked foods or the naturally present mycotoxins (e.g.,

aflatoxins) that represent important determinants of genotoxicity in humans

(4) and manmade organic pollutants (e.g., polycyclic aromatic hydrocarbons

(PAHs), polybrominated diphenyl ethers (PBDEs), and organochlorine pesticides

(OPs) that infilter the food chain and bioaccumulate to notable levels in foods

consumed by man (e.g., fish and seafoods (5).

The use of chemical aids and technologies to stabilize lipids also represents

a need to evaluate the balance between positive attributes that may reduce

the risk of exposure to dietary oxidized lipids, or alternatively, negative

consesquences, such as generation of trans-fatty acids derived from selec-

tive hydrogenation of vegetable oils. This chapter is intended to update

the information on topics of toxicity and safety of fats and oils described

earlier (6), as they relate to: (1) natural consitutents of fats and oils; (2)

derived products of oxidation and hydrogenation; (3) occurance of natural

and pollutant contaminants; and (4) additives used to preserve the stability,

functionality, and nutritional quality of many constituents present in fats and

oils.
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2. ADVERSE EFFECTS OF FATS AND ASSOCIATED
CONSTITUENTS

2.1. Total Fat Intake

The level of dietary fat intake can represent both an initiator and a promoter of many

adverse conditions that lead to a health risk (Figure 1). For example, a relationship

between dietary fat intake and oxidative status will influence gene expression for

drug-metabolizing enzymes, such as phase I and phase II enzymes, as well as glu-

cose-6-phosphate dehydrogenase (G6PDH). Feeding diets containing 20% soybean

oil to rats produces greater reductions in G6PHD and glutathione peroxidase activ-

ities compared with counterparts receiving 5% soybean oil (7, 8). The subsequent

availability of reducing equivalents and glutathione for antioxidant enzyme activity

are compromised by the higher fat intake. A completely separate example is seen

with exposure to polychlorinated biphenyls (PCB)/dioxins, where the most impor-

tant route for human exposure is food consumption (e.g., >90% of total exposure).

The concentration of these particular contaminants in herbage consumed by cows is

controlled by atmospheric deposition, and cows that consume large quantities of

herbage can produce milkfat that contains PCB and dioxin contaminants. There-

fore, exposure to these specific lipid-soluble xenobiotics in milkfat sources from

certain geographic regions will be related to the level of intake of this particular

fat source. Total intake of dioxin from dairy fat-containing products is 30% for

adults and 50% for children. Background levels of PCBs are actually estimated

from typical dietary intakes of food stuffs that include milk, eggs, meats, and

fish-lipid matrices that contain these environmental contaminants (9). Using this

trend of thought, high intakes of dietary lipids that contain lipid oxidation products

in various quantities influence oxidative status, and, therefore, high intakes of total

fat could increase the probability of exposure to exogenous- and endogenous-

derived lipid oxidation products. Lipid oxidation yields a complex mixture of

byproducts that include hydroxyl and dihydroxy fatty acids, hydroperoxides, vola-

tile aldehydes, and alkyl and olefinic radicals (10), which are absorbable through

the digestive tract (11) and incorporated into membrane phospholipids whereby

they alter membrane fluidity (12, 13). The effect of feeding high-fat diets contain-

ing thermally oxidized lipids can lead to peroxidized tissue proteins (14), an upre-

gulation of peroxisomal-proliferator-activating receptor alpha (15) and increased

number of intestinal aberrant crypts that are indicative of a precancerous cellular

event (16). Thus, in these examples, both the quanity and the quality of the dietary

lipid present a potential health hazard for the consumer.

2.2. Saturated Fatty Acids

Medium-chain fatty acids are saturated fatty acids because of the relatively shorter

hydrocarbon chain, which does not facilitate unsaturation. The safety of medium-

chain triacylglycerol (MCTs) in dietary oil has been debated, and associated effects

on cholesterol metabolism remain unclear. Although some studies have shown that

ADVERSE EFFECTS OF FATS AND ASSOCIATED CONSTITUENTS 515



Figure 1. Schematic diagram shows the interaction between lipid constituents, products of lipid oxidation, and xenobiotics, which can initiate or promote

chronic disease states (6).
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MCTs are essentially nontoxic, noncarcinogenic, and nonmutagenic for human con-

sumption with a safety level up to 1 g/kg (17), other studies have indicated that MCT

oil-containing diets can increase blood cholesterol levels (18). MCTs, on a percent

energy basis, have half the potency of palmitic acid (C16:0) in raising plasma

cholesterol (18). Palmitic acid (C16:0) can lead to increases in blood cholesterol

levels; however, when ingested in a diet that contains a recommended intake of

C18:2,n-6, the effect on both total and LDL cholesterol levels are minimized

(19). This has been shown with fat blends, such that hypercholesterolemia

was not observed in animals fed either butter or tallow fat sources that were blend-

ed with soybean oil in a low-cholesterol-containing diet (20, 21). In gerbils

and monkeys, the relative ratio between C14:0 to C18:2 n-6 fatty acids as well

as dietary cholesterol are important factors in modulating increases in serum

cholesterol levels (22, 23).

Intake of saturated fat sources has also been associated with insulin resistance,

leading to altered glucose metabolism, type II diabetes, and impaired glucose

tolerance (24). Comparatively, saturated fat has a more deleterious effect on

fat-induced insulin sensitivity than both mono- and polyunsaturated fat sources (24).

Higher intakes of saturated fat and trans-fat adversely affect glucose metabolism

and insulin resistance, whereas higher intakes of polyunsaturated fat and possibly

long-chain n-3 fatty acids are beneficial (25). Within the category of saturated

fats, dietary saturated, short-chain, and o6 fatty acids have been found to have the

most deleterious effects on insulin action associated with insulin sensitivity, as

opposed to medium- and long-chain fatty acids and o3 fatty acids (26). Intramuscular

triacylglycerol (MTG) and elevated plasma free fatty acid (FFA) levels also have

roles in insulin-mediated glucose uptake, reflecting a pivotal role of the high

saturated fatty acid content in the MTG (27). Changing dietary fat quality by

substituting saturated for monounsaturated fat can impair insulin sensitivity,

as saturated fat has a greater deleterious impact on insulin sensitivity (28). For

example, substituting a monounsaturated fatty acid diet (MUFA diet) for a saturated

fatty acid diet (SAFA diet) has been shown to be favorable for only those subjects

that had a lower-than-average total fat intake. This intervention improved insulin

sensitivity, but had no effect on insulin secretion. Notably, the addition of n-3 fatty

acids to MUFA and SAFA diets affected neither insulin secretion nor insulin

sensitivity (28).

2.3. Monounsaturated Fatty Acids (MUFA)

Dietary MUFA have been found to have several positive effects that include, in

addition to lowering human LDL-cholesterol plasma levels, positive effects on lipo-

protein oxidation, coagulation, and fibrinolysis (29). Low-fat, monounsaturate-

rich diets reduce the susceptibility of low-density lipoproteins to peroxidation

ex vivo (30). In hypercholesterolemic subjects, diets containing MUFA resulted

in favorable alterations in the fatty acid composition and oxidative profile of LDL

in hypercholesterolemic subjects that were characterized as an increase in lipid

peroxide lag time and a decrease in lipid peroxide formation (30). In animal studies,
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rats that were fed long-chain MUFA diets showed only a small, significant increase

in peroxisomal b-oxidation, and a slight decrease in mitochondrial oxidation (31).

Feeding low-fat, monounsaturated-rich diets that contain high oleic peanuts has

been shown to improve human serum lipoprotein profiles (32) and human serum

lipid profiles (33). In free-living subjects with impaired glucose tolerance, MUFA

diets also seemed to improve glucose metabolism (33).

Several studies have examined the effect of MUFA-containing diets on risk for

cardiovascular disease (34). MUFA-containing diets lower both plasma cholesterol

and triacylglycerol concentrations, which has favorable effects on the cardio-

vascular disease risk profile (35). MUFAs can also modify the lipoprotein profile

and the mechanism by which fatty acids affect the immune response, which

in turn will alter the development of the atherosclerotic lesion by limiting arterial

thrombus formation (36). The effects of MUFA on human immune system

responses have also been considered. Animals fed MUFA-rich diets, such as those

containing olive oil, exhibit a suppressed in vivo immune response; the reactions in

humans subjects are far more subtle than those reported in animal studies, however

(37). The level of MUFA contained in animal feeding studies is much higher than

that achievable in human studies, so MUFA still has a negligible effect on the

modulation of immune function in humans (37).

2.4. Polyunsaturated Fatty Acids (PUFA)

In a comparison of rats fed diets containing either safflower oil or fish oil, it was

shown that neither fish oil nor safflower oil intake resulted in an induced increase in

phospholipid hydroperoxides and TBARS in rat organs. Thus, the supplementation

of a rich source of n-3 PUFA, such as fish oil, compared with an n-6 PUFA containing

safflower oil, did not significantly alter lipid peroxidation in rat organs (38). Other

studies have investigated the comparative hypocholesterolemic effects of fish oil

and soybean or safflower oil, among others, such as evening primrose oil (EPO)

and oenothera biennis linn oil (OBLO), in cholesterol-fed rats after long-term

feeding (39). Both normotensive and hypertensive rats fed menhaden oil-containing

diets exhibited lower plasma cholesterol and triacylglycerol concentrations than

counterparts fed either saturated (e.g., butter) or n-6 (e.g., soybean oil) diets

(20, 21). In other studies where both EPO and OBLO contain n-6 PUFA,

gamma-linolenic acid (GLA), it was found that OBLO (linoleicþGLA) and

EPO (linoleicþGLA) caused the lowest serum total cholesterol, VLDL-cþ IDL-

cþ LDL-c concentrations (39). EPO has also been found to have both antisecretory

and antiulcerogenic effects in rats by inhibiting gastric mucosal damage induced by

pylorus ligarion, NSAIDS or hypothermic restraint ulcers (40). Crude extracts of

meals from evening primrose sources have been compared with crude extracts

of meals obtained from borage, for effect of concentration-dependent scavenging

of reactive oxygen species and 1,1-diphenyl-2-picrylhydrazl (DPPH) free radical

(41). Along with EPO, other GLA oils, such as black current, borage, and fungal

oils, have been noted for their blood pressure lowering effect in spontaneously

hypertensive rats. This is likely caused by the alterations in fatty acid profiles of
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hepatic and vascular tissue induced by GLA oils (42). A similar result was not

observed in spontaneously hypertensive rats fed menhaden oil (21). However, inter-

esting comparative effects of feeding rapeseed (canola) oil and soybean oil on blood

pressure of rats showed that systolic blood pressure of rats fed canola oil diets was

higher than that of rats fed soybean oil diets. One explaination for this finding was

that the intake of canola oil increased plasma sodium and lipid levels and decreased

potassium levels compared with soybean oil intake (43). Although the beneficial

effects of GLA have been investigated in depth, it is unclear which oils are the

best sources of GLA. For example, rats fed equal amounts of GLA, obtained either

from transgenic canola plant or from borage plant, reacted similarly in growth and

hepatic metabolism of n-6 fatty acids (44).

In other animal studies, where GLA was compared with alpha-linolenic acid

(ALA), ALA gave similar effects as GLA in increasing fatty acid oxidation activity

in rat livers. GLA and ALA differ, however, in the mechanism of action, as

evidenced by the different affect on individual fatty acid oxidation enzymes

involved in fatty acid oxidation (45). These results were confirmed by studies

that found that, in opposition to dietary saturated fatty acids, both n-6 and n-3 fatty

acids, such as GLA and ALA, inhibit the increase of serum total cholesterol and

VLDLþ IDLþ LDL-c concentrations (46). The n-3 long chains PUFAs, EPA,

and DHA have also been found to affect lipid peroxidation. The ex vivo intake

of these highly purified n-3 fatty acids caused an immediate increase in chylo-

micron peroxidation in plasma (47). Moreover, feeding n-3 PUFA-rich fish oil in

the form of menhaden oil reduced both RBC and heart GSH-Px activities (20).

The same n-3 PUFA source, when fed at twice the energy equivalent, also can

reduce RBC glutathione content and result in enhanced lipid oxidation in RBC,

heart, and liver tissues (21). More specifically, n-3 PUFAs EPA and DHA have

triacylglycerol-lowering effects (48). EPA and DHA have also been shown to

reduce the incidence of mammary tumors that developed in rats. In this case,

DHA was found to be slightly more effective than EPA (49).

The relationship between n-3 PUFA and protection against coronary heart

disease is closely related to the hypocholesterolemic and hypertriaclglyceridemic

responses to consuming this PUFA source (50). Intake of n-6 and n-3 PUFA has

been shown to reduce hepatic mRNA and protein levels and the synthesis and

activity of G6PHD. The result (51, 52) is reduced hepatic lipogenesis and plasma

triacylglycerol content. In addition, n-3 PUFA reduces platelet aggregation and

exhibits antithrombotic and fibrinolytic activies, among other functions (53).

Several other studies have also been performed to investigate the antiatherogenic

potential of GLA (54). GLA has been noted for its positive effects in the

modification of atherosclerotic lesions in apolipoprotein E knockout mice. The

reduced atherosclerotic lesion size from feeding GLA or n-3 was related to a

suppressed smooth muscle cell proliferation in vivo and retarded development of

diet-induced atherosclerosis (55). In humans, GLA supplementation may also

affect cancer cell proliferation via the modification of fatty acid composition. A

relationship appears to exist between GLA-induced tumor cell death and the distri-

bution of fatty acids in tumor cells (56). GLA also has anti-inflammatory properties
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in humans. The addition of GLA in vitro suppressed IL-1 beta release from human

monocytes stimulated with LPS. GLA simultaneously reduced the amplification

process of IL-1 beta and left the initial IL-1 beta response to LPS intact (57).

The anti-inflammatory and immune parameter effects of GLA have also been

reported in rats where GLA induced improvement of inflammatory disorders

through the regulation of eicosanoid production. High doses of GLA may exert an

anti-inflammatory affect by suppressing leukotriene B4 release and by strengthening

the gut immune system, therefore improving responses to allergic reactions

(58). As GLA is also known to have anticancer properties, studies have been

performed on the effect of GLA on the expression of maspin and the motility

of cancer cells. Maspin is a tumor suppressor and GLA has been found to

upregulate the expression of mapsin, thereby reducing the motility of cancer cells

(59). Serum levels of phospholipids dihomo-gamma-linolenic acid were also found

to be inversely associated with the risk of death caused by lung cancer (60). In dia-

betic rats, GLA was found to have beneficial, restorative effects on nerve conduc-

tion velocity, Naþ, Kþ ATPase activity, and membrane fatty acid composition (61).

Moreover, bleomycin-induced lung fibrosis in hamsters was altered as a result of

elevations in tissue PGE1 and 15-HETrE, both of which have anti-inflammatory

properties (62).

In other studies, very long-chain n-3 PUFA, such as those found in fish oil, were

suspected of having a hepatotoxic potential in rabbits, which, in turn, was associat-

ed with atherosclerosis (63). The feeding of fish oil to rabbits produced an n-3

PUFA concentration dependent increase in aortic plaque surface area, indicating

a potential positive relationship between severity of liver pathology and aortic

plaque surface area. When fish oil and corn oil were compared for relative effects

on chemical-induced hepatic enzyme-altered foci in rats, it was found that dietary

fish oil inhibited hepatic enzyme-altered foci formation compared with corn oil.

This is important because of possible stimulation of the hepatic detoxification

system and enhancement of lipid peroxidation caused by excessive intake of fish

oil (64). Conversely, marine oil containing n-3 polyunsaturated fatty acids (PUFAs),

eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA) will induce hepatic

peroxisomal b-oxidation and upregulate hepatic antioxidant enzymes (e.g., catalase

and glutathione peroxidase and reductase activities) and GSH concentration (65).

Different doses of arachidonic oil (C20: 4 (n-6)) have recently been compared

with high doses of C20: 4 (n-6)þ fish oil with DHA for in utero exposure effects in

rats. Higher dosages of C20: 4 (n-6) and C20: 4 (n-6)þDHA decreased alkaline

phosphatase activity, lowered serum cholesterol, triacylglycerol, and phospholipids

concentrations, while increasing creatinine and urea concentrations and also

adrenal, spleen, and liver weights of pups (66). ARASCO, a microfungal source

of triglyceride oil enriched in C20: 4 (n-6) was evaluated for its safety in rats.

Results showed that high doses of ARASCO increased C20: 4 (n-6) levels in the

brain, heart, and liver, thus being readily incorporated into tissue lipids, but

without developmental, histopathological, or neuropathological consequences

(67). Consistent with these findings regarding the nontoxicity of ARASCO, no

genotoxic effects were observed (68).

520 TOXICITY AND SAFETY OF FATS AND OILS



2.5. Sterols

2.5.1. Cholesterol Experiments from laboratory animal trials (21, 69, 70) have

supported epidemiological studies (71) that link hypercholesterolemia and

hyperlipoproteinameia, two risk factors for CVD, with dietary cholesterol intake

or atherogenic fatty acid ratios. Common to many of these studies are the findings

that consumption of diets rich in cholesterol or saturated fat will result in a

reduction of LDL receptors and elevation of LDL cholesterol and total cholesterol.

Studies in nonhuman primates have indicated that the cellular events and tissue

morphological changes that occur during the progression of atherosclerosis are simi-

lar, whether animals are fed diets inducing modest levels of hypercholesterolemia

or inducing extremely high levels of cholesterolemia (72). Studies to characterize

events involved in the initiation of atherogenesis have suggested the possible

involvement of cytotoxic cholesterol oxides in this disease process (73). Moreover,

cholesterol and its oxide derivatives have been identified as a significant component

of arterial plaque composition in humans (74) and in various animal species (75).

There are relatively few studies that have examined the significance of dietary

cholesterol intake on aortic plaque composition in atherosclerosis susceptible

animals. The characteristic changes in plasma lipids and aortic plaque composition

in the atherosclerosis susceptible Japanese quail model has enabled the effects of

cholesterol feeding to be evaluated in regard to susceptiblity to atherosclerosis

(69). Herein, the Wistar rat, which is a noted animal model resistant to atherosclero-

sis, will be used for comparison with the atherosclerosis susceptible quail in many

aspects of cholesterol metabolism and development of atherosclerosis.

Japanese quail exhibit greater plasma total cholesterol concentrations than rat

counterparts when fed a similar, basal low-cholesterol diet (Table 1). Species dif-

ferences in plasma lipids are more pronounced when fed an atherogenic diet (e.g.,

cholesterol/cholic acid supplemented and saturated fat-containing diet), as evidenced

by the marked elevations observed in quail plasma total cholesterol concentrations

TABLE 1. Plasma Lipids and Aortic Plaque Score and Area Covered in Wistar Rats and

Atherosclerosis Susceptible Japanese Quail Fed Low and High Cholesterol Diets.

Total Plaque Area Covered

Cholesterol Triacylglycerides2 Score (%)3

Cholesterol Level

(% by weight): 0.05 0.5 0.05 0.5 0.05 0.5 0.05 0.5

Animal species:

Quail 230.4� 9{ 2049� 95*{ 128� 10 359� 31 N.D. 3.7� 0.2{ N.D. 61� 10{

Rat 118.2� 5 240� 5* 122� 18 87� 6 N.D. N.D. N.D. N.D.

1Values represent mean� SEM, n¼ 8. Animals fed tallow fat, semisynthetic diets with low (0.05%) and high

(0.5%) cholesterol added.
2¼mg/dL.
3Plaque score based on scale of 0 (N.D.)¼ clean surface; 1¼�5 plaques; 2¼ 6–20 plaques; 3¼>20

plaques; 4¼massive atheromas observed. Values represent two judges evaluating in a blinded protocol.
4Area covered (%)¼ percent of aortic epithelium covered by plaque, range 0 (N.D.)–100% (69).
*A significant (p� 0.05) difference between cholesterol levels.
{Significant difference between specie.
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compared with the rat (Table 1). Dramatic elevations observed in plasma cholesterol

of quail fed cholesterol/cholic acid supplemented diets are directly associated

with the level of dietary cholesterol fed to birds and severity of atherosclerosis

lesions (Table 1). Although the rat also exhibited increased plasma cholesterol

levels when fed the atherogenic diet, absolute cholesterol plasma levels are

much lower than the quail, thus possibly reflecting the resistance of this species

to the induction of hypercholesterolemia from cholesterol feeding. The concomitant

hypertriacylglyceridemia observed in quail fed the atherogenic diet, did not occur

in the rat fed a similar atherogenic diet and contributes further to explaining the role

of dyslipidemia to the susceptibility of quail to atherosclerosis.

As a result of hypercholesterolemia, an intracellular accumulation of cholesteryl

esters occurs, which is associated with the initiating events of atherogenesis, in

particular, foam cell generation, which involves the intracellular accumulation of

large amounts of cholesterol within macrophages and smooth muscle cells of

aorta (76).

Modified (oxidized) lipid species have been identified in the plasma lipoproteins

and aortic plaque of atherosclerotic humans (74, 77) and animal models (78, 79).

Furthermore, the presence of COPs in circulating lipoprotein has been demonstrated

in healthy humans (80) and monkeys. (73) Oxidized LDL has been proposed to have

a role in foam cell formation (81) as well as having various proatherogenic properties,

such as cytotoxicity and chemotactic activity (73, 82).

2.5.2. Bile Salts Bile salts have been linked to colorectal carcinogenesis by a

variety of mechanisms (83). On the other hand, bile salt-dependent lipase (BSDL),

a digestive enzyme secreted by the pancreas, which hydrolyzes dietary lipid esters,

can have a positive effect against atherosclerosis (84). This is because BSDL

activity increases with the level of LDL-c and is also positively linked to serum

concentration of ApoB100 and ApoA-I. BSDL is associated with LDL in part by

a specific interaction with ApoB100, although there appears to be no interaction

with ApoA-I. As the increase in LDL-c is a risk factor for atheroma, the associated

increase in BSDL, which can metabolize atherogenic LDL, shows that BSDL can

have the positive effect against atherosclerosis (84). In another study, in which the

cytotoxicity of bile salts against biliary epithelium (BDE) in isolated perfused

rat liver was evaluated, it was found that in vitro BDE cells are not damaged by

taurine-conjugated bile salts or glycine-conjugated bile salts, but they are very

sensitive to the cytotoxicity of hydrophobic unconjugated bile salts (85).

2.5.3. Phytosterols The relationship between total dietary phytosterol content

and the fatty acid composition of the diet decreases with increasing saturated fatty

acids, whereas the total dietary phytosterol content increases with increasing PUFA

(86). Phytosterols consist of a mixture of cell membrane constituents that include

free sterols, esterified steryls (e.g., esterified to phenolics), steryl glycosides, and

acylated steryl glycosides (Table 2).

They are found in varying concentrations in a number of vegetable oils, cereal-

based products, and nuts where they function to regulate membrane fluidity
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and permeability. Plant sterols (e.g., ß-sitosterol, stigmasterol, campesterol, �-7

stigmasterol, and �-5-avenasterol) are present in plant unsaponifiable matter

(Figure 2). The main sterol in vegetable oils is 4-desmethylsterol, where sitosterol

is the principle sterol and camperstserol, stigmasterol, brassica-, and �-venasterol

are also present in lower concentrations. Total sterol content of soybean oil and

safflower oil is 0.29% and 0.39%, respectively, and varies with the source materials

(Table 3). This compares with the plant sterol content of 4.1% in rice bran and 10%

in rubber seed oils.

A typical Western diet contains approximately 100–300 mg and 20–50 mg of

plant sterol and plant stanol, respectively. The relationship between total dietary

phytosterol content and the fatty acid composition of the diet decreases with

increasing saturated fatty acids, whereas the total dietary phytosterol content

increases with increasing PUFA (89). Fortification of lipid foods, such as

margarine, with plant sterols will dramatically increase the daily intake of

phytosterols and significantly lower serum cholesterol (90). The dietary consumption

of large amounts of plant sterols will interfere with cholesterol absorption, thereby

leading to an increased daily neutral steroid excretion.

Fat-soluble plant stanols have been approved for fortification into margarine.

The sterol solubility is obtained by trans-esterification with rapeseed oil fatty acids

in the margarine (91). Plant stanol esters lower serum cholesterol more effectively

than insoluble free stanol counterparts, which are either in a crystalline, microcrys-

talline, powered, or homogenized form (92). The trans-esterification process also

ensures palatably, with the incorporation of stanols into nutritional fats that are

common to a Western diet, such as margarine and mayonnaise (91). Two FDA-

approved margarines, Take Control (Unilever) and Benecol (Johnson & Johnson)

reached the marketplace in May of 1999. The claim on the Finnish margarine,

Benecol, states that 2–3 servings per day of the product, containing 1.5 g plant

stanol esters per serving, will lower cholesterol in 2 weeks. In animal studies, ß-

sitosterol feeding interferes with exogenous and endogenous cholesterol absorption,

resulting in the interruption of enterolymphatic circulation of cholesterol, an impor-

tant regulator of hepatic cholesterol synthesis. Less than 1 g/d of sitostanol esters

TABLE 2. Principle Sources of Plant Sterols.1

Sterol Source Concentration (g/kg)

Oil

Rapeseed 5.13–9.79

Corn 8.09–15.57

Wheat germ 19.70

Rice bran 32.35

Cereals

Rye 1100

Barley 830

Wheat 760

Oats 520

1Ref. (87).
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incorporated into mayonnaise significantly lowered cholesterol absorption (92), and

a median intake of 2–3 g/d of plant stanol esters have been recommended to lower

serum LDL cholesterol by 10–15% (93). The mechanism of action of phytosterol-

induced reduction of serum cholesterol involves interference of the relatively inso-

luble sterol with micellar solubility of cholesterol in the intestinal lumen. Plant sta-

nol esters also mix easily with the oil phase of intestinal content, which, in turn,

disrupts cholesterol absorption (93). Plant stanols can also prevent the absorption

of other plant sterols (91).

A compensatory increase in cholesterol synthesis attributed to the phytosterol-

induced lowering of serum cholesterol occurs, as indicated by a rise in serum

OH

Campesterol

OH

Sitosterol

OH

Campesterol

OH

Stigmasterol

OH

Stigmasterol

Figure 2. Plant sterols found in oil seed, vegetable, and wood sources. Of the more than 40

plant sterols identified, b-sitosterol, stigmasterol, and campesterol are the most abundant.
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cholesterol precursors, lathosterol and desmosterol. This compensatory rise in serum

cholesterol caused by absorption inhibition is not necessarily detrimental because

the net effect is still a lowering of serum cholesterol (93). The methyl or ethyl side

chain on the cholesterol molecule greatly reduces the intestinal absorptibility

of plant sterols. The efficiency of sitostanol absorption is only 0–3%, with serum

levels being almost undetectable. Campestanol, the other major plant stanol,

also has a very low absorption efficiency compared with the unsaturated version,

vampestanol (93).

Recently, a seven-part study was conducted that served as a safety evaluation

of phytosterol esters. It was shown that phytosterols do not bind to the estrogen

receptor (ER) and do not stimulate transcriptional activity of the human ER in a

recombinant yeast strain. There was also no indication of estrogenicity from

an uterotrophic assay conducted in immature female rats (94). In a rat study,

the no-observed-adverse-effect level (NOAEL) of phytosterol esters was 8.1%

following a daily oral administration for 90 days, equivalent to a dose of

6.6 g/kg/day. No treatment-related changes that were of toxicological significance

occurred in this subchronic study (95). In the ensuing two-generation reproduction

study in rats with phytosterol esters that followed, it was found that no effect on

the reproduction of parental generation rats, or on the development of second-

generation pups and their sexual maturation of the pups, occurred at 8.1% concen-

tration of phytosterol esters (96). The fecal concentrations of bile acids and neutral

sterols from healthy normolipidaemic volunteers consuming a controlled diet,

either with or without a phytosterol ester-enriched margarine, indicated that a

high intake of phytosterol esters increased the amount of neutral sterols in the feces,

but did not result in increased formation of bile acids or sterol metabolites (97).

Concomitantly, the effect of feeding a controlled diet, either with or without the

phytosterol ester-enriched margarine, on fecal short-chain fatty acid and microflora

content, fecal bacterial enzyme activity, and serum female sex hormones, indicated

that the daily consumption of 8.6 g phytosterol did not affect bacterial profile or

metabolic activities of the gut microflora. Moreover, there was no biologically

TABLE 3. GC Quantitation of Cholesterol and Cholesterol Oxidation Products in Aortic

Tissue from Wistar Rats and Atherosclerosis Susceptible Japanese Quail Fed Low and

High Cholesterol Diets.1

Sterol2: (mg/g) Cholesterol 7b-hydroxycholesterol 7-ketocholesterol

Cholesterol level

(% by weight): 0.05 0.5 0.05 0.5 0.05 0.5

Animal species:

Quail 3.19� 0.91 11.48� 2.13* N.D. 0.24� 0.03 N.D. 0.27� 0.04

Rat 0.93� 0.04 0.91� 0.49 N.D. N.D. N.D. N.D.

1Values represent mean� SEM, n¼ 8. Animals fed tallow fat, semisynthetic diets with low (0.05%) and high

(0.5%) cholesterol added.
2Values expressed on basis of tissue wet weight. See (69) for methodology.

N.D.¼ none detected.
*A significant (p � 0:05) difference between cholesterol levels across a row.
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relevant effect on serum female sex hormones (98). Examination of potential

mutagenic activity of phytosterols (99) and the comparative absorption and tissue

distribution of phystosterols in the rat (100) disclosed that the most highly absorbed

sterol was cholesterol, followed by campesterol, b-sitosterol, and stigmasterol,

follwed by b-sitostanol and campestanol. The absorption of phytosterols was

slightly greater in females than in males (100). None of the phytosterols and

phytosterol esters tested showed any evidence of mutagenic activity in bacterial

mutation assays, in vitro chromosome aberration assays, or in vitro mammalian

cell gene mutation assays (99).

A positive effect of phytosterols from tall oil phytosterols showed a dramatic

protection against atherosclerosis in mice (101). Mice fed a cholesterol-enriched

diet containing a phytosterol mixture exhibited reduced plasma cholesterol levels

and decreased formation of atherosclerotic lesions. In humans, phytosterol treatment

resulted in an average of 10% reduction of total cholesterol and a 13% reduction

in LDL-c (102).

The safety and tolerability of etherified phytosterols, evaluated with the

administration to healthy adult men and women in a reduced-fat spread and salad

dressing, indicated that subjects that consumed reduced-fat spread and salad

dressing, providing 0 g/day, 3 g/day, 6 g/day, or 9 g/day of phytosterol esters for

8 weeks, displayed normal blood concentrations of all fat-soluble vitamins and

no differences in serum vitamin responses among the four groups. Also, total

cholesterol, LDL-c, and HDL-c responses did not significantly differ among the

groups, although the total cholesterol: HDL-c response in the 9 g/day group was

significantly different from control group response. In short, phytosterol esters

are well tolerated in humans and show no sign of adverse effects at daily intake

up to 9 g/day for 8 weeks (103). Diets enriched with different plant sterol mixtures

derived from wood source (e.g., Reducol from Forbes Medi-Tech, Inc. Vancouver,

Brithish Columbia) have also been used to lower serum cholesterol. ReducolTM

is a proprietary mixture of phytosterols composed of b-sitosterol, sitostanol,

campesterol, and campestanol derived from tall oil pitch and processed into a

crystalline powder. Feeding Reducol at a level of 1.8 g per day (e.g., 6% sterols

in margarine) lowered LDL cholesterol by approximately 15% compared with

placebo (104). The consumption of phytosterol mixtures increases cholesterol

synthesis and lowers cholesterol absorption.

The effects of consuming sitostanol ester margarine in subjects with moderate

hypercholesterolemia revealed that subjects showed unaffected Vitamin D and

retinol concentrations and a-tocopherol/cholesterol proportion, but lower serum

beta-carotene levels. Alpha-tocopherol and carotenes were related to serum

cholesterol and cholesterol absorption (105, 106). Moreover, the frequency of

consumption of plant stanol esters in margarines and shortenings does not signi-

ficantly affect the LDL-c lowering efficacy of the plant stanol esters (107). After

standardization for LDL-c, consistent with other findings, it was also found that

the sum of the most lipophylic hydrocarbon carotenoids, such as a-carotene,

b-carotene, and lycopene, were only slightly, though not significantly, lowered by

the consumption of the plant stanol esters in margarine and shortening.
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The ensuing reduction of the most lipophylic antioxidants attributed to

phytosterol intake has also been related to a decrease in LDL (108). The increase

in dietary carotenoids, when humans consume plant sterols or stanols, is effective

in maintaining carotenoid concentrations (109). The addition of more daily

servings of high carotenoid-containing fruits or vegetables when consuming sterol

or stanol ester-containing spreads maintains plasma carotenoid concentrations

while lowering LDL-c (109).

Efforts have attempted to pinpoint the relationship between plant sterol

incorporation in human keratinocyte plasma membrane and modulation of

membrane fluidity (110). Data from in vitro trials on uptake of plant sterols and

membrane lipid fluidity in human keratinocytes suggest that, in the presence of

sitosterol, the mean fluidity of the membrane is regulated, whereas stigmasterol

triggers a looseness of molecular packing of phospholipids acyl chains. Phytoster-

ols also have anticancer dietary components (111); for example, it was found that

phytosterols indirectly (in vivo as a dietary supplement) and directly (in tissue cul-

ture media) inhibited the growth and metastasis of human prostate cancer PC-3

cells in mice (112). These findings are not limited to prostate cancer, as it was found

that phytosterols might also function in possible protective mechanisms in breast

and colon cancer. Phytosterols appear to have an effect on membrane structure

and on the function of tumor and host tissue, on the signal transduction pathways

that regulate tumor growth and apoptosis, on the immune function of the host, and

on the cholesterol metabolism of the host (111).

2.6. Fat-Soluble Vitamins (A, E, D, and K)

2.6.1. Vitamin A Several studies and reviews have examined the effects of

Vitamin A deficiency and toxicity (113). Endogenous retinoid toxicity has a

possible role in the pathophysiology of primary biliary cirrhosis (PBC), which is

a chronic, cholestatic disease, characterized by progressive destruction of the

small intrahepatic bile ducts and portal inflammation, leading to cirrhosis and

fibrosis. The major signs and symptoms of PBC resemble the manifestations of

hypervitaminosis A. Thus, the hypothesis has been made that exposure to excess

endogenous retinoids contributes to the pathogenesis of PBC and may be the cause

of some of the symptoms of PBC (114). Retinol has an effect on hepatic and renal

drug-metabolizing enzymes (115). Retinol pretreatment potentiates paracetamol-

induced hepatoxicity in BALB/c mice, an organ-specific response. And the

potentiation of paracetamol-induced hepatoxicity is independent of CYP450 and

glutathione (115).

Moderate to high doses of Vitamin A given to pregnant mice can result in signi-

ficant craniofacial, cardiac outflow, and thymic abnormalities (116). These results

signal the potential for the induction of birth defects in offspring of women

ingesting even moderate to low amounts of supplemental Vitamin A during an

early gestational period. Animal studies have been used in order to assess safe

dose levels of Vitamin A during human pregnancy (117). In one study, the safe level

of Vitamin A during human pregnancy was set at a range of 25,000–37,000 IU/day
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(118). In nonpregnant humans, the safe, nonteratogenic dose level of Vitamin A has

been determined to be 30,000 IU/day (119). Weaker teratogens than retinol are

retroretinoids, 14-hydroxy-4, 14-retroretinol (14-HRR), and anhydroretinol (AR)

(120). The low teratogenicity may be caused by facts that 14-HRR and AR do

not contain the terminal carboxylic group involved in binding and activation of

the retinoic acid nuclear receptors, and they are not metabolized to acidic retinoids.

Vitamin A, retinol, and derivative retinal, also causes oxidative DNA damage

via superoxide generation (121). Beta-carotene, for example, is related to a higher

incidence of lung cancer. Retinol and retinal can cause cellular DNA cleavage. This

is probably caused by the dismutation of superoxide to H2O2, generated by the auto-

oxidation of retinoids in the presence of endogenous metals. Thus, retinol and ret-

inal have capacities to exhibit pro-oxidant activity, which may lead to carcinogen-

esis of beta-carotene supplements (121). Retinol supplementation also induces

DNA damage and modulates iron turnover (122). In animal studies, retinol caused

cellular DNA damage involving cellular iron accumulation. These characteristics

could be responsible for the increased incidence of lung cancer associated with reti-

noid supplementation (117, 122). Lycopene, lutein, and zeaxanthin are considered

potential antioxidants for the oxidation of carotenoids by free radicals (123).

Recently, concerns have been raised as to the retinol equivalents calculated by

pro-vitamin A carotenoid conversion factors (124). It has been suggested that these

values should be treated with caution until more data on absorption of carotenoids

from foods is known.

2.6.2. Vitamin E (Tocopherols) In an oral toxicity study using a tocotrienal

preparation in rats, the NOAEL for tocotrienal was 0.19% (125). In the presence

of copper (II) ions, a-tocopherol induces oxidative damage to DNA as copper-

dependent reactive oxygen species formation occurs from molecular oxygen,

thus resulting in DNA base oxidation and backbone cleavage (126). This pro-

oxidant activity will induce tumor formation and act as a complete tumor

promoter in animals. However, a product of a-tocopherol oxidation/reduction,

a-tocopherolhydroquinone, (TQH2) has antioxidant properties, as it may scavenge

peroxyl radicals primarily by electron transfer to form TQ and secondarily by

addition-elimination to form the epoxyquinones (127).

Vitamin E has been found to be useful in the storage of irradiated fresh meat.

Feeding calves a diet rich in PUFA and supplemented with Vitamin E helped to

control lipid peroxidation and oxymyoglobin oxidation of ground beef cold pasteur-

ized with electron-beam irradiation during storage (128). Thus, color retention and

lipid peroxidation are controlled by the presence of a critically high concentration

of a-tocopherol (TOH) (129). As tocopherol has a peroxy-radical scavenging

function (130), the concentration of TOH decreases and the concentrations of

alpha-tocopherolquinone and 2,3-epoxy-alpha-tocopherolquinone increase when

TOH oxidation occurs in meat, such as in beef and bovine muscle microsomes.

Vitamin E has also been noted for the function of tocopherylquinones as highly

cytotoxic agents. Tocopherylquinones escape multidrug resistance in acute lympho-

blastic leukemia cell lines (131). Ascorbate and a-tocopherol also have several poten-
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tial antiatherogenic mechanisms, such as the inhibition of LDL oxidation, the inhi-

bition of leukocyte adhesion to the endothelium, and the inhibition of vascular endo-

thelial dysfunction (132). Alpha-tocopherol acts as either antioxidant or pro-oxidant

of lipid peroxidation in LDL, but may only protect against atherosclerosis in com-

bination with Vitamin C. Tocopherols and tocotrienols also have antiproliferative and

apoptotic effects on normal mouse mammary epithelial cells (133), as mammary

epithelial cells uptake of tocotrienols is greater than tocopherols. This suggests that

tocotrienols have greater biopotency than tocopherols partly because of greater cel-

lular accumulation. In all, g- and d-tocotrienols may have important roles in mod-

ulating normal mammary gland growth, function, and remodeling. The mechanism

underlying the antiatherogenic properties of Vitamin E is its function to decrease

the uptake of modified LDL and suppresses aceyl-CoA: cholesterol acyltransferase

(ACAT) activity, resulting in less cholesterol esterification in macrophages (134).

2.6.3. Vitamin D Vitamin D has potential roles in the prevention of some can-

cers, osteoarthritis progression, multiple sclerosis, and hypertension (135). Feeding

low levels of 1,25-hydroxy-vitamin D3 (1,25(OH)2D3) supplementation produces

no toxicity in laying hens; however, feeding very high levels produces clear toxic

symptoms (136). The feeding of excessive amounts of vitamin D3 to rats will lead

to bone breakdown and increased levels of zinc in the blood (137). In pot-bellied

pigs, Vitamin D toxicity was expressed as anorexia, weight loss, lethargy, polyuria,

polydipsia, vomiting, tenesmus, and tremors (138). Similar effects have been

observed in weanling pigs as Vitamin D toxicity caused serum calcium and blood

urea nitrogen concentrations to increase and a decrease in serum phosporus (139).

Excess Vitamin D3 is toxic, particularly to vascular tissues; a notable pathological

feature being arterial calcification (140). Excess Vitamin D is arteriotoxic and it can

induce arterial calcification through upregulation of 1,25(OH)2D3 receptors and

increased calcium uptake in arterial smooth muscle cells (141). Vitamin D toxicity

may also be expressed with the wasting and calcification of soft tissues in cattle

after ingestion of a plant, Solanum glaucophyllum (Sg), which contains high levels

of 1,25-dihydoxy-vitamin D3. The Sg-intoxicated cattle showed atrophy of the

epidermis, severe involution of hair follicles, sebaceous and sweat glands, and

reduced cellular proliferation. In humans, outbreaks of hypervitaminosis D have

been linked to the overfortification of milk from home-delivery dairies (142).

Vitamin D has protective effects on diet-induced epithelial cell hyperpro-

liferation (143). Increasing dietary Vitamin D, along with calcium, will prevent

hyperproliferation. Amino bisphosphonate ibandronate has been found to prevent

Vitamin D toxicity (144) by inhibiting Vitamin D-induced calcification of arteries,

cartilage, lungs, and kidney in rats. Thus, in the future, ibandronate may be used

to treat patients exposed to toxic levels of Vitamin D. Another protective effect

of Vitamin D is the function of 1-alpha-dihydroxy-vitamin D3 (1,25(OH)2D3), in

particular, in the reduction of the proliferation of human cancer cells (145). It has

been shown to increase differentiation in human colon cancer cells, preventing

colonic hyperproliferation and oxidative stress. 1,25-D3 also has other immunosup-

pressive effects. As a therapy, it prolongs the survival of renal allografts and
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preserves graft function in rats (146). These effects are even more apparent when

the Vitamin D therapy is combined with cyclosporine A. Vitamin D has several

possible noncalcaemic roles, including its role in the immune system and, in

particular, on T cell-mediated immunity (142). The role of Vitamin D compounds

as selective immunosuppressants is illustrated by an affinity to either prevent or

suppress autoimmune disease.

2.6.4. Vitamin K Recently, dihydro-vitamin K1 has been identified as a dietary

form of Vitamin K produced during the hydrogenation of Vitamin K1-rich vege-

table oils (147). Children have the highest intake of dihydro-vitamin K1 (30%

of total Vitamin K intake), followed by a progressive decrease in percentage

contribution with age. The hydrogenation of vegetable oils decreases the absorption

and biological activity of Vitamin K bone (148). The hydrogenated form of

Vitamin K, dihydrophylloquinone, is less bioavailable than phylloquinone and

has no measurable biological effect on measures of bone formation and resorption.

A high-performance liquid chromatographic method for the determination of

phylloquinone and menaquinones in foods of animal origin has recently been

developed (149). Dietary Vitamin K intakes are associated with hip fractures, but

not with bone mineral density in elderly men and women (150). Vitamin K may

also play a role in the etiology of colon cancer (151). It has been proposed

that bile acids (e.g., deoxycholic acid), K vitamins, iron (II) complexes, and

oxygen interact to induce an oncogenic effect in the colon by the generation of

free radicals. This may be caused by the function of the reduced K vitamins in

initiating generation of superoxide radical (O2-�), leading to an Fe(II)-mediated

Fenton reaction in colon stem cells.

3. ADVERSE EFFECTS OF SOME NATURAL CONSTITUENTS
IN FATS AND OILS

3.1. Erucic Acid

The chain elongation of 22:1n-9 (erucic acid) causes an increase in 24:1n-9 platelet

sphingomyelin content (153). This effect of erucic acid has been proven in the

transient decrease in platelet counts and increase in platelet size in newborn piglets

fed canola oil. Similar findings regarding the effect of erucic acid on platelet counts

has been reported in human studies on patients with adrenoleukodystrophy (154).

Erucic acid treatment causes decreased platelet counts and morphologic and

platelet sizing measurements, suggesting that erucic acid also affects the physical

properties of platelets. Speculation has also been prevalent that the erucic acid

content in oils, like canola oil, may cause the accumulation of triglyceride in the

heart when fed to infants. Recent animal studies have shown, however, that the

modest accumulation of erucic acid associated with feeding canola oil is not

associated with biochemical evidence of heart triglyceride accumulation (155).

Other animal studies have reported that an erucic acid ethyl ester diet induces a
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marked increase in free fatty acids and in triglyceride content, as well as marked dif-

ferences in the fatty acid pattern in triglycerides, free fatty acids, and diglycerides,

but only marginal differences in phospholipids (156). The question still remains as

to whether dietary erucic acid can be hepatotoxic in pregnancy. Although the

erucic acid content in rapeseed oil, for example, is associated with more weight

gain and higher proportions of erucic acid in the heart when compared with corn

oil, rapeseed oil dietary content also causes lower bile flow in pregnant hamsters

(157).

3.2. Unconventional Oils

3.2.1. Rice Bran Oil Rice bran oil (RBO) and its main components have affinity

toward improving the plasma lipid pattern of rodents, rabbits, nonhuman primates,

and humans by decreasing total plasma cholesterol and TG levels and increasing

HDL-c levels. Other potential properties of rice bran oil and gamma-oryzanol

include modulation of pituitary secretion, inhibition of gastric acid secretion,

antioxidant action, and inhibition of platelet aggregation (158). Oryzanol is

contained in the nonsaponifiable lipid fraction of rice bran oil. Three major

components of gamma-oryzanol are cycloartenyl ferulate, 24-methylene-cycloartanyl,

and campesteryl ferulate (159). In an aqueous model system, the nonsaponifiable

fraction in rice bran has been shown to inhibit cholesterol autoxidation (160). In

hamsters, oryzanol decreases cholesterol absorption and aortic fatty streaks

(161). Oryzanol treatment results in significant decreases in plasma total cholesterol

and the sum of IDL-c, LDL-c, and VLDL-c. Thus, oryzanol is at least partly

responsible for the cholesterol-lowering action of RBO. The blending of RBO

with other oils, such as safflower oil or sunflower oil, improves lipid profiles by

reducing TC, TG, and LDL-c and increasing HDL-c (162). However, where the

blending of RBO with safflower oil may magnify a hypocholesterolemic activity

(163), the blending of RBO with sunflower oil does not have the same effect

(164). This difference is likely caused by the different triacylglycerol structures

of safflower and sunflower oil.

3.2.2. Rubber Seed Oil Rubber seed oil (RSO), which has a high C18:3, n-3

content (6), has a lower alcoholysis rate than linseed oil, but a higher alcoholysis

rate than soybean oil and melon seed oil (165). Studies on the epoxidation of RSO by

peroxyacetic acid generated in situ have shown that increase in the process tem-

perature increases the rate of epoxide formation (166). The optimum alcoholysis

temperature for RSO is 245� 2�C.

3.2.3. Ricinoleic Acid Ricinoleic acid (RA) can increase mucosal permeability

and cause cytotoxicity. It is also associated with the release of eicosanoids, a

platelet-activating factor, and nitric oxide (NO). RA disrupts normal intestinal

motility and a combination of these effects accounts for the laxative action of

RA (167). Consistent with these findings, RA will increase nitric oxide synthatase

activity in the rat ileum and colon (168), which likely accounts for the involvement
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of NO in the laxative action of RA. Although RA possesses capsaicin-like dual

pro-inflammatory and anti-inflammatory properties, unlike capsaicin, RA does

not induce an inward current in dorsal root ganglia neurons and it does not have

algesic properties in vivo (169). Thus, RA may be viewed as a new capsaicin-

like, nonpungent, anti-inflammatory agent suitable for peripheral application.

3.2.4. Cyclopropenoid Fatty Acids (CPFA) Animal studies have shown that

higher percentages of CPFA in oils are related to retarded growth (170). For example,

heating baobab oil, thereby reducing its CPFA content, will caused the oil to

increase the cytosolic glutathione transferase activity in rats fed this oil source.

These mechanisms of CPFA action might be related to alterations of membrane

lipid composition or microsomal proteins. CPFA are classified as toxic nonoils

that are found in cottonseed oil (171); albeit cottonseed oil has been found to be

an ingredient that is used safely in cosmetic formulations if established limits on

gossypol, heavy metals, and pesticide concentrations are not exceeded.

3.2.5. Structured Triacylglycerols Exposure to dietary structured triacylglyce-

rols containing docosahexaenoic acid from birth will positively affect the visual

and auditory performance and tissue fatty acid profiles of rats (172). Although

the feeding of this specifically structured oil will change the fatty acid profiles of

rats and cause a higher level of 22:6n-3 in rat brain tissue, these changes will not

result in differences in learning ability. However, positive changes in visual function

and in auditory brainstem response have been observed. In the brain, 22:6n-3 levels

increased in brain phosphatidylcholines and phophatidylserines (173); 22:6n-3 also

increases in the adipose tissue, suggesting that the surplus of dietary 22:6n-3 is

stored. Structured triacylglycerols differ from conventional triacylglycerols, because

the medium-chain fatty acids esterified to the glycerol skeleton are absorbed in

the intestines via portal blood as free fatty acids (174); absorption pathways are

also conventional with long-chain triacylglycerols.

Recent animal studies that looked at the effects of the structured lipid,

SALATRIM, in enriched biscuits on serum and liver lipid concentration in rats,

reported that SALATRIM could be used as a fat substitute in biscuits without

influencing lipid metabolism (175). Studies have also shown that SALATRIM

can help prevent accumulation of TG and TC in the liver and in white adipose

tissue that is induced by a high lard diet fed to rats (176). Synthesis of structured

tricylglycerols containing caproic acid by lipase-catalyzed acidolysis have

been performed in a batch reactor, with a solvent-free system of structured

triacylglycerols containing short-chain fatty acids by Lipozyme RM IM-catalyzed

acidolysis between rapeseed oil and caproic acid and optimized using response

surface methodology (177).

The effects of Caprenin, another structured lipid, on chylomicron fatty acid com-

position and postprandial serum lipid concentrations have also been studied (178).

It was found that there is a very low uptake of C8:0, C10:0, and C22:0 into chylo-

microns. Moreover, a postprandial lipemia after caprenin is comparable with that

produced by other dietary fats as opposed to a fat-free meal. There is considerable
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contribution of endogenously derived fatty acid to chylomicron lipids, and there

are equal effects of saturated fatty acids on pre- and postprandial concentrations

of plasma cholesterol.

Olestra is a different example, which is comprised of a fat-derived product made

from sucrose that is esterified with fatty acids to generate a virtually unavailable

form of calories caused by its very poor digestibility in the gastrointestinal tract.

Nevertheless, the similar physical properties of regular oils and fats enabled it to

be used as a low-calorie fat source that can be used in high-temperature cooking.

A regular intake of Olestra will reduce the uptake of carotenoids (e.g., b-carotene)

and potentially other fat-soluble vitamins. Radio-labelled Olestra experiments have

confirmed the fact that Olestra is essentially not absorbed and heating the sucrose

polyester will not improve bioavailability (179). Other acute and subacute toxicity

studies have indicated that no related effects attributed to Olestra intake in regard

to common toxicological endpoints, such as time-to-tumor or tumor incidence,

clinical chemistry, haematology, weight changes in specific organs, and tissue

morphology, occur when fed up to 10% of the diet (180). Although Olestera has

been shown to have no effect on water-soluble vitamins, formulations required

the addition of Vitamins A, D, E, and K to avoid depletion in individuals that

consume foods containing Olestra.

4. BIOACTIVE LIPID-SOLUBLE CONSTITUENTS

4.1. Phytoestrogens

The Committee on Toxicity of Chemicals in Foods, Consumer Products and the

Environment recommended in 2002 more scientific studies in understanding the

relative risk:benefit of phytoestrogens to human health. Studies have reported

that isoflavone-containing diets, when fed to C57BL/6 mice, resulted in reduced

cholesterol levels, but had no effect on cholesterol levels or on the susceptibility

of LDL to oxidative modification in LDLr-null mice (LDL receptor-deficient)

(181). Plant estrogen isoflavones also have potentially antiatherogenic effects, in

addition to antioxidative and antiproliferative properties (182). Both soy-derived

isoflavones and esterified isoflavones reduce in vitro oxidation susceptibility of

LDL. The lipophilic phytoestrogen derivatives can be incorporated into LDL,

thereby increasing the oxidation resistance and antiproliferative efficacy ex vivo.

It is unclear, however, whether the cholesterol-lowering effect of a soy-rich diet

may be associated with the presence of isoflavones (183).

Coumestrol and genistein are principle phytoestrogens, which induce micronuclei

containing acentric fragments and DNA strand breaks. Coumesterol also induces

hypoxanthine guanine phosphoribosyltransferase mutations in cells where

genestein is marginally active at this endpoint (184). The phytoestrogen, daidzein,

has no effect, nor does it cause significant toxicity on the reproductive tract of

animals or provide a protective effect against chemically induced mammary cancer

(185). Anitoxidant activity has been shown to include the interference of advanced
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glycation end-products-mediated oxidative DNA damage of vascular smooth

muscle cells (186). They are also potentially useful against vascular diseases, where

reactive oxygen species are involved in hypertension.

Coumesterol exhibits both mutagenic and clastogenic properties in AHH-1

TK¼/- human lymphoblastoid cells (187). Earlier studies found genestein to

have both anticarcinogenic and antiproliferative activities; however, other studies

indicate that this phytoestrogen may actually enhance the development of colon

cancer (188) and is carcinogenic in neonatal mice (189). Thus, the biological

effects of genestein may be organ specific. In the male mouse reproductive tract,

genestein exerts estrogen-like effects, comparable with those present in soy-based

diets. In neonatal animals, however, higher doses are needed to show estrogen-like

effects (190). Neonatal exposure to genestein in mice during critical periods of

differentiation may actually increase the incidence of uterine adenocarcinoma

and mammary tumorigenesis (189, 191).

4.2. Monoterpenes

The cumin herb has been investigated as a new source of essential oil. It contains

considerable amounts of oxygenated monoterpenes and small amounts of monoter-

penoid and sesquiterpene hydrocarbons (192). In terms of the antioxidant activity of

monoterpenes, one recent study tested 100 pure components of essential oils for

antioxidant effectiveness and found that phenol consitutents possessed the highest

antioxidant activity (193). Additionally, the monoterpene hydrocarbons, terpinolene

and a- and g-terpinene, showed significant protective action. A number of dietary

monoterpenes have chemopreventive activity against rat mammary cancer and the

monoterpenes act through multiple mechanisms in chemoprevention of mammary

and other cancers (194). The diterpenes found in rosemary leaves have also been

found to have antioxidant properties (195). Carnosic acid is a major phenolic

diterpene present in rosemary leaves, with lesser amounts of 12-methoxycarnosic

acid and carnosol . The antioxidant potency of carnosic acid was more than twice

that of any other compound tested. A water-soluble extract of rosemary and its

purified component, rosemarinic acid, had an effect on the xenobiotic-metabolizing

enzymes in rat liver (196). The induction of xenobiotic-metabolizing enzymes

by the water-soluble extract could be attributed to flavones, monoterpenes, or an

additive effect of all components, as evidenced by the fact that a water- soluble

rosemary extract selectively induced cytochrome P450 and enhanced detoxification

enzymes (197). Examinations of the monoterpene d-limonene have shown that

d-limonene produces tumors only in kidneys of male rats in association with

hyaline-droplet nephropathy, which is because of the accumulation of the

rat-specific, low-molecular-weight protein a2u-globulin in P2 segment cells of

renal proximal tubules (198). There is, however, no risk of cancer for humans

from d-limonene, because the binding of d-limonene to a2u-globulin would not

occur in human cells.

The reproductive toxicity of a-terpinene has also been reported (199). In rats,

embryo and fetal toxicity occurs with doses greater than 30 mg/kg/d. Maternal
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toxicity occurs at 125 mg/kg/d. b-Myrcene also has an effect on rat fertility and

general reproductive performance (200). In male and female rats, exposure to it

will increase liver and kidney weights. In postnatal rats, exposure causes days of

appearance of primary coat, incisor eruption, and eye opening to be slightly

delayed. The NOAEL for b-Myrcene has been set at 300 mg/kg body weight.

The monoterpene, limonene, also causes additive toxicity in human lung cells.

The detoxification of limonene in human lung cells occurs mainly by mechanisms

not involving the glutathione system because 1,2-epoxide is not the active

compound in limonene toxicity (201).

5. CHEMICAL REACTIONS IN FATS

5.1. Hydrogenation and Isomerization Reactions in Fats and Oils

Moderate amounts of trans-fatty acids from partially hydrogenated soybean oil

(PHSBO) have an inhibitory effect on PUFA formation (202). In rodents, tissue

contents of MUFA increase and PUFA decreases after consuming hydrogenated

dietary fat (203). In concordance, total cholesterol (TC) and LDL-c increased after

partially hydrogenated fat feedings. Partially hydrogenated fish oil (PHFO) contains

a high amount of trans-fatty acids. Totally hydrogenated fish oil (THFO) contains

minimal trans-fatty acids, but a high content of very long-chain saturated fatty acids

(VLCSFA). When the absorption and metabolism of VLCSFA from THFO was stu-

died in rats, a low absorption of VLCSFA was observed (204). The PHFO and

THFO groups had reduced serum TC, and the PHFO group had increased serum

TAG.

Hydrogenated fat consumption affects cholesterol synthesis in moderately

hypercholesterolemic women (205). Plasma TC and LDL-c levels increase

with increasing degrees of hydrogenation or saturated fat intake. The mecha-

nism by which hydrogenated fat influences plasma lipid levels involves

impairment of the catabolic pathway of cholesterol. Hydrogenated fat con-

sumption also affects acylation-stimulating protein levels and cholesterol

esterification rates in moderately hypercholesterolemic women (206). The

alterations in the circulating lipid levels observed with the consumption of

hydrogenated fat-rich diets can be explained partly by changes in acylation-

stimulating protein activity and newly synthesized cholesterol. The degree

of hydrogenation of dietary fish oil has been shown to have an effect on

the trans-fatty acid content and enzymatic activity of rat hepatic microsomes

(207). Partially hydrogenated vegetable oils have an early mortality effect in

stroke-prone spontaneously hypertensive rats (SHRSP) (208). Incorporation

and metabolism of trans-20:5 in endothelial cells leads to an effect on

prostacyclin synthesis (209). In these cases, the survival time-shortening

activity of partially hydrogenated soybean oil is exerted by the cis- and

trans-isomers of oleic acid, or by an unidentified factor generated during

partial hydrogenation.
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5.1.1. Conjugated Linoleic Acid (CLA) CLA, present naturally in ruminant

lipid sources or derived from thermal processing of oils, may have the capability

to prevent cancer and heart disease, improve immune function, and alter body

composition for treating obesity or building lean body mass (210). The biologically

active isomers of CLA have antiproliferative effects on human colorectal and

prostatic cancer cells, with the trans-10, cis-12-CLA isomer exhibiting the greatest

potency against colorectal cancer proliferation. The cis-9,trans-11 and trans-10,cis-

12 isomers were moderately effective against prostate cancer (211). An oxidative

mechanism appears to be involved in the growth-suppressive effects of cis-9, trans-

11 CLA (212). The mechanism of CLA in decreasing colon tumor incidence in

rats may possibly involve increased apoptosis (213). Aside from its anticarcino-

genic properties, CLA has also been found to have cytotoxic effects on the

antioxidant enzyme defense system in rat hepatocytes (214). The cytotoxic effects

of CLA, as described by lactate dehydrogenase leakage and decreased gluconeo-

genesis, were not mediated by a pro-oxidant action in the hepatocyte, and CLA

affected membrane integrity, metabolic function, cellular lipid composition,

lipid peroxidation, and activity of antioxidant enzymes. Although CLA has been

reported as peroxisome proliferators in mice, it has not been found to act as

peroxisome proliferators in rats (215). In general, CLA has been found to have a

lack of toxicity in rats, thus supporting the potential determination for the

GRAS status of CLA (216). In humans, dietary exposure to CLA may reduce

the proportion of body fat and affect fatty acid metabolism (217). The short-term

consumption of CLA does not exhibit antithrombic properties in humans (218),

nor does it offer health benefits regarding the prevention of atherosclerosis (219),

altering blood cholesterol, nor lipoprotein levels. Although CLA does not appear to

act as an antioxidant, its affinity to decrease polyenoic fatty acid concentrations

could decrease the formation of highly cytotoxic lipid oxidation products such as

MDA (220).

5.1.2. Trans-Isomers and Cancer A study conducted in postmenopausal

women suggested an association between risk of breast cancer and the level of

hydrogenated oil derived mono-trans-fatty acids was stored in the adipose tissue

(221). It was also found that trans-fatty acid might cause colorectal neoplasia by

interfering with the cell membrane function or eicosanoid metabolism (222).

Increased adenoma prevalence was associated with the consumption of sweetened

baked goods, oils, and condiments.

5.1.3. Trans-Isomers and Coronary Heart Disease An increased risk of deve-

loping heart disease has been linked to an intake of trans-fatty acids (223). The

replacement of dietary saturated fatty acids by trans-fatty acids, for example,

lowers serum HDL cholesterol and impairs endothelial function in healthy men

and women (224). It also impairs flow-mediated vasodilation and decreases the

activity of serum paraoxonase, which is an HDL-bound esterase that may protect

against atherosclerosis (225).
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5.1.4. Effects of Trans-Isomers on Neonatal Growth Plasma trans-fatty

acids have been inversely related to birth weight and head circumference,

but these results are unclear (226). What is clearer is the hypothesis that dietary

trans-fatty acids inhibit the biosynthesis of long-chain PUFA with 20 and

22 carbon atoms, and thus affect infant development. These findings are supported

by studies showing an inverse correlation of plasma trans-fatty acids with n-3

and n-6 long-chain PUFA in infants. Trans-fatty acids may inhibit the desatu-

ration of linoleic acid to arachidonic acid and of alpha-linolenic acid to DHA

(227). Heightened concern exists over trans-fatty acids and infant development,

as a result of research showing the importance of n-3 and n-6 fatty acids (228).

These studies have shown that trans-fatty acids inhibit the delta-6 desaturation

of linoleic acid. In fetal, infant, and maternal tissues, there exists an inverse

relationship between trans-fatty acids and measures of growth and development.

Animal studies on the effect of trans-fatty acids and behavioral development of

pre- and postnatal mice have reported that, although reversal learning in a T-water

maze was slower in trans-fatty acid- supplemented groups, the long-term effects

of trans-fatty acids on behavioral development and neural function needs more

investigation (229).

5.2. Heterocyclic Amines (HAs)

Problems associated with the determination of HAs in cooked foods and with

human exposure have been reported. The estimated daily intake of HAs, in different

studies, ranges from 0–15 mg/person/day (230). In a study that looked at the hetero-

logous expression of human N-acetyltransferases 1 and 2 and sulfotransferase 1A1

in Salmonella typhimurium for the mutagenicity testing of heterocyclic amines, it

was found that both O-acetylation and O-sulfonation were important determinants

for HA genotoxicity in humans (231).

The heterocyclic amine, 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine

(PhIP), is a mutagenic and carcinogenic heterocyclic amine (232). PhIP is

metabolically activated by cytochrome P450-mediated N-hydroxylation, followed

by phase II esterification. The mutagenic metabolite reacts with DNA-forming

adducts, proteins, and other cellular constituents, resulting in unstable products

that are degraded to 2-amino-1-methyl-6-(5-hydroxy) phenylimidazo[4,5-b]-

pyridine (5-OH-PhIP). Urinary 5-OH-PhIP can, therefore, be used as a bio-

marker for the genotoxic dose of PhIP. Studies show that 2-amino-3-8,-

dimethylimidazo[4,5-f]quinoxaline (MeIQx) is readily available to tissues for

humans and rodents, and adduct levels are linear with an administered dose,

except at high chronic doses where adduct levels plateau slightly (233).

HAs content in preprocessed meat cuts produced in Canada were present in 16

different types of processed meat cuts (234). The highest mutagenic activity was

found in a smoked turkey breast sample; four samples had low mutagenic activity,

and 11 samples were not mutagenic. The only HA found in the samples with muta-

genic activity was MeIQx. Conclusions have been made that the consumption of
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meat cuts does not present a serious health risk from HAs contaminants. In the

American diet, the estimated daily total HAs intakes for children is 11 ng/kg/d

and for adults it is 7 ng/kg/d, with PhIP estimated to account for 65% of each intake

(235). Pan-fried meats are the largest source of HAs in the average American diet,

with chicken being the largest source of HAs among different meat types. In pork,

the HAs type and level will vary with the pork product, cooking method, and done-

ness level (236), but the main HAs found in pork are IQ, MeIQ, MeIQx, DiMeIQx,

and PhIP. In chicken, HAs content increases with increasing cooking temperature

(237). PhIP formation starts accelerating at temperatures >200�C. Recent studies

have not found any correlation between color developments and HAs content in

chicken (237). In pan-fried meat patties, HAs have been shown to induce bacterial

mutagenicity and animal carcinogenicity and may be a risk factor for human cancer

(238). Fast-food meat products appear to contribute to only a small percent of

the estimated daily dietary intake of HAs (239).

The food-derived mutagen 2-amino-9 H-pyrido-[2,3-b]indole (A(a)C) has been

reported to exhibit weak mammary gland carcinogenicity in mice (240). This observ-

ation may partly be associated with AaC-DNA adduct formation in the mammary gland

epithelium. However, although the acute feeding of MelQx in mice has produced

hepatic tumors, chronic feeding did not cause outward signs of toxicity, although

there is a slight increase in sister chromatid exchanges at 400-ppm MeIQx (241).

The carcinogenic effects of HAs can be extended to investigating various

cancers in humans. When the duration of meat cooking is taken to be a marker

of HAs content, the significantly raised and exposure-related increase in stomach

cancer risk occurring in humans was associated with preferences of well-cooked

meat as opposed to rare meat. This conclusion was based on the fact that HA

content is greater in well-cooked meat (242). For example, the type of meat,

method, and extent of cooking has been attributed to a two-fold increase in risk

of colon or rectum tumors among those believed to have highest intake of HAs

(243). Notwithstanding this, the differences in human cancer risk for HA ranges

more than a thousand-fold between individuals based on exposure and genetic

susceptibility (244).

One animal study reported that either the tumor-promoting effects of MeIQx or

PhIP were weak, or else the dose of BaP (initiation treatment) in the study was too

high and masked the effects of MeIQx or PhIP (245). Several studies have con-

firmed that PhIP does affect mammary carcinogenesis in various strains of mice

and rats (246). Upon the investigation of the formation of mutagenic/carcinogenic

heterocyclic amines in dry-heated model systems, meats, and meat drippings, there

were nine HAs found at concentrations greater than 0.1 ng/g in model systems,

meat, or pan residues (247). Finally, various additives have been shown to have ef-

fects on the formation of heterocyclic amines in fried fish fiber (248). For example,

HAs formation is retarded by the addition of a high level of sugar, and it is

increased with increasing levels of MSG. Antioxidants do not show any consistent

effect on HAs formation. Coconut oil, lard, and soybean oil all contribute to high

levels of HAs. During heating, HA loss increases with both increasing temperature

and heating time (249).
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5.3. Lipid Oxidation Products (LOPs)

Lipid oxidation in both food systems and biological tissues exhibit the same

temporal three-stage pattern of initiation, propagation, and termination

(Figure 3).

In Vitamin E-controlled autoxidation of methyl linoleate, the 11-hydroperoxy deri-

vative (11-hydroperoxylinoleate) was identified as the next most prominent primary

initial peroxidation product after the 9- and 13-hydroperoxides (250). Feeding a

high fish oil diet and associated amounts of n-3 polyunsaturated fatty acid does

not propagate increased levels of phospholipid hydroperoxides or TBARS in rat

organs (251). The formation of 8-oxo-20-deoxyguanosine in DNA of intact human

diploid fibroblast cells by lipid hydroperoxides are likely due to the generation

of reactive species other than superoxide radicals and hydrogen peroxide (252).

Feeding oxidized oil to rats causes several changes in lipid and fatty acid metabo-

lism, including: a reduced rate of desaturation of linoleic acid and alpha-linolenic

acid by microsomal delta4-, delta5-, and delta6-desaturase; a reduced ratio MUFA/

SFA in the liver, suggesting reduced delta9-desaturation; small increases in, liver

Lag phase durationR = free radical
L = lipid alkyl radical
LOO = lipid alkyl peroxyl radical

RH→R

 R + LH → RH + L  R + R → R−R

 L + O2 → LOO

TerminationPropagationInitiation

Figure 3. A schematic diagram of temporal pattern of lipid oxidation in food and biological

systems.
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weight; and reduced tocopherol concentrations in both liver and plasma. In addi-

tion, reduced lipid concentrations in plasma and an increased ratio between

phospholipids and cholesterol are biomarkers for the oxidative stress that occurs

in the liver (254).

The interaction of lipid peroxides with cellular proteins may contribute to cellu-

lar aging. Tubulin, the building block of microtubules, is a potential target for

cellular aging, and very low concentrations of phosphatidylcholine hydroperoxides

are sufficient to interfere with tubulin and microtubule function (255). When rats are

fed a thermally oxidized corn oil diet, higher concentrations of lipid peroxides

appear in the liver and kidney (256), which corresponds to an increased liver

weight, but decreased body weight gain. The iron redox cycle also catalyzes mem-

brane lipid peroxidation and oxymyoglobin oxidation, as evidenced by the oxida-

tion of ferrous ions and ascorbic acid with auto-oxidation of myoglobin, and the

generation of lipid peroxides by lipid radicals, which, in turn, contributes to the loss

of oxymyoglobin stability (257). Aldehyde lipid oxidation products (LOPs) also

have an effect on myoglobin (258). Aldehyde LOPs alter myoglobin stability by

increasing oxymyoglobin oxidation, decreasing the ability of metmyoglobin to be

enzymatically reduced, and enhancing the pro-oxidant activity of metmyoglobin.

The acceleration of oxymyoglobin oxidation is triggered by alpha,beta-unsaturated

aldehydes via covalent attachment (259). Polyamines and spermidine, along with

sulfhydryl-containing compounds glutathione and thioctic acid, decrease headspace

hexanal, a saturated aldehydic lipid oxidation product (260). The generation of lipid

peroxyl radicals from edible oils and associated biological activities results in a need

to quench free radical components. For example, LOOH generated alkylperoxyl

radical (LOO*), following reactions with various heme compounds, such as myoglo-

bin, cytochrome c, or hemin, exhibits cytotoxicity and causes DNA damage (261).

Lipid hydroperoxides also modify proteins during myocardial ischaemia (262) and

can contribute to the pathophysiology of ischaemic injury. Oxidation reactions,

however, may not only represent toxicologic events, but rather modulate cell activ-

ity and function (263). For example, 4-hydroxynonenal (a LOP present in ox-LDLs)

has a role in cell signaling by upregulating AP-1 transcription factors with an induc-

tion of a series of genes. Protein modifications are also initiators of oxidant-induced

signal transduction pathways. Moreover, evidence exists that implicates a dietary

source of plasma lipid peroxides, which becomes elevated in the postprandial state

(264); a potential contributing factor for the correlation between postprandial

hyperlipidemia and increased risk of CVD. There is also evidence in animal studies

of proatherogenic properties of oxLDL and presence in atherosclerotic lesions

(265). Reactive aldehydes generated from lipid peroxidation are involved in

CVD (266). Another example lies with the role of oxidative stress in the patho-

physiology of asthma (267). Lipid peroxidation, as determined by plasma iso-

prostanes, is related to disease severity in mild asthma. Tumor cell lines are

sensitive to PUFA and to associated oxidation products (268). This sensitivity

depends on the antioxidant defense mechanism, as well as on culture conditions.

Hydroperoxy docosahexaenoic acid is a major metabolite, responsible for the cyto-

toxicity of DHA.
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Uncovering the molecular structures of LOPs using high-resolution, two-

dimensional 1H and 13C nuclear magnetic resonance techniques have further

uncovered the molecular structures of LOPs (269). Advances in chromatography

using a combination of normal-phase high-performance chromatography with

mass spectrometric detection of nonvolatile LOPs has been used to separate TG

oxidation products (270, 271).

5.4. Cholesterol Oxidation Products (COPs)

COPS have been identified and quantitated in a number of food sources that include

egg, beef, pork, and butter (6). COPs exhibit cytotoxicity to a wide variety of cells

leading to angiotoxic and atherogenic effects (272). They alter vascular permeabil-

ity to albumin, modify prostaglandin synthesis, and stimulate platelet aggregation.

COPs also alter the functionality of LDL receptors, modify cholesterol ester accu-

mulation in various cells, and enrich the LDL particle in cholesterol esters. Oxyster-

ols are also mutagenic and carcinogenic. When the cytotoxicities of cholesterol and

a mixture of b-sitosterol/campesterol and related oxides were compared in the

C57BL/6 macrophage cell line, 5�aa,6�aa-epoxide or cholesterol oxides caused the

greatest cell damage, followed by b-sitosterol/campesterol oxides, cholesterol,

and b-sitosterol (273). When dietary COPs are absorbed and incorporated into

rat lymph chylomicrons, postprandial lipoprotein particle size and composition

are influenced (274). These changes may affect the clearance of chylomicrons

from plasma, the arterial delivery of COPs, and the possible deposition in arterial

lesions.

The oxysterol 7-ketocholesterol is an important COP involved in athero-

sclerotic lesions and macrophage foam cells (275). There is no direct evidence

in humans that COPs contribute to atherogenesis, but it has been found that

COP levels are elevated in LDL subfractions that are considered potentially

atherogenic (276). In addition, raised levels of 7b-hydroxycholesterol may be

associated with an increased risk of atherosclerosis. Arterial injury by COPs

causes endothelial dysfunction and arterial wall cholesterol accumulation

(277). Even under normocholesterolemic conditions, COPs can cause endothelial

dysfunction, increased macromolecular permeability, and increased cholesterol

accumulation. These are all factors believed to be involved in the develop-

ment of atherosclerotic lesions. The atherogenic potential of COPs has been

demonstrated by in vitro cell culture (73, 278), as well as in animal feeding

studies (279). Japanese quail fed either purified cholesterol or oxidized

cholesterol exhibited greater plasma and liver cholesterol concentrations in

association with increased severity of atherosclerotic lesions when fed the

oxidized cholesterol (279).

Several COPs have been identified as having cytotoxic, angiotoxic, carcino-

genic, and mutagenic bioactivities (280, 281), all or some of which may play

a role in the initiation or proliferation of atherosclerotic plaque. Specifically,

25-hydroxycholesterol and cholestane-3ß,5a,6ß-triol are particularly toxic to

cultured rabbit aortic smooth muscle cells (278). The 25-hydroxycholesterol
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has been found to be preferentially transported in VLDL (34.7%) and LDL

(55.1%), with HDL (10.2%) containing a much smaller proportion of the

oral dose administered to squirrel monkeys (281). Thus, potentially angiotoxic

COPs may be present in the lower density lipoprotein fractions of animals

that develop atherosclerotic lesions. In human studies, detectable amounts of

COPs, namely the cholesterol-5,6a- and ß-epoxides, the 7-hydroxycholesterol

isomers, and 7-ketocholesterol, were reported in arotic tissue (75, 80). These

same COPs have also been recovered in the LDL extracted from human

atherosclerotic plaques (74). The presence of 7ß-hydroxycholesterol in

tissues may be caused by the auto-oxidation of cholesterol, whereas the

7a-hydroxycholesterol isomer is known to be a product of in vivo oxidation

in bile acid synthesis (280). Other workers have been able to confirm the

identity of several COPs (cholest-3,5-diene-7-one, cholestanetriol, 7-hydroxy-

cholesterols, 7-ketocholesterol, 24-hydroxy-, 25-hydroxy-, and 26-hydroxy-

cholesterol) in human aortic specimens (75). In the Japanese quail and rat

species comparison study shown herein, the pattern of COPs present in aorta

of atherosclerosis susceptible (e.g., quail) was related to the hypercholesterole-

mia and aterial plaque score, not seen in the resistant (rat) species (Table 4).

Using GC-MS, 7ß-hydroxycholesterol and 7-ketocholesterol were identified

and quantitated in quail aortic tissue exhibiting plaque formation (Figure 4).

These COPs are identical to those reported from aortic plaques from both

humans as well as other animal models, thereby validating the use of the ather-

osclerosis susceptible Japanese quail for research in the area of experimental

atherogenesis.

The cytotoxicity and apoptosis-inducing potential of commonly occurring

oxysterols might not be dependent on the sole generation of an oxidative stress

(282). The potential genotoxicity of cholesterol oxidation products in two mam-

malian fibroblast cell lines showed that none of the COPs detected affected

baseline levels of DNA strand breaks or sister chromatid exchanges (283).

Thus, in this case, COPs were not genotoxic. Rather, a Ca2þ influx through

plasma membrane channels could be an important signal in the mechanism of

COP-induced apoptosis (284). Thus, inflammatory cytokines may increase the

cytotoxicity of LOPs.

TABLE 4. Classification of Plant Sterols.1

Primary Series Examples

Cholesterol 4-desmtheyl sterols Campesterol, stigmesterol, b-sitosterol,

�5–avenasterol, �7–stigmasterol,

�7–avenasterol,

4-methyl-cholestane 4-monomeathyl sterols Atrastandienoligramisterol

Lanostane 4,40-dimethylsterol Cycloarterol,

1Ref. (90).
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6. ADVERSE PRODUCTS FROM OVERHEATED FATS AND OILS

Some investigators have found gender and organ-specific toxicity in normal and

malnourished rats fed thermoxidized palm oil (TPO) (285). The hearts of the first

offspring of male and female rats were enlarged, whereas the lung, liver, and

kidneys of first filial female offspring were reduced in size. This observation sug-

gests the toxicities of TPO could be cumulative for female offspring. TPO also
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Figure 4. Gas chromatograph-FID chromatogram of Wistar rat (A&B) and atherosclerosis-

susceptible Japanese quail (C&D) aorta derivatized nonsaponifiables. (A) 0.05% low cholesterol,

rat; (B) 0.5% high cholesterol, rat; (C) 0.05% low cholesterol, quail; (D) 0.5% high cholesterol

quail aorta. 1¼ internal standard, 5�aa-cholestane; 2¼ cholesterol; 3¼ 7b-hydroxycholesterol;

4¼ 7-ketocholesterol. Samples were analyzed according to Yuan et al. (69).
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induces reproductive toxicity in healthy and malnourished rats (286). Fetotoxicity

was observed in TPO-fed rats, where the neonatal birth weights and litter size were

decreased; pregnancy rates in TPO-fed rats were also decreased (55%). The dangers

of thermally oxidized dietary fat for colon carcinogenesis in rodents are another

relevant effect of heating fats and oils (287). In such animal studies, extensively

oxidized beef tallow increased the number of animals with aberrant crypt focus

and average ACF per colon. It has also been shown that certain fractions of heated

fats (‘‘total polar materials’’) cause growth retardation, as well as increasing liver

and kidney weights, and can cause disorders of the enzyme system if fed in high

doses (288). An effect of oxidized dietary oil on plasma cholesterol and thyroid hor-

mone concentrations has been reported in miniature pigs fed on a hyperlipidaemic

diet (289). Consistent with rat studies, feeding oxidized oil reduced concentrations

of cholesterol in plasma and in LDL and HDL fractions. It also reduced the con-

centration of a-tocopherol in the plasma, reduced the concentration of tri-iodothyr-

onine in the plasma, and elevated the ratio between thyroxine and tri-iodothyronine.

The only time that long-term feeding effects of heated and fried oils on lipids and

lipoproteins in rats does not show any deleterious effect on growth, plasma, and

tissue lipid profile of rats is when the conditions of the heating or frying are not

too drastic and the oils are not heat-abused (290). In humans, studies have shown

impaired endothelial function following a meal rich in used cooking fat (291). For

example, the ingestion of a meal rich in fat previously used for deep-frying in com-

mercial fast food restaurant resulted in impaired arterial endothelial function. For

red palm oil, the effects of chronic consumption of fresh and heated red palm oil on

lipid profile and lipid peroxidation are comparable on serum cholesterol as well as

on lipid peroxidation, but prolonged heating of oil increases LDL-c levels, which

may make it more atherogenic (292).

The feeding of fried fish that had been fried in the same batch of oil over several

days to weanling rats confirmed several adverse effects of reheating dietary oil

(293). The weanling rats eventually exhibited a decreased feed consumption and

weight gain, a decrease in total lipid and cholesterol content of liver, but an increase

in total lipid and cholesterol in heart and serum cholesterol levels. These biochem-

ical changes corresponded to initial stages of cell damage in liver and kidney tis-

sues. More specifically, cyclic fatty acid monomers from heated oil modify the

activities of lipid synthesizing and oxidizing enzymes in rat livers (294). The feed-

ing of these cyclic fatty acid monomers has shown evidence of a peroxisome

proliferator-like effects. They also induced a coordinated regulation between

activities of the lipogenic enzymes studied (delta9-desaturase, phosphatidate phos-

phohydrolase) and peroxisomal oxidation. A dose-dependent decrease of delta9-

desaturase with cyclic fatty acid intake accompanied by a similar decrease of

MUFA level in the liver and the increase in gamma-linolenic acid level suggests

an increase in delta6-desaturase with cyclic fatty acid intake. In short, cyclic fatty

acid monomers affect different aspects of lipid metabolism, including a phenotypic

peroxisome proliferator response. The frying process has formed cyclic fatty acids

(295), and structures formed from oleic, linoleic, and linolenic acids in heated

frying oils have been determined.
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Aromatic amines from cooking oil fumes are known to be carcinogenic for blad-

der cancer. Fume samples from three commercial cooking oils commonly used in

Taiwan were mutagenic in the presence of an S-9 mix (296). Exposure to cooking

oil fumes, such as those from safflower oil, vegetable oil, and corn oil, may also

increase exposure to PAHs, which, in turn, has been linked to an increased risk

of lung cancer (297). Frying sunflower oil can lead to a potentially toxic product,

causing decreased food efficiency ratio, growth retardation, and changes in liver

fatty acid composition if fed (298). The use and abuse of frying oil on the quality

of frying oil discarded by 16 catering establishments revealed that many discarded

oils contained free fatty acids that were higher in concentration than the recom-

mended safe level (299). A recent quality and sensory evaluation of used frying

oil from restaurants observed that sensory parameters are reliable indicators of

the quality of used frying oil (300). There appears to be a good correlation between

sensory evaluation and the actual analysis of total polar components and oxidized

acid levels. The frequent addition of fresh oil throughout the frying process of fro-

zen foods, such as prefried potatotes that undergo deep-fat frying in sunflower oil,

minimizes fatty acid changes (301).

7. TOXIC SUBSTANCES PRODUCED DURING SMOKING,
CHARBROILING, AND BARBECUING OF FOODS

The analysis of 200 food items for benzo[a]pyrene (B(a)P) content indicated that

the highest levels of B(a)P were found in grilled/barbecued, very well-done steaks

and hamburgers and in grilled/barbecued, well-done chicken with skin (302). The

formation of polycyclic aromatic hydrocarbons in the smoke from heated model

lipids and food lipids reflects model lipids as being more susceptible to smoke

formation than food lipids during heating (303). Methyl linolenate lipid produced

the highest amount of PAHs, followed by methyl oleate and methyl stearate.

Soybean oil generated larger amounts of PAHs than canola or sunflower oils, and

benzene-like compounds were found to be possible precursors for PAHs formation.

Numerous studies have been conducted to monitor the formation of PAHs in differ-

ent smoked meat products and smoke flavor additives (304–306). Smoke flavorings

obtained from different types of wood render different concentrations of PAHs

(307). Flavoring from poplar wood appears to give the highest number and concen-

trations of both total and carcinogenic PAHs, but the storage of smoke flavorings

in polyethylene flasks reduces the concentration of some PAHs. The removal of

PAHs from water by migration into polyethylene is a process that has also been

investigated (308). PAHs are primarily absorbed on the polyethylene surface with

subsequent migration into the bulk polymer. This transportation of PAHs through

the bulk can be described by Fickian laws of diffusion and is consistent with the

theory of depth absorption of PAHs in polyethylene. Changes in total fat content,

fatty acid composition, tocopherol, ascorbic acid, pH, and oxidation often occur in

Atlantic salmon in response to either cold smoking (20�C or 30�C) or electrostatic

smoking (309). The leaner the fish, the higher percentile loss in fillet fat with these
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smoking processes. Regardless of smoking temperature, ascorbic acid decreased

about 80% from the fresh value in cold-smoked fish, whereas dry-salted and

electrostatically smoked fish lost only about 10% of the fresh ascorbic acid content.

Electrostatically smoked fish had a smaller drop in fillet pH than cold-smoked

fillets.

Investigations that examined the direct mutagenicity of the polycyclic aromatic

hydrocarbon-containing fractions of smoked and charcoal-broiled foods treated

with nitrite in acid solution indicated that nitrite could convert most samples to

direct-acting mutagens toward both strains (310). The treatment of PAHs with

nitrite in acid solution produced some non-N-nitroso direct-acting mutagens, which

may belong to nitro-PAHs. Thus, consumption of charcoal-broiled and smoked

foods, along with nitrite, is generally not recommended. Animal studies have

shown that B(a)P treatments will induce squamous cell carcinoma, papiloma, and

hyperplasia in the forestomach at incidences of 18% and 91%, respectively (311).

B(a)P also produced malignant lymphoma with an incidence of 18%, an increased
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Figure 5. Reactive oxygen species derived from co-oxidation catalyst of benzy(a)pyrene

(B(a)P) diol oxidation. (a) B(a)P; (b) (þ)B(a)P diol; (c) (�)anti-diolepoxide B(a)P enantiomer; (d)

(�)-B(a)P diol; (e) (þ)-anti-diolepoxide enantiomer. ROO� ¼ peroxyl radical; P-450 monoxygen-

ase. The (�)B(a)P-7,8 diol enantiomer is generated from (B(a)P in vivo from both ROO and

cytochrome P-450 (6).
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leukocyte count and decreased erythrocyte count, and a decreased body weight. In

addition, bronchiolar-alveolar hyperplasia in the lung at incidences of 18% and 9%,

respectively, were induced. Further risks of frying foods have been identified, such

as those caused by the airborne particulates generated during frying of beef, fish,

and pork, which can induce carcinogen-metabolizing cytochromes P450 1A1 and

1B1 in human lung-derived cell line CL5 (312). The mutagenic risk posed by sim-

ple, well-characterized mixtures of priority PAHs are estimated to be the sum of the

risks posed by the mixture components (313). Peroxyl- radical and cytochrome

P450 dependent oxidation reactions contribute to co-oxidation processes and

increases both the number and the reactive toxicity of products derived from

auto-oxidation of xenobiotic agents, such as benzo(a)pyrene (Figure 5).

8. POTENTIAL HAZARDS FROM GOVERNMENT
APPROVED ANTIOXIDANTS

A review of butylated hydroxyanisole (BHA) and butylated hydroxy toluene (BHT)

experimental studies on potential genotoxicity and carcinogenicity concluded that

BHA and BHT pose no cancer hazard and may be anticarcinogenic at the current

levels of food additive use (314). However, both carcinogenic and anticarcinogenic

properties have been reported for BHA and BHT. The association between the

dietary intake of BHA and BHT and stomach cancer risk was studied in a

Netherlands cohort study that started in 1986 (315). There was no significant asso-

ciation found between usual intakes of BHA and BHT and stomach cancer risk. In a

rat study, the forestomach carcinogenicity of BHA was compared in males of the

F344, SHR, Lewis, and Sprague-Dawley rat strains (316). Forestomach squamous

cell papillomas and hyperplasias were developed in all rats given BHA, but the

incidence of squamous cell carcinomas (SCCs) was different, with the highest in

the SHR strain. Cytotoxicity was also the most severe in the SHR strain. Thus,

rat strain differences in BHA forestomach carcinogenesis can exist and sensitivity

to cytotoxicity may be an important factor. The growth modulation of enzyme-

altered preneoplastic liver foci (EAF), by BHT feeding to rats bearing enzyme-

altering hepatic preneoplastic lesions, has shown that the induction of EAF and

BHT treatment resulted in a reduction in the natural killer cell activity of spleno-

cytes (317). This response could be a contributing factor in the enhancement of

rodent liver neoplasia by BHT (318). When BHT was fed to rats, an increased liver

weight corresponding to a gradual vacolization of liver cells, cytoplasmic disinte-

gration, and hepatocellular necrosis, were detected without any sign of tumorigeni-

city . In mice, BHT causes lung injury and promotes tumor formation. Thus, a

recent study looked at the hydroxylation of a tert-butyl group on BHT, which yields

6-tert-butyl-2-[20-(20-hydroxymethyl)-propyl]-4-methylphenol (BHTOH) (319).

BHTOH is more potent than BHT. BHT, BHTOH, and other BHT metabolites

were compared in respective affinities to kill nontumorigenic and tumorigenic

mouse and human lung cell lines. BHTOH was the most toxic and induced

apoptosis the greatest. In other animal studies, feeding broiler chickens BHT for
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six weeks resulted in hyperaemia, sinusoidal distension, focal necrosis, and mono-

nuclear cell infiltration, along with fatty changes in liver, hyperaemia, tubular

degeneration, fibrosis, and cloudy swelling in the kidneys (320). Thus, BHT is

hepatotoxic and nephrotoxic in broilers. The effects of BHA and BHT on DNA

adduct formation and arylamines in N-acetyltransferase activity in PC-3 cells

(human prostate tumor) in vitro showed that the higher the concentration of

BHA or BHT, the higher the inhibition of N-acetyltransferase (NAT) activity

(321). Exposure to BHA or BHT also decreased DNA adduct formation in PC-3

cells. A Brazilian study that attempted to estimate yields of the theoretical

maximum daily intake of phenolic antioxidants BHA, BHT, and TBHQ, found

that the current acceptable daily intakes of BHA, BHT, and TBHQ were unlikely

to be exceeded by the average Brazilian consumer (322). Oxidative DNA damage

and apoptosis can be induced by metabolites of BHT such as BHT-quinone,

BHT-OOH, and BHT-CHO (323). It is noteworthy that where BHT-OOH parti-

cipates in oxidative DNA damage directly, BHT-quinone causes DNA damage

through H2O2 generation, which leads to internucleosomal DNA fragmentation.

8.1. Allylbenzenes

Allylbenzene analogs, including safrole, eugenol, and estragol, are flavor com-

pounds derived from essential oils and metabolized by biotransformation in the

liver to form potentially reactive electrophilic intermediates. The major route of

bioactivation is via the hydroxylation of the 10carbon atom on the allylic side chain.

The 20,30-allylic epoxide derivatives of allylbenzene, estragole, eugenol, and safrole

have been used to determine the genotoxicity of epoxidation at the allylic double

bond for allylbenzene and its analogs (324). The epoxide formation at the allylic

double bond is a potentially genotoxic bioactivation pathway for allylbenzene ana-

logs. Although the epoxidation pathway of allylbenzene poses a potential genotoxic

threat to humans, no actual genotoxicity occurs as a result of its further metabolism.

The essential oils of dill (Anethum graveolens L.), peppermint (Mentha

piperita L.), and pine (Pinus sylvestris L.) have been found to be cytotoxic for

human lymphocytes (325). These oils have different levels of activity for chromo-

some aberration and sister chromatid exchange in human lymphocytes, with dill

seeds usually being the most active. In contrast to this activity, a dose-dependent

increase in mutation frequency has been found in pine and dill herb oils, where

dill seed oil has been found to be almost inactive. Peppermint oil has been found

to have a dose-independent effect on mutations. In terms of the genotoxicity of

alkenylbenzenes in rodents, it has been accepted that �aa-and b-asarone are hepato-

carcinogenic, whereas two other alkenylbenzenes, myristicin and elimicin, are not.

Elimicin and �aa- and b-asarone, but not myristicin, are genotoxic in an unscheduled

DNA synthesis assay using rat hepatocytes (326). Simple allylbenzenes, such as

safrole and estragole, are activated by 1-hydroxylation and sulfation, and this is

the likely mechanism of the genotoxicity of elimicin. Moreover, the propenyl ana-

logues isosafrole, anethole, and methylisoeugenol, which cannot undergo 1-hydro-

xylation, are not genotoxic. Another comparative induction of unscheduled DNA
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synthesis in cultured rat hepatocytes by allylbenzenes and 10-hydroxy metabolites

10-hydroxyestragole, -methyleugenol, and –safrole indicated greater genotoxicity

than parent compounds, the allylbenzenes (327).

Pretreatment of mice with trans-anethole and eugenol produced antigenotoxic

effects against cyclophosphamise (CPH), procarbazine (PCB), N-methyl-N-nitro-

N-nitrosoguanidine (MNNG), and urethane (URE). Trans-anethole also inhibits

the genotoxicity of ethyl methane sulfonate (EMS) (328). Both trans-anethole

and eugenol gave a dose-related antigenotoxic effect against PCB and URE. Under

in vitro conditions, trans-anethole does not increase the mutant frequency in the

Salmonella/microsome test, but a dose-related response occurs in the L5178Y

mouse lymphoma TKþ/- assay with metabolic activation (329). Trans-anethole

also induces chromosome aberrations in vitro in Chinese hamster ovary cells, but

does not induce chromosome aberrations. A continuous intake of high doses of

trans-anethole in rats will induce a continuum of cytotoxicity, cell necrosis, and cell

proliferation (330). Regardless, trans-anethole has been reaffirmed as GRAS

(generally recognized as safe) because of a functional metabolic detoxication

pathway in humans, and its lack of mutagenic or genotoxic potential.

Safrole has been found to be a weak hepatocarcinogen, which is linked to the

formation of safrole-DNA adducts. Safrole treatment will induce oxidative damage

in rat hepatic tissue (331) and is a genotoxic carcinogen in rat liver in vivo (332).

These cytogenetic effects may result from covalent DNA modification in the rat

liver. The threshold cytotoxic concentration found for safrole is 0.10 mug/ml safrole

(333).

8.2. Migration of Packaging Materials

The effects of different plastic films (PET, PVC, PP, and PS) on the stability of

olive, sunflower, and palm oils at 24�C and 37�C during 60 days storage, indicated

that changes in peroxide and TBA values were higher in plastic bottles than in glass

(334). Plastic permeability has a major effect on oil stability, with both BHA and

BHT capable of leaching out from plastic films into oils. PVC has the highest sta-

bility of oil samples, followed by PET, PP, and PS. Increasing storage temperature

accelerates the oxidation and limited stability of vegetable oils.

The exposure of pregnant female rats to different concentrations of bis (2-Ethyl-

hexyl) phthalate (DEHP) in drinking water produced a decrease in the kidney and

testes weights, and increase in liver weight (335). Signs of histological damage in

kidneys, liver, and testes were observed, and pups exposed to the highest DEHP

concentration had an increase in time required to perform a learned avoidance

test. The NOAEL for DEHP and DNOP, respectively, are estimated to be 50 ppm

or 3.7 mg/kg/day for DEHP and 500 ppm or 36.8 mg/kg/day for DNOP (336).

Unfortunately, it has been reported that retail packaging of small portions of cheese,

even in a ‘‘low-migration’’ PVC cling film, may lead to consumer intakes of DEHA

close to or above the tolerable daily intake of 0.3 mg/kg body weight (337). Investi-

gators have evaluated the significance of the potential contamination of polyethy-

lene terephthalate bottles when reused as food packaging material (338). Changes
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in product flavor, caused by aroma sorption and the transfer of undesirable flavors

from packaging to foods, are important mechanisms of deterioration when foods are

packaged in polymer-based materials (339). Product considerations include sensi-

tivity to flavor and related deteriorations, color changes, vitamin loss, microbial

activity, and amount of flavor available. Storage considerations include tempera-

ture, time, and processing method.

The rate of migration of styrene from general-purpose polystyrene indicates a

relatively weak dependence of the diffusion coefficient on the residual styrene con-

tent and a strong dependence on temperature. Monitoring the level of styrene

migration from PS cups in different foods indicates that the styrene migration is

strongly dependent on fat content and storage temperature (340). Styrene mono-

mers, styrene dimers, and styrene trimers that migrated from polystyrene containers

into instant food exhibit no endocrine-disrupting effects that include apparent estro-

genic, androgenic, anti-androgenic, and thyroid activity (341). Blends of nylon 6

and ethylene-co-vinyl alcohol have been used as innovative food-packaging mate-

rials (342).

9. MANUFACTURING HAZARDS IN PROCESSING
CRUDE OILS AND FATS

9.1. Pesticide Residue, PAH Contamination,
and Polychlorinated Biphenyls

Samples of crude fish oil refined and at each step of the refining process have been

analyzed for organochlorine pesticides and PCB (343). The deodorization step

causes a decrease in the amount of contaminants, especially the most volatile com-

pounds. Also, the concentrations of less volatile organochlorine pesticides and PCB

are reduced to about half the concentration in the crude oil. Cooked lake trout has

significantly less PCB and PAH residue than raw (344). Interestingly, smoking

results in a greater losses of pesticides and PCBs than other cooking methods,

but PAH showed greater formation during smoking. Consumption of large quanti-

ties of contaminated fish oils by children may lead to behavioral and neurological

effects (345). In food samples obtained from Catalonia, a toxic potency of poly-

chlorinated dibenzo-p-dioxins (PCDDs), polychlorinated dibenzofurans (PCDFs),

and polychlorinated biphenyls (PCBs) was reported (346). TEQ (PCB) contribution

varied from 27% in olive oil to 81% in mussel samples. Thus, regulation of TEQ

content in foods should include not only the TEQ(PCDD/F), but also TEQ(PCB). In

January 1999, in Belgium, 500 tonne of feed contaminated with PCB and dioxins

were distributed to animal farms, resulting in contamination of the food chain

(347). The contamination was caused by transformer oil, rather than other environ-

mental sources, and the mean intake/kg body weight for Belgians was estimated to

be maximally 25,000 ng PCB and 500 pg international TEQ dioxins. An estimated

total number of cancers resulting from this incident ranged between 40 and 8000.

Neurotoxic and behavioral effects in neonates were expected, but not quantified,
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therefore leading to a reassessment of PCDD/PCDFs and Co-PCBs toxicity in con-

taminated rice bran oil responsible for the ‘‘Yu-Cheng’’ disease (348). There is evi-

dence for PCBs as neurodevelopmental toxicants in humans from previous studies,

such as two U.S. prospective longitudinal studies that analyzed cord, maternal

serum, and maternal milk samples, and a Taiwanese study on infants exposed to

PCB and polychlorinated dibenzofurans because of maternal ingestion of highly

contaminated rice oil (349). The response to shellfish contamination following an

oil spill on the Oregon coast and some of the complication factors affecting evalua-

tion of potential health risks from the consumption of oil-contaminated shellfish has

been reported (350).

9.2. Toxic Oil Syndrome

Oil refined by ITH and distributed by RAELCA was the principle, and probably

only, oil responsible for the TOS epidemic that occurred in Spain in 1981 (351).

Regarding this incident, the oil contaminants have been detected and a possible

chemical link between oil contaminants and those detected in L-tryptophan, impli-

cated in the eosinophilia-myalgia syndrome (EMS), has been found (352). TOS is

strongly associated with the consumption of oils containing fatty acid esters of 3-

(N-phenylamino)-1,2-propanediol (PAP), but it is unknown whether PAP esters are

simply markers of toxicity of oils or have the capability to induce the disease (353,

354). One study assessed the effect of several refining process variables on the for-

mation of PAP esters (355). These variables include storage time prior to refining as

well as elevated refining temperatures. Among the survivors of TOS, the prevalence

of some chronic conditions (e.g., sclerodermia, neurologic changes) is high twenty

years after its onset. 3-(N-phenylamino)-1,2-propanediol PAP esters are absorbed in

the gi tract and are distributed and stored in different organs, particularly in the liver

and brown adipose tissue (356). PAP in these organs showed different patterns of

fatty acids, indicating the ability of the gi tract to modify the fatty acid composition

of the parent PAP. Also, some PAP esters, when a long acyl chain was present in the

sn-1 position of the molecule, showed an inhibitory effect on the PAF synthesis.

This is an important observation in line with the systemic nature of TOS. A recent

study of a cohort of 758 TOS patients found an increased prevalence of cardio-

vascular risk factors, such as arterial hypertension (34%), dyslipemias (44%), over-

weight (40%), obesity (27%), carbohydrate intolerance (9%), and diabetes mellitus

(9.4%) (357). The most common reported symptoms were cramps (78%), arthral-

gias (78%), and paresthesias (70%). Only 2.8% of patients reported to be asymp-

tomatic. The analytical results most common were changes in lipidic and

carbohydrate metabolism, overt or subclinical hypothyroidism (6.6%) and respira-

tory changes in patients with no previous pulmonary disease, changes in spirometry

(6%), diffusion test (8%), and hypoxemia (18%).

When guinea pigs were fed diets supplemented with oil related to TOS, the

TOS-related oil produced a decrease in lipid peroxidation products with minimal

alterations in phospholipids fatty acid composition of liver microsomes (358).

TOS is an exogenously induced autoimmune disease in humans, believed to be a
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result of the ingestion of oleic acid anilides. When the in vitro effects of anilides on

splenocytes and T cells in A/J and B10.S mice were compared, it was shown that

anilides are able to affect the immune system in a strain-dependent way and may

therefore take part in inducing TOS in humans and mice (359).

10. CONCLUSIONS

The combined increased awareness by the consumer concerning the health and

safety of fat consumption and the technological advances made by the food industry

to provide a safe and nutritious product with sensory appeal for human consump-

tion has resulted in a relatively safe and highly scrutinized food matrix. There are,

however, situations of untold consumer exposure to invisible lipid-soluble xenobio-

tic agents that enter this particular food matrix from both intentional addition, or as

a consequence of environmental contamination or reactions of labile constituents.

In these cases, risk assessment strategies are required to predict potential harm to

consumers exposed to tolerable intakes of these materials. On the other hand, fats

and oils contain many important nutrients and ‘‘extranutrients’’ that have important

roles in maintaining healthy lifestyles. In particular, with the advent of functional

foods and nutraceuticals, many specific food products that contain lipid nutrients or

lipid-soluble bioactive constituents will reach the consumer with the purpose of

enhancing health and wellness.
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1. INTRODUCTION

The quality of fats and oils is dictated by several physical and chemical parameters

that are dependent on the source of oil; geographic, climatic, and agronomic vari-

ables of growth in the case of plant oils as well as processing and storage condi-

tions. Thus, quality assurance criteria may depend partly on the type of oil under

investigation as well as on other factors that may vary depending on the intended

use and regulations that vary from country to country (1-3).

Edible oils may originate from animals both land-based and aquatic, higher

plants, and algal sources. Regardless of the source, the extraneous matters such

as large pieces of wood, metal pieces, soil, and so one should be eliminated. For

oilseeds, these are usually passed through a magnetized sieve. However, this

process does not eliminate environmental pollutants that might exist endogenously

or have been introduced into the raw material. The physical state of food lipids,

mainly their crystallinity and whether they exist in the liquid or solid form, is

dictated primarily by the degree of saturation/unsaturation of the oil. As a result,

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
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the approximate composition of the source material must be determined. For

example, solid fat content may be estimated by low-resolution nuclear magnetic

resonance (NMR) spectroscopy. Near-infrared (NIR) spectroscopy allows determi-

nation of fat content and other components of oilseeds. The color of the oil, which

is dependent on several factors, may be determined visually or with a Lovibond

tintometer or other handheld color measuring devices (4). The color may be

from carotenoids, chlorophylls, or other components. When the harvested seeds

are immature, often chlorophyll content of the resultant oil is high and this affects

the stability of products (5). Chlorophylls are photosensitizers; hence, their pre-

sence leads to enhanced photo-oxidation of the oil. Obviously, agronomic condi-

tions, season of the harvest, and many other related factors affect the quality of

the resultant oil. In this regard, soil may affect the content of certain unwanted

minerals, such as cadmium, in the seeds, but these do not usually end up in the

oil. Furthermore, as explained earlier, other contaminants may be introduced into

the raw material during harvest, processing, and transport. Thus, fats and oils and

their source material have to be tested for the presence and level of contaminants. In

addition, diseases and pests always lead to decreased quality of oils, as reflected in

their high acid values (6). In the case of animal fat, every effort should be made to

process the raw material in the fresh state or use fresh-frozen material to ensure

premium quality of the product.

In the extraction of edible oil from seeds, cleaning and subsequent conditioning

of the seeds followed by heating during or immediately after crushing are needed as

these deactivate the endogenous enzymes and help in releasing of the oil. After

expelling part the oil, the resultant leftover material may be flaked and then

extracted with hexanes. The expelled and solvent-extracted oils are then combined

and desolventized to afford crude oil.

The edible oils, after rendering or extraction from source material, may be sub-

jected to degumming, refining, bleaching, deodorization, and possibly winterization

and blending and hydrogenation and/or addition of stabilizers/antioxidants. Discus-

sion of these steps in any detail is beyond the scope of this overview. However, each

processing step carries with it many advantages and some disadvantages. To explain

these briefly, it is essential to first examine the constituents of fats and oils in a

cursory manner.

Edible oils are composed of triacylglycerols (triglycerides) as their main compo-

nents. The phospholipids are minor components that are generally removed during

the degumming process (7). The recovered phospholipids, often called lecithin,

may possibly be dietary supplements. Free fatty acids are then eliminated during

the refining process, and bleaching of the oil leads to the removal of colored mate-

rials as well as decomposition of hydroperoxides to secondary oxidation products.

The deodorization step is then designed to remove the odorous secondary oxidation

products from the oil. However, many useful minor components present in the oils

are also removed during the deodorization process. The deodorizer-distillate is

often high in the content of tocopherols and tocotrienols that can be removed,

purified, and sold as dietary supplements or used in specialty applications. The final

oil after refining, bleaching, and deodorizing (RBD) may further be subjected to
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winterization, a cooling process that allows the removal of more saturated fats as

well as possible blending. Some oils may also be subjected to hydrogenation to

enhance their oxidative stability. However, hydrogenation often leads to the produc-

tion of 30–50% trans-fats that are a health concern because of their potential harm-

ful effect on the cardiovascular system (8). Therefore, novel formulations with

more saturated oils in the mix has become popular (9).

Among the parameters often checked or evaluated for quality assurance of edible

oils are those related to the makeup of the oil or their properties. Table 1 sum-

marizes a list of parameters usually employed to assess quality of edible fats and

oil. However, not all parameters listed may be evaluated for each oil.

In addition to parameters listed in Table 1 that dictate the quality of fats and oils,

storage and transport conditions are of considerable importance as they determine

the final quality of the oil. Obviously, of the above factors, fatty acid composition

and oxidative stability are of utmost importance, both from nutritional and sensory

quality viewpoints. In general, intake of omega-3 fatty acids in the western world is

much less than desired. Nutritionally, one would like to have a ratio of 1:2–1:5 for

omega-3 to omega-6 fatty acids in the diet. However, a high content of omega-3

fatty acids in edible oils is responsible for their rapid quality deterioration. Hence,

much effort has been made to eliminate the omega-3 fatty acids, mainly linolenic

acid, from vegetable oils. However, recent trends have reflected the concern about

low intake of omega-3 fatty acids and its deleterious effects.

Adulteration of fats and oils is another matter of concern, which might occur

accidentally or deliberately. Rendering of pork fat and beef tallow in the same

equipment without proper washing is an example of accidental and unintended con-

tamination/adulturation. However, often cheaper oils have been sold in place of, or

mixed with, more expressive oils. Thus, before to the recognition of health benefits

of hazelnut oil, this oil was an adulterant in olive oil (10). As mentioned earlier,

different oils have considerably different sterol compositions. Thus, sterols could

be a means of identifying adulterants because often fatty acid compositions of

the adulterant and the original oils are similar (11-13).

In addition, depending on the intended use, the quality of oil during storage and

use must be monitored. The oils may undergo hydrolytic rancidity, autoxidation,

photo-oxidation, and thermal oxidation. The latter type of oxidation is observed pri-

marily in the frying oil and causes quality deterioration that must be monitored with

different parameters such as color, viscosity, polar components and polymers,

among others (14,15). Obviously, oils that are highly unsaturated are not suitable

for frying purposes. On the contrary, autoxidation is a process that proceeds slowly

for properly stored oils. However, if the oil is kept in clear bottles, photo-oxidation

may occur, especially when photosensitizer chlorophyll is present. Thus, parameters

of interest for quality assurance of fats and oils begin at the farm gate and continue

up to the dinner table, which includes proper holding and use of oil at home after

purchase that, despite its importance, is often ignored by most consumers.

The following sections provide some further details about determination of qual-

ity of fats and oils. Other specifics may be found in several chapters in this series

and in several other publications.
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2. OIL COMPOSITION

Fats and oils contain various classes of compounds (16). These componds are

primarily neutral lipids that include triacylglycerols (triglycerides) with lower

amounts of diacylglycerols (diglycerides), monoacylglycerols (monoglycerides),

TABLE 1. Quality Parameters of Fats and Oils.

Parameter Details

Fatty acid composition and distribution Percentage of total; depends on the type of material

Relative density At 20�C or 40�C relative to water at 20�C (<1)

Refractive index At 40�C
Viscosity At 20�C
Color Visual, Lovibond or Colormet

Turbidity Visual or instrumental

Solidification point, titer, solid fat

content, and cooling curve For water-insoluble fatty acids

Odor and taste Sensory evaluation

Saponification value mg KOH/g

Iodine value (IV) g iodine/100-g sample (WIJS method)

Unsaponifiable matter g/kg

Acid value (AV) mg KOH/g

Smoke, flash and fire points �C
Oxidative state

Peroxide value (PV) meq oxygen/100-g sample

Thiobarbituric acid reactive

substances (TBARS) mmol/g

para-Anisidine value (p-Anv) mg/kg

TOTOX 2PV þ p-AnV

OSI, Rancimat and AOM value —

Polar Lipids Percentage

Polymers Percentage

Volatile mater (%) At 105�C
Phosphorus mg/kg

Iron, copper, lead, arsenic mg/kg

Cadmium mg/kg

Trans-fatty acids Percentage; measured at �10m
Cholesterol content Percentage, mainly for animal fat

Contaminants and foreign matter,

including plasticizers (%) —

Carotenoids and chlorophylls mg/kg

Squalene C30H50

Sterols GC determination

Tocols HPLC determination

Synthetic antioxidants BHA, BHT, TBHQ, PG

Antifoaming agents Dimethyl polysiloxane, singly or with silicon dioxide

Metal chelators Citric acid or citrates, phosphoric acid

Crystallization inhibitor Oxystearin

Adulterants Fingerprinting using sterols or other minor components

Abbreviations: BHA, butylated hydroxyanisole; BHT, butylated hydroxytoluene; TBHQ, tert-butylhydroquinone;

and PG, propyl gallate.
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and free fatty acids. Partial acylglycerols are produced by hydrolysis of triacylgly-

cerols. Some oils such as cottonseed oil contain about 10% diacylglycerols. The

amount of free fatty acids should be less than 0.1%, preferably less than 0.05%

in freshly refined oils. In addition, polar lipids, mainly phospholipids, and to a

lesser extent, glycolipids are present. The content of phosphorus in crude oils

may reach 500 ppm, and in refined oils, which from phospholipids, the content is

generally less than 5 ppm, and may be below 2 ppm. In addition, fats and oils, in

general, contain a small amount of unsaponifiable matter, generally at 0.3–2.0%

mainly tocopherols, tocotienols, phytosterols, hydrocarbons (e.g., squalene and

carotenes), among others. Phenolics such as hydroxytyrosol and oleuropein might

also be present (17). Trace metals, mainly iron and copper, and other components

often exist. The content of iron and copper in freshly refined oils should be less

than 0.1 and 0.01 ppm, respectively. Crude palm oil was 0.6 ppm for iron,

6.05 ppm for copper, 0.6 ppm for magnesium, 1.2 ppm for chromium, and

2.2 ppm for nickel (18).

The triacylglycerols of fats and oils contain a range of fatty acids, and their

arrangements on the glycerol backbone may vary, depending on the source materi-

al. High-performance liquid chromatography as well as gas liquid chromatography

may be used for separation and tentative identification of individual triacylglycerols

based on their carbon number.

In neutral oils and fats, the fatty acids are not usually randomly distributed

among different positions on the glycerol backbone and are associated in particular

patterns. As an example, saturated fatty acids such as palmitic and stearic acids are

associated with the sn-1 and sn-3 positions of soybean oil, albeit at higher propor-

tions in the sn-1 position. However, the reverse is observed at high content of satu-

rated fatty acids. Linoleic acid is preferably in the sn-2 position, whereas oleic

acid is randomly distributed among the three positions. Linolenic acid is primarily

at sn-2 followed by sn-1 and sn-3 positions. The stereospecific distribution of fatty

acids has a marked effect on the oxidative stability of the resultant oils, and their

presence at the sn-2 position helps their stability (19).

The fatty acids present in fats and oils may be analyzed after their hydrolysis and

subsequent conversion by methylation to volatile methyl esters. In this Process, dif-

ferent methylating agents may be used, and these are methanol/sulfuric acid (20) or

methanol-BF3 (21). The methyl esters so produced are then identified with gas

chromatography. Standard fatty acids methyl esters are often used for tentative

identification purposes. For determination of fatty acid isomers, including trans-

fatty acids, it is necessary to use appropriate columns and conditions for analysis.

Other parameters that are indirectly related to the composition of edible oils

include iodine value and saponification value. The iodine value is a simple chemical

constant for a fat or oil. It measures unsaturated or the average number of double

bonds in fats and oils. Iodine value is defined as the number of grams of iodine that

could be added to 100 g of oil, which is measured with the AOCS Method cd 1-25

(22). Meanwhile, saponification value is a measure of the alkali-reactive groups in

fats and oils and is defined as the mg of KOH needed to saponify 1 g of oil. Shorter

chain fatty acids give higher saponification values than do longer chain fatty acids.

OIL COMPOSITION 569



3. MINOR COMPONENTS

Polar lipids. Polar lipids, mainly phospholipids, are present in fats and oils, and

these originate primary as components of cell membranes and serve biological

functions in the cells. Among phospholipids present are phosphotidylcholine

(PC), phosphatidylethanolamine (PE), and phosphatidylinositol (PI). In general,

saturated fatty acids are present at the sn-1 and unsaturated fatty acids at the

sn-2 positions of phospholipid molecules.

Sphinogolipids are also important bioactive components of all membranes. Their

hydrolysis products participate in regulation of growth, differentiation, and apopto-

sis by cells. They may also participate in reducing the cancer risk in humans; colon

and skin cancers are particularly inhibited.

The content of polar lipids is reduced during oil refining. Degumming removes

most polar lipids. However, refining, bleaching, and deodorization would also bring

about a reduction in the content of polar lipids.

4. UNSAPONFIABLES MATTER

In general, unsaponifiable matters are resent in edible oils at less than 2% (23,24),

which include tocopherols/tocotrienols, other phenolics, phytosterols, hydrocar-

bons, among others. The content of these unsaponifiable matters is varied in differ-

ent oils and depending on the extent of oil refining. Although tocols and other

phenolics as well as phytosterols are removed during different stages of oil refining,

their main reduction occurs during deodorization of oils. Thus, deodorizer distil-

lates rich in tocols and sterols may be used for production of these components,

which may ultimately be used as nutraceuticals or for other food applications.

The dominance of tocopherols, namely, alpha-, beta-, gamma-, and delta- and

the corresponding tocotrienols, depends on the type of oil under investigation.

Thus, tocotrienols occur primarily in palm and rice bran oils. Meanwhile, tocopher-

ols are more widely present in different oils. However, their proportions in different

oils is dependent on the source material. As an example, sunflower oil contains

mainly alpha-tocopherol and very small amounts of other tocopherols, whereas

soybean oil contains mainly gamma-tocopherol with decreasing amounts of del-

ta-, alpha-, and beta-tocopherols as determined by high-performance liquid chroma-

tography.

Another group of unsaponifiable matter is phytosterols, fatty acid esters of phy-

tosterols, and sterol glycosides. Again, their amount is reduced during processing.

The presence of high amounts of phytosterols in soybean germ oil has been docu-

mented, which include beta-sitosterol, campesterol, stigmasterol, and �5-avenas-

terol. Phytosterols are recognized for their cholesterol-lowering properties (25).

Phytosterols are usually analyzed with gas chromatography.

The hydrocarbons present in oils are composed mainly of squalene and

carotenoids such as beta-carotene, among other carotenes. In addition, oxygenated
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derivatives of carotenoids may be present. Palm oil serves as a rich source of

carotenoids at 500–700 ppm.

5. CHARACTERISTICS OF FATS AND OILS

Fats and oils pass through a series at crystallization phases at cooling (26). There-

fore, when melting such crystals, the melting points of fats and oils provides an

estimate of their degree of saturation/unsaturation that parallels the saturation/unsa-

turation pattern dictated by their fatty acid constituents. Trans-fats, when present,

have a higher melting point than do their cis-counterparts because of better packing

of trans-fatty acids when compared with their cis counterparts. The melting beha-

vior and crystal structures are major factors that are important when using such pro-

ducts in different applications such as in confectionary products.

Fats and oils often show multiple melting points. As an example, tristearin has

three melting points at 52�C, 64�C and 70�C, because fats and oils solidify in more

than one crystal form; this property is known as polymorphism. Crystallization of

fats and oils occurrs in two stages of nucleation and growth.

Titer is another variable often recorded for fats and oils (16). It measures the

solidification point of the fatty acids as per AOCS Method ce 12-59 (22).

The density of liquid oils is dependent on their fatty acid composition, minor

components, and temperature. An equation taking these into account was developed

by Pantzaris (27) using iodine value, saponification value, and temperature. The

density of liquid oils is in the range of 0.909–0.921 and for solid fats varies between

0.858 and 0.893. The lower values are for more solid fats such as lard and tallow. In

a similar way, the viscosity of various vegetable oils depends on their fatty acids.

Generalized methods have been developed that allow calculation of density and

viscosity of different oils. Coupland and McClements (28) and Fisher (29) have

related viscosity and density, refraction, surface tension, and other physical proper-

ties. Viscosity of fats and oils also depends on the temperature.

The refractive index of oils depends on their molecular weight, fatty acid chain

length, degree of unsaturation, and degree of conjugation. Triacylglycerols have

higher refractive indices than do their constituent free acids. Values of refractive

index for different oils generally vary between 1.447 and 1.482.

Smoke point is another characteristic that is important if oils are with for frying.

The temperature at which smoking is observed with actual frying or heating is

measured with AOCS Method Ca 9a-48 (22). Smoke point depends primarily on

the content of free fatty acids as they are more volatile than their corresponding

triacylglycerols.

6. COLOR AND APPEARANCE

Most oils are yellow-red or amber liquids. The color is from the presence of chlor-

ophylls and carotenoids. The colored bodies are often removed during the bleaching
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process. Often lighter color has been associated with better quality oils, especially

for salad oils and shortenings.

The presence of chlorophylls not only renders a green color to products, but also

they act as sensitizers for fats and oils oxidation. However, unrefined olive oils con-

tain 1–20 ppm of chlorophylls that are considered important as extra virgin quality

indicators for this oil.

Carotenoids are present in edible oils at different levels. These are powerful anti-

oxidants against both autoxidation and photo-oxidation. Therefore, attempts have

been made to retain them or recover them, as in the case of palm oil. However, car-

otenoids may be degraded to colorless products at high temperatures exceeding

150�C.

The color of edible oils is measured by the so-called Wesson method that is

described in the AOCS Method Ce 136-45 (22) by comparison with red and yellow

Lovibond glasses of known characteristics. The oil is placed in Lovibond containers

that are 1 or 5.25 inches, and the color superimposes a mixture of red and yellow

standards to adjust to the color of the sample. Although color is three-dimensional,

the brightness factor is not considered. Yellow is needed to allow the color to look

similar, but yellow is considered unimportant in this method and only the redness is

measured. This method is the one used by the U.S. edible oil industry. The British

standard, however, uses Lovibond tintometer. The geometry and color scales for

these two methods are different, as in the tintometric method, a series of perma-

nently colored glass standards of red, yellow, and blue are used. Each standard color

is numbered. The addition of the blue color field provides a greater degree of

brightness and greenness than in the Wesson method (30).

7. OXIDATIVE QUALITY AND STABILITY TESTS

Oxidative stability of edible oils depends primarily on their fatty acid composition

and, to a lesser extent, in the stereospecific distribution of fatty acids in the triacyl-

glycerol molecules. The presence of minor components in the oils also affects

their oxidative stability. A detailed discussion of oxidative processes in fats and

oils is provided elsewhere in this series. Oxidation may occur via different routes

and includes autoxidation, photo-oxidation, thermal oxidation, and hydrolytic

processes, all of which lead to production of undesirable flavor and products harm-

ful to health. Flavor and odor defects may be detected by sensory analysis or by

chemical and instrumental methods. However, chemical and instrumental proce-

dures are often employed in the processing and during usage of edible oils. Indica-

tors of oxidation are those that measure the primary or secondary products of

oxidation as well as those from hydrolytic processes or from thermal oxidation,

including polymers and polar components (15).

Peroxide value. Peroxide value (PV) is the most common measurement of lipid

oxidation. Hydroperoxides have no flavor or odor of their own, but they are unstable

and break down rapidly to other products such as aldehydes that have a strong, dis-

agreeable flavor and odor. Peroxide value measures the miliequivalents of oxygen
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(hydroperoxides) per gram of oil. The iodometric AOCS Method Cd 8-53 (22) is

used. PV is most widely used for determination of edible oil quality. The maximum

PV of 0.1 and preferably less than 0.05 is expected for freshly refined oils. A per-

oxide value of higher than 10 meq/kg is considered unacceptable. Conjugated

dienes and trienes absorbing at 234 and 268 nm, respectively, are directly related

to hydroperoxides and are often used in addition or in place of PV.

8. CARBONYL COMPOUNDS

Carbonyl compounds in oxidized fats and oils are the secondary oxidation products

that originate from decomposition of hydroperoxides. They usually have low

threshold values and hence are responsible for off-flavor development in oxidized

oils. Therefore, content of carbonyl compounds corresponds with sensory data.

Anisidine value. The p-anisidine value (p-AnV) measures the amount of unsatu-

rated aldehydes in fats and oils. In this method, p-anisidine reacts with aldehydes in

acetic acid to afford a yellowish color that is measured at 350 nm. The color inten-

sity depends on the amount of aldehydes as well as on their structure. The AOCS

Method Cd 18-90 (22) has been standardized for anisidine value analysis. The

Totox value, which is 2 PV þ p-AnV, provides information about the current status

of oxidation as well as its history and is used by the industry.

Thiobarbituric Acid Value. The 2-thiobarbituric acid (TBA) test is a popular

method for measuring sensory oxidation products. It is based on the formation of

a colored complex between two molecules of TBA reagent with one molecule of

malonaldehyde or TBA reactive substances (TBARS). This intensity of the pink

chromogram is measured at 532 nm.

Gas Chromatographic Methods. Gas chromatographic methods may be used for

measuring volatile oxidation products. Static headspace, dynamic headspace, or

direct injection methods may be employed. Specific aldehydes may be measured

as indicators for oxidative stability of oils and fats. Thus, propanal is an and as indi-

cator for stability of omega-3 fatty acids, whereas hexanal is best for following the

oxidative stability of omega-6 fatty acids.

Free Fatty Acid/Acid Value. Hydrolytic processes lead to the formation of free

fatty acids by splitting of acylglycerols that can affect flavor. The Standard AOCS

Method Ca 5a-40 and Cd 3a-63 (22) for acid value are commonplace. Free fatty

acids are normally calculated as free oleic acids on a percentage bases. Free fatty

acids are important quality indicators during processing and storage of fats and oils.

They are also found during frying of fats and oils. The amount of moisture from

foods fried and the frying temperature are important.

9. POLYMERS AND POLAR COMPONENTS

The content of polymers and polar components in oils increases during frying

process. Size exclusion chromatography and HPLC may be used for the analysis

of such components. The content of polar lipids should not exceed about 20%.
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10. ANTIOXIDANTS

Antioxidants are used widely in fats and oils products to delay oxidative processes.

Synthetic antioxidants, namely, butylated hydroxyanisole (BHA), butylated hydro-

xytoluene (BHT), tert-butylhydroquinone (TBHQ), and propyl gallate (PG), are

permitted antioxidants that are frequently used in products. Their presence and

concentration may be determined with HPLC and GC methods. Meanwhile, metal

chelators such as citric acid may be determined by HPLC analysis.

11. ADULTERATION

Adulteration of fats and oils is an old problem. Many older tests involved deter-

mination of physical properties such as refractive index, melting point, and viscos-

ity. However, color tests were later used for this purpose. Thus, Baudonin reaction

for sesame oil and the Halpben test for cottonseed oil have been noted. In both

cases, a compound characteristic to an oil determines the presence of the oil.

However, today such detections and quantitations are carried out with GC and

HPLC procedures. Thus, cholesterol and phytosterols may be determined by gas

chromatography for fingerprinting purposes; however, fatty acid analysis might

also be used for higher levels of contamination (31). Detailed discussion of issues

related to oil authentication and adulteration has taken place (11).

12. POLLUTANTS

Environmental pollutants such as pesticides and herbicides may be present in fats

and oils. In this connection, special attention should also be paid to the presence of

polychlorinated biphenyls (PCB) as well as dioxin as well as polycyclic aromatic

hydrocarbon in the oil. The presence of high levels of such unwanted matters in the

oil may render them unfit for edible purposes.
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1. INTRODUCTION

Lipids support multiple biological functions in the body. They serve as the structural

building material of all membranes of cells and organelles. Lipids are the most

efficient fuel for living organisms containing more than twice the energy content

compared with carbohydrates and proteins on a weight basis. Lipids and their deri-

vatives also serve as signaling molecules that facilitate a variety of physiological

functions. In addition, lipids are recognized as important biomarkers of disease

and are involved in several pathological conditions. The cellular activities in tissues

and organs are to some extent a result of biological actions of fatty acids mediated

by changes in the membrane bilayer structure to impact the processes of membrane-

associated receptors and signal transduction systems and ion channels. Recent

literature also demonstrates a specific role of fatty acids in gene modulation and

protein expression to influence risk of chronic disease.

In contrast to the shorter chain and more saturated fatty acids, the essential fatty

acids (EFAs), linoleic acid (LA, an omega-6 fatty acid, 18:2n-6), and a-linolenic

acid (LNA, an omega-3 fatty acid, 18:3n-3) serve as substrates for the production
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of polyunsaturated fatty acids (PUFAs) used in cellular structures and as precursors

for the biosynthesis of many of the body’s regulatory biochemicals [glycerolipids,

long-chain (LC) PUFAs, and eicosanoids] (1). The eicosanoids are powerful, short-

lived, hormone-like compounds synthesized from specific PUFA. In addition,

formation and dietary sources of the LC-PUFA, arachidonic acid (AA, 20:4n-6),

eicosapentaenoic acid (EPA, 20:5n-3), and docosahexaenoic acid (DHA, 22:6n-3)

balance prostanoid production. An absolute requirement of DHA is necessary for

normal neural and retinal development in the infant and young child. Biochemical

and clinical studies indicate that sources of LNA and stearidonic acid (SDA, 18:4n-3)

alter the balance of their respective LC-PUFA, principally EPA. A short-term

human study indicated that vegetable oils containing SDA could be a dietary source

of n-3 fatty acids that would be more effective in increasing tissue EPA concentra-

tions than with LNA-containing seed oils (2). However, the concentration of DHA

in tissues was not affected by dietary SDA supplementation, and this should be a

concern when DHA is intended to be enhanced, for example, in infant nutrition.

This chapter introduces the contemporary understanding of food lipids in nutri-

tion and health. The health aspects of dietary lipids and the underlying cellular and

molecular mechanisms of PUFA actions are also discussed. A primary focus is

placed on the role of dietary fat in cardiovascular disease and atherosclerosis.

1.1. The Dietary Reference Intakes

New dietary reference intakes (DRIs) for healthy individuals and populations were

recently published by the Institute of Medicine of the National Academies in 2002.

Along with setting the Adequate Intake (AI) of LA levels at 17 g/day for young

men and 12 g/day for young women, the new report provides the first comprehen-

sive recommendations for n-3 PUFA in the United States (3, 4). The DRIs for n-3

PUFAs place a primary emphasis on adequate consumption of LNA to satisfy the

principle requirement for all ages and both genders. To a lesser extent, provisions

for modest recommended intakes are made for the long-chain n-3 PUFAs, EPA, and

DHAs. The daily AI for LNA are 1.6 and 1.1 g/d for adult men and women, respec-

tively. The acceptable macronutrient distribution range (AMDR) for LNA is 0.6%

to 1.2% of daily energy intake (4). Both EPA and DHA can satisfy 10% of the

AMDR (0.06% to 0.12% energy) for n-3 PUFAs, and an optimal ratio of LA/

LNA (n-6/n-3 fatty acids) is proposed to range from 5 to 10. The AMDR for total

fat is set at 20% to 35% of energy. No DRIs are set for saturated fat and trans-fatty

acids because of their perceived adverse effects on health and the tolerable upper

intake levels (ULs) were not set for these fatty acids because of practical issues. In

light of these DRIs for fatty acids, the food supply may provide a reasonable way

for all healthy individuals and at-risk groups to achieve these intakes.

1.2. General Nutrition and Health of Lipids

Lipids (fatty acids, glycerol lipids, and cholesterol) are vital nutrients that serve as

an energy source, structural components of the living organisms, and essential to

578 DIETARY LIPIDS AND HEALTH



biological activities of homeostasis. Beyond their traditional role as nutrients, lipids

or fatty acid molecules also facilitate critical biochemical and physiological func-

tions as modulators of cell actions and genes. The n-6 and n-3 PUFAs have been

recognized as ligands for peroxisome proliferator-activated receptors (PPARs). The

PPARs regulate gene expression in lipid and carbohydrate metabolism (5, 6), but

emerging evidence indicates that different PPARs are involved in a much broader

capacity as biological regulators (7).

Long-chain PUFAs and their derivatives, such as prostaglandins and leuko-

trienes, are PPAR activators. The n-6 and n-3 PUFAs are the most potent PPAR

ligand fatty acids. These natural ligands work on all three types of PPARs

(PPARa, PPARg, and PPARd) by binding to PPARs, however, the affinity to bind

and expression of PPARs vary depending on the type of tissue and cell. The PUFA

ligands (LA, AA, EPA, and DHA) are known agonists or antagonists of COX-2

expression through the activation of PPARs (8).

1.3. n-3 PUFA

The biological effects of dietary lipids on human health remain a primary focus of

nutrition research as consumption recommendations are continually updated in

response to new information obtained through epidemiological, clinical, and animal

investigations. The role of n-3 PUFAs (DHA) in the development of the infant ner-

vous system and retina is clearly established (9). Moreover, implications of a ther-

apeutic effect (10, 11) on reducing cardiovascular disease and cancer risk and

actions of their derivatives as biological effectors of human pathologies further

drive biochemical and molecular investigations to elucidate the health benefits of

dietary fatty acids (12). In addition to their beneficial impact on cardiovascular

pathologies and cancers, n-3 fatty acids are also known to lessen the severity and

minimize symptoms of chronic inflammatory diseases (13, 14), including rheuma-

toid arthritis (15) and inflammatory bowel disease (16), and may even benefit in

correcting psychological disorders (17).

There are three major n-3 PUFA species present in food. These are LNA in vege-

tables, oilseeds, and nuts, and EPA and DHA in cold water fishes and algae.

Another n-3 PUFA receiving greater attention recently is SDA, which is high in

some plant oils (such as hempseed oil and black currant seed oil) but can be isolated

and concentrated from marine fish. SDA may function as an important human diet-

ary component for people with deficits in �6-desaturase activity. In human and

other mammals, fatty acids of the n-3 series longer than 18 carbons cannot be

synthesized from common carbon sources. Thus, n-3 PUFAs in the human body

are either ingested directly or formed from LNA, which renders LNA as the essen-

tial fatty acid of the n-3 series PUFA. Although it is known that the human can

make LC n-3 PUFAs starting with LNA, some evidence suggests that a supplement

of preformed LC-PUFA is beneficial, especially in early infancy (formula-feeding)

and under certain metabolic disease conditions.

James et al. (2) reported recently that consuming encapsulated SDA oil (ethyl

ester) increased EPA and DPA(n-3) (22:5n-3) in healthy male and postmenopausal
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female subjects (n ¼ 15/group) in a double-blind, parallel-group design study. The

results clearly showed that SDA was more efficiently converted to biologically

active 20 and 22 carbons n-3 PUFAs and implies that vegetable oils containing

SDA could be a dietary source of n-3 fatty acids that would be more effective in

increasing tissue EPA concentrations than LNA-containing oils. The introduction of

SDA-containing oils in food manufacturing could provide a wide range of dietary

alternatives for increasing tissue n-3 PUFA concentrations to fulfill the benefits

proposed for a variety of chronic health problems.

1.4. Conjugated Linoleic Acid

Conjugated linoleic acid (CLA) is the name given to describe a group of positional

and geometric fatty acid isomers of octadecadienoic acid. The CLA isomers are

reported to have antioxidant capacity, reduce carcinogen-DNA adduct formation,

induce apoptosis, modulate tissue fatty acid composition and prostaglandin E2

(PGE2) formation, and alter the expression and action of cytokines and growth fac-

tors (18). Though numerous biological actions of CLA have been reported, the most

consistent findings include anticancer effects in rodents and cancer cells, and reduc-

tion of body fat in growing animals. In some cases, the biological responses

observed from CLA isomers were influenced by the amounts of dietary n-6 and

n-3 PUFAs (19–21).

CLA isomers have been recognized as effective anticarcinogenic agents for sev-

eral types of cancers. The cytotoxic effects of CLA isomers on growth of various

human and animal-derived cancer cells seem to be mediated by lowering the

expression of the gene transcription factor Bcl-2 family members that inhibit apop-

totic cell death or induce caspase-dependent apoptosis (22–26). CLA also prevented

basic fibroblast growth factor-induced angiogenesis (27), a critical process for

growth and metastasis of cancers. Evidence for the anticarcinogenic effects of

CLA isomers indicates a modifying role in PPARa action (28).

Research demonstrated that CLA isomers reduce body fat in growing animals

(29–31) and its actions on fat and energy metabolism may, in part, be directed

through changes in both PPARa and PPARg (32, 33). In addition, specific effects

of CLA isomers on activity and expression of enzymes associated with anabolic

pathways of lipid metabolism are reported (34). For example, CLA was observed

to decrease the mRNA level of the �9-desaturase enzyme in both liver tissue and

hepatocyte cultures (35).

CLA may also modulate immune function by diminishing the production of an

array of pro-inflammatory products in macrophages through activation of PPARg
(32) and lowering basal- and lipopolysaccharide-stimulated IL-6 and basal tumor

necrosis factor (TNF) production in rat resident peritoneal macrophages (19).

Through activation of PPARg, CLA decreased interferon-g-induced mRNA

expression of cyclooxygenase (COX)-2, inducible nitric oxide synthase (iNOS),

TNFa, and pro-inflammatory cytokines [interleukin (IL)-1b and IL-6] in RAW

macrophage cell cultures (32). Dietary CLA isomers also reduced ex vivo PGE2

production in rat bone organ cultures (20). Similar effects of CLA on PGE2
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production in various biological systems have been demonstrated (36–38). Based

on these aforementioned actions of CLA isomers, the likely biochemical and mole-

cular targets that integrate their potential impact on biology include PPARs, COX

enzymes, and other transcription factors.

1.5. Food Fortification

Although significant strides have been directed at reducing fat content in food pro-

ducts, certain lipid ingredients and sources of fatty acids are used to enhance the

health and nutritional quality of foods. For example, CLA isomers were enriched

in both dairy and nondairy products to convey its anticancer and antiobesity effects

that were reported repeatedly in animal studies (39). Sources of n-3 PUFAs are also

added directly to infant formula to provide sufficient DHA for normal development

of the nervous system during early infancy. In the United States, DHA was

approved by the FDA in 2001 to be added into infant formula (40, 41).

Biological enrichment of n-3 PUFAs has been reported in lamb muscle (42),

chicken meat (43–46), eggs (43, 47), ewe milk (48–50), and pork (43). Sources

of n-3 PUFA in the above mentioned food products included fish meal, fish oil,

vegetable oils rich in n-3 PUFA (linseed oil and canola oil), algae and algal oil,

and oilseeds. Clinical trials clearly showed improvement in visual function in

infants fed LC-PUFA (DHA and AA)-enriched formula matching that of breast-

fed infants (9). In most cases, addition of LC-PUFA did not dramatically affect

the physical and sensory quality of the food products. However, enhancing the level

of LC-PUFA resulted in elevated susceptibility to lipid peroxidation both in the

food system and in the human body. To counter this problem, increased amounts

of Vitamin E were tested and found to be satisfactory in reducing lipid peroxidation

(47, 51). Several human studies indicated that n-3 PUFA fortification provides an

effective means to increase n-3 PUFA intakes to satisfy the new DRIs for this group

of health-enhancing fatty acids (52, 53).

Numerous studies have been conducted to enrich dairy products with CLA and

n-3 PUFAs by providing sources containing high amounts of LC n-3 PUFAs to the

ration of dairy cows. Feeding fish oil (200 ml and 400 ml/head/d) to dairy cows

consistently increased milk CLA yield by as much as three-fold compared with

the control group (54). Milk from multiparous Holstein cows supplemented with

2% added menhaden oil contained higher concentrations of CLA, transvaccenic

acid, and total unsaturated fatty acids (0.68 and 2.51; 1.42 and 6.28; and 30.47

and 41.71 g/100 g of fat, respectively) compared with the milk from controls

that consisted of a 50:50 ratio of forage to concentrate. Butter made from milk

enriched with CLA inherently had higher concentrations of CLA (55). Similar find-

ings were also reported by Donovan et al. (56) that by feeding lactating cows men-

haden oil at 2% dry-matter basis, the CLA content in milkfat increased 356% (to

2.2 g/ 100 g fatty acids) compared with the milkfat of control cows. Aside from

changes in CLA content, the n-3 PUFA also increased from a trace amount to

over 1 g/100 g of milk fatty acids (LNA 0.22, EPA 0.40, and DHA 0.20 g/100g)

when a diet with 3% fish oil was fed. In another study, concentrations of n-3 PUFAs

INTRODUCTION 581



in milkfat were increased proportionally to the fishmeal amount in the diet and the

CLA concentrations were higher with the 100% fishmeal diet than with the 100%

soybean meal diet (57).

2. PUFA BIOCHEMISTRY

2.1. PUFA Formation

In human and most of the mammalian species, n-6 and n-3 series of PUFAs are

derived either from the diet or via in vivo synthesis from precursor EFAs, i.e., LA

and LNA because of the lack of enzymes needed to form these 18-carbon PUFAs

from de novo biosynthesis. The formation of LC-PUFAs occurs in two locations

within the cell. In the endoplasmic reticulum, LA or LNA is first desaturated by

a �6 desaturase (rate-limiting reaction step) and then elongated to form 20:3n-6

and 20:4n-3, followed by another desaturation step catalyzed by a �5 desaturase

to give rise to AA and EPA, respectively. The steps of elongation yield 22:4n-6

or 22:5n-3 from n-6 and n-3 EFA. The biosynthesis of 22:5n-6 and DHA is more

complicated and involves the Sprecher pathway. In the formation of 22:5n-6 and

DHA, as well as 22:4n-6 and 22:5n-3, the PUFAs are elongated in microsomes

to 24:4n-6 or 24:5n-3, then transported to peroxisomes where another double

bond is introduced by �6 desaturase. Following the desaturation step, 2 carbons

are removed (retroconversion) by b-oxidation and the resulting 22:5n-6 or DHA

are transported to various sites to fulfill their cellular functions (58, 59). Recent stu-

dies with a selective �6 desaturase inhibitor, SC-26196, further confirmed this

pathway in human cell cultures (60). Leonard et al. (61) also identified a new elon-

gation enzyme and its gene that is specific to LC-PUFA, which provided further

support that this biosynthetic pathway for LC-PUFA occurs in the human.

The primary site for PUFA formation is in the liver, although other tissues

appear to have the capacity to generate PUFA. Brain and retina are two special tis-

sues, in which cellular phospholipids accumulate large amounts of AA and DHA.

Dietary AA and DHA supplementation significantly (50–70%) reduces the conver-

sion of LA and LNA in adults (62, 63). Age is also a factor that affects one’s ability

to form LC-PUFA from precursors. Carnielli et al. (64) showed that 30-day-old

low-birthweight premature infants are capable of synthesizing DHA from LNA

that was contained in the formula. It appears that, in aging, there is a gradual

decline in the rate-limiting step of �6 desaturation supporting LC-PUFA formation,

and the decrease is greater in women than in men (65).

2.2. Prostanoids and Cyclooxygenases

The biosynthesis of prostanoids involves three important enzymatic reactions. In

the case of PGE2, formation begins with the release of AA from phospholipids

by phospholipase A2 (PLA2), followed by the synthesis of PGH2 by COX, and con-

version of PGH2 to specific prostanoids (e.g., PGE2) by terminal PG synthases (66).
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The resulting PGE2 is then released from the cell and exerts its effects via specific

receptors (EP1, PE2, EP3, and EP4) to regulate various biological events (66).

COX plays a central role in prostanoid biosynthesis. Two main isoenzymes

of COX have been identified to mediate the initial reactions of PG biosynthesis:

COX-1 and COX-2 (67, 68). COX-1 is constitutively expressed in most tissues

and is localized predominantly in the endoplasmic reticulum. COX-2 is typically

expressed following stimulation with growth factors or cytokines and found, prin-

cipally, in the nuclear and perinuclear membranes of the cell (69). COX-1 and

COX-2 play central roles in PGE2 production. Bone cells contain both inducible

and constitutive cyclooxygenases (COX-1 and COX-2) and they are differentially

regulated (70). Two genes have been identified to be responsible for the two iso-

forms of cyclooxygenase (67, 68). The regulation of PGE2 production is predomi-

nantly through the regulation of COX-2, rather than COX-1 (71). PGE2 was also

shown to amplify its own production through stimulation of COX-2 in the same

study (71). Recently, COX-3, a variant of COX-1 that is made from the same

COX-1 gene but retains intron-1, was discovered in cerebral cortex and heart and

seems to play a role in pain and fever development (72).

Nonsteroidal anti-inflammatory drugs (NSAIDs) nonselectively inhibit the activ-

ities of both COX-1 and COX-2. Out of concern for the gastrointestinal side effects

of NSAID, scientists have discovered and developed many specific COX-2 inhibi-

tors that facilitate a safer choice for controlling inflammatory diseases (73). For

example, NS-398, a selective COX-2 inhibitor, has been shown to reduce tension

(mechanical stress)-induced PGE2 production from periodontal ligament cell

cultures (74).

Dietary fat has also been shown to regulate the expression of COX-2. Singh et al.

(75) reported that a high-fat corn oil diet (high in n-6 PUFA) may promote colon

tumorigenesis by up-regulating COX-2 expression, whereas a high-fat diet with fish

oil (high in n-3 PUFA) may exert its antitumor effect by inhibiting COX-2 expres-

sion. Moreover, dietary saturated fatty acids down-regulated COX-2 in rat liver with

alcohol-induced disease (76). The nuclear receptor PPARg has been shown to either

down-regulate (77) or up-regulate (8) the expression of COX-2, depending on the

model system. It is reasonable to speculate that dietary fat may exert a regulatory

role in the expression and function of COX-2 to affect many physiological and

pathological processes.

3. MOLECULAR ACTIONS

3.1. Signal Transduction

Signal transduction is the sequential events that are initiated when a signal molecule

binds with the cell surface receptor and ultimately causes changes in target genes.

Fatty acids or their derivatives could affect the signal transduction system at each

step of the cascade. Many signaling molecules that play critical roles in transmitting

extracellular signals are known to be acylated to facilitate cross-membrane
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translocation. These lipid molecules can also be signal mediators by themselves and

even modulate the action of transcriptional factors, such as PPARs (78).

Certain PUFAs are known for their inhibitory effects on inflammation and auto-

immune responses through regulation of signal transduction pathways. Zeyda et al.

(79) showed that, when treated with PUFA, c-Jun NH2-terminal kinase, one mem-

ber of the mitogen-activated protein kinase families, is inhibited. PUFAs have also

been shown to modulate mammary cancer cell growth through regulation of the epi-

dermal, growth-factor receptor/mitogen-activated protein kinase signal transduction

cascade (80).

3.2. Transcription Factors

Transcription factors are protein molecules that convey metabolic parameters into

nuclear transcriptional regulatory events and are fundamental components of the

gene expression modulation mechanism. These transcription factors can be induced

by endogenous and exogenous chemicals via either the signal transduction path-

ways or directly by their ligands and can directly regulate gene expression in

response to these inducer molecules to affect a number of physiological functions

such as fatty acid and glucose metabolism. Study of these signal factors will facil-

itate the elucidation of the molecular mechanisms underlying the regulation of

metabolism and its possible disorders.

3.3. Peroxisome Proliferators Activated Receptors

PPARs are gene regulators belonging to the steroid/thyroid nuclear receptor super-

family. The PPARs heterodimerize with retinoid X receptors (RXRs) to form a

PPAR/RXR heterodimer prior to interacting with target genes through their

PPAR response elements (PPREs) in the target gene promoter region. Three iso-

forms of PPARs are identified, each demonstrating different tissue prevalence

and regulatory functions. PPARa is highly expressed in brown adipose tissue and

is found in great levels in liver, kidney, heart, mucosa of digestive system, and ske-

letal muscle (81). PPARa plays an important role in fatty acid oxidation in liver.

PPARg has two subtypes: PPARg1 and PPARg2. They both are expressed in adipo-

cytes while PPARg1 is also found in other tissue and cell types, such as colon, kid-

ney, macrophages, and skeletal muscle. The main function of PPARg is regulation

of adipogenesis and adipocyte differentiation as well as the control of insulin

sensitivity.

Unsaturated or saturated fatty acids, LC-PUFA and their derivatives, such as

prostaglandins and leukotrienes, are PPAR activators. The PUFAs are natural

ligands that work on all three types of PPARs by binding to them with low affinity.

The PUFA ligands (LA, AA, EPA, and DHA) are known agonists or antagonists of

COX-2 expression through the activation of PPARs (8). EPA has been shown to

increase PPARg1 gene expression in human adipocyte cultures (82). CLA has

been shown to be a potent ligand and activator of PPARa (33, 83, 84).
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Among the genes that are involved in fatty acid metabolism, some are mediated

by PPARs while others are not (85). PUFAs have been shown to suppress hepatic

lipogenic gene expression through another group of transcription factors termed

sterol regulatory element-binding proteins (SREBPs) (86). LC-PUFAs were also

shown to directly modulate the transcriptional activity of the hepatocyte nuclear

factor (HNF-4a), which plays an important role in regulation of hepatocyte differ-

entiation, ureagenesis, and lipid metabolism (87–89). Other nuclear factors that are

regulated by fatty acids include liver X receptors (LXRs) and retinoid X receptors

(RXRs) (90).

3.4. Polymorphisms and Single Nucleotide Polymorphisms

Gene polymorphisms are variations in DNA sequences between individuals that

happen more frequently than mutations. In the human, many chronic disease risks

are defined by dual influences of the genetic makeup and the environment. As most

human diseases, especially those that are chronic in nature, have complex inheri-

tance patterns and variable genetic traits, it is believed that the genetic component

that predetermines the risk and outcome of these diseases are sophisticated and het-

erogeneous. Therefore, with many genes contributing to disease risk, the poly-

morphisms have a modest independent and interactive influence overall to impact

the phenotype of disease. Among the genetic variations, genetic polymorphisms,

common variants as obtained from large population and family-based association

studies, are recognized in recent years to play a role in common and complex

chronic diseases. By this concept, each of the susceptible alleles only modestly

affects the risk of the disease in an individual but can account for a large proportion

of the population-attributable risk. Among the genetic variants, single nucleotide

polymorphism (SNP, a single nucleotide substitution) is the most frequently occur-

ring gene mutations in human genomes. The search for SNPs that are associated

with disease risks is currently under wide investigation in the biotechnology and

pharmaceutical industry.

By identifying genetic susceptibility factors, it is believed that prevention of or

delay in the onset of chronic disease might be possible by understanding the role of

dietary components that modify genes or SNPs. Couture et al. (91) reported that a

reduction effect of 18.5% in low-density lipoproteins (LDL)-cholesterol from a

high-carbohydrate diet in men was attributable to apolipoprotein E (apoE) poly-

morphism E2 allele. It was also shown that human subjects carrying scavenger

receptor class B, type I (SRB-I) gene exon-1 polymorphism homozygous for allele

1 are less susceptible to the presence of saturated fatty acids in the diet than subjects

that were heterozygous for allele 2 (92). Vincent et al. (93) reported in a human

dietary intervention study that several gene polymorphisms of key proteins have

been identified and linked to variable responses of diet. Some interactions found

in this study include apoE and LDL-cholesterol and triacylglycerols, apoA-IV and

LDL-cholesterol, microsomal transfer protein and LDL-cholesterol, as well as

intestinal fatty-acid-binding proteins and triacylglycerols. Rantala et al. (94)

showed that the activity of paraoxonase-1 (PON1), an enzyme that may help prevent
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lipoprotein oxidation of high-density lipoproteins (HDLs), was affected by dietary

vegetable content with high levels of vegetables in the diet resulting in a lower

amount of the enzyme activity as well as reduced cholesterol levels. This response

was modulated by the genetic variance of PON1. Therefore, future research on dietary

fats and their components may demonstrate an important association between

modifying chronic disease risk via genes and SNPs by PUFA in the individual.

4. FAT AND CHRONIC DISEASES

4.1. Association of Fat and Chronic Diseases

The food we eat plays a critical role in our overall health. It is believed that a sub-

stantial amount of chronic disease risk is diet-related and could be significantly

reduced through improvements in dietary habits, e.g., up to 70% of all cancers in

the United States are attributable to diet (95). Indeed, a recent report by the USDA

indicates that poor diet and diet-related chronic diseases contribute to five of the ten

leading causes of death (heart disease, cancer, stroke, diabetes, and arteriosclerosis)

costing the United States economy an estimated $250 billion annually (96).

Dietary fat intake has remained a key focus of nutrition research in recent years

and dietary guidelines for fat consumption have been continually updated in

response to new information gained through epidemiological and clinical studies.

Links to cardiovascular disease (CVD), degenerative and inflammatory arthritis,

cancer and osteoporosis, and the recognition of fats or their derivatives as biological

effectors of human pathologies have fueled efforts to characterize the behavior of

lipids in vivo. Initially, the association of cholesterol and saturated dietary fat with

increased risk of CVD spurred dietary recommendations to reduce the intake of ani-

mal fat and to increase the intake of plant oils. However, mounting evidence is now

showing that with increased dietary intake of plant oils, such as corn, safflower, and

soybean (especially the partially hydrogenated form), which are high in LA, the

dietary ratio of n-6/n-3 fatty acids has increased significantly during the past years

(97). The high intake of n-6 with an inadequate amount of n-3 fatty acids in the diet

could contribute to the development of some cancers and other chronic diseases.

Intake of dietary sources of n-3 fatty acids is associated with reduced incidence

and severity of inflammatory disorders, cardiovascular diseases, and some cancers

in humans (12, 98–103). Populations consuming fish that are rich in n-3 fatty acids

are known to have a low incidence of atherosclerotic disorders (104). Dietary fish

oil, which is high in EPA and DHA, also was shown to reduce myocardial ischemic

damage (105) and ventricular fibrillation (106). The antitumorigenic effect of n-3

fatty acids was demonstrated in breast cancer (107), colon cancer (108–110), and

pancreatic neoplasm (111). In addition to their beneficial influence on cardiovascu-

lar disorders and cancers, n-3 fatty acids are also known to decrease the severity and

minimize symptoms of inflammatory diseases, including rheumatoid arthritis (15)

and inflammatory bowel disease (16), and may be of benefit in correcting psycho-

logical disorders (17).
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Tissue fatty acid composition correlates well with dietary intake of foods rich in

n-3 and n-6 PUFA; therefore, it is possible to examine the consequences (positive or

negative) of major changes in dietary habits between and within ethnic populations.

For example, in Japan, the intake of n-6 fatty acids has markedly increased over the

past 40 years while the level of n-3 fatty acids consumed has remained constant.

This may be explained by a decreased popularity of fish and fresh vegetables among

younger Japanese and their adoption of American dietary habits. As a result, fatty

acid intakes for this group mirror the trends observed in average Americans (112).

Currently, the average Japanese consumes over 14 g/day of LA and 2 g/day and

1.6 g/day, respectively, of LNA and EPA plus DHA (113). As a consequence, a diet-

ary increase in n-6 intake has led to an increase in the ratio of n-6/n-3 fatty acids

from 2.8 in 1955 to over 4 by 1985.

Interestingly, the incidence of breast cancer for native Japanese and Chinese is

lower compared with Japanese and Chinese who have immigrated to the United

States. Furthermore, the incidence of breast cancer in Japanese and Chinese resid-

ing in the United States, and presumably consuming a Western diet, is similar to the

incidence in American women. These results confirm the influence of environmen-

tal factors, especially diets high in fat, on the incidence of breast cancer (114). Cancer

incidence of epithelial origin in Japan is increasing, and includes lung, stomach,

colorectal, mammary, and uterine. These cancers, that are termed Western-type can-

cers, are rising with the subsequent increase in the dietary ratio of n-6/n-3 fatty

acids. Mortality rates of these cancers are approaching precedent levels based on

epidemiological data in the United States. In addition, the incidence of rheumatoid

arthritis in Japan is much less than predicted (115) in keeping with the expected

effect of dietary n-3 fatty acids on prostanoid formation (116).

The development of these chronic, Western-type diseases is associated with an

excessive formation and function of eicosanoids derived from n-6 fatty acids. As

balance can be restored to eicosanoid biosynthesis by dietary n-3 fatty acids,

an effective strategy to diminish cardio-cerebrovascular mortality (in addition to

several other serious disorders) may be to decrease the intake of n-6 fatty acids

and replace them with n-3 fatty acids (116). Such a strategy is supported by studies

that show an increased incidence of cardiovascular diseases, specifically ischemic

heart disease, in Japanese whose diet has increasingly become more Westernized

(113, 117).

4.2. Mode of Action of n-3 PUFA Against Chronic Diseases

To advance understanding of the dynamic influence of dietary lipids, research

efforts are focusing on the importance of the balance between n-6 and n-3 fatty

acids in the human diet. What is emerging is recognition that these PUFAs modu-

late eicosanoid biosynthesis in numerous tissues and cell types, alter signal trans-

duction, and influence gene expression (87, 118). The effect of n-6 and n-3 PUFA

on CVD, cancer and bone/joint health is related to the newer discoveries of how

dietary PUFA impact health.
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In the human and other mammals, eicosanoids derivatives of 20 carbon n-3 or

n-6 PUFA, such as prostaglandins, leukotrienes, and thromboxanes, act and lead to

the activation of various signaling mechanisms that have effects on numerous cel-

lular functions that may be either beneficial or detrimental. Thus, modulation of

PUFA formation and eicosanoid biosynthesis could be a feasible way to reduce

the risks of certain chronic illnesses like arthritis, diabetes, inflammation, cancer,

and cardiovascular disease (119). Therefore, although numerous mechanisms are

involved in the biological activities of the n-3 fatty acids, a unifying attribute is

the down-regulating effect on eicosanoid production from n-6 fatty acid precursors.

Eicosanoid biosynthesis requires activation of phospholipases and the availability

of the free fatty acid substrate, AA and EPA. The primary eicosanoid precursor

is AA. Unesterified AA is transformed to eicosanoids by cyclooxygenase (two iso-

forms, COX-1 and COX-2) and lipoxygenase enzymes. Several lines of evidence

indicate that the amount of eicosanoids produced from AA correlates with the

severity of inflammation in rheumatic diseases (120).

Eicosanoids derived from the n-3 PUFAs are up to 100-fold less biologically

potent for inducing pro-inflammatory cellular responses than those derived from

AA (121, 122). It is proposed that dietary n-3 PUFAs act by two different mechan-

isms to control the amount of n-6 eicosanoids maintained in tissues: first, by com-

peting for incorporation into tissue lipid esters, thus reducing the rate of tissue

formation of active n-6 eicosanoids; and second, by forming weaker n-3 eicosa-

noids (123, 124) that compete at cellular receptor sites and diminish signaling by

eicosanoids derived from n-6 PUFAs. As a result, diets with n-3 PUFAs create con-

ditions that reduce the formation and constrain the function of active n-6 eicosa-

noids in stimulated cells (116).

Dietary supplementation of n-3 PUFA-rich fish oil significantly decreased the

ability of bone tissue to produce PGE2 in animals compared with those given

high-n-6 fatty acid diets (20, 125). It is presumed that prostaglandin E3 (PGE3),

an eicosanoid derivative of EPA, could have increased in these animals given the

high-n-3 diet. Although PGE3 is as potent as PGE2 in mediating bone resorption,

EPA is a less effective substrate for cyclooxygenase than AA (126). Hence, supple-

mentation with oils high in EPA typically reduces the 2-series PG derived from AA

with a small increase in 3-series PG derived from EPA (127). In addition, PGE3 is

less inflammatory than PGE2 (128), which partly explains why n-3 PUFA is bene-

ficial for controlling inflammatory bone/joint diseases.

The modulatory effect of n-3 PUFAs on eicosanoid production could also be

achieved at the enzyme level. The action of n-3 fatty acids that decreases the pro-

duction of PGE2 could be an effect of down-regulation of COX-2 activity in local

tissues (129, 130). In a study with rats, dietary n-6 PUFA up-regulated COX-2 and,

to some extent, COX-1 expression leading to a concomitant increase in COX

enzyme activity and prostaglandin synthesis, but fats containing added menhaden

oil (high in n-3 PUFAs) had an opposite effect (131).

Experiments by Curtis et al. (129) gave evidence that the observed effects

of n-3 fatty acids were not always mediated by the alterations in eicosanoid meta-

bolism. In that study, supplementation of IL-1-stimulated cultured chondrocytes
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with LNA resulted in gene suppression of IL-1, TNFa, and COX-2, and one of the

cartilage-degrading enzymes, aggrecanase. The supplemented LNA was not con-

verted to the longer chain n-3 fatty acids, i.e., EPA and DHA, however, supplemen-

tation of chondrocytes with EPA has produced effects similar to those enriched

with LNA.

The LC-PUFAs are believed to possess the ability to covalently attach to a vari-

ety of proteins, thus dramatically affecting translocation, cell-to-cell signaling, and

protein function (118). Dietary fatty acids may regulate cell signaling pathways via

cell surface receptors, proximal/accessory components of receptor-mediated path-

ways, at intermediate signaling steps, and via nuclear receptors. They act as cellular

second messengers and modulators during cellular transduction of external signals.

They also modify the activities of enzymatic processes, such as those catalyzed by

phospholipases, protein kinases, G-proteins, adenylate and guanylate cyclases, as

well as ion channels and other biochemical events involved in stimulus-response

coupling mechanisms (132).

The n-3 PUFA may also alter gene expression via direct interaction with proteins

involved in gene transcription (87). Investigations suggest that a variety of PUFA

(EPA, DHA, etc.) influence transcriptional regulatory mechanisms including the

previously described PPARs, and nuclear factor kappa B (NF-kB), the SREBP,

and a PUFA response element (133). Camandola et al. (134) showed that AA sup-

plementation of human monocytes strongly stimulated nuclear translocation of

NF-kB, a transcription factor that is believed to regulate the expression of gene

products involved in inflammatory reactions. Activation of NF-kB could also be

achieved by stimulation with PGE2, but not with the n-3 PUFA, EPA. Therefore,

a low dietary ratio of n-6/n-3 fatty acids may down-regulate NF-kB-mediated

gene expression of pro-inflammatory mediators. The PUFAs could also modify

the expression of oncogene in vivo. Rats given safflower oil (high in LA) had

elevated levels of p21ras protein compared with those offered menhaden oil (high

in n-3 PUFA). The Ha-ras mRNA was also increased in rats given a diet high in n-6

PUFA and high in fat content (21% of diet) compared with those given a high-fat

diet rich in n-3 PUFA, implying a tumor promoting potential of n-6 fatty acids

(131).

5. ROLE OF DIETARY FAT IN CARDIOVASCULAR DISEASE
AND ATHEROSCLEROSIS

5.1. Introduction

Even though the mortality from coronary heart disease has declined recently, athero-

sclerosis and related vascular disorders still are the leading cause of death in the

Western world. The etiology of this disease is multifactorial, with hyperlipidemia,

smoking, diabetes mellitus, hypertension, and obesity being well-established risk

factors for the development of atherosclerosis. Dietary fat affects plasma lipids,

lipoproteins, and vascular inflammation and, thus, is linked to atherosclerosis.
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Injury to or abnormal mechanisms of the vascular endothelium may be initiating

events in the etiology of atherosclerosis.

Although epidemiological studies suggest that dietary cholesterol and saturated

fatty acids increase serum cholesterol, recent evidence suggests that high intakes of

polyunsaturated fats, and, especially, fats high in n-6 PUFAs, may be equally

atherogenic because of their ability to convert easily to cytotoxic lipid peroxidation

products, thus contributing to a cellular imbalance in oxidative stress antioxidant

status and to an inflammatory response. Most of the data available in the literature

are from studies where high-fat diets were used. Conversely, low-fat diets, indepen-

dent of the fat source, may be the prudent choice in prevention and treatment of

atherosclerosis. Low-fat diets usually are high in dietary fiber, antioxidants, and

other undefined materials, all of which may protect against atherosclerosis.

5.2. Pathogenesis of Atherosclerosis

Theories: There are numerous theories for the pathogenesis of atherosclerosis.

Despite considerable research, the etiology of this disease is not well understood.

The current trend is to consider atherosclerosis as a response of the vascular wall to

a variety of initiating agents and multiple pathogenic mechanisms (e.g., hyperlipi-

demia) contributing to the development of atheromatous plaques. In fact, recent

research suggests that atherosclerosis is a chronic inflammatory disorder accompa-

nied by risk factors such as oxidized LDL, reactive oxygen species, diabetes, and

infection. It appears that the major participants in the atherosclerotic disease pro-

cess include an active vascular endothelium, smooth muscle cells, blood-borne cells

such as monocytes and macrophages, and circulating lipoproteins. The result is a

multifactorial sequence of events involving endothelial cell injury/dysfunction,

uptake of circulating blood monocytes and their differentiation into macrophages,

coupled with smooth muscle cell migration and proliferation.

The most intensely studied current hypothesis of atherosclerosis is the response

to injury hypothesis (135). The hypothesis takes into account the cellular interac-

tions that occur during the different phases of lesion initiation, development, and

progression. The initiating event appears to be injury to or dysfunction of the

endothelium via lipids or lipoprotein derivatives or via mechanical, chemical, toxic,

viral, or immunologic agents. These events may induce growth-factor secretion

and changes in endothelial cell surface adhesive glycoproteins. Monocytes are

attracted and attach to endothelial cells that will contribute directly or indirectly

to continued secretion of growth factors and other biologically active molecules.

Subsequent subendothelial migration of monocytes may lead to fatty-streak formation

and release of cytokines and growth factors. Monocytes and macrophages are major

cellular components of lesions and, thus, are likely to play a role in their initiation

and evolution. These events provide three possible sources of cytokines and growth

factors, namely from platelets, macrophages, and the endothelium. Some of the

smooth muscle cells in the proliferative lesion themselves may form and secrete

cytokines and growth factors, such as platelet-derived growth factor. It is not clear

what role dietary fat plays in the above stated events. However, hyperlipidemia, or
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some component(s) of hyperlipidemic serum, as well as other risk factors, are

thought to cause endothelial injury/dysfunction, resulting in endothelial cell activa-

tion, adhesion of platelets or monocytes, increase in cytokine activity, and transmi-

gration of monocytes into the arterial intima. Once in the subendothelial space,

monocytes transform into macrophages, take up substantial amounts of lipid, and

become foam cells. These foamy macrophages, as well as other cells, also can pro-

duce cytokines and growth factors that cause migration of smooth muscle cells

from the media into the intima. These interactions then lead to fibrous plaque for-

mation and further lesion progression. In other words, once smooth muscle cells

proliferate in the intima, there is further lipid accumulation as well as elaboration

of the extracellular components of the atheromatous plaque.

Even though numerous risk factors, including hyperlipidemia, smoking, and

hypertension, seem to contribute to the development of atherosclerosis, to date it

has not been possible to link these risk factors into a common pathogenic mechan-

ism. There is evidence, however, that modulations in the level of activity of a select

set of endothelial transcription factors (e.g., endothelial NF-kB) may provide a

mechanism for linking these seemingly diverse processes with the generation of

dysfunctional endothelium and the onset of atherosclerotic lesion formation (136,

137). Stimuli known to activate the NF-kB complex include inflammatory cyto-

kines, with the common denominator apparently being reactive oxygen species.

One may speculate that oxidized lipids, when present in inappropriate levels,

may induce endothelial oxidative stress and generate excess reactive oxygen spe-

cies, which activate NF-kB and modulate endothelial gene expression. Antioxidants

and related compounds may protect against atherosclerosis by inhibiting the activa-

tion of endothelial transcription factors such as NF-kB.

Dietary Fat: There is ample evidence demonstrating that serum cholesterol is a pre-

dictor of atherosclerosis and that serum cholesterol concentrations can be modified

by varying the composition of dietary fat. Keys et al. (138), in 1957, and Hegsted

(139), in 1965, provided the first quantitative estimates of the relative effects of the

various classes of fatty acids on serum cholesterol concentrations. Both studies

indicated that saturated fatty acids increased, whereas PUFA decreased, serum cho-

lesterol. Also, monounsaturated fatty acids had no specific effect on cholesterol

concentrations. These conclusions were based on combining results from numerous

studies and then describing mathematically the relationship between dietary fatty

acid composition and serum total cholesterol concentrations. However, it is now

known that saturated fatty acids are not equally hypercholesterolemic. For example,

stearic acid (18:0) and saturated fatty acids with less than 12 carbon atoms seem to

have little or no effect on raising serum cholesterol levels. This suggests that the

cholesterol-raising properties of saturated fatty acids should be attributed solely

to lauric (12:0), myristic (14:0), and palmitic acid (16:0). However, these three satu-

rated fatty acids appear to have different effects on serum total-cholesterol concen-

trations as well. Numerous studies suggest that lauric acid is less, and myristic acid

probably more, hypercholesterolemic than palmitic acid (139, 140). Furthermore,

human studies suggest that lauric acid raises total serum cholesterol and LDL cho-

lesterol concentrations compared with oleic acid (18:1n-9). However, it is not as
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potent in increasing cholesterol concentrations as is palmitic acid. Although in

normocholesterolemic men and women, dietary palmitic and oleic acids seemed

to exert similar effects on serum cholesterol and lipoprotein profiles. Much still

needs to be learned about the effects of dietary fat on serum cholesterol levels

and metabolism (141–143). It is clear from these and other studies that extremes

in types of dietary fat should be avoided and that moderation in dietary fat is

advisable.

Even though serum cholesterol appears to be a risk factor for atherosclerosis,

i.e., each 1% rise in serum cholesterol is predicted to increase the risk of coronary

disease by about 2%, the effect of dietary cholesterol on serum cholesterol concen-

tration is not clear and far from being understood. It appears, however, that the aver-

age baseline consumption of cholesterol-containing foods can modulate the

magnitude of a mathematically predicted change in serum cholesterol due to

changes in dietary cholesterol (144). An increase in dietary cholesterol is expected

to have the greatest effect on serum cholesterol level when the past baseline amount

of dietary cholesterol was near zero. However, if the baseline cholesterol consump-

tion is greater than 500 mg/d, additional dietary cholesterol will contribute to little

measurable change in serum cholesterol. This suggests that people who desire

maximal reduction of serum cholesterol by dietary means may have to reduce their

dietary cholesterol to minimal levels in order to observe significant serum

cholesterol reductions. Furthermore, the responsiveness to dietary cholesterol can

be extremely variable, with some individuals being much more responsive

(hyperresponders) than others. Thus, the need to limit cholesterol intake should

apply more strictly to diet-sensitive hypercholesterolemic individuals rather than

to the population in general. Individual variations in the response to dietary choles-

terol may be mediated by differences in fat absorption efficiency, neutral sterol

excretion, conversion of hepatic cholesterol to bile acids, or modulation of key

enzymes involved in intracellular cholesterol metabolism, such as HMG-CoA

reductase.

Although regression analysis of numerous human studies suggests that cholester-

ol and saturated fatty acid intake are primary determinants of serum cholesterol, the

role of dietary fat in the development of atherosclerosis remains controversial and

not well understood. The question arises whether or not dietary saturated fats

should be replaced by unsaturated fats. Unsaturated fats, especially n-3

fatty acids, may be beneficial to human health (145, 146). Some populations,

such as the Greenland Eskimos who consume high levels of n-3 fatty acids from

fish and sea mammals, have lower incidence of coronary heart disease (147). In

patients with hyperlipidemia, n-3 fatty acids only at high doses result in a decrease

of LDL cholesterol. However, these fatty acids consistently lower serum triacylgly-

cerols in normal subjects and in patients with hypertriglyceridemia. There is clear

evidence that hypertriglyceridemia is an independent risk factor of cardiovascular

diseases such as atherosclerosis (148, 149). Increasing the intake of foods rich in

n-3 PUFA may be most critical in decreasing the risk of cardiovascular diseases,

especially in light of a recent human-derived study, suggesting that consumption

of total 18:3n-3 is inversely related to plasma triacylglycerol concentrations (150).
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Diets high in n-6 and n-3 fatty acids may lead to a decrease in serum cholesterol

but replacing saturated with unsaturated lipids may not be desirable because of their

tendency to be oxidized. As mentioned earlier, mounting evidence is now showing

that with increased dietary intake of plant oils, such as corn, safflower, and soybean

oil, which are high in LA, the dietary ratio of n-6/n-3 fatty acids has increased

significantly during the past years (97). The high intake of LA-rich fats will lead

to serum hypertriglyceridemia and an increase in cellular oxidative stress. There

is evidence that most age-related diseases are initiated by elevated cellular oxidative

stress or an imbalance in the body’s oxidative stress/ antioxidant status, as well a

state of chronic low-level inflammation.

Dietary antioxidants, such as Vitamin E, might act as antiatherogenic agents by

suppressing oxidative modification of LDL and the recruitment of monocytes into

the arterial subendothelium by smooth muscle cells (151). In fact, data from sub-

jects with varying degrees of coronary atherosclerosis support the hypothesis that

high-serum PUFA levels, when insufficiently protected by antioxidants, may indi-

cate a higher risk of atherosclerosis (152). In particular, a positive relationship

between LA intake and coronary artery disease has been observed in animal and

human studies (153, 154). In fact, the potential detrimental health effect of high

intakes of LA has been termed the ‘‘linoleic acid paradox’’ (155), in which a sup-

posedly healthy fatty acid (i.e., one that lowers total cholesterol) is associated with

increasing rates of cancer and inflammatory and cardiovascular diseases. Moreover,

a low intake of LNA and other n-3 (fish) oils may further compound this paradox.

All these studies lead one to conclude that the type of fat becomes a less significant

component in the pathogenesis of atherosclerosis, when one consumes a low-fat

diet, rich in soluble fibers and natural antioxidants.

5.3. Lipoprotein Metabolism

Plasma lipoproteins are units of complex lipid and protein compositions. Lipopro-

teins function primarily as carriers of lipids in the blood. The apoprotein fractions

of the different lipoproteins play an important role in the regulation of the metabolic

fate of the different plasma lipoproteins via their role as enzymatic cofactors and

their interactions with specific receptors in cell membranes. Lipoproteins can be

separated by density into four major different classes: chylomicrons, very low-

density lipoproteins (VLDLs), LDLs, and HDLs. Both chylomicrons and VLDLs are

triacylglycerol-rich particles. Chylomicrons are of mucosal cell origin and function

mainly as carriers of lipids of exogenous dietary origin to the liver and peripheral

tissues. VLDLs, on the other hand, are of hepatic origin and transport endogenous

lipids. LDLs are generated primarily by the metabolism of VLDL and are high in

cholesterol and cholesteryl esters. HDLs are the smallest particles and contain the

highest relative amount of protein. These units are relatively rich in cholesterol and

phospholipids. High levels of LDL are associated with atherosclerosis and coronary

heart disease, whereas high levels of HDL provide protection from these diseases.

In fact, HDL particles appear to play an important role in the efflux of cholesterol

from the extrahepatic tissues.
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5.4. Dietary Fat and Lipoprotein Metabolism

There is substantial evidence that indicates that dietary fat can influence signifi-

cantly not only serum levels of cholesterol and triacylglycerols but also the lipid

composition and content of lipoproteins (156–159). Much attention has been placed

on the effects of diet on LDL levels, and saturated fatty acid and cholesterol itself

have been identified as the major nutritional factors that can raise serum LDL-

cholesterol levels. However, LDL cholesterol is only one of the many risk factors

for atherosclerosis, and it is not known if oxidative modification of LDL is an equally

or more important factor in the pathogenesis of atherosclerosis than total LDL

cholesterol per se. More longitudinal studies are needed to answer these questions.

If lipid peroxidation is a major risk factor for atherosclerosis, then excess consump-

tion of highly unsaturated fats may not be advisable.

The quantitative relationship between cholesterol intake and cholesterol levels is

still controversial, especially because in humans, there appears to be a high indivi-

dual variability in processing of dietary cholesterol. However, numerous animal and

human studies support the concept that dietary cholesterol can raise LDL-cholesterol

levels and change the size and composition of these particles as well. LDL

particles become larger in size and enriched in cholesterol esters. Mechanisms con-

tributing to these events include an increase in hepatic synthesis of apoB-containing

lipoproteins, increased conversion of VLDL remnants to LDL, or a decrease in the

fractional catabolic rate for LDL. Reduced LDL receptor activity due to an increase

in hepatic cholesterol content, secondary to excess dietary cholesterol, may lead to

a decreased uptake of both LDL and VLDL remnants.

In addition to dietary cholesterol, saturated fatty acids also are thought to raise

serum LDL-cholesterol levels as well as total cholesterol concentrations. The major

effect of saturated fatty acids on serum cholesterol appears to be due to a reduction

in LDL-receptor activity. It is likely that saturated fatty acids may contribute to a

cellular redistribution of cholesterol and cholesterol oxidation derivatives, leading

to a favorable environment by these lipid particles to suppress LDL-receptor synth-

esis. In addition to their effects (directly or indirectly) on LDL-receptor activity,

saturated fatty acids also may promote the synthesis of apoB-containing lipopro-

teins.

It is now known that not all saturated fatty acids are equally hypercholesterole-

mic. For example, medium-chain saturated fatty acids of carbon length 8–10, as

well as stearic acid (18:0), have little or no effect on serum cholesterol concentra-

tions. In contrast, evidence indicates that palmitic acid (16:0), the principle fatty

acid in most diets, can increase serum cholesterol concentrations in humans. How-

ever, in normocholesterolemic humans, dietary palmitic and oleic acids have been

shown to exert similar effects on serum cholesterol, suggesting that only humans or

animal species sensitive to dietary cholesterol and selected fats (‘‘hyperrespon-

ders’’) may exhibit significant changes in serum cholesterol in response to dietary

fat intake. Myristic acid (14:0) and, to a lesser extent, lauric acid (12:0), which are

relatively high in coconut oil, both can raise serum cholesterol and LDL-cholesterol

levels. Overall, it is not clear why humans respond so differently to cholesterol or
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saturated fatty acids. Variations may exist at the level of fatty acid catabolism and

regulation of LDL-receptor activity.

In contrast to saturated fatty acids, unsaturated fatty acids may not be cholesterol-

emic. However, because of their ability to become oxidized and thus to contribute

to oxidative stress within a cell, some unsaturated fats could indirectly be highly

atherogenic. Oleic acid, the major monounsaturated fatty acid in the diet, often is

called a ‘‘neutral’’ fatty acid because it has a neutral or cholesterol-lowering effect

on serum cholesterol. The main classes of unsaturated fatty acids in the diet can be

divided into n-6 and n-3 PUFA. LA is the predominant n-6 fatty acid, and the parent

n-3 fatty acid is LNA. Both occur in plant oils. Fish oils contain large amounts of

LC-PUFA, e.g., 20:5n-3, which have their origins of plant sources. With regard to

cholesterol metabolism, LA may lower serum cholesterol levels by up-regulating

LDL-receptor activity or by inhibiting hepatic synthesis of apoB-containing lipo-

proteins. LC n-3 PUFA appear to have a greater influence on triacylglycerol than

on cholesterol metabolism. High intake of fish-oil-derived n-3 fatty acids reduces

triacylglycerol levels, especially when fed to individuals with hypertriglyceridemia.

The role of dietary fats on HDL metabolism is not as well understood. In

general, saturated fatty acids do not reduce HDL cholesterol, and dietary monoun-

saturated fatty acids, when substituted for saturated fatty acids, contribute to a

favorable modification of the lipoprotein ratios, i.e., a decrease in the ratio of

LDL/HDL. In contrast to monounsaturated fatty acids, a high intake of n-6

PUFA (e.g., LA) reduces HDL cholesterol concentrations, possibly by reducing

the synthesis of apoA-I, a major HDL apoprotein. The actions of n-3 fatty acids

on HDL-cholesterol levels are similar to those of LA. Even though unsaturated fatty

acids do not appear to be hypercholesterolemic in general, their HDL cholesterol-

lowering capacity might be of concern, as HDL is directly protective against ather-

osclerosis. Decreased serum HDL levels would indicate reduced removal of lipids

from the arterial wall.

5.5. Lipids and Endothelial Cell Dysfunction

As the knowledge of the pathogenesis of atherosclerosis rapidly increases, it

appears that an active vascular endothelium, smooth muscle cells, and blood-borne

cells such as monocytes and macrophages all play active roles in the atherosclerotic

disease process. Risk factors, such as elevated plasma levels of certain lipids,

prooxidants, and cytokines, may contribute to the chronic activation/stimulation

as well as to the damage of the endothelium and other vascular tissues (160). There

is evidence that supports the hypothesis that it is not only pure cholesterol and satu-

rated fats but rather oxidation products of cholesterol and unsaturated fats (and pos-

sibly certain pure unsaturated fats) that are atherogenic, possibly by causing

endothelial cell injury/dysfunction. Lipid-mediated endothelial cell dysfunction

may lead to adhesion of monocytes, increased permeability of the endothelium to

macromolecules, i.e., a decrease in endothelial barrier function, and disturbances in

growth control of the vessel wall.
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5.6. Fatty Acids

Although many mechanisms for the etiology of atherosclerosis have been proposed,

endothelial injury/dysfunction clearly plays a role in the atherosclerotic disease pro-

cess. There is evidence suggesting that diet-derived lipids metabolically interact

with the vascular endothelium and may be responsible for abnormal regulatory

mechanisms and a subsequent alteration of endothelial integrity. For example,

high levels of circulating triacylglycerol-rich lipoproteins (chylomicrons and

VLDLs) have been implicated in the injury process of the endothelium. Plasma

chylomicron levels are elevated in humans after consuming a high-fat meal, and

hepatic synthesis of VLDL is increased when caloric intake is in excess of body

needs. When plasma triacylglycerol-rich lipoproteins are elevated, hydrolysis of

triacylglycerols by lipoprotein lipase, and, thus, elevated concentrations of fatty

acid anions, occurs in proximity to the endothelial surface. Such high levels of

diet-derived fatty acids can cause endothelial injury or dysfunction and, thus,

disrupt the ability of the endothelium to function as a selective barrier. This would

result in lipid deposition by allowing increased penetration of cholesteryl ester-rich

remnant lipoproteins into the arterial wall. Thus, when exposing cultured endothe-

lial cells to selected fatty acids, LA (the parent n-6 fatty acid) most markedly acti-

vated endothelial cells and disrupted endothelial barrier function (161).

Furthermore, the disruption in endothelial barrier function was exacerbated greatly

in the presence of small amounts of oxidation derivatives of unsaturated fatty acids.

This suggests that, in general, fatty acid oxidation derivatives, but not pure lipids,

are extremely cytotoxic.

It is not clear why LA and none of the saturated fatty acids that were studied

disrupted endothelial barrier function. The injurious effects of LA on cultured

endothelial cells may be mediated, in part, by the induction of peroxisomes and,

thus, by excessive hydrogen peroxide formation. In addition, enrichment of

endothelial lipids with selective fatty acids can modify specific cellular lipid pools

and alter the morphology of cultured cell monolayers. Such fatty acid-mediated

compositional changes may be sufficient to alter membrane properties, e.g., fluidity

and activities of membrane-bound enzymes. One may speculate from these and

other data that high dietary intakes of certain unsaturated fatty acids, such as

LA, might not be entirely safe.

5.7. Cholesterol

There is experimental evidence that suggests that some oxysterols, but not pure

cholesterol, are the prime cause of atherosclerotic lesion formation (162). Upon

cholesterol feeding, a strong relationship was seen between plasma oxysterols

and aortic wall oxysterols. One may speculate that the deposition of pure lipids,

such as cholesterol and its esters, may be merely a secondary process in response

to oxysterol-induced endothelial cell injury. Cell injury/dysfunction and the sub-

sequent disruption of endothelial barrier function by oxysterols (163, 164) could

initiate the early events in atherosclerosis. Such injury could allow increased uptake
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of cholesterol-rich lipoproteins into the arterial wall by decreasing endothelial cell

prostacyclin production, thereby enhancing platelet adhesion and aggregation and

by increasing monocyte adhesion and infiltration. These studies suggest that oxy-

sterols, and not pure cholesterol, cause dysfunction of vascular endothelial cells.

Not all oxysterols, however, are equally cytotoxic, and different mechanisms of

endothelial cell injury by different types of cholesterol oxidation derivatives may

exist. As relatively high concentrations of oxysterols are formed in certain pro-

cessed foods, and because they are easily absorbed and transported in the blood,

cholesterol oxidation derivatives may be an important dietary risk factor in cardio-

vascular disease.

5.8. Lipids, C-Reactive Protein, Homocysteine, and PPARs

In addition to various plasma lipids and lipoprotein species, other markers of car-

diovascular disease and atherosclerosis are now considered as potent screening

tools to predict these diseases. These markers are mostly related to the discoveries

that a low-level chronic inflammation and related disorders of the immune system

are as much, and probably more, of a clinical predictor of cardiovascular pathology

than dietary fat and associated lipoproteins (165).

C-reactive protein: Evidence suggests that C-reactive protein (CRP) is a better pre-

dictor of the risk of cardiovascular events than LDL cholesterol. Such significant

clinical data are supported by laboratory and experimental evidence that demon-

strate that atherosclerosis, in addition to being a disease of lipid accumulation,

also represents a chronic inflammatory process. CRP is a hepatically derived pen-

traxin that plays a key role in the innate immune response. The proatherogenic

properties of CRP include activation of endothelial cells to express adhesion mole-

cules, secretion of inflammatory cytokines such as IL-6, and decreased expression

and bioavailability of endothelial nitric oxide synthase (166). Using high-sensitivity

assays, CRP levels of <1, 1 to 3, and >3 mg/L correspond to low-, moderate-, and

high-risk groups, respectively, for future cardiovascular events (165). Effects of

dietary fats on CRP levels is not clear, but may be related to the overall inflamma-

tory potential of a particular type of dietary fat. For example, since n-6 rich oils, and

especially oils rich in LA, are pro-inflammatory, one might predict elevated CRP

levels in populations consuming diets high in the ratio of n-6 to n-3 fatty acids.

Homocysteine: Another clinical marker of inflammation and risk factor of athero-

sclerosis is elevated plasma levels of homocysteine (167). Homocysteine, a sulfur-

containing amino acid, is an intermediate formed during the metabolism of the

essential amino acid methionine (168). In the general U.S. population, some hyper-

homocysteinemia is quite common and often due to mild nutritional deficiencies in

mostly folic acid, but also in Vitamins B12 and B6. In fact, folic acid (or folate)

deficiency in adults can increase the risk of coronary artery disease, stroke, several

types of cancer, and possibly Alzheimer’s and Parkinson’s diseases (169). Even

though a causal role of homocysteine in cardiovascular disease remains to be

established (170), the emerging data strongly suggest that elevated plasma homo-

cysteine levels increase the risk of multiple age-related diseases, and that adequate
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dietary or supplemental folate can be a primary means of normalizing homocys-

teine levels and of increasing health span.

Peroxisome proliferators-activated receptors: PPARs appear to possess potent anti-

inflammatory signaling properties (171). PPARs are transcription factors, which

regulate gene expression by binding with the retinoid receptor RXR as a hetero-

dimeric partner to specific DNA sequence elements termed PPAR-responsive ele-

ments (171). The PPARs comprise three subtypes, PPARa, PPARd (or b), and

PPARg, with distinct expression patterns and biological functions (172, 173).

PPARa is predominantly expressed in liver, heart, muscle, and kidney, where it re-

gulates fatty acid catabolism. Molecular and genetic studies have established roles

for PPARg in adipocyte differentiation, lipid storage, and glucose homeostasis.

PPARd is expressed in most tissues and is implicated in lipid homeostasis and

wound healing. All three PPARs regulate macrophage cholesterol homeostasis by

enhancing cholesterol efflux. PPARs control plasma levels of cholesterol and tri-

acylglycerols and regulate expression of key proteins involved in all stages of athero-

genesis by exerting antiatherogenic actions at the level of the vascular wall (172).

Dietary fatty acids and AA metabolites are natural activators of PPARs. For exam-

ple, PPARa and PPARg are activated by eicosanoids derived from AA via the

lipoxygenase and cyclooxygenase pathways. Similar to PPARa and PPARg,

PPARb/d is a receptor for unsaturated fatty acids. PPARa and PPARg are also

expressed in both endothelial and smooth muscle cells in vitro and in vivo in the

human atherosclerotic plaque. There is general agreement in the literature that

PPARs have anti-inflammatory actions (172), but mechanisms and the importance

of selected vascular cells and tissues in this process are not clear.

In addition to regulating gene transcription via PPAR responsive elements,

PPARs have recently been shown to modulate gene expression by interfering

with other transcription factor pathways. PPARs have been shown to down-regulate

inflammatory response genes by negatively interfering with the NF-kB, AP-1, and

STAT transcriptional pathways (172). Furthermore, by regulating antioxidant

enzyme activities, such as catalase, PPAR activators may inhibit NF-kB activation

by reducing oxidative stress. PPAR activators also may antagonize NF-kB activa-

tion through the expression of the inhibitory protein IkBa. Such repression mechan-

isms via protein-protein interactions and cofactor competition may explain, in part,

the anti-inflammatory actions of PPARs. It needs to be determined how individual

types of fatty acids, e.g., n-6 and n-3 fatty acids and their biological metabolites,

regulate PPAR signaling to direct antiatherogenic actions.

5.9. Summary and Dietary Advice

Numerous animal and human studies suggest that dietary cholesterol and certain

saturated fatty acids increase serum as well as LDL-cholesterol concentrations.

Even though humans with elevated serum cholesterol levels may be at risk,

evidence also is mounting to suggest that the complicated processes that occur

during atherosclerosis involve not only the participation of modified lipoproteins,

but also low level and chronic inflammation and related disorders of the immune
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system. Modified lipoprotein particles (e.g., oxidatively modified LDL) cause

secretion of inflammatory cytokines from blood-borne and arterial wall cells, which

will lead to endothelial cell activation. The resulting disturbances in endothelial

integrity possibly allow increased penetration of cholesterol-rich lipoprotein rem-

nants into the arterial wall, a critical event in the etiology of atherosclerosis. Mod-

ulations in the level of activity of a select set of oxidative stress-responsive

transcription factors (e.g., endothelial NF-kB) may provide a common mechanism

for linking these diverse processes (Figure 1). Reactive oxygen species appear to be

the common denominator in the many stimuli known to activate the NF-kB com-

plex and subsequent inflammatory events. One may speculate, then, that high levels

of dietary n-6 PUFA, which are easily oxidizable, can activate oxidative stress-

responsive transcription factors, which, in turn, may promote cytokine production,

adhesion molecule expression, endothelial barrier dysfunction, and, ultimately,

High-Fat, High-Energy Diets
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Insulin Resistance

Obesity

FA
CD36

Antioxidants

Oxidative Stress

NF-κB, AP-1

Inflammatory Cytokines
Adhesion Molecules

Endothelial Cell Activation/Dysfunction

Antioxidants

Antioxidants/Agonists
FA Metabolism

FA

PPAR

?

 

Figure 1. Proposed role of dietary fat (in particular unsaturated fat), excess calories and

hypertriglyceridemia, in the etiology of atherosclerosis. Dietary fats, rich in certain unsaturated

lipids, are atherogenic by contributing to increased cellular oxidative stress, leading to activation

of oxidative stress-sensitive transcription factors (e.g., NF-kB), which, in turn, promote cytokine

production, adhesion molecule expression, and, ultimately, endothelial barrier dysfunction and

atherosclerosis. The ability of membrane- or intracellular-mediated receptors or transcription

factors, like CD36 or PPARs, in modulating these events is still under investigation. Certain

nutrients, chemicals, or agonists, which have antioxidant properties, may protect against

atherosclerosis by acting at any one of the progressive steps of these signaling pathways.
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accelerated atherosclerosis. Interestingly, the activation of NF-kB can be inhibited

by a variety of antioxidants (Figure 1), which suggests that certain nutrients that

have antioxidant properties may protect against atherosclerosis by interfering

with the proposed mechanisms of endothelial cell dysfunction. In summary, the

research on atherosclerosis is complex, but the advice for patients at risk is simple:

eat less fat or calories, independent of its source, and eat only enough food to match

energy needs.
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1
Butter

David Hettinga

1. INTRODUCTION

Buttermaking is one of the oldest forms of preserving the fat component of milk. Its

manufacture dates back to some of the earliest historical records, and reference has

been made to the use of butter in sacrificial worship, for medicinal and cosmetic

purposes, and as a human food long before the Christian era. Documents indicate

that, at least in the Old World, the taming and domestication of animals constituted

the earliest beginnings of human civilization and culture. There is good reason to

believe, therefore, that the milking of animals and the origin of buttermaking

predate the beginning of organized and permanent recording of human activities.

The evolution of the art of buttermaking has been intimately associated with the

development and use of equipment. With the close of the eighteenth century, the

construction and use of creaming and buttermaking equipment (other than that

made of wood) began to receive consideration, and the barrel churn made its

appearance.

By the middle of the nineteenth century, attention was given to improvement in

methods of creaming. These efforts gave birth to the deep-setting system. Up to that

time, creaming was done by a method called shallow pan. The deep-setting system

shortened the time for creaming and produced a better quality cream. An inventive

Bavarian brewer, in 1864, conceived the idea of adapting the principle of the

laboratory centrifuge. In 1877, a German engineer succeeded in designing a

machine that, although primitive, was usable as a batch-type apparatus. In 1879,

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
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engineers in Sweden, Denmark, and Germany succeeded in the construction of

cream separators for fully continuous operation (1).

In 1870, the year before the introduction of factory buttermaking, butter produc-

tion in the United States totaled 514 million lbs, practically all farm made. Authen-

tic records concerning the beginning of factory buttermaking are meager. It appears

that the first butter factory was built in Iowa in 1871. This also introduced the

pooling system of milk for creamery operation (1).

Other inventions that assisted in the development of the butter industry included

the Babcock test (1890), which accurately determines the percentage of fat in milk

and cream; the use of pasteurization to maintain milk and cream quality; the use of pure

cultures of lactic acid bacteria; and refrigeration to help preserve cream quality.

Multiple butter fat products, including butter oils, anhydrous butter fat, butter

fat–vegetable oil blends, and fractionated butter fats, are manufactured around

the world today. In the past, butter fat in the form of butter was the primary pre-

servation technique. Today, the preferred preservation method involves the proces-

sing of butter fat to the anhydrous butter oil state, then hermetically packaging

under nitrogen to substantially increase the shelf life and reduce the incidence of

degradation.

Historically, milkfat has been held in the highest esteem, whether in liquid milk,

as cream, or as butter. Its consumption was associated with a higher standard of

living. In recent times, with the prosperity of the Western world, per capita con-

sumption has been decreasing. Ironically, this phenomenon contradicts all historical

patterns for butter fat consumption and use. Several reasons exist for this decline.

This chapter explores the chemical composition, marketing, technology, processing,

quality, legal restrictions, and uses for butter and butter fat.

2. CHEMICAL COMPOSITION

Some of the information in this chapter comes directly from the fourth edition of

Bailey’s (2). Jensen and Clark (3) have provided a complete review of the lipid

composition, and data have been selected for inclusion in this review.

The composition of milkfat is somewhat complex. Although dominated by tri-

glycerides, which constitute some 98% of milkfat (with small amounts of diglycer-

ides, monoglycerides, and free fatty acids), various other lipid classes are also

present in measurable amounts. It is estimated that about 500 separate fatty acids

have been detected in milk lipids; it is probable that additional fatty acids remain to

be identified. Of these, about 20 are major components; the remainder are minor

and occur in small or trace quantities (4, 5). The other components include phos-

pholipids, cerebrosides, and sterols (cholesterol and cholesterol esters). Small

amounts of fat-soluble vitamins (mainly A, D, and E), antioxidants (tocopherol),

pigments (carotene), and flavor components (lactones, aldehydes, and ketones)

are also present.

The composition of the lipids of whole bovine milk is given in Table 1 (4, 5).

The structure and composition of the typical milkfat globule is exceedingly
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complex. The globule is probably 2–3 m in diameter with a 90-Å-thick membrane

surrounding a 98–99% triglyceride core. The composition of the milkfat membrane is

quite different from milkfat itself in that approximately 60% triglycerides are pre-

sent, much less than in the parent milkfat (Table 2) (6, 7).

It has been generally recognized that butter fat consists of about 15 major fatty

acids, with perhaps 12 or so minor (trace quantity) acids. Triglycerides are normally

defined with respect to their carbon number (CN), i.e., the number of fatty acid car-

bon atoms present in the molecule; the three carbon atoms of the glycerol moiety

are ignored. As the fatty acid spectrum of milkfat is dominated by acids containing

an even number of carbon atoms, so is the triglyceride spectrum. However, the pro-

portion of triglycerides with an odd carbon number is about three times greater than

the proportion of odd-numbered fatty acids.

Although obvious correlations exist between fatty acid composition and trigly-

ceride distribution, detailed information is lacking that would enable the triglycer-

ide distribution to be predicted from the fatty acid composition. Much more needs

to be understood of the strategy used in the bovine mammary gland in assembling a

TABLE 1. Composition of Lipids in Whole

Bovine Milk (4, 5).

Lipid Weight Percent

Hydrocarbons Trace

Sterol esters Trace

Triglycerides 97–98

Diglycerides 0.28–0.59

Monoglycerides 0.016–0.038

Free fatty acids 0.10–0.44

Free sterols 0.22–0.41

Phospholipids 0.2–1.0

TABLE 2. Composition of Lipids from Milkfat Globule

Membrane (6, 7).

Lipid Component Percent of Membrane Lipids

Carotenoids (pigment) 0.45

Squalene 0.61

Cholesterol esters 0.79

Triglycerides 53.4

Free fatty acids 6.3a

Cholesterol 5.2

Diglycerides 8.1

Monoglycerides 4.7

Phospholipids 20.4

aContained some triglycerides.
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complex array of fatty acids into triglycerides. This is not an arcane study; it is

necessary if processes such as fractionation are to yield products with consistent

qualities throughout the year. In effect, the detailed structure of milkfat is not yet

understood. Perhaps this is not surprising if we consider only the 15 major fatty

acids; there are 153 (3375) possible triglyceride structures using a purely random

model.

The data in Table 3 represent general characteristics and composition of butter

fat as reported by several sources (8–12). Note the range in values. Precise and

repeatable values are not highly correlated due to such variables as stage of lacta-

tion, feed source, cattle breed, etc. Although 16 categories of fatty acids are out-

lined, it was generally appreciated that many other fatty acids are present in

small or trace quantities. For nutritional and dairy science purposes, these data

are of value, but from a detailed scientific point of view, they afford only a vague,

broad generalization of the actual state of fatty acid composition of butter fat. A

more complete view of composition is provided in Table 4 (13, 14).

From 1956 to 1983 a great volume of information became available on the

occurrence of many minor constituents in butter fat. Somewhat less intensity

TABLE 3. Characteristics and Composition of Butter Fats.

Characteristic Valuea Range of Valuesb GLCc

Iodine number 32.9 — —

Saponification equivalent 236.3 — —

Reichert-Meissle value 32.5 — —

Polenske value — — —

Kirschner value — — —

Fatty acid, wt. %

Butyric 3.5 2.8–4.0 3

Caproic 1.4 1.4–3.0 1

Caprylic 1.7 0.5–1.7 1

Capric 2.6 1.7–3.2 3

Lauric 4.5 2.2–4.5 4

Myristic 14.6 5.4–14.6 12

Palmitic 30.2 26–41 29

Stearic 10.5 6.1–11.2 11

Above C18 1.6 — 2

Total saturated 70.6 — 66

Decenoic 0.3 0.1–0.3 —

Dodecenoic 0.2 0.1–0.6 —

Tetradecenoic 1.5 0.6–1.6 2

Hexadecenoic 5.7 2.8–5.7 4

Octadecenoic (oleic, etc.) 18.7 18.7–33.4 25

Octadecdienoic 2.1 0.9–3.7 2

C20 and C22 unsaturated 0.9 — 1

Total unsaturated 29.4 — 34

a From (8) and (9).
b From (10) and (11).
c From (12).
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of interest has prevailed since then, but further information continues to appear, and

we can expect more data on butter fat as a consequence of research on the

relationship between dairy cow feeding studies and resulting butter fat fatty acid

composition.

The great variety of fatty acids in butter fat cannot be treated in detail here; refer-

ence will be made to only a few of the many available reports. Octadecadienoic

acids are present in significant amounts; there are traces of hexadecadienoic acid,

octadecatrienoic acids, and highly unsaturated C20 and C22 acids. Traces of dihy-

droxystearic acid and hydroxypalmitic acid have been detected (8, 9). A small pro-

portion of the octadecenoic acid consists, not of oleic acid, but of trans-11,12

isomer, vaccenic acid (8, 9). One report states that about 66% of one octadecienoic

TABLE 4. Fatty Acid Composition of Milk and Butter Fat.a

Fatty Acidb Junec Decemberd Averagee Moore and Co-workersf

4 : 0 4.22 3.51 3.57 3.98

6 : 0 2.53 2.24 2.22 2.36

8 : 0 2.34 1.07 1.17 1.36

9 : 0 0.05 0.05 0.03 —

10 : 0 2.24 2.57 2.54 2.76

10 : 1 0.32 — — —

11 : 0 0.34 0.29 0.33 —

12 : 0 2.40 2.77 2.81 3.14

13 : 0 (12 : 1) 0.29 0.29 0.33 0.14

14 (br)g 0.23 0.14 0.17 0.12

14 : 0 9.01 10.58 10.06 8.39

14 : 1 (15 br) 1.54 1.61 1.63 1.84

15 : 0 1.29 1.11 1.09 1.34

16 (br) 0.42 0.39 0.38 0.35

16 : 0 22.05 25.98 24.97 30.05

16 : 1 (17 br) 2.29 2.98 2.55 2.80

17 : 0 0.69 1.08 0.91 1.00

17 : 1 (18 br) — — — 0.37

18 : 0 (br) 0.31 0.40 0.38 —

18 : 0 14.27 11.58 12.07 11.74

18 : 1 30.41 24.75 27.09 24.93

18 : 8h 0.24 1.56 1.26 —

18 : 2 1.23 2.75 2.39 1.78

18 : 3 (20 : 0) 2.61 2.30 2.06 1.23

a In weight percent.
b Structural assignments are not necessarily authentic, but represent, in almost all instances, the most likely

structure for the fraction.
c Data from the Department of Animal Industries, Storrs (Conn.) Agricultural Experiment Station; 408 samples

of milk plant production from June 1960 to June 1961.
d Data from Storrs Agriculture Experiment Station; 4–8 samples.
e For 108 samples.
f Sec (14).
g Branched chain.
h Carbon number obtained by semilog plots retention time/chain length.
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acid content is normal linoleic acid, and the remainder consists of the cis-9,

trans-12 or the trans-9, cis-12 isomers (15); but other positional and geometric

isomers are undoubtedly also present (4). The positional and geometric isomers

of bovine milk lipid fatty acids are presented in Table 5 (16).

TABLE 5. Positional and Geometric Isomers of Bovine Milk Lipid Fatty Acids (wt. %) (16).

Position of
Cis-Isomers Trans-Isomers

Double Bond 14:1 16:1 17:1 18:1 16:1 18:1

5 1.0 Trace — — 2.2 —

6 0.8 1.3 3.4 — 7.8 1.0

7 0.9 5.6 2.1 — 6.7 0.8

8 0.6 Trace 20.1 1.7 5.0 3.2

9 96.6 88.7 71.3 95.8 32.8 10.2

10 — Trace Trace Trace 1.7 10.5

11 — 2.6 2.9 2.5 10.6 35.7

12 — Trace Trace — 12.9 4.1

13 — — — — 10.6 10.5

14 — — — — — 9.0

15 — — — — — 6.8

16 — — — — — 7.5

TABLE 6. Fatty Acid Distributions of 82 Acids in Butter Fat.a

Saturatedb Branchedc Monoenes

Acid Weight Percent Acid Weight Percent Acid Weight Percent

— — 12:0 i 0.01 10:1 0.48

8:0 0.69 13:0 i Trace 12:1 0.05

10:0 1.88 14:0 i 0.03 13:1 0.003

11:0 0.12 15:0 i 0.14 14:1 0.75

12:0 2.96 15:0 2 0.23 15:1 0.02

13:0 0.10 16:0 i 0.2 16:1 1.84

14:0 11.2 17:0 i 0.36 17:1 0.2

15:0 1.52 18:0 i 0.02 18:1 30.3

16:0 27.8 19:0 br 0.01 19:1 0.14

17:0 0.71 20:0 br 0.01 — —

18:0 12.1 21:0 br 0.01 — —

19:0 0.05 22:0 br 0.02 — —

20:0 0.02 23:0 br 0.01 — —

21:0 0.06 24:0 br 0.02 — —

22:0 0.04 25:0 br 0.0004 — —

23:0 0.01 26:0 br 0.0004 — —

24:0 0.02 20:1 0.52 — —

25:0 0.02 21:1 0.01 — —

26:0 0.02 22:1 0.02 — —

27:0 0.00004 23:1 0.05 — —

28:0 0.00004 24:1 0.0008 — —

— — 25:1 0.0008 — —

— — 26:1 0.0008 — —
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Few compilations of the extensive fatty acid distributions in butter fat have been

made since Iverson et al. (17) reported quantitative data on 82 fatty acids that were

detected by means of urea fractionation and gas–liquid chromatography (GLC)

(Table 6). Table 7 provides the fatty acid composition of bovine milk lipids.

The advent of new techniques of gas chromatography for monoglycerides, digly-

cerides, and triglycerides (18, 19) should assist markedly in the identification of the

specific triglycerides of butter fat. It has already been possible to identify and quan-

titate about 168 molecular species of bovine milk serum triglycerides, excluding

enantiomers. Nutter and Privett (20) employed liquid–liquid and argentation thin-

layer chromatography (TLC) along with pancreatic lipase hydrolysis for this pur-

pose. As a result of their high degree of saturation, ruminant milkfats do not lend

themselves readily to argentation TLC, and resolution by gas chromatography using

polyester columns is a likely recourse.

There is a pronounced seasonal change in the fatty acid composition of butter

fat. It is normally several iodine number units higher in the summer than in the

winter, with corresponding variation in the relative proportions of unsaturated

TABLE 6. Fatty Acid Distributions of 82 Acids in Butter Fat.a (Continued )

Dienes Polyenes Multibranchede

Acid Weight Percent Acid Weight Percent Acid Weight Percent

14:2 0.04 18:3 1.03 16:0 br3 0.01

16:2 0.02 18:4 0.10 17:0 br3 0.01

18:2 2.22 20:3 0.05 18:0 br3 0.16

20:2 0.12 20:4 0.07 — —

22:2 0.14 20:5 0.02 — —

24:2 0.02 22:3 0.03 — —

26:2 0.0004 22:4 0.04 — —

— — 22:5 0.02 — —

19:0 br4d 0.02 — — — —

20:0 br4 0.14 — — — —

21:0 br4 0.02 — — — —

22:0 br4 0.02 — — — —

23:0 br4 0.01 — — — —

24:0 br4 0.10 — — — —

25:0 br4 0.10 — — — —

26:0 br3 0.01 — — — —

27:0 br4 0.04 — — — —

28:0 br3 0.02 — — — —

28:0 br4 0.12 — — — —

28:0 br5 0.01 — — — —

aDetected by urea fractionation and gas–liquid chromatography in 1965 (17).
bAcid below 8:0 were not determined (totally or partially lost during removal of solvent); also did not measure

trans-isomers, conjugated dienes and trienes, and keloacids.
ci, iso; br, iso and/or anti-iso. Last number indicates number of methyl branches for multibranched acids.
dThe number following br indicates the number of methyl branches for multibranched acids.
eTentatively identified in appropriate urea fractions by semilogarithmic plots of GLC retention times.
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and saturated fatty acids. In colder climates, the difference appears to be slightly

larger. The change is usually associated with the difference in the feed of the ani-

mals in different seasons, but not completely so: cows put on green pasturage pro-

duce softer butter fat even if their feed has previously consisted of hay or silage

comparable in solid composition with the green feed.

There are also differences in the butter fat of different cows on identical rations,

and the age of the animal and duration of lactation have some influence on butter fat

composition. Much of the dairy literature provides information relating dairy ani-

mal species and the composition of the butter fat from them.

When corn and peanut oils are protected (entrapped in formaldehyde-treated

casein), significant changes in the fatty acid composition of milkfat occur

(Table 8) (21).

Protected oils are hydrolyzed in the abomasum, and the fatty acids are absorbed

in the small intestine, thereby avoiding hydrogenation. The 18:2 content in the

milkfat was increased about five-fold, and the 14:0, 16:0, and 18:0 were decreased

accordingly. Plasma and depot fats were also increased in 18:2 content by this

program (21).

Results at the USDA are similar: cow’s milk can be increased in 18:2 acid from

3% to 35% by feeding protected safflower oil (22, 23). However, at high 18:2 levels,

TABLE 7. Fatty Acid Composition of Bovine Milk Lipids, August 1983 (3).

Number Type Identity

27 Normal saturate 2–28

25 Monobranched saturate 24; 13, 15, 17, 18 three or more positional

isomers

16 Multibranched 16–28

62 Cis monoene 10–26, except for 11 : 1, positional isomers of

12 : 1, 14 : 1, 16 : 1–18 : 1, and 23 : 1–25 : 1

58 Trans monoene 12–14,16–24; positional isomers of 14 : 1,

16 : 1–18 : 1, and 23 : 1–25 : 1

45 Diene 14–26 evens only; cis, cis; cis, trans; or trans,

cis and trans; trans, geometric isomers;

unconjugated and conjugated and positional

isomers

10 Tripolyene 18, 20, 22; geometric positional, conjugated

and unconjugated isomers

5 Tetrapolyene 18, 20, 22; positional isomers

2 Pentapolyene 20, 22

1 Hexapolyene 22

38 Keto (oxo) saturated 10, 12, 14, 15–20, 22, 24; positional isomers

21 Keto (oxo) unsaturated 14, 16, 18; positional isomers of carbonyl and

double bond

16 Hydroxy, 2-position 14 : 0, 16 : 0–26 : 0, 16 : 1, 18 : 1, 21 : 1, 24 : 1, 25 : 1

Hydroxy, 4- and 5-position 10 : 0–16 : 0, 12 : –6 and 12 : 1– –9

60 Other positions

1 Cyclic, hexyl 11; terminal cyclohexyl
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milk develops an oxidized off-flavor, usually after about 24 h, and creams require a

longer aging time for satisfactory churning. As expected, butter that contains more

than 16% linoleic acid is soft and sticky (5).

Extensive data have been published on the Reichert-Meissl, Polenske, and

Kirschner values of mixtures of butter fat, coconut, and palm kernel oils (Table 9)

(24–26). Other average characteristics of butter fat are approximately as follows:

density at 60�C, 0.887; melting point, 38�C; titer, 34�C; and unsaponifiable matter,

0.4%. The optical properties of butter fat are misleading and are in part contributed

by the nonglyceride components.

A significant variation in milkfat composition can occur in colostrum milk.

Ahren et al. (27) analyzed the content of glycerol ethers in neutral lipids and phos-

pholipids isolated from bovine colostrum and milk (Table 10). Lactone content of

butter fat has also been determined (Table 11).

Odd-numbered methyl ketones containing from 3 to 15 carbon atoms are found

in small quantities in butter fat. These compounds, along with microtraces of acet-

one, acetaldehyde, methyl sulfide, C4–C10 free fatty acids, and the various lactones

already mentioned, generally are considered to be the substances that comprise the

pleasant, bland, olfactory, nonoxidative flavor and odor of milkfat. Representative

concentrations of homologous methyl ketones have been well documented (30–32).

TABLE 8. Effect of Feeding Protected Corn and Peanut Oils

on Fatty Acid Composition of Bovine Milkfat (4, 21).

Fatty Acid Composition of Milk Lipids (wt. %)

Fatty Acids Corn Oil Peanut Oil Control

14 : 0 7.9 9.7 11.9

16 : 0 20.5 22.1 31.1

18 : 0 9.8 11.0 13.5

18 : 1 28.8 25.3 29.5

18 : 2 20.1 20.5 4.2

18 : 3 1.8 2.9 2.7

Others 11.1 8.5 7.1

TABLE 9. Distinctive Characteristics of Butter Fat Compared with Other Fats (23).

Soy and Corn

Characteristic Butter Fat Coconut Oil Palm Kernel Oil Fats and Oils

Saponification number 210–250 245–260 240–250 �200

Refractive index, 60�C �1.4465 �1.4410 �1.4430 >1.4465a

Reichert-Meissl value 22.34 6.8 5.7 <1

Polenske value 2–24 14–18 10–12 <1

Kirschner value 20–26 1–2 0.5–1 <0.5

aUnless the iodine number is very nearly zero.
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The phospholipids of milkfat are found in the fat globule membrane in associa-

tion with proteins and cerebrosides. Phospholipids are amphipolar in nature and are

strongly surface active. These properties enable them to stabilize both oil-in-water

and water-in-oil emulsions (Table 12) (4–6).

The sterols found in the unsaponifiable fraction of milk lipids are mostly choles-

terol esters, small quantities of lanosterol, and even smaller quantities of two new

constituents: dihydrolanosterol and b-sitosterol (33).

From the standpoint of nutritional value, the Vitamin A content of butter is

important. As the source of Vitamin A in butter is b-carotene or other carotenoid

pigments in the feed of the cows, the content of this vitamin varies considerably,

being highest in the summer when the dairy herds are in pasture and lowest in

winter when there are no green feedstuffs in their rations. A portion of the carotene

TABLE 10. Content of Glycerol Ethers in Neutral Lipids and Phospholipids Isolated

from Bovine Colostrum and Milk (27).

Characteristic Colostrum (% wt/wt) Milk (% wt/wt)

Total lipids 5.6 3.9

Neutral lipids in total lipids 99.0 99.3

Phospholipids in total lipids 1.0 0.7

Glycerol ethers in total lipids 0.061 0.009

Glycerol ethers in natural lipids 0.06 0.007

Glycerol ethers in phospholipids 0.16 0.25

Glycerol ethers in natural lipids of 97.4 80

total glycerol ethers

Glycerol ethers in phospholipids of 2.6 20

total glycerol ethers

TABLE 11. Amounts of y- and s-Aliphatic Lactones Isolated

from Butter Fat (ppm) (2, 28, 29).

Carbon Number s-Lactones y-Lactones

6 2.0 Trace

7 0.2a —

8 2.6 0.5

9 0.4a 0.2

10 15.0 1.2

11 0.7 0.5

12 35.0 1.6

13 1.5 0.5

14 34.0 1.4

15 6.4 1.3

16 23.2 1.3

18 2.3 —

2,3-Dimethyl-2,4-nonadien-4-olide — 0.5

aSemiquantitative.
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in the feed is transferred to the butter fat without change. The amount of carotene

transferred by the cow into the butter fat varies with the feeding regimen parallel to

variations in the production of Vitamin A, so that the intensity of the yellow color of

butter, to some extent, serves to indicate its Vitamin A content.

The Vitamin A potency of butter is in part due to Vitamin A as such and in part

to carotene, which is partially converted to the vitamin in the human body. The

Vitamin A content of butter is usually within the range of 6–12 mg/g, and the car-

otene content is in the range of 2–10 mg/g (33); 1 IU of Vitamin A is defined as the

amount possessing the biological activity of 0.6 mg of pure b-carotene.

The Vitamin D content of butter is much less significant than that of Vitamin A,

but it is nevertheless appreciable. It varies from about 0.1 IU/g to 1.0 IU/g, being

highest in the summer and lowest in the winter (33).

The composition of milkfat is the most important factor affecting the firmness of

butter and, therefore, its spreadability. The composition of milkfat changes primar-

ily according to the feed; therefore, the entire problem is connected to the animal’s

diet. The fatty acid composition of milkfat produced in various countries has been

rather accurately determined, as have the seasonal variations. In Europe, the amount

of saturated fatty acids is generally highest in winter and lowest in summer or fall

(see Table 11) (34). Green fodder decreases the amount of saturated fatty acids and

correspondingly increases the amount of unsaturated fatty acids. The differences

between the maximum and minimum values can be fairly large. For palmitic and

oleic acids, the quantitatively most important fatty acids, a difference of more than

10% between the maximum and minimum values was found in some cases. This

makes it understandable that there are also significant differences in the physical

characteristics of the butter. The structure of the triglycerides in the milkfat, along

with the fatty acid composition, is important in determining the physical character-

istics of the fat, because the softening point of fat has been found to rise as the result

of interesterification (35).

TABLE 12. Phospholipid Content of Bovine Milk

(4–6).

Phospholipid Mole Percent

Phosphatidylcholine 34.5

Phosphatidylethanolamine 31.8

Phosphatidylserine 3.1

Phosphatidylinositol 4.7

Sphingomyelin 25.2

Lysophosphatidylcholine Trace

Lysophosphatidylethanolamine Trace

Total choline phospholipids 59.7

Plasmalogens 3

Diphosphatidyl glycerol Trace

Ceramides Trace

Cerebrosides Trace
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Textural characteristics of butter significantly depend on milkfat composition

and the method of manufacture. If the chemical composition of the milkfat is

known, it is possible to select the appropriate technological parameters of the but-

termaking to improve its texture. To obtain butter with constant rheological char-

acteristics and to control the parameters of the buttermaking process, it is necessary

to take into account the difference in the chemical composition and the properties

of the milkfat in various seasons. Table 13 shows various compositional changes of

milkfat derived from summer and winter milk (36).

3. MODIFICATION OF MILKFAT

3.1. Melting and Crystallization of Milkfat Triglycerides

The complex fatty acid composition of milkfat is reflected in its melting behavior.

Melting begins at �30�C and is complete only at 37�C. At any intermediate tem-

perature, milkfat is a mixture of solid and liquid. To a large extent, the solid: liquid

ratio determines the rheological properties of the fat. For example, at refrigeration

temperature, butter has a higher solids content than does a tub margarine. Hence,

the latter product is more easily spread (37).

As crystallization proceeds, the growing crystals impinge to form aggregates.

A network results, in which both the solid and liquid phases may be regarded as

continuous. Formation of the network greatly increases the firmness of the fat.

As a liquid fat is cooled, crystallization begins. There are two parts to the crys-

tallization: (1) nucleation and (2) growth. In a bulk fat, nucleation occurs at the

surfaces of impurities, a phenomenon described as heterogeneous nucleation. A

considerable degree of supercooling is necessary to initiate nucleation. Subsequent

growth of the nuclei tends to be slow in natural fats because of competitive inhibi-

tion. In materials of low molecular weight, impurities are rejected at the face of the

growing crystal. In fats, however, the various triglyceride species are so closely

related that the term impurity tends to lose its meaning (38).

3.2. Hydrogenation

Hydrogenation of various fats and oils is used extensively in industry but is not gen-

erally applied to butter fat (the high cost of the raw material argues against its use as

TABLE 13. Compositional Characteristics of Summer and Winter Milkfat (36).a

Fatty Acids
Iodine

Samples Volatile Saturated Monounsaturated Polyunsaturated Number

Average of total 10.98 56.50 29.81 2.50 32.2

Summer 9.49 58.82 33.53 3.14 36.8

Winter 12.45 59.15 26.15 1.86 27.7

aN ¼ 140.
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a feedstock). The process reduces the degree of unsaturation of the fat and increases

its melting point.

Given the criticism directed at milkfat because of its saturated nature, there

appears to be little future in increasing the degree of saturation by means of hydro-

genation. The reverse procedure, desaturation or dehydrogenation, offers more

attractive prospects.

Flavor deterioration in fat-rich milk and dairy products is mainly due to autoxi-

dative degradation of lipids. This degradation may be retarded by partial hydroge-

nation. The objective of partial hydrogenation or trace hydrogenation is a selective

saturation of the polyunsaturated fatty acids without saturation of the monounsatu-

rated fatty acids to improve the oxidative stability. Selective hydrogenation has

been studied for years in the vegetable oil industry with some success. This process

has been applied by some researchers to milkfat (Figure 1) (39).

Figure 1. Changes in the composition of fatty acids during the hydrogenation of milkfat (38).
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3.3. Interesterification

Interesterification (also called ester interchange, randomization, and trans-

esterification) involves the exchange and redistribution of acyl groups among

triglycerides. This technology was initially developed as high-temperature interes-

terification in Germany during 1920–1930. Since about 1950–1960, the process has

been developed still further in the United States and Europe (39). The resultant

product exhibits the same total fatty acid composition as the starting material,

but the triglyceride composition and the physical properties are changed. Interester-

ification catalyzed by chemical catalysts or by lipases is used in the fat industry for

the manufacture of margarines, shortenings, and confectionery fat (40).

The fatty acid composition is not modified by interesterification, but there is a

significant modification of the glyceride composition (Table 14). In the untreated

milkfat, the triglycerides may be divided into two groups: triglycerides with lower

molecular weights (lower than C42) and the triglycerides with higher molecular

weights (C44–C54) (39).

Interesterification offers opportunities for modifying the glyceride composition

of milkfat and recombined butter. The technique confers some positive nutritive

value to milkfat. One disadvantage of the interesterification reaction is the loss

of flavor during neutralization, interesterification, and subsequent deodorization.

Most manufacturers would support that little or no commercial interest will result

from using this process.

TABLE 14. Glyceride Composition of Nat-

ural and Interesterified Milkfat (mol %) (39).

Triglyceride Natural Interesterified

C22 — 0.1

C24 0.3 0.8

C26 0.1 1.4

C28 0.6 1.5

C30 0.9 1.3

C32 1.9 2.0

C34 4.4 3.0

C36 9.5 5.9

C38 13.1 9.1

C40 12.1 9.9

C42 7.7 7.6

C44 6.8 8.3

C46 7.5 10.7

C48 8.8 12.8

C50 11.2 14.2

C52 10.8 10.9

C54 4.6 0.4

Ratio C38:C50 1.17 0.64
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3.4. Reduction of Cholesterol in Milkfat

One obvious area for development is in the modification of dairy products to satisfy

the changing dietary habits of consumers. The mounting health concerns are related

to intake of calories, cholesterol, and saturated fats. Concern about cholesterol in the

diet originates from the fact that high-serum cholesterol, especially the low-density

lipoproteins, is one of the risk factors associated with atherosclerosis. Dietary

intake of cholesterol may be one of the factors contributing to the elevation of ser-

um cholesterol; other dietary factors are high total fat, high saturated fat, and low

dietary fiber intake.

There have been many cholesterol-reduction technologies developed all over the

world because of high interest by the dairy industry. However, there are only a few

technologies available for technology transfer. Fractionation by thermal crystalliza-

tion, steam stripping, short-path molecular distillation, supercritical fluid extraction,

selective absorption, and crystallization using solvents or enzymatic modification

can achieve fat alterations of significance to the dairy industry.

Vacuum Steam Distillation. There has been direct application of cholesterol

removal by vacuum steam distillation, an old technology. This process is widely

used in the fats and oils industry for deodorization.

Cholesterol is a low-volatile compound, but it is more volatile than the major

triglycerides of milkfat. Superheated steam can be bubbled through the oil, heating

it indirectly, which provides for the latent heat of vaporization of the distilling com-

pounds and prevents steam condensation. Thus, the temperature and pressure can be

varied independently. When the sum of the partial vapor pressures of water vapor

and the distillates is equal to the total pressure, water vapor and the low-volatile

components, such as cholesterol and free fatty acids, distill over.

The process for cholesterol removal from anhydrous milkfat was patented by

General Mills (41). Fractionment Tirtiaux also disclosed the development of a

vacuum steam distillation system called the LAN cylinder (38). The steam distilla-

tion process (Figure 2) was commercialized, producing a 90–95% cholesterol

reduction in anhydrous milkfat with a 95% yield that was reconstituted into 2%

fat fluid milk (42). The major disadvantage to the process is that it strips or removes

most all volatile flavor components from the fat. These flavor components must be

captured (i.e., vacreation) before the distillation process to attempt to reproduce the

delicate flavors so desired for reconstitution into a butter product.

Short-path Molecular Distillation. Short-path molecular distillation offered great

promise for the selective removal of cholesterol from milkfat. The process achieves

the simplest separation of desired substance from a mixture of components of high

molecular weight.

The rate of distillation at any given temperature is a function of the ratio P:M1/2,

where P is the partial pressure of the compound and M its molecular weight. Owing

to the temperature dependence of the rate of distillation, a fractionation of compo-

nents with different molecular weights can be carried out by holding the tempera-

ture constant until the more volatile constituents are removed. Figure 3 illustrates

potential capability of the process (43).
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The process has been applied to strip oil-soluble vitamins, sterols, and fatty acids

from fats and oils. Cholesterol has been successfully removed from anhydrous

milkfat in the range of 70–90% (44, 45). Extensive studies were performed and

various temperatures and pressures were used to fractionate milkfat (46). Unfortu-

nately, the process has not proved to be economically feasible due to the low butter

fat yield when significant cholesterol was removed (Land O’Lakes research).

Absorption. One of the most promising technologies has been the use of cyclo-

dextrins to complex cholesterol from a mixture and then selectively separate the

cholesterol–cyclodextrin complex. European researchers have pioneered almost

all of the research in this area, and patents have been issued (47, 48).

The process is based on the fact that b-cyclodextrin specifically forms an inso-

luble inclusion complex with cholesterol. b-Cyclodextrin is a cyclic oligosacchar-

ide of seven glucose units. It consists of 1,4-a-D-linked glucopyranose residues, as

shown in Figure 4. As a consequence of the C1 conformation of the glucopyranose

units, the secondary OH groups are located on the edge of the torus-like cyclodex-

trin molecule, whereas all the primary OH groups are on the other side (Figure 5)

(48). The central cavity is, therefore, hydrophobic, giving the molecule its affinity

for nonpolar molecules such as cholesterol. The radius of the cavity can accommo-

date a cholesterol molecule almost exactly, explaining the highly specific nature of

b-cyclodextrin’s ability to form an inclusion complex with cholesterol.

Figure 2. Schematic for the decholesterolization of milkfat (41).
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Figure 3. Distillation under vacuum (43).
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This process appears to provide considerable economic and practical advantages

over alternative cholesterol reduction technologies, such as steam distillation and

supercritical carbon dioxide fluid extraction. For instance, there is no absorption

of vitamins, it is a low-temperature operation, and it has a low capital cost. The

only economic concern is that the ratio of the addition of b-cyclodextrin to the cho-

lesterol removed is high, creating the potential for a high-cost process. Even so, the

Europeans have commercialized the process, and reduced-cholesterol butter and

cheese products have been introduced into the marketplace (49).

Multiple absorbants have been researched, and they include digitonin, tomatine,

sodium cholate (bile salts), and active carbon (45, 47, 50). Most will face severe

food regulatory problems. New Zealand (48) performed extensive research on

active carbon, carbon impregnated with different metal salts, and inert supports

impregnated with selected organic compounds. This technique (active carbon) is

Figure 4. b-Cyclodextrin
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not promising, because it does not retain the delicate butter flavors or the carotenoid

pigments. An off-flavor develops in the milkfat. The University of California has

evaluated the use of food-grade saponins as absorbents (51). This process showed

promise, but most work has been discontinued due to U.S. regulatory prohibitions.

Solvents. The use of organic solvents, such as acetone, in the laboratory has

proven to be an effective method for removal of milkfat components, including

cholesterol. Unfortunately, this method creates regulatory and negative consumer

perceptions due to the potential of solvent residues in the natural butter/butter

fat-containing products.

Supercritical Fluid Extraction. The supercritical fluid extraction process created

extensive excitement in the mid-1980s in the research community as a preferred

process for cholesterol removal. Extensive research at various universities was

initiated to evaluate its potential, and significant publicity was generated within

the dairy industry (45, 46, 52–56).

Liquid-like densities of supercritical gases result in liquid-like solvent powers;

this property and faster diffusion characteristics due to low-gas viscosity make

supercritical fluids attractive extraction agents. Solubility of substances in supercri-

tical gases derives from van der Waals’ molecular attractive forces and increases

with increasing pressure at a constant temperature. The temperature influences

the solution equilibria in a more complicated way than does the pressure. Com-

pounds can be selectively dissolved by changing the density of the gas, i.e., pressure

and temperature conditions.

The extraction of cholesterol into the mobile gas phase is determined by the

balance of a tripartite interaction: triglyceride–CO2, triglyceride–cholesterol, and

Figure 5. Schematic of the b-cyclodextrin molecule, showing the hydrophobic cavity (48).
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cholesterol–CO2. As a minor constituent of the milkfat, cholesterol is probably

associated with the triglycerides for which it has higher affinity, namely, short-

and medium-chain triglycerides and, to some extent, long-chain unsaturated tri-

glyerides. As CO2 affinity is low for cholesterol at 200 bar and 80�C (low-gas

concentration), there would be less competition between triglycerides and CO2

for cholesterol. Those cholesterol molecules associated with short- and medium-

chain triglycerides would be eluted into the gas phase along with them at low-

gas concentrations. However, the cholesterol molecules associated with long-chain

triglycerides are not eluted at low-gas concentrations because of their larger size.

Cholesterol esters, being large molecules, would not be eluted at low-gas concen-

trations.

By the late 1980s, technologies for the removal of cholesterol with supercritical

carbon dioxide were offered by a number of companies (38). Commercialization

was never attempted by any major food company for removal of cholesterol.

Successful scale-up and commercialization was achieved by the General Foods

Corporation for removal of caffeine from coffee (45). The primary disadvantages

for the dairy industry were the low yields, low cholesterol removal, and the very

high capital and operating costs of the equipment.

Enzymatic. Biological procedures for cholesterol removal make use of micro-

organisms that produce enzymes to convert cholesterol into innocuous compounds.

Several enzymatic systems are being investigated in different countries of the

world. Most systems use a cholesterol reductase that converts the cholesterol into

coprostanol and coprosterol (52, 57). These converted compounds are very poorly

absorbed by the digestive system and pass through intact. Several investigators have

isolated and characterized Eubacteria able to convert cholesterol into coprostanol

from rat, baboon, and human feces. Leaves of cucumber, soybeans, corn, and beans

are known to contain similar enzymes (45, 57, 58). Lactobacillus acidophilus has

also been reported to metabolize cholesterol (51).

Once suitable enzyme systems are identified, the next step involves transfer of

the gene that codes for the enzyme into suitable micro-organisms, such as Lacto-

bacillus and Streptomyces species, for large-scale production and purification of the

enzyme. Further steps may involve attaching the enzyme onto a solid support or

adding purified enzyme in soluble form to the food systems. It is equally envisioned

that cholesterol-degrading enzymes, such as cholesterol reductase, can be geneti-

cally transplanted from one group of bacteria into lactic bacteria, which are the tra-

ditional dairy starter cultures. The cholesterol-reducing cultures could then be used

in cultured dairy products such as cheese.

The industrial scale-up of enzymatic technology is both highly complicated and

expensive. Moreover, a primary regulatory hurdle will involve demonstrating that

the end products of the cholesterol–enzyme reaction and the novel compounds

formed through genetic engineering are harmless.

Regulatory–Nutritional. Many of the processes for cholesterol removal will meet

with regulatory hurdles because of residues, unapproved additives, or byproduct

formation. But the real burden for the U.S. dairy industry was the 1993 Nutritional

Labeling and Education Act (54). This act created commercial prohibitions,
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because it requires that cholesterol-reduction claims cannot be applied to products

that contain more than 2 mg/g of saturated fat; butter fat is approximately 65% satu-

rated. The industry has not yet developed a cost-effective means to reduce butter fat

saturation.

For years, the nutritional community has claimed that the effect of dietary cho-

lesterol intake on serum cholesterol level was much less significant than the ratio of

total fat to saturated fat in the diet (59). The general public is becoming aware of

this and has consequently reduced its demand for low-cholesterol foods.

4. QUALITY CONTROL

In the production of all butter-fat-containing foods, quality control is essential to

ensure shelf life, safety, and the food’s appearance, flavor, and texture. The key

to the final product is the quality of the raw materials used. The handling of raw

milk is of particular importance. Careful attention is paid to temperature control

in raw-milk-handling systems and, naturally, to the cleaning of all equipment

used for storage and transport. Raw milk is held refrigerated to less than 5�C on

the farms, and although this has eliminated the growth of a number of organisms,

others (notably psychrotrophs) can still multiply under these conditions. Unfortu-

nately, some of the lipolytic and proteolytic enzymes produced by these classes

of organisms are heat stable, even surviving ultrahigh temperature (UHT) treat-

ment. Today, a shelf life of many months is expected of a number of UHT-treated

products, thus the presence of lipolytic and proteolytic enzymes can be disastrous.

The only way to avoid this problem is to ensure that the numbers of organisms are

kept to an absolute minimum during all stages of the collection and manufacturing

process.

Some quality problems can be eliminated. For example, certain cattle feeds pro-

duce undesirable volatile flavors, which tend to concentrate in the butter fat portion

of the milk. Historically, the industry adopted steam stripping of cream for butter-

making to reduce the intensity of these flavors. The equipment universally used is

the vacreator (Figure 6), which is designed to pass as much as 0.30 kg steam to each

kilogram of cream. The design of the vacreator evolved during the 1930s and

1960s, culminating in the development of the Vac 25 and 16 models (59).

Vacreation accomplishes a number of tasks in one operation. Pasteurization of

the cream for buttermaking is perhaps the most important of these, followed by

steam stripping of off odors. Other functions include destruction of natural milk

lipases and development of a slightly ‘‘nutty’’ or ‘‘cooked’’ flavor in the resulting

butter.

4.1. Hazard Analysis and Critical Control Points (HACCP)

The World Health Organization (WHO) recognized HACCP as an effective rational

means to ensure food safety from the farm to consumer. The Food and Drug

Administration (FDA) and the U.S. Department of Agriculture (USDA) are moving
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toward the adoption of HACCP systems to ensure the safety of foods sold in the

United States.

The HACCP program is a management tool that provides a logical and cost-

effective basis for better decision making with respect to dairy product safety.

One of the key advantages of the HACCP concept is that it enables a dairy food

manufacturing company to move away from a philosophy of control based on test-

ing to a preventive approach that identifies and controls potential hazards in the

manufacturing environment.

4.2. Composition Control

Composition control of the butter fat content has received much attention in the

ever present drive to maximize returns and create highly consistent products. As

noted, multiple technologies are under development to standardize and simplify

the processes.

4.3. Grading, Standards, and Definition

Standards for butter in the United States were established by an act of Congress and

are supported by USDA standards for grades of butter. In the revised standards, the

following definitions apply: butter refers to the food product usually known as but-

ter, which is made exclusively from milk, cream, or both, with or without common

salt, and with or without additional coloring matter. The milkfat content of butter is

not less than 80% by weight, allowing for all tolerances. Cream refers to the cream

Figure 6. Diagram of the Vac 25/16 vacreator (59).
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separated from milk produced by healthy cows. Cream is pasteurized at a tempera-

ture of not less than 73.9�C for not less than 30 min, or it can be pasteurized at a

temperature of not less than 89�C for not less than 15 s. There are other approved

methods of pasteurization that give equivalent results (60).

The flavor of the cream may be enhanced by culturing, adding food-grade lactic

acid bacteria, or adding natural flavors obtained by distilling a fermented milk;

cream may also be added to the finished butter. In addition, color, derived from

an FDA-approved source, may be used (61).

Legal requirements for butter vary considerably in different countries. For exam-

ple, in Europe, butter must contain 82% fat, and in France, it may contain a max-

imum of 16% moisture (62). In some tropical parts of the world, milkfat is used in

nearly anhydrous form, because it is less susceptible to bacterial spoilage. This pro-

duct is known as ghee. In the Middle East and India, ghee is prepared from heated

cow or buffalo milk.

The new nutrition labeling regulations, promulgated under the Nutrition Label-

ing and Education Act of 1993 (54), mandate that only strictly defined terms be

used to make nutrient content claims. For example, the term light may only be

used on products that have been specifically formulated or altered to meet one of

two conditions: (1) if the product derives 50% or more of its calories from fat,

reduce the fat level by 50% (as compared with a reference product), and (2) if

the product derives less than 50% of its calories from fat, reduce the calorie level

by one-third (compared with a reference product). Generally, butter products derive

more than 50% of their calories from fat and, therefore, must achieve a minimum

50% fat reduction to use the term light. The term reduced when used as a nutrient

descriptor requires a formulation alteration that achieves a minimum 25% reduction

in the nutrient from a reference product (63).

When considering products to be labeled with a cholesterol claim, the following

applies:

Reduced cholesterol: the product has an allowable maximum of 2 g saturated fat

and a minimum 25% cholesterol reduction per serving.

Low cholesterol: maximum of 2 g saturated fat and a maximum of 20 mg

cholesterol per serving are allowed.

Cholesterol free: maximum of 2 g saturated fat and less than 2 mg cholesterol

are allowed per serving.

When considering a fat free or no fat claim, the new regulations require the product

to have less than 0.5 g fat per serving and no added fat unless noted (i.e., ‘‘trivial

fat’’) (54).

There are three U.S. grades of butter: AA, A, and B. Butter is graded by first

classifying its flavor organoleptically. In addition to the overall quality of the butter

flavor itself, the standards list 17 flavor defects and the degree to which they may be

present for each grade. This grade is then lowered by defects in the workmanship

and the degree to which they are apparent. Deratings are characterized by negative

body, flavor, or salt attributes, which are fully described in the standards. Butter
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that does not meet the requirements for U.S. Grade B is not graded. To bear the

USDA seal, the finished product must fall within the following microbiological

specifications:

Proteolytic count not more than 100 per gram.

Yeast and mold count not more than 20 per gram.

Coliform count not more than 10 per gram.

Butter should be stored at 4.4�C or lower or at less than �17.8�C, if it is to be held

for more than 30 days (62). The International Dairy Federation (IDF) has produced

specifications for milkfat (64), which include reference to the feedstock. (These

specifications relate to the time of manufacture but are often used as purchase stan-

dards.) The highest grade, anhydrous milkfat (AMF), must be produced from fresh

milk, cream, or butter, to which no neutralizing substances have been added. It

should have a clean, bland flavor when tasted at 20–25�C and a peroxide value

(PV) of less than 0.2 meq oxygen/1 kg fat. Anhydrous butter oil may be produced

from butter or cream of different ages and has no pronounced, unclean, or other

objectionable taste or flavor. The term butter oil should be used where there is

no pronounced unclean or other objectionable taste or odor. The FAO/WHO Codex

standard for milkfat is shown in Table 15 (65).

4.4. Specialized Analytical Methods

The dairy industry produces a valuable fat that has a desirable flavor and positive

consumer awareness; these attributes must be protected. Significant development

activity has occurred for rapid, simple methods to detect adulteration (66, 67).

As lack of spreadability was determined to be a major butter negative, a flurry of

research was initiated creating the need for measurement techniques (68–70). Many

procedures have been used or proposed to assess the microbiological quality of

the milk or cream. Generally, microbiological tests are performed to determine

the hygiene of production and storage conditions or for safety reasons. Tests include

TABLE 15. Standards for Anhydrous Milkfat, Anhydrous Butter Oil, and Butter Oil (65).a

Composition and Quality Anhydrous Milk Fat Anhydrous Butter Oil Butter Oil

Milk fat, minimum 99.8% m/m 99.8% m/m 99.6% m/m

Water 0.1% m/m 0.1% m/m 0.3% m/m

Free fatty acids, as oleic acid, 0.3% m/m 0.3% m/m 0.4% m/m

maximum

Peroxide value, m Eq oxygen/kg 0.3 0.3 0.6

fat, maximum

Copper, mg/kg, maximum 0.05 0.05 0.05

Iron, mg/kg, maximum 0.2 0.2 0.2

aTaste and odor at 40–45�C should be acceptable for market requirements. Texture, depending on

temperature, should be smooth and fine granules to liquid.
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total counts and counts for specific classes of micro-organisms, such as yeasts and

molds, coliforms, psychotrophs, and pathogens such as Salmonella. Rapid-screen-

ing tests based on dye reduction or direct observation using a microscope or auto-

matic total counters are also in use.

4.5. Lipase Activity

An increasing problem is lipolysis in butter fat after manufacturing, which is caused

by thermoresistant lipase enzymes that are created in the milk or cream by psycho-

trophic bacteria or by residual native lipases that survive pasteurization. Based on a

determination of the lipase activity in cream, the keeping quality of manufactured

butter in regard to lipolysis can be predicted with reasonable accuracy. A similar

prediction for sweet cream butter can be based on lipase activity in the serum phase

(71). The characteristic lipolytic flavors that can develop in milk products are pri-

marily associated with the short- and medium-chain fatty acids that are relatively

abundant in milkfat; they have lower flavor threshold values than the long-chain

fatty acids. As a result of improvements in the quality of raw milk and the standards

of processing, lipolytic rancidity is seldom present in the fat source before its use in

recombination (72).

4.6. Oxidation

The flavor of dairy products is largely determined by the fat component. Conse-

quently, it is particularly important to restrict the development of oxidized off-flavors

in the fat source before use. Oxidation is the chief mode of deterioration of fats and

a major factor in determining the shelf life of fat-containing foods (72). Unsaturated

fatty acid esters react with oxygen to form peroxides. Although flavorless them-

selves, peroxides are unstable and readily decompose to yield flavorful carbonyl

compounds. The latter are the source of the characteristic oxidized flavors that

are detectable at low concentrations. The rate of oxidation depends on the concen-

tration of dissolved oxygen, the temperature, the presence of pro-oxidants such as

copper and iron, the degree of unsaturation of the fat, and the presence of antiox-

idants that may retard the onset of oxidation. Compared with many fats, milkfat has

a good oxidative stability, because it is high in total saturates, low in polyunsatu-

rates, and contains natural antioxidants, principally a-tocopherol.

The development of oxidative rancidity in milkfat is the major determinant of

the stability of the fat on storage. Dissolved air in the milkfat can give dissolved

oxygen levels of up to 40 ppm at 30�C. In practice, the dissolved oxygen level in

the freshly processed milkfat would be about 5 ppm at 45�C, a level sufficient to

permit the development of oxidative rancidity, but if the milkfat were allowed to

equilibrate with the air, then this level could increase to 33 ppm with a consequent

increase in the rate of development of oxidative rancidity. The solubility curve for

oxygen in milkfat is a compound of the solubility curves for the liquid and solid

phases (Figure 7). Though the solubility decreases with increasing temperature

for both phases, the solubility of oxygen in the liquid phase is much higher than

for the closely packed solid phase (73).
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The oxygen level in the milkfat may be limited by either active or passive

actions. For passive control, processing procedures and plant design are established

to minimize air exposure. Deaeration devices (74), vacreation (60), the use of anti-

oxidants (72), effective destruction of lipases (75), and nitrogen spanning of con-

tainer headspace are examples of active control of product quality.

5. BUTTER MANUFACTURE

5.1. Milk and Cream Separation

The most basic and oldest processing method is cream separation. Ancient people

are known to have used milk freely. It is probable that they used the cream that rose

to the top of milk that had been held for some time in containers, although there is

little in ancient literature to suggest that such use was common. It is well estab-

lished that, in early times, butter was produced by churning milk.

The principal questions concerning separation in a butter manufacturing facility

are the choice of cream fat content and the choice of the separation technique, milk

separation before or after pasteurization, temperature of separation, and regulation

of the fat content. Separation of cream from milk is possible because of a difference

in specific gravity between the fat and the liquid portion, or serum. Whether separa-

tion is accomplished by gravity or centrifugal methods, the result depends on this

difference (48).

A modern dairy separator will separate virtually all fat globules larger than

0.8 mm, and because most of the milkfat is present in the form of such globules,

Figure 7. The effect of temperature on the solid fat content and solubility of oxygen in milkfat

(73).
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it is relatively easy to separate the bulk of the milkfat. Fat globules below 0.8 mm

are generally referred to as nonseparable globules (76).

The percentage of fat in the cream must be known and controlled. It influences

fat losses during churning. Knowledge of the fat content assists in yield estimations

for operational conditions in continuous manufacture. A number of satisfactory

analytical procedures are available, with the Babcock test being the most

common.

The chemical composition of the triglycerides, which make up milkfat, varies

throughout the year, depending on the stage of lactation and the cow’s diet. The

seasonal variation causes a cyclic change in the melting properties of the fat. In

the control of the buttermaking process and the physical properties of the finished

butter, this factor must be monitored. The term melting property is used rather than

softness or hardness, because these more correctly refer to altogether different attri-

butes of solids. A number of procedures have been used to follow the seasonal

change in the melting properties. The iodine number, refractive index, differential

scanning calorimetry, or pulsed nuclear magnetic resonance spectroscopy can be

used to prepare a melting curve. However, the expense and complexity of these

melting curve techniques precludes this approach in most quality-control situations

(77). The traditional chemical determinations for fat, saponification value, and

Polenske value are of limited value. They are scarcely relevant for quality control,

and the information they provide can be more usefully quantified by the determina-

tion of the fatty acid profile using gas chromatography.

Today, the use of stainless steel has essentially eliminated the exposure of the fat

to copper and iron. The presence of copper and, to a lesser extent, iron can catalyze

oxidative deterioration of butter during storage, particularly in the presence of salt

and a low pH.

5.2. Crystallization

The crystal structure of fat and the resulting physical properties of butter made by

both conventional and alternative processes have received considerable study.

When churned conventionally or by the continuous Fritz process for butter manu-

facture, most of the milkfat is contained within the fat globule in cream during the

cooling and crystallization process. The fat globule provides a natural limit to the

growth of fat crystals. Cooling and holding of cream is normally carried out over-

night, and thus, sufficient time exists for the crystallization process to approach

equilibrium (78).

The principles of crystallization of plastic fats in the type of equipment used for

margarine manufacture have been described (79). It is important for the butter to

develop small fat crystals that remain substantially discrete and do not form a

strong interlocking structure. Small crystals (e.g., 5 mm diameter) have a greater

total surface area than large crystals and will bind water and free liquid fat by

adsorption more effectively (78). Large crystals impart a gritty texture to the pro-

duct. When fats are cooled rapidly in a scraped-surface heat exchanger, fat crystal-

lization commences, but the fat is substantially supercooled on exiting. If
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crystallization is then permitted to continue under quiescent conditions, crystals

will grow together and form a lattice structure. The product will thus be hard

and brittle and may tend to leak moisture. If, however, crystallization is permitted

to occur under agitated conditions (e.g., for 1–3 min in a pin worker), the formation

of small independent crystals will be favored and the product will have a fine,

smooth texture. If crystallization under agitated conditions is permitted to continue

for too long, the product will be too soft for most patting or bulk filling operations,

and it is likely to be too soft and greasy at warm room temperatures.

5.3. Neutralization

When lactic acid has developed in the raw, unpasteurized cream by microbial activ-

ity to a degree considered excessive, neutralizer may be added to return the cream

acidity to a desirable level. Sodium carbonates have been found suitable in practice

for batch neutralization. For continuous neutralization by pH control, sodium

hydroxide is more suitable. These chemicals must be food grade.

5.4. Heat Treatment

The heat treatment of cream plays a decisive role in the butter-manufacturing pro-

cess and the eventual quality of the butter. It is important that milk and cream be

handled in the gentlest possible way to avoid mechanical damage to the fat, a ser-

ious problem in continuous manufacture (Fritz process) of butter (80). Cream is

pasteurized or heat treated for the following reasons: to destroy pathogenic

micro-organisms and reduce the number of bacteria, to deactivate enzymes, to

liquify the fat for subsequent control of crystallization, and to provide partial elim-

ination of undesirable volatile flavors.

5.5. Batch Butter Manufacture

Today, batch processing is not used to any extent for the production of large quan-

tities of butter. Batch systems are still encountered in small butter plants, primarily

in less industrially developed countries. Continuous systems are more efficient and

cost-effective for large outputs; batch systems have low capital cost.

The processing of cream by a batch churn requires filling to approximately

30–50% capacity at a cream temperature of 4.4–12.8�C. Cream temperature varies,

depending on season, the butter characteristics desired, and the desired rate of fat

inversion (Figure 8). Churning is accomplished by rotation of the churn at approxi-

mately 35 rpm until small butter granules appear. The process usually requires

about 45 min for coalescence of the fat globules and clean separation of the butter-

milk so that it can be drained (82). The granules may be washed with cold water to

remove surface buttermilk. Salt is then added with water if standardization of the

fat content is required. The butter is worked to ensure uniformity and desirable

body and texture characteristics and the rate of fat inversion.
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5.6. Continuous Butter Manufacture

Between 1930 and 1960, a number of continuous processes were developed. In the

Alfa, Alfa-Laval, New Way, and Meleshin processes, phase inversion takes place by

cooling and mechanical treatment of the concentrated cream. In the Cherry-Burrell

Gold’n Flow and Creamery Package processes, phase inversion takes place during

or immediately after concentration, producing a liquid identical to melted butter,

before cooling and working. The Alfa, Alfa-Laval, and New Way processes were

unsuccessful commercially. The Meleshin process, however, was adopted success-

fully in the former U.S.S.R. The Cherry-Burrell Gold’n Flow process appears to

have been the more successful of the two American processes (78).

The Fritz continuous buttermaking process, which is based on the same princi-

ples as traditional batch churning, is now the predominant process for butter man-

ufacture in most butter-producing countries. In the churning process, crystallization

of milkfat is carried out in the cream, with phase inversion and milkfat concentra-

tion taking place during the churning and draining steps. However, because of the

discovery that cream could be concentrated to a fat content equal to or greater than

that of butter, methods have been sought for converting the concentrated or plastic

cream directly into butter. Such methods would carry out the principal buttermak-

ing steps essentially in reverse order, with concentration of cream in a centrifugal

separator, followed by a phase inversion, cooling, and crystallizing of the milkfat (82).

Increased demands on the keeping qualities of butter require careful construc-

tion, operation, and cleaning of the milk- and cream-processing equipment, as

well as research to develop machines that will ensure butter production and packing

under conditions without contamination and air admixture. It has been demon-

strated that butter produced under closed conditions has a better keeping quality

than butter produced in open systems (83).

There are two classes of continuous processes in use: one using 40% cream, such

as the Fritz process (Figure 9) (81), and the other using 80% cream, such as the

Figure 8. Energy consumption and fat loss in buttermilk in relation to churning temperature and

heating temperature (81).——, Energy consumption; ——, fat loss.

BUTTER MANUFACTURE 29



Figure 9. Continuous butter maker (Westfalia). 1, Churning cylinder; 2, separation section (first working section); 3, squeeze-drying section; 4, second

working section; 5, injection section; 6, vacuum working section; 7, final working stage; and 8, moisture-control unit (81).
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Cherry-Burrell Gold’n Flow (84). As much as 85% of the butter in France is made

by the Fritz process. In this process, 40% fat cream is churned as it passes through a

cylindrical beater, all in a matter of seconds. The butter granules are fed through an

auger where the buttermilk is drained and the product is squeeze-dried to a low-

moisture content. It then passes through a second working stage where brine and

water are injected to standardize the moisture and salt content. As a result of the

efficient draining of the buttermilk, this process is suitable for the addition of lactic

acid bacteria cultures at this point. The process then becomes known as the NIZO

method when the lactic starter is injected (78). Advantages of the NIZO method

over traditional culturing are improved flavor development, improved acid values

as a result of lower pH, more flexible temperature treatment of the cream because

culturing and tempering often are accomplished concurrently, and most important,

production of sweet cream buttermilk.

The Cherry-Burrell Gold’n Flow process is similar to margarine manufacture

(84). The process starts with 18.3�C cream that is pumped through a high-speed

destabilizing unit and then to a cream separator, from which a 90% fat plastic cream

is discharged. It is then vacuum pasteurized and held in agitated tanks to which col-

or, flavor, salt, and milk are added. Then this 80% fat-water emulsion, which is

maintained at 48.9�C, is cooled to 4.4�C by use of scraped surface-heat exchangers.

It then passes through a crystallizing tube and then a perforated plate that works the

butter. Before chilling, 5% nitrogen gas is injected into the emulsion. Improvements

of the processing continue to occur. It is now possible to manufacture butter from

high-fat cream (>82% milkfat) on a continuous basis (85).

Although the Meleshin process continues to be in widespread use in the former

U.S.S.R., the use of alternative continuous buttermaking processes based on high-

fat cream has declined in Western countries during the past 20 years (78). The prin-

cipal reasons for this decline appear to be economics and butter quality, particularly

when compared with the Fritz process. A Fritz manufacturing process can be

installed in existing batch churn factories with almost no modification to cream-

handling or butter-packing equipment. The churns could be retained in case the

Fritz breaks down. However, little batch plant equipment could be reused in the

alternative systems (i.e., Gold’n Flow). When a completely new plant is being

bought, the alternative systems still tend to be more expensive, and operational

advantages over the Fritz system are not significant. Butter from the Fritz process

is nearly identical in its physical and flavor characteristics to batch-churned butter,

whereas butter produced by the alternative processes tends to be different (86).

These differences may be perceived as defects by the consumer, and manufacturers

have been reluctant to alter a traditional product.

There are a number of advantages that the alternative systems have over the

modern Fritz line (87). The most attractive advantage is the flexibility to produce

a wide range of products, with fat contents ranging from 30% to 95% butter–vege-

table oil blends and the ability to incorporate fractionated fats (88). The alternative

processes also present the possibility of a number of operational advantages. The

use of an efficient centrifuge during the cream concentration stage can substantially

reduce fat losses in the buttermilk. The composition of the butter can be more
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accurately controlled, either by including a batch standardization step or by the use

of accurate continuous metering systems.

5.7. Cultured Butter Manufacture

There are several ways of making cultured butter from sweet cream. Pasilac-Danish

Turnkey Dairies, Ltd. developed the IBC method (Figure 10) (81). The main prin-

ciples of the IBC method are as follows. After sweet cream churning and buttermilk

drainage, a starter culture mixture is worked into the butter, which produces both

the required lowering of butter pH and, because of the diacetyl content of the starter

culture mixture, the required aroma. The starter mixture consists of two types of

starter culture: (1) Lactococcus lactis and (2) L. cremoris and L. lactis ssp. diace-

tylactis. With respect to production costs, the experience with this method shows

that, for the manufacture of mildly cultured butter, the direct costs are only about

one-third of the costs of other methods (81).

5.8. Reduced Fat Butter

Fat shortages during World War II first stimulated interest in low-fat spreads in the

United States. Oil-in-water spreads were first developed in the 1950s and 1960s.

However, they had a number of limitations, including a shelf life of only 10–14

days (conventional butter shelf life is 4 months), a spongy texture, a lack of melting

properties, and an inability to withstand freezing (89). The public’s interest in low-

calorie foods has motivated manufacturers to produce low-fat butter products.

Although these products can no longer be called butter (according to international

Figure 10. Schematic of the Pasilac-Danish IBC method (81).
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standards), they are nonetheless often called low-calorie butter, half-butter, light

butter, or a similar name. Many patents have been obtained for these products,

because emulsifying properties are needed to deal with the water content (nearly

50%) of butter-like spreads. In addition, the emulsion must often be stabilized

with additives. In some countries, a low-fat butter (40% total fat) containing vege-

table oil has been designated as Minarine, but Minarine can also be prepared using

only butter fat (62). Consumer interest in a reduction of additives in food products

and a growing awareness of the importance of proper nutrition have created a

demand for a low-fat product. It is now possible to produce a butter product based

exclusively on butter fat with a fat content of 40%, without using emulsifiers. How-

ever, it is precisely this wish for a lower fat content in spreads and in other products

that is forcing manufacturers to invest time and money in product development to

find a use for their excess butter fat.

The first reduced-fat butter (50% fat), called Light Butter, was introduced in the

United States by the Lipton Co. in the mid-1980s. The product was withdrawn due

to FDA objections of not meeting Standards of Identity for nomenclature. Also, the

product contained stabilizers not allowed for in the Standard of Identify for butter.

In the late 1980s, Ault, Inc. introduced a reduced-fat butter (39% fat) called Pure

and Simple, which contained no unusual additives (90). Unfortunately, this all-nat-

ural product had severe negatives: it had a short shelf life, experienced moisture

seepage, and lacked the highly desirable butter notes. In 1990, Land O’Lakes,

Inc. launched its Light Butter (52% fat), which contained emulsifiers, added

Vitamin A, and preservatives. The FDA was in the process of establishing standards

for reduced-fat products at this time and no objection was registered. The new stan-

dards were established in 1993 (63), which automatically required Land O’Lakes to

reformulate to a 40% butter fat content; it did so and relaunched. The product was a

success and has established dominance in the U.S. market.

Butter-like products with reduced-fat content are manufactured in several coun-

tries. Stabilizers, milk and soy proteins, sodium albumin or caseinate, fatty acids,

and other additives are used. A product is now available on a commercial scale in

the former U.S.S.R. that has the following composition: 45% milkfat, 10% nonfat

solids, and 45% moisture. It has a shelf life of 10 days at 5�C (91). Each country has

established its own standards for butter and butter fat products. Many are still devel-

oping standards for a reduced-fat butter product to meet the growing consumer

demand.

Manufacturers have experienced many problems with the production of low-fat

butter (92). Low-fat butter cannot be manufactured in conventional continuous but-

ter makers. The technology of producing low-fat butter and margarine products is

similar to that of ordinary margarine production, and it has nothing in common with

modern butter (Fritz process) production (Figure 11). The conditions are, of course,

more critical for products that contain only 40% fat. These low-calorie water-in-fat

emulsions have such a dense package of water droplets that unwanted phase inver-

sion during processing or structural weak points in the product can occur, which

may, for example, severely limit the microbiological shelf life. The scraped-surface

heat exchanger type of machine is preferred for production of low-fat products.
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As a result of the close packing of the aqueous-phase droplets, the composition

of the water phase is critical. Protein concentrates, caseinate, gelling agents, and

special emulsifiers have been recommended to simplify the emulsification and to

stabilize the end product (93–98). For manufacture, the basic material for produc-

tion is a mix that is chemically identical to the end product. This mix consists of

milkfat in the form of butter, butter oil, and fractionated butter oil or cream, in many

cases, it also has milk solids, milk concentrates (including dissolved milk powder

and caseinates), and emulsifiers (see Figure 10) (81). The fat mix (i.e., butter, butter

oil, etc.) is melted and pasteurized.

The required amount is metered into an emulsion tank. If emulsifiers are used,

they are melted and mixed with a small amount of fat before being transferred to the

Figure 11. Schematic for the production of low-fat butter and spreads (81).
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emulsion tank and added to the fat. The required amount of water is apportioned,

nonfat milk solids are added, and the mix is pasteurized. The water–milk mix is

transferred to the emulsion tank and mixed into the fat mix. The emulsion is

then pumped to a specially designed scraped-surface cooler, where the emulsion,

under heavy mechanical treatment and rapid cooling, is supercooled and crystal-

lized, forming the water-in-fat emulsion.

Alternative methods have been developed. For example, the APV Pasilac meth-

od is widely used in Europe (Figure 12) (99). The continuous APV Pasilac method

is quite simple. Ordinary butter with a fat content of 80–82% is mixed with an aqu-

eous phase to the desired fat content. The mixture is then subjected to vigorous

mechanical treatment in a special butter homogenizer, and the low-fat butter is

ready for packaging. As Figure 12 shows, the low-fat butter equipment includes

an aqueous phase plant. The production of the aqueous phase involves the following

processes:

Dissolution of one or more powders in water–milk.

Pasteurization of the solution.

Cooling of the solution to emulsification temperature.

Figure 12. Flow sheet of the APV Pasilac method (99).
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The process makes it possible to manufacture a butter with a fat content as low as

28% (99).

Figure 13 shows the method used by Land O’Lakes to produce low-fat butter

(40%). The method is similar to margarine manufacture.

Fat substitutes and zero-calorie fats offer the potential to reduce the total fat con-

tent of foods. Nutrition and marketing experts predict that consumers will show the

same enthusiasm for fat substitutes as they exhibited for alternative sweeteners

(100).

Figure 14 shows a schematic of the manufacture of a no-fat spread using mod-

ified whey protein concentrate (WPC).

5.9. Physical and Organoleptic Characteristics

Consistency. Consistency has been defined as ‘‘that property of the material by

which it resists permanent change of shape and is defined by the complete force

flow relation’’ (34). This implies that the concept of consistency includes many

Figure 13. Schematic of Land O’Lakes’s method for the manufacture of Light Butter.
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aspects and cannot be expressed by one parameter. Today, more importance is

attached to spreadability than anything else in the evaluation of the consistency

of butter. The general consensus is that butter should be spreadable at refrigerator

temperatures. There is no suitable method available to measure such a subjective

criterion as the spreadability of butter. For this reason, the firmness of butter, which

should correlate well with spreadability, was selected as the parameter to be mea-

sured. It was recommended that the use of the cone penetrometer, along with other

methods, could provide good results (101).

Flavor. One of the most important consumer attributes of butter is the pleasing

flavor. Butter flavor is made up of many volatile and nonvolatile compounds.

Researchers have identified more than 40 neutral volatiles, of which the most pro-

minent are lactones, ethyl esters, ketones, aldehydes, and free fatty acids (102). The

nonvolatiles, of which salt (sodium chloride) is the most prominent, contribute to a

Figure 14. Low-fat spread using modified whey protein concentrate.
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balanced flavor profile. Diacetyl and dimethyl sulfide also contribute, especially in

cultured butter flavor (103).

Body and Texture. By means of appropriate qualifications of the terms body and

texture, butter graders describe the physical properties of butter that are noted by

the senses. The exact meanings of these terms have not been clearly outlined. Fre-

quently, they are used as if they had the same meaning. Certain properties such as

hardness and softness refer to the body of butter, whereas properties such as open-

ness refer to texture. However, some of the properties, such as leakiness or crumb-

liness, are confusing. Usually, most body and texture terms are used to describe a

defect, e.g., gritty, gummy, and sticky (86). Good butter should be of fine and close

texture; have a firm, waxy body; and be sufficiently plastic to be spreadable at cold

temperatures.

Color. The color of butter may vary from a light, creamy white to a dark, creamy

yellow or orange yellow. Differences in butter color are the result of variations in

the color of the butter fat, which is affected by the cows’ feed and season of the

year; variations in the size of the fat globule; presence or absence of salt; conditions

of working the butter; and the type and amount of natural coloring added.

Butter colorings are oil soluble and most often are natural annatto (an extraction

of the seeds of the tropical tree Bixa orellana) or natural carotenes (extractions from

various carotene-rich plants). Because they are oil soluble, colorings are added to

the cream to obtain the most uniform dispersion.

5.10. Texturization and Spreadability

The most common method to improve the spreadability of butter is to incorporate

air or nitrogen, generally increasing the volume by 33%. The product called

whipped butter is sold in a tub rather than in stick form.

The consistency of butter is determined by the percentage of solid fat present,

which is directly influenced by the fat composition, the thermal treatment given to

cream before churning, the mechanical treatment given to butter after manufacture,

and the temperature at which the butter is held (104). The European butter market

demands that butter be softer and more spreadable in winter and harder in summer.

With information on the changes in fat composition from gas–liquid chromatogra-

phy analysis and the use of nuclear magnetic resonance to estimate solid fat, sui-

table tempering procedures can be selected to modify the fat composition and to

produce the most acceptable product for the consumer. A spreadable consistency

of butter can be achieved by either varying the fatty acid composition or varying

heat-step cream-ripening times and temperatures (105). There are a number of

recognized processing options available that influence butter spreadability. Exam-

ples include mechanical treatment (texturization) (104, 106–109), temperature pro-

filing of the cream (Alnarping) (85), blending winter and summer butters (107),

fractionation of the anhydrous milkfat (37, 110–113), interesterification of the fatty

acids (105, 114), the diet of the cow (38, 115–117), and cream ripening (118).

When blending butters, it is important to understand milkfat melting and solidifica-

tion curves (Figure 15).
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Mechanical treatment, or working, involves physically disrupting the three-

dimensional fat crystal network and breaking the bonds between the crystals. It

is essential that this mechanical treatment is applied to butter in which the crystal-

lization has been totally completed (usually 7 days after churning). The primary

crystal structure is strong, and once it is destroyed by kneading it does not reform

easily. A new, secondary structure is then formed. This structure is weak and

reforms quickly after having been destroyed by kneading.

In the Netherlands, bulk butter is often processed in a Mikrofix homogenizer to

give it more plastic structure before it is repackaged for retailing (109).

The first published cream tempering process (1937) was developed by the

Alnarp Dairy Institute in Sweden, which lent its name to this and similar processes

(107). In the original Alnarp process, pasteurized cream was cooled to 8�C for 2 h,

warmed to 19�C for 2 h, and then cooled to 16�C and held until churning. Modifi-

cations allowed for initial cooling of the cream to initiate nucleation of the crystals

at a temperature well below the main solidification temperature ranges (see

Figure 14). The cream was then warmed to a temperature several degrees above

that of the lower melting peak temperature to encourage a fractionation process

in which high-melting glycerides crystallized and low-melting glycerides melted

(Figure 16).

Another alternative to increasing butter spreadability is providing cows with spe-

cific feeds to change the fatty acid composition. The main opportunity for varying

fat composition comes in the indoor feeding period, when cows receive some type

of concentrate in addition to silage. If, for example, free soy oil is added to the diet,

its constituent 18:2 and 18:3 fatty acids are converted in the rumen largely to 18:0

and some 11–18:1-trans (vaccenic acid). The gut wall and mammary gland contain

a desaturase, which converts 18:0 to 11-cis-18:1. The milkfat resulting from such a

diet may contain up to 60% of C18 acids, with 18:1 (cis and trans) assuming the

Figure 15. Typical milkfat melting and solidification curves obtained by differential scanning

calorimetry (107).
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dominant position. The milkfat contains a relatively low proportion of 16:0, 14:0,

12:0, 10:0, and 8:0, because of the depression of de novo synthesis within the gland.

The weight proportion of 4:0 remains fairly constant (which implies that the molar

proportion may increase slightly) and that of 6:0 decreases only slightly, both facts

indicating that 4:0 and 6:0 are synthesized by a route that is relatively much less

significant (38, 114, 116, 117). As a result of the high unsaturated C18 fatty acid

content, this type of milkfat has a lower melting spectrum. The outcome is a butter

that has reasonable spreadability at refrigeration temperatures (114).

Feeding protected unsaturated fat usually leads to an increase in the proportion

and yield of milkfat. However, a major cost is, in this instance, associated with the

preparation of the feedstuff, involving as it does homogenization of an oil–water–

protein mixture and the subsequent removal of the water by spray drying. This type

of feeding practice has little commercial application at present (116). Thus,

although the scientific knowledge to alter the fatty acid composition of milkfat is

well established, economic considerations have prevented its exploitation.

In efforts to improve the spreading properties of butter in relation to hard butter

fat, one alternative put forward is the use of softfat fractions obtained in the frac-

tionation of anhydrous milkfat. Although several practical methods of fractionation

have been presented, the use of softfat fractions in buttermaking has not become

general practice. This is evidently because fractionation in all cases significantly

raises the cost of the butter produced. In addition, a common problem has been

to find suitable uses for the hardfat fractions. Furthermore, in fractionation methods

that use solvents or additives, fractionation should be linked to fat refining, and, in

this process, butter also loses its natural food classification. In studies that have used

soft butter fat fractions, a substantial softening of the butter has been obtained; how-

ever, this butter, like normal butter, hardens as the temperature increases and again

decreases (118). As milkfat exhibits a wide melting range from about �30�C, it

may be possible to use a dry fractionation process. Suitable sizes of crystals are

Figure 16. Effect of Alnarp-type treatment on firmness of winter butter (107).
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developed by controlled cooling of the melt, and the crystals are separated from the

liquid phase by filtration or centrifugation. The fractionation of milkfat by melt

crystallization has been extensively studied (37). The general conclusions from

these investigations were as follows: the short-chain triglycerides and the short-

chain and unsaturated long-chain fatty acids were enriched in the liquid fraction;

the efficiency of molecular size separation in the melt crystallization process was

poor; and the flavoring compounds, pigments, Vitamin A, and cholesterol were

slightly concentrated in the liquid fraction.

Currently, dry fractionation of anhydrous milkfat is performed by two conven-

tional systems—Tirtiaux and De Smet (both from Belgium)—which are bulk crys-

tallization processes. The widely used Tirtiaux dry fractionation process enables

one-step or up to five-step fractionation of anhydrous butter oil at any temperature,

ranging from 50�C to 2�C (37, 110–113). The milkfat fractions thus obtained can

be used as such or the fractions can be blended in various proportions for use as

ingredients in various food-fat formulations. The major shortcoming inherent in

this system is the long residence time (8–12 h) for nucleation and crystal growth.

Butter samples made from low-melting liquid fractions and from a combination

of primarily low-melting liquid fractions and a small amount of high-melting solid

fractions exhibited good spreadability at refrigerator temperature (4�C) but were

almost melted at room temperature (21�C). Butters made with a high proportion

of low-melting liquid fraction, a small proportion of high-melting solid, and a small

proportion of very high-melting solid fractions were spreadable at refrigerator tem-

perature and maintained their physical form at room temperature (Figure 17).

Figure 17. Solid fat content profiles of the control and anhydrous milkfat (– �– �–); the low-

melting, high-melting, and 20% very high-melting milkfat ( � � � � � ); and the milkfat fractions used in

the low-melting, high-melting, and 20% very high-melting butter: 30S fraction (——), 13L fraction

(—, bottom line), and 15S fraction (—, top line). The fraction number includes the fractionation

temperature (�C) and its physical form (solid or liquid) (110).
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A pourable butter, formulation, nonfractionated at room temperature has been

reported in the patent literature (119).

5.11. Anhydrous Milkfat Manufacture

The quality assurance program for manufacture of butter oil, or anhydrous milkfat

(AMF), also focuses on the quality of the raw materials. Naturally, many of the

same considerations apply to handling raw cream for AMF manufacture that apply

to butter, except that vacreation is not used. As it is stored under ambient condi-

tions, care against oxidation is essential. Oxidation is perhaps the most important

mechanism by which milkfat deteriorates in quality. As the oxidation reaction is

autocatalytic (i.e., the products of the reaction act as catalysts to promote further

reaction), the normal quality-control tests, peroxide value and free fat acidity, could

give misleading results when applied to stored butter. Methods of deaeration have

been developed that could reduce potential oxidation (74).

Milkfat is present in milk or cream as part of a stable oil-in-water emulsion. The

emulsion is stabilized as a result of the protein and phospholipid-rich milkfat glo-

bule membrane (MFGM) surrounding the milkfat. During AMF manufacture, the

aim is to break the emulsion and to separate out all of the nonfat solids and water

(Figure 18). To achieve this, the MFGM must first be disrupted mechanically or

Figure 18. Anhydrous milkfat manufacture (120).
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chemically. Homogenization, an example of mechanical treatment, disrupts the

membrane, destroying the membrane layer. For chemical destruction of the mem-

brane layer, an acid such as citric acid can be added to lower the pH of milk or

cream to about 4.5 (120). The protein will precipitate, removing a component to

maintain an intact fat globule. Direct-from-cream AMF plants usually have three

separators. The first concentrates cream from 40% to about 75% fat before phase

inversion in a homogenizing device. The oil separator then separates the liberated

butter oil to about 99% purity. The oil is washed with water before the third (pol-

ishing) separator, and the final traces of moisture are removed in a dehydrator at

95�C and under a vacuum of 35–50 torr. The dehydrator is usually a simple vessel,

and the butter oil is introduced either as a thin film on to the walls or as a spray, to

maximize the surface area exposed to the vacuum. Such a device will not remove

significant off-flavors, because the vapor flows, temperatures, and pressures are

inappropriate for flavor stripping. When producing AMF from butter, fresh or block

butter is softened just to a pumpable stage (approximately 50�C) and transferred

to a plate heat exchanger to increase the temperature (70–80�C). The oil phase is

concentrated through separators and dried under vacuum. Some washing is possible

before the final separator removes the last traces of nonfat components (see

Figure 18).

In terms of the preparation of products and their appearance and texture, AMF

has several advantages over traditional butter. The latter is, in fact, subject to sea-

sonal variations, which affect its physical properties. The advantages of AMF are

linked to the possibility of standardizing its physical properties (by the selection

and mixture of the raw materials used in production) and the possibility of adapting

its properties using the fractionation technique. This is particularly important for

its use on an industrial level where, given the automation of production and the

standardization of the texturization stage (temperature), it is necessary to maintain

constant physical (rheological) and organoleptic properties (121).

5.12. Packaging

The objective of any packaging system is to protect the product from deleterious

environmental conditions. Many packaging systems have been developed to protect

the milkfat from biological, chemical, and mechanical deterioration. Bulk contain-

ers, such as 5-L cans and 20- and 25-L drums, are popular for packaging industrial

materials such as butter oil and AMF. These containers usually have a welded side

seam and are plain internally. Unlike edible oils, milkfat is corrosive to tinplate, so

an internal gold epoxy phenolic lacquer, such as International Paint’s ‘‘IP 180,’’ is

required. If the containers have a welded side seam, the internal raw steel edge of

the weld needs to be protected by applying a side-strip lacquer (i.e., a two-part

epoxy polyamine). All lacquers used on food cans should have FDA status (122).

Larger drums (i.e., 210-L nominal and 218-L maximum capacity) need more rigid

walls to withstand the greater mechanical stresses in handling. When chilled storage

is available, less rigid forms of packaging may be used. Concentrated butter is now

being retailed for domestic cooking, aided by a European Community subsidy. This
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concentrated butter is normally packaged in either parchment or a foil–parchment

laminate similar to that used for butter (123).

For packaging in foil, parchment, or other flexible film, the milkfat needs to be in

a plastic state, similar to that of freshly churned or reworked butter. The optimum

softness of the fat depends on the packaging system being used. Traditionally, the

United States has packaged consumer portion sizes of individually wrapped four

0.25-lb sticks in 1-lb units. Multiple sizes from 5 g to 25-g units of foil-wrapped

‘‘continentals’’ or polyethylene molded cups, have been used in the food service

sector. For bulk handling, the plastic fat or butter can be packed into polyethy-

lene-lined fiberboard boxes. In all cases, the aim is to fill the desired quantity of

fat with the minimum giveaway. Aeration of the milkfat should also be avoided

as oxidative rancidity is the principal factor limiting the shelf life.

5.13. Storage and Transport

Storage conditions depend on the end use for the product, the packaging system,

and the desired storage time. Milkfat in hermetically sealed cans and drums is

the least affected by its storage environment. Ambient storage is commonly used

and must be to the same standards as used for other food stuffs (122). In the

European community and the United States, temperature is not a major factor,

but it can be in tropical countries, where the temperature may rise to 35–40�C.

At temperatures in excess of 30�C, the milkfat deteriorates significantly more

rapidly, and there is an increased risk that the stored fat will have a stale, oxidized

off-flavor.

Transport of drums and cans may be at ambient temperature, though the storage

life may benefit from refrigeration. High humidity and wet conditions should be

avoided to minimize the risk of corrosion or mold growth on the packaging that

would entail an additional cleanup operation. The drums should be stowed away

from excessive heat and noxious chemicals. For most journeys, standard freight

containers may be used.

Milkfat in polyethylene-lined fiberboard boxes is at a far higher risk from its sto-

rage environment. As the packaging is permeable to oxygen, the product is more

prone to oxidation. Chilled storage (10�C, preferably 5�C) must be used both to

reduce the rate of oxidation and to maintain the rigidity of the pack. The humidity

of the storage area must also be controlled to prevent mold growth on the fiber-

board. As the pack is also permeable to odors, the storage area should not be shared

with other food stuffs with strong odors that could cause off-flavor absorption (e.g.,

fish, onion, garlic).

Flavor transmission and oxidation are less of a problem at temperatures below

�20�C, which is preferable for long-term storage. When conserving and preserving

stocks of butter for extended periods (5 years or more), a process has been devel-

oped by which butter is placed in the refrigerated chamber or warehouse, which has

been sealed airtight. The air is evacuated and replaced with nitrogen or other inert

gas mixture so that the pressure in the chamber is equal to the exterior atmospheric
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pressure. This process allows for extended storage without mold growth and devel-

opment of rancidity (124).

When butter has been frozen, textural characteristics may have been deleter-

iously affected. An invention to improve texture has been described in which large,

deep-frozen blocks of butter with the desired moisture content are reworked

by chipping them in a butter chipper while adding measured quantities of water.

The butter chips are then fed through a vacuum chamber into a butter churn

designed as a continuous kneading mill. The butter chips are continuously conveyed

under pressure through the kneading mill by means of a high-pressure butter pump

(125).

It is not possible to set rigid standards for the shelf life of milkfat. Shelf life

depends primarily on the acceptance quality criteria of the user and will be affected

by (1) the quality of the feedstock, (2) the packaging system, and (3) temperature.

With increasing storage time, the flavor defects are more likely to become notice-

able. Flavor does not correlate easily with peroxide value (126). At a peroxide value

of <0.6, oxidized flavors are unlikely, but if the peroxide value is >1, then some

oxidized flavor may be expected. It must be pointed out that these figures are based

on the International Dairy Federation (IDF) method (127) for measuring peroxide

value and that other methods are likely to give different results. Other grades of

milkfat defined in the IDF standard are anhydrous butter oil and butter oil. Anhy-

drous butter oil is the product obtained from butter for cream; it may be of different

ages and should have no pronounced, unclean, or other objectionable taste or odor.

Butter oil is the product obtained from butter or cream; it may also be of different

ages and should have no pronounced, unclean, or other objectionable taste or odor.

6. BUTTER FAT PRODUCTS

6.1. Butter Fat–Vegetable Oil Blends

The first commercial development of a spread made from a combination of butter

fat and vegetable oil was in Sweden in 1963. The product, Bregott, contains 80%

fat, of which 80% is milkfat and 20% is soybean oil (128). Bregott is a margarine

according to Swedish and American food standards. Swedish scientists also devel-

oped and successfully commercialized the first reduced-fat spread in Europe in

1974. The product, Latt and Lagom, contains 39–41% fat, of which 60% is milkfat

and 40% is soybean oil. It is considered to be a low-calorie margarine. Bregott is

exported to Australia, and Latt and Lagom to Japan and France (89). In Finland,

where Bregott is popular, oil from rapeseed is used (83).

Other products (under license from the Bregott patent) are Voimariini in Finland,

Bremykt in Norway, Smjorvi in Iceland, and Dairy Soft in Australia. Similar pro-

ducts are Clover in the U.K.; and Dairy Gold, Kerry Gold, and Gold’n Soft in Ire-

land. This list is, however, not complete. The latter blends are high-fat products

(75–82% fat), and the amount of butter fat of the total fat is about 50% (93).

Most of these products are manufactured in a churning process in a churn or a

continuous butter machine.
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The first steps in the manufacture of Bregott are pasteurization of the cream, fol-

lowed by cooling and temperature treatment. The cultures are the same as those

used in buttermaking. Measured quantities of cream and soybean oil are mixed

in the churn or the oil is continuously injected before churning in a continuous

butter machine. The byproduct is sour buttermilk.

The most commonly used vegetable oil is soybean oil. Products with a low

percentage of butter fat will contain not only vegetable oil but also hydrogenated

vegetable fats to achieve a good plasticity. If the minor part of the total fat is butter

fat, as in Golden Churn from the U.K., the manufacturing process is completely

different from modern butter production. In this case, the technology is analogous

with normal margarine manufacture, where some part of the fat is replaced with

butter fat. The emulsion is cooled in scraped-surface coolers (Figure 19).

Very low-fat spreads have recently been developed. The first European commer-

cialized product was made by St. Ivel and is called St. Ivel’s Lowest. It contains

25% butter fat and has a lower saturated fat content than sunflower margarine (129).

In the early 1980s, blends of butter and vegetable oil products appeared in the

U.S. market. The U.S. market leader was Country Morning Blend made by Land

O’Lakes. These blends generally were 40% butter and 60% vegetable oil for a total

fat content of 80%, within the margarine Standard of Identity and designation. With

the increasing popularity of reduced-fat (less than 80%), spreads, starting in the

mid-1980s, other blends with butter fat contents of 2–25% were introduced. The

80%-fat margarine blends are losing market shares to lower fat spreads and blends

(130).

A number of processes have been developed using continuous churns (97) and

alternative systems similar to the Cherry-Burrell Gold’n Flow process (98). The

major disadvantage to churning, either batch or continuous, is that the resultant

Figure 19. Flow diagram of the manufacture of butter–vegetable oil mixtures (93).
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buttermilk is adulterated with some vegetable fat and is less valuable than standard

buttermilk. An advantage of alternative processing systems is their ability to

accommodate easily the manufacture of reduced-fat spread blends. All butter fat–

vegetable oil blends provided alternatives to butter for the consumer when concerns

of health (e.g., fat saturation) and spreadability are desired.

6.2. Ghee

By definition, ghee is a product obtained exclusively from milk or fat-enriched milk

products of various animal species by means of processes that result in the near

total removal of water and nonfat solids (similar to anhydrous milkfat) and in the

development of a characteristic flavor and texture. Even so, most ghee contains

some nonfat solids to enhance the flavor.

Typically, ghee is manufactured by heating butter to temperatures well above

those used during AMF manufacture. The high-temperature treatment of the nonfat

milk solids and milkfat leads to the development of a strong buttery flavor. How-

ever, traditional ghee, as produced in the Middle East and Asia, has a more rancid

taste due to less sophisticated methods of preparation and storage. Manufacturers in

the European Community are also producing ghee by adding ethyl butyrate to anhy-

drous milkfat (119, 131). Alternative synthetic flavors have been developed to add

ghee flavor notes to butter oil.

A synthetic mixture consists of d-G10 lactone (3 ppm), d-G12 lactone (15 ppm),

decanoic acid (5 ppm), and kenanone-2 (10 ppm). This technique is simpler, less

time-consuming, and more economical that the technique that uses powders. The

shelf life of this flavored butter oil is 2.5 months. However, the addition of synthetic

antioxidants, butylated hydroxyanisole (BHA) at the 0.02% level, enhances its shelf

life so it can compete well with conventional ghee (131).

6.3. Butter Fat as an Ingredient

Recombined Products. For recombination of milk and dairy products, the two pri-

mary ingredients required are AMF and nonfat milk solids. A range of fat sources is

available for the recombining industry, but only a few of these are in widespread

use. In most countries, anhydrous milkfat is usually the sole fat source. Numerous

products can be made by putting together the correct proportions of water, flavor,

and other ingredients as desired (e.g., sugar, emulsifier, and stabilizers) to make

sweetened condensed milk, ice cream, recombined butter, or milk (1%, 2%, or

full-fat). For these applications, AMF of the highest quality should be used to avoid

off-flavor development. The recombination of butter has been reported in detail

(132).

In response to the problems associated with the handling of unsalted butter, a

new milkfat product was developed in New Zealand to combine the superior flavor

of butter with the ease of handling of AMF. Initial shipments of this product, fresh

frozen milkfat for recombining (FFMR) were favorably received, and FFMR

quickly became established as the preferred alternative to unsalted butter (72).
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Pastry, Cake, and Biscuit Products. In general, fats play several essential nutri-

tional, technological, functional, and organoleptic roles in most all-bakery applica-

tions. As a result of its physical properties, fat plays a major part in the production

of the majority of items in the pastry, cake, biscuit, and chocolate confectionery

sector; for example, in the preparation of pastry cream and in the desired appear-

ance and texture of the end product. These physical properties include, above all,

the rheological properties (consistency, plasticity, texture, etc.), and the properties

of fusion and crystallization depend on the type of fat, the temperature, and the

working conditions of the product.

The fats used in pastry and biscuit confectionery have different functions, which

are determined by their rheological properties (plasticity and texture). In pastry,

these principal functions are (1) an increase in the plasticity of the pastry (e.g.,

hard pastry with a low level of hydration) and (2) a break in the body of the pastry

(i.e., the fat makes the gluten structure discontinuous, which gives the desired

crumbliness in, for instance, biscuits) (121).

Confectionery–Liquors and Liqueur. In chocolate confectionery and for pastry

creams, it is the physical properties linked to the fusion and the crystallization of

the fat that are essential. For milk chocolate, for coating or in bars, AMF can be

used in proportions that depend on its compatibility with cocoa butter, whose prop-

erties of hardness and rapid fusion at 35�C cannot be altered. Thus it is currently

accepted that AMF with high fusion levels obtained by the fractionation technique

can be used. In general, milkfat has an interesting characteristic: it inhibits the

appearance of fat bloom (133).

For pastry creams, the ideal is an AMF, which causes rapid melting in the mouth.

Depending on the type of pastry cream, a wider choice of AMF can also be offered,

thanks to the fractionation technique.

Due to the low level of milkfat in dark chocolate, fat bloom is a problem with

this product. The hard fraction of milkfat (milkfat stearin) has been reported to act

as an antibloom in dark chocolate, giving the chocolate an increased shelf life.

However, the use of hardened milkfat is limited in several major chocolate produ-

cing countries (133).

Regulations for the amount of milkfat, nonfat milk solids, whole milk solids, and

total milk solid allowed in milk chocolate vary among countries. Fats other than

milkfat are allowed in milk chocolate in some countries, although different flavors

and textures may result in the chocolate.

Although the preferred source of milkfat in cream liqueurs and associated bev-

erages is undoubtedly double cream, its use may lead to problems. In particular,

cream contains calcium and other ionic materials. One solution is to wash the cream

to remove all ionic materials, but this approach is cumbersome in practice. The pre-

ferred approach is to use anhydrous butter fat as the starting material.

Other Uses. The use of butter or anhydrous milkfat requires more added emul-

sifiers in ice creams and ice milks, because the naturally occurring milkfat emulsion

will have been destroyed in the manufacturing process. Milkfat is also used in fresh

cream, frozen cream, dry cream, and plastic cream. Ice creams contain a high level

of milkfat, and its manufacture uses substantial quantities of milkfat worldwide.
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6.4. Butter Fat Powders

The main purposes of transforming fats into powdered forms are to increase

their microbial stability and to enhance their handling and functional properties.

Powdered fats are available in two principal forms. The first form is feasible

only if the fat contains sufficiently large amounts of high-melting compounds. If

a fine jet of molten fat is sprayed into an ambient atmosphere, it will set as fine

discrete particles. The second form embodies the use of a carrier. This form is

necessary for oils and fats, such as milkfat, that contain appreciable amounts

of low-melting triglycerides. The carrier can be added to the fat before or after

spraying.

Dry creams are commonly produced as an ingredient for many applications.

They consist of at least 40% butter fat, but can range up to 70% fat, 22–57% nonfat

milk solids, and 0.5–5% moisture.

The Commission for Dried and Condensed Milk of the International Dairy Fed-

eration (1962) proposed to designate cream powders of 60% or more milkfat as

‘‘butter powder.’’ Later, it was suggested that a minimum of 80% milkfat be

used for butter powder (134). Butter powder composition can vary in the amounts

and types of the nonfat constituents, depending on the application. Powders can

include nonfat milk solids, sodium caseinate, sodium citrate, sodium aluminum sili-

cate, sucrose, and lactose (134). Other possible minor constituents are antioxidants,

emulsifiers, flow agents, and stabilizers. The objective is to create a stable, fluffy,

free-flowing, nongreasy, and loose creamy powder. Butter powder containing 80–

85% fat could not possibly meet the legal and organoleptic texture requirements of

butter when reconstituted with water; therefore, it is not in market competition for

conventional butter use. The potential applications for high-fat powdered products

include butter-like spreads, coffee or beverage whiteners, soup, sauce and dessert

creamers, convenience ice cream, scrambled eggs and omelettes, pudding and pan-

cake mixes, and aerating fats.

6.5. Specialty Butter Fat Products

Flavored Butter. Flavored butters (garlic, onion, pepper, lemon, etc.) have been

successfully mass marketed in Europe (135), but this success has not translated to

the U.S. market. There exists a limited specialty market in upscale stores and

delicatessens and certain food service applications. Manufacture is quite simple.

Creating the desired flavor blends remains an art and skill.

Hypoallergenic Butter. A U.S. patent was granted in 1992 for the manufacture of

hypoallergenic butter (136). The patent has limited claims. The product is a sterile

butter-like product made from anhydrous milkfat; it contains no nonfat solids

(99.9% free of NFS).

Butter Flavors. Technologies for the hydrolysis of butter fat to produce and con-

centrate the free fatty acids to enhance the butter flavor of products have been avail-

able for decades. More recently, biotechnologists have developed methods for

producing a variety of fairly pure enzymes, economically and in large quantities.

The increased availability of lipases (glycerol ester hydrolases) from microbial
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sources has made it possible for researchers to employ the catalytic properties of

these enzymes in innovative ways. One application in which the use of lipases

has become well established is the production of lipolyzed flavors from feedstocks

of natural origin.

Immobilization of lipases on hydrophobic supports has the potential to (1) pre-

serve, and in some cases enhance, the activity of lipases over their free counter-

parts; (2) increase their thermal stability; (3) avoid contamination of the lipase-

modified product with residual activity; (4) increase system productivity per unit

of lipase employed; and (5) permit the development of continuous processes. As

the affinity of lipases for hydrophobic interfaces constitutes an essential element

of the mechanism by which these enzymes act, a promising reactor configuration

for the use of immobilized lipases consists of a bundle of hollow fibers made from a

microporous hydrophobic polymer (137).

Extended-life Creams. Extended-life creams are produced using normal separa-

tion techniques but involve a high-temperature, single- or double-heat treatment

(95–135�C). The temperatures employed render the product almost sterile. Any sur-

viving bacteria tend to be spore forming types. Packaging is usually carried out on

aseptic machines or nonaseptic machines modified with, for example, H2O2 spray

and ultraviolet lights (76).

Short-life Creams. For short-life creams, the shelf life depends on a low-

bacteriological-count milk with good plant hygiene. Heat treatment tends to be

in the region of 75–90�C with 3–30 s hold, followed by cooling to below 10�C.

Final cooling to below 5�C is normally carried out in aging tanks or in the retail

container in the cold store. Shelf life can be up to 12 days (76).

Ultrahigh Temperature Creams. Heat treatment for ultrahigh temperature (UHT)

creams is produced by indirect or direct heating to 135–140�C with 1– 4 s hold

before cooling to ambient temperature. Aseptic packaging is essential. As this pro-

duct is designed for long shelf life (3–4 months), formation of a cream plug or fat

rise in the container must be avoided. Hence, all UHT creams, including whipping

cream, must be homogenized. Homogenization can be carried out either upstream

or downstream. If carried out downstream, an aseptic homogenizer must be

employed (76).

Decholesterolized Milkfat. In the 1980s, there was significant research and mar-

ket activity in developing decholesterolized milkfat. All this activity was for

naught, for the hypothesis of creating a ‘‘healthier’’ fat (for butter or milk or other

dairy product) was not sound. The nutrition community had long recognized that

the link between dietary cholesterol and serum cholesterol was weak and that the

ratio of total fat-saturated fat had a greater impact on health. In addition, the FDA

issued new standards in 1993 (63) that effectively negated the value of decholester-

ing milkfat. The new law required that, to be called low cholesterol, the fat must

contain no more than 2 g of saturation fat per serving. Butter fat is approximately

65% saturated. As the technology to desaturate milkfat is not cost-effective, decho-

lesterization has no economic value.

Desaturated Milkfat. In addition to chemical and enzymatic means of desatura-

tion, there have been extensive studies on feeding cows specific diets to change
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butter fat saturation as well as increasing the ratio of potentially desirable

fatty acids (38, 115, 116). In general, good progress in the understanding of

rumen physiology, digestion, and function has occurred, but economic

potential remains unacceptable. The most promising technologies are the use of

protected fats in a feeding regimen. These fats are protected in a way that they

pass through the rumen (point of fat hydrogenation) into the remaining digestive

system for absorption and subsequently into the mammary glands. Unsaturated

fats that are fed to cows have a great opportunity to remain unsaturated as

they are synthesized into milkfat. Biotechnology may offer alternatives in the

modification of edible fats and milkfat. Research has led to new methods of

lipolysis and esterification, but the developments are still at the laboratory level.

Nevertheless, commercial application may emerge from these interesting areas of

research.

Nutraceauticals and Healthy Fats. Almost all dairy products tend to be excellent

carriers of specialized nutrients (vitamins, minerals, specialized cultures, and

micronutrients), thus there is potential for fortification to enhance the natural nutri-

tive properties of dairy products, creating nutraceauticals or functional foods. The

use of specialized cultures such as Lactobacillus acidophilus and Lactobacillus bifi-

dus, which have generally recognized nutritive characteristics, is ideal for cultured

butter. A butter spread product using these cultures (Fittisport) has been launched in

the French market; another with lower fat content has been introduced in the Ger-

man market (138). In addition, it has been shown that the free fatty acids of milkfat

have inhibitory effects against certain pathogens (e.g., Listeria monocytogenes)

(139).

A structured, lipid-containing dairy fat is covered by a U.S. patent (95). The

invention relates to a trans-esterification product of a mixture of fatty acids and tri-

glycerides, including milkfat, in the form of cream or butter as the main component.

The product has nutritional applications and may also be used as an enteral or par-

enteral supplement.

Nonfood Applications. The nonfood use of milkfat has been insignificant. Milk-

fat and milkfat fractions could, however, have some potential possibilities for profit-

able use, for example, in manufacture of pharmaceutical or technochemical

products. Land O’Lakes, in association with Amerchol, has pioneered the use of

milkfat fractions in cosmetics. The first product, called Cremoral, was launched

into the marketplace in 1993 (140). The major factor that has stimulated renewed

interest in using milkfat for technochemicals and other nonfood applications in

the United States has been the significant decline in price, especially relative to

alternative fats.

It is doubtful if any single market for milkfat can be found that will compensate

for the decrease in butter sales. Rather, it will be necessary to look for a large

number of relatively small outlets. If this is to be done, the dairy industry must

understand the detailed structure of milkfat and establish the functional properties

of its constituent fractions. This approach has been applied with considerable

success to the protein fraction of milk. It may be just as rewarding when applied

to milkfat.
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7. ECONOMICS

Production and consumption of butter continues a long-declining trend. U.S. pro-

duction of butter for 2001–2004 is given in Figure 20 (141). A dramatic shift

occurred, starting in 1985, to the table spreads category of products (less than

80% fat) from full-fat butter, margarine, and blends (88). The spreads category

encompasses all non–Standard of Identity table spreads (i.e., 0–79.9% fat).

In a 1984 survey, the most important barriers to increased butter sales were listed

in the following order (88):

Price (opinion of an overwhelming majority when butter is compared with

margarine).

Health (negative consumer attitudes toward cholesterol and saturated fats are

increasing).

Poor spreadability.

Inadequate promotional spending.

Product innovation in margarine and spreads.

Legislation and regulatory restrictions.

Butter manufacture continues to serve as the safety valve for the dairy industry. It

absorbs surplus milk supply above market requirements for other dairy products.

Milk not required by the demand for these products overflows into the creamery,

is skimmed, and the cream is converted to butter. When the milk supply for other

products runs short of their demand, milk normally intended for buttermaking is

diverted into the channels where needed. Even though consumption patterns have
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Figure 20. Per capita consumption of butter and margarine in the United States, 1968–1993.
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dramatically changed over the years, the butter industry never fails to take up the

slack in the relationship of supply and demand for all other dairy products.

Butter is both an intervention and a market product. To counteract growing

stocks, special uses are created within the scope of the milk market organization,

which contribute to not having too much butter in common storage. For some years

now, between 300,000 and 400,000 tons of butter have been sold annually at

reduced prices to the cheese pastry, ice cream, and chocolate industries in competi-

tion with vegetable fats (142).

Despite this and other measures, it was not possible after the milk market orga-

nization took effect to prevent an imbalance between butter production and con-

sumption. Even the U.K.’s accession to the EC in 1973 did not bring about a

turn in the overall development. Although imports from New Zealand into the

new member country were cut from nearly 165,000 to 55,000 tons and although

the U.K. turned mainly to France, the Netherlands, and Germany as new supplier

countries, the rise of butter prices caused restricted consumption on the English

market. In the course of a few years, per capita consumption dropped from

8.8 kg in 1970 to 3.3 kg in 1991 (143).

Between 1977 and 1987, there was an overall decline in the per capita consump-

tion of butter of 16% in 14 European countries, a similar trend was noted in the

United States. By 1993, the per capita butter consumption increased in the United

States. Price is a strong purchase determinant, and the price of butter has signifi-

cantly decreased in the United States due to USDA price support policy shifts (89).

A peak in production surplus in the EC was reached in 1986. This was due not

only to increasing supplies but also to a notable drop in the consumption of milkfat.

The consumer turned to products with a reduced fat content. This trend applies to

almost all milk products and has substantially increased the availability of milkfat

for butter production (67, 144). Table 16 gives production data for the EU-15 and

other countries for butter, dairy spreads, and margarine blends (145).

U.S. prices received for butter by manufacturers, primary receivers, and others at

the wholesale level are based primarily on activities on the Chicago Mercantile

Exchange (CME). The Dairy Market News of the U.S. Department of Agriculture

reports Chicago Mercantile Exchange prices, which serve as reference prices for

formula pricing of butter (146).

A weekly average price for grade AA butter in July 2004, per the CME was

$1.7408 (Carlot) (147).

Spot prices on the exchange, less freight charges to Chicago, are the almost-

exclusive basis for prices received at the manufacturing plants for bulk butter. In

addition, a manufacturer may receive a premium for uniformity, size of shipment,

a special flavor characteristic, or some other characteristic. Manufacturers who sell

only bulk butter are generally pricetakers, not pricemakers.

Manufacturers who soft-print and package butter sell it to primary receivers,

grocery chains, dairies, and restaurants. Such manufacturers may, depending on

competitive conditions, receive a better return than those who sell only bulk.

Primary receivers buy butter from manufacturers at spot prices (plus possible

premiums) and sell to several types of customers. Print butter (packaged in pound
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cartons, usually 4 quarter pounds) is sold to grocery chains and wholesalers who

supply retail food stors. Bulk butter is sold to other receivers, butter wholesalers,

food processors, and cold storage firms. These sales are based on spot prices plus

markup to cover handling, overhead, and profit.

Primary receivers of butter are both pricetakers and pricemakers. Prices they

receive (and pay) are based on spot market prices. As many of the primary receivers

TABLE 16. Production of Butter, Dairy Spreads, Margarine, and Blended Spreads.

Country Years

EU-15 1990 1991 1994 1995 1996 1997 1998

Austriaa 35,283 36,131 36,609 36,700 38,600 39,416 39,901

Belgiumb 55,050 55,050 55,050 33,524 26,130 29,837 30,225

Denmark 28,400 20,100 80,000 80,000 56,080 53,000 53,000

Finlandc 55,700 51,800 45,300 44,700 46,628 50,000 50,000

Franced 453,934 411,410 374,813 375,250 406,350 396,477 392,759

Germany 411,300 546,500 558,000 570,000 560,000 577,200 555,000

Greeced 2,400 2,400 2,140 1,826 1,514 2,587 2,975

Irelande,f 494 249 254 5 3 3 3

Italy 79,500 80,300 80,300 80,300 80,300 80,300 80,300

Netherlands 177,794 163,304 127,991 131,954 126,094 134,500 149,039

Portugalf,g 15,000 15,986 16,300 19,400 19,400 19,400 19,400

Spain 37,500 37,500 27,000 27,000 27,000 27,000 27,000

Swedeng,h 20,649 21,211 19,700 16,400 14,500 14,500 14,500

UK 111,000 111,712 115,000 115,000 115,000 115,000 115,000

Totalg,h (13) 1,484,004 1,553,653 1,538,457 1,532,059 1,517,599 1,539,220 1,529,102

Australia 116,470 118,732 142,800 131,417 NA NA NA

Brazila 74 70 NA NA NA NA NA

Czech Republic 119,167 102,870 75,088 77,113 74,515 61,880 65,353

Hungaryj 38,500 28,911 NA 22,000 NA NA NA

Israele 4,000 4,000 NA NA NA NA NA

Japank 90,900 85,750 NA NA NA NA NA

Moroccoe 13,000 13,000 NA NA 13,000 500 NA

Neth. Antilles 0 0 0 76 0 0 0

Norway 24,069 23,265 NA 13,791 24,433 1,971 NA

Switzerland 42,826 43,442 40,050 41,250 39,290 39,021 40,540

Turkey

NA¼ not available.
aRevised figures for 1995.
bRevised figures.
cRevised figures for 1994.
dFAO estimate for 1992, 1993.
eEstimate for 1993.
fEstimate for 1997 and 1998.
gEstimate for 1990, FAO figures for 1991, 1992, 1993.
hEstimate for 1994–1995–1996.
iEstimate for 1990, 1991, 1992.
jFAO figures for 1991, 1992, 1993.
kEstimate for 1992, 1993.
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are members of the Chicago Mercantile Exchange, they can influence the spot

market price by buying and selling butter there. Nonmembers can also buy and

sell on the exchange through brokers.

All products sell on a combination of price, perception, and performance. Unfor-

tunately, butter is easily the most expensive of the yellow fats. In terms of percep-

tion, all fats are under pressure because of their caloric density. Butter suffers

further because it was labeled saturated and has a high-cholesterol content; both

properties have been the subjects of adverse comments by the nutritional and

medical community. The rise in concern for fat and cholesterol in the U.S. market

has overshadowed the concern for chemicals and preservatives.

The flavor and mouth feel of butter are greatly superior to any other yellow fat,

but its physical and rheological properties, particularly its poor spreadability at

refrigerated temperature, make butter less attractive to many consumers. The mar-

garine and spread industry can tailor its product in terms of spreadability. As noted

earlier, many advances in the ability to alter the texture and rheology of butter have

been made, but costs tend to deter manufacturers from applying the technologies

for marketplace consumption. Apparently, the consumer demand for spreadability

characteristics is inhibited by an unwillingness to pay for the convenience. To those

who demand a natural food and appreciate its delicate flavor, butter will remain the

preferred product.
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1. INTRODUCTION

During the past two decades, the production of Brassica oilseeds has increased,

making it one of the major sources of vegetable oil in the world. The development

of canola oil (low erucic acid and low glucosinolate rapeseed oil) from the original

high erucic acid rapeseed oil (HEAR) by Canadian plant breeders produced a

premium quality oil. This improvement in the oil resulted from a reduction in erucic

acid (C22:1) to levels below 2%. In fact, this acid now contributes less than 2% of

the total composition of the fatty acids in canola oil varieties. In addition, the level

of glucosinolates in the seed has been lowered to less than 30 mmol/g, resulting in

better meal quality. In this chapter, the origin, composition, properties, and utiliza-

tion of canola and HEAR oils are discussed. In addition, utilization of both oils as

edible oils, food ingredients, and industrial applications are discussed. The term

‘‘canola’’ is used as the name for rapeseed with substantially lowered amounts of

erucic acid and glucosinolates. The term ‘‘canola’’ is used mainly in the American

continent and in Australia, and rapeseed is used commonly in Europe and other

countries.

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
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2. ORIGIN

Oilseed rape species used to produce canola oil and meal are from the Brassica

genus in the Cruciferae family. They were first cultivated in India almost 4000

years ago. Large-scale planting of rapeseed was first reported in Europe in the thir-

teenth century. The Brassica species probably evolved from the same common

ancestor as wild mustard (Sinapis), radish (Raphanus), and arrugula (Eruca).

3. DEVELOPMENT OF CANOLA

Early rapeseed cultivars had high levels of erucic acid in the oil and glucosinolates

in the meal. The presence of these components in rapeseeds was a health concern.

The high levels of erucic acid were blamed for producing fatty deposits in the heart,

skeletal muscles, and adrenals of rodents as well as impairing growth. Plant breed-

ing programs initiated in Canada resulted in the identification in 1959 of Liho, a

rapeseed line containing low levels of erucic acid. A program of backcrossing

and selection was conducted to transfer the low erucic acid trait into agronomically

adapted cultivars. This led to the first low erucic acid cultivar of B. napus, Oro, in

1968 and the first low erucic acid B. rapa cultivar, Span, in 1971. Because of the

health concerns related to high levels of erucic acid, over 95% of the rapeseed

grown in Canada in 1974 were low erucic acid varieties.

Glucosinolates were also considered detrimental in rapeseed meal fed to poultry,

swine, and ruminants. The hydrolyzed products of glucosinolates, namely, isothio-

cyanates and other sulphur-containing compounds, were shown to interfere with the

uptake of iodine by the thyroid gland, contribute to liver disease, and reduce growth

and weight gain in animals. Consequently, plant breeders realized that if rapeseed

meal was to be used in animal feed, the glucosinolate content had to be reduced. A

Polish line with a low-glucosinolate trait, Bronowski, was identified by Dr. Krzy-

manski in the late 1950s. Breeding efforts to introduce this trait into low erucic acid

lines by Dr. Baldur Stefansson at the University of Manitoba resulted in the release

of the world’s first low erucic acid, low glucosinolate cultivar of B. napus, often

called the double-zero rapeseed. This was followed in 1977 by the release of the

first low erucic acid, low glucosinolate cultivar of B. rapa, Candle, by Dr. Keith

Downey of the National Research Council of Canada in Saskatoon. Approximately

80% of the total Canadian rapeseed acreage in 1980 consisted of the double-zero

cultivars. The detailed history of the development of canola is described in a

booklet titled ‘‘The Story of Rapeseed in Western Canada’’ (1).

The name canola was registered by the Western Canadian Oilseed Crushers in

1978 and subsequently transferred to the Canola Council of Canada in 1980. It

included those cultivars containing less than 5% erucic acid in the oil and 3 mg/g

aliphatic glucosinolates in the meal. In 1986, the definition of canola was amended

to B. napus and B. rapa lines with less than 2% erucic acid in the oil and less than

30 mmol/g glucosinolates in the air-dried, oil-free meal. The oil was added to the

Generally Recognized as Safe (GRAS) list of food products in the United States.
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It was much more difficult to introduce the low erucic acid trait into the

European rapeseed lines because they were primarily of the winter type. This

extended the time required to produce each generation and crosses between spring

low erucic acid rapeseed (LEAR) cultivars and winter lines resulted in undesirable

segregates. Nevertheless, the development of European LEAR varieties was accom-

plished within 15 years. European acreage of rapeseed declined during the 1970s as

result of health concerns. In 1977, the low erucic acid trait was made mandatory in

Europe. Initially the new LEAR cultivars produced lower yields and lower oil

content compared with the traditional rapeseed cultivars. Subsequent plant breeding

overcame these problems with European production of LEAR increasing substan-

tially by 1984. The other rapeseed growing areas of the world, notably, India and

China, did not take part in the development and conversion to canola type rapeseed.

In these areas, HEAR still predominates.

Canola oil produced in Canada is obtained from genetically modified seeds of

Brassica napus and Brassica rapa (campestris). These cultivars, low in erucic

acid and glucosinolates, are different in chemical, physical, and nutritional charac-

teristics from high erucic acid rapeseed oil. Current Canadian plant breeding pro-

grams continue to focus on the development of oils with specific characteristics to

meet the consumer demands and food manufacturing practices, such as lowering

the content of saturated fatty acids and designer oils for specific applications.

4. COMPOSITION

4.1. Nature of Edible Oils and Fats

Edible oils and fats are composed primarily of triacylglycerols (TAG), ester of one

molecule of glycerol, and three molecules of fatty acids. Analysis of canola oils

showed that TAGs constituted 94.4% to 99.1% of the total lipid (2). The typical

composition of canola, rapeseed, and soybean oils is presented in Table 1.

TABLE 1. Constituents of Canola, Rapeseed, and Soybean Oils.

Component Canola Rapeseed Soybean

Triacylglycerols (%) 94.4–99.1 91.8–99.0 93.0–99.2

Phospholipids (%)

Crude Oil up to 2.5 up to 3.5 up to 4.0

Water-degummed up to 0.6 up to 0.8 up to 0.4

Acid-degummed up to 0.1 — up to 0.2

Free Fatty Acids (%) 0.4–1.2 0.5–1.8 0.3–1.0

Unsaponifiables (%) 0.5–1.2 0.5–1.2 0.5–1.6

Tocopherols (mg/kg) 700–1200 700–1000 1700–2200

Chlorophylls (mg/kg) 5–50 5–55 Trace

Sulfur (mg/kg) 3–25 5–35 Nil

Iron (mg/kg) <2 <2 <2

Adapted from Mag (2) and Ying et al. (3).
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4.2. Fatty Acid Composition of Canola Oil

The stigma of the erucic acid (C22:1n - 9) in rapeseed oil has lingered despite firm

evidence that this fatty acid was more of a threat to rats than to humans. It is suffi-

cient to say that the discovery of chain shortening of erucic acid to oleic acid by

peroxisomes was one of the most fundamental breakthroughs in understanding fatty

acid metabolism in the last few decades. Once in the oleic acid form, the erucic acid

residue is as readily catabolized by mitochondria, as are palmitic and other fatty

acids (4). The reduction of erucic acid in rapeseed oil resulted in a marked increase

in octadecanoic acids, and their contribution in canola oil is around 95% of all fatty

acids present (Table 2).

Plant breeders have also developed canola oil with the linolenic acid content

reduced to 2% (5) (Table 2). The storage stability of this oil showed improvement

as compared with regular canola oil (7). Frying performance of this oil was

improved together with better storage stability of fried products such as french fries

and potato chips (8, 9). Canola has been further genetically modified to produce oil

with oleic acid content ranging from 60% to 85% (10). Field production of this oil

showed that the very high content of oleic acid was hard to reproduce. The fatty

acid composition of the field-produced oil is presented in Table 2. High oleic

TABLE 2. Comparison of Major Fatty Acids in Some Vegetable Oils (w/w %).

Fatty Acid Canola HEAR LLCAN HOCAN LTCAN GLCO LLFlax Soybean SUN

C10:0 — — — — 0.1 — — — —

C12:0 — — — — 38.8 — — — —

C14:0 0.1 — 0.1 0.1 4.1 0.1 0.1 0.1 —

C16:0 3.6 4.0 3.9 3.4 2.7 4.2 6.4 10.8 6.2

C18:0 1.5 1.0 1.3 2.5 1.6 3.7 4.1 4.0 4.7

C20:0 0.6 1.0 0.6 0.9 0.4 1.0 0.1 — 0.2

C22:0 0.3 0.8 0.4 0.5 0.2 0.5 0.1 — 0.1

C24:0 0.2 0.3 0.3 0.3 0.2 0.2 0.1 — 0.1

Saturated 6.3 7.1 6.6 7.7 48.1 9.9 10.9 14.9 11.3

C16:1 0.2 0.3 0.2 0.2 0.2 0.2 0.1 0.3 0.2

C18:1 61.6 14.8 61.4 77.8 32.8 24.4 16.9 23.8 20.4

C20:1 1.4 10.0 1.5 1.6 0.8 0.8 0.1 0.2 —

C22:1 0.2 45.1 0.1 0.1 0.5 0.1 — — —

MUFA 62.4 69.7 63.1 79.9 34.3 25.5 17.2 24.3 20.2

C18:2n–6 21.7 14.1 28.1 9.8 11.3 26.1 70.1 53.3 68.8

C18:3n–3 9.6 9.1 2.1 2.6 6.3 1.3 1.8 7.6 —

C18:3n–6 — 1.0 — — — 37.2 — — —

PUFA 31.3 23.2 30.2 12.4 17.6 64.6 71.9 60.8 68.8

Abbreviations: LLCAN—Low linolenic acid canola oil; HOCAN—High oleic acid canola oil; GLCO—Canola oil

with gamma linolenic acid; LLFlax—Flaxseed oil with reduced content of linolenic acid; LTCAN—Canola oil

with high content of lauric acid; SUN—Sunflower oil; MUFA—Monounsaturated fatty acids; PUFA—

Polyunsaturated fatty acids.

Adapted from Ackman (4), Vecchia (6), and Tso et al. (11).
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acid canola oil resembles the composition of olive oil more closely than that of the

regular canola oil. This oil showed improved frying stability and produced better

quality fried potato chips than regular canola oil (8). Warner and Mounts (9) found

that up to 2% of linolenic acid is required in frying oils to produce positive

characteristic flavour in fried foods. This is caused by the formation of oxidation

products from linolenic acid, which are the main contributors to the fried food

flavour.

Recently, canola oil with a high content of lauric acid (39%) was developed to be

used in confectionery coatings, coffee whiteners, whipped toppings, and center

filling fats (Table 2). Further, canola oil with a content of stearic acid as high as

40% is available to be used as a replacement for hydrogenated fats in bread

and bakery markets (6). Another canola oil containing approximately 10% of

palmitic acid with better crystallization properties was developed. Canola oil for

the health food market containing up to 40% of gamma linolenic acid is also

now available (11).

4.3. Minor Fatty Acids

Minor fatty acids present in oils often differ from their acid family members by the

location of the double bond. Most of these acids are present in canola oil in the

0.01–0.1% range, except for C16:1n -7, which is around 0.3%. Most of these minor

fatty acids are from the n-7 series, in varying proportions to the n-9 isomers (4).

A similar series of minor fatty acids were found in B. rapa variety Candle (12).

Conjugated C18:2 fatty acids were also found in canola oils. A number of these

acids are artifacts of refining and deodorization, although some were also observed

as natural components in some oil seeds. The refining process is a source of artifact

fatty acids caused by the isomerization of one or more of the double bonds of cis

linolenic acid (13). These trans-isomers can be found in any oil containing linolenic

acid after refining and deodorization accounting for 1% or more of the parent

acid (4).

Canola oil is the only known edible oil containing one or more fatty acid, with

sulphur atom as the integral part of the molecule. The structure of the proposed

molecule of this fatty acid suggests the possible formation or presence of many

isomers (14).

In the sediment from industrial winterization, additional minor fatty acids and

alcohols with 26 to 32 carbon atoms in the chain have been found in waxes and

triacylglycerols (15). Most of these compounds are extracted from the seed coat

and can initiate sediment formation in canola oil (16).

4.4. Triacylglycerols

Triacylglycerols are the most abundant lipid class found in canola oil. The combi-

nation of fatty acids on the glycerol moiety represent the most complex mixture

with n3 possible molecular species, where n is the number of fatty acids present

in the oil.
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The TAG molecular species profile represents a key to understanding the physi-

cal characteristics of the oil and is a unique method of identification (17). The posi-

tion of fatty acids on the glycerol molecule was originally found for HEAR oil to be

based on saturation. Long-chain (C20:0 -C24:0) saturated fatty acids are found

mostly in the sn-1 and sn-3 positions, whereas the octadecenoic (C18) acids, espe-

cially linoleic and linolenic, are primarily in the sn-2 position (18, 19). The

composition of triacylglycerols in modified canola oils is presented in Table 3.

As can easily be predicted, in high oleic acid canola oil, the most abundant triacyl-

glycerols was triolein, whereas in regular canola oil, four triacylglycerols were

detected in almost equal amounts, namely, olein-dilinolein, linolenin-dilinolein,

triolein, and linoleic-diolein.

Jáky and Kurnik (20) investigated the concentration of linoleic acid in the sn-1,3

and sn-2 positions. They found that in HEAR oil, at least 95% of linoleic acid was

concentrated in the sn-2 position, whereas in canola oil, only 54% was in this posi-

tion. The increased amounts of linoleic acid in canola oil were incorporated into the

sn -1,3 position to replace erucic acid. Kallio and Currie (18) found that triacylgly-

cerols with acyl carbon number (ACN) 54 and two double bonds consisted of

acylglycerols where stearic acid was present predominantly in the sn-2 position.

Acylglycerols with saturated acids in this position usually have a higher melting

point, poor solubility, and can cause problems with digestibility. Additionally,

high melting acylglycerols can stimulate/initiate sediment formation and affect

clarity of the oil (21).

TABLE 3. Composition of Major Triglycerides of Canola Oils (%).

Triacylglyceride Canola (CO) LLCO HOCO

LnLO 7.6 1.7 1.5

LLO 8.6 11.0 1.1

LnOO 10.4 2.6 8.6

LnOP 2.1 0.5 1.1

LOO 22.5 28.4 12.7

LOP 5.7 4.2 2.2

OOO 22.4 32.8 49.5

POO 4.6 4.8 7.7

SOO 2.6 2.4 5.0

PPP 0.1 1.4 2.8

LLP 1.4 1.1 0.8

LOS 1.6 1.9 1.0

LLL 1.3 1.6 0.2

LnLL 1.4 0.0 0.3

LnLnO 1.7 0.4 0.1

Others 6.0 5.2 5.4

Abbreviations: LLCO—Low linolenic canola oil; HOCO—High oleic canola oil;

Ln—Linolenic; L—Linoleic; O—Oleic; S—Stearic; P—Palmitic; Others—Group of

15 triacylglycerols with contribution below 1% each.

Adapted from Kallio and Currie (18).
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4.5. Polar Lipids

Sosulski et al. (22) examined the polar lipids (PL), phospholipids, and glycolipids

in several rapeseed cultivars, including a low erucic acid winter cultivar grown in

Poland and found that phospholipids accounted for the major portion (3.6%) of total

polar lipids, whereas glycolipids contributed only 0.9%. A more recent study by

Przybylski and Eskin (23) reported changes in phospholipids during canola oil pro-

cessing, as shown in Table 4.

Significant amounts of phosphatidic acid (PA) formed during processing indicate

hydrolysis of other phospholipids. This can be attributed to the effect of phospho-

lipases and hydrothermal treatment during the conditioning of flaked seeds. Cmolik

et al. (24) observed an increase in phospholipid amounts from 0.5% to 15% during

conditioning of seed flakes. It was reported that hydratable phospholipids such as

phosphatidylcholine (PC) and phosphatidylethanolamine (PE) assist the removal of

nonhydratable phospholipids. Phosphatidylinositol (PI) and PA are considered non-

hydratable phospholipids and are difficult to remove during degumming. Phospho-

ric acid was found to be the most effective degumming agent for reducing the levels

of lysophosphatidylethanolamine. Application of acids for degumming also

removes the majority of iron from the oil. In practice, canola oil phosphatides

are removed to concentrations below 0.1% using an aqueous solution of citric

acid and water (25). Lecithins obtained by degumming of canola oil using only

water formed more stable oil in water emulsions compared with lecithins obtained

from acid degumming (26).

Sosulski et al. (22) and Smiles et al. (27) examined the fatty acid composition of

the individual phospholipids in the LEAR variety from winter rapeseed cultivars

(Table 5).

TABLE 4. Composition of Phospholipids in Canola Oil During Processing (%).

Oil Sample Phosphorus (mg/kg) PC PE PI PA PS

Solvent 529.0 31.2 18.8 19.8 21.6 3.1

Expeller 242.3 34.3 16.1 18.7 20.3 4.5

Degummed 12.2 2.8 10.8 28.9 38.4 14.6

Abbreviations: PC—Phosphatidyl choline; PE—Phosphatidyl ethanolamine; PI—Phosphatidyl inositol;

PA—Phosphatidic acid; PS—Phosphatidyl serine.

Adapted from Przybylski and Eskin (23).

TABLE 5. Fatty Acid Composition of Phospholipids (w/w%).

Phospholipid 16:0 16:1 18:0 18:1 18:2 18:3 20:1

Phosphatidyl Choline 8.7 0.8 1.2 55.8 30.9 1.9 0.5

Phosphatidyl Inositol 21.8 0.8 1.9 33.6 38.1 3.6 —

Phosphatidyl Ethanolamine 17.7 1.8 2.0 47.7 27.3 2.7 0.5

Adapted from Sosulski et al. (22) and Smiles et al. (27).
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Phosphatidylcholine contained the highest amount of unsaturated fatty acids,

mostly oleic and linoleic acids. The other two principal phospholipids were rich

in palmitic, linoleic, and linolenic acids. The presence of highly unsaturated fatty

acids in phospholipids is important as they are prone to oxidation and can cause

accelerated deterioration of the oil. It was also reported that phospholipids have

a tendency to complex heavy metals, and these complexes are a stable form of

catalyst, which can initiate and stimulate oxidation (28).

4.6. Tocopherols

The main components of unsaponifiables in vegetable oils are tocopherols and

sterols, present in different amounts. Tocopherols are recognized as very efficient

natural antioxidants and their amount in the plant is probably governed by the content

of unsaturated fatty acids. Canola oil contains relatively high amounts of tocopher-

ols. Isomers of tocopherols have different antioxidative activity in vitro and in vivo.

In the food system, the antioxidant activity of the tocopherol isomers decreases in

the following order: g> d> b> a (29). Tocopherols are about 250 times more

effective than butylated hydroxytoluene (BHT) (30). Lipid peroxy radicals react

with tocopherols several magnitudes faster than with other lipids. A single molecule

of tocopherol can protect about 103 to 106 molecules of polyunsaturated fatty acids

in the plant and animal cells. This explains why the ratio of tocopherols to PUFA in

the cells is usually 1:500 to provide sufficient protection against oxidation (31).

These components are also effective as singlet oxygen quenchers, but they are

less potent than carotenoids. A single molecule of tocopherol can react with up

to 120 molecules of singlet oxygen (32). The high potency of tocopherols as anti-

oxidants and quenchers of singlet oxygen is based on their ability to be transformed

back from the oxidized form into the active structure by other molecules such as

ascorbic acid and glutathione (33). Meanwhile, tocotrienols are not present in

canola oil. However, plastochromanol-8, which is a derivative of g-tocotrienol,

TABLE 6. Tocopherols Content in Selected Vegetable Oils (mg/kg).

Oil a b g d P-8 Total

HEAR 268 — 426 — 97 790

Canola 272 — 423 — 75 770

LLCanola 150 — 314 7 47 517

HOCanola 226 — 202 3 42 473

HOLLCanola 286 — 607 8 83 983

Soybean 116 34 737 275 — 1162

Sunflower 613 17 19 — — 649

Corn 134 18 412 39 — 603

LLFlax 26 — 213 9 130 377

Abbreviations: HEAR—High erucic acid rapeseed; LLCanola—Canola oil with low

content of linolenic acid; HOCanola—Canola oil with high content of oleic acid;

LLFlax—Flax oil with low content of linolenic acid; P-8—Plastochromanol-8.

Adapted from Zambiazi (34) and Normand et al. (35).
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but having a longer side chain, was detected in canola and flax oils, and its anti-

oxidative activity was found to be similar to a-tocopherol (34).

The composition of tocopherols in some common vegetable oils compared with

canola oil is summarized in Table 6. Canola oil contains mostly a- and g-tocopher-

ols, usually in a 1:2 ratio. The content of tocopherols in refined, bleached, and deo-

dorized (RBD) oils is affected by processing, mainly extraction, refining, and

deodorization. The lowest content of tocopherols was found in cold-pressed canola

oil. However, when the temperature of pressing was increased, the amount of toco-

pherols in oil doubled. Solvent-extracted oils contain higher amounts of tocopherols

than cold-pressed oils, and the content of tocopherols was similar to oils from hot

pressing. The largest portion of these compounds is removed during the deodoriza-

tion process (36). However, tocopherols in the distillate may be recovered and used

in nutraceutical applications.

4.7. Sterols

Sterols are present in canola oil in two forms in equal amounts, free sterols and

esterified sterols (19, 37). The fatty acid composition of the esterified sterol fraction

in canola oil is shown in Table 7.

The fatty acid distribution in esterified sterols differs from that found for canola

oil. In the sterol esters, higher levels of palmitic and stearic acids were observed.

All three major sterols were equally distributed in esterified and free sterol fractions

in canola oil. Twice the amount of brassicasterol was found in free sterols than in

esterified sterols. The total amount of sterols in rapeseed and canola oils ranges

from 0.7% to 1.0%. The composition of major sterols in common vegetable oils

is presented in Table 8.

Brassicasterol is the major and unique sterol present in rapeseed and canola oils.

This sterol is often used to determine adulteration of other oils with rapeseed/canola

oil (4, 39). Sterols are also affected by processing, with about 40% of these

TABLE 7. Fatty Acid Composition of Esterified Sterols

in Canola Oil.

Contribution (%)

Fatty Acid Sterol Esters Canola Oil

C14:0 3.1 0.1

C16:0 17.5 3.6

C18:0 18.4 1.5

C18:1 30.9 60.2

C18:2 20.5 21.6

C18:3 7.6 9.6

C20:0 0.8 0.4

C22:1 1.2 0.2

Adapted from Gordon and Miller (38).
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components removed from the oil during deodorization. Refining changes the content

of sterols where isomerization of these compounds is one of the processes (40, 41).

The chemical structure of phytosterols is similar to that of cholesterol so that

these compounds may be involved in oxidative reactions. Przybylski and Eskin

(42) found some oxidation products formed from plant sterols during storage of

fried food products. Similar oxidation products were found in soybean oil and

wheat flour (43). In light of health concerns associated with cholesterol oxidation

products, potential health risks of phytosterol oxidation products are now receiving

serious attention.

4.8. Pigments

Pigments present in canola impart undesirable color to the oil. They also promote

photo-oxidation as well as inhibit catalysts used for hydrogenation. Chlorophylls

without phytol such as chlorophyll derivatives and pheophorbides may have health

effects because of their photo-toxicity, which may be followed by photosensitive

dermatitis (44). A bleaching step is necessary during oil processing to remove

chlorophyll, chlorophyll derivatives, and other color bodies. Changes in chloro-

phylls during canola oil processing are summarized in Table 9.

During oil processing, chlorophyll completely decomposes to derivatives, which

are more difficult to remove during bleaching. This necessitates much higher

amounts of activated bleaching earth to be used to achieve complete removal

of all chlorophyll derivatives (45).

In addition to chlorophyll pigments, carotenoids are also present in canola oil. In

crude canola oil, carotenoids were present at around 130 mg/kg, composed mainly

of xanthophylls (90%) and carotenes (10%). During refining and bleaching, the

amount of carotenoids was reduced to 10 mg/kg (46).

TABLE 8. Proportions of Major Sterols in Selected Vegetable Oils (%).

Sterol HEAR CAN LLCAN HOCAN HOLLCAN SOY SUN Corn

Cholesterol 0.4 0.1 0.1 0.1 0.1 0.3 0.1 0.1

Brassicasterol 13.2 13.8 12.2 10.8 16.2 — — —

Campesterol 34.4 27.6 31.2 33.9 28.8 18.1 7.5 17.2

Stigmasterol 0.3 0.5 0.2 0.8 0.1 15.2 7.5 6.3

b–Sitosterol 47.9 52.3 51.3 48.7 50.9 54.1 58.2 60.3

�5-Avenasterol 2.1 1.9 1.9 1.8 2.1 2.5 4.0 10.5

�7-Avenasterol 1.6 1.1 1.1 1.9 0.8 2.0 4.0 1.1

�7-Stigmasterol 2.1 2.3 2.1 2.1 2.3 1.4 7.1 1.8

Total (g/kg) 8.8 6.9 6.3 7.1 6.9 4.6 4.1 9.7

Esterified (g/kg) 4.5 4.2 4.0 4.4 4.2 5.8 2.1 5.6

Abbreviations: HEAR—High erucic rapeseed oil; CAN—Canola oil; LLCAN—Low linolenic canola oil;

HOCAN—High oleic canola oil; HOLLCAN—High oleic low linolenic canola oil; SOY—Soybean oil;

SUN—Sunflower oil.

Adapted from Ackman (4), Strocchi (39), Zambiazi (34), and Gordon and Miller (38).
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The type and content of chlorophylls and their derivatives in the seed define the

quality of extracted and processed canola oil, which has an impact on the quality of

the processed oil. Composition and content of these pigments is related to the

maturity of the seed (Table 10).

In the fully matured seed, only 4 mg/kg of chlorophylls was observed, whereas

in physiologically matured seed, 35 days before maturity, 1239 mg/kg was found.

At maturity, only chlorophyll a and b were present, and all possible isomers/

derivatives were observed at other stages of maturation (Table 10).

4.9. Trace Elements

The proposed Codex standard for edible low erucic acid rapeseed gives the maxi-

mum levels permitted for iron, copper, lead, and arsenic. Although these metals are

found in other edible oils and are present naturally in the seed, nevertheless, they

can also be introduced during handling and processing. Diosady et al. (48) and

Elson et al. (49) examined the effect of processing on trace elements in canola

TABLE 9. Chlorophyll Pigments in Canola Oil During Processing (mg/kg).

Oil After Chlor a Pheo a Pheo b Pyro a Pyro b

Expeller 6.27 4.48 1.79 5.37 0.67

Extraction 1.88 3.31 1.34 16.57 3.13

Expellerþ Extraction 1.79 5.55 1.34 9.76 1.43

Degumming 0.27 7.16 1.07 9.40 1.84

Alkaline Refining 0.22 6.27 1.12 9.13 1.79

Bleaching — 0.56 0.32 0.21 0.25

Abbreviations: Chlor a—Chlorophyll a; Pheo a—Pheophytin a; Pheo b—Pheophytin b; Pyro

a—Pyropheophytin a; Pyro b—Pyropheophytin b.

Adapted from Suzuki and Nishioka (45).

TABLE 10. Changes in Composition and Content of Chlorophylls During Canola Seed

Maturation (mg/kg).

Time to Maturity (Days)

————————————————————————————————

Chlorophylls 35 27 20 14 6 0

Chlorophyll a 19.5 23.4 27.2 58.7 41.9 82.4

Chlorophyll b 22.2 22.1 15.8 27.3 54.1 17.1

Pheophytin a 43.1 39.8 40.9 10.1 1.1 0.0

Pheophytin b 8.5 7.4 11.3 2.0 0.0 0.0

Pheophorbides a 2.2 1.7 0.6 1.5 0.0 0.0

Pyropheophytin 1.2 2.3 2.5 0.0 0.0 0.0

Methylpheophorbide 3.2 3.5 1.8 0.5 3.0 0.5

Total Amount (mg/kg) 1239 906 463 48 8 4

Adapted from Ward et al. (47).
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oils. It is evident from the data in Table 11 that processing reduces the amount of toxic

and damaging trace elements, particularly lead, iron, and sulfur. Phosphorus and

calcium form salts, which are insoluble in the oil and can be readily removed during

the degumming process.

Sulfur in canola oil is in the form of organic compounds, which are decomposi-

tion products of glucosinolates. Although these sulfur components occur in trace

quantities, they are known to inhibit catalysts used for hydrogenation as well as giv-

ing a characteristic odour to the oil. Recent developments in analytical methods for

sulfur content evaluation revealed that soybean, sunflower, and even coconut oils all

contain sulfur at a level of 2–10 mg/kg. Only Brassica oils contain significant quan-

tities of divalent sulfur components. Crude canola oils may contain 15 to 35 mg/kg

of sulfur, whereas in RBD canola oils, the amount of sulfur compounds is reduced

to 9 mg/kg or lower (50). Sulfur components may also improve the stability of the

oil. Some of these components can act as antioxidants and protect the oil from auto-

xidation by complexing hydroperoxy radicals with the sulfur to form stable com-

pounds (51). Other positive action of these compounds consists of inactivating

catalysts involved in oxidative processes, such as metals (51).

4.10. Commercial Crude Oil, Refined and Deodorized Oil

A typical chemical composition of crude, refined, and deodorized canola oils is pre-

sented in Table 12. The deodorized oil data represents the oil quality used as a food

ingredient.

The values for the crude oil compare closely with those of other commercial oils,

such as soybean oil, when produced according to good extraction practices. Chloro-

phylls and sulfur compounds levels are higher in canola oil compared with most

other commodity oils. The deodorized oil data reflect good refining practice and

are similar to the data obtained with other deodorized commodity oils processed

for food applications.

TABLE 11. Mineral Elements Content in Canola Oils (mg/kg).

Oil Sample Phosphorus Iron Calcium Sulfur Zinc Lead

Crude Oil 1190.0 3.52 296.0 6.5 2.4 0.24

Degummed with

Water (WDG) 222.0 1.32 169.0 1.2 2.1 —

Phosphoric Acid (PDG) 117.2 0.63 34.8 1.5 — —

Bleached

WDG 0.21 0.23 5.6 — — —

PDG 0.19 0.59 4.1 0.87 — —

Deodorized

WDG 0.25 — — 0.25 — 0.07

PDG 0.22 — — 0.38

Adapted from Diosady et al. (48) and Elson et al. (49).
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4.11. Oxidative Stability

The stability of canola oil is limited mostly by the presence of linolenic acid, chlor-

ophyll, and its decomposition products and other minor components with high che-

mical reactivity, such as trace amounts of fatty acids with more than three double

bonds. These highly unsaturated fatty acids can possibly be formed during refining

and bleaching (52). The presence of 7% to 11% of linolenic acid in the acylglyce-

rols of canola oil places it in a similar category with soybean oil with respect to

flavor and oxidative stability. The deterioration of flavor as the result of auto -

and photo-oxidation of unsaturated fatty acids in oils and fats is referred to as oxi-

dative rancidity.

The solubility of oxygen in oil is about 3–5 times greater than in water. The

amount of oxygen present in oil, dissolved during manipulation, is sufficient to

oxidize the oil to a peroxide value of around 10 (53, 54).

The rate of oxidation of fats and oils is affected by the oxygen partial pressure,

access of oxygen, the degree of unsaturation of fatty acids, the presence of light,

heat, antioxidants, and pro-oxidants such as copper, iron, and pigments. The

optimal stability of oil was achieved when iron and copper were below 0.1 and

0.02 ppm, respectively (28).

The degradation of oils and fats by light exposure is primarily a photocatalyzed

oxidation. During photooxidation, singlet oxygen is generated by transformation of

energy to a sensitizer, which activates oxygen. Singlet oxygen is an extremely reactive

specie of oxygen, 1500 times more reactive than normal oxygen, and reacts with

double bonds of unsaturated fatty acids to form peroxides or free radicals. Typical

photosensitizers include chlorophylls and their decomposition products formed dur-

ing maturation of seed and processing, heme compounds, and polycyclic aromatic

TABLE 12. Typical Chemical Analysis Data of Crude and Refined,

Bleached, and Deodorized (RBD) Canola Oil.

Parameter Crude oil RBD

Free fatty acids, % 0.3–1.2 0.03

Phosphorus, mg/kg 300–500 <2

Water degummed 120–200 —

Acid-water degummed. 10–40 —

Chlorophyll, mg/kg 4–30 <0.025

Sulfur, mg/kg 2–15 <1

Iron, mg/kg 0.5–1.5 <0.2

Copper, mg/kg <0.2 <0.02

Nickel, mg/kg — <0.3

Peroxide value, me/kg 0.5–3.0 0 (freshly deodorized)

Anisidine value 1–3 <2

Color, Lovibond — <1.5 Red/10 Yellow

Moisture, % <0.3 —

Flavour — bland

Adapted from T. Mag (Unpublished data).
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hydrocarbons (28). It has been found that chlorophyll degradation products are

more active as photosensitizers than chlorophyll (55).

5. PHYSICAL PROPERTIES

The properties of canola oil are governed by the components present in the oil and

described by the general standards for vegetable fats and oils. Selected physical

properties for canola oil in comparison with HEAR oil are shown in Table 13.

5.1. Relative Density

Typical values for the specific gravity of canola oil are shown in Table 13. Ackman

and Eaton (56) indicated that a different proportion between eicosenoic (C20:1) and

octadecanoic, polyunsaturated fatty acids could be a major factor in changing the

relative density of canola oil. Noureddini et al. (57) described relationship between

temperature and density of vegetable oils including canola. As for other liquids, the

density for vegetable oils is temperature dependent and decreases in value when the

temperature increases. The same authors also modified the Rackett equation to

calculate density, which is based on the composition of fatty acids.

5.2. Viscosity

Viscosity values estimate the relative thickness or resistance of an oil to flow. The

viscosity of RBD canola oil was higher than for soybean oil.

Lang et al. (58) and Noureddini et al. (59) found the viscosity of canola and

other vegetable oils was affected by temperature and proposed an equation to cal-

culate viscosity in the temperature range of 4 –100�C. The viscosity of HEAR oil is

significantly higher than that of canola oil.

TABLE 13. Physical Properties of Canola and Rapeseed Oils.

Value

Parameter Canola HEAR

Relative density (g/cm3; 20�C/water at 20�C) 0.914–0.917 0.907–0.911

Refractive index (nD 40�C) 1.465–1.467 1.465–1.469

Crismer value 67–70 80–82

Viscosity (kinematic at 20�C, mm2/sec) 78.2 84.6

Cold test (15 hrs at 4�C) Passed Passed

Smoke point (�C) 220–230 226–234

Flash point, open cup (�C) 275–290 278–282

Specific heat (J/g at 20�C) 1.910–1.916 1.900–1.911

Saponification number 188–192 168–181

Iodine value 110–126 97–108

Abbreviations: HEAR—High erucic acid rapeseed oil.
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5.3. Smoke and Flash Point

The smoke point is the temperature at which a fat or oil produces a continuous wisp

of smoke. This provides a useful characterization of its suitability for frying, and

often 200�C is specified as the minimum by regulations (Table 13).

The flash point defines the temperature at which the decomposition products

formed from frying oils can be ignited. This temperature ranges from 275�C to

330�C for different oils and fats (Table 13). An increase in the content of unsatu-

rated fatty acids usually decreases the flash and smoke points (60).

5.4. Cold Test

The cold test measures the resistance of oil to the formation of sediment at 0�C or

4�C (Table 13). Sediment formation is usually caused by compounds with a high

melting temperature, mainly waxes and triacylglycerols with long-chain saturated

fatty acids (15). The formation of haze in canola oil is not a common occurrence,

but it may happen occasionally (2). It has been observed that canola oil produced

from seeds grown in dry/drought conditions develop sedimentation more easily.

This may be related to the higher content of saturated fatty acids formed as a

response to drought stress conditions (15).

5.5. Crismer Value

The Crismer value (CV) measures the miscibility of an oil in a standard solvent

mixture, composed of t-amyl alcohol, ethyl alcohol, and water in volume proportion

5:5:0.27 (Table 13). This parameter is one of the specification criteria used for inter-

national trade, mostly in Europe; however, today it is rarely used. The values

obtained are characteristic within a narrow limit for each kind of oil. The miscibil-

ity of oil is related to the solubility of acylglycerols and is affected mainly by the

unsaturation and chain length of the constituent fatty acids.

5.6. Saponification Value

The saponification value is defined as the weight of potassium hydroxide, in

milligrams, needed to saponify 1 g of fat. This parameter is inversely proportional

to the molecular weight of the fat. In other words, the higher the molecular weight,

the lower the saponification value. Replacement of long-chain fatty acids such as

erucic acid in canola oil by octadecenoic fatty acids increased the saponification

numbers from 168–181 to 188–192 because of the reduction in molecular weight

(Table 13).

5.7. Iodine Value

The iodine value (IV) is an empirical test indicating the degree of unsaturation of a

fat or oil. It is defined as the number of grams of iodine absorbed by 100 g of fat.
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The higher value for canola oil is caused, in part, by the replacement of erucic acid

with octadecenoic acids, mainly oleic acid, accompanied by a slight increase in

linoleic and linolenic acids (Table 13). The iodine value can also be calculated

from fatty acid composition using the specific factors for each unsaturated fatty

acid (61). The calculation method provides more accurate data than the iodine

absorption assessment.

5.8. Melting Characteristics, Polymorphism, and Crystal Properties

Canola oil has a homogeneous fatty acid composition, with 95% being contributed

by octadecanoic fatty acids (4). Reducing the erucic acid content had a marked

effect on the melting characteristics and the type of crystal formed when the oil

is hydrogenated. Hydrogenation of canola oil is used to form the products such

as shortenings and margarines. Increasing the degree of hydrogenation causes the

fatty acid composition to be more homogeneous. This results in a tendency to form

large beta crystals on solidification, which is undesirable in margarines and short-

enings. Trans-isomers formed during hydrogenation have higher melting points

than cis fatty acids (Table 14) (62). Trans-isomers introduce greater variety in

the fatty acid composition of the hydrogenated oils, thereby reducing the beta

crystallization tendency of the oil.

6. CANOLA OIL EXTRACTION AND PROCESSING

Processing methods developed over the years are designed to extract canola oil

from the seeds to produce a high-quality raw oil for further processing and a

high-quality protein meal as an animal feed.

6.1. Canola Oil Extraction

Canola seeds contain 38– 44% oil (8% moisture basis) so that the most efficient

method of extracting the oil is by mechanically (pressing) expelling about 60% of

TABLE 14. Melting Characteristics of the Octadecanoic

Fatty Acid Family.

Fatty Acid Melting Point (�C)

Palmitic 64.5

Stearic 69.6

Oleic (cis 9-octadecenoic) 13.2

Elaidic (trans 9-octadecenoic) 43.7

Octadecenoic (cis 6) 28.6

Linoleic (cis 9, 12) �5.1

Linolenic (cis 9, 12, 15) �11.2

Adapted from Mag (2).
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the oil, which is followed by solvent extraction of the remainder. A similar method

is applied to other seeds of high oil content, such as sunflower seeds. Figure 1 gives

an overview of the process sequence most commonly applied in canola seed

extraction.

6.1.1. Seed Cleaning Canola seed is generally received at the extraction plant

directly from the farm, or from a seed gathering station. Weed seeds, grain seeds,

and other foreign material must be removed from the seed before extraction of the

oil. The seed cleaning process consists of three stages: aspiration to remove dust

Figure 1. Canola seed extraction.
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and very light material, screening to remove oversized particles, and rescreening to

remove undersized material. The equipment usually comes as one unit, and the

removal of foreign material is to less than 2.5%. Disposal of the separated

material is used primarily in animal feed.

6.1.2. Preconditioning This is essentially a preheating step to bring the seed

temperature before flaking to about 30–40�C. Under these conditions, the seeds

are more pliable and thus less likely to shatter during flaking seeds. Preheating

equipment may be of the fluid bed type using hot air or steam, direct, or indirect

heat in rotary kilns equipped with steam-heated coils.

Moisture content in the seed can be adjusted, if required, during this process step

by regulating the airflow through the equipment. The desired moisture content prior

to flaking is in the range of 7.0–9.5%.

6.1.3. Flaking The preheated canola seed is flaked on smooth-surface rolling

mills. Some operators advocate flaking in two stages. In the first stage, a flake

thickness of about 0.4–0.7 mm is produced. In a second set of rolls, a flake of

0.2–0.3 mm thickness is produced. The main reason for two-stage flaking is the

small size and the deformability of the seed, which usually allows some whole

seed to pass through in a single-stage flaking. However, many plants operate

single-stage flaking with satisfactory results.

Flaking ruptures the cell walls, which allows some of the oil to be separated

from the seed residue by simple pressing. Further, the oil retained in the seed resi-

due can now be more efficiently leached out in subsequent solvent extraction of the

press cake with hexane. Properly flaked material is more easily treated in the sub-

sequent cooking operation and requires less mechanical energy in pressing. It is

essential that the residual oil content in the meal be low for this operation to be

economical.

6.1.4. Cooking The flaked material is subjected to a cooking step. In this

process, the flakes are heated either indirectly on steam-heated surfaces in stack

cookers or in rotary cookers equipped with steam coils. Cooking temperatures

are usually held to 75–100�C. Ambient air may be admitted to the cooking

equipment to adjust the moisture content of the material to 5–7% for the expeller

operation.

Cooking serves several important functions. It coalesces minute oil droplets into

larger ones, which can be easily separated as well as changes the properties of the

protein so as to make the oil more easily extractable. But temperature and heating

time must be carefully controlled to avoid negative effects on color and sulfur levels

in the oil, protein degradation, and the percolation properties of the flaked material.

Cooking also inactivates two key enzymes. The first is myrosinase, which hydro-

lyses glucosinolates into oil-soluble sulfur-containing compounds. The second is

phospholipase, which hydrolyses phospholipids into nonhydratable phosphatides.

Myrosinase activity has been extensively studied and is carefully controlled during

the cooking operation that minimizes hydrolysis of glucosinolates and reduces
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the presence of sulfur in the oil (63, 64). The optimal temperature range for the

myrosinase activity is between 50�C and 70�C with moisture content in the range

of 5–7%.

Phospholipase activity as affected by cooking operations has also been a subject

of interest but to a lesser extent. Dahlén and Kristofferson (65) found that as cook-

ing temperatures were raised from 85�C to 100�C, nonhydratable phospholipids

content decreased in the oil, whereas total amounts of phosphorus, color and sulfur

increased. Higher color and sulfur are undesirable as increased sulfur content

impairs the catalyst in hydrogenation of the oil. Unger (66) showed that not only

total phosphorus, but also free fatty acid amounts, increased with higher cooking

temperatures. Current cooking operations use temperatures in the range of

75–100�C. The sulfur content of canola oil is in the order of 2–15 mg/kg as deter-

mined by inductively coupled plasma (ICP) spectroscopy. It is apparent, that in

practice the selection of cooking temperature is a compromise between opposing

effects on oil quality and economics.

Process equipment for seed cooking other than the stack cookers and rotary

cookers described above are also used in the seed extraction industry. Three

processes are worth noting, even though there is no known application of these

in pretreating in canola/rapeseed processing: the Alcon process by Lurgi of

Germany, the Exergy process by Stork of Sweden, and the use of expanders.

All of these cooking processes have in common that they are designed to heat the

material very quickly in a few minutes or even seconds. This avoids the main short-

comings of stack cookers and rotary cookers, long residence times in the range of

10–30 minutes. In these processes, rapid heating makes it possible to inactivate

enzymes very quickly and to expose the seed or flakes to an increased temperature

for very short time. Rapid heating depends on very good mixing of the seed mate-

rial during heating, and results in very good temperature control, uniform heat treat-

ment, and prevention of enzyme-catalyzed damage to the oil in the seed. An

unexpected bonus of these heat treatments is the formation of the oilseed with

high porosity, which facilitates improve oil yield during solvent extraction.

The Alcon process. This process is being used with soybean flakes. It was the

first commercially applied rapid cooking method, and its main purpose was to inac-

tivate phospholipases. Soybean oil from Alcon-treated soybean flakes is free of

nonhydratable phosphatides, and water degumming is sufficient to completely

remove phospholipids. In the treatment, soybean flakes are introduced into a tower,

where direct steam with intensive agitation provides rapid heating of the seeds and

the required temperature to inactivate enzymes is achieved uniformly in a few

minutes. The heated flakes are discharged into a cooling chamber before the hexane

extraction. To our knowledge, this process is not commercially used for canola seed

processing. Details of this process were described by Penk (67).

The Exergy process. In this process, whole seeds or flakes are suspended in

superheated steam at high pressure when they are moved turbulently through a

heated pipe loop. This heat treatment requires only a few seconds to achieve the

temperature needed to inactivate enzymes (68). In the case of canola, whole seed

or flakes can be treated this way. Heat treatment of whole seeds prevents enzymatic
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degradation of oil, which occurs after flaking when content of seed is exposed to an

enzyme’s action. The heated seeds are cooled before going on to flaking or extrac-

tion. The process was originally developed for efficient drying of waste sludges and

is being used in Scandinavian countries to produce high-bypass protein canola

meal. It has been proposed as pretreatment for canola seeds before extraction.

Some commercial applications may in fact exist in Scandinavia. The cost of the

equipment is an obstacle to wide application.

Extruders. Extruders, or expanders, are widely applied in the oilseed industry,

but mostly for press-cake conditioning in canola oil extraction, and for extruding

soybean flakes into expanded collets for improved extraction yield. Extruders as

cookers are used in some soybean extraction plants to achieve enzyme inactivation.

Lusas investigated inactivation of enzymes during extrusion of soybean (69). Extru-

ders could be used to pretreat canola seed to assist prepressing and to inactivate the

enzymes; however, commercial application of this process in canola industry is not

known.

6.1.5. Pressing/Expelling (Prepressing) The heat-conditioned, flaked seed is

conveyed to continuous screw-presses or expellers. The function of the expellers is

to reduce the oil content of the seed from about 42% to 16–20%. Extraction of the

remaining oil is then much more efficient and economical. Some discharge of very

fine solids (7–15%) with the oil draining from the expeller is unavoidable. These

fines are separated from the oil by gravity in settling tanks followed by filtration and

recycled to the conditioning stage. The press-cake, which may be put through a

mechanical breaker to produce uniform-sized particles, is now ready for solvent

extraction. Unger (66) and especially Buhr (70) have described the operation of

expellers with canola seed in detail.

6.1.6. Extruders In some plants, the press-cake is subjected to mechanical extru-

sion to improve its solvent extraction properties. Extruders (expanders) used for this

purpose consist of a barrel with a rotating shaft fitted with flights. Steam is added,

and heating and mixing take place along the length of the barrel. Pressure is devel-

oped, and the material is then discharged through the small openings of a die plate

at the end of the barrel. The pressure release on discharge ‘‘expands’’ the extruded

material, making it very porous. These small-diameter, porous pieces of press-cake

(collets) have excellent solvent extraction properties. As a result, throughput of the

solvent extraction equipment is significantly enhanced.

6.1.7. Solvent Extraction The press-cake from the expellers and cake breakers,

or as collets from extruders, is conveyed to the solvent extraction stage. Some cool-

ing of the 80–100�C material with ambient air is usually done during conveying to

minimize vaporization of hexane when the cake enters the extractor. A variety of

extractor designs are in use, often made by the same firms supplying expellers.

The solvent used is extraction hexane at 50–60�C.

In the extractor, the solids, which are at about 80�C, are solvent-washed in stages,

first with hexane already high in oil content (miscella) and then with progressively
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leaner miscella and, finally, with pure hexane. The various extractor designs

approximate countercurrent extraction to a greater or lesser extent. The oil content

in the solid material (meal) is reduced down to about 1%, depending somewhat on

equipment design and throughput rate and on how well the cooking, flaking, and

prepress operations were carried out. The flow rate of hexane to the extractor is

adjusted to provide an oil concentration of 25–30% in the oil-in-hexane solution

(miscella).

6.1.8. Desolventizing of Meal and Oil The meal and the miscella are ‘‘stripped’’

of the solvent to recover solvent-free meal and oil. The solvent-saturated meal is

conveyed to a desolventizer, which is a vertical tank equipped with steam-heated

trays and rotating sweep arms just above each tray to agitate the solid material.

Reduced pressure and some live steam sparging are used to evaporate the hexane

and to dry the meal. The meal is heated and ‘‘toasted’’ to about 105�C with

residence time of about 30–40 minutes. Residual hexane in the meal is in the order

of 1500 mg/kg, and moisture in the range of 15–18%. Lower hexane concentrations

are difficult to achieve. Grant et al. (71) described factors affecting canola meal des-

olventizing (68). Schneider and Schuette (72) have investigated the difficulties in

desolventizing of canola meal in relation to fiber structure. Some removal of glu-

cosinolates, their breakdown products, as well as protein denaturation occurs (73).

To achieve the best meal quality, the process must be well controlled with respect to

temperature (110�C max.) and time.

Meal cooling and drying is an integral part of the desolventizer (Desolventizer-

Toaster-Dryer-Cooler) or separate rotary kilns. The temperature is reduced to

30–40�C, moisture to 8–11%, and hexane to about 800 mg/kg. This corresponds

to a hexane loss of approximately 1 liter per metric ton of seed processed. Cooled

meal may be ground to a uniform particle size, or pelleted, ready for storage and

marketing. The hexane and moisture vapors are vented from the meal desolventiz-

ing equipment and condensed, the water and hexane are separated, and the hexane

is reused. The miscella containing the oil is desolventized in three-stage evaporator

equipment. The hexane vapor from this operation is condensed for reuse. A prop-

erly sized and operated extraction plant looses no more than about 1–2 liters of

hexane/ton of seed processed.

6.1.9. Quality Assurance: Seed, Oil and Meal The first step in the quality

assurance process is the grading of seed deliveries from the farm to the extraction

plant. In Canada, for example, the Canadian Grain Commission as a third party is

responsible for setting the grading rules by which the industry conducts trades. The

rules are published in the Official Grain Grading Guide by the Office of the Chief

Grain Inspector, Inspection Division, Winnipeg, Canada (74). Three grades, from

No. 1 to No. 3, are distinguished, with No. 1 being best. Poorer grade seed, which

may sell at a discount, produces lower quality oil. This is especially evident in high-

er chlorophyll and free fatty acid content. Nonhydratable phosphatide content may

also be higher with poorer grades. All of these factors make for greater difficulty

and higher costs in oil processing.
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Canadian quality assurance on crude oil, degummed oil, and meal is governed by

the Trading Rules of the Canadian Oilseed Processors Association (COPA) (75).

Official AOCS methods are used to analyze quality parameters (76). Glucosinolate

determinations on meal are not usually done. Typical properties of oil and meal are

given in Table 1 and Table 15, respectively.

6.2. Canola Oils Processing

Processing of crude canola oil to edible oil products is very similar to that applied

to other vegetable oils. Figure 2 gives an overview of the process steps that are

applied in the industry.

6.2.1. Degumming The ‘‘crude’’ oil from prepressing and from solvent extrac-

tion is usually blended and then degummed before being stored for sale or further

processing. Degumming removes phosphatides coextracted with the oil, as they

tend to separate from the non-degummed oil as sludge during storage. The

phosphatide content of crude oil varies, but it is usually in the order of 1.0–1.5%

or, measured as phosphorus, 400–600 mg/kg. Two main degumming methods are in

use: (1) using water to precipitate phosphatides (water degumming) and (2) using

an acid such as citric, malic, or phosphoric and water (super-degumming, or acid-

water degumming) to achieve nearly complete degumming. After contacting the oil

with these reagents, the oil is centrifuged to separate the precipitated material.

Other degumming processes for achieving nearly complete degumming are also

applicable, such as enzymatic degumming, but so far has seen only very limited

use.

6.2.1.1. Degumming with Water Degumming with water only involves contact-

ing the oil at about 80�C with about 2% water in a gently agitated tank with a 5–30-

minute contact time, to keep the precipitated phosphatides in suspension and allow

time for agglomeration, and then separating in a disk centrifuge. This leaves from

100–200 mg/kg of phosphorus (0.25–0.5% phosphatides) in the oil, depending on

the extent to which nonhydratable phosphatides are present. The oil lost with the

separated phosphatides is in the order of 35–40% of the separated material.

TABLE 15. Canola Meal Specifications (75).

Characteristic Specification

Protein (weight %) min. 36

Fat (oil) (weight %) max. 4

Moisture (weight %) max. 12

Crude fiber (weight %) max. 12

Glucosinolates (mmol/g) max. 30

Screen analysis 97 weight % of the meal shall pass through a 2.00-mm

(US # 10) sieve, and 90 weight % shall pass through

1.70-mm (US # 12) sieve.
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6.2.1.2. Degumming with Acid and Water In degumming with acid and water,

the nonhydratable phosphatides (NHP) are also removed. A number of process ver-

sions, which have been developed over the years, are suitable, such as the Unilever

Super-degumming (acid degumming) process (77) and various other proprietary

processes. Reaction conditions are much more critical than in water degumming.

Usually, the following sequence of steps, with some variations, are applied: Crude

oil is brought to about 60–70�C and then contacted with about 0.1–0.5% of a 50%

solution of citric or malic acid with very intensive mixing. Contact may vary from

fractions of a second to about 15 minutes, depending on mixing intensity. The oil is

then contacted with about 2% water, either before or after cooling to 25–45�C.

About 1–3 hours of residence time is then given in a continuous, stirred reactor.

Figure 2. Canola oil processing.
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Agitation in the reactor is designed to avoid shear and keep the precipitated phos-

phatides uniformly suspended. The oil/phosphatide mixture is then heated very

rapidly, immediately ahead of a self-desludging disk centrifuge, in which the pre-

cipitated phosphatides are separated from the oil. The oil loss in this process repre-

sents from 35–50% of the separated phosphatides, with the higher losses occurring

with oils that are relatively high in nonhydratable phosphatides. The separated

phosphatide phase is added to the meal in the desolventizer. This raises the residual

oil content of the meal to about 2–3% and raises its energy content.

Residual phosphatide concentrations are from 5–50 mg/kg of phosphorus

depending on process details and the level of nonhydratable phosphatides in the

crude oil. Nonhydratable phosphatides can vary widely, but are usually in the range

of 20–45% of total phosphatides. With higher concentrations of nonhydratable

phosphatides, longer agglomeration time is required to achieve clean separation

in the centrifuge.

In the most recent development, acid and aqueous sodium hydroxide, rather than

acid and water are being used, especially with lower quality oils (acid-caustic

degumming). This represents an intermediate between acid-water degumming

and alkali refining. It obviates the need for cooling, similar to the practice in alkali

refining. Phosphoric acid rather than an organic acid is preferred in this case. Phos-

phatides as well as some of the other impurities are removed, and if sufficient, alkali

is applied to saponify the free fatty acids, fully refined oil is obtained.

6.2.2. Alkali and Physical (Steam) Refining Degummed oil is further purified

in a process of refining. One of two methods are used, namely, alkali refining, espe-

cially with water-degummed oil, and physical refining with acid-water-degummed,

or acid-caustic-degummed oil, that is, with the more completely degummed oil.

Alkali refining is the most common process used, even with acid-water-degummed

oil. Physical refining of canola oil on a plant scale is relatively rarely practiced. It

requires well-degummed oil of moderate chlorophyll and free fatty acid content,

but it is then economical, especially, with respect to capital investment. CanAmera

Foods (now part of Bunge, Inc) in Canada has successfully operated a refinery in

Western Canada based on physical refining since 1984.

6.2.2.1. Alkali Refining In alkali refining, the oil is first contacted with about

0.05–0.1% of concentrated phosphoric acid in a high-intensity mixer to help preci-

pitate phosphatides. It is then contacted with an approximately 12% concentrated

aqueous solution of sodium hydroxide to neutralize the free fatty acids present, any

excess phosphoric acid and to precipitate phosphatides. This requires about 2–3%

of the solution. Very intensive mixing is used. Temperatures and contact times may

vary from about 90�C and only seconds for both acid and caustic in the ‘‘short-

mix’’ process to about 40�C and about 15 minutes each in the ‘‘long-mix’’ process.

The oil/soap mixture is then heated to about 90�C, if required, and centrifuged to

separate the aqueous soap phase. This phase also contains the precipitated phospha-

tides and some triglyceride oil. Usually, self-desludging disk centrifuges are used

to avoid frequent shutdowns for cleaning. The centrifuged oil must be further
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contacted with about 5–10% hot, soft water to reduce soap levels from about

500 mg/kg to <50 mg/kg. Solid bowl disk centrifuges are adequate for this service.

Alkali refining reduces free fatty acids to <0.05% and phosphorus to <3 mg/kg.

Iron and copper concentrations are reduced to below the detection limit. Colored

compounds (chlorophyll derivatives, carotenoids) are not affected significantly,

although chlorophyll derivatives can be reduced by 30–70% of the original concen-

tration under certain process conditions. The concentration of sulfur compounds is

reduced slightly. This oil is now ready for bleaching. The soap phase from this

operation can be added to the meal, similar to the disposal of the phosphatides

from degumming, or it can be acidulated and used as a feed fat. Mag (78) has

reviewed industrial refining practice in some detail. Carlson (79) reviewed refining

methods and process costs.

6.2.2.2. Physical Refining In physical refining, acid-water-degummed oil with

phosphorus content below 50 mg/kg and preferably below 25 mg/kg is first sub-

jected to a phosphoric acid pretreatment, as in the short-mix alkali refining process.

It is then contacted with acid-activated bleaching clay in a standard bleaching pro-

cess at 95–105�C. With precipitated phosphatides, chlorophyll derivatives and some

carotenoids are adsorbed on the clay and removed by filtration. Together with the

acid-water degumming of the oil, this is the most important stage of physical refin-

ing. It delivers bleached oil ready for physical (steam) refining/deodorizing. Except

for the free fatty acids in the oil, all other minor constituents are now at the same

concentrations as in alkali-refined oil, and in addition, chlorophyll derivatives are

reduced to the concentration required of bleached oil, namely, <0.050 mg/kg.

Usually, from 0.7% to 2% of acid-activated bleaching clay is used, depending pri-

marily on the concentration and type of chlorophyll derivatives and the residual

phosphatide concentration that was present in the degummed oil.

The removal of the free fatty acids in the bleached oil is done by steam distilla-

tion in a deodorizer. This, simultaneously, deodorizes the oil. Because deodoriza-

tion is, also, the last process normally carried out on edible oils, this step may be

delayed until other processes, such as hydrogenation of the oil, have been done.

6.2.3. Adsorptive Bleaching Alkali-refined oil requires bleaching. It usually

contains traces of soap, and the concentration of chlorophylls and their derivatives

is still essentially that present in the crude oil. Some of the oxidation products and

traces of heavy metals, notably, iron are also removed. But, the most important

effect to be achieved with canola oil is the removal of chlorophyll derivatives.

These compounds accelerate oil oxidation in presence of light (80) and give an

undesirable green color to the oil. Acid-activated clays are used in bleaching. Their

adsorptive properties are especially effective for the removal of ‘‘green’’ com-

pounds. With high chlorophyll concentrations, >30 mg/kg, ‘‘chlorophyll specific’’

clays have been used. One feature of these clays is that they are especially highly

acid activated. As with other oils, the adsorption of carotenoids on bleaching clays

is not efficient. Some reduction occurs, partly because of adsorption and partly

because of heat breakdown. In usual bleaching practice, the emphasis is on

CANOLA OIL EXTRACTION AND PROCESSING 85



chlorophyll removal. Heat bleaching of the carotenoids during deodorization is

relied on to remove most of the red color present in the oil.

6.2.3.1. Adsorptive Clay Adsorptive bleaching is carried out under vacuum with

the oil at about 100�C. About 5–30 minutes of contact time is given, while the oil/

clay slurry is progressively dried to about 0.1% moisture content. This appears

to give the best adsorption efficiency. As indicated earlier, about 0.7–2% clay

(10–15% moisture content) may be required to achieve chlorophyll removal to

<0.050 mg/kg measured as chlorophyll a. This level of chlorophyll derivatives is

innocuous with respect to oxidation and color of the oil. Mag (81) has given an

overview of edible oil bleaching practice, with particular attention to canola oil.

Brimberg (82) and Henderson (83) have investigated kinetic aspects of chlorophyll

adsorption important to the process. Suzuki and Nishioka (84) investigated changes

in chlorophyll derivatives during seed and oil processing up to the bleaching stage

and determined the ease of adsorption of the various chlorophyll derivatives on

activated clay and on active carbon. With acid-activated clay, they found the ease

of adsorption to decrease in the following order: pheophytin a > pyropheophytin

a� pheophytin b > pyropheophytin b. Chlorophyll a and b are converted to their

respective pheophytins early in seed processing. Thus, they do not play a significant

role in the adsorption of chlorophyll derivatives. Bleaching processes suitable for

canola oil do not differ from those used for other oils.

6.2.3.2. Active Carbon Active carbon is rarely used to remove chlorophyll com-

pounds is used very little in canola oil bleaching. It presents greater difficulty in

handling and it retains more oil than activated clays do and is much more expen-

sive. In bleaching efficiency tests, active carbon has been shown to be somewhat

more efficient than activated clay at high concentrations of chlorophyll compounds

in canola oil, but less efficient at very low concentrations. Thus, active carbon is not

a suitable adsorbent to achieve the removal of chlorophyll derivatives to the very

low concentrations mentioned earlier.

6.2.3.3. Synthetic Silicas In recent years, the use of synthetic silicas as a pre-

treatment in the bleaching of oils has been advocated. In connection with canola

oil bleaching, it is claimed that because of the ability of these silicas to adsorb

soap and phosphatides more efficiently than acid-activated clays, adsorption of

chlorophyll derivatives by the clays in subsequent bleaching is much more efficient.

Presently available silicas do not adsorb chlorophyll derivatives or carotenoids.

Parker (85) working for W. R. Grace & Co.-Conn., a manufacturer of silicas, is

advocating a synthetic silica pretreatment followed by packed bed bleaching with

acid-activated clay.

6.2.3.4. Other Methods to Remove Chlorophyll Derivatives Other approaches to

the removal of chlorophyll derivatives compounds from canola oil than adsorption

are known and are being practiced. Bergman (86) and Szemraj (87) described the

use of concentrated phosphoric acid and vacuum drying of the oil to precipitate
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impurities from rapeseed oil, especially chlorophyll derivatives compounds.

Experience has shown that the precipitation of chlorophyll is much more efficient

with super-degummed canola oil. The removal of the precipitated material from

the oil can be by filtration on a suitable filter aid, or by centrifuging. When the

precipitation step is followed by alkali refining of the oil, the acid-precipitated

chlorophyll derivatives are simply removed as part of the heavy phase in the

centrifugal soapstock separation.

Another approach is to make use of the fact that in contact with alkali, chloro-

phyll derivatives also react to form a precipitate (88). This can be used in the course

of alkali refining. The precipitate can be removed together with the aqueous soap

phase, but at this time, specific details are still proprietary. Experience so far has

shown that as much as about 70% of the chlorophyll derivatives can be removed

in the course of alkali refining.

Typical properties of alkali-refined, bleached canola oil and of acid-water-

degummed, acid pretreated, bleached canola oil ready for hydrogenation or steam

refining/deodorization are given in Table 16. With the exception of the concentra-

tion of free fatty acids, the two process routes produce the same bleached oil

quality.

6.2.4. Hydrogenation Hydrogenation changes the melting behavior of oils and

improves their oxidative stability. It is applied to many oils, including canola.

Hydrogen is added to the double bonds of unsaturated fatty acids at temperatures

of 160–200�C and pressures of 100–300 kPa in the presence of a nickel catalyst to

facilitate the reaction. Chlorophyll (89), phosphatides, soaps, and especially sulfur

compounds ‘‘poison’’ the catalyst, raising process costs. These are removed in

refining and bleaching, except sulfur. Sulfur compounds are only reduced somewhat

in these treatments. de Man et al. (90) investigated the role of sulfur compounds in

nickel catalyst poisoning in canola oil hydrogenation and found that as little as

1 mg/kg of sulfur in the form of allyl isothiocyanate (AITC) had a noticeable effect

on hydrogenation rate. Additions of 3 and 5 mg/kg of AITC had an even greater

effect on the rate of hydrogenation, and trans-isomer formation was very signifi-

cantly increased in the range of iodine values from 95 to 80. AITC is typical of

compound formed from the breakdown of glucosinolates.

TABLE 16. Bleached Canola Oil After Alkali Refining or Acid Degumming.

Characteristic Alkali Refined/Bleached Acid Degummed/Bleached

Free fatty acids (%) 0.1 as for crude

Phosphorus (mg/kg) <3 <3

Chlorophyll (mg/kg) <50 <50

Iron (mg/kg) <0.1 <0.1

Peroxide value (meq/kg) Nil Nil

Anisidine value 1–3 1–3

Sulfur (mg/kg) 1–13 1–13

Soap (mg/kg) Nil Nil
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The determination of sulfur compounds in the range of concentrations, which

occur in edible oils, is difficult. The literature on concentrations found in rapeseed

and canola oils can be confusing. Considering relevance to hydrogenation effects

and speed of analysis, ICP spectroscopy for determining sulfur in canola oil is pre-

sently the most appropriate method.

The process of hydrogenation of canola oil is usually carried out batch-wise.

There are various reactor designs in use. Often, in-house designs are used, but

many companies in the field of supplying the edible oil industry with process equip-

ment are able to furnish proven hydrogenation and catalyst removal equipment.

Depending on temperature, pressure, and, to some extent, the specific catalyst

properties, a different melting behavior of the hydrogenated fat can be obtained.

The oxidative stability improvement, also, is modified somewhat by choice of pro-

cess conditions. Usually, conditions are chosen that provide this selectivity toward

the desired melting behavior and oxidative stability improvement. In canola oil,

very low concentrations of linolenic and linoleic acid can be achieved with very

little hardening of the oil (Table 17). Melting behavior is most usually evaluated

by determining the proportion of solid fat in a sample over the temperature range

of interest, usually 10–40�C. Dilatometry is still extensively used in North America

for this purpose, rather than the commonly used and more modern wide-line nucle-

ar magnetic resonance spectroscopy.

Because of the small concentration of sulfur compounds in canola oil, there is a

somewhat greater tendency of sulfur poisoning of the catalyst, with the result that

slightly higher trans-isomer concentrations may come about compared with, for

example, soybean oil. Hatfield (91) has focused on this aspect of canola oil

hydrogenation.

Removal of the nickel catalyst from the oil is by filtration of the oil from the

reactor after cooling to about 100�C on filter aid precoated filters. Adding filter

aid to the oil and then filtering is also satisfactory. Nickel concentrations of

3–15 mg/kg are achieved. This is followed by a second filtration on a filter aid pre-

coated filter, possibly after contacting the oil with a small amount of citric acid

(0.05% as a 50% aqueous solution) as a chelating agent. In stubborn cases, it is

necessary to bleach the oil with acid-activated bleaching clay. Nickel must be

removed to below 0.3–0.5 mg/kg, that is, to Ni-negative by the ammonium sulfide

test. Synthetic silicas have also been advocated as a treatment of hydrogenated oil

for nickel removal either before or after catalyst filtration (92).

TABLE 17. Hydrogenated Canola Oils for Margarines, Shortenings, and Frying Fats.

Iodine Fatty Acid Composition (%) SFI at �C

Value C16:0 C18:0 C18:1 C18:2 C18:3 Trans 10.0 21.1 26.7 33.3 40.0

115(L) 4.5 2 60 22 10 — — — — — —

90 4.5 3 80 9 2 20 2.5 — — — —

85 4.5 5 86 2 1 42 18 5 — — —

80 4.5 11 83 — — 45 30 18 7 <1 —

75 4.5 14 80 — — 50 50 31 25 11 4
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6.2.4.1. Hydrogenated Canola Oil in Edible Oil Products Hydrogenated fats

from canola oil play an important role in the production of the wide range of fat

products in the countries in which canola oil is used. They often appear in blends

with other oils to combine the advantages of canola oil with those of other oils.

They are especially important as lightly hydrogenated oils for their exceptional

stability, This is caused, in part, by the high content of monounsaturated fatty acids

in canola oil. These products are very popular because of their good stability and

pourability and their low saturated fatty acid content. The introduction of nonhydro-

genated high-oleic acid (75%) containing canola oil in the market may eventually

reduce the importance of lightly hydrogenated oil.

Table 17 shows some typical iodine values, fatty acid compositions, and solid fat

indices for hydrogenated canola oils used in margarine, shortening, and frying fat

formulations. The nonhydrogenated, liquid oil data are given for comparison. It

should be noted that the values given might differ somewhat in practice depending

on hydrogenation conditions and the catalyst used.

The above hydrogenated canola oil stocks, or similar ones, are used extensively

in shortenings and as stable frying fats. Industry makes a wide variety of canola-

based hydrogenated oil stocks for tailor-made shortenings. Lightly hydrogenated

canola oil (IV 90), for example, has a special advantage in that even at very low

levels of solid fat, it has very low polyunsaturation, which makes it an excellent

pourable frying fat base of very good stability. Very highly hydrogenated canola

oils are rarely used in margarine and baking shortenings, because of their tendency

to form large (beta) crystals over time. This impairs eating properties and baking

performance. deMan and deMan (93) and Naguib-Mostafa (94) studied the crystal-

lization behavior of hydrogenated canola oil used for margarine and shortening

products. D’Sousa et al. (95) stated that at least 11% of palmitic acid is required

when palm oil is used in hydrogenated canola oil-based margarines and shortenings

to achieve crystal stability in the beta prime (b0) form for adequate shelf life of

margarine. Preferably, palm oil needs to be lightly hydrogenated.

6.2.5. Interesterification Interesterification is another process for changing the

melting properties of fats and oils. The process represents an alternative to the use

of partially hydrogenated fats in manufacturing products of a variety of melting

properties.

Thomas (96) and Desrosier (97) investigated chemically catalyzed interesterifi-

cation of nonhydrogenated canola oil with fully hydrogenated vegetable oils. In the

manufacture of zero trans-isomer fat products, interesterification of canola and

other oils with high melting fats is of interest to take advantage of the nutritionally

favorable fatty acid profile of nonhydrogenated canola oil. The process has also

been proposed for use in controlling the problem with beta crystallization of hydro-

genated canola oil. However, this process has not found significant use because of

cost. Kurashige et al. (98) used enzyme-catalyzed interesterification of palm oil

with canola oil to improve the pourability of palm oil compared with merely blend-

ing with canola oil. They used a 1,3-specific lipase. Canola oil was used because of
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its low content of saturated fatty acids. Industrial scale processes to carry out

enzyme-catalyzed interesterification, however, are still rare.

6.2.6 Dewaxing Canola oil is a natural salad oil. This means that it remains clear

and liquid at refrigerator temperatures. It is used without winterization to produce

bottled oil and salad dressings. However, the oil may contain a small and variable

concentration of compounds (about 20– 400 ppm), which may over time appear as

sediment in the deodorized oil. This appears to be dependent on seed growing con-

ditions. For the sake of simplicity, the term "waxes" is applied to these compounds,

but it is known (99) that about 20–40% of these compounds are not wax esters. The

crystallization behavior of the mix of compounds that can crystallize from canola

oil is unpredictable in that low concentrations (<50 mg/kg) can sometimes show up

in the oil as a sediment and that the sedimentation can occasionally occur in a few

days, or take several months.

For some markets, it is desirable to dewax the oil to avoid any chance of a hazy

appearance. The process is carried out on the bleached oil by chilling in a contin-

uous heat exchanger to about 5�C and metering about 0.1% of a filter aid into the

chilled oil stream on the way to a filter. Little or no retention time is given before

filtration. This reduces the wax content to <50 mg/kg, which then usually no longer

produces a visible haze. Usually, in-house dewaxing process designs are used, or

processes patterned after sunflower oil dewaxing installations. Throughput rates

with canola oil are much higher than with sunflower oil, primarily because of the

much lower wax content.

6.2.7. Deodorization In edible oil processing, this is the final ‘‘refining’’ step. Its

primary function is to remove compounds from the oil, which impart odor and taste

typical of the seed from which it is derived and any odoriferous compounds formed

in such processes as bleaching and hydrogenation. Further, at the temperatures

required, heat bleaching of the yellow-red carotenoid compounds is an important

aspect of the process. As mentioned earlier, deodorization can also serve to physi-

cally refine the oil as an alternative to the removal of free fatty acids by alkali

refining. Deodorization is essentially a steam distillation of the odor and flavor

compounds from the oil, as well as other relatively volatile compounds such as

free fatty acids. Tocopherols and sterols are also to some extent removed. In the

deodorization of canola oil, it is important that the oil be essentially free of chlor-

ophyll and phosphatidic material and of heavy metals such as iron and nickel. The

oil is heated to 225–260�C under very low pressure (0.1–0.5 kPa) to exclude air.

This increases the volatility of the compounds to be removed. Steam is blown

through the oil (1–3%), which increases the volatility further and allows efficient

removal of the volatiles to very low levels. Heat bleaching requires a minimum

of about 30 minutes at deodorizing temperatures. It is usual practice to cool the

deodorized oil to about 60–80�C after the process and to sparge it with nitrogen

gas before storing in tanks, or shipping in bulk. Specification for the deodorized

canola oil are presented in Table 18.
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6.2.8. Crystallization, Packaging, and Tempering With the exception of bulk

frying fats and salad oils, margarine and shortening oils are converted into semi-

solid forms for final use. Margarine oils are emulsified with an appropriate water

phase first. Shortenings, which do not usually involve a water phase, are crystallized

directly. Products high in hydrogenated canola oil require special care to ensure that

crystallization to the very small beta prime crystals is achieved. Essentially, this

means very rapid and complete crystallization before the product enters the pack-

age, that is, very little or no post-packaging crystallization. Tempering of crystal-

lized fat products refers to the process of allowing certain equilibrium processes in

the crystalline/liquid fat mixture to reach completion. The properly crystallized,

packaged product is held for two to four days at 25–27�C. This improves plasticity,

creaming, and baking performance. It is a process that is not completely under-

stood, but it is very important for optimum shortening properties. Margarines are

usually tempered for a shorter time and then refrigerated. deMan et al. (93) studied

the effect of commercial crystallization conditions and product tempering in con-

nection with studies on the crystallization behavior of margarines and shortenings

made from hydrogenated canola oil.

6.2.9. Quality Assurance In the processing of canola oil to edible oil products,

much the same quality control procedures are applied as with other oils. A few

aspects, such as for example the presence of chlorophyll derivatives in crude oil

and their removal in processing, are somewhat unique. AOCS (76) or other standard

methods, such as IUPAC, ISO, or DGF are commonly used.

6.2.9.1. Degumming Quality control in the process requires the analysis of the

crude oil and the degummed oil for phosphorus.

6.2.9.2. Alkali Refining This involves the determination of free fatty acids, phos-

phorus, and, if desired, chlorophyll, before and after the process. In addition, soap

concentration is determined after water washing. Soap determination can present

some difficulty in establishing the endpoint of the titration with oils high in

chlorophylls, because of the dark color of such oils.

6.2.9.3. Bleaching The main aspect in the control of the bleaching process

is determination of chlorophyll. It is accepted in the industry that chlorophylls

TABLE 18. Nonhydrogenated, Deodorized Canola Oil.

Characteristic Value

Color (Lovibond red, 5.25 inch) 0.3 –1.5

Flavor bland

Peroxide value (meq/kg) Nil

Anisidine value 0.5 –2

AOM stability, minimum 15 h/100PV
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derivatives must be reduced in the bleaching step to a concentration of <0.025 mg/kg,

measured as chlorophyll a. Lower concentrations are innocuous. Higher concentra-

tions produce a noticeably green tinge in the oil and impair the stability of the oil

when exposed to light. In addition, during deodorization, a grayish tinge may devel-

op in the oil. The AOCS method for chlorophyll determination, Cc 13d-92 (96), is

used. Lovibond red and yellow color is, of course, also measured as part of the

process control in bleaching, but the colors to be achieved may vary considerably

depending on the heat-bleachability of the red-yellow color compounds. When

super-degummed oil is bleached to prepare it for physical refining, phosphorus

determination may also routinely be done on the bleached oil.

6.2.9.4. Hydrogenation Process control in hydrogenation is primarily concerned

with the degree of hydrogenation, determination of melting behavior, fatty acid

composition, and nickel catalyst removal. Rapid analysis for control of the degree

of partial hydrogenation makes use of iodine value and, more frequently, refractive

index. This is followed up with determining the solid fat index (SFI), or solid fat

content (SFC) and, where appropriate, the Mettler dropping point. Determination of

the fatty acid composition of hydrogenated oils is by the AOCS Method Ce le-91

(96). Nickel traces are determined by the nickel sulfide test or by ICP spectroscopy.

6.2.9.5. Dewaxing The dewaxing process at present is not controlled by an ana-

lytical test that determines the content of ‘‘waxes’’ in the oil. This would be too

complex for routine process control. Rather, the oil is subjected to the AOCS

cold test, and this is supplemented by keeping samples at higher temperatures,

up to room temperature (76). In this way, it is possible to gain some confidence

that the dewaxing procedure is in fact performing as expected. As pointed out ear-

lier, the crystallization behavior of the compounds implicated in sediment forma-

tion is complex. This makes these indirect tests vague as predictors of shelf stability

with respect to the oil remaining clear of visible sediments.

6.2.9.6. Deodorization/Physical Refining Quality control is especially concerned

with flavor, free fatty acid concentration, color, stability, and trace contaminants.

With respect to routine flavor testing, two–three trained panelists test the flavor

of small sample of the oil. The oil must be essentially bland, but very slight beany

or grassy notes are tolerated. Free fatty acids, color, and stability testing is done by

the AOCS official methods (76).

6.2.9.7. Crystallization, Packaging, and Tempering Process control of the crys-

tallization conditions (temperature of precooling, temperature of crystallizing, tem-

perature rise in the package) and of tempering time and temperature are especially

important with margarines and shortenings containing a high proportion of hydro-

genated canola oil. This is because of the greater tendency of such products to

recrystallize over time from the beta prime to the beta prime form. Polarized light

microscopy is sometimes used to provide an immediate assessment of the crystal

state of a product. Beyond that, penetrometer readings as well as taste panels for
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margarine to assess mouthfeel, and for bakery shortenings, creaming, baking, and

icing performance tests, are the procedures used as a guide to determine tempering

time and shelf stability.

7. NUTRITIONAL PROPERTIES OF CANOLA OIL

7.1. Nutritional Significance of Canola Oil Composition

Dietary fat serves several important nutritional functions. It is the source of essen-

tial fatty acids. Members of the n-6 and n-3 (also known as the o-6 and o-3)

families of fatty acids are important constituents of cell membranes and serve as

precursors of eicosanoids (biologically active compounds such as prostaglandins,

thromboxanes, prostacyclins, and leukotrienes). Fat also serves as a carrier for

the fat-soluble vitamins, and it is important source of energy. In addition, it has

important culinary properties and contributes to the palatability of food.

The current interest in dietary fat, however, stems primarily from its implication

in the origin of several chronic diseases. Interest has centered on both the amount

and type of dietary fat in the development of cardiovascular disease, cancer, hyper-

tension, and obesity. As a result, dietary recommendations in many countries call

for a reduction in total fat intake, to 30% of energy, and in saturated fat intake, to

less than 10% of energy. In addition, some nutrition recommendations specify

recommended levels of n-6 and n-3 fatty acids in the diets. Hence, the source of

fat in the diet has assumed considerable importance over the past few years. Interest

in the nutritional properties of canola oil developed because of its fatty acid com-

position (Table 2). Canola oil is characterized by a low level of saturated fatty acids,

a relatively high level of monounsaturated fatty acids, and an appreciable amount of

the n-3 fatty acid a-linolenic acid (18:3 n-3).

Saturated fatty acids. The adverse effect of saturated fat on blood cholesterol

level and its implication in cardiovascular disease has stimulated concern over

the level of saturated fatty acids in the diet. Canola oil contains a very low level

(<7%) of saturated fatty acids: about half the level present in corn oil, olive oil,

or soybean oil and about one-quarter the level present in cottonseed oil. Further-

more, canola oil contains only 4% of the saturated fatty acids (viz., lauric, myristic,

and palmitic) that have been found to increase blood cholesterol level. Hence,

canola oil fits well with the recommendation to reduce the amount of saturated

fat in the diet.

Monounsaturated fatty acids. The report that monounsaturated fatty acids (viz.,

oleic acid) were just as effective as polyunsaturated fatty acids (viz., linoleic acid)

in lowering plasma total and low-density lipoprotein (LDL) cholesterol (100)

aroused interest in the nutritional properties of canola oil. Canola oil contains

60% oleic acid and is second only to olive oil, among the common vegetable

oils, in oleic acid content. Although avocado oil and high-oleic sunflower oil

also contain high levels of oleic acid (>70%), they are minor constituents in the

average diet.
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There, also, is interest in dietary monounsaturated fatty acids because of their

possible protective effect against oxidation of LDL cholesterol (101). There is

appreciable evidence that the uptake of LDL cholesterol and the formation of fatty

streaks in the intima of large blood vessels, which is considered an early lesion of

atherosclerosis, is enhanced by the oxidation of the LDL cholesterol (102, 103).

LDL cholesterol was found to be appreciably more stable to oxidation when

subjects were fed diets rich in oleic acid than when fed linoleic acid enriched diets

(104–106).

Polyunsaturated fatty acids. Canola oil is intermediate among the vegetable oils

in its polyunsaturated fatty acid content; it contains lower levels than corn oil, cotton-

seed oil, soybean oil, or sunflower oil but appreciably higher levels than olive oil or

palm oil. Interest in polyunsaturated fatty acids stems from their role as essential

fatty acids and their effectiveness in reducing plasma cholesterol level. Linoleic

acid and arachidonic acid, members of the n-6 family of fatty acids, have long

been recognized as essential fatty acids. Arachidonic acid is an important constitu-

ent of cell membranes and the precursor of eicosanoids, ‘‘hormone-like’’ substances

that are involved in a multiplicity of physiological functions ranging from blood

clotting to immune response.

a-Linolenic acid and other members of the n-3 polyunsaturated fatty acids like-

wise are essential. Docosahexaenoic acid (22:6 n-3) is a major constituent of lipids

of the brain and retina of the eye, whereas eicosapentaenoic acid (20:5 n-3) is the

precursor in the synthesis of an analogous but different series of eicosanoids from

those formed from arachidonic acid. Canola oil contains an appreciable amount

(10%) of a-linolenic acid. In addition, there is a favorable balance between linole-

nic acid and linoleic acid (a ratio of approximately 1:2). Soybean oil is the only

other major edible oil that contains a significant amount of linolenic acid (approxi-

mately 7%), but the ratio to linoleate is approximately 1:7.

Minor constituents: tocopherols and phytosterols. Vegetable oils are the primary

source of tocopherols in the average diet. Canola oil is a relatively rich source of

tocopherols (refer to Table 6); it is similar in total tocopherol content to corn oil,

cottonseed oil, safflower oil, and sunflower oil (60–70 mg/100 g). Only soybean

oil contains an appreciably higher level of total tocopherols (100–110 mg/100 g).

However, canola oil contains a considerably higher level of a-tocopherol, the main

source of vitamin E biopotency among the tocopherols, than soybean oil (27 vs.

12 mg/100 g). Only cottonseed oil, safflower oil, and sunflower oil are better

sources of a-tocopherol than canola oil (35, 56, and 61 mg/100 g, respectively)

(see Table 6).

Canola oil contains a relatively high level of phytosterols (892 mg/100 g), about

twice the level in soybean oil or sunflower oil (436 and 496 mg/100 g respectively)

(Table 8). b-Sitosterol accounts for about 50%, campesterol 35%, and brassicasterol

14% of the total phytosterols in canola oil. Canola oil is the only common vegetable

oil that contains brassicasterol. Plant sterols have been reported to lower plasma

cholesterol level (107) by inhibiting the absorption of dietary cholesterol and the

reabsorption of biliary cholesterol (108).
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7.2. Effect of Canola Oil on Plasma Cholesterol and Lipoproteins

Appreciable research on the effect of canola oil on plasma cholesterol and lipo-

proteins has been reported. The primary impetus for this research was the finding

that dietary monounsaturated fatty acids were as effective as polyunsaturated fatty

acids in lowering plasma total and LDL cholesterol (100, 109). These findings also

provided a possible explanation for the observation that canola oil was as effective

as soybean oil in lowering plasma cholesterol in normolipidemic men (110).

Prevailing theory had held that saturated fatty acids raised plasma cholesterol, poly-

unsaturated fatty acids lowered plasma cholesterol, and monounsaturated fatty

acids were neutral, they neither raised nor lowered plasma cholesterol (111, 112).

Normolipidemic subjects. Studies in Canada, Finland, Germany, and the United

States have shown canola oil to be just as effective in lowering plasma total and

LDL cholesterol levels as fat sources containing high levels of polyunsaturated fatty

acids when each replaced saturated fat sources in the diet (Table 19). All diets

resulted in statistically significant decreases in plasma total (mean of �0.47 to

�0.88 mmol/L) and LDL cholesterol (mean of �0.43 to �0.74 mmol/L) levels.

Thus, most of the decrease in total cholesterol was caused by a decrease in LDL

cholesterol, which is consistent with the main objective of dietary intervention

programs aimed at reducing the risk of cardiovascular disease. Furthermore, except

for the study by Valstra et al. (116), decreases in total and LDL cholesterol were the

same on the canola oil and the polyunsaturated fatty acid diets. Decreases in apo-

lipoprotein B, which is the lipoprotein characteristic of the LDL fraction, also were

similar on the canola and polyunsaturated diets.

None of the diets in these studies, except for the study by Kratz et al. (106), had

any effect on plasma high-density lipoprotein (HDL) cholesterol levels. Kratz et al.

(106) reported a decrease in plasma HDL cholesterol level on both the canola oil

TABLE 19. Comparison of the Effect of Canola Oil and Polyunsaturated Fatty Acid

Sources on Plasma Total and LDL Cholesterol of Normolipidemic Subjects.

Plasma Lipid Baseline�
% Change from Baseline

Dietary PUFA
Parameter (mmol/L)Source Canola Diet PUFA Diet Reference

Sunflower oil Total cholesterol 4.42 �20 �15

LDL cholesterol 2.76 �25 �21 113

Safflower oil Total cholesterol 5.39 �9 �15

LDL cholesterol 3.71 �12 �15 114

Soybean oil Total cholesterol 4.40 �18 �16

LDL cholesterol 2.98 �25 �18 115

Sunflower oil Total cholesterol 5.35 �15�� �12�

LDL cholesterol 3.17 �23� �17� 116

Sunflower oil Total cholesterol 4.76 �14 �17

LDL cholesterol 2.70 �18 �20 106

�Plasma levels on diets typical of usual fat intake.
��Significant differences (p < 0:01) between canola and PUFA diets.
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and the sunflower oil diets, whereas no decrease occurred on an olive oil diet. The

levels of polyunsaturated fatty acids in the safflower oil, soybean oil, and sunflower

oil diets in these studies were two to three times the levels in the average diet. Men-

sink and Katan (109) also found no adverse effect of a relatively high intake of

polyunsaturated fatty acids with normolipidemic subjects fed diets based on cus-

tomary foods. By contrast, Mattson and Grundy (100) found that very high intakes

of polyunsaturated fatty acids (29% of total energy) resulted in a decrease in HDL

cholesterol level of mildly hyperlipidemic subjects fed formula diets, whereas

similar high intakes of monounsaturated fatty acids had no effect on plasma

HDL cholesterol level.

Hypercholesterolemic subjects. Canola oil was also effective in reducing serum

total and LDL cholesterol levels in subjects with increased blood lipid levels.

Replacing 50 g of fat in the regular diet with 50 g of canola oil mayonnaise resulted

in a significant decrease in serum total and LDL cholesterol levels (�9 and �10%,

respectively) in a group of men with a mean serum cholesterol level of 7.1 mmol/L

(117). Serum triacylglycerol and very low-density lipoprotein (VLDL) cholesterol

levels also decreased, and serum HDL levels increased on the canola oil regimen.

Generally, type of fat, at the level of substitution used in this study, has not affect

serum HDL cholesterol levels. Bierenbaum et al. (118) also found that substituting

canola oil for 30 g of the usual oils and spreads in the diets of hyperlipidemic sub-

jects resulted in a decrease in plasma LDL cholesterol level. Plasma total choles-

terol, however, did not differ from baseline levels. Substituting canola oil or canola

oil margarine for butter, at much lower levels (approximately one-fifth of the total

fat and 8% of total energy) than those cited above, resulted in a decrease in the

plasma cholesterol level of mildly hypercholesterolemic subjects (119). Substitu-

tion of canola oil for butter resulted in a 9% decrease in total cholesterol and

13% decrease in LDL cholesterol level, and substitution of canola oil margarine

for butter resulted in a 9% decrease in total cholesterol and an 8% decrease in

LDL cholesterol level.

Canola oil also was effective in lowering plasma total and LDL cholesterol con-

centrations of mildly hyperlipidemic subjects fed a low-fat (30% of total energy)

diet (120). The decline in plasma total cholesterol when canola oil or corn oil

provided 20% of the total energy was �12% and �13%, respectively, which was

significantly greater than the decline when olive oil (�7%) supplied the fat. How-

ever, canola oil, corn oil, and olive oil were equally effective in lowering plasma

LDL cholesterol levels (�16%, �17%, and �13%, respectively); elevated plasma

LDL cholesterol level is a major risk factor in coronary heart disease.

7.3. Effect of Canola Oil on Thrombogenesis

Cardiovascular disease is characterized by three major events: (1) the formation of

atherosclerotic plaques on the intima of blood vessels, which reduce the size of the

lumen of the vessel; (2) thrombosis or clot formation, which is the event leading

directly to a coronary attack or stroke in many individuals; and (3) cardiac arrhythmias,

uncoordinated contractions of the heart muscle resulting in irregular and ineffective
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heart beats that frequently results in death. Clot formation has only recently

received attention from researchers even though dietary fat has been implicated

for some time (121). Marked differences among Greenland Eskimos and Danes

in the incidence of coronary heart disease (121) led to interest in the effect of

long-chain n-3 polyunsaturated fatty acids on thrombogenesis. The long-chain n-

3 fatty acids of fish oil, namely, eicosapentaenoic acid (EPA) and docosahexaenoic

acid (DHA), have been found to inhibit platelet aggregation (123). A possible

mechanism for the effect of long-chain fatty acids on thrombogenesis is thought

to be a change in the fatty acid composition of platelet phospholipids and an accom-

panying change in eicosanoid formation.

Canola oil has been shown to alter several parameters linked to clot formation

(Table 20). In general, phospholipid fatty acid composition reflects the fatty acid

composition of the diet: Canola oil resulted in higher levels of oleic acid, whereas

safflower oil, soybean oil, and sunflower oil resulted in higher levels of linoleic acid

(125–129). Canola and soybean oil also resulted in higher levels of a-linolenic acid,

although very little linolenic acid was incorporated into phospholipids even when

flaxseed oil was incorporated into the diet (126, 130). Dietary linolenic acid, how-

ever, has been found to alter the long-chain polyunsaturated fatty acid composition

of platelet phospholipids. Several groups (124, 125, 127, 128) reported lower levels

of arachidonic acid with canola oil diets. Canola oil diets also resulted in higher

levels of eicosapentaenoic acid and docosapentaenoic acid than soybean oil, sun-

flower oil, or customary mixed fat diets (124–126, 129).

Not all studies, however, found higher levels of long-chain n-3 polyunsaturated

fatty acids with canola oil diets (127, 128). Part of the explanation for the apparent

discrepancy among studies may relate to the balance of fatty acids in the diet.

Chan et al. (126) found that changes in plasma and platelet fatty acid composition

varied not only with the level of linolenic acid in the diet, but also with the ratio of

linolenic to linoleic acid. Canola oil was found to reduce in vitro platelet aggrega-

tion although sunflower oil and safflower oil (i.e., low level of linolenic acid and

high level of linoleic acid) also reduced in vitro platelet aggregation (123, 127).

TABLE 20. Effect of Canola Oil on Clotting Time and Factors Involved in Clot Formation.

Effect of Canola Oil

Parameter on Parameter Reference

n-3 Fatty acid (viz., 20:5n-3 and 22:5n-3) Increased 124–126

Content of platelet phospholipids No change 127, 128

Arachidonic acid content of platelet phospholipids Decreased 124, 125, 127, 128

In vitro platelet aggregation Reduced 124, 127

Enhanced 128

Eicosanoid production

Thomboxane Decreased 113

Prostacyclin Increased 113

Clotting time Increased 113
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On the other hand, Mutanen et al. (128) found that canola oil and sunflower oil

enhanced in vitro platelet aggregation. Similarly, McDonald et al. (113) found

that both canola oil and sunflower oil increased prostacyclin production (an antiag-

gregating eicosanoid) and decreased thromboxane production (a proaggregating

eicosanoid). Although the effect of canola oil on platelet activity and clot formation

is not as well established as its favorable effect on plasma cholesterol and lipopro-

tein levels, there is evidence that it may impede clot formation.

7.4. The Lyon Diet Heart Study

Coronary heart disease is a complex, multifactorial disease, and the mechanism by

which diet affects its development has not been resolved fully. A clinical study, the

Lyon Diet Heart Study (131), which compared the effect of a ‘‘Mediterranean-type

diet’’ with that of a prudent postinfarction diet, found a marked reduction in

coronary events (8 vs. 33) among heart patients assigned to the Mediterranean

diet. Both cardiac deaths and nonfatal myocardial infarctions were reduced on the

Mediterranean diet, in which olive oil and canola oil were the prescribed dietary oil

sources and butter was replaced by canola oil margarine. Of particular interest was

the absence of any differences between the patients on the Mediterranean diet and

the prudent diet in terms of serum total, LDL, or HDL cholesterol levels. Likewise,

there was no difference between the groups in platelet aggregation even though

plasma levels of oleic, linolenic, and eicosapentaenoic acids were significantly high-

er and stearic, linoleic, and arachidonic acids were significantly lower for the patients

on the Mediterranean diet. The study was terminated after a mean of 27 months

follow-up of patients assigned to the diets. However, an extended follow-up of

the patients in the original clinical study (mean of 46 months per patient) by de

Lorgeril et al. (132) found the benefits of the Mediterranean diet were still very evi-

dent (44 coronary events on the prudent diet vs. 14 on the Mediterranean diet).

Although the results of this study are very encouraging, there is need to confirm

them in further clinical trials.

7.5. Summary—Nutritional Properties of Canola Oil

Canola oil is characterized by a low level of saturated fatty acids (less than 4%

palmitic acid) and relatively high levels of oleic acid (60%) and a-linolenic acid

(10%). It is second only to olive oil, among the common fats and oils, in oleic

acid level and, except for soybean oil, the only common dietary fat that contains

a significant amount of a-linolenic acid. Furthermore, there is a favorable balance

in the levels of linolenic and linoleic acids (viz., 18:3/18:2 ratio of 1:2) in canola

oil. Canola oil has been found equally as effective as soybean oil, safflower oil, and

sunflower oil in reducing plasma total and LDL cholesterol levels in normolipi-

demic subjects. It also was effective in reducing plasma total and LDL cholesterol

levels in hyperlipidemic subjects when it replaced saturated fat in their diets. Cano-

la oil diets also have been shown to affect the fatty acid composition of blood
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platelet phospholipds and to alter platelet activity and thrombogenesis, although the

evidence supporting these observations is not as convincing as its effect on plasma

cholesterol levels.

8. MAJOR FOOD USES

8.1. Standard Canola/Rapeseed Oil

In describing canola/rapeseed oil food uses, the Canadian experience is of signifi-

cant interest for a number of reasons. First, canola/rapeseed was originally devel-

oped and introduced in Canada commercially so that considerable experience in

using canola oil in edible oil products has been accumulated over a longer period

of time. Second, canola, after its introduction, rapidly became the most important

oilseed crop and the most heavily used edible oil in Canada, as documented below.

Third, the Canadian edible oil products market demanded a variety of high-quality

products, which led edible oil producers to develop many uses for canola oil as well

as find applications especially suited for it.

With respect to the importance of canola oil in Canada, usage has grown from

the early years after its introduction to about 68% of the edible vegetable oil con-

sumed in 2000. It has been at this level for the last decade. Thus, in 1992, 1993,

1994, 1995, and 1999, the corresponding percentages were 63%, 68%, 73%, 72%,

and 68%, respectively (Adapted from COPA Monthly Statistics for Feb. 1993,

1994, 1995, 1996, 2000, and 2001). Most of the oil is used as a liquid, that is,

the nonhydrogenated form (probably >70%). The products using liquid oil are

primarily salad oils and salad dressings, then, as the liquid oil component in

margarine formulations and in household and baking shortenings.

Very lightly hydrogenated canola oil (IV about 90) and more highly hydroge-

nated canola oil (IV lower than 90) are used for frying and in margarine and

shortenings.

8.1.1. Salad Oil, Salad Dressings, Mayonnaises, and Cooking Oil Uses

Canola oil is an ‘‘natural’’ salad oil. This means that it remains clear (no sedimen-

tation) at refrigeration temperatures (3–5�C). No winterization or fractionation is

required, except in some instances when, because of seed growing conditions,

the oil may be contain waxes and traces of other high-melting material. These

compounds may crystallize over time and create appearance problems in clear bot-

tles. Experience has shown that only for the most demanding markets it is necessary

to remove these compounds. They present no health hazard and are not sufficiently

concentrated to affect emulsion stability when the oil is used in mayonnaises and

other emulsified salad dressings.

Canola oil is used either pure or, increasingly, in some markets, as a component

in salad oil blends of several oils. Such blended salad oils are usually aimed at

achieving a certain fatty acid composition for nutritional reasons. Canola oil con-

tributes low saturated fat and some linolenic acid.
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Canola oil is also used as cooking oil, including pan-frying. It is not recom-

mended for deep-fat frying. The reason for this is that its polyunsaturated fatty

acid content, which, even though only moderately high, makes it unsuitable.

In all of these applications, canola oil has gained favour in many areas of the

world in the 1980s and 1990s, including North America and many European coun-

tries. This is because of its low content of saturated fatty acids compared with all

other competing oils in these applications. Further, its high content of oleic acid and

its moderate content of linoleic acid makes canola oil even more competitive in

food applications. Linoleic acid consumption is recognized as being too high in

diets that are high in fat and high in the use of soybean, sunflower, and corn oils,

such as is the case in most industrially developed countries. Its linolenic acid con-

tent is recognised as a nutritional advantage over sunflower and corn oils.

The low total polyunsaturation of canola oil, about 30% versus 58% for soybean

oil, along with the high content of monounsaturates, about 60% versus about 25%

for soybean oil, are responsible for the good flavour stability of this oil, despite the

presence of linolenic acid. Additional minor, but important reasons, for better oxi-

dative stability of canola oil compared with soybean oil are as follows:

1. That a larger percentage of its linolenic acid content is in the sn-2 position in

the triacylglycerols than is the case with soybean oil; this confers somewhat

greater resistance on linolenic acid to oxidation.

2. The presence of some sulfur compounds, which can act as antioxidants (51).

Detailed fatty acid composition of canola, soybean, sunflower, corn (maize), and

flax oils as well as some specialty canola oils and HEAR oil are given in Table 2.

8.1.1.1. Frying Fats Large amounts of canola oil are used as lightly hydroge-

nated (IV �90), stable, but pourable frying fat. Canola oil is uniquely suited to

combine good stability with pourability because of its fatty acid composition.

Low total polyunsaturation requires relatively little hydrogenation to reduce the

levels of linolenic acid and linoleic acid to values that are low enough to confer

good frying stability. During this process, very little stearic acid is formed. Coupled

with the low original content of saturates of only about 6%, an oil of good stability

yet still pourable at room temperature is obtained. In Table 21, the fatty acid com-

position and the solid fat indices (representative values) of lightly hydrogenated

canola oil with 2% residual linolenic acid and IV of about 90 are given along

with the fatty acid composition of the nonhydrogenated oil. The data for soybean

oil are also included to show the difference in fatty acid composition, especially in

the amount of saturates and polyunsaturates, as well as in the solid fat content of

these two lightly hydrogenated oils. The data show the advantage of canola oil with

respect to oxidative stability, which is caused by the much lower content of poly-

unsaturated fatty acids, and the advantage of pourability, which is caused by a much

lower solid fat present at 10�C and 21.1�C (room temperature). This type of oil is

very suitable and heavily used for small-scale frying in restaurants as well as in
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large industrial frying operations. A negative aspect of the hydrogenated canola

frying fat is the somewhat higher concentration of trans-isomers compared with

soybean oil.

The lightly hydrogenated canola oil of IV 90, or slightly lower to produce a fry-

ing fat containing about 1% linolenic acid, has also been shown (133) to be useful

as a winterized, very stable salad oil. A very significant advantage is that this ‘‘sta-

bilized’’ salad oil is obtained at a yield of about 95% and a 12-hour cold test, com-

pared with lightly hydrogenated, winterized soybean oil at a yield of 70–80% and a

6-hour cold test. In some areas of the world, this type of product, based on soybean

oil, is being used, and seems to be expanding. This processing was very popular in

the United States in the 1960s, but it was discontinued because of the low fractio-

nation yields.

It is important to note that lightly hydrogenated canola oil, such as listed in

Table 21, does not contribute significantly to the fat crystal matrix of fat products

in which it is used. In this respect, it is similar to the use of liquid canola oil; that is,

it can be used in products such as margarine and shortenings without contributing to

beta crystallization problems.

Canola oil is also used in more highly hydrogenated forms to produce very stable

frying fats that are essentially free of any significant amounts of polyunsaturates,

but with high amounts of oleic and elaidic acids and moderate amounts of saturates.

Examples of more highly hydrogenated canola oils are given in Table 22, especially

TABLE 21. Fatty Acid Compositions and Solid Fat Indices of Lightly Hydrogenated

Canola and Soybean Oil (Residual C18:3 Content, 2 %).

Iodine Fatty Acid Composition (w/w %) Solid Fat Index at �C

Value C16:0 C18:0 C18:1 C18:2 C18:3 Trans 10.0 21.1 26.7 33.3

Canola

115 4.5 2 60 22 10 — — — — —

90 4 4 79 9 2 25 2–3 0 0 0

Soy

130 11 4 25 53 7 0 none

95 11 7 54 25 2 15 8 4 0 0

Adapted from T. Mag (Unpublished data).

TABLE 22. Fatty Acid Compositions and Solid Fat Indices of Highly Hydrogenated

Canola Oils (%).

Iodine Fatty Acid Composition Solid Fat Indices at �C

Value C16:0 C18:0 C18:1 C18:2 C18:3 Trans 10.0 21.1 26.7 33.3 40.0

82 4 5 87 2 <1 32 18 5 0 0 0

77 4 9 84 <1 <1 35 25 11 6 0 0

72 4 13 81 0 0 44 35 17 10 3 0

68 4 18 76 0 0 48 53 34 27 13 1

62 4 25 70 0 0 46 65 53 48 33 12

Adapted from T. Mag (Unpublished data).
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the oils in the IV range from 82 to 72. These oils are very low in polyunsaturated

fatty acids, about 2% linoleic acid, or are entirely free of this acid. They are very

stable, and especially suited when a stable, but relatively firm fat is needed, such as

needed in donut frying. In frying applications, the problems with beta-crystalliza-

tion, formation of a grainy texture, and mouthfeel, are usually not important, unless

the deep-fried foods are stored for some time. In these cases, large fat crystals may

become visible at the food surface, which is undesirable. Blends with hydrogenated

soybean oil, hydrogenated cottonseed oil, or with palm oil are used to control

beta-crystallization problems. Additional methods that are useful for suppressing

beta-crystallization are discussed below in connection with margarine products.

In Canada, only selectively hydrogenated canola oil is used. The practical reason

is that the somewhat higher content of trans-isomers makes the more highly hydro-

genated oil more resistant to beta crystallization compared with nonselectively

hydrogenated canola oil. When trans-isomer content must be minimized in canola

oil products, liquid canola oil or very lightly hydrogenated canola oil is used, such

as shown in Table 21.

8.1.1.2. Soft (Tub) Margarine In Canada and in many other countries where mar-

garine is consumed, soft or tub margarine is now predominant. Consumption of

hard or stick margarine has decreased significantly over the last two decades.

Further, a significant proportion of soft margarine in many countries is of the

zero trans-isomer type as no hydrogenated oils are used. Palm/palm-kernel oil-

based hard fat blends with a suitable solid fat content profile are used to provide

the crystalline fat component. Only about 6–10% of the total fat are required to

supply the necessary crystalline fat phase. The composition of the palm/palm-

kernel oil-based hard fats varies depending on a variety of factors and is very often

proprietary to the suppliers, which are primarily based in Malaysia. Interesterifica-

tion is usually used to produce these blends. Canola oil is used only as the liquid oil

component of these no trans-isomer products. The prime example of these products

is BecelTM, which has been on the market for many years in parts of Europe and in

Canada. Canola oil is often the preferred liquid oil, because it has the lowest satu-

rated fatty acid content and it supplies some linolenic acid, and yet has good flavor

stability. This oil is also used together with other liquid oils to make up the liquid

oil component.

Soft margarine based on partially hydrogenated hard fat is also produced with

canola oil as the sole liquid, nonhydrogenated component, or along with other

liquid vegetable oils. In these margarines, canola oil can be used as the partially

hydrogenated hard fat as well. One, or a combination of several, of the hydroge-

nated oils listed in Table 21 and 22 can be used. But, because of the tendency of

canola-based hydrogenated hard fat to form beta crystals over time, partially hydro-

genated soybean oil, or other, palmitic acid-containing oils, such as partially

hydrogenated cottonseed oil, are preferred as the hard fat. This avoids the tendency

of the margarine to have a coarse, sandy texture caused by beta crystallization.

Table 23 lists typical compositions of these three types of soft margarine using

canola oil.
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In the past, margarine oils made entirely from canola oil were produced espe-

cially in Canada and Sweden. This is still of interest when the hard fat must be

made from canola oil because of cost, or oil availability. Using partially hydroge-

nated canola hard fat requires control of beta crystals, which must be suppressed.

This can be done by (1) adding about 0.3–0.5% of trisorbitan stearate to the fat

blend and (2) by using several selectively hydrogenated canola hard fats of different

hardness to introduce a greater variety of triacylglycerols into the fat blend. Trisor-

bitan stearate and the greater variety of triacylglycerols interfere with the conver-

sion to the beta form of fat crystals and, therefore, retard the formation of a sandy

margarine texture. Changing the fatty acid position in triglycerides by interesterifi-

cation of some or all of the hydrogenated canola hard stock used in the oil formula-

tion can reduce beta crystallization. It is used in Europe, but not in North America.

All of the above-mentioned measures to control beta-crystallization are costly

and, in the case of trisorbitan stearate, requires a label declaration as an additive,

giving the product an undesirable chemical connotation; hence, its use is limited. In

today’s practice, blending with another hard fat that is relatively high in palmitic

acid to raise the concentration of this acid to at least 8% in the final blend is pre-

ferred. To meet this requirement, the oils used are palm at about 15% and partially

hydrogenated cottonseed at about 30%. Further, when it is not required to maximize

canola oil in the fat blend, partially hydrogenated soybean oil is used to supply the

high melting portion of the blend instead of partially hydrogenated canola oil. Soy-

bean oil contains 11% of palmitic acid, enough to confer acceptable crystal stability

in the beta prime form.

8.1.1.3. Hard (Stick) Margarines Liquid and lightly hydrogenated canola oil is

used to produce stick margarine. They do not contribute significantly to the crystal

matrix of the product, as pointed out earlier. The tendency of the more highly

TABLE 23. Soft (Tub) Margarine Using Canola Oil.

Composition
Solid Fat Indices at

Type Oils Used % 10.0�C 21.1�C 33.3�C

1. No trans a) palm/palm kernel hard fat 8 }

b) canola oil, or other 92 } 5–7 4–5 1–2

liquid vegetable oils,

including blends,

to achieve specific

fatty acid compositions

2. Trans - containing a) hydrogenated canola hard fat 47 }

100 % canola b) canola, or other liquid 53 } 8–10 6–8 1–2

vegetable oils, as above

3. Trans - containing a) hydrogenated soy hard fat 25 }

b) canola, or other liquid 75 } 8–10 6–8 1–2

vegetable oils, as above

Adapted from T. Mag (Unpublished data).
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hydrogenated canola oils, such as those listed in Table 16, to form beta crystals

means that these are not used to any significant extent as contributors to crystalline

fat. They would have to be used in relatively large amounts, 40–50% in the fat

blend, which makes it more difficult and costly to control beta crystallization.

The liquid or lightly hydrogenated oil is generally used at 50% to 60% of the oil

composition, the remainder being relatively highly hydrogenated soybean or

cottonseed oil, or hydrogenated palm oil.

In situations where the use of canola oil must be maximized, that is the hard fat

component as well as the more liquid component must be from canola oil, the same

approach as outlined above for soft margarine must be used. As was already pointed

out, demand for stick margarine is declining, and the need for margarine made

entirely from canola oil is no longer significant even in the countries where canola

oil is used as the main oil.

8.1.1.4. Shortenings, Baking, and Pastry Margarine Similar to the use of canola

oil in making table margarine, liquid canola oil is heavily used to produce shorten-

ing and baking and pastry margarines. Lightly hydrogenated canola oil of about IV

90 is used when better oxidative stability is required than can be achieved with

liquid oil. When it is desired to use canola oil even as the hard fat component in

these formulations, then the considerations related to crystallization as discussed

for margarine apply. Generally, highly hydrogenated canola oil is not much used.

The liquid canola oil or lightly hydrogenated canola oil is blended with hard fats,

such as tallow, palm, partially hydrogenated soybean and cottonseed oils, and fully

hydrogenated versions of these oils (stearine), to meet preferred specifications.

Detail compositions are usually proprietary. For baking applications shortening

and baking margarine, having the fat component with the beta prime crystalline

form is especially important for good performance. For this reason, baking short-

enings based totally on canola oil are not in use.

8.1.1.5. Antioxidant Usage in Canola Oil Products Present practice is to avoid

the use of synthetic antioxidants in edible oil products as much as possible. This

also applies to canola oil products. For many edible oil products, users now specify

that chemical additives cannot be used as ingredients. This avoids having to declare

on the product label that the product contains a synthetic, chemical antioxidant as

an additive. Instead, there is increasing emphasis on preserving during processing

the natural antioxidants present in canola oil, the tocopherols. Tocopherol losses

occur primarily during deodorization of the oil, because of the high temperatures

required. Processors are limiting deodorizing temperatures as much as possible

when high tocopherol concentrations are required, consistent with achieving

good deodorization. It is possible to retain as much as 80% of the original tocophe-

rol content in the deodorized oil.

The tocopherols are especially important as antioxidants in frying, because of

their low rate of evaporation and low rate of destruction at frying temperatures

(134). The tocopherol content of standard canola oil is given in Table 6, together

with the tocopherol content of some specialty canola oils and other common
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vegetable oils. Alpha and gamma tocopherol are the main tocopherols present in

canola oil.

It is interesting to note that canola oil is more than twice as high in alpha toco-

pherol (about 270 mg/kg) than soybean oil (about 116 mg/kg). Alpha tocopherol is

now recognized as the main tocopherol with vitamin E function in humans (135).

Canola oil is a very good source of vitamin E.

The synthetic antioxidants that are used, when there are no restrictions on using

them, are butylated hydroxyanisole (BHA), butylated hydroxytoluene (BHT),

propyl gallate (PG), and tertiary butylhydroxyquinone (TBHQ). The usual added

amounts are 0.02% as single or combined. This amount is the maximum allowable

in Canada and the United States, for example. Regulations governing synthetic

antioxidant usage can differ from one country to another.

Citric acid is used as a metal chelating agent, usually as monoacylglycerol

citrate at 0.01% either by itself or along with BHA and BHT. In some countries,

the United States, for example, citric acid can be used as a chelating agent without

having to declare it on product labels when it is added to the oil in an aqueous solu-

tion in the cooling stage of the deodorization process. Lower amounts of 0.005%

are often used.

8.1.1.6. Canola Oil Use in Selected Areas of the World It is interesting to

review, briefly, the use of canola oil in edible oil products in various countries in

the world.

The United States of America import large amounts of canola oil from Canada in

addition to some domestic production. At the time of writing, about 90% of the

canola oil was consumed in liquid form as salad oil and in salad dressings. This

is a direct result of the emphasis on consuming oils, which are low in saturated fatty

acids, and canola oil is lowest in saturated fat among vegetable oils. Canola oil

is also being used in blended salad oils to achieve certain fatty acid profiles, as

mentioned earlier. The relatively high use of canola oil in the United States is

remarkable, because none was used before 1983.

About 10% of canola oil is hydrogenated and consumed in the form of shorten-

ing. This appears to be mostly as frying fats, also termed frying shortenings in

North America, to take advantage of the low concentration of saturated fat and

low polyunsaturation as discussed before. Interestingly, virtually no canola oil,

liquid or hydrogenated, was used in margarine formulation at the time of this

writing.

Mexico uses significant amounts of canola oil, predominantly as salad oil, salad

dressings, and cooking oil. This is mostly from seed imported from Canada and the

European Union.

Japan uses large amounts of canola oil. It has been an importer of Canadian

canola seeds since the introduction of canola in the early 1970s, and it has for

many years taken about one-half of the Canadian canola crop. The oil is predomi-

nantly used in liquid, nonhydrogenated form as cooking oil, salad oil, and salad

dressings oil, pure, as well as in blends with other oils. Further, in a new develop-

ment, it is used as base oil to produce dietetic cooking and salad oils made up of
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about 80% diacylglycerols (DAG oil). DAG oil is more easily hydrolyzed in the

digestive system and is then used as an immediate energy source rather than stored

as body fat. It is worth noting that the DAG oil technology is being introduced into

the United States (136).

In China, canola-type rapeseed oil products still contribute a very small propor-

tion of total rapeseed oil products. Oil from both high erucic acid rapeseed and

canola rapeseed represent the largest use of edible oil at present. The oil from these

two sources is almost entirely used as cooking oil. There are very little amounts of

this oil used for margarine or shortening formulations at present. Efforts are being

made to widen the spectrum of edible oil products and convert from HEAR cultiva-

tion to canola cultivation.

India, similar to China, does not use significant amounts of canola-type rapeseed

oil. Instead, mustard seed oil, which is high in erucic acid, similar to HEAR oil, is

the most important oil used. This is used almost entirely as a liquid cooking oil. At

least among the lower income segment of the population, and even in the middle

class, this oil is used undeodorized and is favored for its taste. Undeodorized fresh

canola/rapeseed oil cannot compete with mustard seed oil in flavor. Some blending

of canola oil with mustard oil is done to lower the content of erucic acid in the mus-

tard oil. Unless taste preferences change and there is greater attention to the health

implications of the types of fat in the diet, canola oil will be used only to a limited

extent in the foreseeable future.

The Middle East is beginning to use canola oil in competition with sunflower

and corn oil as salad oil and salad dressings/mayonnaise. Margarine and vanaspati

are in many countries based on hydrogenated soybean oil and on palm oil at pre-

sent. Interest in canola oil is based on its nutritional properties, mainly its low satu-

rated fatty acid content. There is considerable potential for using canola oil not only

as a salad oil, but also, in its lightly hydrogenated form, as a vanaspati-like pourable

frying fat.

Western and Eastern Europe use large amounts of canola oil, with the exception

of France. Salad oils, salad dressings, mayonnaises, and table and baking margarine

use large amounts of liquid canola oil. Lightly hydrogenated canola oil is heavily

used for frying snacks. This is very similar to the Canadian practice. Canola oil use

is driven, in part, by recognition of the positive health effects of its high oleic acid

content, along with its low saturated fat, and the fact that European grown canola

seeds are not genetically modified (non-GM) at present, as opposed to oil from

imported soybeans. In addition, canola salad oil is considered by some to have a

better shelf life than other more highly polyunsaturated vegetable oils.

Southern Europe and France use relatively little canola oil. Instead, olive,

sunflower, and peanut oils predominate. In the case of France, this is somewhat

surprising, because this country is a large producer of canola seeds. But France

uses large amounts of canola oil for biodiesel in the form of fatty acid methyl esters.

Australia/New Zealand produces canola seed and uses the oil in much the same

fashion as North America and parts of Europe.

South America uses sunflower and soybean oil and increasingly palm oil. Canola

oil is not used in food in South America.
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8.2.1. Canola Rapeseed Oils with Modified Fatty Acid Composition Since

the introduction of standard canola, there has been considerable plant breeding

efforts to produce canola oils with modified fatty acid compositions. These efforts

were primarily to improve oxidative stability, or crystallization properties, or even

produce lauric acid-containing oils and, more recently, canola oil containing

gamma linolenic acid (11). The following is a list of these developments:

� Low linolenic acid canola oil (2% vs. 9%)

� High oleic acid canola oil (69–77% vs. 60%)

� High palmitic acid canola oil (10% vs. 4%)

� High stearic acid canola oil (30% vs. 2%)

� Lauric acid canola oil (about 33% C 12:0)

� Gamma linolenic acid canola oil (37% vs. about 1%).

The complete fatty acid compositions of some of these oils, namely, low linolenic

and high oleic acid, lauric acid, and gamma linolenic acid oils are given in Table 2.

Low linolenic acid canola oil was developed in Canada in the 1980s to improve

the oxidative stability of the oil so that light hydrogenation would not be necessary

(7). The reduced linolenic acid content of this oil of about 2% compared with

about 9% in the standard canola oil. This resulted in an increase in linoleic acid

from 20% to 27% and the increase in oleic acid from about 60% to 61%. In Canada

and the United States, this oil is available in limited quantities and is used entirely

for deep-frying in place of the lightly hydrogenated standard canola oil (Table 21).

Its main advantage is the much lower trans-isomer contents of about 1–3%,

which are formed during deodorization, whereas the lightly hydrogenated oil

contains 20–25%. Widespread use of this oil is, however, hampered by its price,

which tends to be too high because of the low seed yields of the available varieties.

Research on its frying stability and the storage stability of french fries by Warner

and Mounts (9) showed that these properties were improved for low linolenic acid

canola oil as compared with the standard canola. Zambiazi (34) and Normand et al.

(35) showed no significant improvement in the frying stability of this oil and the

storage stability of fried foods. It was found that this might be related to the lower

content of tocopherols (Table 6). There are also anecdotal reports from industry

that the frying stability of the oil is not sufficiently improved to warrant its higher

price.

High oleic acid canola oil is another development pursued in Canada, the United

States, Sweden, Australia, and elsewhere (137). As with low linolenic acid canola

oil, the aim was to produce stable frying oil, which will not need hydrogenation and

thus avoid trans-isomers formation. The oleic acid content in oil from seed devel-

oped in Canada is at about 78%, whereas linoleic and linoleic acids are lowered to

approximately 8% and 3% respectively (see Table 2). Saturated fatty acid content is

unchanged from the standard canola oil. There is limited commercial seed produc-

tion for export to Japan. Also, there is increasing acceptance of the oil in Canada

and the United States. The frying performance in tests was found to be similar to
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lightly hydrogenated standard canola and mid-oleic sunflower oil. Taste tests of

french fries produced with this oil showed similar consumer acceptance as typical

frying fats used for making french fries (Przybylski, unpublished data). In Australia,

canola oil with 69% oleic acid (Monola) is being offered for frying. In potato frying

tests with ten other oils, it was rated higher in sensory and chemical tests than the

other oils (138).

High palmitic acid canola oil was initially developed in Sweden (139). The pur-

pose was to prevent the beta crystallization of hydrogenated canola oil to make it

more freely useable for margarine and shortenings. The oil contains about 10–12%

palmitic acid compared with only 4% in the standard oil. The increased use of cano-

la oil in the liquid form in a large variety of edible fat products and concerns about

saturated fatty acids, along with the ready availability of palmitic acid-containing

oils for blending to control crystallization problems, seems to have prevented this

development from gaining commercial significance.

High stearic acid canola oil containing 25–30% stearic acid was developed, but

commercial scale production for food uses has been very limited (140).

High lauric acid canola oil was developed in the United States as an alternative

source for coconut and palm-kernel oils for both food and nonfood uses (141). The

oil contains about 35% lauric acid. Until now, this oil has not found any significant

commercial use. The main reason for the lack of acceptance is said to be because of

its significantly different fatty acid composition compared with coconut oil, and the

consequent difference in performance in typical coconut oil applications. Some use

was made of the oil in the United States as a base stock for a trans-isomer free

margarine and in Europe as a machine oil additive (142), but there is no longer

any significant seed production.

Gamma linoleic acid canola oil is of interest (11). It is an example of a

development for the nutrition supplement market.

8.2.2. High erucic acid rapeseed (HEAR) oil In countries that grow canola,

HEAR oil is used only in special food applications. Its primary use is as a fully

hydrogenated oil to be added to peanut butter (143) in amounts of 1–2% to prevent

oiling mainly in Canada and the United States. The HEAR oil used contains about

45–50% erucic acid, the highest erucic acid rapeseed oil available commercially at

present. Because the saturated erucic acid produce behenic acid, which has a very

high melting point, the completely hydrogenated HEAR oil is very effective in

holding high amounts of liquid oil in its crystal matrix. The patent literature also

mentions the use of fully hydrogenated HEAR oil in interesterification with palm

stearin fraction to formulate a no trans-isomer margarine hard fat, but there appears

to be no significant use.

The patent literature of the 1960s and 1970s contains a number of examples of

other uses of fully hydrogenated HEAR oil. These uses were designed to exploit the

beta prime crystallization properties, either as hardstock in small amounts for bak-

ing shortenings or as base stock for conversion to monoglycerides. A listing of these

patents is given by Teasdale and Mag (144). However, it appears that there have

been very few or no sustained commercial uses of these proposed fats.
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Plant breeding work to raise the erucic acid content in the oil is being done in

Canada and elsewhere. Indications are that the erucic acid content of about 80% is

possible. This is of interest not only for some of the specialty food uses mentioned

above, but also especially for industrial lubricants (See nonfood uses of HEAR oil).

9. NONFOOD USES OF STANDARD CANOLA OIL

9.1. Biodiesel

Triacylglycerol oils, particularly vegetable oils, are suitable as base stocks of simple

ester derivatives for use as fuel for compression ignition engines, commonly known

as diesel engines. The term biodiesel is applied to this type of fuel. Methanol is the

main alcohol used for transesterification of the triacylglycerols to produce bio-

diesel. The pure methyl esters of fatty acids as well as blends of methyl esters

with petroleum-based diesel fuel are used. The environmental factors are the driv-

ing force to use renewable fuel source to produce biodiesel. Fatty acid esters

(including the triacylglycerols) are readily biodegradable in the presence of water

and soil bacteria. They have low toxicity to plants and animals. At this time, pro-

duction costs of biodiesel are higher than for petroleum-based diesel fuel. In Eur-

ope, biodiesel is taxed only at a very low rate to make it more competitive with

petroleum diesel fuel. There is the tendency to use in the pure form. In North Amer-

ica, no tax reduction is given; blends with petroleum diesel fuel are, therefore, more

popular. Blending, usually around 5–20% of biodiesel, achieves most of the benefits

that biodiesel has on engine performance without raising petroleum diesel fuel costs

significantly. The blends, of course, are not suitable for very sensitive environments.

The canola growing countries in Europe, notably, Germany, Austria, and France,

but also others, have developed significant methyl ester production capacity and

use.

Standard canola oil, mainly because of its fatty acid composition, is relatively

well suited for biodiesel production. Harrington (145), and Knothe et al. (146)

discussed desired properties of fatty acid ester structure for biodiesel. Knothe et al.

(146) also discussed biodiesel standards in different countries, for those interested.

Briefly, the desired properties of vegetable oil fatty acids for methyl ester biodiesel

can be summarized as follows:

1. Long, unbranched hydrocarbon chains

2. Moderate content of saturated fatty acid chains

3. Monounsaturation, but not polyunsaturation

4. Double bond position preferably toward the end of the fatty acid carbon chain

away from the methyl group.

High concentration of fatty acid methyl esters with the above properties has

good combustion characteristics and good flow properties, including good low-

temperature behavior.
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Standard canola oil is high in C18 fatty acids, about 95%, which is higher than

the other commodity vegetable oils. It is high in C18:1n - 9 oleic acid at about 60%,

much higher than any other vegetable oils, and it is relatively low in polyunsatu-

rated fatty acids, linoleic at about 21%, and linolenic at about 10%. Viscosity,

cold filter plugging point, and cetane number are some of the most important bio-

diesel fuel properties influenced by fatty acid composition.

The n-9 oleic acid in canola oil confers good combustion properties, high cetane

number, and good flow characteristics. The polyunsaturates also confer good flow

properties, but they have poorer combustion characteristics and lower cetane num-

ber, because the presence of double bonds in n - 3 and n - 6 position. Canola oil

saturated fatty acid content is low. Saturated fatty acids in the C16–C20 range give

very high cetane numbers, but they impair the flow properties. It can be seen that

the mix of canola oil fatty acids is well suited for biodiesel production, better than

the other commodity vegetable oils, such as soybean, sunflower, or palm.

The desired properties of methyl esters for biodiesel are given in Table 24 (147).

These properties are the German biodiesel standard Deutsche Industrie Norm (DIN)

V 511605. This standard, as well as other European standards, was developed, espe-

cially with canola/rapeseed oil as the starting material in mind. The suggested

TABLE 24. Biodiesel Standard DIN V 51606, Germany.

Units Test Method

Limits

Properties min. max.

Density at 15�C g/ml ISO 3675 0.875 0.900

Kinem. viscosity. at 4�C mm2/s ISO 3104 3.5 5.0

Flashpoint (Pensky-Martens) �C ISO 2719 100

Cold filter plugging point �C DIN EN 116

April 15–Sep. 30 0

Oct. 1–Nov. 15 �10

Nov. 16–Feb. 28 �20

March 1–Apr. 14 �10

Sulphur content % by mass ISO 4620 0.01

Carbon residue (10 % distill.) % by mass ISO 10370 0.30

Cetane Number ISO 5165 49

Ash % by mass ISO 6245 0.01

Water mg/kg ASTM D 1744 300

Total dirt mg/kg DIN 51419 20

Copper corrosion (3 hr at 50�C) ISO 2160 1

Neutralization number mg KOH/g DIN 51558 Part 1 0.5

Methanol % by mass To be agreed 0.3

Monoglycerides % by mass To be agreed 0.8

Diglycerides 0.1

Triglycerides 0.1

Free glycerol 0.02

Total glycerol 0.25

Iodine number g Iodine/100g DIN 53241 Part 1 115

Phosphorus mg/kg To be agreed 10

Adapted from Varese et al. (147).
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USA-ASTM standard for 100% pure biodiesel is similar in many respects (146), but

it is written for the use of soybean oil as the main starting material. Canola oil for

methyl ester production must either be degummed (<20 mg/kg of phosphorus), or

in addition, must be alkali refined and bleached, depending on the methyl ester pro-

duction process requirements (148).

Possibly, a designed canola oil with enhanced properties especially for biodiesel

production may be developed in the future. The high oleic acid canola oil already

available represents a version of such oil, because its high C18:1n - 9 content is a

very desirable methyl ester component of biodiesel. The same can be said of

the high oleic acid varieties of soybean and sunflower oil. It should be noted that

the direct use of canola oil as diesel fuel is also being fostered, especially in some

European countries, notably, Germany. The advantage is that the cost of conversion

to methyl esters and marketing for glycerol, byproduct, (see below), will lower the

total cost of the fuel. Farm tractors and certain stationary diesel engine and station-

ary heating equipment can be adapted for direct use of the oil, without transforma-

tion into esters, and the oil can easily be supplied to these users at suitable

temperatures to maintain good fluidity. The same properties that make canola oil

well suited as a base stock for methyl ester diesel fuel are also advantageous in

using it directly. The oil must be degummed to below 50 mg/kg of phosphorus,

depending somewhat on the engine manufacturer’s specifications, and it must be

free of any solid particles (148).

Table 25 gives a comparison of some of the basic properties of methyl esters

derived from palm, soybean, and canola rapeseed oil and standard petroleum-based

diesel fuel. In this table, palm oil illustrates the effect of fatty acid chain length and

relatively high saturation on properties, soybean oil illustrates the effect of high

unsaturation, and canola oil represents the effect of low saturation and high mono-

unsaturation. It is worth noting that HEAR oil would also be a good biodiesel base

stock resulting in methyl esters of higher cetane number, but higher viscosity and

somewhat poorer low-temperature behavior can be expected.

It can be seen that compared with petroleum diesel fuel, methyl esters (1) have

higher density, (2) fall into the lower range of viscosity, (3) have the same or higher

cetane numbers, and (4) have lower heating value. Canola methyl esters are in the

middle range of properties among the three oils, with low viscosity, good cetane

TABLE 25. Some Properties of Palm, Rapeseed Canola, and Soybean Oil Methyl Esters

Compared with Diesel Fuel.

Methyl Density Viscosity Cetane Iodine Lower Heating

Ester 15�C, g/L 40�C, mm2/s Number Value Value MJ/kg

Palm oil 877–877 4.3–4.5 64.3–70.0 52 37.0

Canola oil 882 4.2 51.0–59.7 114 37.2

Soybean oil 880 4.0 45.7–56.0 131 37.1

Petroleum

Diesel fuel 830–840 12.5–3.5 51 — 42.7

Adapted from Varese et al. (147).
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rating, and heating value. This indicates that the standard canola fatty acid compo-

sition produces a good compromise in the balance of desirable methyl ester

properties.

It is interesting to note that Varese and Varese (147) cite a highly favorable

energy balance factor range of 2.5–3.5 for the production of canola seed and the

conversion of the oil to canola methyl esters depending on climate, soil, and ester

production method. In this context, it is also worth noting that there are quality

problems with the byproduct glycerol from biodiesel production. Consequently,

the price of biodiesel byproduct glycerol is very low. If these quality problems

are solved, the economics of methyl ester production will become more comp-

etitive to petroleum-based diesel fuels. The vegetable oil methyl esters applied

for biodiesel can also be used as biosolvents for cleaners, ink removers, and similar

applications.

9.2. Solvents

Solvents based on vegetable oil methyl esters are finding increasing applications in

many areas. Biodegradability, very low volatility, low viscosity, tolerance to low

temperatures, and high flash points are the main attractions, along with good sol-

vent properties, such as water wetting, and penetration compared with petroleum-

based solvents. Especially the low volatility of methyl ester solvents is increasingly

important in the manufacture of paints and coatings. Lower oxidative stability is a

negative factor with esters produced from unsaturated oils, but canola oil methyl

esters perform better in this respect than the other more unsaturated vegetable

oils. Its low content of saturated fatty acids is an advantage in providing esters

of low viscosity that are easier to work with.

9.3. Lubricants/Engine Oils/Heat Transfer Oils/Hydraulic Fluids/
Demolding Agents/Inks

Lubricants are synthesized using a wide range of fatty acids and various alcohols,

including polyols. Some of these lubricants have viscosity and lubricity properties

that are not achievable with petroleum-based oils. A negative aspect is that lubri-

cants based on oils containing a high level of unsaturated fatty acids have poor oxi-

dative stability. Canola oil, because of its relatively low polyunsaturation compared

with commodity oils such as soybean has advantages in lubrication application. As

with methyl ester production, the canola oil used in these applications requires

refining to various degrees, depending on the base oil specifications of the manu-

facturer. The same arguments also apply to the use of canola oil as a base for engine

oil, heat transfer and hydraulic fluids, inks, and demolding agents.

There is considerable research and development work underway in many coun-

tries to test low-linolenic, high-oleic and high-palmitic canola oil varieties as base

stocks to determine which of these oils with modified fatty acid compositions is

best suited for the various products and applications.
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9.4. Nonfood Uses of High Erucic Acid Rapeseed Oil (HEAR)

The traditional industrial use of HEAR oil was in lubrication of marine steam

engines. This use was caused by the unique film-forming properties of the oil,

which are particularly important in the wet steam engine environment.

Modern uses of HEAR oil are much more varied. One of the largest utilizations

is as base for the production of erucamide, which is a derivative of erucic acid, used

as an antiblock and slip-promoting agent in the production and functioning of plastic

films. The oil is also used as a component in paints and coatings. Erucic acid can be

converted by oxidative cleavage to brassylic (HOOC-(CH2)-COOH) and pelargonic

(nonanoic acid) acids. Former bypolymerization will form nylon 1313 (this number

indicates how many carbon atoms are in the acid component). This type of nylon

has low moisture absorption, greater dimensional stability, and good dielectric

properties, making it a good insulator. Brassylic acid is also an ingredient in the

production of polyester and melamine resin coatings. Paints with these additives

have balanced flexibility, low hydrolytic factor, and good hardness (149). Direct

polymerization of erucic acid showed promising results in plastic formulation but

will challenge plastic chemists in developing technologies and applications for it

(150). Further, HEAR oil serves as base for producing high-pressure greases.

10. PRODUCTION OF OILSEEDS AND OILS

Soybean dominates world oilseed production and represents 55% of the world’s

total oilseed production (Figure 3). The production of canola/rapeseed seeds ranked

second in the world behind soybeans in 2000–2001.

If one considers that soybean is produced for protein, it can be concluded that

canola production ranks first in terms of true oilseed production. The United States,

Brazil, and Argentina together produced about 75% of all soybean seeds. The world

production of soybean oil is in the top position followed by palm and canola/rape-

seed among major oils and fats (Figure 4) (75, 151).

The major producers of canola/rapeseed in the world are China, Canada, India,

and the countries of the European Union (Figure 5).

Canada, European Union countries, Poland, and Australia have been the major

canola seed exporters. Production of canola seeds in Canada is presented in

Figure 6, showing growing trend for the last decade.

Canola oil underwent a transition period in the 1980s as human nutritionists

recognized the benefits of the low levels of saturated fats in the diet and the benefits

of monounsaturates as compared with saturates and polyunsaturates. In the case of

Canadian canola oil, it moved from oil that competed in the markets around the

world on the basis of price to a premium priced oil. Canola is perceived as premium

oil and is now virtually consumed all over the North American continent. As was

discussed earlier, Canada is the world’s leading consumer of canola oil on a per

capita basis. The countries of the European Union and Canada dominate the export

of canola oil. In Canada, canola oil represents about 70% of all vegetable oils pro-

duced. The nearest rival is soybean oil with a share close to 25%. Functional and
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nutritional properties of canola oil, widely recognized by consumers, has allowed

canola oil to dominate the Canadian salad oil market at level of over 80% and the

shortening and margarine markets at levels of 66% and 50%, respectively. Canadian

exports of canola oil have become dominated by sales into the United States as

Figure 3. Production of oilseeds. Percentage of total world production of 306.9 million metric

tons. (Source: Canadian Grains Council, Statistical Handbook 2001.)

Figure 4. World production of oils and fats for the year 2000–2001. Total production of 117.1

million metric tons. (Source: Canadian Grains Council, Statistical Handbook 2001.)
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American nutrition experts, food companies, and consumers recognized the

nutritional benefits of canola oil.

Oilseed products enter the world trade as either oil or protein meal or are used in

a wide variety of industries. Although the products from various oilseeds may

Figure 5. Major world producers of canola/rapeseed seeds (ten-year average from 1990 to

2000). Production averaged 31.6 million metric tons per year. (Source: Canadian Grains Council,

Statistical Handbook 2001.)

Figure 6. Canola seed production in Canada. (Source: Canada Grains Council, Statistical

Handbook 2001.)
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appear totally interchangeable, oils vary considerably in their chemical composi-

tion, nutritional properties, and functionality. The demand for oils is determined

by the basic characteristics that give them their desired functionality. This is

becoming even truer in the 1990s as genetically engineered plants and oils, targeted

at specific niche markets, begin to emerge and became available to food processors.

Modern technology enables manufacturers to substitute one oil for another, but

once the oil has been modified, absolute availability and price become important

determinants of demand.

The production or import of oilseed in a particular country will be determined by

whichever oilseed product is in the greatest demand. For example, in Japan, the

oilseed processing industry will consider the current domestic need for oils and

fats, international markets for oils and fats, and domestic and international demand

for protein meals before a decision is made as to which oilseed will be imported.

Basically, when domestic need for protein is high, soybean will be imported and

processed. If domestic demand for oil is the driving force, Japan imports canola

for processing (151).
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Coconut Oil

Elias C. Canapi, Yvonne T. V. Agustin, Evangekube A. Moro,
Economico Pedrosa, Jr., Marı́a Luz J. Bendaño

1. THE COCONUT PALM

In the tropics, the coconut palm (Cocos nucifera, L.) is one of the most useful trees.

The palm reaches 30 m or more in height, with a striped, unbranched, and relatively

smooth trunk measuring approximately 25 cm in diameter and crowned with some

30 fronds, each of which is about 5–6 m long. The roots may extend up to 10 m in

sandy soil, serving as anchor in addition to their primary function as nutrient absor-

bers and breathing organs (1).

As a perennial provider of food, beverage, shelter, animal feed, and feed-stock for

the oleochemical industries, the palm is reverently described as the Tree of Life, Tree

of Heaven, and other such metaphors by people of coconut-producing countries.

In some areas of the tropics, the palm grows with a minimum of attention

through a lifespan of more than 50 years. Its fruit, the coconut, has been referred

anticlimactically as the ‘‘lazy man’s crop’’; coconuts produced throughout the year

drop to the ground when mature, there to be collected at leisure. Commercial farms,

however, are tended and developed to maintain and improve productivity.

1.1. Geographical Distribution

Within 20� north and south latitudes, the coconut palm is productive, especially

along coastal areas (2). Palms grown beyond the limits of the Torrid Zone are

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
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generally nonproductive. The major coconut-growing areas are located in Asia,

islands of the Pacific Ocean, Africa, and Central and South America. In 1991 the

world coconut hectarage was 10.9 million (3).

1.2. Agronomy

Coconut farms are established in a wide variety of soil types, from littoral sands to

heavy clay. Palms grown in well-aerated soil are productive and tolerate soil pH

ranging from 5 to 8 (4). In determining the suitability of sites for coconut farms,

a good supply of soil moisture with adequate drainage are considered the foremost

factors. Water supply may come from well-distributed rainfall (1300–2300 mm/year),

irrigation, or from accessible water table (5). The extremes, excessive rainfall and

drought, affect the nut yield per palm.

The coconut palm thrives well in plenty of sunlight. It has been observed that

the palm produces more female flowers and a higher weight of copra per nut

during the months of May to August when there is abundant sunshine. Furthermore,

young palms grow slowly when planted under old trees in the course of rehabilitating

plantations (6).

Soil, water, and foliar analyses in coconut plantations are conducted to deter-

mine the type of fertilizer and micronutrients required by the palm. Long-term

studies show that the application of potassium or sodium chlorides in optimum

doses as supplements to the standard nutrients for inland farms increases yields

in nuts per tree and copra per nut (7, 8).

1.3. Propagation

The method of propagation for coconut palms is through seednuts. Due to the

highly heterogeneous character of coconut palms, progenies do not necessarily

exhibit all the desirable characteristics of the parent palms. Through selection of

seeds from elite parents, vigorous and productive palms may be evolved. The

long span of six or more years required to evaluate the performance of progenies

of coconut palms has underlined the need to explore other methods of propagation;

the response appears to be the current interest in the development of tissue culture

techniques.

Seedlings. Propagation of the coconut palm starts from the collection of fully

matured nuts (11–12 months old) from selected palms. The seednuts are stored

in the shade for at least one month. In the nursery, seednuts are set to germinate

in loose and friable soil provided with adequate moisture and drainage facilities.

Some farmers transfer sprouted seednuts into polybags to allow selection of seed-

lings showing uniformity in growth and vigor (see Figure 1). Further, seedlings in

polybags do not suffer damage and shock when transported or when transplanted

in the fields.

Six-to nine-month-old seedlings with four to five leaves may be transplanted

in fields and spaced to accommodate 115–160 palms per hectare. Coconut palms,
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on the average, start bearing fruits in the sixth year and continue to provide fruits

perennially for more than 50 years, barring any serious damage caused by plant

pests, diseases, climatic disasters, or neglect in farm management.

Tissue Culture. The most promising vegetative (asexual) method under develop-

ment for the propagation of elite coconut palms is the tissue culture technique. In

this method, the actively dividing tissue from a selected palm is removed and grown

asceptically in a specially formulated culture medium containing the prescribed

nutrients, hormones, and root and shoot growth-promoting factors. Under the right

induction conditions, the explant develops into a callus, which is induced to differ-

entiate into shoots and roots forming the plantlet. The plantlet is hardened in a pot

kept in a greenhouse before transplanting in the field.

The progress of studies on vegetative propagation have been reported with

encouraging results (9–11). Refinements of the current state of the art to improve

the number of survivors from the callus stage to seedlings planted in the fields is

needed to make tissue culture of coconut palms a feasible method to merit commer-

cial application.

Figure 1. A 9-month-old seedling raised in polybag and ready for transplanting in the

field.
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1.4. Varieties

There is a wide range of variations that may occur within a coconut palm colony

with regard to phenotype characteristics such as color, size and shape of nuts, and

shape and symmetry of crown, among others. In some isolated localities, colonies

of coconut palm develop well-defined and uniform phenotypic characters arising

from generations of natural selection.

Makapuno, a peculiar Philippine coconut variety, has a cavity within the kernel

filled with a palatable jellylike substance. These fruits do not germinate although

they contain an embryo. However, the propagation of makapuno has been success-

fully developed through in vitro culture of its rescued embryo and final establish-

ment of the seedling in the field (12, 13).

The two most distinguishable varieties of coconut palm are the tall and the

dwarf. The tall variety grows to a height of more than 20 m while the dwarf variety

attains a height of approximately 3 m upon maturity. Tall � dwarf hybrids and the

reciprocal dwarf � tall give progenies that have most of the superior properties of

either parent. With properly selected parents, the hybrid palms are generally hardy,

resistant to drought and diseases, precocious, and large fruit bearers.

2. THE FRUIT

The common mature coconut fruit weighs more that 1 kg and is ovoid in shape and

green or yellow in color. The nut has a smooth epidermis over a fibrous mesocarp

(husk) that covers the hard endocarp (shell). Within the shell is the endosperm (kernel,

meat) approximately 1–2 cm thick. A thin brown layer called testa separates the kernel

from the inner surface of the shell. The cavity within the kernel has an average volume

of 300 mL and contains the endosperm liquid (coconut water) (see Figure 2).

2.1. Kernel

The kernel is the origin of the following products: coconut oil, desiccated coconut,

coconut skim milk, coconut cream, coconut flour, protein powder, and copra meal

(see Table 1).

2.2. Coconut Water

Coconut water is a sterile liquid. From mature nuts, it has the following constituents

in percent: total solids 4.7, fat 0.74, protein 0.55, ash 0.46, and reducing sugar 1.

The liquid has a pH of 5.6 (14). It is a coproduct of desiccated coconut and con-

sidered a health beverage. Concentration of coconut water by reverse osmosis may

further expand its use in the fermentation and food industries.

2.3. Testa

The thin brown layer between the kernel and shell is the testa. This layer is pared

off from the kernel’s outer surface to eliminate colored bodies in the production of
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desiccated coconut. The parings contain oil that has a fair amount of unsaturated

fatty acids C18:1 and C18:2 (see Table 2).

2.4. Shell and Husk

The shell that encloses the kernel is a hard spherical covering 3–5 mm thick. It is

used mainly for fuel in copra making. Other products derived from coconut shell

are charcoal, activated carbon, filler for synthetic resin, glues, components in mos-

quito-repellent coils, and decorative items.

Figure 2. Mature coconut fruit and a longitudinally halved specimen.

TABLE 1. Typical Composition of Coconut Kernel

(1, p. 171).

Composition %

Moisture 50.0

Oil 34.0

Ash 2.2

Fiber 3.0

Protein 3.5

Carbohydrates 7.3
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The husk is 5–10-cm-thick fibrous cover adhering to the coconut shell. Like the

shell, it is also used mainly for fuel in farms. Products derived from the husk are

coir, bristle, rubberized fiber, rope, geotextiles, and activated carbon.

3. COPRA

Copra is the dried kernel of coconuts. Fresh kernels contain approximately 50%

moisture. Various drying methods are employed to bring down the moisture content

ideally to 6–8% (see Table 3). At this level, mold growth in copra is inhibited. The

conversion of kernel to copra is an essential step if the oil is to be drawn by the

conventional mechanical extraction method.

3.1. Sun Drying

Dehusked nuts are split into halves and drained. The halves are exposed to the sun

and in due time the kernels shrink. The partially dried kernels are separated from

the shells for further drying under the sun for 6–8 days. During occasional rains, the

kernels are protected with adequate cover, such as plastic sheets or any other sui-

table material.

TABLE 2. Fatty Acid Composition of Paring

(Testa) Oil (1, p. 253).

Fatty Acid Paring Oil (%)

Caproic C6 0.1

Caprylic C8 0.5

Capric C10 1.5

Lauric C12 22.7

Myristic C14 15.8

Palmitic C16 17.2

Stearic C18 1.3

Oleic C18 : 1 25.4

Linoleic C18/2 15.5

TABLE 3. Calculated Yields Based on an Initial 100 g Fresh Kernel with 50% Moisture

Content (1, p. 162).

Moisture 50 15 12.5 10 7.5 5 0

Oil 34.5 58.65 60.37 62.10 63.82 65.55 69.0

Nonoils 15.5 26.35 27.13 27.90 28.68 29.45 31.0

Copra wt., g 100.0a 58.82 57.14 55.55 54.05 52.63 50.0

aFresh kernel.
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3.2. Direct Fire Drying

The direct fire dryer consists of a bamboo grill platform where the split nuts are

placed. Underneath is a fire hearth where coconut shells and husks are burned to

provide heat for the vaporization of water from the kernels. The kernels shrink

and are separated from the shells for further drying. Smoke from the burning

fuel imparts a light brown color on the copra and its oil.

Small farm producers continue to use this traditional method because of the low

cost of construction, simplicity of design, and ready availability of shell and husk

for fuel in coconut farms.

3.3. Hot-Air Drying

In 1978, Lozada (15) introduced a low-cost efficient dryer that is adaptable for

small farms. The dryer uses husks or shells for fuel in a specially designed burner

that can operate with an even supply of heat. The dryer is provided with a steel plate

bottom to isolate the kernels from the smoke generated by the fuel.

There are a number of hot-air dryer models, devices inspired by modern techno-

logy. In principle, these dryers apply hot air to expel moisture from the kernels.

Since smoke does not come in contact with the kernels, the product is a cleaner

and whiter copra.

The relationship of oil, non-oil, and moisture contents from fresh kernel to copra

as moisture diminishes in stages is given in Table 3.

4. OIL EXTRACTION

On an industrial scale, the dry process is the traditional method of extracting oil

from the coconut (16). This is done by crushing copra in an expeller, the trade

name of the machine patented by V. D. Anderson. The meal (or cake) may be

further treated with solvents to extract residual oil.

The wet-process feedstock is fresh kernel instead of copra. The extracted oil

does not have to be refined, unlike the oil from copra. The coproducts of oil

from the wet process are edible.

Sections 4.1 and 4.2 briefly describe the major steps in the extraction of oil from

copra and fresh kernel, respectively.

4.1. Dry Process

The dry process involves mechanical extraction of oil in crushers or expellers with

copra as feedstock (see Figure 3). Mechanical extraction may be supplemented with

a second extraction, using solvents, to recover residual oil from the meal.

Mechanical Extraction. Copra with 10–12% moisture content is conveyed to an

automatic scale, passes through a magnetic chamber for the removal of tramp

iron, and is ground to a particle size of approximately 0.3 cm in diameter. The

particles are flaked to facilitate exposure of a large surface area.
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The flakes are cooked and conditioned for 20 min at 115�C in horizontal

cookers. Residual moisture is brought down to 3% as fat cells of the conditioned

copra flakes are ruptured and phosphatides are precipitated.

The sized, cooked, and conditioned flakes are fed to the crushers where a conti-

nuous squeezing action extracts the oil. Extraction characteristic follows a smooth

diminishing curve with most of the oil drained at the inlet section of the barrel cage

and tapers off toward the exit. The resulting copra meal has a typical residual oil

content of 7%.

The characteristic of oil and copra meal from a well-maintained and properly

operated expeller are as follows: (1) low-colored oil, 8 Red/50 Yellow in the Lovi-

bond scale; (2) light brown copra meal with 8% maximum residual oil; and (3)

copra meal with a uniform thickness of approximately 0.6 cm and 6% maximum

meal fines.

Figure 3. Mechanical extraction flow chart (16).
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A sustained optimum expeller efficiency requires cooking and conditioning of

copra flakes to be controlled between 91�C and 93�C under an appropriate resi-

dence time to reduce moisture content between 3% and 4%. Flakes conditioned

below 91�C with residual moisture above 4% have lower oil yield while flakes con-

ditioned above 93�C with residual moisture below 3% would yield dark-colored

oils, charred meal with the consequent disadvantage of poor oil extractability.

Screened and settled fines should not exceed 10% of fresh feedstock to prevent

the formation of abrasive particles during the cooking/conditioning stage.

Post-expeller Treatment. The oil from the expellers passes to a screening and

settling tank to initiate the separation of fines, which are recycled with fresh feed-

stock to the system. To each ton of supernatant oil, 10 kg of bleaching earth is

mixed. Passage through a polishing filter gives a clear oil ready for storage or

further processing.

Copra meal (cake) from the filter press is pelletized, bagged, and despatched to

animal feed millers.

Solvent Extraction. This operation supplements mechanical extraction and con-

sequently minimizes residual oil in the copra meal.

Copra undergoes an accelerated preliminary extraction with a controlled residual

oil content of 14–18% in the expeller meal; expeller throughput rate is almost

doubled. Hexane (bp 68.7�C) is widely used as the solvent for extraction. In an

extraction unit that operates on a countercurrent system, the cake is met by oil-

rich miscella (hexaneþ oil) and leaves the extractor as it is rinsed with pure hex-

ane. The solvent-extracted cake has a residual oil content of approximately 3.5%.

Hexane in miscella and cake is recovered for reuse in succeeding operations.

Escaping hexane vapors are trapped by cold mineral oil spray to preclude hazards

and maximize solvent recovery.

4.2. Wet Process

Feedstock in the wet process (17) is fresh kernel. In addition to oil, other edible

coproducts are recovered from the kernel, namely, coconut flour, protein, carbohy-

drates, and vitamins.

To encourage wider commercial application of this process, the following advan-

tages are emphasized: superior quality of the oil product and the recovery of nutri-

ent coproducts that would otherwise be lost in copra. The process is briefly

described to give a general view on the extraction of oil from fresh kernels.

Dehusked mature nuts are shelled to separate the kernels, followed by paring to

remove the testa. The testa is set aside for the extraction of paring oil, a byproduct.

The pared kernels are finely comminuted through a wedge and die plate mill and

through a roller mill. The comminuted mass is passed through a screw press, which

expels the coconut milk. The milk is filtered through a screen conveyor. The cream

that is separated from the milk by centrifugation is heated to reduce its moisture

content. By further centrifugation, oil is separated. Trace moisture in the oil is

reduced to 0.1–0.2% level by atmospheric heating. A typical yield of 6.8 tons ‘‘nat-

ural’’ coconut oil is extracted from 25 tons of fresh kernel.
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The skim milk is spray-dried to recover proteins and carbohydrates. Residue

from the screw press and parings are milled to recover oil and coconut flour.

5. REFINING

Refining of crude fats and oils involves a series of steps for the removal of impu-

rities from the glycerides to make the product suitable for human consumption and

improve product shelf life. The impurities are fatty acids, phosphatides, metal ions,

color bodies, oxidation products, solid paricles, and volatiles that include objection-

able odors. Crude coconut oil is refined by any of the following methods: (1) che-

mical refining (batch or continuous) and (2) physical refining. The comparative

performance of both methods is summarized in Figure 4.

5.1. Chemical Refining (16)

The free fatty acids (FFA) of crude coconut oil are neutralized with dilute sodium

hydroxide solution resulting in the formation of soap: RCOOHþNaþOH� !
RCOO�Naþ þH2O. The soap and other impurities in the water phase are collec-

tively called soapstock.

In the batch refining process, the separation of the water phase containing soap-

stock from the oil is by gravity. Some amount of neutral oil is lost by saponification

and by occlusion in soapstock.

Continuous refining process, on the other hand, offers the following major

advantages over the batch-type operation: (1) saponification of neutral oil is

minimized due to a short contact time of 30–45 s between oil and sodium hydr-

oxide; (2) the time consumed for the separation of the aqueous soapstock and

wash water from the oil is reduced considerably by passage through centrifugal

separators.

After refining (neutralization), the oil is bleached. Color bodies in the oil are

adsorbed on the surface of the bleaching clay and activated carbon particles.

Experiments cited by Brimberg (19) showed that bleaching process follows the

rate formula, ln ðc=c0Þ ¼ �k
ffiffi
t
p

, where t is the time from the addition of bleaching

clay; c is the concentration of pigment at time t, c0 is the concentration at t0, and k is

the rate constant.

Efficiency in the bleaching process may be improved for certain oils when a

small amount of water is present during the mixing steps (20).

Deodorization is the last step in chemical refining. Volatile odoriferous sub-

stances, including low-molecular-weight fatty acids, are removed by stripping

with steam under reduced pressure. The final product is generically called RBD

(refined, bleached, and deodorized) coconut oil.

A lower grade product called Cochin oil is coconut oil that is chemically refined

and bleached but not deodorized.

Batch Neutralization. Crude coconut oil from storage is fed into cylindrical

tanks equipped with heating coils and stirrers. The oil is heated to 80�C while being
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Figure 4. Material balance: chemical and physical refining of crude coconut oil. Units were converted from the original lb. and Be to kg. and sp. gr. (18).
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stirred, and a measured amount of sodium hydroxide solution is introduced by

spraying on the surface of the oil. An excess of 5–10% sodium hydroxide over

the stoichiometric requirement is added to ensure appropriate neutralization of

free fatty acids. In this stage, hydrated gums migrate to the water phase. Heating

and stirring are stopped when soap ‘‘breaks’’ are formed. A break forms as soap

coagulates with some occluded neutral oil, excess sodium hydroxide, and other

impurities. The aqueous soapstock is allowed to settle and subsequently drawn

off for acidulation with sulfuric acid to recover a mixture of fatty acids, occluded

neutral oil, and other impurities. The mixture is called acid oil.

The neutral oil is washed with soft water at 10–15% dosage to remove traces of

soap. The washed neutral oil is dried under vacuum and stored in buffer tanks.

Continuous Neutralization (Short Mix). A regulated volume of crude coconut

oil is heated through a plate-type heat exchanger to a temperature of 90–95�C, con-

veyed to a centrifugal mixer where a required volume of 2N sodium hydroxide solu-

tion is added through a metering pump. The oil-soap-stock mixture is passed

through a primary centrifuge for the separation of soapstock from the neutralized

oil. Neutralized oil from the primary separator is heated to 90�C and mixed with

10–15% hot water to wash off residual soap. From a second-stage separator, the

washed oil cascades over a series of plates in the vacuum dryer maintained under

a pressure of 3000 Pa. The dried neutral oil is stored in buffer tanks.

Bleaching. In a cylindrical reactor provided with heating coils and a variable

agitator, the neutral oil is brought to a temperature of 90�C under a pressure of

600–1000 Pa and agitated. A predetermined amount of bleaching earth and acti-

vated carbon is added via a dosing device installed at the top of the mixer. After

30 min, the slurry is dried and later passed through a plate and filter press for the

removal of spent earth and carbon. The neutralized and bleached oil is cooled down

to 50�C before being transferred to storage tanks. Steam is injected through the

spent earth to recover entrained oil.

Deodorization. The neutralized/bleached oil is pumped into a deaerator oper-

ated under a pressure of 500 Pa to evacuate entrained air. From the deaerator, the

oil passes through a shell and tube economizer and is heated to a temperature of

240�C by means of a thermal oil heater. The stripper and deodorizing column oper-

ates under a pressure of 600–1000 Pa; volatile components such as low-molecular-

weight fatty acids, ketones, aldehydes, and other odoriferous substances are

stripped off by live steam. The rising vapors laden with volatile components pass

through a cyclone scrubber where fresh fatty acid oil is sprayed on top of the vessel

to recover outgoing fatty acids.

The deodorized coconut oil flows down to the drop tank and holding chamber of

the distilling column. Residence time in the deodorizer ranges from 1.5 h to 2 h.

The oil from the column is withdrawn by a hermetically sealed and heat-resistant

pump and conveyed to the economizer, which preheats the incoming deodorizer

feedstock. The oil is cooled down to 50�C, at which temperature citric acid is

added. Citric acid enhances the stability of oil by immobilizing iron and copper,

which are pro-oxidants. (Note: The deodorization step is omitted in the production

of Cochin oil.)
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5.2. Physical Refining

Coconut oil refiners have gained interest in the physical refining system as a sub-

stitute for chemical refining for the following reasons: (1) physical refining has low-

er oil losses vis-á-vis chemical refining; (2) pollution problems associated with

soapstock acidulation is precluded; (3) lower installation cost; (4) lower steam,

water, and power consumption; and (5) distilled fatty acids are of a higher grade

than the acid oil from chemical refining (21).

Design and technological breakthroughs have improved efficiency of the system.

Performance of new packed-column deodorizers for physical refining is predicted

by computer calculation, for which a special program has been developed on the

basis of experience with earlier columns (22).

The main feature in physical refining of crude oils is the application of steam dis-

tillation to remove the free fatty acids and volatile components from the oil. The tech-

nical feasibility of physical refining depends largely on the pretreatment stages for

the removal of phosphatides, color bodies, metal ions, and nonvolatile impurities.

Without an effective pretreatment, steam refining may fail to produce an oil of color

and stability characteristics comparable to the classically refined product (23).

Degumming. Crude coconut oil is continuously heated to 80–90�C, and 85%

phosphoric acid at a range of 0.05–0.10% by volume of feedstock is dispersed in

the oil via an in-line static mixer. The mixture is conveyed into a coagulation tank

and agitated for 20–30 min.

Bleaching. The oil is pumped to a slurry tank passing through a preheater at a

temperature of 90–95�C. The oil, dried and deaerated under vacuum, receives a

predetermined dose of bleaching earth–activated carbon (10 : 1 ratio), agitated for

20–30 min for the removal of color bodies and other adsorbable impurities. The

bleached oil is filtered through a plate and frame filter press and further purified

in drum-type polishing filters.

Steam Stripping and Deodorization. The degummed and bleached oil is deaer-

ated and heated to 240�C as it passes through economizers and thermal oil heating

units. The hot oil cascades down the stripping column operating under a reduced

pressure of 600–1000 Pa pulled by four-stage steam ejectors. The oil is met by

sparge steam injected at the bottom of the column. Residence time is 1–1.5 h for

the removal of the odoriferous substances. Rising vapors are sprayed with fresh

fatty acids through a nozzle-type sprayer to recover stripped fatty acid distillates.

The deodorized coconut oil exits from the column and passes through an economi-

zer for partial cooling by the incoming bleached oil feedstock. Final cooling takes

place in a plate-type cooler where the temperature is maintained at 40–50�C. Citric

acid is added before passing the product through a polishing filter.

6. COCONUT OIL COMPOSITION

Coconut oil belongs to unique group of vegetable oils called lauric oils. The most

abundant fatty acid in this group is lauric acid, CH3(CH2)10COOH. Other sources of

lauric oils are palm kernel, babassu, cohune, and cuphea.
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More than 90% of the fatty acids of coconut oil are saturated. This accounts for

its low iodine value ranging from 7 to 12. The saturated character of the oil imparts a

strong resistance to oxidative rancidity. Assessment of the oil by active oxygen

method (AOM) yielded results between 30 h and 250 h (24). Although oxidative sta-

bility is reduced in RBD oils, due to losses in the natural antioxidants of crude coco-

nut oils, the addition of citric acid at the end of deodorization as the oil is cooled to

100�C was effective in regaining considerable oxidative stability in the oil (25).

Fatty acids with less than 12 carbon atoms are classified as medium-chain fatty

acids (MCFA). Esters of MCFA with glycerol, known as medium-chain triglycerides

(MCT), are components in medical foods and infant food formulations. With more

than 15% C6, C8, and C10 fatty acids, coconut oil is the richest source of MCFA.

Approximately 0.5% of crude coconut oil is not saponified by caustic treatment.

The unsaponifiable matter consists mainly of tocopherols, sterols, squalene, color

pigments, and carbohydrates. The odor and taste of coconut oil is largely due to

d- and g-lactones, which are present in trace quantities (24). Among the unsaponifi-

ables, tocopherol contributes to the oxidative stability of crude coconut oil. A

typical sample of crude coconut oil contained 55 ppm total tocopherols of which

40.7 ppm is a-tocopherol (25). Most of the unsaponifiables are removed in the

process of refining, bleaching, and deodorizing of crude coconut oil.

The various triacylglycerol (TAG) components of coconut oil may be separated

and quantified by gas chromatography with the use of stable silicon gum stationary

phase under temperature-programed conditions and identified by reference to stan-

dard TAG solutions. The carbon number of a TAG component is the sum of carbon

atoms of the fatty acids attached to the glycerol moiety. For example, the carbon

numbers of trilaurin and oleodistearin are 36 and 54, respectively. The relative

amounts of each TAG in a sample of fat serves to establish its identity. For coconut

oil, this test may also serve to distinguish it from other lauric oils (see Table 4 and

Figure 5).

TABLE 4. Triacylglycerol Number Composition (wt %)

of Coconut Oil (26, p. 228).

TAG Carbon Number Range (Mean) %

C28 0.7–1.0 (0.8)

C30 2.8–4.1 (3.4)

C32 11.5–14.4 (12.9)

C34 15.6–17.6 (16.5)

C36 18.3–19.8 (18.8)

C38 15.1–17.7 (16.3)

C40 9.2–11.1 (10.2)

C42 6.5–8.0 (7.3)

C44 3.6–4.6 (4.2)

C46 2.1–3.0 (2.6)

C48 1.6–2.6 (2.3)

C50 0.8–2.0 (1.7)

C52 0.4–2.0 (1.6)

C54 0.1–1.5 (1.2)
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7. CHEMICAL AND PHYSICAL TESTS

For purposes of identifying natural fats and ascertaining their quality, a number of

analytical tests are routinely employed. The test results of a sample of fat under

assessment should fall within the range of established constants to confirm its

identity. For coconut oil the usual tests are fatty acid composition, acid value/

percent free fatty acid, saponification value, iodine value, Reichert–Meissl value,

Polenske value, unsaponifiable matter, peroxide value/stability test, s.p./m.p., color,

and solid fat content (see Tables 5 and 6)

The principal criteria presently being used to measure quality of coconut oil are

free fatty acids content and color. In addition, sensory evaluation through taste and

odor of oil serves to confirm the acceptability of the product.

Details on sampling methods and test procedures are described in various

reference sources (28–32).

7.1. Fatty Acid Composition

The individual fatty acid composition of fats and oils are routinely assayed by

gas chromatography. Samples are transesterified with methanol to convert the

Figure 5. Distribution of triacylglycerols by carbon number, coconut oil (23).
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fatty acids into relatively volatile methyl ester derivatives. The esters are volatilized

and swept in a stream of inert gas through a stable inert powder support that has

been treated with a liquid (stationary phase) that is not volatile under the test con-

ditions. The esters are eluted in succession from the column in accordance with

their individual retention times in the stationary phase. Each emerging fatty acid

ester is recorded ideally as an individual peak; the area under the curve is a function

of the quantity of eluted component.

7.2. Acid Value / Percent Free Fatty Acid

Acid value is the number of milligrams of potassium hydroxide required to neutra-

lize the free acids in 1 g of oil.

A measured amount of oil is dissolved in ethyl alcohol and titrated with 0.1 N

sodium hydroxide. For coconut oil, an equivalent term, ‘‘percent free fatty acid

TABLE 5. Range of Fatty Acid Composition of Coconut Oil

Cross Regional (26, p. 227).a

Fatty Acid Range Weight (Mean) %

Caproic C6 0.4–0.6 (0.5)

Caprylic C8 6.9–9.4 (7.8)

Capric C10 6.2–7.8 (6.7)

Lauric C12 45.9–50.3 (47.5)

Myristic C14 16.8–19.2 (18.1)

Palmitic C16 7.7–9.7 (8.8)

Stearic C18 2.3–3.2 (2.6)

Oleic C18 : 1 5.4–7.4 (6.2)

Linoleic C18 : 2 1.3–2.1 (1.6)

C20 t – 0.2 (0.1)

C20 : 1 t – 0.2 (t)

aFive countries and a total of 21 samples.

TABLE 6. Coconut Oil Product Specifications (27).

Crude Cochin RBD

Moisture and impurities % max. 1.0 0.1 0.03

Free fatty acid (as lauric) % max. 3.0 0.07 0.04

Color (5 1/4 in. cell) Lovibond R/Y max. 12/75 1/10 1/10

Saponification value 250–264 250–264

Unsaponifiable matter % max. 0.4 0.1 0.1

Iodine value 7–12 7–12

Peroxide value, max. 2.0 0.5 0.5

Slip/melting point, �C 24–26 24–26

Refractive index 40�C 1.448–1.450 1.448–1.450

Flavor/odor Coconut flavor Bland/odorless

and odor
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as lauric’’ (%FFA), is more commonly used. % FFA as lauric¼mL 0.1 N

NaOH� 20/g oil; acid value (mg KOH/g oil)¼% FFA as lauric� 2.8.

7.3. Saponification Value

Saponification value is the number of milligrams of potassium hydroxide required

to neutralize the free acid and saponify the esters in one gram of fat.

A slight excess of alcoholic potassium hydroxide is reacted with a measured

amount of oil sample and boiled gently under reflux with an air condenser. A blank

is similarly treated. Upon complete saponification, the treated sample and blank are

titrated with 0.5 N hydrochloric acid. Saponification value¼ ðB� SÞ � 0:5 N

HCI� 56.1/g oil; where B¼ titer of blank in mL and S¼ titer of sample in mL.

7.4. Iodine Value

Iodine value is the number of grams of iodine absorbed in one gram of oil. The

unsaturated carbon atoms of fatty acids absorb iodine according to the following

reaction ��CH����CH��þ I2!��CHI��CHI��
A slight excess of either Hanus (IBr) or Wijs (ICI) solution is added to a mea-

sured amount of oil sample and shaken for 30 min. A blank is similarly treated. A

specified volume of 15% potassium iodide is added to the treated sample and blank,

followed by titration with 0.100 N sodium thiosulfate.

Iodine Value¼ ðB� SÞ � 0:100 N thiosulfate� 12.7/g oil; where B¼ titer of

blank in mL and S¼ titer of sample in mL.

7.5. Reichert-Meissl Value

The Reichert-Meissl value is the number of milliliters of 0.10 N sodium hydroxide

required to neutralize volatile fatty acids (mainly C4 and C6) of 5.0 g of oil.

Polenske value is the number of milliliters of 0.10 N sodium hydroxide required

to neutralize insoluble fatty acids (mainly C8, C10, C12) of 5.0-g oil. Typical

Reichert–Meissl and Polenske values of coconut oil are 8.4 and 11.5, respectively

(33). Both values are significantly high, as expected in coconut oil, which is a rich

source of MCFA.

A sample of fat, weighing 5
 0.1 g is saponified in glycerol-sodium hydroxide

solution. The saponified sample is acidified with dilute sulfuric acid, followed by

distillation of the volatile fatty acids. A volume of 110-mL distillate is collected,

chilled to 15�C, and filtered. The filtrate is titrated with 0.1 N sodium hydroxide.

A blank determination is carried.

Reichert–Meissl value¼ ðB� SÞ � 1:1; where B¼ titer of blank in mL and

S¼ titer of sample in mL.

The water-insoluble fatty acids on the filter paper are washed, dissolved in ethyl

alcohol, and titrated with 0.10 N sodium hydroxide. Polenske value¼ B� S; where

B¼ titer of blank in mL and S¼ titer of insoluble fatty acids in mL.
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7.6. Unsaponifiable Matter

Unsaponifiable matter in fats is the ether or hexane-soluble components extracted

after a fat sample is refluxed with alcoholic potassium hydroxide.

7.7. Peroxide Value/Stability Test

Peroxide value is expressed in milliequivalents peroxide oxygen per kilogram oil.

Peroxides formed in oil during storage initiate the development of oxidative rancidity.

A measured amount of fat is dissolved in acetic acid–chloroform solvent in the

presence of potassium iodide. Peroxides in the fat liberate iodine, which is titrated

with 0.10 N sodium thiosulfate. A blank run is similarly treated. Peroxide value

(meq peroxide oxygen/kg oil¼ ðB� SÞ � 0:10 N thiosulfate� 1000/g oil; where

B¼ titer of blank in mL and S¼ titer of sample in mL.

Stability test (‘‘Swift test’’/active oxygen method) gives an indication of the oil’s

resistance to oxidation during storage. The test gives the time in hours required for a

sample of oil to reach a peroxide value of 100 when subjected to aeration under

specified conditions of temperature and airflow rate. The period of time in hours

is determined by interpolation between two peroxide value determinations, which

must fall between 75 meq and 175 meq.

7.8. Slip/Melting Points or Melting Range

The slip/melting points or melting range of fat products is the temperature at which the

transition from solid to liquid state is observed. Unlike pure substances, which have

sharp melting points, fats are mixtures of TAGs exhibiting a range of melting tempera-

tures. Some methods require elaborate equipment while others, such as the capillary

tube method are simple and can provide precise results for routine determinations.

By capillary action, molten fat sample is drawn into the tube, which is open at

both ends. The fat is solidified by chilling and then melted in water at a regulated

rate of increase in temperature. The temperatures at which the fat slips and appears

clear in the liquid state are noted as its slip/melting points or melting range.

7.9. Refractive Index

The refractive index of a medium is the ratio of the speed of light in vacuo at a

given wavelength to the speed of light in the medium. Measurement is done by

means of a suitable refractometer at a specified temperature for a particular sample.

Refractive index is useful for identification of fats and the observation of progress in

reactions during hydrogenation.
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7.10. Color

The color of coconut is measured in a Lovibond Tintometer, using a 1-inch or

5 1
4

-inch cell for dark and light colored oils, respectively. Results are given in red

and yellow units describing the combination that matches the sample color. Alter-

natively, the optical density of the oil can be measured with the use of a spectro-

photometer in a suitable cell at a wavelength of maximum absorbance.

7.11. Solid Fat Content/Solid Fat Index

Nuclear magnetic resonance (NMR) is widely used for the determination of solid

fat content in fats and oils. The old dilatometry method, which gives ‘‘solid fat

index’’ values, is time consuming and inadequate as a quick means for control pur-

poses in the processing of fats. The NMR method is quicker, more precise, and clo-

ser to the absolute solid fat content than dilatometry (see Table 7).

7.12. Titer

Titer is the solidifying point of the mixed fatty acids derived from a sample of fat.

Fat is saponified and subsequently acidulated. The layer of mixed fatty acids is

separated, washed, dried, and allowed to cool. As the solids begin to separate,

the temperature rises due to the liberation of latent heat. The highest temperature

reached is taken as the titer.

8. USES

Coconut oil is used in a wide range of food and nonfood products. It is a raw mate-

rial for the production of medical foods and infant food formulations. In industry,

the fatty acids of coconut oil provide a versatile feedstock for an array of products

from diesel fuel substitute to hygienic products.

8.1. Edible Products

In coconut-producing countries, RBD coconut oil is used extensively as frying oil.

Physical blends and interesterified mixtures of coconut oil and hydrogenated

TABLE 7. Solid Fat Content of Coconut Oil

(% by Pulse-NMR) (28, p. 386).

Fat Content (%)

SP/MP �C 24

Iodine value 8.5

% Solids

20�C 36

30�C 0

35�C 0
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palm oil are processed into margarines and shortenings. Coconut jam, a syrupy

emulsion derived from coconut cream in cane sugar, is consumed as dessert, bread

spread, and rice cake topping. Filled milk, in liquid or powder form, contains

coconut oil (in lieu of butter fat) and a polyunsaturated oil emulsified in skim

milk. As spray oil for crackers and cookies, coconut oil improves shelf life of these

products because of its resistance to oxidative rancidity. Coconut oil is widely used

as cream fat and as a component in biscuit cream and confectionery oil.

8.2. Medical and Infant Food Formulations

Medium-chain fatty acids (MCFA), mainly C8 and C10, obtained by hydrolysis of

coconut oil, is reesterified with glycerol to form a mixture of randomized medium-

chain triglyceride (MCT) through a method developed by Babayan (34). MCTs are

absorbed and oxidized rapidly with an energy rated at 34.7 kJ/g. A number of med-

ical and infant food formulations have MCTs as the principal source of fat supple-

mented with polyunsaturates (35). In a field study by Intengan et al. (36) a

structured (interesterified) 75 coconut oil–25 corn oil preparation gave better

weight gain and nutritional recovery, vis-á-vis a polyunsaturated vegetable oil,

when given to malnourished children as supplemental fat source in their diet.

8.3. Nonfood Products

A commonly used nonfood product derived from coconut oil is soap. Laundry bar

soaps made by boiled or cold procedures have excellent lathering property even in

moderately hard water. A blend of tallow–coconut oil in ratios from 67 : 33 to

85 : 15 form an ‘‘ideal’’ fat charge for toilet soaps (37). Soap from such blends exhi-

bit desirable characteristics related to lather quickness, low mechanical erosion, and

absence of swelling or cracking of soap bars.

One of the major uses of acid oil from soapstock and the distillates from physical

refining is in the manufacture of animal feeds. The fatty components increase the

caloric density of the feed.

Derivatives of fatty acid from coconut oil are feedstock for a number of diverse

nonfood products. Coconut oil fatty acids and glycerol are released by hydrolysis or

alcoholysis of the fat. The fatty acids or their methyl esters, which are subsequently

fractionated, constitute the starting materials for the oleochemical industry. The

byproduct, glycerol, is purified by vacuum distillation. The purified product is,

among others, a component of pharmaceutical preparations, an important ingredient

in toothpastes, a raw material in the manufacture of nitroglycerol, and the fluid in

hydraulic jacks and shock absorbers.

9. STORAGE

Although coconut oil has a natural resistance to oxidative rancidity, (see discus-

sion), the bulk storage systems should take into account all factors that contribute
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to the deterioration of the product during storage. These factors are light, prooxi-

datants, air, heat, and moisture. Light may have the least effect because the oil is

handled in a closed system.

From the milling of copra for the extraction of crude coconut oil through the

refining steps and final storage in tanks, the oil is in continuous contact with iron

and possibly copper-containing alloys, both of which are prooxidants. The addition

of citric acid (25) or any other appropriate antioxidant in the last stages of deodor-

ization of RBD oils (see discussion) affords protection to the oil from oxidative ran-

cidity. Crude coconut oil has natural and protective antioxidants.

The introduction of air during handling procedures may be minimized by filling

tanks through a subsurface entry point instead of allowing the oil to fall through air

into the storage tanks.

Storage tanks are provided with mechanical agitators and heating devices,

although the latter may hardly be used in most areas of the tropics. During brief

spells when temperature falls below slip/melting points of coconut oil, the product

is warmed with agitation to prevent localized overheating.

The effect of moisture on fat in storage is well known. In the presence of

enzymes, mainly from microorganisms, hydrolysis of fat is accelerated giving

rise to an unpleasant ‘‘soapy’’ taste peculiar to coconut oil exposed to conditions

favoring hydrolytic rancidity.

10. ECONOMICS

World coconut oil output fell 10% in 2001/02 to 3.3 million metric tons. U.S.

imports of coconut oil were 1,150 million pounds in 2001/02, up 35 million

from the previous year. In anticipation of a downturn in global production lasting

into 2003, importers were probably taking advantage of favorably low prices early

this year to secure larger stocks. The U.S. import unit value for coconut oil declined

from $361 per metric ton in 2000/01 to $327 in 2001/02. For palm-kernel oil, the

other main lauric oil, U.S. imports in 2001/02 fell to 330 million pounds from 364

million in 2000/01. But total supplies of palm-kernel oil were higher because of an

ample level of beginning stocks. A recovery in domestic disappearance from a low

2000/01 pace was possible because of the larger supplies (38).

Faced with a general deterioration of market prospects, the coconut industry

continued to receive special attention in major producing countries. In Indonesia,

support measures tended to emphasize intercropping, rehabilitation measures, and

product diversification. In the Philippines, in 2001, coconut producers have been

included in the public food distribution scheme with a view to protect farmers

from the impact of declining prices for coconut products. A number of accompany-

ing rural development programes aim at providing alternative livelihood opportu-

nities for small coconut farmers (39).

Table 8 gives world oilseed production data and includes copra. Table 9 gives

world vegetable oils production and includes coconut oil. Copra meal production

data are included in Table 10.
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TABLE 8. World Oilseed Production, �106 t 1995/96 to Date (38).

Years

—————————————————————————————————————

Item 1995/96 1996/97 1997/98 1998/99 1999/2000 2000/01 2001/02 2002/03a

Production

Soybeans 124.90 132.22 158.07 159.82 159.90 175.10 183.78 184.49

Cottonseed 35.15 33.61 34.35 32.62 32.93 33.53 36.61 33.37

Peanuts 27.47 28.96 27.29 29.77 28.99 31.12 33.11 31.84

Sunflowerseed 25.72 23.80 23.21 26.63 27.22 23.29 21.25 23.33

Rapeseed 34.44 31.53 33.23 35.89 42.47 37.52 35.87 32.17

Copra 5.13 6.05 5.33 4.38 5.46 5.90 5.26 5.30

Palm kernel 4.87 5.21 5.05 5.62 6.41 6.91 7.24 7.40

Total 257.67 261.38 286.53 294.72 303.37 313.36 323.10 317.89

aForecast.

Source: Foreign Agricultural Service, USDA.

TABLE 9. World Vegetable Oils Production, �106 t 1995/96 to Date (38).

Years

———————————————————————————————————————

1995/96 1996/97 1997/98 1998/99 1999/2000 2000/01 2001/02 2002/03a

Production

Soybeans 20.17 20.53 22.57 24.65 24.74 26.80 28.72 29.85

Palm 16.26 17.64 16.97 19.25 21.80 23.93 24.88 25.37

Sunflowerseed 9.01 8.61 8.29 9.18 9.63 8.41 7.57 8.32

Rapeseed 11.24 10.52 11.43 11.81 13.64 12.96 12.20 11.41

Cottonseed 4.15 3.70 3.70 3.57 3.57 3.52 3.82 3.56

Peanut 4.15 4.38 4.18 4.44 4.15 4.30 4.75 4.51

Coconut 3.16 3.69 3.29 2.71 3.34 3.63 3.26 3.23

Olive 1.45 2.46 2.53 2.50 2.37 2.48 2.53 2.35

Palm Kernel 2.10 2.22 2.20 2.43 2.75 2.95 3.11 3.17

Total 73.08 73.76 75.16 80.54 85.97 88.98 90.85 91.79

aForecast.

Source: Foreign Agricultural Service, USDA.

TABLE 10. World Protein Meal Production, �106 t 1995/96 to Date (38).

Years

Item 1995/96 1996/97 1997/98 1998/99 1999/2000 2000/01 2001/02 2002/03a

Soybeans 89.08 90.82 98.84 107.54 107.74 116.47 124.71 129.58

Cottonseed 13.11 11.89 11.79 11.36 11.45 11.30 12.10 11.31

Rapeseed 18.58 17.53 18.85 19.12 22.27 21.18 19.99 18.64

Sunflowerseed 10.21 10.06 9.51 10.51 10.72 9.43 8.45 9.25

Fish 6.52 6.64 5.08 5.80 6.29 5.75 5.43 5.61

Peanut 5.73 6.01 5.41 5.76 5.27 5.52 6.13 5.79

Copra 1.74 1.97 1.74 1.44 1.77 1.90 1.68 1.70

Palm Kernel 2.54 2.70 2.67 2.93 3.32 3.56 3.75 3.82

Total 147.49 147.62 153.88 164.47 168.82 175.12 182.23 185.69

aForecast.

Source: Foreign Agricultural Service, USDA.
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TABLE 11. Edible Coconut Oil: U.S. Supply and Disappearance, �106 lb 1991 to Date (38).

Item 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002a 2003b

Stocks October 277 188 251 164 163 84 150 393 152 136 260 227 148

Imports 841 1,163 999 1,100 874 1,188 1,438 791 926 1,115 1,093 860 970

Exports 22 0 19 18 12 12 6 11 14 8 7 8 10

Domestic disappearance 910 1,084 1,067 1,083 941 1,111 1,189 1,021 927 983 1,119 930 958

aPreliminary and estimated.
bERS and WAOB forecast.

Source: Bureau of the Census.



Table 11 gives U.S. edible coconut supply and disappearance for 1991–2003. Dis-

appearance, as defined by the USDA-ER, means beginning food stocks, production

and imports minus exports, shipments to U.S. territories, and ending stocks.

Coconut oil is generally considered an expensive oil, and it normally commands

a premium over other vegetable oils.
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1. OVERVIEW

In 2001, 2.04 MT (million tons) of corn oil was produced worldwide (representing

about 2% of the total worldwide vegetable oil production), with the top three pro-

ducers being the United States (57%), the EU-15 (10%), and Japan (5%) (1). Com-

pared with the 2001 world production of other vegetable oils, corn oil ranks tenth,

behind soybean (26.66 MT) > palm > canola/rapeseed > sunflower > peanut >
cottonseed > coconut > palmkernel > and olive (1).

Corn oil has traditionally been considered a premium vegetable oil, and at the

time of the writing of this chapter, the average U.S. wholesale price for corn oil

is $0.29/0.43 per pound (crude/refined) compared with soybean ($0.31/0.37) and

peanut ($0.57/0.71) oils (2, 3).

Unlike most other vegetable oils that are obtained directly from seeds that

contain high levels of oil, corn oil (maize oil) is obtained from seeds (kernels)

that contain only 3–5% oil. Obtaining oil directly from the kernels is technically

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
Edited by Fereidoon Shahidi. Copyright # 2005 John Wiley & Sons, Inc.

�Mention of tradenames or commercial products in this article is solely for the purpose of providing

specific information and does not imply recommendation or endorsement by the U.S. Department of

Agriculture.
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possible, but ‘‘corn kernel oil’’ would be costly to produce (because of the low

levels of oil in the kernels). Because corn kernels contain high levels of starch

(60–75%), a process, ‘‘wet milling,’’ was developed to efficiently isolate pure starch

from corn kernels. The first corn wet mill in the United States started producing

cornstarch in 1842, and by 1860, several corn wet mills were in operation (4).

Corn germ is generated during both wet milling and dry milling (Table 1), but

the amount of germ and the composition of germ differ when produced via these

two routes (Table 1). It was estimated that in 1996, about 90% of commercial corn

oil in the United States was from wet milled germ and the remaining from dry

milled germ (4).

During industrial wet milling, the kernel is separated into five fractions: (1)

starch, (2) steepwater solubles (�7%), (3) fiber (course & fine, �10%), (4)

corn gluten meal (�6%), and (5) germ (�7%) (5). The steepwater solubles and

fiber fractions are blended together to produce an animal feed called ‘‘corn

gluten feed,’’ which contains about 21% protein and 60–70% fiber. The high

fiber content restricts its use to mainly feeds for ruminants. Corn gluten meal

contains about 60% protein and low fiber (<1%), and it is a premium feed for

nonruminants (poultry and swine). Corn germ is rich in oil (>30%), and it is

the source of all commercial corn oil, and like ‘‘wheat germ oil,’’ corn oil could

more accurately be called ‘‘corn germ oil.’’ Like corn oil and wheat germ oil,

rice bran oil is another edible oil that is similarly extracted from a grain processing

fraction.

TABLE 1. Fractions Obtained by Bench-Scale Dry Milling and Wet Milling

of Corn. Note: Commercial Wet Milled Fiber is a Mixture of Course and Fine

Fiber.

Fraction

Grams of Bench Scale

Fraction/100 g of Kernela
Wt % Oil in Bench

Scale Fractiona

Wt % Oil in

Commercial

Fractionb,c

Dry Milling

Grits 82.63 0.63� 0.03

Germ 11.24 15.00� 0.37 20–25b

Bran 6.13 2.11� 0.03 1–2 c

Wet Milling

Starch 68.48 0.02� 0.01

Gluten 8.34 0.89� 0.00

Fine Fiber 8.58 1.36� 0.05 1–2c

Course Fiber 5.48 2.19� 0.05 1–2c

Germ 4.90 35.56� 0.41 44–50b

Steepwater 3.33 0.06� 0.008

aFrom (5).
bFrom (6).
cFrom (7).
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2. EXTRACTION AND REFINING

2.1. Conventional Corn Germ Extraction

Unlike oilseeds, where solvent extraction alone can be used to obtain oils, extrac-

tion after flaking of wet milled corn germ produces a substantial amount of

‘‘fines’’ that interfere with the efficiency of the extraction process. Traditionally,

oil is removed from the wet milled germ using a conditioning (heating) process,

followed by mechanical expelling (‘‘prepress’’) and hexane extraction (Table 2).

Extrusion has also been employed as a means of germ preparation for solvent

extraction, producing a crude corn oil of high quality and high yield (8). Hexane

is removed from the oil-rich miscella by evaporation, heat, and vacuum, and the

hexane is recycled. Hexane is also removed and recycled from the germ cake.

Corn germ meal contains 23–25% protein and is usually sold as an animal

feed ingredient and is often added to increase the protein content of corn gluten

feed.

Among the seven major U.S. wet milling companies that are members of the

Corn Refiners Association in 2003, only three companies report that they currently

market crude and refined corn oil (9). The other major wet mill companies sell their

corn germ, either for extraction and corn oil production, or for animal feed use,

depending on seasonal markets and prices.

Oil is usually obtained from dry milled corn germ by full press (via an expeller).

List et al. (10) compared some of the chemical components in corn oil from wet

milled germ versus dry milled germ and reported lower levels of free fatty acids,

lower levels of phosphorous, and higher levels of tocopherols in the latter. Although

several ‘‘high oil’’ corn hybrids are available and are becoming increasingly pop-

ular, most of the crop has been used for animal feed (with the increased fat provid-

ing more calories) and little or none has been wet milled to obtain starch, corn oil,

and other products.

TABLE 2. Processes for Conventional Extraction of Corn Germ.

Process Equipment Used Germ Pretreatment Oil Remaining (%)a

Untreated Germ 44–50 (germ from wet mill)

20–25 (germ from a dry mil)

Full (Hard) Press Expeller Heat 6–11

Partial Press & Expeller & Extractor Heat 1–3

Hexane

Extraction

Extrusion & Extruder (Expander) Heat and 1–2

Hexane to produce collets additional

Extraction and extractor moisture

aFrom (6).
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2.2. Alternative Extraction Processes

A process for the hexane extraction of oil from the flaked kernels of high-oil (>8%)

corn hybrids was patented (11). An interesting aspect of the proprietary process is

that it uses the same common flaking and extraction machinery that is usually

employed for soybean oil extraction.

Ethanol has also been proposed as an organic solvent for the extraction of corn

oil from corn germ or from whole kernels. Some advantages of ethanol over hexane

are its higher flash point, it being a ‘‘food-grade’’ solvent, and the fact that it can be

readily produced from corn via fermentation. Some disadvantages compared with

hexane include its higher boiling point (requiring more energy to remove solvent

from meal) and its increased polarity, which means that it extracts more polar

extractants (e.g., phospholipids) that may need to be removed during refining.

Hojilla-Evangelista et al. (12) developed a process, ‘‘the sequential extraction pro-

cess (SEP),’’ which involves the ethanol extraction of whole flaked corn kernels to

first extract the corn oil, and then additional steps to extract and fractionate proteins

and starch. The economics of the SEP process have been rigorously evaluated, and

some recent process modifications have been proposed to improve the efficiency

and lower the cost (13, 14). Recently, a method was developed to remove corn

oil and zein from ground corn and a proprietary process was reported to separate

the corn oil and zein using membrane filters (15, 16).

Supercritical CO2 extraction methods were evaluated for a number of oilseeds in

the 1980s. Corn germ extraction by supercritical CO2 was evaluated by ARS

researchers in Peoria, IL. Methods for corn germ extraction using 100% supercri-

tical CO2 were developed (10, 17) and patented (18). Others have demonstrated that

addition of ethanol modifier (0 –10%) to supercritical CO2 can decrease the extrac-

tion time and improve the functionality of germ proteins (19). Although there are

no technical barriers, extraction of corn germ with supercritical CO2 is more costly

than conventional extraction methods.

Several aqueous and enzyme-assisted methods have been reported for corn oil

extraction. In 1982, Stolp and Stute reported a proprietary aqueous process to

obtain corn oil from corn germ (20). An aqueous enzymatic (using commercial cel-

lulases, hemicellulases, polygalcaturonases, galactomanases, and various pectino-

lyitc enzymes) process for extracting corn oil from corn germ was also reported

(21, 22). Although these aqueous and enzymatic processes have been available

for a number of years, they have not been used in commercial production, mainly

because of higher costs when compared with conventional extraction techniques.

Recently, Verser and Eggeman received a U.S. patent for a process that uses enzy-

matic milling and produces ethanol via an acetic acid process that also yields corn

oil (23).

2.3. Refining Steps

The major component of crude corn germ oil is triacylglycerols, but the crude oil

also contains other minor nonpolar and polar lipid components (Table 3). Free
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TABLE 3. Polar and Nonpolar Lipid Classes in Corn (germ) Oil, Corn Kernel Oil, and Corn Fiber Oil.

Wt% Total Lipid

Oil TAG FFA St:E St FPE tocols GL PL Reference

Germ Oil (crude) 95.6 1.7 nr 1.2* nr 0.06 nr 1.2 24

Germ Oil (crude) 96.8 0.31 0.47 0.48 0.01 0.17 nr nr 5

Germ Oil (RBD) 98.9 0.03 nr 1.1* nr 0.05 0 0 24

Kernel Oil (crude) nr Nr 0.76–3.09 0.54–1.28 0.047–0.839 0.023–0.127 nr nr 25

Fiber Oil (crude) 84.5 2.11 5.61 1.17 4.11 0.76 nr nr 5

Fiber Oil (crude) nr Nr 2.9–9.2 1.9–4.3 6.5–9.5 nr nr nr 26

�Value is after saponification, meaning that it is the sum of St and St:E.

Abbreviations: nr—not reported; TAG—triacylglycerols; FFA—free fatty acids; St:—phytosterol fatty acyl esters; St—free phytosterols; FPE—phytosterol ferulate esters; tocols—

tocopherols and tocotrienols; GL—glycolipids; PL—phospholipids; RBD—refined, bleached, and deodorized oil.



fatty acids, pigments, volatiles, phospholipids, and waxes are the major undesirable

components in crude corn oil, and these are removed by several refining steps (Table 4).

Whereas soybean oil processing usually is preceded by water degumming, during

corn oil processing, degumming is often not included if corn oil is going to be

processed via alkali refining (degumming is necessary if physical refining is

used). In corn oil processing, most companies remove free fatty acids by alkali

refining, which involves adding base and neutralizing (and sequestering) the free

fatty acid soaps (and phospholipids) into a byproduct called ‘‘soapstocks’’ (26).

A chemical comparison of the soapstocks obtained from alkali refining of oils

from corn germ, peanut, and cottonseed revealed that corn oil soapstocks had a

high level of phytosterols (almost 7%) and phosphorous, and an intermediate level

of free fatty acids (27). Alternatively, free fatty acids can be removed by the process

of ‘‘physical refining’’ or ‘‘steam refining,’’ which involves treating the oil at high

temperature and vacuum to volatilize the free fatty acids. Physical refining is only

advisable if the oil is of high quality—otherwise, the oil becomes dark and has poor

stability (personal communication, R. Ormsbee).

Physical refining begins by removing phospholipids by water degumming (28).

Failure to adequately remove the phospholipids (by either alkali refining or degumm-

ing) results in a corn oil that will form dark colors and off flavors when heated (4).

After a subsequent bleaching step, the next step in physical refining is a steam dis-

tillation at high temperature and very low pressure (vacuum), which volatizes the

TABLE 4. Steps in the Commercial Processing of Corn Oil.

Steps Purpose Byproduct Produced

Alkali Refining

Degumming Remove gums Lecithin

Alkali Treatment Remove free fatty acids Soapstock – a source of fatty

acids

Bleaching Remove pigments and oxidation

products

Spent Clay

Dewaxing (winterizing) Improves stability, especially at

lower temperatures

Waxes and saturated

triacylglycerols

Deodorization Remove volatiles and off-flavors Deodorizer distillate—a

source of phytosterols and

tocopherols

Physical Refining

Degumming Prevent precipitates at low

temperature

Lecithin

Bleaching Remove pigments and oxidation

products

Spent clay

Dewaxing (winterizing) Improves stability, especially at

lower temperatures

Waxes and saturated

triacylglycerols

Steam refining/

deodorization

Removes free fatty acids and other

volatiles

Distillate—a source of free

fatty acids, and a potential

source of phytosterols and

tocopherols
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free fatty acids. Leibovitz and Ruckenstein (29) reported higher yields of oil with

physical refining than with alkali refining. Others have noted that oils that contain

phytosteryl esters (especially ferulate-phytosteryl esters, such as those found in

corn fiber oil and rice bran oil) are extensively hydrolyzed during conventional

alkali refining, but they remain relatively intact during physical refining (Personal

communication, R. Nicolosi). Other strategies for removing free fatty acids from

crude oil include liquid–liquid extraction and a new method involving solvent

extraction in a perforated rotating disk (30). Deodorization of corn oil involves

treatment at high temperature (>200�C) and vacuum (�2–10 mm Hg), and it

removes undesirable odors and flavor components (24). Unfortunately, the deodor-

ization process also removes some phytosterols and tocopherols.

The byproduct of deodorization, the ‘‘deodorizer distillate,’’ has been used as a

major industrial source of phytosterols (which are used as ingredients in phytosterol-

containing functional foods and supplements or used as precursors in the synthesis

of some steroid pharmaceuticals) and tocopherols (a major source of natural

vitamin E). A recent study compared the levels of tocopherols and phytosterols

in industrial deodorizer distillates obtained from chemical and physical refining

of corn, canola, sunflower, and soybean oils (31). In another study, the effect of

the type of vegetable oil refining process (physical versus chemical) on the levels

of phytosterols was compared (32), and interesting differences were observed. Pig-

ments are usually removed by treating the oil with acid-activated bleaching clay (6).

Another refining step that ensures stability of oils at low temperature is dewaxing or

‘‘winterization,’’ which involves cooling the oil to 5–10�C, and removing precipi-

tates via filtration (29).

3. COMPOSITION

3.1. Comparison of Corn Germ Oil, Corn Kernel Oil, and Corn Fiber Oil

Although all of the current commercial corn oil is produced from corn germ oil,

considerable research has been devoted to the study of extracting the entire corn

kernel to produce ‘‘corn kernel oil’’ and extracting corn fiber (a byproduct of wet

milling) to obtain ‘‘corn fiber oil’’ (Table 3). The levels of total phytosterols (the

sum of free phytosterols and phytosterol fatty acyl esters) in corn germ oil (refined)

averages about 1%, which is higher than the levels found in most other common

vegetable oils (24). Some of these phytosterols are removed during refining, but

even after refining, the levels of total phytosterols in commercial corn oil are about

1% (Table 3). Hexane-extracted corn kernel oil contains higher levels of the three

phytosterol lipid classes (free phytosterols, phytosteryl fatty acyl esters, and phyto-

steryl ferulate esters) than those found in corn (germ) oil (30; Table 3). Moreau et al.

(7) reported that a unique oil, very rich in the two phytosteryl esters (their chemical

properties will be described in a later section) could be extracted from corn fiber. Corn

fiber oil contains the highest levels of natural phytosterols and phytostanols of any

known plant extract (33). The relevant patent for corn fiber oil covers the process to
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extract the oil, the composition of matter, and the cholesterol-lowering applications

(34). Recently, researchers at Eastman patented an alternative process for obtaining

corn fiber oil and other products from corn fiber (35, 36).

3.2. Fatty Acid Composition of Corn Triacylglycerols

Edible oils are often compared by performing alkaline hydrolysis (saponification)

of the triacylglycerols and by comparing the fatty acid profiles. In the 1950s and

1960s, a marketing slogan for corn oil was that it was ‘‘high in polyunsaturates,’’

mostly attributed to its high levels of linoleic acid, an essential fatty acid (one that is

not synthesized by humans and must be obtained in the diet), abbreviated as 18:2

(Table 5). Another desirable characteristic of corn oil is that it contains relatively

low levels (<15%) of saturated fatty acids and very low levels of linolenic acid,

abbreviated as 18:3 (which is especially susceptible to oxidation, leading to rancid-

ity). Although the levels of linoleic acid in U.S. corn oil average about 60%, it has

been noted that its levels in corn oil produced outside of the United States are closer

to 50%, with most of the difference being accounted for by higher amounts of oleic

acid (26).

Several studies have reported that when the same corn hybrids are grown in mul-

tiple locations, the corn oil produced from plants grown in cooler regions contains

higher levels of linoleic acid (41). It was also noted that the average levels of

linoleic acid in commercial corn oil in the United States increased from 57.8%

to 62.0% between 1974 and 1986 (41).

In response to the current demand for high monounsaturate-vegetable oils,

efforts have been devoted to developing corn hybrids that produce corn germ oils

with high levels of oleic acid. A ‘‘high oil–high oleic acid’’ corn hybrid has been

patented (42). In addition to the extensive literature on the fatty acid composition of

crude and refined corn germ oil, the fatty acid composition of crude corn kernel oil

(39) and crude corn fiber oil (43) have also recently been reported. The fatty acid

composition of kernel oil and fiber oil are very similar to that of corn germ oil

(Table 5).

3.3. Triacylglycerol Molecular Species

Reversed-phase high performance liquid chromatography (HPLC) techniques have

been developed to quantitatively analyze the triacylglycerols’ molecular species of

fats and oils from a variety of plants and animals. Investigations of the

triacylglycerols’ molecular species of refined corn oil indicated the successful

identification of 19 to 27 individual molecular species, with oleate–linoleate–linoleate

and linoleate–linoleate–linoleate being the two most abundant molecular species

(Table 6). Silver ion HPLC was also used to quantitatively analyze corn oil triacyl-

glycerols (46). The method separated the triacylglycerols into 11 fractions, with the

largest 2 fractions having five and six double bonds, which translates to the struc-

tures oleate–linoleate–linoleate and linoleate–linoleate–linoleate (confirming the

two most abundant molecular species identified in reversed-phase HPLC).
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TABLE 5. The Fatty Acid Composition of Corn (germ) Oil and Corn Fiber Oil.

mol% of Total Fatty Acids

Oil 16:0 18:0 20:0 18:1 18:2 18:3 Ref

Germ oil (RBD) US 11.0� 0.5 1.8� 0.3 0.2� 0.2 25.3� 0.6 60.1� 1.0 1.1� 0.3 24

Germ oil (RBD) US 9.2–16.5 0–3.3 0.3–0.7 20–42.2 39.4–65.6 0.5–1.5 37

Germ oil (RBD) US 10.90 1.80 nr 24.2 58.0 0.70 38

Germ oil (RBD) US 11.0� 0.6 1.7� 0.3 nr 25.8� 0.9 59.8� 1.2 1.1� 0.4 6

Germ oil (RBD) Int 12.9� 1.4 2.6� 0.6 nr 33.1� 2.5 48.8� 2.4 1.4� 0.4 6

Kernel oil (crude) Int 9.2–11.8 1.1–1.7 0.3–0.5 19.5–30.4 53.0–65.3 1.2–2.1 39

Corn fiber oil (crude) 13.8� 0 1.7� 0 0.3� 0 23.8� 0.1 56.4� 0.1 2.6� 0 40

Abbreviations: nr—not reported; US—US hybrids; Int—International hybrids; 16:0—palmitic acid; 18:0—stearic acid; 20:0—arachidic acid; 18:1—oleic acid; 18:2—linoleic acid;

18:3—linolenic acid; RBD—refined, bleached, and deodorized oil.



3.4. Unsaponifiables and Phytosterols

Commercial corn oil has been recognized as having the highest levels of unsaponi-

fiables (1.3–2.3%) of all commercial vegetable oils (6). The three most abundant

chemical components in the unsaponifiable fraction of corn oil are phytosterols,

tocopherols, and squalene.

Corn germ oil contains two phytosterol lipid classes, free phytosterols and phy-

tosteryl fatty acyl esters (Table 3). Phytosterols have been recognized as 1 of the 12

important classes of phytonutrients (47). Most chemical identification of phytoster-

ols in vegetable oils has been conducted by saponifying (alkaline hydrolysis) the oil

and measuring the resulting free phytosterols, usually by GLC (Table 7). The major

phytosterols in corn germ oil are sitosterol (formeraly called b-sitoster-

ol) > campesterol > stigmasterol (Table 7; Figure 1). Snyder et al (50) developed

TABLE 6. Quantitative Analysis of Triacylglycerol Molecular Species in Refined Corn

Germ Oil.

TAG Molecular Species Area %a Area%b Area %c

LLO 19.98 21.5 23.0

LLL 17.79 25.4 22.6

LLP 13.71 14.7 15.2

OOL 11.82 10.7 10.6

PLO 10.85 10.0 10.4

PPL 2.48 2.5 1.7

OOP 3.48 2.9 2.4

LLS 2.64 2.2 1.8

LOS 1.77 1.8 1.3

OOO 4.35 2.8 3.2

PPO 1.55 0.9 0.4

PLS 0.78 0.8 0.4

LLLn 0.91 1.2 0.8

LnLO 2.20 0.9 2.3

OOS 0.56 0.6 0.5

POS 0.20 0.3 0.3

PLnL 0.43 0.5 0.5

PPP 0.0 0.0 0.1

OOLn 1.09 0.1 1.0

PLnO 0.0 0.1 0.5

PPS 0.36 0.0 0.1

SSL 0.0 0.1 0.3

LnLS 0.0 0.1 0.0

SSO 0.0 0.0 0.0

PPLn 0.0 0.0 0.2

SSP 0.0 0.0 0.1

SSS 0.0 0.0 0.1

a From (44).
b HPLC-Mass Spec values from (45).
c HPLD-Flame Ionization Detector Values from (45).

Abbreviations; Ln—linolenic acid; L—linoleic acid; O—oleic acid; S—stearic acid; P—palmitic acid
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TABLE 7. Phytosterols in Corn (germ) Oil and Corn Fiber Oil (Values Represent Free and Esterified Phytosterols, Measured After Saponification).

mol % of Total Phytosterols

Oil campesterol stigmasterol b-sitosterol sitostanol �5-avenasterol �7-stigmasterol �7-avenasterol ref

Germ oil (RBD) 18.6–24.1 4.3–7.7 54.8–66.6 nr 4.2–8.2 1.0–4.2 0.7–2.7 37

Germ oil (RBD) 24.3 7.7 61.6 nr 3.8 0.7 0.8 48

Germ oil (RBD) 22.1 5.7 69.8 nr 2.4 nr nr 49

(free phytosterols)

Germ oil (RBD) 16.7 6.8 66.9 nr 8.0 nr nr 49

(esterified phytosterols)

Corn fiber oil (crude) 4.9� 0.4 1.4� 0.1 34.3� 0.1 43.1� 0.7 1.8� 0 nr nr 40

Corn aleurone oil (crude) 4.7� 0.3 tr 20.8� 0.1 50.6� 0.4 3.5� 0.1 nr nr 40



a supercritical CO2 method to concentrate and fractionate the phytosterols in corn

germ oil. Analyses of the total phytosterols in corn fiber oil revealed that the major

phytosterol was sitostanol (Table 7). Sitostanol is a phytostanol (meaning that it

is completely saturated—it contains no carbon–carbon double bonds, whereas

HO

Cholesterol

HO

Campesterol

HO

Stigmasterol

HO

Sitosterol (β-Sitosterol)

HO

Sitostanol (stigmastanol)

HO

∆5-avenasterol

HO

∆7 Stigmasterol

HO

∆7-avenasterol

Figure 1. Structures of the common sterols (phytosterols) in corn and their comparison with

cholesterol, the main sterol in animals. Note that cholesterol has 27 carbons, campesterol has 28

carbons, and all of the other phytosterols shown have 29 carbons.
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phytosterols typically contain at least one). Natural phytostanols are rare in plants,

and the only reports of its presence in greater than trace amounts have been in

grains and Tall Oil (a byproduct of paper pulping) (51). The phytostanols (sitostanol

and campestanol) used in commercial sitostanol-ester margarines are produced by

catalytic hydrogenation. Sitostanol is the phytostanol produced by the catalytic

hydrogenation of the two most common plant phytosterols, sitosterol and stigmas-

terol. Campestanol is the phytostanol produced by the hydrogenation of campester-

ol (33). Our Laboratory recently reported (40) that most of the sitostanol in corn

fiber oil is found as the phytostanyl ester of ferulic acid, and most of the sitostanol

in corn fiber (and in corn kernels) is found in the aleurone layer (Table 7). In some

grains, the aleurone layer comprises several cell layers, but in corn, it comprises a

single layer of (phytosterol-rich) living cells (52). A method to enrich corn-fiber-

derived aleurone cells by milling them to a small particle size, followed by floata-

tion to separate the aleurone and pericarp was recently reported (53). The composi-

tion of corn fiber oil was also found to be influenced by the type of hybrid and the

location of growth (26) and by various alternative milling technologies (54). As

noted in Section 3.2, corn oil soapstocks contain almost 7% phytosterols (27)

and may represent an economical feedstock for phytosterols.

Squalene is an unsaponifiable compound in corn oil that has not received much

attention. Squalene was previously reported to be the major hydrocarbon in corn oil

(43) and we recently reported that both corn germ oil and corn fiber oil contain

about 0.2% squalene (40).

3.5. Tocopherols and Tocotrienols

Corn oil has long been known to be a rich source of tocopherols, with g-tocopherol

being the most abundant tocopherol, followed by a-tocopherol and then d-tocopher-

ol (Table 8). Among the tocopherols, a-tocopherol has received the most attention

because of its high vitamin E activity, but the other isomers also are known to have

valuable antioxidant properties. Recent evidence suggests that g-tocopherol may be

superior to a-tocopherol in preventing the oxidation of low-density lipoproteins and

in delaying thrombus formation (57). Wang et al. (55) recently reported significant

levels of tocotrienols (the most abundant was g-tocotrienol followed by a-tocotri-

enol) in corn kernel oil, and saponfication of the kernels caused about a two-fold

increase in the levels of extractable tocotrienols and g-tocopherol. It is currently

believed that, in addition to their valuable antioxidant properties, tocotrienols

also possess cholesterol-lowering properties—probably associated with their ability

to inhibit cholesterol biosynthesis (58). We recently reported high levels of g-toco-

pherol in corn fiber oil (about 0.36 wt %), noting that heat pretreatment (150–175�C
for 1 hour) of the corn fiber (prior to extraction) caused a nearly ten-fold increase

in the levels of extractable g-tocopherol (increasing its concentration in the oil

to about 3%) (56). The HPLC method that we used to quantitatively analyze g-toco-

pherol in this previous report (56) was based on UV-280 nm detection. Recently, we

repeated our previously published measurement of g-tocopherol levels in heat
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TABLE 8. Tocopherols and Tocotrienols in Corn (germ) Oil, Corn Kernel Oil, and Corn Fiber Oil.

mg/kg oil

Oil a-tocopherol b-tocopherol g-tocopherol d-tocopherol a-tocotreinol g-tocotrienol d-tocotrienol Ref.

Germ, crude 191 0 493 118 nr 23 nr 6

Germ, RBD 134 18 412 39 nr nr nr 6

Germ, RBD 23–573 0–356 268–2468 23–75 0–239 0–450 0–20 37

Kernel, crude 67–276 0–20 583–1048 12–71 46–90 60–133 nr 39

Kernel, crude (w/o saponified) 23 nr 240 nr 53 97 nr 55

Kernel, crude (with saponified) 48 nr 532 nr 124 197 nr 55

Fiber oil, crude (untreated) nr nr 3,600a nr nr nr nr 56

Fiber oil (heat-pretreated) nr nr 34,933a nr nr nr nr 56

a Subsequent studies in our laboratory (not yet published) have revealed that these exceptionally high g-tocopherol values (obtained via UV-280 nm detection) were not accurate.

When we repeated the HPLC analyses using fluorescence detection, the levels of g-tocopherol in corn fiber oil (extracted before and after heat-preatment) were similar to above

reported levels in corn germ oil and corn kernel oil (< 500 mg/kg oil).



TABLE 9. Cis and Trans Fatty Acids in Refined Corn Oil and Corn Oil Margarines.

grams/100 g product

C T CC Ct TT CCC

Oil % Fat 16:0 16:1 18:0 18:1 18:1 18:2 18:2 18:2 18:3 20:0 20:1 total trans ref

Corn oil 100 10.9 0 1.8 24.2 0 58.0 0 0 0.7 0 0 0 38

Corn oil margarine 81.98 8.99 0 5.16 16.97 19.63 25.69 0.5 0 0.47 0.19 0.16 20.13 63

(stick)

Corn oil spread, 38.83 3.91 0.02 2.44 9.44 5.20 14.9 0.46 0 0.26 0.19 0.07 5.66 63

light (tub)

Corn oil spread, 19.47 2.03 0.01 0.83 4.75 2.69 7.82 0.1 0 0.17 0.04 0.04 2.79 63

extra light (tub)

Abbreviations: C—cis; T—trans. For other abbreviations, see Table 5.



pretreated corn fiber using fluorescence detection (excitation at 294 nm and emis-

sion at 326 nm) and we discovered that the large UV-280 peak that we had pre-

viously identified as g-tocopherol was an artifact. Our most recent results (not

yet published), obtained with fluorescence detection, indicate that the levels of

g-tocopherol in corn fiber oil (before and after fiber heat pretreatment) are similar

to the levels in corn germ oil and corn kernel oil (Table 8).

3.6. Carotenoids

High levels of carotenoids have been reported in corn kernels. Most of the carote-

noids (74 –86%) are localized in the endosperm, 2– 4% in the germ, and 1% in the

bran (59). The most plentiful carotenoids in corn kernels are lutein and zeaxanthin.

Consuming foods that are rich in these carotenoids may decrease the risk for age-

related macular degeneration (60). The levels of carotenoids in commercial corn oil

are relatively low, due in part to their low concentrations in the germ and in part to

their removal during the bleaching step of processing. The nutritional value of corn

oil carotenoids has received little attention. Although it is generally believed that

carotenoids function as antioxidants, there is evidence that, under certain condi-

tions, carotenoids in vegetable oils and certain other food matrices may serve as

pro-oxidants, especially at higher concentrations (61).

3.7. Trans-Fatty Acids

The unsaturated fatty acids in all common vegetable oils exist only in the cis-con-

figuration. During the production of margarines, spreads and shortenings via cata-

lytic hydrogenation, carbon–carbon double bonds are converted to carbon–carbon

single bonds; however, the process also catalyzes the conversion of some cis-fatty

acids to trans-fatty acids (62). There is a large variation in the levels of cis- and

trans-fatty acids in commercial corn oil margarines and spreads (Table 9), with

the levels of trans-fatty acids ranging from a low of 2.79 to a high of 20.13 g

of total trans-fatty acids per 100 g of product. Concerns about possible linkages

between trans-fatty acids and cardiovascular disease and certain types of cancer

(64) have caused some groups to seek to reduce or eliminate the levels of trans-fatty

acids in foods, either by using butter, or by using processes other than hydrogena-

tion to raise the melting point of corn oil and thereby produce new types of margar-

ines and spreads. With the controversy associated with trans-fatty acids (produced

during chemical hydrogenation), some individuals may not realize that a natural

group of trans-fatty acids, ‘‘conjugated linoleic acid’’ or CLA (the trans-double

bond is produced by anaerobic rumen bacteria via ‘‘biohydrogenation’’), have

been discovered in dairy and beef products. Our current understanding of interna-

tional research indicates that CLA may have several health-promoting properties

(65). The discovery of these health-promoting properties of certain trans-fatty acids

(CLA) may provide incentive to undertake an objective reevaluation of the risks of

the trans-fatty acids in margarines from corn and other vegetable oils.
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4. PROPERTIES OF CORN OIL

4.1. Chemical and Physical Properties

The basic properties of corn oil include its pleasing flavor, its high level of poly-

unsaturated (essential) fatty acids, a low level of saturated fatty acids, and a low

level of linolenic acid (4). The other main physical and chemical properties of

corn oil are summarized in Table 10.

4.2. Stability

As frying is a major use of corn oil, numerous studies have compared the stabi-

lity of corn oil and other vegetable oils during frying (6, 66). One study demon-

strated that when compared with canola and soybean oils, corn oil produced the lowest

TABLE 10. Some Physical and Chemical Characteristics of Corn Oil.

Property Value

Iodine value 127–133a

Saponification number 187–193a

Free fatty acids after RBD 0.05% maxb

Color lovibond 3.0 red maxb

Gardner 6 max

Refractive index

20�C 1.4753a

26�C 1.4726a

Specific Gravity

25/25�C 0.91875a

Viscosity

40�C 30.80 cPa

60�C 18.15 cPa

Dielectric constant 26�C 3.954a

Surface tension, 25�C 34.80 dyn/cma

Interfacial tension,k H2O at 24�C 18.60 dyn/cma

Thermal conductivity at 130�C 4.2017� 10�5 J/s/cm2/�Ca

Unsaponifiables 1–3%

Weight per gallon at 60�C 7.7 poundsd

Melting Point �11 to �8�Cd

Smoke Point 230 to 238�Cd

Flash Point 332 to 338�Cd

Fire Point 366 to 371�Cd

Cloud Point �14 to �11�Cd

CAS number 8001-30-7

EINECSe number 232-278-2

Japan registry Corn oil: 002275

aFrom (6).
bFrom (9).
cFrom (37).
dFrom (6).
eAbbreviation for ‘‘European Inventory of Existing Chemical Substances’’ (EU).
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level of oxidation products and retained the highest level of tocopherols, during

5 days of continuous frying (44). Another oxidative stability study concluded that

corn oil hybrids with higher levels of saturated fatty acids were more stable than

traditional corn oils (67). A new optical method was recently developed, providing

a new parameter for assessing the oxidative stability of corn oil during frying

(68). A method was also developed to measure oxidative stability (PV) in corn

and soybean oils using near infrared spectroscopy (NIR) (69). Sundram et al. (70)

developed an oxidation-resistant proprietary blend of palm fat and corn oil.

4.3. Nutritional Properties

Numerous clinical studies (>30) during the last half-century have supported the

hypothesis that corn oil has cholesterol-lowering properties (26). This acknowledg-

ment of corn oil’s apparent superiority over other vegetable oils in its cholesterol-

lowering properties has been termed the ‘‘maize oil aberration’’ (71). In the 1950s

and 1960s, experts believed that the high levels of polyunsaturated fatty acids in

corn oil were the reason for its cholesterol-lowering properties (4). Others sug-

gested that because corn oil contains the highest levels of unsaponifiables and phy-

tosterols of any common vegetable oil, these components cause the cholesterol-

lowering effect (72). A recent study comparing corn oil with cottonseed oil found

that, although corn oil contained more unsaponifiables, cottonseed oil was more

effective at lowering total serum cholesterol, which the authors attributed to the

specific types of unsaponifiables in cottonseed oil (73). Lichtenstein et al. (74)

reported that hydrogenation of corn oil reduces its cholesterol-lowering properties

in humans. Recent clinical studies (with phytosteryl and phytostanyl ester products)

have indicated that a person must ingest 1.6 to 3.3 g of phytosterols per day to

achieve a 5% to 10% reduction in total serum cholesterol (71). To ingest 1 g of

phytosterols from corn oil, a person would need to consume about 100 g (about

1/2 cup and about 900 calories) of corn oil per day, an amount that is feasible,

but probably not practical. A recent hamster feeding study (75), comparing corn

oil and olive oil, presented evidence that, although both oils reduced LDL-

cholesterol (‘‘bad cholesterol’’), olive oil was better at increasing HDL-cholesterol

(‘‘good cholesterol’’). Other recent studies indicated that corn fiber oil is more

effective than corn (germ) oil at lowering serum cholesterol in hamsters (76).

Recently, Ostlund et al. (77) reported that the levels of phytosterols in commercial

corn oil (about 1%) are enough to sufficiently reduce cholesterol absorption in

humans. Wagner et al. (78) compared a high monounsaturated fatty acid-rich

(MUFA) diet (olive/sunflower oil mixture) with a polyunsaturated fatty acid-rich

(PUFA) corn oil diet and found that the latter had more influence on lipo-

protein metabolism. They concluded that the hypocholesterolemic effect of the

PUFA-rich diet must also be connected with the high amount of unsaponifiable mat-

ter, mainly phytosterols in corn oil (78). Obviously, more work is required to eval-

uate the health-promoting properties of corn (germ) oil and corn fiber oil.

Some recent clinical studies with corn oil have focused on its high levels of

g-tocopherol and other unique properties. A Swedish study revealed that consumption
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of corn and sesame oils significantly increases the levels of serum g-tocopherol

(79). Recently, a U.S. patent was issued for the use of g-tocopherol and g-tocopherol

derivatives as antioxidants and nitrogen oxide scavengers to treat and prevent high

blood pressure, thromboemobic disease, cancer, natriuretic disease, the formation

of neuropathological lesions, and immunomodulation (80). Schurgers et al. (81)

reported that the consumption of corn oil increases the absorption and metabolism

of vitamin K.

The antioxidant properties of tocopherols (such as those found in corn oil) have

been suggested to be involved in treating atherosclerosis by preventing the oxida-

tion of low-density lipoproteins (57). Another study indicated that the particular

ratio of tocopherols in corn oil (a high ratio of g-tocopherol/a-tocopherol) may

achieve better protection against DNA damage than a-tocopherol alone (82). The

beneficial effects of corn oil on blood pressure, platelet aggregation, and diabetes

have been reported by others (22).

5. MAJOR FOOD USES OF CORN OIL

5.1. Cooking/Salad Oil

Of the 1.3 billion pounds of refined corn oil produced in the United States in 2000,

approximately half was used for cooking and salad oils, and about a fourth was used

for margarines and spreads (4). Corn oil has long been a popular cooking oil,

because of its mild flavor, its stability (because of its low levels of linolenate),

and its reputation as a healthy edible oil (because of its high levels of polyunsatu-

rated fatty acids). Because of its higher levels of polyunsaturates than most other

commodity vegetable oils (especially soy), corn oil is considered a premium oil and

is sold at a premium. In recent years, with the increased popularity of monounsa-

turate-rich oils (olive, canola, and now NuSun sunflower oil), corn oil is still con-

sidered a premium vegetable oil, but there has been a drop in the price differential

between corn oil and other commodity vegetable oils.

5.2. Margarines and Spreads

Corn oil margarine (common ‘‘stick’’ margarines contain 80% fat) and corn oil

spreads (common ‘‘tub’’ margarine spreads contain 20% to 65% fat) are popular

products. In the 1870s, Unilever began manufacturing margarine in Europe, and

the U.S. Dairy Company began production of ‘‘artificial butter’’ in the United States

(83). Sales of corn oil margarine in the United States climbed gradually and reached

a level of about 1 million pounds in 1930 (4). During the period of 1950 to 1980

(when there was growing consumer interest in the health-promoting properties of

the polyunsaturates in corn oil), the production of corn oil margarine in the United

States climbed from 15 to 250 million pounds per year (4). During the last 20 years,

there has been growing concern about possible harmful effects of the trans-fatty

acids in margarines and spreads (which can range from 10–20% of the total fatty

acids) made from corn oil and other vegetable oils, and consumer concerns about
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trans-fatty acids have become a major issue for margarine manufacturers. Methods

have been developed to produce margarines, shortenings, and spreads by interester-

ifying (84) or blending oils (including a recent patent that details a process to pro-

duce ‘‘trans-free’’ shortening by blending corn oil and palm fat) (70), thus

eliminating the need for chemical hydrogenation and eliminating the formation

of trans-fatty acids. Zero trans-fatty acid margarines and spreads currently account

for a major portion of the sales in several European countries, and a growing num-

ber of U.S. manufacturers are now marketing zero trans-fatty acid margarines and

spreads in the United States. In July 2003, the U.S. Food and Drug Administration

amended its regulations on nutrition labeling to require that trans-fatty acids be

declared in the nutrition label of conventional foods and dietary supplements on

a separate line immediately under the line for the declaration of saturated fatty acids

(85). This ruling will take effect on January 1, 2006.

6. NONFOOD USES OF CORN OIL

6.1. Cosmetics/Skin Care Products

Corn oil is allotted important regenerative properties because of its high level of

unsaponifiables. Like all of the oils rich in essential fatty acids, it has a restructuring

activity and reinforces the cutaneous barrier. It thus helps to maintain a hydrated

epidermis. Corn oil is also a very good skin conditioner and an ingredient in sheath-

ing products for dry hair, body massage oils, emollient hand creams, face care pro-

ducts, skin care products, after-sun oils and creams, and nourishing lip balms (86).

6.2. Biodiesel

In most parts of the world, the term ‘‘biodiesel’’ now denotes a diesel fuel that is

produced by converting a vegetable oil to methyl (or ethyl) esters. In the United

States soybean oil has been the primary feedstock for biodiesel, mainly becase it

is commonly the least expensive and most abundant vegetable oil. Although there

are economic reasons why corn oil (and other U.S. vegetable oils) has not been used

as feedstocks for biodiesel, there are no technical reasons why a corn oil biodiesel

could not be successfully developed (personal communication. M. Haas).

6.3. Other Industrial Uses

Some of the other industrial uses for corn oil include insecticide formulations,

paints, varnishes, rubber substitutes, rust preventatives, soaps, leather tanning,

and textiles (87).

7. CONCLUSIONS

Corn oil’s desirable properties include its mild nutty flavor, high levels of unsatu-

rated fatty acids, low levels of saturated fatty acids, very low levels of linolenic
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acid, high levels of unsaponifiables (including phytosterols and tocopherols), and

stability during frying. Although the focus of consumers has been shifting toward

‘‘high- monounsaturate’’-oils (olive, canola, and NuSun sunflower oils), additional

research is still needed to objectively compare the health-promoting properties of

polyunsaturates versus monounsaturates. The food industry currently relies heavily

on corn oil margarine and other food products that contain hydrogenated corn oils.

Additional research also is needed to objectively evaluate the risks associated with

trans-fatty acid-containing products made from partially hydrogenated corn oil,

especially in light of the recent evidence that at least some types of natural

trans-fatty acids (conjugated linoleic acids) may have multiple health-promoting

properties.
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5
Cottonseed Oil

Richard D. O’Brien,
Lynn A. Jones, C. Clay King,

Phillip J. Wakelyn, and Peter J. Wan

1. INTRODUCTION

Cotton is both a food (cottonseed oil) and a fiber (cotton lint) crop. For each 100 kg

(220.46 lbs) of cotton fiber produced, the plant also produces about 150 kg (330.69 lbs)

of cottonseed. The cotton plant primarily is and has always been grown for the

textile fiber (cotton) component of the plant. Consequently, the production of

seed, which varies directly with cotton fiber production, is dominated by factors

determining the production of cotton fiber. Cottonseed is about 15–20% of the value

of the cotton crop.

A typical cottonseed crushing operation will separate the seed into oil [160 kg/t

(320 lbs/t)], hulls [260 kg/t (540 lbs/t)], meal [455 kg/t (910 lbs/t)], and linters

[83.5 kg/t (167 lbs/t)] (1). The hulls and meal are sources of vegetable protein

feed for animals; and the linters are used as a chemical cellulose source in personal

care products, in batting for upholstered furniture and mattresses, and in high-

quality paper (2).

Cottonseed oil, America’s original vegetable oil, dominated the United States

vegetable oil market for almost 100 years. The English and European vegetable

oil industry was based on a variety of oilseeds and tree fruits available in the

home countries and their colonies, bu t cottonseed was the principal raw material

for vegetable oil processors in the United States until the mid-twentieth century. In

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
Edited by Fereidoon Shahidi. Copyright # 2005 John Wiley & Sons, Inc.
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a little more than 50 years, through research and experimentation, chemists have

developed a clear, odorless, bland flavored cottonseed oil and a creamy, white

shortening that set the standards for edible fats and oils worldwide. The scientific

and technical advances developed to process cottonseed oil became the corner-

stones of the edible fats and oils industry as it is known today. Numerous

processes were developed or perfected especially for cottonseed oil, which later

found application for other oils. Today, vegetable oil processors worldwide,

including the United States, have a wide range of raw materials to choose from,

but cottonseed pioneered the American vegetable oil industry. Table1 identifies

most of the important dates and events in the history of cottonseed oil processing

and use (3).

2. COTTONSEED OIL INDUSTRY DEVELOPMENT

Crushing of cottonseed for oil was documented in the early Hindu medical books; a

topical medicine was prepared by pounding the cottonseeds followed by boiling to

extract the oil. An early Chinese process of oil extraction was the wedge press; but

it is not clear if this was used to extract oil from cottonseed. For many centuries the

use of cottonseed oil did not develop much beyond this crude stage and was con-

fined to local areas. Then, during the first part of the nineteenth century, plants in

Europe began to crush small quantities of Egyptian cottonseed. Fats and oils

shortages, caused by rapid population increases during the Industrial Revolution

and the English blockade during the Napoleonic Wars, invoked the natural law

of supply and demand, which increased the cost of the available fats and oils pro-

ducts to levels that made it impossible for many Europeans to afford them in their

diets or for illumination. The resultant demand for less expensive fats and oils

products led businessmen to extract oil from a variety of oilseeds and nuts; included

in these endeavors was cottonseed from Egypt and India (4, 5).

The sparsely populated United States had adequate supplies of animal fats while

western Europe was experiencing shortages. Nevertheless, the extraction of oil from

cottonseed became an attractive solution for another problem. Cotton cultivation

had increased rapidly in the United States after Eli Whitney invented the cotton

gin in 1793 creating a surplus supply of cottonseed, after that required for planting,

fertilizer, and animal feed. The excess cottonseed stocks became huge, worthless,

rotting piles that dotted the countryside in the southern states. A few entrepreneurs

began crushing cottonseed for oil between 1820 and 1830, but none of these ven-

tures survived more than a few years. Limited demand, as well as difficult and

expensive transportation to the markets, were formidable obstacles, but probably

foremost was the hull problem with the cottonseed varieties grown in America.

Oil extraction from the American cottonseed was hampered by the fact that the

seed of the short-staple variety grown has a tough hull covered with short cotton

fibers called linters. These residual fibers and hulls absorbed valuable oil, resulting

in low oil production and poor-quality, oily livestock feed. European cottonseed

crushings had been with Egyptian long-staple cotton varieties, which did not

have a tough hull covered with linters. In 1857, William Fee invented a huller,
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TABLE 1. Some Important Dates in the Evolution of Cottonseed Oil Processing

and Utilization.

Year Event Effect

1793 Eli Whitney invented the cotton gin Cotton cultivation substantially increased

Early Winterization process developed in Separation of an oil into liquid and solid

1800s France for the illumination industry fractions

1857 William Fee invented the Separation equipment which solved a

cottonseed huller major oil extraction problem

1859 Petroleum industry launched Eliminated illumination and lubrication as

potential cottonseed oil applications

1880 Alexander Winters bleaching patent Color adsorbed with Fuller’s earth

1880s Refining with caustic soda Alkali refining introduced and accepted

1882 Olive oil adulteration European import tariffs imposed with

complete expulsion from Italian markets

1882 Cottonseed oil bottled in the U.S. Limited acceptance due to flavor & odor

1883 O. G. Burnham patented a Allowed the addition of higher levels of

refrigerated chill roll cottonseed oil to lard

1884 Lard adulteration U.S. label restrictions—mandatory

identification of ‘‘lard compound’’

1886 W. B. Albright bleaching patent Steam used to recover oil from earth

Late Acidity analysis Chemists learned that FFA level in crude

1880s cottonseed oil was a good quality indicator

1891 Henry Eckstein introduced steam Removed the objectionable flavors and

distillation for cottonseed oil odors from the oil

1897 Sabatier discovered vapor phase Process to convert a liquid oil to a

hydrogenation using nickel catalyst semi-solid

1899 Wesson Oil�R introduced Cottonseed oil deodorized with a vacuum

and superheated steam

1903 William Norman granted British Assigned to Joseph Crossfied & Son, a

patent for hydrogenation British concern that used the process

to harden whale oil for soap manufacture

1909 Procter and Gamble acquired the Developed the hydrogenation process for

U.S. rights to Norman’s patent food oil use

1911 Crisco�R shortening introduced First hydrogenated all-vegetable shortening

Early Closed internal scraped wall heat Shortening and margarine plasticization

1930s exchanger developed by Votator�R equipment offering improved sanitation

and product uniformity

1930s Pre-Press Solvent Extraction Oil recovery improved from 80% to 97%

Process Developed

1933 Introduction of superglycerinated Initiation of the era of tailor-made fats and

shortening oils products

1941 World War II Cottonseed oil shortages forced

soybean oil utilization

1944 Soybean oil production outranks Cottonseed oil shortages and lower cost

cottonseed oil for the first time soybean oil utilization

1950 Soybean oil replaces cottonseed oil Hydrogenation and emulsifiers allow

as the dominate oil for shortenings utilization of the more economical oil

1951 Cottonseed oil looses dominance Transportation and grocery store handling

in margarine to soybean oil improvements allowed product changes

1958 Cottonseed oil use in salad oil Flavor problems with more economical

manufacture drops below 50% soybean salad oil decreased

1960s Expander Solvent Extraction Improved oil recovery and quality

Technology Introduced
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which effectively separated the tough, linty hulls from the meats to solve the major

extraction problem with American cottonseed. (6, 7). Fee also invented an

improved hydraulic press, and although many advances were made in the mechan-

ical process of cottonseed crushing, the basic technology available remained

unchanged well into the twentieth century.

Cottonseed oil usage for illumination purposes in lamps and candles to supple-

ment whale oil and lard was curtailed by the petroleum industry in 1859. Apart

from its use as a smokeless oil for miner’s lamps during the late nineteenth century,

cottonseed oil would have no future as an illuminant (8). However, the processing

techniques developed in connection with lighting ultimately became important to

the food industry. Candles require a wax or fat with a high melting point to remain

solid until melted from the flame heat; conversely, a lamp oil must be a clear liquid

to maintain a flame. During the early nineteenth century, a fractionation process

was developed in France to make vegetable oils more like whale oil and tallow.

This technique, called winterization, was achieved by holding the oil in outside

tanks during the winter. The low winter temperatures caused the higher melting

fractions to crystallize and settle to the bottom of the tank, leaving a top layer of

clear oil. The clear oil could be obtained by either decanting from the top or filter-

ing the mixture to separate the liquid and solid fractions (9). The hard fractions

found application as a tallow replacement in candle making, and the liquid fraction

could be used as a lamp oil.

Even with all of the early setbacks, cottonseed crushing and refining became a

profitable venture in the United States after 1870. Large quantities of cottonseed oil

were exported for use in soap manufacture and some found its way into cooking,

salad oils, and the oleomargarine product developed by the French chemist,

Hippolyte Mege-Mouries. Adulteration of olive oil with cottonseed oil resulted in

import tariffs in the olive growing countries and complete expulsion from Italy in

1883. These restrictions curtailed cottonseed oil exports to create an oversupply of

cottonseed oil, which again decreased the value (6).

High lard prices offered an opportunity to increase the domestic consumption of

cottonseed oil. Lard was the choice fat for cooking and baking in many parts of the

western world. One of the chief reasons was the particular consistency, which was

optimum for incorporation into breads, cakes, pastries, and other baked products. It

had become common practice to mix beef fat or tallow with lard, so adulteration

with cottonseed oil was a natural step for the use of the inexpensive oil. Initially,

meat packers secretly added cottonseed oil to lard. This practice was uncovered in

1884, when Armour and Company, seeking to corner the lard market, found that it

had purchased more lard than the existing hog population could have produced.

Public disclosure of this practice led to a Congressional investigation, which

made identification of these mixtures with the descriptive name ‘‘lard compound’’

or ‘‘compound’’ mandatory (6, 10).

Major improvements in oil processing had to take place before substantial quan-

tities of cottonseed oil could replace lard as the preferred fat for baking and frying.

Crude cottonseed oil was unsuitable for use in most food applications because of

its dark color, high free fatty acid content, and objectionable flavor and odor.
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Cottonseed oils crushed in Europe and Asia prior to the nineteenth century did not

have the objectionable qualities experienced after technology improvements to

improve yield were implemented. Oilseed milling became an established trade in

Europe, without the benefit of any substantial technology advancements since the

days of the Roman Empire. These inefficient practices produced an oil with a mild

flavor and odor due to a very low level of nontriglycerides. Oil quality changed with

the improvements in milling machinery and technology during the seventeenth and

eighteenth centuries. Extraction technology progressed from edgestone to wedge

press to hydraulic press during this period. Hydraulic pressing was the predominant

means used to separate oil from cottonseed for most of the nineteenth century. Eco-

nomics promoted research activity to recover the oil left in the press cake; mechan-

ical pressing left nearly 20% of the available oil in the press cake. This effort led to

the prepress solvent extraction process in the 1930s that was able to recover better

than 97% of the available oil in cottonseed. Further productivity and quality

demands brought expander-solvent extraction technology into cottonseed crushing

in the late 1960s (11). The more efficient high-pressure expression and solvent

extraction systems provided higher oil yields, which contained substantial quanti-

ties of nontriglyceride materials like gums, color bodies, and other impurities with

strong flavors and odors. As a result of the presence of these impurities, these oils

require more processing to provide a palatable product (12, 13).

Acid-refining techniques were introduced in the United States during the last

half of the eighteenth century but never assumed importance. Alkali-refining pro-

cedures developed in Europe around 1840 using calcium and potassium hydroxides,

also never found acceptance in the United States. Later, during the 1880s, alkali

refining using caustic soda was introduced and found acceptance. Cottonseed oils

were alkali refined in open kettles, and the foots were separated by gravitation until

continuous systems utilizing centrifuges were introduced (14–16). Refining with

caustic soda reduced both free fatty acid content and a large portion of the red-

yellow color pigment, gossypol, in cottonseed oils. Caustic-refined cottonseed

oils were found acceptable for packing sardines and marginally acceptable for mix-

ing with lard when it was scarce and expensive. Neutralized cottonseed oil after

caustic refining still had an acrid flavor and somewhat unpleasant odor, which

limited consumer acceptance (17).

Additional color removal from cottonseed oil was necessary to make it more

acceptable for edible oil applications. People expected lard to be white; therefore,

cottonseed oil used to dilute lard or as an ingredient to replace lard had to be light in

color. At first, refiners used a bleaching technique previously used to remove the

orange color from palm oil. This bleaching process was accomplished by exposing

the oil to sunlight in large shallow tanks for up to 18 months on factory roofs. This

method had serious drawbacks: the lengthy process tied up capital for months, and

the sunlight deteriorated the keeping quality of the oil. Cottonseed oil processors

then began to experiment with bleaching agents, such as carbon and different kinds

of clays or bleaching earths, to adsorb the color pigments. The use of bleaching

earth for vegetable oil decolorization was an American achievement. In 1880,

Alexander Winters obtained a U.S. Patent for purifying animal and vegetable fats
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by treatment with pulverized fuller’s earth. Six years later, William B. Allbright

secured a patent for fuller’s earth applied with steam to facilitate removal of oil

from the used earth.

Although caustic refining removed free fatty acids and other impurities and

bleaching with fuller’s earth solved the color problem, the unpleasant flavor and

odor limited the acceptance of cottonseed oil as a salad or cooking oil, as an ingre-

dient for margarines, and the levels that could be used in lard compounds or

substitutes. Attempts to chemically remove the offensive flavor or mask them

with spices or flavors were unsuccessful. The first successful attempt at actually

removing odor and flavor consisted of blowing a current of live steam through

oil at elevated temperatures and atmospheric pressure. Reportedly, Henry Eckstein,

a Fairbank Company chemist, observed this technique at an English firm and under-

stood its importance for the future of cottonseed oil. He introduced this technique

around 1891, and it was quickly adopted by most American processors with other

refinements identified by Boyce, Cuff, and others. Later, David Wesson perfected

and introduced a deodorization process that exposed oil to superheated steam in a

vacuum. This process provided a bland-flavored oil with improved stability or keep-

ing quality. Deodorization enabled processors to increase the amount of cottonseed

oil in lard compounds to 80% or more (7, 8, 17, 18).

Cottonseed oil was bottled in the United States as early as 1882, some of it with

labels printed in French, Spanish, and Italian to make immigrants think that they

were buying olive oil from the country of their origin. Acceptance of liquid cotton-

seed oil was limited by the acrid flavor and unpleasant odor (9). In 1899, David

Wesson convinced the Southern Cotton Oil Company to process, package, and dis-

tribute Wesson Oil. This cottonseed salad oil was caustic refined, adsorption

bleached, and deodorized with the Wesson technique after winterization. The win-

terization process, a nineteenth-century French development to make whale oil sub-

stitutes, removed the high melting fractions from cottonseed oil to maintain clarity

at refrigerator temperatures. This requirement became a necessity with the intro-

duction of mechanical refrigeration and the increased popularity of mayonnaise,

salad dressings, and other emulsified sauces. Oils that solidify at refrigerator tem-

peratures cause emulsions to break, resulting in an unsightly product separation.

Introduction of the catalytic hydrogenation process gave the cottonseed oil pro-

cessors independence from the meat-packing industry and initiated a new era. Com-

pounds were dependent on oleo stearine as the stiffening agent, which were

supplied by the meat packers who recognized their monopolistic situation and

maintained a high cost for this material. Hydrogenation provided a means for con-

verting liquid cottonseed oil to semisolid with a consistency similar to the meat-fat

stearine products. Sabatier discovered vapor-phase hydrogenation, using nickel as a

catalyst, in Paris in 1897. Six years later, William Norman, a German working in

England, obtained a British patent for hydrogenation, and in 1906 commercial

hydrogenation of whale oil began. Procter & Gamble acquired the U.S. rights to

the Norman patent in 1909 and produced the first all-vegetable shortening in

1911. The product was named kispo, which was later changed to Crisco, short

for crystallized cottonseed oil. Crisco is still the leading household shortening in
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the year 2004 and even though it has undergone several composition changes, it still

utilizes some cottonseed oil in the formulation. The success of this hydrogenated

cottonseed oil inclined other manufactures to litigation actions, which led to a

U.S. Supreme Court decision invalidating Procter & Gambles exclusive use of

the Norman patent and cleared the way for all processors to employ the hydrogena-

tion process (8, 19).

Meat packers continued to offer lard compounds, later shortened to ‘‘com-

pounds’’, employing the hydrogenation process only for the production of hardened

oils to serve as occasional substitutes for oleostearine. Cottonseed oil producers had

the foresight to abandon the lard substitute product concept and description to offer

their hydrogenated products as a new food ingredient that has become known as

shortening. Thereafter, shortening development followed two divergent courses;

all-hydrogenated or a blended type formulation somewhat similar to the compound

concept.

The hydrogenation process gave cottonseed oil shortenings a definite advantage

over the compound shortenings offered by the meat packers. This key process per-

mitted them to change the composition of the inherently liquid oil products to pro-

vide a more consistent product. The properties of the hydrogenated cottonseed oil

shortenings could be controlled, whereas, the consistency of lard varied according

to the time of the year, the variety and age of the hogs, and the type of feed. The

superior neutrality, oxidative stability, and uniformity of the hydrogenated cotton-

seed oil shortenings found favor with commercial bakers and homemakers alike

at the expense of the meat-fat products. This was confirmed by the consumers

willingness to consistently pay higher prices for the hydrogenated cottonseed oil

shortenings.

Solidification of shortening and margarine into smooth plastic products also

posed formidable challenges for the edible oil industry. Pure lard contains relatively

little high-melting fractions; therefore, slow cooling was a satisfactory procedure

for production of smooth, plastic lard products. Agitation of shortening products

in jacketed, water chilled tanks, which had been the usual practice for lard, resulted

in grainy products with the lard compounds containing cottonseed oil as well as the

hydrogenated shortenings. An internally refrigerated chill roll developed for crys-

tallizing lard compounds was patented by O. G. Burnham in 1883. The chill roll

consisted of a revolving hollow metal cylinder chilled by circulating cold or brine

water. A thin layer of lard compound or shortening applied to the revolving drum

solidified and was scraped off into a mixing unit, called a picker pan, where crystal-

lization continued and air was incorporated. After picking, the product was forced

through a small orifice at high pressure to complete the homogenization of the air

and oil. This crystallization process allowed incorporation of higher levels of

cottonseed oil in lard compound products (20).

Initially, margarine was chilled by pouring or spraying molten emulsions into a

vat of running cold water. The emulsion entered at one end of the vat and solidified

before it reached the other end. The solidified material floated to the surface in the

form of a flaky mass, which was skimmed off. After the excess water was drained

from the solidified emulsion, it was worked to achieve the desired consistency. The
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chill roll used to plasticize lard compounds and shortenings was adopted and used

in nearly the same manner (21).

In the early 1930s, development of improved heat-transfer equipment for freez-

ing ice cream led to the perfection of a closed, continuous, internal scraped wall

chilling unit, which replaced chill rolls for plasticizing shortening and margarine

products. Votator1 equipment chilled and plasticized shortenings and margarines

in seconds as it flowed continuously through a closed, mechanically controlled sys-

tem. Adoption of this system offered a number of advantages: (1) improved sanita-

tion afforded by a closed system; (2) improved product uniformity provided by

more accurate control of nitrogen injection, temperature, pressure, agitation, and

throughput; (3) cost reductions resulting from labor savings, reduced space require-

ments, and lower refrigeration demand; and (4) a reduction in product losses (22).

Versions of these closed internal chilling systems are still employed to plasticize

shortenings and margarines.

In 1933, the introduction of superglycerinated shortening brought about signifi-

cant changes for the baker and the shortening industry. These shortenings contained

monoglycerides and diglycerides, which promoted emulsification of fat in water.

Emulsified shortenings allowed bakers to produce more moist, higher volume, longer

shelf life cakes with a fine grain and texture, lighter icings and fillings with higher

moisture levels, and yeast-raised bread and rolls with an extended shelf life. This

development added a new dimension to the fats and oils industry, which ushered in

the era of tailor-made shortenings. Shortening applications were expanded beyond

baking usage to snacks, dairy analogs, confections, foodservice, and other areas. At

the beginning of World War II, the United States domestic use of cottonseed oil

was 65% in shortenings, 8% in margarines, and 18% for miscellaneous food

products, which included salad dressing, mayonnaise, salad oil, and packing of

fish and cured meats (23).

2.1. Post World War II Cottonseed Oil Markets

Cottonseed oil was the edible oil of choice in the United States for many years, both

as a liquid for salad and cooking oils and hydrogenated to produce shortenings and

margarines. During the beginning years of the U.S. soybean oil industry, it’s flavor

and reversion problems were cottonseed oil’s allies to support cottonseed oil’s

dominant position and premium pricing. This dominant position was maintained

well into the 1950s until the boll weevil and New Deal crop restrictions opened

the door to U.S. markets for competing vegetable oil by limiting the availability

of cottonseed oil (6). Cottonseed oil shortages and an increased demand for edible

oil encouraged research by government and industrial laboratories to develop pro-

cesses to make soybean oil more palatable. Cottonseed oil lost its dominant position

but retained its premium pricing over soybean oil and the food fat it originally

challenged for market share—lard.

Cottonseed oil shortages during World War II allowed soybean oil production to

grow despite serious flavor, stability, and reversion problems. Reminiscent of cot-

tonseed oil’s early days when it was used to adulterate lard, fats and oils processors

incorporated as much soybean oil as possible into cottonseed-oil-based formula-
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tions to take advantage of the 4–9 cent per pound lower cost. Initially, the amount

that could be blended into margarine and shortening products was restricted to less

than 30% to ensure that an objectionable flavor and odor would not develop.

Soon after World War II, soybean surpassed cottonseed as the principal source of

vegetable oil in the United States. In the early 1950s, researchers identified the

cause of soybean oil’s offensive flavor as the 7–8% linolenic fatty acid content

with a classic experiment. Nine percent linolenic fatty acid was intersterified into

cottonseed oil, which typically contains less than 1% of this unsaturated fatty acid.

Blind flavor panels profiled this modified cottonseed oil as soybean oil. This finding

gave processors a means to improve the acceptance of soybean oil: hydrogenation

to reduce the linolenic fatty acid content (24). Margarine and especially shortening

products, were the most likely candidates for hydrogenated soybean oil utilization

because these formulations already employed hydrogenated cottonseed oil base-

stocks. However, the beta crystal habit of soybean and most other vegetable oils

could not duplicate the smooth, creamy consistency contributed by the beta-prime

crystal habit of cottonseed oil. Therefore, it was necessary to formulate soybean oil-

based shortenings requiring a smooth, plastic consistency with some hydrogenated

cottonseed oil or another beta-prime crystal promoter. However, this was not the

case with margarine; the use of multiple high-trans basestocks, uniform low-

temperature shipping, storage, and display practices in the United States allowed

table-grade margarines and spreads to be formulated with 100% soybean oil.

Soybean salad oil with an iodine value similar to winterized cottonseed salad oil

and the linolenic fatty acid reduced to 3–4% was introduced to the U.S. market

around 1958. This product was lightly hydrogenated and subsequently winterized

to remove the hard fractions developed during hydrogenation. Even with additional

hydrogenation costs, this salad oil cost less than winterized cottonseed salad oils.

Specially processed soybean salad oil was eventually accepted as a replacement

for cottonseed salad oil, but most processors proceeded cautiously, offering blends

with cottonseed during the introductory periods, beginning with 20–30% soybean

salad oil and gradually increasing the proportion, eventually reaching 100% several

years later.

With the success of soybean oil and a growing consumer appreciation for nutri-

tional foods, other vegetable oils began to more actively compete for a share of the

vegetable oil market. The importance of the essential fatty acids, linoleic and lino-

lenic, were recognized and diet modification to restrict intake of cholesterol, satu-

rated fatty acids, trans fatty acids, and total fat calories have been recommended to

lower serum cholesterol levels in order to reduce the risk of heart attacks. The fats

and oils usage data on Table 2 (25–28) reflects these trends: (1) a move away from

animal fats to vegetable oils; (2) replacement of previously established fats and oils

with different source oils; (3) introduction of new vegetable oils; (4) a rise and fall

of some individual source oils; (5) source oil changes reflecting the results of

medical studies; (6) introduction of new oil seed hybrids; and more. Ironically,

the implications in this table could be used as the basis for a social commentary

on life in the United States in the late twentieth, early twenty-first century. For

cottonseed oil, these data show a rapid decline in U.S. domestic usage volume after

1950 to a low point in the 1980s when it started to regain domestic market share.
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This renewed popularity was most likely at the expense of tallow and palm oil,

which lost consumer appeal due to unfavorable publicity highlighting nutritional

concerns with saturated fatty acids or cholesterol; both of these edible fats and

oils crystallize in the beta-prime habit like cottonseed oil.

Two primary contributing factors to the supply of cottonseed for processing, and

thus cottonseed oil, in the United States are (1) the supply of seed is determined by

the demand for cotton lint, which has been heavily influenced by the cotton provi-

sions of the U.S. Farm Program, and (2) the raw material usage of cottonseed has

changed dramatically at the end of the twentieth century. Cotton acreage planted in

the United States is largely determined by the support programs of the USDA and is

based on world and domestic stocks and the expected lint requirements. Thus, the

supply of cottonseed cannot respond to market signals the way soybean production

has since the 1940s. The second influence on cottonseed stocks for crushing has

been the competition for whole seed by the dairy-feeding industry. Shifts in dairy

production in the past two decades have put a premium on cottonseed’s unique

combination of protein, energy and fiber, and this has affected the availability of

whole cottonseed for dairy feeding. The tonnage of cottonseed crushed in the

United States dropped by a third between 1980 and 2002 while the total supply

of seed rose during the same period. These divergent trends resulted in approxi-

mately 74% of the cottonseed available in 1980 in the U.S. being crushed for

products as opposed to crush levels near 36% twenty-two years later. These shifts

are indicated in Table 3 (29, 30).

TABLE 2. U.S. Edible Fats and Oils Disappearance and Per Capita Consumption.

1000 Metric Tons

Year 1950 1960 1970 1980 1990 2000

Canola 261.7 791.1

Coconut 58.5 78.0 357.4 468.1 406.9 439.1

Corn 101.2 140.6 201.9 305.3 521.2 776.1

Cottonseed 655.4 555.7 404.2 237.2 386.0 305.7

Olive 35.8 23.1 30.4 26.3 95.7 206.4

Palm 0.5 82.6 135.6 116.1 170.1

Palm Kernel 11.8 24.0 42.6 NR 164.2 110.2

Peanut 46.7 28.1 87.5 50.8 89.4 110.7

Safflower 45.4 26.3 46.3

Soybean 655.9 1365.8 2836.3 4134.1 5517.6 7352.8

Sunflower 29.0 90.7 161.9

Lard 929.9 856.8 746.2 464.0 374.2 436.4

Tallow 70.8 148.8 235.0 451.3 433.2 679.5

Butter 601.9 504.9 487.6 461.3 496.7 463.6

Total 3167.9 3726.3 5557 6763.1 8979.9 12049.8

Per capita consumption, kg

Vegetable oils 10.9 12.1 17.7 20.4 23.9 28.6

Animal fats 9.9 8.4 6.4 5.5 4.3 5.2

Total 20.8 20.5 24.0 25.9 28.2 33.8

NR¼ not reported
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TABLE 3. Cottonseed Supply and Disappearance Data for Selected Years (1,000 Metric Tons).

Supply Disappearance

Year Beginning Beginning Amount of Feed, Seed Ending

Aug. 1 Stocks Production Total Crush Supply Crushed (%) Exports and Residual Total Stocks

1899–1900 — 3,767 — 2,249 53% — — — —

1904–1905 — 5,413 3,035 56% — — — —

1914–1915 — 6,491 6,501 5,244 81% 3 1,255 6501a —

1929–1930 38 5,812 5,870 4,551 78% — 1,279 5830a —

1937–1938 38 7,116 7,154 5,739 81% — 1,112 6848a —

1940–1941 36 4,795 4,832 3,990 83% — 723 4713a 119

1950–1951 261 3,724 3,986 3,380 85% 5 543 3926a 60

1960–1961 95 5,340 5,435 4,855 89% 5 405 5264a 171

1970–1971 73 3,690 3,763 3,382 90% 35 148 3,565 198

1980–1981 960 4,056 5,016 3,698 74% 121 836 4,655 361

1990–1991 332 5,415 5,749 3,056 53% 48 2,054 5,158 591

2000–2001 249 5,839 6,427 2,498 39% 213 3,329 6,039 396

aCalculated.



The export market for U.S. cottonseed oil also affects supplies (31–33). Avail-

able cottonseed oil is consumed domestically or exported, most likely to the most

profitable market. Supply and demand practices have channeled the available sup-

plies to the highest bidders which long maintained a premium price structure, while

disposing of the available cottonseed. Cottonseed oil exports were a strong market

during the initial years of the U.S. cottonseed crushing industry and again in the

1980’s. Foreign tariffs in 1882 and U.S. imposed tariffs in 1921 caused export

declines (6). In the 1990’s, price competition from South American countries and

the above-mentioned domestic seed supply problems again ate away at export

volumes.

The technologies, processes, and methods developed to produce shortening,

salad oil, margarine, and other edible oil products with cottonseed oil have been

adapted for use with soybean, corn, canola, and other oilseeds as well as the animal

fats; lard and tallow. However, fats and oils interchangeability is limited by the

physical and chemical characteristics of the individual source oil. Each source oil

has distinctive flavor characteristics, fatty acid compositions, and triglyceride

structures. Cottonseed oil’s properties have helped to maintain it as an important

source oil for food products worldwide. U.S. cottonseed oil has enjoyed a strong

export market, along with the high demand for its performance characteristic in

specific food products. Cottonseed oil’s functional characteristics; such as a pleas-

ing flavor described as nutty, good flavor stability resulting from an absence of tri-

unsaturates, which oxidize rapidly, and a beta-prime crystal habit probably due to a

high-palmitic fatty acid content, have helped to maintain it as a desirable vegetable

oil. These characteristics and the fact that it was America’s original vegetable oil

has made it the standard to which other oils are compared.

2.2. World Production of Vegetable Oils

Cottonseed oil dominated the U.S. and world edible oil markets until just before

World War II, when it was displaced by soybean oil. Cottonseed oil had occupied

this dominant position because of ample supplies, generally a lower price than com-

peting oils, and manufacturers preferred cottonseed oil for most edible products.

The major reason for the loss of this dominant position was an increased demand

for edible oils, which cottonseed oil could not meet. An adequate supply of raw

material was not available due to a declining demand for cotton. The cotton fiber

surplus resulted in cotton farm acreage being converted to growing soybeans. Initi-

ally, oil demand influenced soybean cultivation to fill the edible oil shortage. Later,

recognition of a world shortage of food protein changed this to make soybean oil

production secondary to the demand for meal.

About 80 countries in the world grow cotton (34). Planting time for cotton varies

by locality, varying from February to June in the Northern Hemisphere; harvest

time is in the late summer or early/late fall. In the Western Hemisphere, cotton

is cultivated between about 37� N and 32� S latitude and in the Eastern Hemisphere,

between about 47� N and 30� S. Cultivation of cotton differs markedly from one

country to another, depending on the degree of mechanization (35). The People’s
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Republic of China, the United States, India, Pakistan, and Uzbekistan are the largest

producers of cotton and cottonseed (34) and presumably the largest user of cotton-

seed oil. Turkey, Brazil, and Egypt also grow cotton and produce cottonseed oil,

mostly for domestic use (36). Brazil, Argentina, and the United States are the major

exporters of cottonseed oil.

The world vegetable oil markets and cottonseed oil have experienced many

changes over time. One of the more interesting changes for cottonseed oil is a

decrease in position of vegetable oil predominance from second place to sixth while

the quantities produced have steadily increased. Soybean oil has maintained a

dominant position over the past 40 years but has competition from oils grown pri-

marily for their oil content; sunflower oil from Europe, ground nut (peanut) oil from

Africa, rapeseed oil from Canada and Europe, and palm oil from tropical countries.

Another interesting point, illustrated in Table 4, is that palm oil easily becomes the

world leader when the U.S. consumption is taken away from the world market

statistics.

3. COTTONSEED OIL PROPERTIES

Cotton is a warm-weather shrub or tree of the Malvaceae family, the tribe Gossy-

pieae, and the genus Gossypium that grows naturally as a perennial but for commer-

cial purposes is grown as an annual (34). Botanically, cotton bolls are fruits (37).

The principal domesticated species of cotton of commercial importance are hirsu-

tum, barbadense, arboreum, and herbaceum (38). Many different varieties of these

species have been developed through conventional breeding to produce cotton

plants with improved agronomic properties and with improved cotton fiber and

cottonseed properties (39).

TABLE 4. World Vegetable Oil Production.

2001/2002 World Vegetabe Oil Production (Metric Tons)

Rank With Without % U.S.

Order U.S. Usage U.S. Usage Usage

1 Soybean 28660.1 Palm 24614.4 0.86

2 Palm 24828.1 Soybean 20968.0 26.84

3 Canola 12174.5 Canola 11497.3 5.56

4 Sunflower 7554.2 Sunflower 7384.1 2.35

5 Peanut 4291.0 Peanut 4177.6 2.64

6 Cottonseed 3812.0 Cottonseed 3464.1 9.13

7 Coconut 3253.2 Coconut 2754.2 15.34

8 Palm Kernel 3103.5 Palm Kernel 2942.5 5.19

9 Olive 2524.7 Olive 2318.3 8.17

10 Corna 1115.4 Corn 512.6 45.96

Total 91316.8 Total 80633.2 11.70

aU.S. production only.
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The overwhelming proportion of cottonseed oil in the United States is obtained

from the seeds of Gossypium hirsutum, which is the shorter staple upland cotton

(about 92% of world cotton production and about 97% of U.S. production). Gossy-

pium barbadense, the extra long staple, or Egyptian, cotton, comprises only about

3% of the U.S. crop and about 8% worldwide. Gossypium aboreum and herbaceum

are of very minor importance but are grown in China, India, and Pakistan. Crude

cottonseed oil has a strong, characteristic flavor and a dark, reddish brown color

from the presence of highly colored material extracted from the seed. It is a member

of a particularly useful group of vegetable oils whose fatty acids consist substan-

tially of 16 and 18 carbon fatty acids containing no more than two double bonds.

Cottonseed oil is stable in the beta-prime crystal form, which is desirable in most

solidified products because it promotes a smooth, workable consistency usually

referred to as plasticity. Deodorized cottonseed oil’s reverted flavor is usually

described as nutty or nut-like, which is acceptable at higher degrees of oxidation

than other vegetable oils. Its characteristics make it a highly desirable food oil

for use in salad and cooking oils, shortenings, margarines, and specialty fats and

oils products.

A number of factors are responsible for minor variations in the composition of

cottonseed oil before it is extracted from the seed. These include climate, growing

region, variety of cotton grown, the agronomic practices employed, and the

handling/storage of the cottonseed before crushing. Due to the interaction of all

these factors in any one sample of oil, it is difficult to make clear generalizations

about quality variations. Factors influencing cottonseed oil quality before it is

extracted from the seed are discussed below.

Climate. Cotton is very productive at high temperatures when adequate water is

available. Free fatty acid levels may rise during hot, humid conditions, but heavy

irrigation above normal levels appears to have no effect on oil hydrolysis to produce

free fatty acids. Abundant rainfall, particularly in May and June, favor high seed-oil

content. Low rainfall tends to increase the proportion of protein, but prolonged

drought results in smaller seeds. Increased maturity, rather than warm weather,

seems to be responsible for higher oil content in late-harvested seeds. Protein is

accumulated in the seeds gradually, but oil is produced just before the boll opens.

Stansbury and co-workers (40) found that high temperatures during seed develop-

ment influenced saturated fatty acid development. They determined that the average

iodine value decrease (reduction in unsaturated fatty acids) per �F temperature was

0.76 during boll development and 1.172 during seed development.

Geographical Regions. Differences in climate and soil conditions cause geogra-

phical regions to have a major influence on cottonseed composition, which can

be greater than that caused by the variety of seed grown (41). Tharp (42) reviewed

the variations in oil and protein levels from four regions of the United States and

found that qualitative differences can occur. For example, oil from the Mississippi

Delta region is usually more unsaturated than oil from Texas (43). The iodine value

of the oils tends to increase in seeds grown farther north (42). Meara and Steiner

(44) examined several American, Indian, African, and West Indian cottonseed oils

and concluded that the geographic location had a major effect on the degree of
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unsaturation. The iodine values of 25 cotton varieties ranged from about 97 to 112.

Certain varieties appear to be better suited for certain geographical regions. During

the 1978–1982 Regional Cotton Variety Tests, the variety Acala SJ-5 had higher oil

contents than Stoneville 213, but this difference was larger in the western regions,

particularly in the San Joaquin Valley (41).

Fertilizers. Nitrogen, phosphorus, and potassium in various percentages are the

components of most crop fertilizers. Other elements are vital to plant growth, but

their effects on oil content and composition have not been studied as closely. High

nitrogen levels favor increased protein content in seeds along with decreased lint

and higher number of seeds per boll (42). In a comparison of two levels of nitrogen

application, lower levels produced seeds with higher oil content and viability

(42, 45, 46). Phosphorus has no clear effect on oil and protein levels and potassium

seems to cause a slight increase in oil content. Potassium can increase the oil result-

ing from a given land area by both increasing the seed cotton produced and the oil

percentage, the latter perhaps at the expense of seed protein (47). Interactions

among all three nutrients and any growth regulators can occur and a balance is

important (46).

Seed Handling and Storage. Cottonseed oil from improperly stored cottonseeds

will develop a dark color that requires additional processing. Boatner (48) noted

that the following conditions favor the development of colored or ‘‘reverted’’ oil:

harvest of immature (bollie) seeds, extremes of moisture or temperature, or other

damage to the cotton plant during cultivation or harvest. Oxidation of gossypol

and other pigments has been proposed as the chemical cause of the color (49).

To avoid this color change, processors avoid intermingling seed known to be

damaged or immature with good-quality seeds. Seeds with higher moisture or higher

than normal free fatty acid (FFA) content are usually processed first. Only seeds

with good quality are stored to be processed throughout the crop year before the

next crop season begins. The moisture, temperature, and FFA level of seeds in

storage are monitored periodically and serve as the basis for further processing

and handling decisions.

Varieties. Glandless cotton varieties tend to contain more oil in the seed than do

glanded varieties (50), and the glandless oil is slightly more unsaturated (51).

Although both types of cottonseed contain approximately equal levels of cyclopro-

penoid fatty acids, the higher gossypol content of glanded seeds causes higher

refined and bleached oil colors compared to glandless. Despite these problems,

glanded seed types are by far the most common. Glanded varieties of cottonseed

normally contain numerous tiny glands (30–70 micrometers) which hold the natural

pigment, gossypol, and other gossypol-like compounds. Gossypol, a polyphenolic

pigment (sesquiterpene), is a known antinutrient to livestock and thought to be a

source of color problems to cottonseed oil, has been the focus of both scientific

and practical research (23). However, gossypol is not detectable in RBD cottonseed

oil using the most sensitive analytical techniques currently known. Research efforts

have been devoted to removing pigment glands from cottonseed by processing or

breeding. Screw press, expeller, liquid cyclone (LCP), and air classification pro-

cesses have been developed to reduce the free gossypol content or to remove the
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gossypol pigment glands from cottonseed meal (52). All these processes are able to

produce cottonseed meal with a low enough free-gossypol content (< 450 ppm) for

food applications. However, except for a small amount of screw pressed meal,

neither LCP nor air classified cottonseed meals have been made commercially

available. Glandless cottonseed, a new variety seed without the pigment glands,

was developed with traditional breeding research and introduced in the 1960s

(53). Lusas and Jividen (54) have provided a thorough review of the discovery

and history of glandless cottonseed.

Like other agricultural crops, cotton has been the subject of traditional breeding

and genetic modification programs to develop new varieties with improved charac-

teristics. Cotton is one of the leading crops to be genetically engineered (55) and

since its introduction in 1996, transgenic cotton has been one of the most rapidly

adopted technologies ever (56). In 2002/2003, transgenic cotton varieties comprised

about 20% of the harvested cotton acres and about 27% of the cotton produced in

the world (57). Presently, it is being grown in the United States, China (Mainland),

Australia, South Africa, Argentina, Mexico, India, and Indonesia. In the United

States, in 2002, about 78% of the planted cotton acreage was transgenic cotton.

Genetic engineering is being used to produce transgenic cottons with insect resis-

tance (e.g., Bollgard1; ‘‘Bt cottons’’ incorporating genes from Bacillus thuringiensis

for boll worm/bud worm resistance), herbicide tolerance [e.g., bromoxynil

(Buctril1; ‘‘BXN cotton’’), and glyphosate (Roundup1; ‘‘Roundup Ready1;

cottons’’ (59)) tolerant cottons] (57, 58). A second wave of transgenic cottons is

imminent, with plants containing two Monsanto Bt genes in a ‘‘stack’’ debuted

in 2003, followed by glufosinate (Ignite1) herbicide-resistant cottons and plants

with better tolerance to glyphosate about 2006. Other countries, e.g., Egypt and

Pakistan, are evaluating the performance of transgenic cottons (60) and some are

preparing to plant them on a commercial scale (61–63).

Research is underway to produce transgenic cottons with other improved agro-

nomic traits as well as improved seed and fiber quality properties (56). Transgenic

technology can provide a means for modifying the lipid profile of cottonseed oil to

improve it nutritionally (e.g., high oleic) and provide the functional properties for

various food and industrial applications (e.g., high stearic) (64). Elimination of gos-

sypol from cottonseed would both enhance the feed value of the meal and could

reduce the processing cost of cottonseed oil (65). Genetic engineering may allow

the reduction or elimination of gossypol only in the seed without affecting its levels

in other mature parts of the plant where it has a beneficial function (66). Efforts

to eliminate or reduce gossypol in cottonseed are in progress through sense and

antisense transgenic approaches (67, 68).

Cottonseed oil, with the minimum amount of processing for a food product, is

refined, bleached, and deodorized (RBD) similarly to all vegetable oils that are used

for human consumption (69). Due to the processing, RBD cottonseed oil should not

contain any detectable aflatoxin, pesticides, or gossypol using current analytical

techniques. In addition, RBD cottonseed oil contains no detectable protein or

DNA, so oil from the transgenic plant should be identical to that from nontrans-

genic plants (55). The current focus of concern about transgenic plants is on
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food products (70), which have already impacted the use of cottonseed oil, meal,

and cake in the European Union. However, in 2002, the use of cottonseed oil

derived from plants containing the Bollgard1 gene or Roundup Ready1 gene

were approved by the European Commission for human consumption (71).

3.1. Cottonseed Oil Glyceride Composition

Chemically, all fats and oils are esters of glycerol and fatty acids; nevertheless, the

physical properties of natural fats and oils vary widely. This is because; (1) the pro-

portion of the fatty acids vary over wide ranges and (2) the triglyceride structures

vary for each individual oil and fat. Fats and oils are commonly referred to as tri-

glycerides because the glycerin molecule has three separate points where a fatty

acid can be attached. All triglycerides have identical glycerol components that

leave the fatty acids to contribute the different properties. Three aspects can differ-

entiate the fatty acid components: (1) chain length, (2) the number and position of

the double bonds, and (3) the position of the fatty acids with regard to the glycerol.

Variations in these characteristics cause a large portion of the chemical and physical

differences experienced with edible fats and oils. Fats and oils, for all practical pur-

poses, contain fatty acids with carbon chain lengths between 4 and 24 carbon atoms

with zero to three double bonds. The fatty acids occurring in edible fats and oils are

classified according to their degree of saturation:

� Saturated fatty acids, which contain only single carbon-to-carbon bonds, are

chemically the least reactive and have a higher melting point than correspond-

ing fatty acids of the same chain length with one or more double bonds. Most

of the natural saturated fatty acids have an unbranched structure with an even

number of carbon atoms. Fatty acids with carbon chain lengths from 2 to 30

have been reported, but the most important saturated fatty acids are butyric

(C4:0), lauric (C12:0), myristic (C14:0), palmitic (C16:0), stearic (C18:0),

arachidic (C20:0), behenic (C22:0), and lignoceric (C24:0). The melting point

of saturated fatty acids increases with chain length. Saturated fatty acids with

10 and longer carbon chains are solids at room temperature.

� Unsaturated fatty acids, which contain one or more carbon-to-carbon double

bonds, are the most chemically reactive and those with the most double bonds

are the most reactive. A fatty acid containing only one double bond is called

monounsaturated; the most notable is oleic (C18:1). When a fatty acid

contains more than one double bond, it is identified as polyunsaturated. The

notable polyunsaturated fatty acids are the essential fatty acids linoleic

(C18:2) and linolenic (C18:3). These fatty acids are essential in the sense

that the human body needs them and yet cannot either synthesize at all or in

sufficient quantities. In nature, the double bonds are cis-form, which has both

hydrogen atoms on the same side of the double bond. Trans-form fatty acids,

with the hydrogen atoms on opposite sides of the double bond, are thermo-

dynamically more stable. Trans-fatty acids are cis-form fatty acids that have

been isomerized by oxidation or hydrogenation (72).
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Cottonseed Oil Fatty Acid Composition. The specific fatty acid profile of the

triglycerides in cottonseed is dependent on the variety of cotton grown, growing

conditions such as temperature and rainfall, and the analytical method used to

determine the profile. Table 5 summarizes the fatty acid composition observations

of several research and commercial groups. Cottonseed oil is typical of the oleic–

linoleic group of vegetable oils, because those two fatty acids comprise almost 75%

of the total fatty acids. Although oleic acid makes up 22% and linoleic makes up

52%, less than 1% linolenic acid is present. Palmitic fatty acid makes up about 24%

of the fatty acids. Minor amounts of other saturated fatty acids are also found.

Bailey (23) noted that the composition of American cottonseed oils will rarely

fall outside of these limits: 23–28% total saturated fatty acids, 22–28% oleic acid,

and 44–53% linoleic acid. The Food and Agriculture Organization of the World

Health Organization (FAO/WHO) has determined a range of fatty acid contents

for commercial fats and oils. The acceptable range of fatty acids prescribed by

Codex in 1997 for cottonseed oil is shown in Table 6 (77).

Cherry et al. (78) examined the variation in cottonseed oil content and composi-

tion as part of a study of genetic and location effects on Texas cottonseed. Both

factors were found to have a significant effect on oil quantity. The oil content of

moisture and lint-free seeds ranged from 23.2% to 25.7% depending on location.

The variation in the six key fatty acids of cottonseed oil was significant within

both cultivars and location, and five of them had significant interactions between

cultivar and location. Linoleic acid varied from 49.07% to 57.64% with a mean

of 54.54%. Palmitic acid varied from 21.63% for an Acala variety grown in

Lubbock to 26.18% for a Lockett variety grown in Corpus Christi, whereas the

mean was 23.68%. The authors also indicated that agronomic practices as well

as weather conditions at the specific location may play a part in the observed

variation. Such variations in oil quantity are not well understood and have not

TABLE 5. Summary of Cottonseed Oil Fatty Acid Compositions.

References

c

Fatty Acid, % a b CA TX d e f

Myristic C14:0 0.8 0.9 0.7 0.9 0.8 0.8 0.7

Palmitic C16:0 27.3 24.7 22.7 25.2 23 22.7 21.6

Palmitoleic C16:1 0.8 0.7 0.6 0.8 0.6 0.8 0.6

Stearic C18:0 2.0 2.3 2.3 2.7 2.3 2.3 2.6

Oleic C18:1 18.3 17.6 17.3 17.5 15.6 17 18.6

Linoleic C18:2 50.5 53.3 55.8 52.6 55.6 51.5 54.4

Linolenic C18:3 0.3 0.3 0.2 0.7

Arachidic C20:0 0.1

a. (73). d. (75).

b. Durkee Industrial Foods, Cleveland, Ohio. e. (76).

c. (74). f. Capital City Products Co., Columbus, Ohio.
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been carefully studied in cotton, and more work needs to be done. Cherry et al. (79)

have provided a good review of the existing information.

Cottonseed Oil Triglyceride Composition. The triglyceride structure of an edible

fat or oil is affected by which carbon atom of the glycerol has the fatty acid linked,

whether the three fatty acids are the same or different, and the position of each.

Triglycerides with three identical fatty acids are called simple or monoacid trigly-

cerides. Triglycerides containing more than one type of fatty acid are called com-

plex or mixed triglycerides. A mixed triglyceride containing three different fatty

acids has three isomeric forms, depending on which fatty acid is in the middle,

2, or beta position of the glycerol portion of the molecule and which fatty acids

are in the alpha or outside positions. Therefore, both the chemical and physical

properties of fats and oils are largely determined by the fatty acids that they contain

and their position within the triglyceride structure.

As linoleic, oleic, and palmitic fatty acid account for over 90% of the fatty acids

in cottonseed oil, most of the triglycerides contain some combination of these fatty

acids. Table 7 lists the possible combinations of composition and position of satu-

rated, oleic, and linoleic acids in cottonseed oil triglycerides. These ten types of

triglycerides account for 92% of the total triglycerides found (73). The predominant

type is SLL (saturated and linoleic fatty acid in the 1, 2, and 3 positions, respec-

tively), which accounts for over 22 mol% of the triglyceride molecules.

The predominant pair of these ten types includes palmitic acid as the saturated

acid in acyl positions 1 and 3, whereas position 2 is occupied by oleic or linoleic

acid. This is illustrated in position distribution data from Jurriens and Kroesen (73)

that indicates the middle acyl position was occupied by linoleic acid 64.3% of the

time.

The amounts and the types of fatty acids and the interpositional and intraposi-

tional distribution result in various triglyceride forms that contribute to the various

TABLE 6. Codex Fatty Acid Ranges for Cottonseed Oil.

Fatty Acids, % Typical Range

Lauric C12:0 0–0.2

Myristic C14:0 0.7 0.6–1.0

Palmitic C16:0 21.6 21.4–26.4

Palmitoleic C16:1 0.6 0–1.2

Stearic C18:0 2.6 2.1–3.3

Oleic C18:1 18.6 14.7–21.7

Linoleic C18:2 54.4 46.7–58.3

Linolenic C18:3 0.7 0–0.4

Arachidic C20:0 0.3 0.2–0.5

Gadoleic C20:1 0–0.1

Eicosadienoic C20:2 0–0.1

Behenic C22:0 0.2 0–0.6

Erucic C22:1 0–0.3

Docosadienoic C22:2 0–0.1

Lignoceric C24:0 0–0.1
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functional properties of cottonseed oil. Bland et al. (80) used more recent separation

techniques to identify the tricacylglycerides and positional isomers of a sample of

cottonseed oil. Their results are presented in Table 8.

Cyclopropenoid Fatty Acids. Cotton, and other plants in the Malvaceae family,

contain a pair of unique cyclopropene fatty acids (CPFA). These two fatty acids,

sterculic and malvalic acid, are generally referred to collectively as cyclopropenoid

fatty acids. Sterculic acid is the most active of the two fatty acids whose general

action is to inhibit the desaturation of stearic to oleic fatty acid in the animal

body with a resultant alteration in membrane permeability or an increase in the

melting point of fats.

TABLE 7. Triglyceride Composition of Cottonseed Oil.

Fatty Acid Number of

Pattern Double Bonds Mol %

SOS 1 4.5

SOO 2 4.8

SLS 2 12.4

SOL 3 9.4

SLO 3 8.4

OOL 4 4.1

SLL 4 22.5

OLL 5 6.4

LOL 5 6.5

LLL 6 13.0

Other 8.0

Total 100.0

S¼ saturated; O¼ oleic; L¼ linoleic.

TABLE 8. Cottonseed Oil Triglyceride Structure.

Triacylglyceride GLC, % HPLC, %a

PPL 25.7 27.5

LLL 16.1 19.0

POL 14.0 14.0

OLL 12.9 12.5

PPL 8.7 7.1

OOL 4.4 3.1

POO 3.3 3.1

PPO 2.5 2.2

OOO 2.4 1.6

SLL 2.4 1.4

SPL 2.1 1.5

SOL 1.5 1.3

P¼ palmitic; O¼ oleic; S¼ stearic; L¼ linoleic; GLC¼ gas liquid

chromatography; HPLC¼ high-performance liquid chromatography.
aCorrected using GLC analysis of fatty acid methyl esters.
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Sterculic and malvalic acids are 18 and 17 carbons long, respectively, and

include one double bond at the site of the propene ring, either at the 9, 10 position

or 8, 9 position. The cyclopropene ring is the physiologically active entity of the

two fatty acids (81, 82). The physiological activity of sterculic acid is reported to

be greater than that of malvalic acid (82). The ratio of malvalic acid to sterculic acid

in cottonseed oil is usually about 3 to 1. The cyclopropenyl structure is highly

strained, which apparently accounts for its reactivity (83). Such activity makes it

highly susceptible to the inactivation that regularly occurs during processing. In

cottonseed oil, the CPFAs are reduced in processing with the result that cottonseed

oil in commercial channels contains a negligible level. Examples of levels of

CPFA found in cottonseed oil products are given in Table 9 (81, 84, 85, 87, 88,

89). Deodorization and hydrogenation are the processing steps responsible for

the greatest inactivation of CPFA.

3.2. Cottonseed Oil Nonglyceride Components

The primary constituents in crude vegetable oils are the triglycerides, but they also

contain varying amounts of nonglyceride materials. Cottonseed oil is unusual for

the amount and variety of nonoil substances in the crude oil. Its content of nongly-

ceride substances, exclusive of free fatty acids, commonly amounts to 2% or more

in the crude state. These minor components, identified as the unsaponifiable frac-

tion, consist of phospholipids, tocopherols, sterols, resins, carbohydrates, pesti-

cides, gossypol, and other pigments. Some, but not all, of the nonglyceride

materials are undesirable. Therefore, the objective in all edible oil processing is

to remove the objectionable impurities with the least possible damage to the desir-

able constituents.

TABLE 9. Cottonseed Oil Cyclopropenoid Fatty Acid Levels.

Cottonseed Oil
Cyclopropenoid Fatty Acid, %

Source Malvalic Sterculic Total Comment Reference

Crude Oil 0.52 Expeller Extraction (84)

Crude Oil 0.56–0.90 Hexane Extraction (84)

Crude Oil 0.58–0.98 Petroleum Ether (85)

Extraction

Crude Oil 0.7–1.5 0.3–0.5 (86)

Crude Oil 0.22–1.44 0.08–0.56 0.3–2.0 (81)

Crude Oil 0.64 Glanless Variety (84)

Refined Oil 0.62 (84)

RBD Oil 0.015–0.324 0.005–0.126 0.02–0.45 (81)

RBD Oil 0.04 (87)

Winterized Brand Name

Salad Oil 0.04–0.42 Salad Oils (84)

Winterized Various (88)

Salad Oil 0.1–0.23 Commercial Brands
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Gossypol. Cottonseed oil is unique among the commercially important fats and

oils because of the presence of a relatively complex system of pigments. Most of

the pigments are of the gossypol type, a biologically active terpenoid substance

present in discreet glands in the seed, leaf, bract, stem, taproot, bark, and root of

the cotton plant. The adaptive function of the compound is believed to be insect

resistance (90). During seed processing, the glands are ruptured, allowing the

gossypol and other similar substances to mix with the protein and oil. Fortunately

for the oil processor, most of the gossypol is bound to the protein. However,

because gossypol and its chemically related compounds are strong pigments, it is

a major objective during caustic refining and bleaching processes to remove as

much of the pigments as possible. Gossypol compounds give crude cottonseed

oil a red color so dark that it usually appears to be black. The characteristic yellow-

ish amber color of refined, bleached, and deodorized cottonseed oil is primarily

caused by the remaining gossypol after processing.

Recognition of gossypol’s role as a fertility control agent heightened interest in

this polyphenolic compound. In the 1960s, small batches of cold-pressed cotton-

seed oil consumed without further processing caused infertility in Chinese men.

The cooking step, in industrial extraction processes, binds some of the gossypol

to the protein to keep the level below its physiologically active level. Caustic

refining segregates gossypol into the soapstock to levels high enough to impact

its use in animal feeds. After refining, the active earths employed in bleaching

are effective in gossypol removal. Deodorization, by purging the oil with live steam

under vacuum, removes many impurities and odor-causing compounds. Few foods

are as chemically clean as an oil or fat that has been refined, bleached, and deodor-

ized. Analyses have indicated that alkali refining and bleaching reduced the gossy-

pol content of cottonseed oil to less than 1 ppm from 0.05% to 0.42% in solvent

extracted oil and 0.25% to 0.47% for screw-pressed oil (91, 92).

As a practical matter, the presence of gossypol in commercially available cotton-

seed oil conflicts with the refiner’s need to sell a light, clear product, so there is

a significant incentive to do a good job of removing the gossypol from the oil. A

variety of cotton bred through traditional techniques for its glandless characteristic

became available in the early 1960s. It is generally devoid of gossypol-containing

glands. Glandless cottonseed produces a light colored oil with less-restrictive pro-

cessing conditions (54). However, this variety has never become popular, because

the fiber-producing characteristics of cotton varieties are more important to growers

than the seed genetics, and the market for vegetable proteins has been readily met

by soybean and other products.

Phospholipids. These components are better known to oil processors as phospha-

tides and are frequently referred to, together with small quantities of carbohydrates

and resins, as ‘‘gums’’ that have adverse effects on product quality and refined oil

yield. Phosphatides are emulsifiers, and so hinder the separation of oil and water

phases in the caustic-refining process. The phosphatides are broadly separated

into hydratable and nonhydratable types. As the name implies, hydratable phospha-

tides can be removed by treatment with water, and the nonhydratable compounds,

which are salts or coordination compounds of calcium and magnesium primarily
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with phosphatidic acid, can only be rendered insoluble in the oil by the use of che-

mical reagents, the most commonly used being phosphoric acid.

Phosphatide contents are normally calculated from the determination of total

phosphorus and the use of a factor relating the molecular weight of phosphorus

to the mean molecular weight of the phosphatides in the oil. Typically, the amount

of phospholipids in cottonseed crude oil varies from about 0.7% to 0.9%. The phos-

phatides can also be beneficial: They act as synergists for the tocopherols to inhibit

the autoxidation of vegetable oils (93). This synergistic effect is partly responsible

for the oxidative stability of crude cottonseed oil.

Tocopherols. Various tocopherol isomers that act as naturally occurring antioxi-

dants are found in cottonseed. Nature’s fat soluble antioxidants can exist in at least

seven forms with alpha-, beta-, delta-, and gamma-tocopherol predominating in

vegetable oils. Alpha-tocopherol contributes Vitamin E activity and some oxidation

resistance, but the gamma and delta forms are the most effective antioxidants.

Typically, crude cottonseed oil contains about 1000-ppm tocopherols, but up to a

third can be lost during processing. The tocopherol content decreases during

each stage of processing, with the highest reductions occurring during chemical

refining and deodorization. Caustic refining can remove as much as 10% to 20%

of the tocopherols, and 30% to 60% of the remaining natural antioxidants can be

lost during deodorization. Typical tocopherol contents for selected vegetable oils

after processing are compared in Table 10 (94, 95).

Sterols. Sterols are crystalline, neutral, unsaponifiable, high-melting alcohols with

multiple-ring structures. Sterols, minor components of all natural fats and oils, are

the major constituents of the unsaponifiable matter remaining in processed vegeta-

ble oils; the remainder consists essentially of saturated and unsaturated hydrocar-

bons. The sterols are colorless, heat stable, and relatively inert, so they do not

contribute any important property to a fat or oil. Chemical refining removes a

portion of the sterols, but more effective separation requires fractional crystalliza-

tion, molecular distillation, or high-temperature steam distillation. Vegetable oil

soapstocks from caustic refining and deodorizer residue are rich sources for

sterol reclamation. An evaluation, comparing caustic-refined cottonseed oil with

TABLE 10. Typical Tocopherol Contents of Selected Vegetable Oils.

Total
Tocopherols, %

Vegetable Oil Tocopherols, ppm Alpha Beta Gamma Delta

Cottonseed Oil 830–900 41 trace 58 1

Canola Oil 690–695 35 63 2

Corn Oil 870–2500 16 2 79 3

Olive Oil 30–300 93 7

Palm Oil 360–560 30 trace

Peanut Oil 330–480 51 1 44 4

Soybean Oil 900–1400 10 3 63 24

Sunflower Oil 630–700 96 2 2
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deodorized cottonseed salad oil, showed a reduction of total sterols from 0.574 to

0.397 mg/100 g of oil (96). Recovered sterols from oil-processing byproducts are

the starting materials for the synthesis of sex hormones and the preparation of syn-

thetic Vitamin D. The sterols of vegetable oils are mixtures called phytosterols. The

sterols in most vegetable oils include beta-sitosterol, campesterol, stigmasterol, and

others in lesser amounts. The most extensively investigated and consumer-recog-

nized sterol is most likely cholesterol. Trace amounts of cholesterol have been

found in some vegetable oils, but animal fats like tallow are routinely found to

contain 1077 mg/kg (97). The sterol content of several vegetable oils are presented

in Table 11 (75, 98).

Pesticides. Pesticides have been used for increased agriculture production through-

out the world. Studies have shown that the majority of the pesticides applied even-

tually reach the soil surface, where they gradually spread, translocate to other

environments, or degrade eventually. Translocation to oil-bearing plant seeds has

also been demonstrated by studies. Processing studies have shown that neither

solvent extraction nor bleaching affected the pesticide levels in the vegetable

oils. However, it was found that pesticides were removed by volatilization during

hydrogenation and/or deodorization (99–101). U.S. government agencies have

recognized that the insecticides are distilled from edible oils during the deodoriza-

tion process.

Trace Metals. Vegetable oils contain varying levels of trace metals, depending on

exposure during the growing season as well as during extraction and processing.

Metals can be encountered throughout processing; these reduce the efficiency of

the process and are harmful to product quality and human health. Trace quantities

of copper, iron, manganese, and nickel substantially reduce the oxidative stability

of oils, whereas calcium, sodium, and magnesium reduce the efficiency of refining,

bleaching, and hydrogenation systems. The effects of the metals can be diminished

TABLE 11. Sterol Content of Several Vegetable Oils (mg/kg oil).

Cottonseed
Soybean Oil

Sunflower

Sterol Oila Crude Refined Oila

Cholesterol 0.5 0.5 ndb 0.5

Brassicasterol 0.5 0.5 0.5

Campesterol 276.0 563.0 470.0 242.0

Stigmasterol 17.3 564.0 470.0 236.0

beta-Sitosterol 3348.0 1317.0 1230.0 1961.0

delta-5-Avenesterol 85.1 46.1 10.0 163.0

delta-7-Stigmasterol 0.7 92.0 10.0 298.0

delta-7-Avenasterol 17.9 63.2 5.0 99.4

24-Methylene-cycloartenol 0.5 53.0 204.0

Total 3746.5 2699.3 2195.0 3204.4

aCrude or refined oil not specified.
bnd¼ nondetectable.
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by the use of chelating agents at various process points to sequester the trace metals

(102). The most widely used chelating agents are citric and phosphoric acids.

3.3. Cottonseed Oil Physical Characteristics

The physical properties for all fats and oils, including cottonseed oil, are deter-

mined by their individual chemical compositions. Physical properties are of prac-

tical importance because most applications depend on the melting behavior,

solubility, flavor, density, appearance, and the other physical properties to provide

functionality for finished products. Analytical and physical evaluation methods are

used to measure these attributes for identification, trading, and control purposes.

Melting Point. The usual definition for melting point is the temperature at which a

material changes from a solid to a liquid. Determination of a fat or oil’s melting

point is difficult because natural fats and oils do not have true melting points;

the different components melt at different temperatures. Fats and oils are complex

mixtures of triglycerides that pass through a gradual softening before becoming

completely liquid. The melting point procedure is further complicated by the fact

that fat crystals can exist in several polymorphic modifications, depending on the

specific triglycerides involved and the temperature-time pretreatment or tempering

of the sample. For a melting point value, one point within the melting point range

must be selected. Several methods to determine the melting point have been

standardized by AOCS and other organizations, each providing different values:

capillary melting point, softening point, slipping point, Wiley melting point, Met-

tler dropping point, and others. The temperature range at which cottonseed oil

changes from a solid to a liquid is 50�F to 60�F or 10�C to 16�C.

Solid Fat Index. This analysis has become the most important criterion for the

melting behavior and crystalline structure of fats and oils products. It determines

the proportion of solid and liquid materials at a given temperature. The solid fat

index (SFI) analysis is an empirical measure of the solid fat content. It is calculated

from the specific volume at various temperatures using a dilatometric scale gradu-

ated in units of milliliters times 1000. Values for the solid contents are usually

determined at 50�F, 70�F, 80�F, 92�F, and 104�F or 10�C, 21.1�C, 26.7�C,

33.3�C, and 40�C. Unlike the tropical oils, cottonseed and the other oleic- and lino-

leic-classification oils do not contain any significant quantity of triglycerides made

up of two or three saturated fatty acids; therefore, the solid fat index at the lowest

temperature usually measured would have minimal values. Natural cottonseed oil

can have a solid fat index content at 50�F or 10�C but not at the higher temperature

measurements.

Cold Test. The ability of an oil to withstand refrigerator storage is determined by

the cold test analysis; crystallization resistance is measured as the time in hours

before the oil appears cloudy at 32�F or 0�C. Standardized AOCS Method Cc

11-53 requires that dry filtered oil be placed in a sealed 4-ounce bottle and sub-

merged into an ice bath (103). A go/no-go examination after 5.5 hours for clarity

is stipulated by the Official AOCS Method: however, most laboratories practice the

alternative procedure, which continues the clarity examinations until a cloud
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appears. The cold test procedure was developed to evaluate cottonseed oil for the

production of mayonnaise and salad dressings. An oil that solidifies at refrigerator

temperatures will cause an emulsion break with a resultant separation of the oil and

water phases. Currently, the cold test is also used to assure that bottled oils for retail

sales will not develop an unattractive appearance on the grocery shelf.

Cloud Point. An empirical cloud point analysis is performed by stirring a sam-

ple of fat while it is being cooled until the oil has clouded enough to block a light

beam of known intensity. Both cloud point and congeal point values are more clo-

sely related to consistency than melting points. A definite relationship exists

between the cloud point results and the solid fat index values at 92�F or 33.3�C.

Cottonseed oil that has not been winterized or hydrogenated will have a cloud point

of 30�F to 38�F or �1.1�C to 3.3�C. Winterized cottonseed salad oil, with the hard

fraction removed, will have a cloud point of approximately 22�F to 26�F or �5.6�C
to �3.3�C.

Titer. The titer test, AOCS Method Cc 12-59 (103), measures the solidification

point of the fatty acids. First, a fat sample must be saponified and dried before

determining the titer value. Then, a titer tube is filled to the 57-mm mark with dried

fatty acids and suspended in an air bath, which is surrounded by a water bath at

15�C to 20�C below the expected titer result. The sample is stirred until the

temperature begins to rise or remains constant for 30 seconds, after which the stir-

ring is stopped and the endpoint is determined as the maximum temperature that the

fat starts crystallizing or solidifying. Titer analyses are used predominantly in the

soap and fatty acid industries. For edible oils, titer values are commonly specified

for an oil that has been hydrogenated to almost complete saturation. Cottonseed oil

hydrogenated to a 5 iodine value or less should have a titer value of 60�C �.

Pour Point. A vegetable oil’s pour point is the temperature at which the oil just

remains pourable. Actually, this analysis is another melting point determination.

For crude or natural cottonseed oil, the pour point is between 25�F and 32�F.

The pour point temperature increases as the oil is saturated; for hydrogenated cot-

tonseed, the pour point will be higher than for the unhardened oil and can be as high

as 140�F depending on the degree of saturation.

Refractive Index. The refractive index of fats and oils is an important character-

istic because of the ease and speed with which it can be determined precisely, the

small amount of sample required, and its relationship to structure. It is useful for

source oil identification, for observing progress of reactions rapidly, and for estab-

lishing purity. The general relationship between refractive index and the composi-

tion of an oil product with minor exceptions are as follows (104):

� Refractive indices increase as the carbon chain length increases.

� Refractive indices increase as the number of double bonds increases.

� Refractive indices are higher for glycerides than those of fatty acids.

� Refractive indices of mixed glycerides are close to corresponding simple

glycerides.

� Refractive indices are higher for monoglycerides than for corresponding

triglycerides.
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Refractometers equipped with temperature controls are used for fats and oils.

The measurements are usually made at 25�C for soft oils, and the higher melting

point products require temperature adjustments to 40�C or 60�C, depending on the

melting point of the product. The refractive index values decrease as the tempera-

ture is increased but still increases with the length of the carbon chains and the

number of double bonds present in the sample. By reference to a predetermined

curve relating the refractive index at temperature measured to iodine value, a rapid

estimation of the iodine value may be made. One source of error in this method is

that trans-acids formed during hydrogenation affect refractive index values but not

iodine value.

Viscosity. The physical property of a fluid or semifluid that enables it to develop

and maintain a certain amount of shear stress, dependent on the velocity of flow,

and then to offer continued resistance to flow is defined as viscosity. The viscosity

of an oil is temperature dependent; flow increases as the temperature increases. For

edible fats and oils, viscosity decreases as saturation decreases and with shorter

carbon-chain lengths that have lower molecular weights. Most vegetable oils in

the linoleic category have similar viscosities; however, cottonseed oil should be

slightly less viscous by measurement because of a higher saturation level than other

oils in this category. The lauric oils have an easily detected lower viscosity than

other vegetable oils, caused by their high level of short-chain fatty acids. This dif-

ference in viscosity with the use of coconut and palm-kernel oils may be demon-

strated by coverage from coating using these oils verses the longer chain vegetable

oils.

Specific Gravity. The density of a substance compared with water is called specific

gravity. Density or specific gravity is the ratio of the weight of a volume of an oil to

the weight of an equal volume of water at the same temperature. Cottonseed oil’s

density measurement results are affected by both temperature and fatty acid com-

position. The oil’s density decreases about 0.000638 units for each �C or 0.000355

for each �F increase when heated in the 150–500�F range. At lower temperatures,

the change is greater, about 0.00069 units per �C for cottonseed oil between 0 and

40�C. The specific gravity results of vegetable oils have an inverse relationship with

molecular weight and a direct relationship with the degree of unsaturation. Lund

(105) developed an equation based on saponification and iodine values to predict

the specific gravity of liquid vegetable oils at 15�C: Specific Gravity¼
0.8475þ 0.0003 (Saponification Value)þ 0.00014 (Iodine Value). Therefore, a liter

of cottonseed oil with a specific gravity of 0.917 will weigh 917 g or 917 kg/m3. A U.S.

gallon of cottonseed oil with this specific gravity would weigh 7.66 lbs.

Smoke Point. As oils or fats are heated, a thin bluish smoke appears. The smoke

point is the lowest temperature, under controlled conditions, that the smoke

becomes visible. Cottonseed oil’s smoke, fire, and flash points, like other fats

and oils, are almost entirely dependent on the free fatty acid content. Fats and

oils’ smoke point results decrease when the triglycerides are split during hydrolysis

to form free fatty acids and glycerol. The glycerol portion decomposes to form

acrolein, which is the major portion of the smoke evolved from heated fats and

oils. Like other long-chain fatty acid oils, cottonseed oil with 0.01% free fatty

acid will have a smoke point of approximately 450�F. Additions of monoglycerides
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and diglycerides lower the smoke point because of its free glycerol content. AOCS

Method Cc 9a-48 measures the temperature at which smoke is first detected in a

laboratory apparatus protected from drafts and equipped with special lighting

(103). The temperature at which smoking will be observed in actual use will be

somewhat higher than the test result. Figure 1 shows the relationship among

free fatty acid content, smoke, flash, and fire points for processed cottonseed and

peanut oils.

Flash and Fire Point. Flash point is the temperature at which the volatile products

are evolved at such a rate that they are capable of being ignited but not supporting

combustion. At the fire point, the accumulated breakdown products are capable of

supporting a flame on their own. A crude cottonseed oil with a fatty acid content of

1.8% was found to have a flash point of 560�F or 293.3�C. Solvent-extracted oils

can have a low flash point because of a solvent residue. A flash point analysis would

identify this crude oil deficiency to prevent an accidental fire or explosion in an

atmosphere that was not explosion proof. Crude vegetable oil shipments received

with a flash point below 250�F are rejectable by most trading rules. Figure 1 shows

the relationship between free fatty acid content, smoke, flash, and fire points of

processed cottonseed and peanut oils.

Color. Crude cottonseed oil has a dark reddish-brown color because of the pre-

sence of highly colored material extracted from the seed. After processing, it typi-

cally has a rich golden yellow color that is lighter than peanut and corn oils but

darker than soybean, sunflower, canola, and safflower oils. Some of the color found

in cottonseed oil comes from carotene, but most of the color is caused by a minimal

residual level of gossypol and gossypol derivatives. Although the carotene pigments

Figure 1. Relationship between free fatty acid content and smoke, flash, and fire points of

cottonseed and peanut oils. ————, Refined cottonseed oil; ����, peanut oil.
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are rendered colorless by heat bleaching and some of the pigments may be removed

by adsorption bleaching, gossypol can only be removed by alkali refining. The color

removal level is dependent on the cottonseed handling and storage conditions prior

to extraction. Cottonseed oil darkens when exposed to high temperatures, which

sets the color and makes it impossible to remove, even with caustic refining. Vege-

table oil trading rules recognize the color removal problems with cottonseed oil,

with premium grades specifying bleach color as well as refining loss. The trading

rules have established price adjustments for higher colors and refining losses. The

best crude cottonseed oil grade is ‘‘prime crude cottonseed oil,’’ which requires that

the oil be capable of refining to not less than 7.6 red on the Lovibond scale. Max-

imum colors for ‘‘basis prime crude,’’ ‘‘off crude,’’ and ‘‘reddish off crude’’ oils are

12, 20, and 30 red, respectively. No maximum red color is specified for ‘‘low grade

cottonseed oil.’’

The Wesson method, which is the principal color method for the U.S. edible oil

industry, has been used for many years primarily because of its simplicity. AOCS

Method Cc 13b-45 (103) determines the color of a melted fat or oil product by com-

parison with red and yellow Lovibond glasses of known characteristics. This

method, originally developed in England for measuring the color of beer, is only

intended to assess the degree of redness. Yellow is necessary for assessment of

redness by allowing the colors to closely match with that of oil sample; the amount

of yellow was considered unimportant for this method, and a fixed yellow ratio of

10 yellow to 1 red was adopted for oils with red colors below 3.5 and higher yellow

settings were specified for the darker oils.

Flavor. One of the most important palatability parameters for edible fats and oils

users is flavor. Generally, the flavor of an edible oil product should be completely

bland, so that it can enhance the food product’s flavor rather than contribute its own.

Cottonseed oil is well known for its initial bland flavor and the nutty flavor it devel-

ops with oxidation. It has been used as the standard for comparison with other oils

for both flavor and odor. The nutty flavor developed with oxidation is more pleasant

than the oxidized flavor of some of the other oils in the oleic linoleic classifications;

for example, soybean oil reverts to a painty, green, watermelon type flavor with oxi-

dation. Another major cause of off-flavors in food oils is hydrolysis. The free fatty

acids liberated with hydrolysis have a distinct flavor and odor that are more dis-

agreeable when the fatty acid chain length is shorter than 14 carbons. Cottonseed

oil that contains mostly C-16 and C-18 fatty acids does not become unpalatable

until the free fatty acids exceed 1.0%.

Consistency. Fats and oils are polymorphic, which means that with cooling, a ser-

ies of increasingly organized crystal changes occur until a final crystal form is

achieved. Each fat and oil has an inherent crystallization tendency, either beta or

beta-prime. The tiny, uniform tightly knit, needle-like, beta-prime crystals produce

smooth-textured shortening, margarine, and specialty solidified oil products with

good plasticity, heat resistance, and good creaming properties. The large, high-

melting, self-occluding, course, stable beta crystals produce grainy, sandy, brittle

solidified oil products that can experience separation of the liquid oil portion. Crys-

tal habit can be controlled by source oil selection as shown on Table 12. Cottonseed
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oil is on the shorter list of hydrogenated oils that crystallize in the beta-prime

crystal form. Almost all of the other domestic oils in the United States crystallize

in the beta form.

3.4. Cottonseed Oil Chemical Characteristics

Cottonseed oil, like all oils and fats, is made up of glyceridic materials with some

nonglyceridic material in lessor quantities. It is the chemical composition that

defines the chemical and physical properties of all fats and oils, which in turn

will determine the suitability of the oil in various processes and applications.

Free Fatty Acid. Oil chemists learned that the free fatty acid (FFA) content was a

good indicator of crude cottonseed oil quality in the 1880s. Hydrolysis causes the

triglyceride molecule to split at the ester linkage to form FFA, diglycerides and

monoglycerides, and eventually free glycerine. This reaction is normally induced

by the presence of moisture and accelerated by heat, but it can also be caused by

certain enzymes. The liberated free fatty acids have a distinct flavor and odor,

which are more disagreeable when the fatty acid chain length is shorter than 14

carbons. Cottonseed oil, which contains mostly C-16 and C-18 fatty acids, does

not become unpalatable until the FFA level exceeds 1.0%.

Crude oil from the best quality cottonseed will have an FFA content of 0.5% to

0.6%. During a good season, the FFA content will be less than 1.0%; however, dur-

ing unfavorable climatic conditions, the FFA content may average 5% or higher.

Dry weather during cotton picking favors low FFA development. The oil in moist

seeds, either in the field or in storage, undergoes rapid hydrolysis. Extremely poor

oil may contain 15% to 25% FFA. As the refining process neutralizes or removes

free fatty acids to a level of 0.05%, this impurity has a direct relationship with refin-

ing loss, i.e., the amount of usable oil enclosed in the soapstock. For chemical refin-

ing, the quantity of sodium hydroxide for neutralization is based on the FFA level of

the crude cottonseed oil. Refining losses as low as 2.5% to 3.0% are encountered

TABLE 12. Crystal Habit of Hydrogenated Oils and Fats.

Beta Type Beta-Prime Type

Canola Butter Fat

Cocoa Butter Cottonseed

Coconut Menhaden

Corn Palm

Lard Rapeseed (High Erucic)

Olive Rice Bran

Palm Kernel Tallow

Peanut

Safflower

Sesame

Soybean

Sunflower

202 COTTONSEED OIL



with cottonseed oils containing 0.5% to 0.6% FFA, but oils with high free fatty acid

contents may have refining losses as high as 40% to 50% (23).

Peroxide Value. Oxidation of oils is a major cause of their deterioration. Hydro-

peroxides are the primary products formed by the reaction between oxygen and the

unsaturated fatty acids. Hydroperoxides have no flavor or odor but break down

rapidly to form aldehydes, which have a strong, disagreeable flavor and odor.

The peroxide concentration, usually expressed as peroxide value (PV), is a measure

of oxidation or rancidity in its early stages. PV measures the concentration of

substances, in terms of milliequivalents of peroxide per l000 grams of sample,

that oxidize potassium iodide to iodine. AOCS Method Cd 8-53 (103) is the official

method for peroxide value determinations.

Peroxide value is one of the most widely used chemical tests for the determina-

tion of fats and oils quality. It has shown good correlation with organoleptic flavor

scores. However, a peroxide value determination does not provide a full and unqua-

lified evaluation of oil quality because of the transitory nature of peroxides and their

breakdown to nonperoxide materials. Although a linear relationship has been

observed between peroxide values and organoleptic flavor scores during the initial

stages of lipid oxidation, this method alone is not a good flavor quality indicator

because peroxide increases to a maximum and then decreases as time increases.

Therefore, a high peroxide value indicates oxidation to produce a poor flavor, but

a low peroxide value is not always an indication of a good flavor.

Anisidine Value. Anisidine value is a measure of secondary oxidation or the past

history of an oil. It is useful in determining the quality of crude oils and the efficiency

of processing procedures, but it is not suitable for the detection of oil oxidation or

the evaluation of an oil that has been hydrogenated. AOCS Method Cd 18-90 has

been standardized for anisidine value analysis (103). The analysis is based on the

color reaction of anisidine and unsaturated aldehydes. An anisidine value of less

than ten has been recommended for oils upon receipt and after processing (94).

Inherent Oxidative Stability. The unsaturated fatty acids in all fats and oils are

subject to oxidation, a chemical reaction that occurs with exposure to air. The even-

tual result is the development of an objectionable flavor and odor. The double bonds

contained in the unsaturated fatty acids are the sites of this chemical activity. An

oil’s oxidation rate is roughly proportional to the degree of unsaturation; for exam-

ple, linolenic fatty acid (C18:3), with three double bonds, is more susceptible to

oxidation than linoleic (C18:2), with only two double bonds, but it is ten times

as susceptible as oleic (C18:1), with only one double bond. The relative reaction

rates with oxygen for the three most prevelent unsaturated fatty acids in edible

oils are:

Reaction Rate

Fatty Acid With Oxygen

Oleic C18:1 1

Linoleic C18:2 10

Linolenic C18:3 25
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Oxidation deterioration results in the formation of hydroperoxides, which

decompose into carbonyls, dimerization products, and polymerized gums. It is

accelerated by temperature, oxygen pressure, prior oxidation, metal ions, lipoxi-

dases, hematin compounds, antioxidant reductions, absence of metal deactivators,

time, and ultraviolet or visible light. Extensive oxidation will eventually destroy the

beneficial components contained in many fats and oils, such as the carotenoids or

vitamin A, the essential fatty acids (linoleic and linolenic), and the tocopherols or

Vitamin E. Fats and oil oxidative reactions are directly related to the fatty acid com-

position, or more specifically, to the unsaturation type and amount. Oxidative sta-

bility estimates can be made from the iodine value measurement, calculated iodine

value from the fatty acid composition, or an oxidative stability formula. The oxida-

tive stability estimates, determined for the major natural vegetable oils, are pre-

sented in Table 13 (106). Inherent oxidative stability rating is the combined

reaction rates of an oil’s unsaturated fatty acids. It is determined by multiplying

the decimal fraction of each unsaturated fatty acid by its relative oxidation rate

and then summing the results (107). As indicated in Table 13, deodorized cotton-

seed oil, with approximately 26% saturates, resists oxidation and subsequent rever-

sion better than other less saturated oils containing higher quantities of linolenic

fatty acids (C18:3).

AOM Stability. The active oxygen method (AOM) is the most commonly used

analytical method for measuring oxidative stability of fats and oils products.

AOM employs heat and aeration to accelerate oxidation of the oil by continuously

bubbling air through a heated sample. Periodic peroxide value analyses are per-

formed to determine the time required for the oil to oxidize under the AOM con-

ditions. This method requires close attention to detail to produce reproducible

results, and even then, the variation between laboratories is �25 for a l00-hour

AOM sample.

TABLE 13. Vegetable Oils Oxidative Stability

Inherent Vegetable Calculated Total

Oxidative Oil Iodine Double

Ratinga Stabilityb Source Value Bonds

Best 0.3 Coconut 9.6 11

0.4 Palm Kernel 17.2 20

1.5 Palm 52.2 61

1.6 Olive 82.4 96

3.7 Peanut 97.0 113

5.3 Canola 116.5 135

5.8 Cottonseed 112.4 130

6.5 Corn 128.4 148

7.2 Sunflower 136.2 157

7.5 Soybean 132.5 153

Worst 8.0 Safflower 146.1 169

aA perfect inherent oxidative stability value is zero.
bCalculated Inherent Oxidative Stability¼ Sum of the decimal fraction of each

unsaturated fatty acid times its relative oxidation rate.
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Oil Stability Index. Two conductivity instruments, Rancimat and The Oxidative

Stability Instrument, have been developed as alternatives to AOM Stability analy-

sis. These instruments measure the increase in deionized water conductivity result-

ing from trapped volatile oxidation products produced when the oil product is

heated under a stream of air. The conductivity increase is related to the oxidative

stability of the products. These instruments provide a more reproducible measure-

ment of oxidation stability with less technician time and attention.

Iodine Value. Iodine value (IV) is a simple and rapidly determined chemical con-

stant that measures the unsaturation of an oil, but it does not define the specific fatty

acids. The iodine value procedure determines the grams of iodine absorbed by 100 g

of oil. A higher iodine value indicates a greater number of double bonds. The

iodine value results for cottonseed oil vary somewhat from year to year, sections

of the country, and by growing season. A cooler growing season provides oil

with a higher than average linoleic fatty acid (C18:2) content with a lower oleic

fatty acid (C-18:1) content; warmer growing seasons reverse this trend. These var-

iations increase or decrease the number of double bonds, which affects the iodine

value. Typically, cottonseed oil iodine values range from 103 in Texas to 112 in

other regions of the United States.

Halphen Reaction. The halphen test is a very sensitive and reliable method for

detecting the presence of cottonseed oil in another oil. A reaction with sulfur in

carbon disulfide mixed with equal amounts of amyl alcohol gives a cherry red color

when cyclopropenoid fatty acids unique to the Malvacae family, which includes

cottonseed and okra, are present. This test is capable of detecting 0.25% or less

cottonseed oil in an oil blend. The oil is no longer responsive to the halphen test

after hydrogenation, which decreases the iodine value 2–5 units.

Unsaponifiable Matter. Unsaponifiable matter are those substances dissolved in

an oil that cannot be saponified by alkalies but are soluble in nonpolar solvents.

These materials are made up of sterols, hydrocarbons, tocopherols, pigments, and

higher materials that are insoluble in water. The level of unsaponifiable matter in

good-quality cottonseed oil usually ranges from 0.5% to 0.7%. It may decrease

slightly in deodorized oils due to slight reductions of sterols with alkali refining

and high-temperature deodorization.

Saponification Value. Saponification value is useful in predicting the type of gly-

cerides in an oil by measuring the alkali-reactive groups. It is a measure of the aver-

age molecular weight of the glycerides in the oil. Glycerides containing short-chain

fatty acids have higher saponification values than those with longer chain fatty

acids. Cottonseed oil saponification values range from 189 to 198 with an average

of 195. Independent of any other analytical measurement, the saponification value

results overlap too much to identify individual fats or oils; most oleic and linoleic-

classification oils have saponification values in the 180 to 200 range. In edible oil

processing, saponification value analyses have been replaced almost entirely by

fatty acid composition analysis via gas-liquid chromatography.

Fatty Acid Composition. The classical method for determining the fatty acid

composition of an oil used a combination of its iodine value, relative density,

refractive index, and saponification value. This method has been replaced with
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fatty acid composition analysis determined by gas-liquid chromatographic (GLC)

patterns. The GLC procedure identifies the percentage of each individual fatty

acid with one analytical procedure, which applies equally well to refined and

unrefined oils. The fatty acid composition analysis by GLC provides a rapid

and accurate means of determining the fatty acid distribution of fat and oil pro-

ducts. This information is beneficial for all aspects of product development, pro-

cess control, and marketing because the physical, chemical, and nutritional

characteristics of fats and oils products are determined by the kinds and propor-

tions of the component fatty acids and their position on the glycerol moiety. The

physical characteristics of an oil depend on the degree of unsaturation, the carbon

length, the isomeric fatty acid forms, and the molecular configuration. Each fatty

acid has an individual melting point that increases with chain length and

decreases as the fatty acids become more unsaturated. The unsaturated fatty acids

are chemically more active than the saturates because of the double bonds, and

this reactivity increases as the number of double bonds increase. The double

bonds are subject to oxidation, polymerization, hydrogenation, and isomerization.

Usually, fats and oils products are liquid at room temperature when the unsatu-

rates are high and solid when the level of unsaturates are low. However, this gen-

eralization can be complicated by the trans-isomers formed during hydrogenation

(108). Table 14 compares the typical fatty acid composition of the oleic-linoleic

classification oils.

3.5. Cottonseed Oil Analytical Characteristics

All of the edible fats and oils vary considerably in their chemical structure, which

determines the physical characteristics that provide functionality. The physical,

chemical, and performance analyses are the tools available to the fats and oils pro-

cessor for the evaluation of the products produced, development of new products,

purchase of raw materials, and identification of specific customer requirements.

TABLE 14. Fatty Acid Compositions of Oleic/Linoleic Classification Vegetable Oils.

Fatty Acid Olive Canola Peanut Corn Cottonseed Soybean Sunflower

Myristic C14:0 0.1 0.1 0.1 0.8 0.1 0.1

Palmitic C16:0 9.0 4.0 11.1 10.9 23.2 10.6 6.3

Palmitoleic C16:1 0.6 0.3 0.2 0.2 0.7 0.1 0.1

Stearic C18:0 2.7 1.8 2.4 2.0 2.1 4.0 5.1

Oleic C18:1 80.3 58.8 46.7 25.4 16.9 24.0 17.8

Linoleic C18:2 6.3 21.4 32.0 59.6 55.8 52.9 69.1

Linolenic C18:3 0.7 10.3 1.2 0.2 7.7 0.4

Arachidic C20:0 0.4 0.6 1.3 0.4 0.3 0.3 0.4

Gadoleic C20:1 1.5 1.6 0.1

Behenic C22:0 0.3 2.9 0.1 0.3 0.6

Erucic C22:1 0.7

Lignoceric C24:0 0.2 1.5
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Table 15 lists the typical cottonseed oil analytical characteristics, including fatty

acid and triglyceride compositions and ranges (43, 80), which allow for the differ-

ent varieties, growing conditions, and analytical error.

4. COTTONSEED HANDLING, OIL EXTRACTION
AND PROCESSING

Nature has provided plants with systems to synthesize, utilize, and store food lipids.

Improper handling and storage of oilseed prior to extraction can have deteriorous

effects on the oil quality. Therefore, control of cottonseed transportation, storage,

TABLE 15. Typical RBD Cottonseed Oil Analytical Characteristics.

Characteristic Typical Range

Specific Gravity at 25/25�C 0.916 to 0.918

Refractive Index at 25�C 1.468 to 1.472

Iodine Value 108.0 98.0 to 118.0

Saponification Number 189 to 198

Unsaponifiable Number < 1.5

Titer, �C 34.9 30.0 to 37.0

Melting Point, �C 13.0 10 to 16

Solidification Point, �C þ12.0 to �13.0

Cloud Point, �C 3.0 �1.0 to 3.0

Cold Test, hours none

AOM stability, hours 16.0 16 to 19

Tocopherol Content, ppm

alpha-tocopherol 355 340 to 369

gamma-tocopherol 502 481 to 522

delta-tocopherol 8 8 to 9

Fatty Acid Composition, %

Myristic C14:0 0.7 0.6 to 1.0

Palmitic C16:0 21.6 21.4 to 26.4

Palmitoleic C16:1 0.6 0 to 1.2

Stearic C18:0 2.6 2.1 to 3.3

Oleic C18:1 18.6 14.7 to 21.7

Linoleic C18:2 54.4 46.7 to 58.2

Linolenic C18:3 0.7 0 to 1.0

Arachidic C20:0 0.3 0.2 to 0.5

Gadoleic C20:1 0 to 0.1

Behenic C22:0 0.2 0 to 0.6

Erucic C22:1 0 to 0.3

Lignoceric C24:0 0 to 0.1

Triglyceride Composition, %

Trisaturated (GS3) 0.1 0 to 0.1

Disaturated (GS2U) 13.2 14.0

Monosaturated (GSU2) 58.4 50.0 to 58.0

Triunsaturated (GU3) 28.3 28.0 to 36.0

Hydrogenated Crystal Habit beta prime

G¼ glycerides; S¼ saturated; U¼ unsaturated.
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segregation of lots, and moisture are the first processes for processing a desirable

edible oil. Oil extraction has a long development history, while most of the oil pro-

cessing methods were largely introduced during the twentieth century. Until the

recent past, crude oil extraction and oil processing were two separate industries.

However, during the last quarter century, sheer economics and product synergy

have caused both horizontal (merger of similar operations) and vertical integration

(combination of different but related operations) of these activities to occur. Now,

companies continue to increase their crushing capacity and many extract and refine

the oil as a continuous operation. Most of these operations have integrated miscella

refining with sodium hydroxide to produce a prime-bleachable-summer-yellow

(PBSY) cottonseed oil with consistently lighter color. PBSY, the caustic-refined

cottonseed oil, is a trading definition of the National Cottonseed Products

Association with an AOCS official bleach color of no greater than 2.5, no more

than 0.25% free fatty acid, and no more than 0.10% moisture and volatile matter.

The oil processor is guaranteed quality via this trading rule with its 2.5 laboratory

bleach color.

4.1. Cottonseed Handling and Storage

Once a cotton boll opens, the cottonseeds within are susceptible to deterioration.

The living seeds respire, producing carbon dioxide and heat. Other biological pro-

cesses occur in the seeds as well. Triglycerides are split by enzymes via hydrolysis

to release free fatty acids, which the embryo plant uses for energy. The production

of free fatty acids is undesirable for the oil processor because seeds high in FFA

contain low-quality oil, which usually results in a higher refining loss. The rate

of hydrolysis is dependent on temperature and moisture, but the hydrolytic enzymes

may be inactivated by heat. Oxidation of the fatty acids in the oil can result from

heating (109). Altschul (110) comprehensively reviewed the biological processes

that take place in the cottonseed before and after harvest, and more recent reviewers

(111) have considered cottonseed development.

Another factor in cottonseed storage is the control of mold development on the

seeds. Cottonseed is particularly susceptible to the fungus Aspergillus flavus, which

produces aflatoxin. Aflatoxin formation in cottonseed is generally, but not exclu-

sively, initiated in the field, rather than during storage. The rigors of normal

processing, along with the fact that the toxin is associated with the protein segment

of the seed, preclude aflatoxin from the oil, but the residual meal from affected seed

is still contaminated. The use of contaminated meal for animal feed is strictly

controlled by both state and federal regulation. For health and economic reasons,

it is important to minimize conditions that favor the growth of A. flavus and to

monitor for its presence. An excellent review of the subject of aflatoxin control

in cottonseed has been provided by Park et al. (112).

Ideally, cottonseed should be stored at a moisture content of less than 10% (49).

Dehulled seeds should contain no more than 9% moisture and 1% FFA (109). Prior

to storage, cottonseeds must be sampled for moisture analysis. The American Oil

Chemists’ Society (AOCS) method Aa 3-38 specifically describes a procedure for
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determining moisture in cottonseeds, although other methods may be used. Seeds

with 10–11% moisture may be stored immediately, but seeds with higher moisture

require additional drying. Drying may take place at either ambient temperatures

or up to 104.5�C (220�F), to 12% or less. There is no benefit to drying the

seeds below 9% moisture. Although dryers may not be needed every season,

they are a necessity when wet seeds are delivered to the mill (113). As the seeds

are hygroscopic, the relative humidity of the air in storage must be monitored to

maintain the desired seed moisture level. Treatment of high-moisture seeds with

propionic acid to retard deterioration has been investigated, although it is not

widely practiced (114).

The most common type of cottonseed storage facility is the seed house, however,

some silos are used; and west of the Mississippi, seed is also stored outside on solid

slabs and covered with canvas. An air-cooling system is vital to the successful

storage of cottonseed. The temperature of the seeds is dependent on the ambient

temperature and degree of ventilation in the storage area (115). As the seeds are

respiring, heat can build up, particularly if the seeds have a high moisture or

FFA level (49). Overheated seeds must be cooled to below 60�F (15.6�C) to prevent

further deterioration (116). Storage for over one year is possible provided that the

seeds are held under adequate conditions.

4.2. Cottonseed Oil Extraction

Cottonseed was one of the earliest oils to be extracted from the seed. The extraction

of cottonseed oil slowly progressed from edgestone to wedge press to hydraulic

press (23). Hydraulic pressing was the predominant means used to separate the

oil from cottonseed for most of the nineteenth century. As improved cotton spin-

ning, weaving, and ginning operations during the eighteenth century made more

cottonseed available for crushing, the labor-intensive hydraulic-press operation

quickly yielded to the continuous screw press in the early 1900s. As edible oil

commanded a respectable market price and because either the hydraulic press

or the screw press still left nearly 20% of the available oil of the seed in the

press-cake, much research activity was initiated to find an acceptable solvent to

extract the remaining oil from the cake. This effort led to the prepress solvent

extraction process in the 1930s. This combination of mechanical press and solvent

extraction of the press-cake was able to recover better than 97% of the available oil

in the cottonseed. Further demand in productivity and oil quality brought expander-

and miscella-refining of cottonseed oil into the crushing business in the 1970s.

Toward the late 1980s, more than 80% of the cottonseed crushed in the United States

was accomplished by the expander solvent extraction operation (3). The flow

sequence for cottonseed oil extraction most practiced in the United States is

illustrated in Figure 2 (69).

Cottonseed Preparation. Most oilseeds require some degree of cleaning and pre-

paration before the oil is separated from the solid portion of the seed. After the cot-

ton fiber is removed from the seed by the ginning operation, the seed still has short

linters with a white appearance. This is called white or fuzzy cottonseed in the
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trade. On a dry basis, white cottonseed is composed of 12.7% linter, 31.8% hull,

and 55.5% kernel (23). As illustrated in Figure 2, cottonseeds are usually stored

uncleaned when received at the oil mill. When the cottonseeds are removed from

storage for extraction, dirt and other trash must be removed. Several seed-cleaning

systems are used, which are all based on some type of screening. Trash that is

Figure 2. Cottonseed oil extraction flow sequence.
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lighter or smaller than the seeds will be aspirated in pneumatic systems or sifted out

mechanically. The larger pieces of trash are screened out and magnets are used to

remove ferrous metal. Foreign materials that have the same size and density as the

seed can still be carried on through the process stream (117).

Delinting. This step is unique to cottonseed among all the oilseeds. The short

cellulose linter fibers must be removed from the seeds because leaving them on

the seed would lower the yield of oil due to absorption of the oil by the cellulose

fibers. Linters, are bulky and tend to hold the neutral oil or occupy valuable extrac-

tor space during the extraction. Chemicals, such as sulfuric acid, have been used to

remove the linters, especially when seeds are prepared for replanting. However, all

commercial mills remove the linters mechanically as these short fibers have many

nonfood applications, serving as the starting material for pure cellulose, plastics,

and rayons, and are used in high-quality paper, batting or padding in bedding and

furniture, and automotive uses.

Hulling. Once the lint is removed, the hulls are separated from the seeds. Hulls that

are allowed to remain with the kernels absorb oil during extraction and lower the

quality of the meal produced by lowering the protein level. The hulls cannot be

completely eliminated without a loss of kernel, so an acceptable level of hull reten-

tion must be determined, depending on the desired protein level of the final meal.

Two types of hullers are used in the industry. The bar huller consists of a bar- or

knife-studded cylinder that rotates within another cylinder having similar knives

protruding from its interior. The hulls are cut as the seeds pass around the inner

cylinder. The seed decorticator has two hardened steel rolls, both of which have

longitudinal grooves cut in the surface. The seeds are fed between the rolls and

then cut by the grooves and the difference in speed between the two rolls. The hulls

and uncut seeds are removed from the kernels by screening and the hulls are aspi-

rated so that the seeds may be returned to the huller.

Flaking. After hulling, the meats, or kernel, are reduced in size or flaked to facil-

itate oil removal. This rolling process minimizes the distance through which the

free oil must pass, but it does not necessarily rupture the walls of the oil cells. Pro-

per moisture content of the seeds is essential for flaking, and if the moisture level is

too low, the seeds must be conditioned to raise the moisture to about 11% (116).

Cottonseeds may be flaked by passing between two rolls mounted side-by-side;

however, they are more often flaked in a series of five stacked-crushing rolls

because a thinner flake may be achieved with the vertical rolls. The ultimate thick-

ness of the flake is determined by the method of extraction used. For mechanical

pressing, a thickness of 0.127–0.254 mm (0.005–0.010 inch) is common, and for

solvent extraction, flakes of not less than 0.230–0.254 mm (0.008–0.010 inch)

are common (49). Thinner flakes tend to disintegrate during the solvent process.

Cooking. Prior to extraction, the flakes are heated or cooked. Ward (118) summar-

ized the purpose of cooking the flakes as follows: (1) cell walls are broken down

allowing the oil to escape; (2) oil viscosity is reduced; (3) moisture content is con-

trolled; (4) protein is coagulated; (5) enzymes are inactivated and micro-organisms

are killed; (6) gossypol is bound to protein, to some extent, by the action of heat

in combination with moisture and physical treatment and thus some portion of it
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is detoxified; and (7) certain phosphatides are fixed in the cake, which helps to

maintain subsequent refining losses.

Cottonseed flakes are usually cooked in stack cookers that are 4–8 kettles high.

The sides and floors of each kettle are steam-jacketed to heat the flakes. The flakes

are fed into the top kettle, heated for a specific time, and then swept into the kettle

below. The temperature of lower kettles are usually maintained at higher tempera-

tures than the top kettle. If the flakes are relatively dry, moisture may be added to

the top kettle to reach a level of 11–12%. As the flakes progress toward the bottom

kettle, water is evaporated and removed by vents in each of the lower kettles until

the final moisture level is reached. The desirable level is 5–6% moisture for seeds to

be hydraulically pressed and about 3% for seeds to be expeller or screw pressed

(49). Cooking seeds at low temperatures and moisture content may result in less

protein binding of gossypol. Higher gossypol levels will then develop in the oil

and affect the color of the crude oil (49).

The flakes are heated to over 190�F (87.8�C) in the upper kettle. Flakes with

high phosphatide content may benefit from being cooked at slightly lower tempera-

tures to avoid elevating refining losses. The temperature of the flakes is raised to

230–270�F (110–132.2�C) in the lower kettles. The seeds are cooked for up to

120 minutes and, depending on the size of the cooker, 81–136 metric tons (90–

150 short tons) of meats may be cooked in a 24-hour period.

Overcooking lowers the nutritional quality of the meal and darkens both the oil

and the meal. Poor-quality seeds with high levels of free fatty acids cannot be

cooked for as long a period as high-quality seeds because of darkening. Darker

oil requires additional refining to achieve the desired bleach color.

Oil Extraction. Four types of processing systems are used to extract oil from oil-

bearing materials: (1) hydraulic press, (2) expeller or screw press, (3) prepress

solvent extraction, and (4) direct solvent extraction. These systems employ the

two techniques in common practice for the extraction of cottonseed oil. These

are mechanical by means of a press or the solvent process with the use of hexane.

Mechanical pressing is normally applied to oilseeds that are relatively high in

extractable oil. Hull-free cottonseed kernels contain as much as 34% oil and are

suitable for the mechanical extraction process (3). The prepress solvent system

employs a combination of the two techniques, where seeds are lightly screw-

pressed to reduce the oil by one-half to two-thirds of its original level before solvent

extraction completes the job. After 1980, more than 80% of the cottonseed crushed

in the United States was accomplished by the expander solvent extraction proce-

dure. In most cases, solvent extraction and refining processes are coupled together

for quality and efficiencies as reviewed in Miscella Refining of Section 4.3. On a

worldwide basis, due to available transportation infrastructure, hardware, solvent,

and skilled labor, cottonseed is still being processed with all four extraction

systems.

Hydraulic Pressing. Batch pressing was the earliest commercial method of oil

extraction. Hydraulic equipment replaced the mechanical operations and the meth-

od became known as hydraulic pressing (49). In open presses, oilseed meals

were wrapped in cloths and placed between plates, which were then gradually
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compressed to squeeze the oil from the seeds. Box-type presses were most often

used for cottonseed, and this method was fairly labor intensive. Today, worldwide,

very little cottonseed is hydraulically pressed and none in the United States. The

relative efficiency of this type of extraction to more modern methods is shown in

Table 16 (49). Wrenn (5) presented the historical context of hydraulic pressing of

cottonseed oil and included pictures of the equipment in operation.

Screw Pressing. The screw-press process has been used since the early 1900s in

place of the hydraulic press to separate oil from cottonseed meats. With this system,

pressure is gradually applied to the flakes as a screw conveys them from the feed

end to the discharge end of the expeller barrel. A plug of the compressed meal

develops at the discharge end and a drainage barrel surrounds the press to collect

the oil expressed during the passage of the flakes. About 3–4% oil remains in the

cake that results from screw pressing. Anderson (Cleveland, Ohio) expellers have

both vertical and horizontal presses to maximize pressure, and French (Piqua, Ohio)

screw-presses generally consist of a horizontal, water-cooled cage. Both types of

presses exert 680–1089 atm (5–8 tons per square inch) pressure on the flakes

(49). A disadvantage of the screw press method compared with the now outdated

hydraulic pressing was the tendency of screw-pressed cottonseed oil to have higher

color due to the lower moisture content of the cooked meats prior to pressing (49).

Direct Solvent. This process is based on the use of a nonpolar solvent, specifically

hexane, to dissolve the oil without removing proteins and other compounds. The

flakes are mixed with hexane in a batch or continuous operation. The resulting

oil-solvent micelle and the residual meal are heated to evaporate the solvent, which

is collected and reused. Solvent extraction yields about 11.5% more oil than does

the screw-press method (49), and 1% or less oil remains in the meal. However,

direct solvent extraction is problematic for the cottonseed industry because the

high oil content of cottonseed flakes causes them to break into fires during extrac-

tion after the oil is removed; occasional overheating of the oil-solvent miscella will

cause irreversible color changes in the oil; the meal requires additional heating to

bind gossypol, if it is destined for use as poultry or swine feed; the solvent poses fire

problems and is expensive; hexane poses environmental pressures as a volatile

organic compound (VOC); and the main component of hexane, n-hexane, is also

classified as a Hazardous Air Pollutant (HAP) by the U.S. Environmental Protection

Agency and is strictly regulated in the United States (55, 119).

TABLE 16. Comparative Yield of Cottonseed Oil

from Different Extraction Processes.

Kg of Oil

per MetricTon

Method of Cottonseed

Hydraulic Press 154

Continuous Screw Press 163.5

Solvent Extraction Including

Prepress Solvent Extraction 180.5–188
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Prepress Solvent Extraction. Solvent extraction is relatively costly and is not well

suited for the high-oil content of cottonseed. Mechanical pressing leaves about 5%

oil in the press-cake, and it is desirable to recover as much oil as possible. A logical

processing step was to combine the two extraction techniques. With prepress sol-

vent extraction, cottonseeds are pressed to remove most of the oil and then the oil

remaining in the press-cake is extracted with solvent. This solvent extraction oper-

ates on a reduced volume of feed stock (i.e., press-cake, as opposed to full-fat

flakes) and, therefore, requires a modest size extractor with modest amounts of

desolventizer and solvent.

Expander-Solvent Extraction. The most recent development in cottonseed

extraction is the use of expanders. The expander is a low-shear extruder that heats,

homogenizes, and shapes oilseeds into porous collets or pellets with a high-bulk

density. Steam is injected into the oilseed flakes or cake in the expander while under

pressure, and then this mixture is extruded through plates to the atmosphere. The

collets expand when released to the atmosphere, hence the name expander. Some

expanders have a drainage cage to reduce the oil content of high-oil seeds to less

than 30%, thus enabling the production of intact collets for direct solvent extrac-

tion, instead of the prepress extraction process (120). Watkins (121) reported that

after hexane extraction, the collets had 25–45% less solvent holdup and 15 times

less oil than did traditionally prepared flakes. Solvent capacity is enhanced because

the extruded cottonseed requires solvent-feed ratios of 1:1, compared with 1.8:1 for

direct extraction of cottonseed meats (122). After extraction, the meal contains

0.10–0.20% free gossypol, which is about half the amount found in flakes. As of

2000, essentially all commercial cottonseed extraction in the United States employs

the expander solvent extraction process.

4.3. Cottonseed Oil Processing

Processing flow sequences for six different product groups are illustrated in

Figure 3. One finished product that is still used in some parts of the world was

omitted from Figure 3: extracted and filtered cottonseed oil. Cottonseed oils that

did not have any processing after extraction were purchased at local bazzars in

Central Asia in 1998. These oils would be unacceptable in the west, where the con-

sumers have been conditioned to prefer edible oils that are light in color, bland

flavored, have a high smoke point, maintain a clear appearance both on the grocery

shelf and under refrigeration, contain additives to prolong flavor and frying stabi-

lity, are modified to provide a specific performance characteristic, and attractively

packaged for convenient handling. The processes responsible for these and other oil

product qualities are presented in this section.

Refining. As used here, the term refining refers to any purification treatment

designed to remove FFA, phosphatides, gossypol, and other gross impurities in cot-

tonseed oil; it excludes any other process, such as bleaching or deodorization. The

refining process probably has more impact on a vegetable oil’s quality and econom-

ic performance than any of the other processes during the conversion to a finished

product. Inadequately refined oils will affect the operation of all succeeding pro-
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Figure 3. Cottonseed oil processing—flow sequence.
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cesses and the quality of the finished product. Additional processing and handling

required because of poorly refined oils will increase the costs of a suspect quality

finished product beyond that of one produced with a properly refined oil that has a

good quality.

Two different refining systems are currently used to refine vegetable oils; chemi-

cal and physical refining. Some shortcomings experienced with physical refining

have maintained alkali refining as the preferred vegetable oil purification technique

in the United States. Some oils, like cottonseed, contain nonglyceride materials that

cannot be removed adequately by the processes employed with physical refining.

Gossypol and related pigments in cottonseed oil readily combine with caustic

soda and, thus, are removed most effectively by alkali-refining. Several different

versions of the alkali-refining process are practiced in the United States and other

countries: long-mix, short-mix, miscella, and the Zenith process. This discussion

will be limited to the conventional, or long-mix, caustic-refining process, which

evolved to provide extended reaction times with caustic soda for the effective

removal of gossypol and phosphatides from cottonseed oil and the miscella

process.

Conventional or Long-Mix Caustic-Soda Refining. The conventional caustic-

soda refining process is the most widely used and best known refining system.

The addition of an alkali solution to a crude oil brings about a number of chemical

and physical reactions. The alkali combines with the free fatty acid present to form

soaps. The phosphatides and gums absorb alkali and are coagulated through hydra-

tion or degradation. Much of the coloring material is degraded, absorbed by the

gums, or made water soluble by the alkali, and the insoluble matter is entrained

with the other coagulable material. With heat and time, the excess caustic can

also bring about the saponification of the neutral oil. Therefore, selection of the

NaOH strength, mixing time, mixing energy, temperature, and the quantity of

excess caustic all have an important part in making the alkali-refining process oper-

ate effectively and efficiently.

The current alkali-refining techniques are a result of the gradual application of

science to the basic art of batch refining originally performed in open-top, cone-

shaped kettles. Efficient separation of soapstock from the neutralized oil is the sig-

nificant factor in alkali refining, and the technique of using centrifugal separators

materially improved the yield from 1.5% to 2.5%. The caustic soda continuous sys-

tem that evolved has the flexibility to efficiently refine all crude edible oils presently

used in the world. The system may be outlined as follows (106).

� Crude Oil Conditioning—Crude oils with high levels of phosphatides and

trace metals are usually treated with food-grade phosphoric acid for 4 to 8

hours before refining. The purpose of the acid pretreatment is to: (1) help

precipitate phosphatidic materials; (2) precipitate natural calcium and

magnesium as insoluble phosphate salts; (3) inactivate trace metals, such as

iron, copper, and others that may be present in the oil; (4) reduce the neutral

oil losses; and (5) improve the color and flavor stability of the finished

deodorized oil.
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� Caustic Treatment—The crude oil is continuously mixed with a proportioned

stream of dilute caustic-soda solution and heated to break the emulsion

formed. Selection of the caustic treatment is determined by the type of crude

oil, FFA content, past refining experience with similar oils, and the refining

equipment available. In general, the minimum amount of the weakest strength

necessary to achieve the desired endpoint should be used to minimize

saponification of the neutral oil and prevent emulsions during separation.

Usually, the best results are obtained with relatively weak caustic solutions for

low-FFA oils and with stronger concentrations for high-FFA oils. Phosphatide

reduction during refining is determined largely by the amount of water present

in the caustic solution. Higher excess caustic treatments remove more

phosphatides, but the increase in removal is caused more by the increased

water than the sodium hydroxide (NaOH). The strength of the caustic solution

is measured in terms of specific gravity expressed in degrees Baumé (Bé).

Therefore, the caustic treat selected for the crude oil will vary with the FFA

content and the level of caustic excess over the theoretical quantity deter-

mined for each oil. The theoretical quantity of caustic is based on the ratio of

molecular weights of NaOH to oleic fatty acid. This factor is determined as

follows:

Factor ¼ NaOH Molecular Weight

Oleic Fatty Acid Molecular Weight
¼ 40

282
¼ 0:142:

Thus, the formula for caustic treatment is:

% Treat ¼ %FFA X 0:142þ %Excessþ Acid Addition

%NaOH in caustic
� 100:

The refining conditions for cottonseed oil are chosen more for the improve-

ment of color because of the presence of gossypol. This pigment is sensitive

to heat and oxidation, forming colored compounds that are difficult to remove

from the oil other than by reaction with caustic. Therefore, a larger excess of a

more concentrated NaOH solution treat is used for cottonseed oil than most

other vegetable oils; good quality cottonseed oils generally require 0.2%

excess, while darker colored oils may require up to 0.4% excess treat (29).

� Caustic Oil Mixing—After the caustic reagent has been proportioned into the

crude oil, it must be adequately blended to ensure sufficient contact with the

FFA, phosphatides, and color pigments. The gums are hydrolyzed by the water

in the caustic solution and become oil-insoluble. The caustic solution and oil

are mixed at 30–35� or 86–95�F in a dwell mixer with a 5–15-minute

residence time. High-oil temperatures during the caustic addition must be

avoided because they can increase the neutral oil saponification and reduce the

refined oil yield. After the caustic mixing phase is complete, the mixture is

delivered to the centrifuges at a temperature suitable for optimum separation,
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normally the oils are heated to 74�C or 165�F to provide the thermal shock

necessary to break the emulsion.

� Soap-Oil Separation—From the caustic oil mixer, the resultant soap-in-oil

suspension is fed to the centrifuges for separation into light- and heavy-

density phases. There are various types of centrifuges used in vegetable oil

refining, however, most of them contain a bowl or hollow cylinder that turns

on its axis. The flow of material enters the rotating bowl and is forced outward

to a disc stack. The heavier density soapstock is forced to the outside of the

bowl and flows over the top disc and out the discharge port. The lighter neutral

oil phase moves to the center of the bowl for discharge from the neck of the

top disc. Refining yield efficiency is dependent on this primary separation

step.

� Water Washing—Sodium soaps remaining from the primary centrifugation

phase are readily washable and easily removed from the oils with either a

single or double wash. The refined oil from the primary centrifuge is mixed

with softened water heated 5�C to 8�C or 10�F to 15�F above the oil

temperature at a rate of 10% to 20% of the oil flow. Softened water must

be used to avoid the formation of insoluble soaps. The water-oil mixture

passes through a high-speed, in-line mixer for maximum soap transfer from

the oil to the water phase. The soapy water-oil mixture is centrifuged to

separate the two phases.

� Vacuum Drying—Refined oil from water washing is usually dried if it is to be

stored before bleaching to remove the traces of water remaining after water

washing to avoid hydrolysis. Typically, washed oil at approximately 85�C or

185�F is sprayed through nozzles into a vacuum chamber controlled at 70 cm

of mercury. This weak vacuum reduces the moisture content to below 0.1%,

most often in the range of 0.05%. Oils that are vacuum bleached immediately

after water washing can bypass the drying step.

� Re-Refining—In handling dark oils, it frequently happens that no matter how

efficient the original caustic refining of a crude cottonseed oil may be, the

bleached color is less than desired. Under these circumstances, it becomes

necessary to re-refine the oil for additional color removal. Usually, 1% or 2%

of a 16�Bé caustic treat is sufficient to provide a bleach color of 2.0 to 2.5

Lovibond red color (123).

Miscella Refining. Since 1960, miscella refining has become the most common

method for the treatment of cottonseed oil in the United States. Facilities with an

existing oilseed solvent extraction system found miscella refining to be advanta-

geous by using the same solvent recovery unit for both purposes. Miscella is the

solution or mixture that contains the extracted oil. Both continuous and batch

miscella-refining processes are suitable for most fats and oils. Miscella refining

is especially beneficial for cottonseed oil to provide an oil with a lighter red color

and a high-neutral-oil yield. This type of refining should be done at a solvent extrac-

tion plant as soon as possible, preferably within 6 hours after the oil is extracted
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from the oilseed or animal tissue. The advantages for miscella refining, as com-

pared with conventional continuous caustic-soda refining, are (1) higher oil yield,

(2) lighter color oil without bleaching, (3) elimination of the water wash step,

and (4) extraction of the color pigments before solvent stripping has set the

color (124).

For this purification process, the crude miscella source may be from (1) the pre-

evaporator of a direct-solvent extraction plant, (2) a blend of prepressed crude oil

and solvent-extracted miscella from the press-cake, or (3) a reconstituted blend of

crude oil with solvent. In the process, a mixture of approximately 40% to 58% oil

in solvent is heated or cooled to 104�F (40�C) and filtered to remove meal, scale,

and other insoluble impurities. Two solvents that have been used commercially for

miscella refining are hexane and acetone.

Hydrolysis of phosphatides and pigments in the crude oil miscella requires an

acid pretreatment, which usually varies between 100 ppm and 500 ppm by weight

of the oil, depending on the quality of the crude oil. An acid such as phosphoric or

glacial acetic has been found effective in improving oil quality and reducing refin-

ing losses. Phosphoric acid is used more commonly because of its less corrosive

properties and its availability. The acid is mixed with the miscella in a static mixer

to provide an intimately dispersed acid phase that immediately reacts with the crude

miscella.

The pretreated crude miscella is then alkali refined using dilute caustic soda with

a 16–24�Bé and a 0.2–0.5% NaOH excess over the theoretical amount required to

neutralize the free fatty acids. The reaction of the caustic soda with the free fatty

acids proceeds rapidly at 130–135�F (54–57�C), using homogenizers with a shear-

mixing intensity capable of homogenizing milk, hydrolyzing the phosphatides and

pigments with the caustic soda to produce a two-phase mixture. The miscella tem-

perature is adjusted to 135�F (57�C) to obtain the best separation of the heavy phase

or soapstock from the oil or the light phase with the centrifuge. The neutral oil is

then filtered through a diatomaceous earth precoated pressure-leaf filter. At this

point, the refined and filtered miscella can be stripped of the solvent to produce

a neutral yellow oil, or it can be further processed as miscella to dewax, fractionate,

or hydrogenate the oil (125, 126).

PreBleaching. Bleaching is popularly and correctly regarded as the partial or com-

plete removal of color; however, it is also a purification process to prepare the oil

for further processing. Bleaching is relied on to clean up the traces of soap, phos-

phatides, and pro-oxidant metals remaining after caustic neutralization and water

washing that hinder filtration, poison hydrogenation catalysts, darken the oil, and

adversely affect the flavor of the finished oil. Another function, considered primary

by many processors, is the removal of peroxides and secondary oxidation products.

These impurities compete for space on the adsorbent surface of the filter media. The

key process parameters for bleaching include (1) procedure, (2) bleaching media,

(3) temperature, (4) time, (5) moisture, and (6) filtration (106).

� Procedure—The three most common types of contact bleaching methods are

batch atmospheric, batch vacuum, and continuous vacuum. Although vacuum
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bleaching is preferred, atmospheric bleaching can produce quality bleached

oils. Vacuum bleaching, either batch or continuous, is more effective than

atmospheric bleaching because it can use less clay, operates at lower

bleaching temperatures, effects quicker moisture evacuation for less FFA

development, and does not expose the oil to oxidation at high temperatures.

Batch bleaching is preferred to continuous operations when a variety of source

oils are processed in the same system. However, continuous systems are more

efficient and effective for systems dedicated to single source oils.

� Bleaching Agents—Chemical agents have been proposed and some used, but

practically all edible oil decoloration and purification is accomplished with

adsorptive earths or carbons. The basic kinds of adsorbents used in edible oil

bleaching are neutral clays, activated earths, and activated carbon. Particle

size is a major physical parameter affecting bleaching earth performance

because adsorption theory considers adsorption as a surface phenomena. In

general, the finest particle size earths have the best performance; however, too

small particles create severe filtration problems and oil retention is increased.

The natural bleaching earths, usually referred to as ‘‘fullers earth,’’ are

bentonite clays that exhibit adsorptive properties in the natural state with

only physical processing. Activated bleaching earths have been treated with

organic or inorganic acids to enlarge the surface and pore volume to make it

selectively attractive to the detrimental components in refined oils. Also, the

activated bleaching earths normally contain 10% to 18% moisture, which

supports the montmorillonite layers in the clays. Activated carbon is effective

in adsorbing certain impurities not affected by earths, but it is used sparingly

due to problems with filtration, relatively high cost, and a high oil retention.

� Bleaching Media Dosage—The amount of bleaching material used depends

on the type of adsorbent used and the impurities to be removed. Bleaching

earth requirements vary in wide range from 0.15% to 3.0%. On the basis of

adsorbent activity, the acid-activated earths are generally 1.5 to 2 times more

effective than the natural earths. Carbon is rarely used alone but sometimes

employed in admixture with a bleaching earth in a ratio of 10–20 parts

bleaching earth to 1 part carbon (49).

� Temperature—Bleaching earth activity increases as the temperature is

increased by reducing the viscosity of the oil, but decoloration declines after

the optimum temperature is reached. Temperature also affects other properties

of the oil, which dictate that it should be kept as low as possible to minimize

product abuse, but high enough for adequate adsorbance of the impurities and

pigments. The optimum bleaching temperature for nearly all edible fats and

oils ranges between 70�C and 110�C or 160�F to 230�F. Fewer problems are

encountered when the bleaching temperature is maintained below 110�C or

230�F with vacuum bleaching. Secondary oxidation products begin to develop

at temperatures above 110�C or 230�F. Low temperatures favor the retention

of the adsorbed pigment on the bleaching earth surface. Although higher

temperatures favor the movement of pigment molecules into the pores where

chemisorption occurs, it will also promote structural changes of the unsatu-
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rated fatty acid groups. Under extremely high temperatures, isomerization of

the unsaturated fatty acid groups and excessive FFA could develop.

� Time—In theory, adsorption should be practically instantaneous; however, in

practice, this is not the case. The rate of decoloration is very rapid during the

first few minutes after the adsorbent comes in contact with the oil and then

decreases to a point where equilibrium is reached and no more color is

adsorbed. Usually 15 to 20 minutes contact time is adequate at a bleaching

temperature above the boiling point of water. Contact time is made up of two

time periods: (1) the time in the bleaching vessel and (2) the time in the filter

during recirculation or final filtering.

� Filtration—After an adsorbent has selectively captured the impurities, it must

be removed from the oil before it becomes a catalyst for color development or

other undesirable reactions. Filtration, the separation method most often used

for spent bleaching media removal, is the process of passing a fluid through a

permeable filter material to separate particles from the fluid. Examples of the

filtration materials used are filter paper, filter cloth, filter screen, and

membranes. Filter aid, such as diatomite, perlite, or cellulose, are usually

used in conjunction with the permeable filters for surface protection. Tradi-

tionally, either plate and frame or pressure-leaf filters have been used for spent

bleaching media removal. Currently, self-cleaning, closed filters that operate

on an automated cycle are available.

Winterization. When cottonseed oil is designed for use as salad oil, it must be

winterized, that is, a considerable portion of the more saturated glycerides must

be removed so that the material will remain clear when exposed to reduced tem-

peratures, such as those likely to be encountered with refrigeration. If the saturated

glycerides in cottonseed oil are not removed, it will solidify at temperatures

encountered in a refrigerator; 45��F or 7.2��C. The composition of the products

resulting from winterization of cottonseed oil are presented in Table 17 (127). The

solid-fat fraction that settles out is referred to as the stearine.

Winterization is a narrow form of fractionation. Both fractionation and winter-

ization processing operations for edible oils basically consist of the separation of

TABLE 17. Characteristics of Products from Cottonseed Oil Winterization.

Cottonseed Oil Unwinterized Winterized Winterized

Product Cooking Oil Salad Oil Stearine

Fatty acid composition, %

Myristic C14:0 0.8 0.7 0.6

Palmitic C16:0 24.2 22.6 32.4

Palmitoleic C16:1 0.6 0.4 0.3

Stearic C18:0 1.6 2.8 2.4

Oleic C18:1 21.0 19.8 17.2

Linoleic C18:2 51.8 53.7 47.1

Iodine value 107.8 111.4 98.0

Cold test, hours 0 5½ plus 0
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oils into two or more fractions with different melting points. In the winterization

process, the oils are cooled in a simple way, kept at the low temperatures for

some time to crystallize solid-fat fractions that would normally cloud when the

oil is held at refrigerator temperatures, and generally separated by filtration. With

fractionation processes, cooling of the oil and the separation of the fractions are

performed with more sophisticated techniques and controlled conditions to provide

substances with unique properties.

The descriptive term of winterization evolved from the observation that refined

and bleached cottonseed oil stored in outside tanks during the winter months phy-

sically separated into clear and hard fractions. Topping or decanting the clear oil

from the top of the tanks provided an oil that remained liquid without clouding

for long periods at cool temperatures. A need for a liquid oil with these character-

istics was created by the introduction of the refrigerator for home use and the

requirements of the mayonnaise and salad dressing industry. The indoors process

developed to simulate the natural winter process consisted of a chilled room held

at 42�F, or 5.6�C, with deep, narrow, rectangular tanks to provide the maximum

surface exposure to cooling. Warm, dry, refined, and bleached cottonseed oil

pumped into the chill room tanks began to cool and crystallize out stearine imme-

diately but slowly. Convection heat transfer simulated the outside storage condi-

tions. Agitation was avoided because it fractured the crystal, causing formation

of small, soft crystals that were difficult to filter. Cooling with the 42�F, or

5.6�C, room temperature, which simulated mild winter conditions closely, required

3 days to produce the desired large crystals for filtering. After the oil temperature

equated with the room temperature, it was held for several hours to allow the stear-

ine or hard fraction to precipitate more fully. The stearine was separated from the

liquid oil by filtering with plate and frame presses. Normally, the oil was gravity fed

to the filters to avoid breaking up the crystals. Winterization is still performed with

the classic technique described above. However, most processors have made equip-

ment and process modifications to improve efficiency; such as jacketed, enclosed

tanks equipped with programmable cooling and agitation, better filtration,

improved pumping methods, and so forth.

Fractionation. Cottonseed oil has melting points spanning a range from �13.3�C,

or 8�F, to 35�C, or 95�F, due to its triglyceride composition. Cottonseed oils trigly-

ceride composition, as determined by high-performance liquid chromatography

(80), liquidity zones (106), triglyceride melting points, and functionality (128) of

each are compared in Table 18 (3). This range of melting points limits the applica-

tions for cottonseed oil, as well as all other edible fats and oils. Application poten-

tial can be increased with fractionation, a thermomechanical process by which an

oil is separated into two or more portions. Thermomechanical separation processes

include distillation and crystallization. Distillation is commercially unsuited for

the separation of triglyceride mixtures because of their low vapor pressure and

relatively low stability at high temperatures. However, separation can be effected

by crystallization.

All edible fats and oils are polymorphic in their crystalline behavior. The three

forms of importance are alpha, beta-prime, and beta, which are of increasing
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stability in that order. The rate of crystallization of the alpha form is greater than

that of the beta-prime, which is greater that of the beta polymorph. If supercooling

is carried out too rapidly, crystallization of the alpha form occurs resulting in a mass

of very small crystals. To obtain good separation of cottonseed oil fractions, crystal-

lization is required in the beta-prime form. This is because the beta-prime crystals

agglomerate into large aggregates that are firm and of uniform spherical size that

separate well with filtration.

Fractional crystallization is a thermomechanical separation process wherein

component triglycerides of oils are separated, usually as a mixture, by partial crys-

tallization in a liquid phase. In the fractionation processes, three successive stages

are recognized:

1. Cooling of the liquid oil to supersaturation, resulting in the formation of

nuclei for crystallization;

2. Growth of the crystals by gradual cooling to a shape and size that permits

efficient separation; and

3. Separation, isolation, and purification of the resultant crystalline and liquid

phases.

In the fractionation process, the minor components of the original oil become

concentrated in the separated fractions. This concentration has a considerable effect

on the oxidative stability of the individual fractions. Relative to the starting oil, the

liquid or soft fraction is enriched in tocopherols and depleted of trace metals. The

reverse occurs with the hard or stearine fraction, which becomes appreciably more

susceptible to oxidation despite its lower content of unsaturates. The stearine frac-

tion is also the recipient of other impurities remaining in the oil after refining and

bleaching, such as phosphatides and soap.

TABLE 18. Cottonseed Oil Triglyceride Functionality.

Triglyceride HPLC Melting Point

Liquidity Composition Analysis, % �F �C Functionality

PPO 2.2 95.0 35.0 Structure

Heated SPL 1.5 86.0 30.0 and

PPL 7.1 81.0 27.2 Moisture Barrier

POO 3.1 60.0 15.6 Room

Room SOL 1.3 43.0 6.1 Temperature

Temperature OOO 1.6 42.0 5.6 Clarity

SLL 1.4 34.0 �1.1

OOL 3.1 30.0 �1.1

POL 14.0 27.0 �2.8 Refrigerated

Cool PLL 27.5 22.0 �5.6 Clarity

OLL 12.5 20.0 �6.7

LLL 19.0 8.0 �13.3

P¼ Palmitic; S¼ Stearic; O¼Oleic; L¼ Linoleic.
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There are three processes in commercial use for the fractionation of edible fats

and oils:

� Dry Fractionation - The principal of this fractionation process is based on the

cooling of oil under controlled conditions without the addition of chemicals or

solvents. The liquid and solid phases are separated by filtration.

� Detergent Fractionation - The oil is crystallized on its own similar to the dry

fraction technique, but separation is affected by employing an aqueous

detergent solution and centrifugation.

� Solvent Fractionation - The separation of component triglycerides that differ

in solubility is accomplished by fractional crystallization of a solution of oil in

an organic solvent, followed by separation of the solids from the liquid by

filtration, and finally, removal of the solvent from the separated fractions by

steam stripping. This process is the most versatile of the fractionation

techniques presented.

Some processors have employed solvent fractionation systems to produce salad

oil, which has demonstrated three major advantages over the traditional winteriza-

tion process: (1) a considerably lower viscosity, which allows a faster crystal

growth for more rapid stearine separation; (2) the cottonseed salad oil produced

has a better resistance to clouding at cool temperatures for longer cold tests; and

(3) less liquid oil is trapped in the stearine component for higher salad oil yields.

An operational continuous solvent process was described by Cavanagh (129) for

winterization of cottonseed oil. A 50% solution of oil in hexane is cooled rapidly

with a heat exchanger to 20�F to 26�F, or �6.6�C to �3.3�C. After cooling, it

passes through a continuous winterization column that cools with a series of agi-

tated trays over a 40–60 minute period to temperatures as low as �40�F or �40�C.

The stearine or solid stream is separated from the liquid miscella stream with a con-

tinuous solids discharge centrifuge. The solvent is removed from the salad oil por-

tion with an evaporator system before deodorization. The comparison in Table 19 of

TABLE 19. Cottonseed Salad Oil Stearine Analysis.

Winterization Process Conventional Solvent

Iodine value 95.5 71.6

Solids fat index, % at:

10� or 50�F 21.6 52.3

21.1�C or 70�F 1.3 33.7

26.7�C or 80�F 1.2

33.3�C or 92�F 0.1

Fatty acid composition, %

Myristic C14:0 0.7 0.6

Palmitic C16:0 34.6 52.1

Palmitoleic C16:1 0.6 0.8

Stearic C18:0 2.1 1.9

Oleic C18:1 15.8 9.1

Linoleic C18:2 46.2 35.5
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conventional verses solvent process produced stearine confirms that the solvent sys-

tem produces a harder, firmer, more compact stearine crystal with less entrapped oil

than the conventional process.

Fractionation technology, in particular solvent fractionation, has been utilized to

produce some very highly specialized edible oil products. High-stability liquid oils,

with AOM stability results of 350 hours minimum without the benefit of added

antioxidants, and cocoa butter equivalents are two examples of products that can

be produced with fractionation technology. Fractionation technologies may also

be used to produce basestocks for utilization as components in finished products

for various applications.

Hydrogenation. The hydrogenation process is an important tool for the edible fats

and oils processors. With hydrogenation, cottonseed oil can be converted from a

liquid oil into a plastic or solid fat more suitable for numerous applications. There

are two reasons to hydrogenate fats and oils: (1) to convert naturally occurring oils

into physical forms with melting and handling characteristics more suited to the

desired product functionality; and (2) to improve oxidative stability, which provides

prolonged organoleptic acceptability. A wide range of edible oils products can be

produced with the hydrogenation process, as shown previously (see Figure 3),

depending on the conditions used, the starting oils, and the degree of saturation

or isomerization.

During the hydrogenation process, hydrogen is chemically attached at the

double bond sites on the carbon chain of the unsaturated fatty acids. This reac-

tion eliminates a double bond and converts an unsaturated fatty acid to a more satu-

rated fatty acid. Isomerization during the hydrogenation process can also create

trans-isomers. Both of these chemical changes increase the melting point of the

reacted oil.

Typically, an unhardened cottonseed oil is composed of 2.5% stearic fatty acid

and 22–23% palmitic fatty acid, which are the principal saturated fatty acids. The

unsaturated fatty acids are composed of approximate 18% oleic, 54% linoleic, and

less than 1% each of linolenic and palmitoleic fatty acids. If the hardening reaction

was completely selective, before any hydrogen was absorbed by oleic fatty acid the

linoleic fatty acid would have to be completely converted to oleic. On the disap-

pearance of the linoleic fatty acid, the oleic would next absorb hydrogen to be con-

verted to the fully saturated stearic fatty acid. This degree of selectivity is never

attained in practice but how closely it is approximated depends on the catalyst

type and dosage, temperature, and pressure.

Hydrogenation can take place only when the three reactants have been brought

together: unsaturated oil, catalyst, and hydrogen gas. The hydrogen gas must be dis-

solved in the liquid before it can diffuse through the liquid to the solid catalyst sur-

face. Each absorbed unsaturated fatty acid can then react with a hydrogen atom to

complete the saturation to the double bond, shift it to a new position, or twist it to a

higher melting trans-form. When the unsaturated oil to be hydrogenated contains

mono-, di-, and tri-unsaturates, there is competition for the catalyst surface. The di-

and tri-unsaturates are preferentially absorbed from the oil to the catalyst surface

and partially isomerized or hydrogenated to a mono-unsaturate until their
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concentration is very low, permitting the mono-unsaturate to be absorbed and

reacted. The variables that can affect the hydrogenation reaction are temperature,

agitation, hydrogen pressure, type and quantity of catalysts, feedstock quality,

and the fatty acid composition of the source oil. The effects of these variables

are (106) described below.

� Temperature - Hydrogenation is operated at temperatures ranging from 150–

230�C or 300–450�F. Hydrogenation, like most chemical reactions, proceeds

at a faster rate at higher temperatures. The hydrogenation rate is increased as

the temperature is elevated resulting from an increase in hydrogen gas

solubility in the liquid oil. Higher reaction temperatures increase selectivity

and trans-isomer formation and hydrogenation rate to provide steep solid-fat

index curves. Hydrogenation is an exothermic reaction; it creates heat as long

as the reaction is active. The reaction temperature is increased by 1.6–1.7�C,

or 2.9–3.1�F, for each iodine value drop.

� Agitation - The function of agitation is to supply dissolved hydrogen gas to

the catalyst surface. Agitation decreases selectivity and isomerization by

keeping the catalyst supplied with sufficient hydrogen to increase the reaction

rate.

� Hydrogen Pressure - Most edible oil hydrogenations are performed at

hydrogen pressures ranging from 0.8–4.0 atmospheres. At low pressure, the

hydrogen gas dissolved in the oil does not cover the catalyst surface, while at

high pressure, hydrogen is readily available for saturation of the double bonds.

Higher pressure increases the saturation rate, which results in a decrease in

trans-formation and selectivity to produce flatter SFI curves.

� Catalyst Level - Hydrogenation reaction, selectivity and trans-isomer forma-

tion increase as the catalyst concentration is increased, up to a point where it

levels off. The rate increase is caused by increased activity at the catalyst

surface. The maximum is reached when hydrogen will not dissolve quickly

enough to supply the catalyst levels.

� Catalyst Type - Nickel metal catalyst, sometimes promoted with copper,

aluminum oxide, or sulfur, are commonly used in commercial hydrogenation.

These catalysts are prepared by a variety of techniques, some proprietary to

the catalyst supplier, to provide the surface activity necessary for the desired

selectivity. Precious metals have been found to be effective hydrogenation

catalysts, which are more active at lower temperatures and produce less trans-

isomers. However, their use has been deterred by the initial cost and recovery

problems associated with the minute quantities required.

� Source Oil - Hydrogenation selectivity also depends on the type of unsatu-

rated fatty acids available and the number of unsaturated fatty acids per

triglyceride. Those oils with high-linolenic and high-linoleic fatty acid levels

hydrogenate more rapidly and to higher melting points than oils with high-

oleic fatty acid levels. The relative hydrogenation reactivity for the 18-carbon

fatty acids was described by Hastert (130),
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Fatty Acid Relative Reactivity

Linolenic C18:3 40

Linoleic C18:2 20

Oleic C18:1 1

Cottonseed oil with a high-linoleic fatty acid content and a saturated fat level higher

than any of the other linoleic-classification oils requires less hydrogenation to attain

the same degree of hardness.

Hydrogenation Systems. Batch hydrogenation is most commonly used for

edible oil processing because of the simplicity and flexibility for use with different

source oils. Essentially all that is required is a reaction vessel, usually referred to as

a converter, that can withstand 7- to 10-bar pressure, with an agitator, heating and

cooling coils, a hydrogen gas inlet, piping and pumps to move the oil in and out,

and a sample port for process control of the reaction. The converter must also be

provided with the means to control the three reaction variables of pressure, tem-

perature, and rate of reaction.

Continuous hydrogenation systems have been available for quite some time, but

their commercial usage has been limited for several reasons. The maximum value

for any continuous operation is realized when it is used to produce large quantities

of the same product. As most edible oil processors produce a variety of products,

several different basestocks are routinely required that can be produced more effi-

ciently, with better uniformity using batch hydrogenation systems.

Basestock Systems. Most prepared foods are formulated with ingredients

designed for their application or, in many cases, specifically for the particular pro-

duct or processing technique employed by the food processor. These customer-

tailored products have expanded the product base for edible oil processors from

a few basic products to literally hundreds. Each of these products could be formu-

lated to require a slightly different hydrogenated oil. This practice, with the ever

increasing number of finished edible oil products, could be an inventory nightmare

with a large number of product heels remaining from overproduction waiting for

the next production run. Basestock systems with a limited number of hydrogenated

stock products for blending to meet the finished product requirements are used by

most processors for better control and efficiency.

Basestock requirements will vary with each processor, depending on the custo-

mer requirements, which dictate the finished products produced. A basestock sys-

tem can include several source oils, or be limited to a single source oil if that oil’s

composition can provide all of the properties necessary for the finished product’s

functionality. Cottonseed oil is the closest to meeting these qualifications for

most product applications: It has a good oxidative stability because of the higher

level of natural saturated fatty acids; it has a high-palmitic fatty acid content, which

helps to make it stable in the beta-prime crystal form; and it is a rich source of lino-

leic acid, an essential fatty acid that the human body cannot synthesize, when not

hydrogenated to a great extent. Table 20 (131) presents a basestock system that uses

only cottonseed oil. Use of this basestock system should enable a processor to
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produce most formulated edible oil products by blending two or more of the base-

stocks, except for some specialty products that can only be made with special

hydrogenation conditions or a lauric oil. The basestocks represent saturation levels,

starting with natural cottonseed oil followed by six hydrogenated basestocks

ranging from an iodine value of 80 to almost complete saturation. The basestock

types are as follows:

� RB—RB is an abbreviation for refined and bleached. Oils are refined and

bleached before hydrogenation to remove impurities and catalyst poisons.

� Flat—Many food products require a shortening, margarine, or tailored

formulated oil product that has an extended plastic range with a good

oxidative stability. These products must be relatively soft, with a plastic or

workable consistency at room temperature while still possessing some body at

temperatures of 37.8�C or 100�F, and with a melting point only slightly above

body temperature. So-called nonselective hydrogenation conditions are used

to produce a flat SFI curve basestock for these products. A flat SFI curve are

those SFI values that provide east to west (x-axis) directional slopes when

plotted on a graph.

TABLE 20. Cottonseed Oil Basestock System.

Basestock Type RB 	 	 Flat 	 	 	 	 	 Steep 	 	 	 Saturated

Iodine Value 110 80 75 70 65 58 >5

Mettler dropping point, �C 	 32.0� 34.0� 36.0� 38.0� 43.5� Too Hard

Solids fat index, % at:

50�F or 10�C 	 20.5� 37.0� 47.0� 63.0� Too Hard

70�F or 21.1�C 	 8.0� 10.5� 21.5� 30.5� 51.0� Too Hard

80�F or 26.6�C 	 5.0� 7.0� 14.0� 18.0� 40.0� Too Hard

92�F or 33.3�C 	 1.5� 2.5� 3.5� 10.5� 25.0� Too Hard

104�F or 40�C 	 	 	 	 	 10.5� Too Hard

Titer, �C 	 	 	 	 	 	 	 60.0�
Fatty Acid Composition, %

Myristic C14:0 0.7 0.7 0.7 0.7 0.7 0.7 0.7

Palmitic C16:0 22.5 22.6 22.7 22.7 22.6 22.9 23.2

Palmitoleic C16:1 0.7 0.6 0.6 0.5 0.5 0.5 	
Stearic C18:0 2.5 5.7 6.8 3.9 7.0 7.4 71.3

Oleic C18:1 18.2 48.2 51.0 61.4 62.6 65.0 4.3

Linoleic C18:2 54.1 21.5 17.7 10.0 6.2 2.4 	
Linolenic C18:3 0.8 0.2 	 0.3 	 	 	
Arachidic C20:0 0.3 0.3 0.3 0.3 0.3 0.3 0.3

Behenic C22:0 0.2 0.2 0.2 0.2 0.2 0.2 0.2

Hydrogenation conditions: None Nonselective 	 	 	 Selective 	 	 	 Nonselect

Gassing temp., �F 	 	 	 300 	 	 	 	 	 	 300 	 	 	 	 300

Hydrogenation temp., �F 	 	 	 350 	 	 	 	 	 	 440 	 	 	 	 450

Pressure, bar 	 	 2.0 to 3.0 	 	 	 	 0.7 to 1.0 	 	 	 5.0

Catalyst, % Nickel 	 	 	 0.02 	 	 	 	 0.04 to 0.08 	 	 0.4 to 0.8

Agitation 	 	 	 Fixed 	 	 	 	 	 Fixed 	 	 	 Fixed

� Stands for a range of values.
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� Steep—Poor plasticity but good mouthfeel and oxidative stability are indi-

cated by a north-to-south (y-axis) directional SFI slope, usually referred to as

steep. A narrower span of temperatures with higher SFI values provides

sharper melting tendencies for an improved palatability and a good oxidative

stability. The preferred bland flavor is retained longer because of a lower

unsaturated fatty acid content. However, steep SFI curves produced with

hydrogenation usually indicate a higher trans-fatty acid content.

� Saturated—Technically, an oil should have to have a zero iodine value to be

designated as fully saturated. In theory, it is possible to attain a zero IV, but it

is impractical in production. These basestocks are also referred to as fully

hydrogenated fats, low iodine value hardfats, stearines, or hardfats. Beta prime

hardfats are added to softer basestocks to extend the plastic or workable range,

to improve the product’s tolerance to high temperatures, and to establish the

finished product’s crystal habit. Hydrogenation conditions to produce hardfats

is the least critical of all hydrogenation operations because neither selectivity

nor isomerization are factors, and unsaturation is very minor because the oil is

almost totally saturated.

Post Bleaching. A separate bleaching operation immediately after the hydro-

genation process has three purposes: (1) to ensure that all traces of the prooxidant

hydrogenation catalyst that may have escaped the filtration system after hydro-

genation have been captured, (2) to remove undesirable colors that may have

been accentuated during hydrogenation, and (3) to remove peroxide and secondary

oxidation products. Postbleach systems can be exact duplicates of the prebleach

process. One difference is that a chelating acid, either citric or phosphoric, should

be used to ensure that any residual nickel content is reduced to the lowest possible

level. Batch systems are preferred for postbleaching over continuous for the

same reasons as for hydrogenation systems—production of a wide variety of

hydrogenated basestocks (132). Postbleaching systems are also used to remove

undesirable impurities formed during other modification processes, such as interes-

terification, fractionation, and blending.

Interesterification. The least known and practiced processing technique available

to the fats and oils processor for modification of the physical properties of an oil is

interesterification, often referred to as rearrangement. The ability to modify the

melting point and functional crystallization characteristics without changing the

fatty acid composition makes interesterification a process with a number of unique

possibilities. The benefits of the random interesterification processes are summar-

ized in Table 21 (133).

TABLE 21. Random Interesterification Process Benefits.

Modified Characteristics Unaffected Characteristics

Melting point Iodine value

Solids fat index Fatty acid composition

Crystal habit Trans-isomer content

Oxidative stability Nutritional aspects
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One of the most important types of interesterification with respect to applications

is chemically catalyzed random-ester interchange. Natural fats and oils have speci-

fic fatty acid distributions and positional arrangements that determine their physical

and functional characteristics such as melting point and oxidative stability. During

the interesterification process, the triglyceride ester bonds are broken, the resulting

fatty acids mix together, and eventually they reattach. If the fatty acids reattach to

the same glycerol molecules, the reaction is called intraesterification. When the

fatty acids attach to different glycerol molecules, it is called interesterification. A

random equilibrium arrangement of the fatty acids is reached if the reaction is

allowed to continue long enough. The primary benefits are modification of the phy-

sical properties, such as, melting point and solid fat index values, and modification

of the crystal form tendencies. Similar types of physical changes are possible with

hydrogenation or fractionation, but both of these processes change the fatty acid

distribution of the final product.

Two basic types of chemical interesterification are practiced: random and direc-

ted. Both involve the use of transition metals, such as sodium, or more commonly

derivatives, such as sodium methoxide, as a catalyst. The differences between these

two interesterification reactions are summarized in Table 22.

Random chemical rearrangement of fats and oils can be accomplished with

either a batch or continuous process. Both perform the three important rearrange-

ment steps: (1) pretreatment of the oil, (2) reaction with the catalyst, and (3) deac-

tivation of the catalyst. A typical batch rearrangement reaction vessel is equipped

with an agitator, coils for heating and cooling, nitrogen sparging, and vacuum cap-

abilities. The process steps are as follows:

1. Heat the oil to 250�F to 300�F or 120�C to 150�C in the reaction vessel under

a vacuum to dry the oil. Drying is critical because moisture deactivates the

catalyst.

2. After drying, cool the oil to the reaction temperature, suck in the catalyst with

the vacuum, and agitate for 30 to 60 minutes or until the distinctive brown

color is formed indicating randomization. Analyze the reaction mixture with a

refractometer to determine if the reaction is complete or requires additional

catalyst and/or time to reach the predetermined analytical endpoint.

TABLE 22. Interesterification Process Comparison.

Process Random Directed

Type reaction Nonselective Selective

Reaction time 13 to 30 minutes 6 to 24 hours

Catalyst usage, % 0.05 to 0.1 0.1 to 0.3

Temperature, �F 90 to 140 20 to 60

Filtration required none yes
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3. When reaction completion is confirmed, the catalyst is neutralized either with

the addition of phosphoric acid or water washing.

4. The neutralized interesterified oil must be postbleached to remove the brown

color formed during the reaction before blending and/or deodorization.

In directed rearrangement processes, one or more of the trisaturated glycerides

are selectively removed from the ongoing reaction when the mixture is cooled

below its melting point. This selective crystallization upsets the equilibrium, for-

cing the reaction to produce more trisaturated glycerides to reestablish equilibrium.

Continuous processes are normally used for directed interesterification because the

batch process is difficult to control and a number of reaction vessels would be

required. Scraped-wall heat exchangers cool the mixture to initiate crystallization

and later remove the heat liberated when the trisaturates crystallize. The trisaturates

formed can be separated by filtration, or the reaction can be controlled to produce

the trisaturate level desired for a compound-type shortening formulation. In either

case, the reaction is usually terminated by adding water to inactivate the catalyst.

After neutralization of the catalyst, the liquid soap phase is normally removed with

centrifugation and vacuum drying followed by bleaching to remove the undesirable

impurities formed.

Table 8 lists the triglyceride composition for cottonseed oil as determined by

HPLC. The triglyceride distribution for cottonseed oil is considered even or nonran-

dom because the saturated fatty acids are positioned predominately in the sn-1 or -3

positions with the unsaturated fatty acids in the sn-2 position. Random rearrange-

ment shuffles the fatty acid distribution to effect a melting point increase from

50.9�F or 10.5�C to 93.2�F or 34�C (134). With directed interesterification, a solid

fat may be produced using natural cottonseed oil as the feedstock. The trisaturated

triglycerides are crystallized and precipitate as they are formed. The unsaturated

portion that remains may be used as a salad oil, as most of the saturated fatty acids

have been removed (29). Interesterification can be used to produce basestocks

similar to those produced with hydrogenation or fractionation for blending to

formulate shortenings, margarines, high-stability liquid oil products, and other

specialty products for the food processor.

Blending. Various basestocks are blended to produce the specified composition,

consistency, and oxidative stability for edible fats and oils products, such as short-

enings, frying fats, margarine oils, specialty products, and even some salad oils.

The basestocks may be composed of natural source oils and/or modified oils pro-

duced with hydrogenation, fractionation, or interesterification processes. Blends are

made to meet both the composition and analytical consistency controls identified by

the product developers and quality assurance. The consistency controls can include

specific limits for SFI, IV, melting point, fatty acid composition, or other analysis

specific to the physical characteristics of the particular product. The blending pro-

cess requires storage tanks to inventory the basestocks and scale tanks and/or

meters to proportion the basestocks accurately for each different product. The blend

tanks should be equipped with agitators and heating coils to assure a uniform

blend (106).
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Deodorization. Edible fats and oils retain undesirable flavors and odors after refin-

ing, and they develop other organoleptic undesirables during bleaching, hydrogena-

tion, fractionation, and interesterification processing. Deodorization is basically a

vacuum-steam distillation process operated at elevated temperatures to remove

FFA and other volatile odoriferous components that cause the undesirable flavors

and odors. Additional deodorization benefits include heat bleaching to destroy car-

otenoid pigments, pesticide removal, and cyclopropenoid fatty acid reduction to a

negligible level, all of which ensure oil purity. Deodorization is the last major pro-

cessing step where flavor, odor, and many of the other qualities of an edible fat and

oil product can be controlled. From this point forward, all efforts are directed

toward retaining the quality of the deodorized product.

Experience has shown that edible fats and oils flavor and odor removal correlates

well with the reduction of FFA. The odor and flavor of an oil with a 0.1% FFA will

be eliminated when the FFA is reduced to 0.01% to 0.03%, assuming a zero per-

oxide value. Therefore, all commercial deodorization consists of steam stripping

the oil for FFA removal. Typical conditions practiced in the United States for the

three deodorizer system types are shown in Table 23. The four interrelated operat-

ing variables that influence deodorizer design are vacuum, temperature, stripping

rate, and retention time at deodorization temperatures.

TABLE 23. Typical Deodorization Conditions.

Deodorization Conditions Range

Vacuum, absolute pressure, mbar 2 to 4

Deodorization temperature, �F 410 to 500

Deodorization temperature, �C 210 to 260

Retention time at deodorization temperature:

Batch deodorizer, hours 3 to 8

Continuous deodorizer, minutes 15 to 120

Semicontinuous deodorizer, minutes 15 to 120

Stripping steam, weight percent of oil

Batch deodorizer 5 to 15

Continuous deodorizer 1 to 5

Semicontinuous deodorizer 1 to 5

Drop temperature

Liquid oils, �F 100 to 120

Liquid oils, �C 37.8 to 48.9

Higher melting products:
�F above melting point 10 to 15
�C above melting point 5.5 to 8.5

Product free fatty acid, %

Feedstock 0.05 to 6.0

Deodorized Product 0.02 to 0.03

Product peroxide value, meq/kg

Feedstock 2.0 max

Deodorized product zero

Deodorized product flavor bland
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� Vacuum—Deodorization must be carried out at an extremely low absolute

pressure to promote boiling of fatty acids like palmitic, stearic, and oleic to

permit distillation of the odoriferous substances.

� Temperature—Increases in temperature combine with decreases in pressure to

accelerate deodorization. However, an excessive increase in temperature

promotes polymerization, trans-isomer development, excessive removal of

tocopherols and sterols, color reversion, and the formation of odoriferous low-

boiling products.

� Stripping Steam—Injection of steam into the oil modifies the vapor pressure

of the materials to be distilled to effect deodorization. Adequate stripping

steam, consistent with the temperature and pressure, is required; however, too

much live steam may cause hydrolysis, recreating FFA.

� Retention Time—Retention time is the period during which the oil is at

deodorization temperature and subjected to stripping steam. Factors such as

temperature, vacuum, depth of the oil layer, and product type can vary the

retention time required to properly deodorize an oil.

Deodorization is a multistep process that includes deaeration, heating, deodori-

zation/deacidification, cooling, metal chelating, and polish filtration. Deodorization

equipment in current use can be classified into three principal types: batch, contin-

uous, and semicontinuous. Batch deodorization, the original method used for edible

oils, consists of a vacuum vessel containing internal heating and cooling coils, strip-

ping steam injection apparatus, steam-jet ejector vacuum equipment, high-tempera-

ture heating media source, and polish filtration. These units are now less popular

because of (1) high stripping steam requirements, (2) high vacuum ejector motive

steam consumption (3) long deodorization cycle time, and (4) the finished product

quality is not consistent. Batch systems are still used in circumstances where low

construction costs, small capacities, and specialized or gourmet end products are

involved.

Continuous deodorization systems are used when the feedstock is constant and

the same material is processed for several days. These systems generally have a

modest investment cost with the greatest energy efficiency and, therefore, the low-

est operating cost. The continuous flow allows uniform temperatures during heating

and cooling, permitting smaller ancillary equipment. The general approaches for

continuous deodorizer design are to carry out heating, cooling, and heat recovery

in exchangers external to the deodorizer, or to do the heating, cooling, and heat

recovery within the deodorizer unit. The internal approach is less efficient for

heat recovery but affords a more efficient, more reliable method for product

changes than the external heat exchange. Continuous deodorization benefits are

lost with as few as two or three stock changes in a 24-hour period because of

loss of production time and likelihood of commingling products.

Semicontinuous systems operate on the basis of handling finite batches of oil in a

timed sequence of deaeration, heating, holding-steam stripping, and cooling so that

all of the oil is completely subjected to each condition before proceeding to the next
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step. Most semicontinuous deodorizers consist principally of a tall cylindrical shell

of carbon steel construction with five or more type-304 stainless steel trays stacked

inside of the outer shell. Each tray is fitted with a steam sparge and is capable of

holding a measured batch of oil. By means of a measuring tank, oil is charged to the

top tray, where it is deaerated while being heated with steam to about 320�F to

330�F or 160�C to 166�C. At the end of the heating period, the charge is automa-

tically dropped to the second tray, and the top tray is refilled with oil. In the second

tray, the oil is heated to the operating temperature and, again after a timed period, is

automatically dropped to the tray below. When the oil reaches the bottom tray, it is

cooled to 100�F to 130�F or 38�C to 54�C and discharged to a drop tank from which

it is pumped through a polishing filter to storage.

Deodorization Process Control. Deodorization is the last processing step, in

which flavor, odor, and many of the stability qualities of an edible fat and oil pro-

duct can be controlled. To produce quality deodorized products, attention must be

focused on all of the factors involved with the process. The deodorization physical

process removes the volatile, odoriferous materials present in the oils. The

other factors that influence the quality of the deodorized oil products are as follows

(106):

� Undeodorized oil preparation—The first process control requirement is to

assure that the processing of the oil prior to deodorization has been preformed

properly. Preparation of the oil before deodorization has a significant effect on

the product after deodorization. For example, deodorization will remove the

hydroperoxides from abused oils, but the secondary oxidation products

formed will accelerate the rate of oxidation during storage to compromise

the flavor and odor. With proper process control, the abused oil would have

been bleached prior to deodorization to remove the aldehydes and ketones that

make up the secondary oxidation products. Two other deleterious impurities

that deodorization will not remove are soap and phosphatides, which must be

eliminated in the up-stream processes.

� Air elimination—Oils must be protected from air before, throughout, and after

the deodorization process. At deodorization temperature, the oil reacts

instantly with oxygen to become oxidized, which, in turn, causes flavor

reversion. Following are recommended procedures to eliminate potential air

sources before and during deodorization: (1) Deaeration of the feedstock is

essential to remove oxygen from previous exposure; (2) air leaks at fittings

below the oil level and in external pumps, heaters, and coolers should be

checked and stopped; and (3) the stripping steam must be generated from

deaerated water to be oxygen-free. After deodorization, the oils must be

protected from air to preserve the deodorized oil quality. The usual procedure

is to replace air with nitrogen. Oxygen contact can be reduced considerably by

keeping the entire handling system after deodorization protected with an inert

gas like nitrogen. Gas-free finished oil can be delivered from the deodorizer to

a storage tank under a complete nitrogen blanket, or the oil can be sparged

with nitrogen at the deodorizer exit. Thereafter, effective protection against
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oxidation requires the product to be protected by nitrogen gas in the storage

tanks and bulk transports, as well as in packaging.

� Metal chelating—Trace metals may be absorbed from the soil by the plants

during the growing season, and later in the oil from contact during crushing,

storage, and the other processes and transfers. Many of the trace metals

promote autoxidation, which results in off-flavors and odors accompanied by

color development. Studies have identified copper as the most harmful metal,

with iron, manganese, chromium, and nickel following. The effects of

prooxidants can be diminished by using chelating agents before and after

deodorization. The most commonly used chelating agents are citric acid,

phosphoric acid, and lecithin. Deodorized oils are usually treated with citric

acid during the cooling cycle at 50 to 100 ppm.

� Oil polishing—The final stage of deodorization is filtration of the oil to

remove any fine particles of soaps, metallic salts, rust, filter aid, polymerized

oil, or any other solid impurities.

� Antioxidant addition—Vegetable oils contain tocopherols that are natural

antioxidants. Tocopherols are removed in the refining, bleaching, and deodor-

ization processes, but enough survive to provide the optimum stability

available from the natural antioxidants. Several phenolic compounds have

been identified that can also provide oxidative stability and longer shelf life

for fats and oils by delaying the onset of oxidative rancidity. Phenolic

substances or antioxidants function as free radical acceptor, thereby terminat-

ing oxidation at the initial step. Several antioxidant compounds are available,

but tertiary-butylhydroquinone (TBHQ) is the most effective antioxidant for

vegetable oils.

5. REGULATORY CONSIDERATIONS: COTTONSEED OIL
EXTRACTION AND PROCESSING

Many workplace, environmental, food safety, and other regulations apply to oilseed

and oil processors (55). Some of the regulations required in the United States are

discussed. Many other countries have similar requirements, but if they do not, it

would be prudent for oilseed solvent extraction operations and vegetable oil proces-

sors to consider meeting these regulations and for these industries to have environ-

mental, health and safety, and quality management programs (135, 136).

5.1. Workplace Regulations (OSHA)

Workplace regulations are promulgated and enforced in the U.S. by the Occupa-

tional Safety and Health Administration (OSHA), which is part of the U.S. Depart-

ment of Labor, under the Occupational Safety and Health Act (OSH Act; PL 91-596

as amended by PL 101 552; 29 U.S. Code 651 et. seq.). OSHA general industry

health and safety standards (29 CFR 1910) apply to oilseed extraction and oil
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refining. In addition, even if there is not a specific standard, OSHA can site a

facility under the ‘‘general duty clause’’ [Sec. 5(a)(1) of the OSH Act], because

the OSH Act requires the employer to maintain a safe and healthful workplace.

Some health and safety standards that affect cottonseed oil extraction and

processing are as follows:

1. OSHA Health Standards:

a. Air Contaminants Rule, 29 CFR 1910.1000 (the permissible exposure

limit [PEL] for n-hexane is 500 ppm [1800 mg/m3], 8-hr time-weighted-

average; there are PELs for sodium hydroxide, sulfuric acid, vegetable oil

mist, nuisance dust, etc.)

b. Hazard Communication Standard, 29 CFR 1910.1200

c. Cotton Dust Standard, 29 CFR 1910.1043 (cottonseed oil mills have

medical surveillance, recordkeeping, and reporting requirements)

d. Bloodborne Pathogens, 29 CFR 1910.1030

e. Occupational Exposure to Hazardous Chemicals in Laboratories, 29 CFR

1910.1450

2. OSHA Safety Standards:

a. Process Safety Management, 29 CFR 1910.119 (for n-hexane)

b. Emergency Action Plan, 29 CFR 1910.38(a)(1)

c. Fire Prevention Plan, 29 CFR 1910.38(b)(1)

d. Fire Brigades, 29 CFR 1910.156

e. Permit-required Confined Space, 29 CFR 1910.146

f. Lockout-Tagout, 29 CFR 1910.147

g. Occupational Noise Exposure, 29 CFR 1910.95 and Hearing Conservation

Program, 29 CFR 1910.95(c)

h. Personal Protection Equipment:

General Requirements, 29 CFR 1910.132

Eye and Face Protection, 29 CFR 1910.133

Respiratory Protection, 29 CFR 1910.134

Head Protection, 29 CFR 1910.135

Foot Protection, 29 CFR 1910.136

5.2. Environmental Regulations (EPA)

The U.S. Environmental Protection Agency (EPA) administers all regulations

affecting the environment and chemicals in commerce. EPA regulations are

intended to protect human health and welfare and the environment. The individual

states and state environmental regulatory control boards implement and enforce

most of the regulations.
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The legislation that serves as the basis for the regulations can be divided into:

1. Statutes that are media-specific [Clean Air Act (CAA) and Clean Water Act

(CWA)]

2. Statutes that manage solid and hazardous waste [Resources Conservation and

Recovery Act (RCRA) and Comprehensive Environmental Response, Com-

pensation and Liability Act (CERCLA; ‘‘Superfund’’)]

3. Statutes that directly limit the production rather than the release of chemical

substances [Toxic Substances Control Act (TSCA) and Federal Insecticide,

Fungicide and Rodenicide Act (FIFRA)]

Some of the more important environmental regulations that affect oilseed extraction

and processing are as follows:

1. Clean Air Act (CAA; 42 U.S. Code 7401 et seq.). States and state air control

boards are required to implement regulations and develop state implementa-

tion plans (SIP) (137). Hazardous air pollutants (HAP), such as n-hexane, are

regulated with National Emissions Standards for Hazardous Air Pollutants

(NESHAP) and criteria pollutants [e.g., ozone (O3), particulate matter (PM),

nitrogen oxides (NOx), sulfur oxides (SOx), carbon monoxide (CO), and lead

(Pb)] are regulated with National Ambient Air Quality Standards (NAAQS).

n-Hexane is a regulated HAP but isohexane and acetone are not. Regulated criteria

pollutants, such as O3, PM, CO, and NOx, also are emitted during the extraction and

refining of cottonseed oil.

a. Hazardous Air Pollutants (HAP) or Air Toxics (40 CFR 61): If a facility is a

major emitter of n-hexane, the EPA requires sources to meet national

emissions standards (119). The air toxic control measures for source cate-

gories are technology-based emission standards (not health based) established

for major sources (10 tons/yr of one HAP or 25 tons/yr of total HAP) that

require the maximum degree of reduction emissions, taking costs, other

health and environmental impacts, and energy requirements into account.

Compliance with a NESHAP involves the installation of Maximum Achiev-

able Control Technology (MACT), which essentially is maximum achievable

emission reduction. The NESHAP for Solvent Extraction for Vegetable Oil

Production (4/12/01, 65 FR 34252; 40 CFR 63 subpart GGGG) requires all

existing and new solvent-extraction processes that are major sources to meet

HAP emission standards, as a 12-month rolling average based on a 64%

n-hexane content. Solvent-extraction facilities covered are those that produce

crude vegetable oil and meal products by removing crude oil from listed

oilseeds (corn germ, cottonseed, flax, peanuts, rapeseed, safflower, soybeans,

and sunflower) through direct contact with solvent. HAP emission standards

(solvent loss factor) for cottonseed oil production are: for cottonseed, large
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(process>120,000 tpy) 0.5 gal/t and for cottonseed, small (<120,000 t/yr)

0.7 gpt. Facilities have until 4/12/04 to get into compliance. As the emission

loss factor values are 12-month rolling averages, the first compliance report

would be due no sooner than 48 months after the standard was promulgated

(i.e., 4/12/05).

b. NAAQS: The NAAQS are set at levels sufficient to protect public health,

including the health of sensitive populations (primary air quality standards)

and public welfare (secondary air quality standards) from any known or

anticipated adverse effect of the pollutant with an adequate (appropriate)

margin of safety.

Volatile organic compounds (VOC) are essentially considered the same as

the criteria pollutant ozone (119). n-Hexane and hexane isomers are VOCs.

Most U.S. cottonseed oil extracting facilities would be major sources of

VOCs and would be covered by the requirements for ozone emissions and

attainment, unless they used a solvent that was not classified as a VOC

(e.g., acetone).

Most vegetable oil production facilities are major sources of particulate

matters (PM). Depending on the oilseed processed, PM emissions can be

0.1–0.3 lbs of total suspended particulate (TSP), which is about 50% PM10

(PM smaller than 10 microns) and less than 2% PM2.5 (PM smaller than

2.5 microns), per ton of seed processed. PM controls would also have to be

part of a facility’s federal and state permits. Cottonseed oil production facil-

ities probably also have to include NOx, SOx, and CO emissions in their

federal and state permits.

Any new or significantly modified facility would have to comply with the

new source review (NSR) requirements. NSR is a preconstruction permitting

program. If new construction or making a major modification will increase

emissions by an amount large enough to trigger NSR requirements, the source

must obtain a permit before it can begin construction.

c. Odor: There are no specific federal regulations for odor. States can, however,

regulate odor if they choose to.

d. Federal Permits (40 CFR 70): All major sources of regulated solvents are

required to have federally enforceable operating permits (FOP) (137) (also

referred to as Title V permits).

e. State Permits: Most states require state permits for facilities that emit listed

air pollutants (119). In some states, federal permits and state permits are

combined, while in other states, facilities are required to have both a state or

county (air district) permit and a federal permit. As part of annual emission

inventory reporting requirements, many states already require reporting of

HAP and VOC because of their state implementation plan (SIP).

2. Clean Water Act (CWA; 33 U.S. Code 1251 et seq.). Under the CWA, the U.S.

EPA establishes water quality criteria used to develop water quality standards,

technology-based effluent limitation guidelines, and pretreatment standards
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and has established a national permit program [National Pollution Discharge

Elimination System (NPDES) permits; 40 CFR 122] to regulate the discharge

of pollutants. The states have responsibility to develop water quality manage-

ment programs.

Oilseed processing and oil refining are covered by the following (138):

� Basic discharge effluent limitations that require NPDES permits (40 CFR

122)

� Stormwater regulations that require a stormwater permit (40 CFR 122 and

123)

� Oil spill prevention and response plans (40 CFR 112)

3. Resource Conservation and Recovery Act (RCRA; 42 U.S. Code 6901 et seq.).

RCRA Subtitle D covers nonhazardous wastes. Subtitle C (40 CFR 261) is a

federal ‘‘cradle-to-grave’’ system to manage hazardous waste (including

provisions for cleaning up releases and setting statutory and regulatory

requirements). Materials or items are hazardous wastes if and when they

are discarded or intended to be discarded. Hazardous wastes are either listed

wastes (40 CFR 261.30-.33) or characteristic wastes (40 CFR 261.21-.24).

The U.S. EPA defines four characteristics for hazardous waste: ignitability

(40 CFR 260.21); corrosivity (40 CFR 260.22); reactivity (40 CFR 260.23);

and toxicity (40 CFR 260.24).

a. Spent bleaching clay is not a RCRA hazardous waste (40 CFR 302). It is

usually disposed of by taking it to a regular landfill. There sometimes can be a

spontaneous combustion (oxidation of unsaturated fatty acids in the retained

oil causing self heating leading to combustion) problem when it is taken to

the landfill. The potential for spontaneous combustion in bleaching earth

depends on the type and amount of oil retained and rises with increasing

unsaturation of the fatty acids in the retained oil. U.S. DOT classifies

materials liable to spontaneous combustion as Class 4.2 hazardous materials

[49 CFR 173.124 (b) and Appendix E 3]. Spent bleaching clay can be finely

ground and put in small quantities into the animal meal in operations that do

oil extraction. With the increased concern about dioxin in food and feed

product by FDA and EPA, this is discouraged.

b. Spent nickel catalyst is not considered a RCRA hazardous waste (40 CFR

table 302.4). No reporting of release of this substance is required if the

diameter of the solid metal released is equal to or exceeds 100 mm. The RQ

for particles greater than 100 mm is 100 lbs. Most, if not all, spent nickel

catalyst is recycled.

4. Emergency Planning and Community Right-to-Know Act (EPCRA; 42 U.S.

Code 11001 et seq.) EPCRA requires states to establish emergency planning

districts with local committees to devise plans for preventing and responding

to chemical spills and releases.
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Section 313 (40 CFR 372), Toxic Release Inventory (TRI): Businesses are required

to file annual reports with federal and state authorities of releases to air, water, and

land above a certain threshold for chemicals on the TRI/Section 313 list (40 CFR

372.65) by July 1 each year for the previous year’s releases (139). TRI requirements

are triggered if a facility is involved in manufacturing with 10 or more full-time

employees, manufactures, processes, or otherwise uses with one or more listed sub-

stances in a quantity above the statutory reporting threshold of 25,000 lbs./yr (man-

ufactured or processed) or 10,000 lbs./yr (otherwise used). Beginning with the 1991

reporting year, such facilities also must report pollution prevention and recycling

data for such chemicals pursuant to Section 6607 of the Pollution Prevention Act

(42 U.S. Code 13106). n-Hexane was added to the TRI list in 1994 with reporting

for 1995 emissions (135). Isohexane is not on the TRI list.

5. Toxic Substances Control Act (TSCA; 15 U.S. Code 2600 et seq.) If a

chemical’s manufacture, processing, distribution, use, or disposal would

create unreasonable risks, the U.S. EPA, under the TSCA (40 CFR section

700, et seq.), can regulate it, ban it, or require additional testing.

Inventory Update Rule (IUR) (40 CFR 710). The IUR was established in 1986 to

require manufacturers and importers of chemicals listed on the master TCSA Inven-

tory to report current data every four years on the production volume of chemicals

imported or produced. Food and feed products produced from natural agricultural

product, such as oilseeds, are not required to be reported but all oil and meal

products obtained by solvent extraction that is sold for other than food or feed

use (e.g., oils as chemical raw materials and meal as fertilizer) are. Cottonseed

oil, soap stocks, acidulated soap stocks, deodorized distillates, hydrogenated

cottonseed oil are some of the substances reported by extraction and refining

operations under IUR. EPA amended this rule in 2003 (1/9/03; 68 FR 848). Cotton-

seed oil is on the list of partially exempt substances, which are not subject to the

new reporting requirements for processing and use data but continue to have

to report the current IUR information as well as manufacturing exposure-related

information.

5.3. Food Safety (FDA)

The U.S. Food and Drug Administration (FDA) regulates all aspects of food,

including food ingredients and labeling in the United States. An extraction solvent

or other processing substances that can be in food are subject to premarket approval

by FDA unless its use is generally recognized as safe (GRAS) by qualified experts.

Oilseed extraction solvents and food processing substances, to be legally used in the

United States, must have been subject to an approval by the U.S. FDA or the U.S.

Department of Agriculture (USDA) during 1938–1958 for this use (‘‘prior sanc-

tion’’); be GRAS for this use by FDA [‘‘GRAS affirmation’’ (21 CFR 170.35); sub-

stances don’t have to be specifically listed and there are several ways to determine

GRAS]; or be used in accordance with food additive regulations promulgated by the

U.S. FDA [21 CFR 170.3(h)(I)]. Food additives generally fall into two broad
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categories: 1) those added directly to food (21 CFR 172), and 2) those that are

added indirectly to food through contact with packaging materials, processing

equipment, or other food-contact materials (21 CFR 174-178).

Many prior sanctions and early GRAS determinations are not codified in the

U.S. FDA regulations. Extracting solvents used in food manufacturing, such as

n-hexane or isohexane, have been labeled as food additives or incidental additives

(i.e., ‘‘additives that are present in a food at insignificant levels and do not have any

technical or functional effect in that food’’). Incidental additives can be ‘‘processing

aids,’’ (i.e., ‘‘substances that are added to a food during processing but removed

from the food before it is packaged’’). Most food-processing substances, including

solvents, can be regarded as ‘‘incidental additives’’ and, thus, are exempt from label

declaration in the finished food product.

As vegetable oil and other human food grade oils undergo refining, bleaching,

deodorization, (steam distillation) and sometimes other purification processes as

part of the manufacturing process prior to being used as a food product, they should

not contain any (< 100 ppb) of the extraction solvent, if proper manufacturing prac-

tices are followed.

‘‘Commercial hexane,’’ containing about 50–85% n-hexane (the rest is the hex-

ane isomers that make up ‘‘commercial isohexane’’), has been mostly used since

the 1940s as an oilseed-extraction solvent on the determination that it is GRAS

and it may also be subject to a prior sanction. Like many other food-processing

substances, there is no U.S. FDA regulation specifically listing n-hexane as

GRAS or prior sanctioned. However, under FDA regulations, hexane has been

cleared as a solvent (residue not more that 5 ppm) for use in many products

(140). Isohexane/hexane isomers also are not specifically listed as GRAS or prior

sanctioned.

In Europe, the maximum residue limit (MRL) in vegetable oils has been

established as 5 ppm n-hexane (141). There is no MRL for isohexane/hexane

isomers.

In summary, extraction solvents can be considered incidental additives/proces-

sing aids that are exempt from label declaration. GRAS status may be determined

by a company or an industry (‘‘GRAS self-determination’’ (142) or ‘‘GRAS noti-

fication’’ (April 17, 1997; 62 FR 18938)), an independent scientific organization

(e.g., ‘‘FEMA GRAS’’ (143), or the U.S. FDA (GRAS affirmation (21 CFR

170.35)). The Federal Food, Drug and Cosmetic Act (FFDCA; 21 U.S. Code 321

et seq.) does not provide for the U.S. FDA to approve all ingredients used in food,

and the U.S. FDA explicitly recognizes that its published GRAS list is not meant to

be a complete listing of all substances that are, in fact, GRAS food substances.

Although there is no requirement to inform the U.S. FDA of a GRAS self-determi-

nation or to request FDA review or approval on the matter, the U.S. FDA has estab-

lished a voluntary GRAS affirmation program under which such advice will be

provided by the agency. Solvents that do not have prior sanction, a GRAS determi-

nation of somekind, or a tolerance set probably should be evaluated for compliance

under food safety requirements if a facility is considering changing its extracting

solvent.
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6. COTTONSEED OIL PRODUCTS FINISHING TREATMENT

Not too many years ago, fats and oils finished products were only available pack-

aged in containers no larger than 55-gallon drums. Then, large industrial users of

cooking and salad oils that could pump oils at ambient temperatures installed bulk

handling facilities. These installations were followed by fats and oils handling,

which required equipment in addition to storage facilities; i.e., specifically equip-

ment for chilling and plasticization of shortening and margarine-type products. Ser-

ious consideration must be given to the means selected to deliver the product to the

consumer or ingredient user, be it shipped by rail or truck, or packaged before ship-

ment in smaller quantities. Quality, cost, and handling by both the fats and oils sup-

plier and the consumer are dramatically affected by the means selected. An oil

product that has been carefully processed to attain optimum palatability, nutrition,

and performance can be maintained or lost by the selection of packaging, crystal-

lization, cooling, filling, or bulk shipment choices.

6.1. Cooking and Salad Oil Filling and Packaging

The salad and cooking oil package contains and protects the oil on its journey from

the processor through usage by the consumer. Salad and cooking oils are usually

packaged shortly after deodorization in containers for home, restaurant, or food

processor use. It is not customary to store large quantities of deodorized oils; com-

mon practice is to package these oils as soon as possible. The preservation measures

necessary are nitrogen protection, temperature control, light avoidance, and the

addition of any additives required by product or customer specification. A cost-

effective package is one that delivers the product to the satisfaction of the user at

the least cost.

Early in the twentieth century, glass bottles replaced tin-plated cans in Europe

and the United States for cottonseed and other salad oils packaged for the house-

hold consumer. Glass packaging was well established as the efficient package for

retail consumer oils until the mid-1980s. Then, plastic replaced glass due to con-

sumer preference for lightweight, unbreakable, and easily handled containers with

added benefits of improved economics effected by lower package costs, reduced

transportation costs, and equalivent product protection. Consumer liquid oils in

the United States are currently packaged in 8-, 16-, 24-, 32-, 38-, 48-, and 64-ounce

clear, rectangular shaped, stretch-blown polyethylene terephthalates (PET) con-

tainers, as well as 1-gallon opaque plastic containers. The same oils and some

additional products with additives, such as antifoamers and antioxidants, are

packaged in 35-pound or 5-gallon plastic jugs and 425-pound closed head drums

for food service and food processor customers. High-speed automatic filling,

capping, labeling, and casing machines are used for packaging the smaller con-

tainers. Slower speed twin spout automatic fillers are normally used for the steel

drums.
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6.2. Shortening Plasticization, Packaging, and Tempering

Plasticized shortening products can be defined as fats with a consistency than can

be readily spread, mixed, or worked. Considerably more is involved in the plasti-

cization of shortening and margarine than merely lowering the temperature to cause

solidification. Slow cooling of these products produces a grainy, pasty, nonuniform

mushy product that lacks the appearance, texture, and functional characteristics

associated with plasticized products. Development of these characteristics is a func-

tion of controlled crystallization or plasticization. The final consistency of a short-

ening is the culmination of all the factors influencing crystallization and

plasticization: chilling, working, tempering, pressure, and gas incorporation. Table 24

summarizes the effects of the crystallization processes upon shortening consistency

(144).

The plasticization process involves the rapid chilling and homogenization of the

shortening mixture. Most shortenings are quick-chilled in closed thin-film scraped-

wall heat exchangers with extrusion valves to deliver a smooth homogenous pro-

duct to the package at 17–27 atm pressure. Nitrogen is injected at 13� 1% into

most shortenings to increase the product’s workability and provide a white, creamy

appearance. After packaging, many processors temper shortenings at temperatures

slightly above the packaging temperature to allow the crystal structure of the hard

fraction to reach equilibrium and form a stable matrix. After tempering, shortenings

are usually stored and shipped at controlled temperatures of 70–80�F or 21.1–

26.7�C to avoid crystal change and loss of the plastic properties (145). Figure 4

depicts a typical shortening plasticization process flowsheet in the United States,

beginning when the deodorized shortening blend has been transferred to the chilling

unit supply tank and all of the specified additives have been incorporated (106).

Packaging of Shortening. Plasticized shortenings for commercial use are usually

packaged in plastic film-lined 50-pound corrugated cartons, commonly referred to

as a cube. The 50- and 110-pound tinplated cans and the 380–400-pound open head

drums, both steel and composite, that were favorite packages for many years have

almost completely disappeared. For home consumption, vegetable shortening is

packed in 1- and 3-pound composite or plastic cans, and occasionally in larger

8-pound tinplated lithographed cans with a recloseable pressure-applied lid.

TABLE 24. Crystallization Process Conditions’ Influence

on Shortening Consistency.

Plastic Process Brittle

13� 1% Gas incorporation None

Cold Chilling Warm

More Mechanical working Less

High Pressure Low

85� 5�F Tempering Cold
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The 50-pound cube containers are generally filled directly from the texturing

valve on scales and automatically filled to the package declared weight. Household

shortenings are usually packed in the smaller containers using volumetric type fill-

ing machines. The seamed lid applied on tinplated household shortening cans has

been replaced with a foil seal and a plastic overcap on the composite and plastic

Figure 4. Typical process flow for shortening plasticization.
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containers. After filling, all of the shortening products are tempered to stabilize the

crystal structure in the desired form.

6.3. Margarine Mixing, Chilling, and Packaging

Margarine is a flavored food product containing 80% fat, made by blending selected

basestocks with other ingredients, fortified with vitamin A, to produce a table,

cooking or baking fat product that serves the purpose of dairy butter but is different

in composition and can be varied for different applications (146). Margarine was

developed and continues to be a butter substitute but now, spreads have been devel-

oped as margarine substitutes. The major difference between spreads and margarine

is that spreads are not legally required to contain a minimum of 80% fat.

Processing for margarines and spreads begins with the preparation of an emul-

sion of the ingredients. Emulsions are prepared by adding the oil-soluble ingredi-

ents to a heated margarine oil formulation in an agitated emulsion tank.

Concurrently, a pasteurized aqueous phase is prepared by mixing all of the

water-soluble ingredients together in another vat. The water phase is then added

to the oil phase to make the emulsion. The emulsion is rapidly chilled with

scraped-wall heat exchangers similar to those used for shortening products. The

plasticized products are then formed into convenient sizes and shapes wrapped

with paper, which sometimes are called prints, or filled into the various containers

for consumer, restaurant, or food processor use. Most margarine and spread pro-

ducts are stored at refrigerator temperatures immediately after packaging, except

for some specialized baking products (106).

6.4. Flaking and Spray Chilling

Fat flakes describe the higher melting fat and oil products solidified in a thin flake

form for ease of handling, quick remelting, or for a specific function in a food pro-

duct. Flakes are solidified on a chill roll, which has been described as an endless

moving chilling surface held at a temperature below the crystallization point of the

applied fat or oil product to form a congealed film on the outer surface. Chill rolls

and processed oil formulations have been adapted to produce several different

flaked products that can provide distinctive performance characteristics in specialty

formulated foods. The flaked products, produced almost exclusively for restaurant

and food processor consumers, are hardfats or stearines, shortening chips, icing sta-

bilizers, confectioners fats, hard emulsifiers, and other customer specific products.

The flake products are packaged in kraft bags, corrugated cartons with vinyl liners,

or other suitable containers for storage and shipment (145).

Spray chilled or powdered fats are specialized products developed for ease of

incorporation, handling, melting efficiency, uniform delivery with addition systems,

encapsulation, and other special-purpose uses. The spray chilling process consists

of atomizing a molten fat in a crystallization zone or tower, maintained under tem-

perature conditions where a very fine mist of the melted fat is contacted with cooled

air or gas to cause crystallization without marked supercooling (106).
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6.5. Bulk Fats and Oils Shipments

Food processors that use fats and oils in large quantities often have the facilities to

handle this ingredient liquid in bulk. All of the products packaged for shipment and

use can be provided to the customers in tank cars or tank trucks, except margarine

and spread mixes that contain milk and salt. The customers for these bulk products

must have fats and oils bulk handling systems to receive, store, and handle the

liquid products. Chilling equipment is also necessary for the shortening or margar-

ine type products to develop the crystal structure necessary for functionality.

7. COTTONSEED OIL UTILIZATION

Edible fats and oils usage can be separated into four product categories: (1) liquid

oils, (2) shortenings, (3) margarines, and (4) specialty products. Until World War II,

cottonseed oil had been the major oil source for all four food product categories in

the United States. The U.S. vegetable oil industry was developed with cottonseed

oil as the original source oil, and it dominated this market for almost 100 years.

Many of the prepared food products available today were developed with a short-

ening, margarine, or an oil product containing cottonseed oil. Soybean oil became

the dominate vegetable oil in the world as a result of availability and economics, not

overall performance. Unlike other source oils, cottonseed oil is a more universal

source oil to provide the desired functionality for most products; in fact, cottonseed

oil or another beta-prime crystal former is necessary in most product formula-

tions with soybean, sunflower, canola, and corn oils to effect a smooth, plastic

consistency.

Cottonseed oil is still used in all four of the fats and oils product categories, as

shown in Figure 5 (28). However, competition from other vegetable oils grown

domestically and imported has decreased the popularity of cottonseed oil from a

dominant position to that of a specialty oil, as indicated previously in Table 2. In

the United States, soybean oil is the undisputed volume leader for all of the fats and

oil products with 61.0% of the consumption in 2000. Collectively, the animal fats

still have the second highest consumption, but individually as lard, tallow, and but-

terfat, their usage is less than three individual vegetable oils; soybean, canola, and

corn oils. A reduced usage of animal fats along with an increased usage of liquid

vegetable oils indicates an effort on the part of the U.S. consumers to eat a healthier

diet. Consumers have reduced their usage of animal fats to avoid cholesterol and are

decreasing their shortening usage in favor of liquid oils to reduce saturated fats.

Margarine usage has also suffered due to consumers efforts to reduce visible fat

consumption. Consumer table spread popularity has shifted to low-fat spreads while

this product category is experiencing a volume decline.

7.1. Oil and Fat Products Requirements

Fats and oils are very versatile raw materials. Processors have developed methods to

make them even more useful to the food industry and analytical chemists have
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devised methods to qualify the products produced. Satisfactory performance of oil

products is dependent on several important elements that determine suitability. For-

mulators must identify the attributes that are important for each individual finished

product and then effectively use process modification capabilities to satisfy the pre-

pared foods requirements. Successful production of these products relies on the

manipulation of the basestock blends to produce suitable physical properties and

to prevent undesirable changes during and after processing. The important vegeta-

ble oil performance characteristics that must be considered and modified to fit the

finished product’s requirements are as follows:

� Flavor. Generally, the flavor of a cottonseed or a substitute oil product should

be completely bland to enhance the food product’s flavor rather than

contribute a flavor.

� Flavor Stability. The oil ingredient must have the identified degree of resis-

tance to oxidative and lipolytic flavor degradation to maintain a bland flavor

and odor throughout the shelf life and use life of the prepared food product.

Cottonseed oil reverts to a nutty flavor that is not as objectionable as the rever-

sion flavors of the other oils with high levels of linoleic and oleic fatty acids.

� Physical Characteristics. The proper blend of basestocks and hardstocks must

be identified that provide the physical, functional, and organolepic properties

required by the finished product. These characteristics are usually identified

analytically with solids fat index, melting point, and iodine value determina-

tions.

� Crystallization. Cottonseed oil crystallizes in the beta-prime crystal form,

which is preferred for plasticity, heat resistance, and creaming properties in

Other
6.7%

Export
16.3%

Liquid Oils
48.5%

Margarine
2.1

Shortening
26.4%

Figure 5. U.S. Cottonseed oil utilization.
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shortening, margarine, and most of the specialized product formulations. This

characteristic provides a more universal functionality for cottonseed oil; it can

be the sole source oil in a product or provide the impetus to force the crystal

habit to the desired beta-prime form in blends with other oils that crystallize in

the beta form.

� Nutritional Concerns. All fats and oils are recognized as important nutrients

for both humans and animals because they provide a concentrated source of

energy, contain essential fatty acids, and serve as carriers for fat-soluble

vitamins. However, significant research has been done on the relationship

between fats and the incidence of coronary heart disease. Diet modifications,

including reductions in fat consumption, saturated fats, cholesterol, and trans-

isomers, have been recommended. Cottonseed oil is a good source of the

essential fatty acids because it contains 53% to 55% linoleic fatty acid. Like

other vegetable oils, it also has the advantage of being essentially cholesterol

free while providing the highest saturated fatty acid content (26%) of the other

vegetable oils in its classification. Unhardened cottonseed oil with a typical

iodine value of 111 can be used in some formulations to provide saturation

and oxidative stability without the trans-isomers developed in other oils

during hydrogenation to reach this point.

Current chemical and physical processing techniques provide the processor with

the capability of modifying one or more of an oil’s properties. It is possible to

change the functionality of an oil product to provide the ability to formulate tailor-

made products to suit a particular product or process. Further, the processing

techniques provide the processor with a wider range of alternative raw material

sources to improve commercial viability. The main objectives for applying the

available modification or processing techniques are as follows:

1. Produce an oil product to meet certain performance characteristics not

possible with natural oils.

2. Production of basestocks with lower processing costs to duplicate the

functionality of a more costly alternative.

3. Oxidation stability improvements through the elimination of the reaction

sites.

4. Palatability improvement.

5. More nutritionally acceptable products; i.e., reduce saturates and trans-acids

while increasing polyunsaturates.

8. LIQUID OILS

Clarity at or below ambient room temperature is the primary characteristic of a

liquid oil. Natural vegetable oils that are liquid at room temperatures in temperate

climates, 75� 5�F or 23.9� 2.8�C, contain high levels of unsaturated fatty acids
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with low melting points. Fatty acids with one or more double bonds and 18 carbon

atoms are the most important unsaturated fatty acids for liquid oils. Oleic (C-18:1),

a monounsaturated fatty acid, is the most widely distributed and most stable 18 car-

bon chain-length unsaturated fatty acid. Linoleic (C-18:2) and linolenic (C-18:3)

are the most widely distributed di- and triunsaturated fatty acids. Both of these

polyunsaturated fatty acids are termed essential because they cannot be synthesized

by the human body and must be supplied in the diet. Complete exclusion of the

essential fatty acids results in scaly skin, loss of weight, kidney lesions, and death.

The physical state of a fats and oils product may be natural or the result of pro-

cessing. Changes to either a solid or a liquid can be effected by processes that

change the melting or solidification points. These physical properties can be mod-

ified by several different processes available to the fats and oils industry: (1) hydro-

genation, which saturates the unsaturated fatty acids to increase both the oxidative

stability and melting point; (2) interesterification, which rearranges the fatty acids

among the triglycerides to change the melting, oxidative stability, and crystalliza-

tion tendencies of the oil; (3) fractionation, which physically separates hard and soft

fractions to provide different functional properties; and (4) genetic engineering

procedures, which modify the oil’s fatty acid composition during the development

of the seed.

Three major oil types have been developed that maintain different degrees of

clarity or oxidative stability at and below room temperature in temperate climates.

These liquid oils are identified by their functionality traits; cooking, salad, and high

stability. The definition for each of these classifications is as follows:

Cooking Oil. An edible oil that is liquid and clear at room temperature, 75�F or

23.9�C, that may be used for cooking. Cooking oils are typically used for pan fry-

ing, deep-fat frying, sauces, gravies, marinates, and other nonrefrigerated food pre-

parations where a clear liquid oil has application. Cooking oils usually congeal or

solidify at refrigerator temperatures. Refined, bleached, and deodorized cottonseed

oil is considered a cooking oil because it contains saturated fatty acids that cause

the oil to cloud and solidify slightly below room temperature.

Salad Oil. An edible oil that is suitable for the production of a mayonnaise or salad

dressing emulsion, which will remain liquid at refrigerated temperatures; 40�F or

4.4�C. This requirement has been refined to require a minimum cold test of 5 and

one-half hours; this measurement requires that a sample of the oil remain clear and

brilliant while submerged in an ice bath. Cottonseed oil must have a portion of the

saturated triglycerides removed to meet the requirements of a salad oil; winteriza-

tion is the process normally used to produce a cottonseed salad oil.

High Stability Oils. An edible oil that is clear at room temperature and possesses

an exceptional oxidative and flavor stability. The usual measure for oxidative

stability is the Active Oxygen Method (AOM), AOCS Method Cd 12-57. High-

stability oils will withstand the AOM abuse for periods in excess of 75 hours,

and some longer than 300 hours, as opposed to a 15-hour AOM result for cotton-

seed cooking oils. High-stability oils can be produced by hydrogenation followed

by fractionation or by genetic engineering. Most high-stability oils are considered

specialty products.
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8.1. Cooking and Salad Oil Sources

A steady growth in the consumption of cooking and salad oils is evident from the

USDA Economic Research Service Oil Crops Situation and Outlook Reports for

domestic consumption of salad and cooking oils in the United States. The consump-

tion data by source oil is summarized in Table 25 (25, 33). Deodorized cooking and

salad oils are principally prepared from soybean, cottonseed, corn, canola, sun-

flower, and peanut oils. Olive oil is technically a cooking oil and is considered a

gourmet product by many due to its distinctive flavor and odor, which would be

destroyed by deodorization, considered mandatory for the other liquid oils.

Cottonseed oil contains only minor amounts of linolenic fatty acid and a fair

amount of saturates, approximately 26% to 27%, to make it a relatively stable cook-

ing oil. Cottonseed salad oil production requires winterization to remove the stear-

ine fraction caused by the high level of saturated fatty acids. The unsaturates are

53.3% linoleic fatty acid and 18.3% oleic fatty acid. The natural nutty or buttery

flavor is an additional benefit that can mask less desirable flavors in food products.

Cottonseed oil was the principal cooking and salad oil used in the United States

until the late 1950s. As a source oil, it had lost its dominance for usage in short-

enings and margarines in the 1940–1950 era, but remained the preferred liquid oil

due to the flavor problems associated with soybean oil. Demand for cottonseed salad

and cooking oil decreased both in use percentage and amount after technology

was developed to overcome the soybean oil flavor problems. The actual pounds of

cottonseed oil used domestically for salad and cooking oils have decreased 60%

since 1960, and the market portion has decreased from 38.25% in 1960 to 3.3%

in 2000. One of the factors that led to the decreased consumption in the United

States was the lucrative export market for cottonseed oil. Export demand provided

an outlet for a high percentage of the available cottonseed oil at good income levels.

These exports helped to maintain the premium pricing for cottonseed oil marketed

domestically. Currently, a major usage for liquid cottonseed oils is as a cooking oil

TABLE 25. U.S. Source Oil Consumption as Salad and Cooking Oils.

Year (Metric Ton)

Oil Source 1960 1970 1980 1990 2000

Canola W 233.6

Corn 112.0 112.0 158.8 288.5 227.7

Cottonseed 341.1 239.0 208.7 208.7 137.9

Olive 23.1 28.1 26.3 96.6 208.2

Peanut 12.7 63.5 67.1 63.0 W

Safflower 5.4

Soybean 402.3 1120.8 1833.4 2114.7 3338.9

Sunflower NR NR NR

Unidentified 0.5 2.3 49.4 15.0 23.1

Total 891.8 1571.3 2343.7 2786.4 4169.5

kg per person 4.2 7.8 9.7 11.0 15.3

W¼withheld; NR¼ not recorded.
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for snack foods. The unique cottonseed oil flavor imparts a pleasant, stable flavor to

potato chips and other salty snacks unattainable with other frying oils that lack the

nutty fried flavor note.

8.2. Liquid Oil Markets

Liquid oils enter into three major areas of food preparation: (1) retail, (2) foodser-

vice, and (3) food processor. For some uses, there is a similarity in product require-

ments, but there are also major differences in performance requirements in the three

areas. Package sizes are obviously different, with the smallest designed for home

use and the largest being the food processor shipments of 150–180 thousand pound

tank cars. The retail market consists of bottled oils sold in grocery stores or other

retail outlets for home use. The foodservice industry is composed of restaurants,

hotels, institutions, and other mass feeding operations. In many cases, foodservice

oils are specialized products designed for the intended use; i.e., frying, salads,

sauces, etc. The food processor market is made up of prepared food manufactures

of products sold through retail outlets or used by the foodservice industry. The food

processor oils are normally specifically designed for the individual operation to

provide the desired performance for the product as well as for the process.

Retail Consumer Oils. None of the retail consumer oils currently available have

been chemically modified to change their physical characteristics. Processing for

the majority of the household bottled oils consists of refining, bleaching, and deo-

dorization with additional dewaxing required for canola, corn, safflower, and sun-

flower oils and winterization for cottonseed oil to meet the cold test requirements

for a salad oil. Soybean oil is a natural winter oil that meets the requirements of a

salad oil and requires only refining, bleaching, and deodorization processing. Pea-

nut oil gels, when chilled to the extent that it cannot be separated, into an oil and

hard fraction with winterization to produce a salad oil. Therefore, both peanut and

olive consumer bottled oils will become a semisolid at refrigerator temperatures.

The broad dietary shift from animal fats and then saturated fats has favored

liquid oil products. The U.S. consumer has become increasingly aware of the

fats and oils role in coronary heart disease. As a result, consumers have replaced

solid shortenings with liquid oils. The liquid oils favored by consumers tend to

reflect the findings of the most recent publicized study. Initially, when it was

thought that only polyunsaturated oils were useful in lowering serum cholesterol

corn oil began its rise in popularity. Reports that monounsaturates were equal to

polyunsaturates in lowering serum cholesterol appeared to help peanut and olive

oil sales. Later, the ‘‘Mediterranean diet’’ helped to improve the sales of olive

oil. Canola oil introductions capitalized on the low saturate level; i.e., 94% saturates

free. In 1991, an oil composed of soybean, sunflower, and canola oils blended to

one-third the saturate level of soybean oil was introduced (147). Blended retail

oils are still marketed by the major branded suppliers but with different composi-

tions. One blended oil is composed of soybean and canola oils with 7% saturates

and another is a blend of corn and canola oils with 15% saturates. The advent of trans-

fatty-acid labeling requirements is shifting consumer attention to that parameter.
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Throughout all these changes, cottonseed oil has not fared well. It has dropped from

the leading consumer bottled oil to almost become a gourmet type oil in most retail

grocery stores sharing space with exotic oils like safflower, avocado, walnut, and grape

seed oils. The major reasons for this decreased presence are probably the high level of

saturates, the winterization requirement for a clear and brilliant salad oil, and the high-

er cost that cottonseed oil commands.

Foodservice Liquid Oils. The foodservice industry consists of restaurants, hotels,

and institutions where food is prepared for in-house service or delivery to the con-

sumer. This industry had an inflation adjusted growth rate of 2.6% per year in con-

trast to a retail food sales growth rate of 0.7%. The fast-food segment of this

industry continues to represent the largest and fastest rising share of sales among

separate eating places (148). Edible fats and oils are major foodservice ingredients,

which includes all of the liquid oil types: cooking, salad, and high-stability oils.

Foodservice kitchens may use liquid oils for a number of different applications,

such as deep-fat frying, pan frying, grilling, pan release, seasoning, preparation of

salad dressings, sauces, gravies, some types of baking, and other food applications.

Vegetable oils became the leading U.S. foodservice frying media in 1990 when

the major fast-food restaurants switched from tallow to vegetable oils for frying

french fries. The vegetable oil products used for deep-fat frying range from hydro-

genated plasticized frying shortenings, to cooking or RBD oils. RBD liquid oils, in

most cases, have the lowest initial cost but also have the poorest frying stability of

all the available products. In general, cooking oils will perform satisfactorily when

the fried food volume is extremely high and an oily product appearance is desired.

However, nature did not create all of the vegetable oils alike; some source oils have

a better frying stability than others and, in some cases, a particular oil type is cho-

sen for the distinctive flavor that the slightly reverted oil contributes.

The major criteria for comparing the frying stability of different oils is the level

and type of unsaturates and the fried flavor characteristics. Oxygen combines with

the unsaturated fatty acids, causing oxidation and a flavor reversion back to the ori-

ginal characteristics. The rate that an oil oxidizes is dependent on the amount and

type of the unsaturated fatty acids. Frying temperatures accellerate the oxidation

reaction, but in comparison testing, all of the cooking oils would be treated the

same. In general, the more unsaturated the fatty acid, the faster its rate of oxidation.

Natural vegetable oils that are liquid at room temperature generally contain high

levels of polyunsaturated fatty acids with low melting points. These polyunsatu-

rated fatty acids, predominately linoleic (C18:2) and linolenic (C18:3), tend to be

very liquid but are also highly susceptible to oxidation and, therefore exhibit a poor

frying life in foodservice applications. Oxidation precedes polymerization in the

frying oil deterioration cycle; polymerization increases an oil’s viscosity, which

eventually results in persistent foaming after the oil thickens to the point that it

will not allow the moisture from the food to escape. Table 26 compares the levels

of unsaturates, the inherent oxidative stability, and the oxidized or reverted flavors

for the most common cooking oils used in the United States. Cottonseed oil has a

median stability rating but has the advantage of a somewhat pleasant, nutty oxi-

dized flavor. Soybean cooking oil has the poorest stability rating and develops an
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objectionable oxidized flavor and odor; even with these characteristics, it can be

utilized in high-use situations that do not require a long shelf life.

Another clear liquid frying oil type available to the foodservice operator is the

high-stability frying oils. The term high-stability oils describes triglyceride mix-

tures that are both liquid and stable in the temperature range of 60–85�F, or

15.6–29.4�C. In nature, this combination rarely occurs. Natural oils that are liquid

under these conditions are generally much less stable with respect to frying stability

than solid fats. The oxidative/frying stability of vegetable oils, as referred to above,

depends on a combination of factors, including the following: (1) degree of unsa-

turation or number of double bonds; (2) nature of unsaturation, or the position of

the double bonds; (3) pro-oxidant or trace metals content; (4) antioxidant content;

and (5) exposure to oxygen. Two entirely different techniques have been developed

to enhance stability while maintaining liquidity, these being processing or plant

breeding. Using a combination of hydrogenation and fractionation techniques, it

is possible to produce oils that are both stable and liquid from otherwise unstable

polyunsaturated raw materials. Plant breeding technology has developed geneti-

cally superior varieties of oilseeds that yield oils more-suitable for high temperature

frying than the conventional vegetable oils. The high-stability oils, both those pro-

duced with processing or plant breeding, have excellent frying stabilities, which

approach the stability of a hydrogenated plasticized shortening. However, high-

stability oils produced with either technology have not become as popular as the

solid or liquid frying shortenings, probably due to higher product costs.

Most of the foodservice liquid cooking and high-stability oils designed for frying

are stabilized with dimethylpolysiloxane, a combination antifoaming and antioxi-

dant agent added to extend the frying stability. It can extend frying life by three

to ten times, with the degree of increase dependent on the original frying life with-

out the antifoamer; the more stable products initially show greater increases in fry-

ing life than the less stable products.

Another primary use for a salad and even cooking oil in most foodservice opera-

tions is for making salad dressings. Cooking oils are generally not satisfactory for

salad dressing use in industrial preparations, but can be used in foodservice opera-

tions where the salad dressing is prepared fresh and is not expected to withstand

prolonged storage periods at refrigerated temperatures. In making salad dressings,

TABLE 26. Frying Performance Considerations for Cooking Oils.

Inherent
Fatty Acid Composition, %

Oxidative Fried

Oil Source Saturates Oleic Linoleic Linolenic Stability Flavor

Peanut oil 19.4 46.7 32.0 3.7 Peanut

Canola oil 7.3 60.9 21.0 8.8 4.9 Earthy

Cottonseed oil 25.7 18.6 54.4 0.7 5.8 Nutty

Corn oil 13.6 25.4 59.6 1.2 6.5 Musty

Sunflower oil 12.8 18.7 67.5 0.8 7.1 Nutty

Soybean oil 15.3 23.3 53.7 7.6 7.5 Fishy
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ease of blending with other ingredients is quite often an advantage. Most salad

dressings depend on the oil to coat the salad ingredients and to hold the flavors

of herbs, spices, and vinegar.

Other uses for salad oils include pan frying, griddling, sauces, gravies, dips, and

some types of baking. When liquid oils are used in baking, the general use is to

make chiffon or sponge type cakes and other all-purpose baking applications where

a lubricant is beneficial.

Food Processor Liquid Oils. Food processors often purchase their fats and oils

ingredients in bulk quantities to obtain a cost advantage generated by elimination

of packaging, lower shipping rates, and reduced labor costs. Liquid oils offer a

definite advantage for bulk handling as a result of their absence of solid fractions at

ambient temperatures and below. A major concern with fats and oils bulk handling

is that the product may deteriorate before use. This is particularly true of shorten-

ings that must be held in a molten state. Melted products are generally more sus-

ceptible to deterioration than packaged products or liquid oils, which are normally

fluid and pumpable at ordinary ambient temperatures. Autoxidation increases mark-

edly with heating. It has been determined that the rate of oxidation doubles for each

25�F or 15�C increase in temperature within the range of 70�F to 140�F or 20�C to

60�C. Exclusion of oxygen during storage represents an effective method for limit-

ing quality deterioration for all types of fats and oils. The usual procedures replace

oxygen with nitrogen during transit and storage before use.

All three of the liquid oil types (salad, cooking, and high-stability) are utilized

by food processors as ingredients for specific product applications. The choice of an

oil is the result of a synthesis of many parameters, which explain the variety of cho-

sen solutions. Liquid oils offer a choice of cooking, salad, or high-stability oil types

and functional variations occur within each regarding flavor, degree of unsaturation,

fatty acid distribution, essential fatty acids, oxidative stability, frying stability, cost,

availability, etc. (132).

Food Processors utilize cooking oils predominately for frying snack foods, nuts,

fish, poultry, meats, potatoes, and other food products for dry, refrigerated, and fro-

zen distribution to retail and foodservice consumers. Food processors must evaluate

the contributions of each cooking fat or oil to their product and identify the most

suitable ingredient for use. One role of fat in cooking or frying is essentially to pro-

vide an efficient heat-transfer medium, transmitting heat rapidly and uniformly to

the surface of the food being cooked. Additionally, the oil contributes flavor and

palatability to the food fried. Every fat and oil product will experience reversion

to characteristic flavor, which may or may not complement the food product.

Many potato chip manufacturers use cottonseed cooking oil for frying their product

because of its stability compared with other oils and the characteristic nutty flavor

developed with oxidation.

Cooking and frying oils are used at high temperatures, often in the presence of

hydrolyzing conditions, namely water and steam. Hydrolysis causes free fatty acid

development, which results in more acidic flavors. Some products that are eaten

shortly after preparation do not need as stable a frying oil as other foods that are

packaged and require an atmospheric shelf life of several weeks. Products that
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remain frozen until the consumer thaws them do not require a high degree of

oxidative stability. Surface appearance of the fried food is also affected by the fry-

ing media; liquid oils provide a shiny, wet, soft appearance, whereas solid fats

impart a dry, somewhat dull appearance. Polymerization, either thermal or oxida-

tive, causes a thicker viscosity, which increases the oil absorption giving a greasier

product.

Successful use of liquid oils in baked products has been a technological advance-

ment for the baking industry. This technology involved the use of emulsifiers to pro-

vide the functionality lacking with the liquid oils. Baked products prepared with

liquid oils alone had low volume, fair softness, and poor grain; plastic fats provided

dough strength, gas retention, aeration, volume, symmetry, fine grain, and even

texture. It was found that the use of proper emulsifier systems with liquid oils pro-

vided these functions with some added benefits. The liquid oils allowed the bakers

to merchandise their products with ‘‘all-vegetable’’ and ‘‘polyunsaturated’’ label-

ing. Cooking oils are appropriate for these products because refrigeration is not

an issue and the shelf life of baked products is well within the oxidative stability

of polyunsaturated oils.

Pourable and spoonable salad dressings, prepared for retail sale or foodservice

outlets, are a major use for food processor salad oils. Pourable salad dressings may

be prepared as an emulsified form or a two-phase system of oil and water such as

Italian style. As most dressings are stored in the refrigerator after being opened, it is

important to use a salad oil to resist clouding at these temperature conditions. Aside

from the unattractiveness of a cloudy product when refrigerated, it is necessary that

no solid crystals be present that would give a waxy, tallowy tasting sensation in the

mouth. Homogenized, pourable salad dressings require the use of noncrystallizing

salad oils to prevent separation during refrigeration.

Mayonnaise and spoonable salad dressings are another major food processor use

for salad oils. Oil constitutes 80% of most mayonnaise formulations and is respon-

sible for the body and viscosity of the product. Spoonable salad dressings have only

35% to 50% oil whose function is to modify the mouthfeel of the starch paste that

imparts the body. In both cases, a smooth, creamy, nonoily mouthfeel is desired that

will not occur if crystallization occurs. These emulsions are very unstable and the

presence of fat crystals will break the emulsion, rapidly causing oil pockets to form

(128).

Food Processor High Stability Oils. The primary characteristics of a high-

stability oil are liquidity at ambient temperatures and resistance to oxidation. Most

oils that are liquid at room temperature contain high polyunsaturated fatty acid

levels, which are the most susceptible to oxidation. Two technologies have been

developed to enhance the stability of liquid oils while retaining the functional

and nutritional properties. The first technology involves processing with hydroge-

nation to change the polyunsaturates to monounsaturated fatty acids followed by

fractionation to separate the stearine, or hard fractions, formed during hydrogena-

tion from the olein, or soft fraction. The olein fraction, high in oleic fatty acids,

becomes the high-stability oil. The alternate technology for producing high-

stability oil is the use of biotechnology and plant breeding techniques to produce

LIQUID OILS 255



oilseeds with low levels of polyunsaturates and saturates but high levels of

monounsaturates.

High-stability oils produced by either technology can be used by food processors

wherever liquidity and oxidative stability influence the finished product’s quality or

handling conditions. The identified functionalities of the monounsaturated oils in

specific applications are as follows (106):

� Frying oils—The high proportion of oleic fatty acid increases frying stability

by limiting the opportunities for oxidation and polymerization. High-stability

oils have exhibited frying stability results close to the selectively hydroge-

nated heavy-duty frying shortenings.

� Spray oils—When applied to the surface of food products, the high-stability

oils protect the product from moisture and oxygen invasion, prevent clumping,

and impart a glossy appearance. Specific applications include raisins and other

fruits, breakfast cereals, nut meats, croutons, bread crumbs, spices, season-

ings, crackers, and others.

� Pan release agents—Aerosol and brushed lubricants for cooking skillets,

baking pans, confectionery products, and other food products where liquidity

and oxidative stability are beneficial.

� Product carrier—Colors, spices, flavors, vitamins, and other additives may be

dispersed in high-stability oils to preserve the flavor, color, or activity during

extended shelf life periods with fluidity.

� Product compatibility—High-stability oils are compatible with all other fats

and oils products because crystal type is not a concern. Liquid oils do not have

a crystal structure.

9. SHORTENINGS

Shortening is an American invention developed with cottonseed oil to replace lard,

the solid fat of choice. Cottonseed oil was plentiful and inexpensive in the latter

decades of the nineteenth century as a direct result of the growth of the cotton

industry in the United States. As the shortening product category developed, it

expanded from a limited application to include baked and other product types. In

1948, H. C. Black defined shortening as a semisolid plastic material made wholly

from fats and oils for use in cooking, baking, and frying (17). Today, shortening has

become virtually synonymous with fat to include many other edible fats or oils pro-

ducts designed for all prepared foods.

Initially, shortenings were produced to resemble the consistency and plasticity of

lard. Now, shortenings are designed to satisfy individual specific requirements for

all of the food industry as well as offering products with broad general appeal. With

this broader application, shortening consistency varies from wide workable ranges

to brittle products with sharp melting characteristics, from very firm consistencies

to liquid or pumpable products, or from creamy, smooth textures to grainy struc-

tures depending on the requirements of the application.

256 COTTONSEED OIL



In most cases, products identified as shortening are 100% fat; however, there are

exceptions, such as the roll-in shortenings, which may contain moisture. In some

cases, a fat or oil system may be identified as a shortening to distinguish it from

a margarine product. Generally, in the United States, if a fat product contains at

least 80% fat and has the required Vitamin A content, it is a margarine. Products

that resemble margarine but contain less than 80% and not more than 40% fat are

required to be labeled as spreads. Products that do not meet these criteria have been

identified as shortening since it does not have identity standards. Currently, a

description for shortening would be: processed edible fats and oils that affect flavor,

oxidative stability, shelf life quality, eating characteristics, nutrition, and the eye

appeal of prepared foods by providing emulsification, lubricity, structure, aeration,

moisture barrier, flavor medium, or heat transfer (20, 106, 149).

9.1. Shortening Attributes

Shortenings are functional ingredients that contribute heavily to the success of the

food product prepared. Shortenings can be tailor made for a specific food product

and process or designed as a general purpose product that must perform in varying

conditions, product types, processes, and formulations. Adequate performance of a

shortening for a food application is dependent on a number of factors. These

requirements differ for each customer or application dependent on the product for-

mulation, equipment, processing, preferences, and other considerations. Therefore,

performance is dependent on the interrelated elements that determine acceptability.

Flavor. Generally, the flavor of a shortening should be completely bland, so that it

can enhance the food products flavor rather than contribute its own flavor. The

bleaching and deodorization processes remove primary and secondary oxidation

products from shortenings. In some cases, shortening is the carrier for a flavor

desired in the finished product. Flavor additives to shortening products are usually

butter-like flavors; for example, butter flavors are incorporated into most pan and

grill shortenings. Also, the flavor of the source oil may be desired for a specific food

preparation; for example, the nutty fried-in flavor contributed by cottonseed oil.

Flavor Stability. The bland, typical, or formulated flavor must remain stable

throughout the shelf life and use life of the prepared food product. Reverted or oxi-

dized and hydrolyzed flavors and odors of most fats and oils are objectionable.

Shortenings must possess the identified degree of resistance to both oxidative and

lipolytic flavor degradation. Flavor stability is built into shortenings by selection of

saturated or monounsaturated components or processing to decrease the unsaturated

fatty acid content. The processes that influence flavor stability are hydrogenation,

fractionation, or interesterification. Flavor stability can be preserved after it has

been established with the use of antioxidants.

Physical Characteristics. Shortenings are pictured as solid materials but, in rea-

lity, are predominantly fluids. A plastic shortening consists of approximately one-

quarter crystalline-solid triglycerides suspended in liquid triglycerides. The ratio of

these two phases determines the consistency of a shortening as it relates to firmness,

softness, and spreadibility. Fats and oils processors change the consistency of a
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shortening by manipulating the solid-to-liquid: ratio over a range of temperatures.

Three processes capable of altering the consistency of a shortening component are

hydrogenation, fractionation, and interesterification. Fractionation processes make

physical separations of the hard and soft fractions. Interesterification rearranges the

position of the fatty acids in the triglycerides to affect melting characteristics.

Hydrogenation, the most popular process for modifying solid-to-liquid ratios, satu-

rates the unsaturated fatty acids to affect melting characteristics. The solid-to-liquid

proportions of the shortening components can be somewhat selectively altered with

these procedures to provide the physical characteristics most suited to the desired

functionality. Figure 6 compares the solids fat index curves for six shortenings,

designed for different applications, to illustrate changes in physical characteristics

that can be affected for shortenings. Solid fat index (SFI) analysis is an empirical

determination of when a fat passes from a solid to a liquid at the measurement tem-

peratures. A plot of the results produces a curve that illustrates the changes in solids

or liquid content to indicate the following:

� Consistency—The factor most directly influencing the consistency of a

shortening is the proportion of the product in the solid phase. The consistency

of a shortening at use, preparation, and storage temperature conditions

materially affects the performance of the prepared food product. SFI curves

characterize the firmness of the shortening over a range of temperatures and

liquidity at mouth temperature for development, selection, and control purposes.

� Plastic Range—Shortenings are normally plastic and workable for SFI values

between 15 and 25. At an SFI value above 25, shortenings start to become

brittle and below 15, they become too fluid. The range of temperatures where

the SFI values remain within the 15% to 25% solids is usually referred to as

the plastic range.
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Figure 6. Shortening solid fat index profiles.
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� Flat Solids Curves—SFI values that provide east to west (x-axis) directional

slopes generally have a better plasticity because the product is maintained at

the ideal consistency over a greater temperature range. This same attribute

contributes a slower ‘‘get away’’ in the mouth due to melting points above

body temperature caused by higher SFI contents over a greater temperature span.

� Steep Solids Curves—Poor plasticity but good mouthfeel and oxidative

stability are usually indicated by a north to south (y-axis) directional SFI

slope. A narrower span of temperatures for the higher solids values provides

sharper melting tendencies for better palatability and good oxidative stability.

The preferred bland flavor is retained longer due to a lower unsaturated fatty

acid content. However, steep SFI curves from hydrogenated products usually

indicate a higher trans-fatty acid content.

Crystalline Behavior. Fats and oils are polymorphic, which means that, with cool-

ing, a series of increasingly organized crystal changes occur until a final crystal

form is achieved with no change in chemical structure. Typically, triglycerides exhi-

bit three major crystalline forms: alpha, beta-prime, and beta. Characteristics of

each are shown in Table 27 (150). The alpha crystal has a short life and readily

transforms into the beta-prime crystal form. Thereafter, each source oil has an

inherent crystallization tendency of either beta or beta-prime. The tiny, uniform,

tightly knit, needle-like beta-prime crystals produce smooth textured shortenings

with good plasticity, heat resistance, and good creaming properties. The large,

high-melting, self-occluding, course, stable beta crystals produce visibly grainy,

sandy, brittle shortenings that can experience separation of the liquid-oil portion.

Both of these crystal habits provide physical conditions desirable for particular

functionalities; for example, beta-prime for cake and icing shortenings requiring

good creaming or air entrapment capabilities and beta for pie crust shortenings

where a grainy consistency helps provide a flaky texture. The affinity of a fat

and oil product to form beta-prime crystals is dependent on several factors: (1)

the amount of palmitic fatty acid in the product, (2) the distribution and position

of both palmitic and stearic fatty acids on the triglyceride molecule, (3) the degree

of hydrogenation (beta-prime crystallization increases with the degree of hydroge-

nation and trans-isomers development), and (4) the degree of randomization of the

triglyceride (151). Crystal development is complemented by the plasticization con-

ditions employed: (1) chilling, which initiates the crystallization process, and (2)

tempering, where the desirable crystal nuclei are developed and stabilized.

TABLE 27. Characteristics of the Polymorphic Forms of Monoacid Triacylglycerols.

Characteristics Alpha-Form Beta-Prime Form Beta Form

Chain packing hexagonal orthorhombic triclinic

Short spacing, (Å) 4.2 3.8 and 4.2 4.6

Characteristic single band double at 727 single band

infrared spectrum at 720/cm and 719/cm at 717/cm

Density least dense intermediate most dense

Melting point lowest medium highest
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Appearance. Appearance is one of the collective results of all the processes used

to convert crude edible fats and oils into shortening: (1) refining, bleaching, and

deodorization are all involved in the removal of the color pigments; (2) hydrogena-

tion, fractionation, or interesterification affect the solid fat index (SFI), which helps

determine product consistency; (3) formulation determines crystal structure and SFI

content for texture and consistency control; (4) chilling and tempering initiate,

develop, and stabilize the crystal nuclei; and (5) storage and transportation under

proper conditions prevent product damage.

Nearly all plasticized shortenings contain 12% to 14% nitrogen by volume added

during the chilling process. The gas is finely dispersed to enhance creaming proper-

ties, control texture, and improve the appearance of the shortening. Shortenings

containing creaming gas are creamy white in contrast to a yellow or green cast

characteristic of petroleum jelly when no nitrogen is present.

Emulsification. Shortening emulsifying properties are accomplished by adjust-

ment of the fat structure or the addition of surface-active agents like mono- and

diglycerides. Food emulsifiers supplement and improve the functionality of a prop-

erly developed shortening to act as a lubricant, emulsify fat in batters, build struc-

ture, aerate, improve eating qualities, extend shelf life, modify crystal development,

improve antisticking properties, act as a dispersant, alter moisture retention, and

more. Obviously, no single surfactant can perform all of these different functions.

Emulsifier selection requires the same attention to functionality used to identify the

other components for shortenings.

Antioxidants. The oxidation rate for a shortening depends primarily on the num-

ber of double bonds and their arrangement in the triglyceride. However, the oxida-

tion process can be slowed down with the preservation of the natural antioxidants or

the addition of synthetic antioxidants. Antioxidants are chemical compounds that

delay the onset of oxidation. They function by inhibiting or interrupting the free

radical mechanism of autoxidation; they function as a free radical acceptor, thereby

terminating oxidation at the initial step. Tocopherols are the natural antioxidants

contained in most vegetable oils. Phenolic compounds that provide antioxidant

activities are BHA (Butylated Hydroxyanisole), BHT (Butylated Hydroxytoluene),

and TBHQ (Tertial Butyl Hydroxyquinone). Much of the success of the antioxi-

dants depends on their being in chemical contact with the product they are protect-

ing; therefore, various combinations of different antioxidants and chelating agents

are generally combined for use. These combinations provide a synergistic effect to

increase the antioxidants’ effectiveness and allow the incorporation of a chelating

agent to sequester prooxidant trace metals.

Trace Metals. Vegetable oils pick up metals from the soil. Many of the metals

picked up from where the plants are grown and later from contact during crushing,

processing, and storage promote oxidation, which results in off flavors, odors, and

off-color development. Studies have identified copper as the most harmful with

nickel, manganese, chromium, and iron following. Metal scavengers, added at

low levels during processing prior to filtration, facilitate removal of the harmful

metals. The most widely used chelating agent is citric acid, which is usually added

at a rate of 50–100 parts per million (ppm).
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Foaming. Polymerization occurs during frying to produce three dimensional poly-

mers, which result in an increased frying shortening viscosity. Foam develops on

the surface when the frying shortening will no longer release moisture but keeps

it trapped as steam vapor. Polymerization can be inhibited with the use of dimethyl-

polysiloxane, which has been labeled as an antifoam agent. Dimethylpolysiloxane

may be safely used in processed foods at levels not exceeding 10 ppm. The effective

usage range to inhibit foaming for frying shortening has been identified as 0.5–

2.0 ppm, which must be strictly controlled because concentrations above 10 ppm

will promote foaming. Additional control is also necessary to segregate this addi-

tives use for frying shortenings only; unintentional additions to bakery shortenings

can cause cake and icing failures, glazes may not adhere to donuts, and snack foods

may lack crispness.

Nutrition. Fats and oils are recognized as important nutrients for both humans

and animals because they provide a concentrated source of energy, contain essential

fatty acids, and serve as carriers for fat-soluble vitamins. Research studies have

also indicated a relationship between saturated fats, cholesterol, and trans-isomers

and the incidence of coronary heart disease. In many cases, shortening function-

ality can be maintained with formulations limiting cholesterol, the identified satu-

rated fatty acids, and trans-isomers. Shortening formulation can also aid in

reductions of fat consumption by development of more effective products to

reduce the levels required to produce the desired functionality and finished product

quality.

9.2. Shortening Formulation

Most shortenings are identified and formulated according to usage. Figure 6 illus-

trates the diverse SFI or solids-liquids relationships among different fats and oils

products. The SFI slopes indicate the differences in plastic range necessary to per-

form the desired function in the finished food products. Shortenings with the flattest

SFI slopes have the widest plastic range for workability at cool temperatures as well

as elevated temperatures. The all purpose and puff pastry shortenings in the illus-

tration have the widest plastic range of the plasticized or solidified products. The

frying and nondairy shortenings illustrated have relatively steep SFI slopes, which

will provide a firm, brittle consistency at room temperature but are fluid at only

slightly elevated temperatures. The very flat SFI slope represents a fluid opaque

liquid or pumpable shortening that has become popular due to the convenience

offered, handling cost savings, and lower saturated fatty acid levels. Liquid short-

ening systems can be produced with cottonseed oil but the most successful products

have been prepared with beta crystal forming hardfats, which produce a stable fluid

product with lesser amounts of processing. The most recent addition to the short-

ening classification is shortening chips. These specialty products are modifications

of fat flakes, which were previously limited to hardfats or almost fully saturated fats

and oils. Shortening chips are formulated with steep SFI contents to provide solid-

to-liquid ratios high enough to flake but low enough for good eating characteristics

after melting into the food product (106).
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Wide Plastic Range Shortenings. The basic all-purpose formulation has been the

building block for shortenings where creaming properties, a wide working range,

and heat tolerance are important. The functionality of an all-purpose product at

any temperature is largely a function of the solids content at that temperature.

The all-purpose products are formulated to be not too firm at 50–60�F, or 10–

15.6�C, and not too soft at 90–100�F, or 32.2–37.8�C. Initially, a liquid oil was

blended with a hardfat to make a compound shortening that had a very flat SFI

curve. This blend provided an excellent plastic range similar to but slightly firmer

than the liquid shortening SFI curve illustrated on Figure 6. However, the low oxi-

dative stability of these shortenings precluded their use for most products requiring

a long shelf life. Currently, most of these products are formulated with a nonselec-

tively hydrogenated basestock and a low iodine value (IV) cottonseed oil hardstock.

Beta-prime (b0) hardfats are added to beta (b) crystal tending basestocks both to

extend the plastic range, which improves the tolerance to high temperatures, and

for crystal type and stability. The beta-prime (b0) crystal forming cottonseed oil

hardstock functions as a plasticizer for improved creaming properties, texture,

and consistency.

Hydrogenation of a fat and oil basestock increases the oxidative stability. As a

rule, the lower the base IV the better the oxidative stability. However, as base hard-

ness is increased, the level of hardstock required to reach a desired consistency

must decrease. Hardstock reduction reduces the plastic range and heat tolerance.

Therefore, oxidative stability improvements are achieved at the expense of plasti-

city and a wide plastic range can be at the expense of oxidative stability. The extent

that one attribute can be compromised to improve another must be determined by

the requirements of the intended food product. Oxidative stability is directly related

to the level and type of unsaturated fatty acids present; therefore, oxidative stability

results do not average. For example, a 50:50 blend of a 40-hour AOM basestock and

a 100-hour AOM basestock will not have an AOM stability of 70 hours, but rather

will be closer to the component with the lower AOM stability (152).

Plastic range is important for bakery use fats and oils products intended for roll-

in as well as creaming applications because of the consistency changes with tem-

perature. Fats and oils products become brittle above the plastic range and soft

below the range; both conditions adversely affect creaming and workability alike.

Shortenings are normally plastic and workable at SFI values between 15 and 25.

Therefore, products with flatter SFI slopes fall within the plasticity window for a

much greater temperature range than those with steep SFI slopes. The all-purpose

shortening in Figure 6 has a 40.7�F, or 22.6�C, plastic range from less than 50�F to

almost 92�F, or less than 10�C to almost 33.3�C; the frying shortening charted

would have an equalivent workability if it was used within the 5.8�F, or 3.2�C,

range from 84.2–90�F, or 29–32.2�C. The frying shortening’s use as a roll-in would

require very strict controlled temperature use probably not available in bakeries and

at a temperature detrimental to the laminated baked product. The 40.7�F, or 22.6�C,

working range for the all-purpose product is decidedly more practical.

The use of a partially hydrogenated base plus hardfat to produce a wide plastic

range with good creaming properties has been expanded into a whole family of
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specialized shortenings. The development of these products has involved the selec-

tion of the most suitable hydrogenated basestock and hardfat to produce the desired

plastic range and AOM stability. These developments have taken two directions: (1)

the addition of an emulsifier or an emulsifier system to an all-purpose fat and oil

base or (2) formulating nonemulsified products for a specific functionality. Table 28

outlines some of the current applications for these two categories (106).

Narrow Plastic Range Shortenings. Plasticity is of minor importance and can be

a detriment for products requiring sharp melting characteristics or a high oxidative

stability. Fat and oil products designed for specific frying situations, nondairy sys-

tems, cookie fillers, and confectionery fats require an eating character and flavor

stability not possible with blends of nonselectively hydrogenated oils with hardfats.

These products require as low an iodine value as possible for oxidative stability

with a steep SFI slope to provide a melting point lower than body temperature

for good eating characteristics. There are two alternative routes to obtain a steep

SFI curve: (1) nature has provided the lauric oils with a steep SFI and a sharp

melting point or (2) most liquid oils can be selectively hydrogenated to provide

the desired solids melting relationships. Selective hydrogenation is a progressive

diminution of the most unsaturated fatty acid groups. When the overall hydrogena-

tion effect is that the fatty acids with three double bonds are nearly all reduced to

two double bonds, before those with two are nearly all reduced to one, before the

monounsaturates are saturated, then good or high selectivity exists (153).

The frying shortening illustrated in Figure 6 meets the restaurant industry

requirements for a stable heat-transfer media that becomes a part of the food to sup-

ply texture, mouthfeel, and an enhancement to food flavor. Solid frying shortenings

are usually composed of a single hydrogenated base or possibly two selectively

hydrogenated bases chosen for a slightly different slope than what is available

with a single base. In the case of two bases, both have high solids at the lower tem-

perature readings but fall off rapidly to a low melting point, which will result in the

desired eating characteristics or mouthfeel with an excellent oxidative and frying

stability. For example, the frying shortening on Figure 6 is a blend of the 58 and

70 iodine value cottonseed oil basestocks detailed previously on Table 20. It could

also be produced by selectively hydrogenating cottonseed oil to a 65 iodine value.

Nondairy shortenings are used to replace butter fat in applications such as imita-

tion cheese, mellorine, an ice cream substitute, coffee whiteners, vegetable-

oil-based whipped toppings, dip bases, milk analogs, etc. The solid fat index values

TABLE 28. Wide Plastic Range Applications.

Nonemulsified Emulsified

All-purpose Household

Danish roll-In Cake & icing

Puff pastry Icing & filling

Cookie Cake mixes

Donut frying Specialty cakes

Yeast raised Yeast raised
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and melting characteristics of these shortenings usually closely approximate those

of butter. The solids contents are relatively high at the cooler temperatures to pro-

vide structure for the food products but drop off rapidly to melt completely about

body temperature for good eating characteristics (106).

Liquid Shortenings. Prior to the introduction of emulsifiers, antioxidants, and

antifoamers, shortenings relied on fatty acid composition, crystal habit, plasticiza-

tion, and tempering to provide functionality. The aeration function of plastic short-

enings was correlated with the polymorphic form of the triglyceride while shelf life

and frying stability were attained by the level of saturation to resist oxidation. Plas-

tic shortenings that exist in the small beta-prime crystal form aerate batters much

more thoroughly than those in the large beta form, and saturation of the unsaturated

fatty acids eliminates a reaction site for oxygen to extend flavor and frying stability.

These rules are still applicable but emulsifiers, antioxidants, and antifoamers have

significantly reduced the dependence on the plastic consistency for functionality.

This reduced dependence has allowed the development of liquid shortenings that

combine the functional characteristics of plastic shortenings with the bulk handling

characteristics of a liquid oil.

A liquid shortening is a stable dispersion of solids with the proper polymorphic

form in a continuous oil phase that is both flowable and pumpable over a tempera-

ture range of 60–90�F, or 15.6–32.2�C. The solids are derived from either hardfats

or emulsifiers and sometimes both. For some applications, the primary function of

the liquid shortening is as a delivery system for emulsifiers that alter the character-

istics of the food product. Like the plastic shortenings, liquid shortenings are

designed for the specific end-use application. Fluid shortenings require a wide

range of functional and physical attributes. For optimum fluidity the base oil should

be liquid at room temperature and have no suspended solids. Oxidative stability

is dependent on the base oil, which may require the use of a high-stability oil. Uti-

lization of a hydrogenated basestock reduces fluidity and requires more exacting

processing to prevent product separation. Antioxidant and antifoamer additions

improve oxidative stability and frying life, but the improvement does not approach

the stability of a plastic shortening with these same additives.

Saturated fatty acid composition of the hardfat or fat-based emulsifiers added to

the suspension are important to the functionality and physical form of the fluid

shortening system. Palmitic fatty acids are more soluble in oil, but tend to supercool

more and take longer to crystallize. Stearic fatty acids do not supercool as much

but are not very soluble. For the greatest emulsifier loading in the system, emulsi-

fiers high in palmitic fatty acid content are the best. However, for the most stable

viscosity over time, stearic fatty acids are preferred as they readily crystallize out of

the liquid oil and form a stable crystalline matrix. Therefore, in contrast to plastic

shortenings, it is desirable to formulate nonemulsified liquid shortenings with beta-

stable blends whose large crystals tend to form a stable dispersion. Normally, a low-

iodine-value, beta-forming hardfat is used to seed crystallization for liquid shorten-

ings. The hardstock levels can vary from as low as 1.0% to higher levels, as required

to produce the required viscosity, usually no higher than 10%. The ease in which

beta-forming hardfats convert to the stable beta crystal form make them ideal for
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liquid shortening crystallization. The beta crystals do not intertwine to form a

matrix that can enmesh the liquid phase and form a thick product as found with

beta-prime hardfats. The liquid opaque shortening SFI slope plotted on Figure 6

is typical of a liquid bread shortening formulated with 10% soybean hardfat crystal-

lized in 90% unhardened liquid oil. In contrast, emulsified liquid shortenings should

be formulated with surfactants made from cottonseed oil, which has a high palmitic

fatty acid content, to take advantage of the greater emulsifier loading capability (154).

Shortening Flakes and Chips. Another shortening form is represented by pro-

ducts crystallized with a chill roll. Edible oil products crystallized on a chill roll

solidify into a thin flake form that affords ease of handling of these higher melting

products. For quite some time this crystallization process was limited to hardfats

commonly referred to as stearines. Now, chill-roll use has been expanded to include

several different products for various applications. These shortening products use

both the steep and flat SFI slopes produced with selective and nonselective hydro-

genation techniques depending on application.

� Stearines, Titers, or Low-Iodine-Value Flakes—Melting before use is the

standard procedure for these high-melting, almost completely saturated oil

products. Cottonseed hardfat with a 5 or less IV has a melting point of

approximately 140�F or 60�C. Some of the applications for these flakes are:

melting point adjustment, lubricant, encapsulation base, bread stabilizer,

chewing gum ingredient, and so forth.

� Hard Emulsifiers—Distribution in frozen desserts, whipped toppings, pasta,

peanut butter, yeast-raised products, shortenings, and other applications

require that these high-melting surfactants be added as a liquid. The thin

flake form allows the melting process to be accomplished at a quicker rate

with less damage to the product.

� Shortening Chips—These thicker and larger chips are incorporated into baked

products to provide a flaky product similar to danish pastry without the labor

intensive roll-in process. Normally, the thickness of these chips is controlled

at a mean of 0.05 inches while the standard flake thickness is no more than

half this thickness. Shortening chips are formulated to resist incorporation into

doughs and batters during mixing and still have a palatable mouthfeel. Steep

SFI basestocks with high solids contents at 50–80�F, or 10–26.7�C, and

declining rapidly thereafter provide this functionality.

� Stabilizers—These slightly high-melting, flat SFI profile flakes were designed

to stabilize roll icings, syrups, donut glazes, and butter creme icings. An icing

stabilizer’s performance requires a flat SFI slope to maintain a soft consis-

tency with solids contents high enough to facilitate a rapid set. The rapid set

allows the icing to resist fingerprinting when handled while the flat SFI slope

allows the icing to retain an elasticity to prevent product brittleness and

flaking. A range of melting point products, usually from 110�F, or 43.3�C, to

125�F, or 51.7�C, are made for this application, which has been extended to

confections, cake mixes, and other food products.
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� Confectionery Fats—Confectionery fats require a very steep SFI curve, which

makes them brittle with a short melting range that ensures a quick meltdown

and a pleasant mouthfeel. These fats, formulated to resemble the character-

istics of cocoa butter, are usually referred to as ‘‘hard butter.’’ Quality hard

butters have a relatively high solid fat index at room temperature of above

50%, as lower levels can provide a greasy or tacky feel. The SFI then falls off

quickly for a complete melt for most products at 95–102� F. (35–39.2� C).

Processes used to prepare hard butters include hydrogenation, interesterifica-

tion, solvent and dry fractionation, and blending. The hard butters can use

both lauric and nonlauric source oils.

9.3. Cottonseed Oil Utilization

Shortenings are a unique food ingredient in that a high degree of interchangeability

among the raw materials is possible for many products and uses. However, in order

for a particular oil to substitute for another in a given product, it may be necessary

for it to undergo additional processing steps, which may increase its cost to become

an adequate replacement. After this additional processing, if the replacement fat or

oil can be substituted in terms of physical and analytical properties in the end pro-

duct, then price becomes a major consideration for the employment of the raw

material replacement. Experience has shown that small cost differences in compet-

ing source oils can markedly change the proportion of the oils used in a shortening.

Shifts in the use of various fats and oils in the composition of an individual

shortening were more common in the past that at present. Source oil labeling

requirements have made alternate formulations for the same product difficult. How-

ever, shortening customers may still substitute alternative source oil produced

shortenings that have comparable performance characteristics. Table 29 tracks

the changes in the source oil use for U.S. shortenings from 1940 through 2000

(13, 26–28).

TABLE 29. U.S. Shortening Source Oils Usage (Metric Ton).

Year 1940 1950 1960 1970 1980 1990 2000

Coconut oil 8.2 9.1 4.5 20.4 46.7 15.4a

Corn oil 0.5 0.5 1.8 5.4 W 122.5 12.2

Cottonseed oil 373.3 249.0 165.6 125.2 85.7 114.3 75.3

Palm oil NR NR NR 40.8 85.3 94.8a 84.8a

Peanut oil 10.4 5.4 0.9 7.3 NR NR NR

Soybean oil 96.2 381.5 530.3 989.7 1202.5 1816.2 2591.9

Lard 7.7 80.3 217.7 195.0 171.5 119.7 108.4

Tallow 26.3 14.1 121.6 236.8 305.3 288.9 128.8

Unidentified 20.0 12.2 1.4 3.2 8.2 6.4

Total 542.5 783.4 1043.7 1623.9 1905.1 2578.2 3001.5

Per capita, kg 5.0 5.7 7.8 8.3 10.1 10.5

aEstimated.

W¼withheld.

NR¼ none recorded.
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Shortenings were developed as lard substitutes to provide an outlet for the then

plentiful and inexpensive cottonseed oil. The first shortenings, prepared by blending

liquid cottonseed oil with stearines, were no better than the product imitated. Intro-

duction of the hydrogenation process enabled cottonseed oil processors to develop

shortenings that outperformed the natural lard products. Shortenings, initially mar-

keted as economic lard replacements, became the desired product that commanded

premium pricing. Specialty shortening development was enhanced with the intro-

duction of mono-and diglyceride emulsifiers in 1933. Throughout these develop-

ments, cottonseed oil retained its position as the dominate source oil for

shortenings until soybean oil rose from a minor, little known, problem-related oil

before 1940 due to a shortage of cottonseed oil created by World War II. A plentiful

supply of lower cost soybean oil and the advanced technologies developed during

the war years made it impossible for cottonseed oil to regain its dominant source oil

position for shortenings. However, it could not be totally replaced, cottonseed oil

has some definite advantages over soybean and most other vegetable oils, one being

its beta-prime (b0) crystal habit. A smooth consistency, fine texture, wide plastic

range, good creaming properties, and a tolerance to high temperatures have become

the standard for shortening. Most of these desirable characteristics are contributed

by the tiny, needle-like beta-prime (b0) crystals that pack together into dense, fine

grained, ridged structures to form a three-dimensional network capable of immobi-

lizing a large amount of liquid oil. Soybean oil, as well as most of the other available

vegetable oils, has a beta (b) crystal habit, which are large, course, high-melting,

self-occluding crystals that clump, allowing separation of the liquid oils, and

responsible for a visible grainy appearance. A beta-prime (b0) crystal form can

be induced with the addition of hydrogenated cottonseed oil, or another oil with

a beta-prime (b0) crystal habit (see Table 12 Crystal Habit of Hydrogenated Oils

and Fats), usually at levels of 10% or higher.

10. MARGARINE AND SPREADS

Margarine is a flavored food product containing 80% fat, made by blending selected

fats and oils with other ingredients, fortified with Vitamin A, to produce a table,

cooking, or baking fat product that serves the purpose of dairy butter but is different

in composition and can be varied for different applications (145). Margarine was

developed to fill both an economic and a nutritional need when it was first made

as a butter substitute. The ability to be physically altered to perform in many varied

applications was a major factor in the growth of margarine. There are over ten dif-

ferent types of margarine produced today, including regular, whipped, soft tub,

liquid, diet, spreads, no fat, restaurant, bakers, and specialty types, which are pack-

aged in as many different packages. These margarines are made from a variety of

fats and oils, including cottonseed, soybean, palm, corn, canola, safflower, sun-

flower, lard, and tallow. Margarine products cater to the requirements of all the

different consumers; retail, foodservice, and food processor.
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10.1. Cottonseed Oil Utilization

Cottonseed oil lost its dominant source oil position for margarine oils in 1951. Soy-

bean oil became the leading margarine source oil due to the technologies developed

for use of this lesser cost raw material. Cottonseed oil use in margarines steadily

decreased thereafter to also be surpassed by corn oil in 1963. Margarine manufac-

tures found that cottonseed oil was no longer required in the formulation to main-

tain a beta-prime crystal habit, due to the use of multiple high-trans basestocks and

the improvements in shipping, storage, and grocery store display refrigeration cap-

abilities. This eliminated the 10% or more hydrogenated cottonseed oil in most con-

sumer margarine oil formulations. Most of the industrial margarine oil formulations

still maintain a hydrogenated cottonseed oil hardstock in the formulation to provide

the plasticisticy and consistency desired. The changes in source oil use in margarine

and spread base oils are outlined in Table 30.

10.2. Margarine Oil Formulation

The physical and functional aspects of a margarine product are primarily dependent

on the characteristics of the major ingredient—the margarine oil or marbase. Mar-

garine consistency, flavor, and emulsion stability depend on crystallized fat. In the

United States, hydrogenation is the preferred process used to change the solid-

liquid relationship of margarine basestocks. A direct relationship exists between

the fat solids content and the structure, consistency, and plasticity of the finished

margarine. SFI values at 50�F, 70�F, and 92�F, or 10.0�C, 21.1�C, and 33.3�C,

are used by most margarine manufactures in the United States for margarine

consistency control. The SFI values are indicative of the crystallization tendencies

and the finished product quality as shown in Table 31 (106).

Consumer Margarine Oil Formulations. Consumer margarines are formulated

by blending two or more basestocks with different degrees of hardness. This per-

mits the margarines to be spreadable directly out of the refrigerator and to maintain

a solid consistency at room temperature. Hydrogenated cottonseed oil was a

TABLE 30. U.S. Margarine and Spread Source Oil Usage.

Metric Ton (MT)

Year 1950 1960 1970 1980 1990 2000

Corn oil 0.5 30.8 83.9 101.2 94.3 25.4

Cottonseed oil 232.7 76.2 30.8 11.3 D D

Safflower oil 5.9 10.0

Soybean oil 173.3 621.4 639.6 749.8 793.3 758.9

Animal fats 7.3 34.5 44.9 47.2 15.9 5.9

Unidentified 11.3 4.5 15.4 49.9 5.9

Total 425.0 768.8 813.8 924.9 953.5 796.1

Per Capita, lbs 2.8 4.3 5.0 5.2 4.9 3.8

D¼ data withheld by census.
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component of most vegetable oil margarines to induce a beta-prime crystal habit to

prevent graininess for quite some time. However, the development of more spread-

able margarines, the use of multiple basestocks, and uniformly low cold storage

temperatures has reduced the transition of margarines formulated with soybean

and corn oils to the beta crystal form that causes sandiness.

The hydrogenated vegetable oil basestocks best suited for table-grade products

have steep SFI slopes to provide the desired eating, melting, and nonoiling physical

characteristics along with machinability. The cottonseed oil basestocks previously

presented in Table 20 may be used to produce margarine oils as well as shortenings.

Margarines have been able to conform to the increased health consciousness of the

U.S. consumer by responding with increased polyunsaturated fatty acids and liquid-

oils levels. Although polyunsaturate level is less emphasized now, apparently it is

still perceived as healthy by the consumer. Therefore, it is still advantageous to have

a high polyunsaturate-to-saturates ratio contributed by a high liquid-oil level.

Table 32 identifies the typical SFI values for six table-grade marbases; three are

TABLE 31. Consumer Margarine Solid Fat Index (SFI) Affect on Product Characteristics.

Solid Fat Index (SFI)
Characteristic

Temperature % Solids Affected Solid Fat Index (SFI) Influence

10�C or 50�F 10 to 28 Spreadability Optional range for spreadibility at refrigerator

temperatures.

10�C or 50�F 10 to 28 Printability Low SFI¼Colder Chilling Temp. Required

High SFI¼Channeling Possible with Cooling

21.1�C or 70�F 5 to 18 Consistency Body and Resistance to Oil Separation

Too High¼ Brittle, Firm, Poor Spreadability

Too Low¼ Soft, Soupy, Oil Separation

33.3�C or 92�F 3.5 max Mouth Feel Quality Consumer Tablegrade Margarine

Melts Quickly With a Cooling Sensation

Too High¼ Lingering Pasty, Greasy, Waxy,

Sensation Due to Palate Coating

TABLE 32. Typical SFI Values for Margarine Products.

10�C 21.1�C 26.7�C 33�C 40�C

Solids Fat Index: 50�F 70�F 80�F 92�F 104�F

Consumer prints:

Soft stick 22.0 13.5 2.0

All hydrogenated 28.5 17.5 3.0

High liquid 30.0 17.0 1.5

Consumer Tub:

All hydrogenated 12.0 7.5 3.0

High liquid oil 11.0 5.5 0.7

Consumer liquid 7.0 6.0 6.0 5.5 5.0

Bakers margarine 24.0 18.0 17.0 13.0 7.0

Roll-in margarine 29.0 24.0 22.0 16.0 10.0

Puff pastry 34.0 30.0 28.0 24.0 17.0
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for stick products, two are soft tub types and a liquid or squeezable margarine. The

soft stick marbase probably represents the softest stick type margarine that can be

packaged successfully. The present day packaging equipment will deposit, wrap,

and carton product that is softer, but the margarine could not withstand the normal

abuse after packaging in storage and distribution. This product was introduced after

the soft tub products in an effort to take advantage of the soft concept in the old

familiar stick package (106).

The all-hydrogenated stick table-grade product represents the type that was the

main consumer margarine product for quite some time. It is still the most preferred

table fat product for baking and some cooking due to better oxidative stability. This

product also prints well due to the high 50�F or 10�C SFI, especially in equipment

that doesn’t deposit the margarine into preformed quarters parchment. The high

liquid-oil stick marbase represents the majority of the stick margarine production.

The high liquid oil in the formula provides a marketing claim for low saturates but

reduces the finished margarine’s oxidative stability and therefore shelf life. The sur-

face of the margarine develops a darker color from oxidation that is quite noticeable

when the surface layer is scraped away during use.

Soft tub marbase compositions are somewhat like a compound shortening for-

mulation: a blend of a soft and a hard basestock. The hard basestock can’t be as

saturated as the low-iodine-value hardfats used for shortenings and should have a

steep SFI slope for good eating characteristics. Two different soft tub compositions

are shown in Table 32. The all-hydrogenated product provides the oxidative stabi-

lity and the firmest margarine consistency. Slight consistency differences can be the

difference between a soft tub margarine with a picture perfect surface appearance or

one with excessive ‘‘lid slosh.’’ The all-hydrogenated margarine oil base has a

better chance of retaining a smooth surface because it should set quicker than

the product formulated with liquid oil.

Liquid margarine has been marketed for quite some time but it has never

achieved significant consumer acceptance. Food processors have accepted and

used this product for specialty applications more so than consumers. Liquid

margarine has been prepared using both beta and beta-prime type hardfats. Beta-

prime (b0) hardfats, like cottonseed oil, have been found more suitable for the pro-

duct packaged without a tempering for crystallization process stage. Product

prepared with beta crystal forming hardfats requires tempering of the supercooled

mixture at an elevated temperature for a period of time under agitation to develop

and stabilize the beta crystal. This liquid margarine process resembles the liquid

shortening process closely. The beta crystal formulation and procedure produces

a more fluid, less viscous product with better suspension stability than the beta-

prime product but costs more to produce (151). The beta-prime hardfat direct

process provides a better mouthfeel and flavor but requires constant refrigeration

to avoid separation.

Industrial Margarines. Foodservice and food processor margarines and spreads

are considered industrial products. These products are formulated or packaged

for more specific applications than the consumer products. The most popular
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foodservice margarine is the consumer stick margarine formulation packaged in

one-pound solids for use in food preparation. Individual serving or portion control

soft spread products are popular foodservice dinning room products. The major

difference that affects the desired functionality is the margarine oil composition.

The consumer table-grade margarine formulation is also packaged in 50 pound

and larger containers for food processor applications. It is plasticized like a short-

ening instead of the margarine print procedure for roll-in and other applications.

Baker’s margarine is designed to have a wide plastic range with good creaming

properties like the standard all-purpose shortening. In fact, the marbase for bakers

margarine can be the same composition as an all-purpose shortening using an 80–

85 IV hydrogenated cottonseed or soybean oil basestock with a fully hydrogenated

beta-prime crystal forming cottonseed oil hardfat. Special roll-in margarines for

danish and other pastries are prepared with fat blends similar to anhydrous or short-

ening products. Margarine formulations provide a buttery flavor and color to the

finished product as well as moisture to produce steam during baking to help expand

the dough layers and improve flakiness. Several other specialty products also rely

on the marbase formulation for functionality and the margarine process to provide

flavor, color, and moisture for functionality (106).

10.3. Spread Formulations

All products resembling margarine that contain less than 80% but more than 40%

fat are required to be labeled as spreads. However, these products must conform

with the margarine standard in all respects except the fat content and that safe

and suitable ingredients not provided for in the standard may be added to improve

functional characteristics so that the spreads are not inferior to margarine. Soft tub

and stick spreads containing 40% to 75% fat are usually formulated from the same

fat and oil blends as those used for regular consumer margarines. The other ingre-

dients used are also basically the same with the following exceptions (155, 156):

� Milk protein acts as an oil-in-water emulsifier. Consequently, the use of milk,

casein, or caseinates can result in a phase reversion. Therefore, most spread

formulations are milk and milk-protein free.

� Emulsifier levels are increased slightly to improve the physical characteristics

of the emulsion and its stability; typically 0.4% to 0.6% alpha monoglyceride

levels with mono-and diglyceride use. Soft mono-and diglycerides are

essential in protein-free spreads. Mono-and diglyceride and polyglycerol

emulsifier systems have been found effective in spreads containing significant

quantities of protein.

� Lecithin use in low fat spreads may decrease the emulsion stability and

increase the tendency to oil off; however, it also functions to slow the

emulsion breakdown in the mouth. Therefore, the use of lecithin and the

level of use must be evaluated for each formulation.
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� Gelatin, pectin, carrageenans, agar, xanthan gum, starch alginates, or methy-

lecellulose derivatives are gelling or thickening agents used in some spreads to

improve the body.

� The higher emulsifier levels used for spread can produce tighter emulsions and

the gelling or thickening agents can affect the rate and order that flavors are

perceived. The flavor content and types must be defined to produce oral

responses similar to the high-fat products.

� Preservatives are more important in spreads than in regular margarines as a

result of the higher moisture content.

� The light reflection of a spread is different from that of regular margarine as a

result of the increased number of water droplets present. Therefore, it is

necessary to add about twice the amount of color used in normal margarine to

obtain the same color intensity.

11. OTHER COTTONSEED OIL USES

Major changes are continually occurring in the markets for fats and oils as dis-

cussed previously. Food applications have been a major use for cottonseed oil

but it has also been used in soap, lubricants, sulfonated oil, pharmaceuticals, pro-

tective coastings, rubber, as a carrier for nickel catalysts, and, to a lesser degree, in

the manufacture of leather, textiles, printing ink, polishes, synthetic plastics, and

resins (23). More recently, cottonseed oil was used in the synthesis of sucrose

polyesters as a zero-calorie fat substitute that has a trade name of Oleans, or a com-

mon name of Olestra. This product, developed by Proctor & Gamble, was approved

by the U.S. Food and Drug Administration in 1996 (157–160). Cottonseed oil was

chosen for this application because it imparted a pleasing nutty flavor to the fat

substitute.
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1. INTRODUCTION

Many species in the Europhorbiaceae and Labiatae families produce seeds with a

high content of oil and contribution of linolenic acid of up to 76% (1). Flaxseed has

been used for years in the production of paints, varnishes, inks, and linoleum. In

food applications, flaxseed is more often used than oil because of its better stability

and because of the presence of fiber, lignans, and a-linolenic acid (ALA), which

have health benefits. Cold pressed flaxseed oil is not considered suitable for

deep-frying, although Chinese use it in stir-frying (2). In this chapter, oilseeds of

flax, perilla, camelina, and chia are discussed as sources of oils with elevated con-

tent of ALA. These oilseeds are produced in industrial quantities and can be con-

sidered as potential sources of new oils with specific nutritional and functional

properties.

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
Edited by Fereidoon Shahidi. Copyright # 2005 John Wiley & Sons, Inc.
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2. FLAX

2.1 Origin

Flax, widely adapted to warm and cool climates, has been cultivated for centuries in

various parts of the world for its stem fiber, linen cloth, and seed. Linseed is an

alternative name used for flax. Crops grown for seed are termed linseed in India

and in the United Kingdom and flaxseed in Canada and the United States, and

flax oil or flax seed is used in many European countries.

Flaxseed/linseed is the annual cultivar of Linum usitatissimum L. Flax is a mem-

ber of the Linaceae family that includes ten genera and more than 150 species (3).

Approximately 200 species of Linum are known (3).

The crops grown for both seed and fiber are generally called dual-purpose flax.

Initially, the same variety was used for both oil and fiber production. Today, oil and

fiber varieties are different and specifically designed to serve the actual end use.

Fiber varieties usually have longer stem, 80–120 cm tall, with fewer branches,

fewer seed capsules, and smaller seeds. Although oil type has shorter and heavily

branched stems, 60–80 cm tall, with a higher number of seed capsules and larger

seeds.

All registered flax varieties in Canada have a dark brown seed coat. There are

available yellow seed-coated varieties grown in other countries such as the Omega

variety in the United States. Transition to different color is mainly esthetic, lighter

colored flaxseed flour is produced from these seeds, and appearance of the product

is less affected when it is applied as an ingredient.

2.2 Production

More than 60 years ago, the average world production of flaxseed was about

3.4 million metric tons (MMT), which was more than sunflower, 2.5 MMT, and

slightly lower than rapeseed, 3.8 MMT. In the same period, soybean was produced at

a level of 12.6 MMT (4). In those years, flaxseed was the third-most produced oil-

seed in the world by volume. Since then, world production of flaxseed has remained

between 2 and 3 MMT, and the production of other oilseeds has increased consid-

erably (4). In 2000–2001, world production of flaxseed was 2.34 MMT, with Canada

being the largest producer and exporter of this oilseed (See graph in Canola

chapter).

The total average yearly world production of flaxseed for the past ten years was

2.52 MMT (5). The principal growing areas for flaxseed are Canada, China, India,

Argentina, the United States, the United Kingdom, former USSR, and some

European countries (5). The average contribution of mentioned countries in the

world production of flaxseed is presented in Figure 1. Among mentioned producers,

Canada, China, and India contributed 34.9%, 18.7%, and 11.9%, respectively, to the

world production. The eight main flaxseed producers listed contributed up to 82%

of the total yearly flaxseed production.
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Canada is one of the major flaxseed producers and exporters, where a minimal

amount of seeds is crushed to produce flax oil. Flax oil is mainly considered as a

health food product but not a commodity oil. Figure 2 shows yearly production of

flaxseeds in Canada for the past ten years. On average, Canada is producing above

800,000 MT (metric tons) of flaxseed per year (5). Part of this production is low

linolenic acid varieties, which contribute from 10% to 15% to the total production.

Recently, the food industry in North America and Europe has shown an

increased interest in utilization of flaxseed in food product formulations. This is

Figure 1. Major world producers of flaxseed (Ten-year average from 1990 to 2000). Production

averaged 2.52 million metric tons/year. aFormer U.S.S.R. Source: Canadian Grains Council,

Statistical Handbook 2001 (5).
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Figure 2. Flaxseed production in Canada. Data include low linolenic flaxseed. Source: Canada

Grains Council Statistical Handbook 2001 (5).
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mainly because of the presence of ALA, dietetic fiber, and plant lignans, which

according to scientific evidence provide important health benefits.

2.3. Physicochemical Properties of Flax Oil

Some physicochemical properties of conventional flaxseed oil and low linolenic

varieties are presented in Table 1. The higher specific gravity of 0.935 observed

for flaxseed oil than other vegetable oils can be directly attributed to the high con-

tribution of linolenic acid. It is in line with the specific density of fatty acids that

increases from 0.895 to 0.9038 and to 0.914 for oleic, linoleic, and linolenic acids,

respectively (7).

The amount of polyunsaturated fatty acids (PUFA) affects both melting and

flashpoints of vegetable oils. Melting temperature of oil is directly related to the

melting point of fatty acids, which decreases with unsaturation (7). The flash point

of flaxseed oil is relatively low compared with other vegetable oils; this can be

attributed to a high contribution of PUFA.

Unsaponifiable matter content, saponification value, and iodine value are char-

acteristic for a high contribution of PUFA in the flax oil. The content of unsaponifi-

able matter in flax oil is similar to other vegetable oils.

2.4. Chemical Composition of Flax Oil

Main components of vegetable oils, including flax oil, are triglycerols and usually

contribute more than 90% of all components (Table 1). Minor components in flax

oils were found to be at the similar level as in canola and soybean oils (10). The

presence of chlorophyll in flax oil usually indicates immaturity of flaxseed.

TABLE 1. Properties of Flaxseed Oils (6–9).

LinolaTM

———————————

Parameter Flaxseed Oil Crude RBD

Relative density (20�C/water at 4�C) 0.925–0.935 0.921 0.920

Refractive Index (nD 20�C) 1.475–1.475 1.4657 1.4665

Melting Point (�C) �20 to �24

Flash Point, min. (�C, open cup) 120–135

Viscosity (cp) 46.8 46.4

Iodine Value 182–203 142 144

Unsaponifiable Matter (%) 0.1–1.7 1.2 0.6

Saponification Value (mgKOH/g) 187–195 185 185

Phosphorus (ppm) 1.0–30 300 1.0

Chlorophyll (ppm) 0.0–1.5 0.4 0.1

Free Fatty Acids (% of oleic) 0.1–2.0 0.3 <0.02

Triglyceride (%) 94–98 93–98 96–98

RBD—Refined, bleached, and deodorized.
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Fatty acid composition of regular flax oil is different from other commercial oils

because of the very high contribution of ALA, usually above 50% (Table 2).

Because of the high content of this unique fatty acid, flaxseed and flax oil are often

used as food supplements, where enrichment with omega-3 fatty acids is needed.

This fatty acid is susceptible to oxidation; it oxidizes 20–40 times faster than oleic

acid and 2–4 times faster than linoleic acid (8). This property makes the oil a good

material for paint and plastic production where fast oxidation is required. Flax oil

contains low amounts of saturated fatty acids (SFA) compared with low linolenic

flax oil (Linola), soybean, and sunflower oils; however, it is higher than canola

oil (Table 2). Canola oil contains the lowest amount of SFA among all commercial

oils.

The contribution of linolenic acid in flaxseed oil showed a wide range and was

affected by the growing conditions. Flax varieties grown in Western Canada, aver-

age from 495 samples analyzed, contained 5% palmitic acid (16:0), 3% stearic acid

(18:0), 17% oleic acid (18:1), 15% linoleic acid (18:2), and 59% linolenic acid

(18:3) (11). Although similar varieties were grown in North Dakota, the 11 cultivars

assessed showed the following fatty acid composition: 5–6% of 16:0, 3–6% of 18:0,

19–29% of 18:1, 14–18% of 18:2, and 45–52% of 18:3 (12).

TABLE 2. Composition of Flaxseed and Major Oils (6, 10, Przybylski Unpublished Data).

Component Flax LinolaTM Canola Soybean Sunflower

Fatty Acids (%)

C16:0 5.3 6.1 3.8 11.2 6.0

C18:0 3.3 3.8 1.7 4.1 4.0

C18:1 17.9 15.5 58.2 24.3 16.5

C18:2 14.7 71.3 20.1 54.6 72.4

C18:3 58.7 2.0 9.6 8.3 0.5

SFA 9.0 10.0 6.2 15.6 11.2

MUFA 18.1 17.1 64.2 23.4 16.7

PUFA 72.9 72.9 29.6 61.0 72.1

Tocopherols (ppm)

Alpha 20 15 272 116 613

Gamma 200 200 423 737 19

Delta 7 5 — 275 —

Plastochromanol-8 120 110 75 — —

Total 347 330 770 1128 632

Phytosterols (%)

Brassicasterol 1 1 14 — —

Campesterol 27 23 28 18 7

Stigmasterol 8 4 1 15 7

b-Sitosterol 50 54 52 54 58

�5-Avenasterol 10 18 5 2 4

Total sterols (g/kg) 2.3 2.2 6.9 2.6 3.1

Abbreviations: Fatty Acids: SFA—saturated; MUFA—monounsaturated; PUFA—polyunsaturated; Plasto-

chromanol-8–derivative of gamma tocotrienol with longer side chain.
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Cool temperatures during the 10–25 days after flowering are the main cause for

higher amounts of linolenic acid in flax oils (14). For the same reason, flaxseed

grown in the Canadian prairies, northern latitude, produce oils with higher levels

of polyunsaturated fatty acids and lower contributions of oleic acid and saturated

fatty acids. This phenomenon was also observed for other oilseeds such as sun-

flower, canola, and soybean (7, 13, 14). Similarly, a wide variation in fatty acid

composition in Australian flaxseed samples was observed: 13–25% of 18:1 and

46–64% of 18:3 (6).

Analysis performed on varieties of flaxseeds collected from different flax grow-

ing regions of the world and later grown in Morden, Manitoba, Canada, showed

even wider distributions of oleic acid 14–60%, linoleic acid 3–21%, and ALA

31–72% (13). All of these data indicate that within flax, there is a wide distribution

of fatty acids, and this variability can be used for developing specialty oils based on

traditional breeding and to avoid GMO oils.

Flaxseed oils contain much lower amounts of tocopherols, half of the amount

present in sunflower and canola oils and one-third of that present in soybean oil

(Table 2). A lower content of these antioxidants makes these oils even more suscep-

tible to oxidation. Gamma-tocopherol was found as the main tocopherol in flax oils,

with a contribution of about 80% to the total amount. This makes flax oil compar-

able with soybean oil. Among unique antioxidants detected in flax oils was plasto-

chromanol-8. This compound is a derivative of gamma tocotrienol with twice as

long unsaturated side chain. Plastochromanol-8 was found to be a more efficient

antioxidant than any tocopherols isomer (15). A low content of tocopherols in flax-

seed did not make them more susceptible to oxidation; experiments showed that

milled flaxseed could be stored for 28 months at ambient temperatures without

measurable changes in oxidation products. This can be attributed to the presence

of antioxidants other than tocopherols in the seeds (16).

Sterols or phytosterols are present in flax oils at a level lower than those in many

vegetable oils, 2.3 mg/g in flaxseed oil versus 4.1 to 6.9 mg/g in other oils (Table 2).

The composition of sterols was similar to other oils, where b-sitosterol was the

main component followed by campesterol and �5-avenasterol. Brassicasterol was

found in trace amounts in flax oil. This phytosterol is characteristic to plants from

the Brassica family and often is used as a marker for oil adulteration (Table 2).

As discussed above, triacyglycerols are the main components of vegetable oils

and the composition of flax acylglycerols is presented in Table 3.

As expected from fatty acid composition, the main triacylglycerols contain lino-

lenic acid in their molecules and 84% of all triacylglycerols have this acid in their

structure (Table 3). Among them, 21% of total acylglycerols contained three ALA

in molecule, second by contribution were acylglycerols with two ALA, and linoleic

acid had the second-most abundant fatty acid present in the flax oil (17).

Flaxseed is the richest source of plant lignans containing 75–800 times more

than that in other oilseeds, cereals, legumes, fruits, and vegetables (18). These plant

origin components act in mammalians as hormone-like phytoestrogens. Lignans are

compounds with a dibenzylbutane skeleton, which have been found in many higher

plants (18–20). Plant lignans, namely, secoisolariciresinol diglycoside (SDG) and
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matairesinol (MAT), are the main compounds among flaxseed lignans. Both are

structurally different from animal and human lignans, enterodiol (ED) and entero-

lactone (EL). Mammalian lignans are formed by intestinal microorganisms from

plant precursors (Figure 3). The concentration of mammalian lignan precursors is

measured by adding a particular food ingredient to the model of the intestinal

microorganism and assessing the amounts of released ED and EL (18). Similarly,

excretion of animal lignans in urine may be measured (18, 19). Figure 4 shows urin-

ary excretion of ED and EL when different plant components were included in the

diet. Flax oil is the second dominant source of mammalian lignans excreted after

flaxseed, in far higher amounts than other oils, oilseeds, and cereals.

Lignans from flaxseed have been shown to reduce mammary tumor size by more

than 50% and tumor number by 37% in carcinogen-treated rats (19, 20). Further-

more, it has been suggested that lignans have antimiotic, antiestrogenic, antiviral,

antibacterial, antifungal, and antioxidant properties (20–33).

The presence of plant lignans in flax oil makes it nutritionally more valuable

than any other oil. When high levels of ALA and linoleic acid are considered in

the whole equation, flaxseed oil serves as the best oil in terms of its nutritional

and health value.

The Food and Drug Administration (FDA) regulations allow inclusion of flax-

seed in food products, but the amount allowed is limited to 12% (34).

TABLE 3. Composition of Triacyglycerols

in Flaxseed Oil (17).

Triacyglycerols1 Contribution (%)

PLnLn 7.6

PLLn 6.7

PLL 1.5

POL 1.6

LnLnLn 20.9

LLnLn 13.8

LLLn 3.7

OLnLn 8.4

LLL 0.9

OLLn 5.3

OLL 0.9

SLLn 1.1

OOL 3.4

OOLn 7.3

POLn 4.0

SLnLn 3.2

POL 1.6

PLL 1.5

OOO 3.3

1Abbreviations of fatty acid: P—palmitic; Ln—linolenic;

L—linoleic; O—oleic; S—stearic.
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Figure 4. Total excretion of human lignans in the urine of rats after diet was supplemented with

various foods (18).
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2.5. Low Linolenic Flaxseed Oil

Low linolenic acid varieties with yellow-seed coat flax trademarked Linola were

developed by the Commonwealth Scientific and Industrial Research Organization

(CSIRO) in Australia and distributed elsewhere under this name by United Grain

Growers, Canada (4). The Linola seed color has been changed to yellow to make

it distinguishable from the traditional flaxseed dark brown color. The generic com-

mon name Solin has been assigned by Flax Council of Canada for all low linolenic

flax varieties produced in Canada. Developmental work on Solin (Linola is a brand

name within Solin family) is continuing mainly to reduce saturated fatty acid and to

increase linoleic acid content above the 70% level and to increase the content of

antioxidants as well as to enhance nutritional properties of the meal.

The new oilseed crop is grown wherever flax and linseed varieties are currently

cultivated (35, 36). The climate in northern Europe is highly suitable for production

of Linola, where sunflower and corn/maize cannot be produced. Linola seed can be

processed by existing crushing plants using similar processing parameters. Linola

meal is used for ruminant feed in the same way as linseed meal.

The fatty acid composition of the new crop has been modified, and the level of

linolenic acid has been reduced from over 50% to 2% (6). This greatly improves

oxidative stability of the oil, which by fatty acid composition is very close to sun-

flower and soybean oils (Table 2). Linola has been found to be more resistant to

oxidation than regular flax oil, and its stability is comparable with soybean, canola,

and sunflower oils (Przybylski, unpublished data).

Refining of crude Linola oil by conventional steps, namely, degumming, alkali

refining, bleaching, and deodorization, produces colorless and odorless oil, which

has good oxidative stability (9). In addition, properties of crude and refined,

bleached, and deodorized (RBD) Linola oil are comparable with other commodity

oils (Table 1).

The FDA granted Generally Recognized as Safe (GRAS) status for Solin/Linola

oil in 1998 (38). This oil can be used as an ingredient in food product formulations

such as salad oil, cooking, and frying oil, and in fat phase to formulate margarine,

spreads, and shortenings (19, 37).

Because of several beneficial nutritional properties, mainly related to the high

level of linoleic acid and lignans, there is a growing interest to use Linola seeds

and oil in bakery and confectionery applications. The golden-yellow-colored Linola

seeds can serve as an attractive and appealing topping for baking goods. It seems

evident that Linola/Solin seed and oil can have promising future applications in

food products (35).

2.6. Processing of Flaxseed and Oil

Flaxseed is covered with fibrous hull accounting for 25 to 45% of the seed weight

and contains 2–7% by weight of water-soluble carbohydrates. These components

called mucilage can interfere during processing (38). Flaxseed contains approxi-

mately 25% protein, 10% moisture, and 35–45% of oil (6, 38, 11). In immature
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seeds, cyanogenic glucosides such as linamarin, linustatin, and neolinustatin can be

present at the level of 200–650 mg/100 g of seeds (9). Enzyme linase is always pre-

sent in flaxseed, and it decomposes glucosides to many products, including

hydrocyanic acid, one of the most toxic substances. Newly developed varieties of

flax have lower amounts of glucosides in the seed. During processing, small

amounts of glucoside can be transferred into oil, whereas these compounds are

water-soluble.

Flaxseed contains a high amount of oil, but expressing oil from it is difficult and

often double pressing is required to efficiently remove oil from the seeds. Proces-

sing steps for flax oil production are presented in Figure 5. Before crushing, cleaned

seeds are tempered to achieve a moisture level of 9.5% to 10%, this will minimize

the formation of fine particles when seeds are cracked or flaked and will maximize

removal of oil from them. Moisturized seeds are passed through sets of corrugated

and smooth rolls to be cracked and flaked, respectively. From the next processing

step, production of flax oil is differentiated from that for Solin/Linola oil (7). The

flax oil for human consumption is cold-pressed, and further purification of oil is

not applied. According to industry standards, cold pressing is achieved when the

temperature of oil coming from the extruder does not exceed 35�C and pressing

is performed under protection from oxygen, usually under a blanket of nitrogen.

Good practice requires utilization of expellers, which have the ability to cool parts

of the press, which are in contact with seeds and oil to control the temperature

during processing (38).

Figure 5. Processing of flaxseed to produce cold-pressed flax oil.
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Oil from expeller is filtered, packaged under nitrogen or other neutral gas into bot-

tles protecting from light exposure, and ready for distribution. Flax oil is very suscep-

tible to oxidative deterioration, and treatment to eliminate oxygen needs to be

applied. On the North American continent, flax oil is considered as a health food oil.

When flax oil is processed for industrial use, standard processing steps are

applied as described in Figure 6. Flaxseeds are tampered and then flaked, passing

through a set of smooth rolls. Flaked seeds are sent to a cooker where they are

heated to a temperature of 80–100�C to inactivate enzymes and help release the

oil during pressing. At this stage, formation of toxic substances is prevented. The

cooked seeds are transferred to the expeller, and expelled oil through filtration is

placed in a storage tank, where it is combined with oil from solvent extraction.

Cake/meal after pressing is fed to the solvent extractor, where hexane is used as

Figure 6. Processing of flaxseed to produce refined, bleached, and deodorized flax oil.
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a solvent. From the extractor, cake is moved to the desolvatizer where the solvent

is removed at 100�C. Meal is then cooled and used as an animal feed ingredient.

Combined oils are purified by the standard refining process, typical to all vegetable

oils (7). Degumming is applied to remove phospholipids, refining to lower the

content of free fatty acids, bleaching to eliminate chlorophylls and other pigments

as well as to decompose hydroperoxides, and deodorizing to make the oil

odorless through elimination of oxidation products (Figure 6). Processing of

low linolenic flaxseed oil is similar to that described for flax oil and other com-

modity oils.

3. PERILLA OIL

3.1. Origin and Application

Perilla, Perilla frutescens, L. Britton, is a member of the mint family, Lamiaceae

(Labiatae). This plant is a common annual weed in the eastern United States (1). In

Asia, perilla is considered a commercial crop where seeds are used to produce oil

and plant parts are used as garnish, flavoring, and sources of nutritional components

in combination with cereals or vegetables. In the United States, perilla food pro-

ducts are available in the Korean ethnic markets, and red-leafed plants are used

in landscaping. After the Second World War, the United States imported perilla

oil, which was used as a drying oil (1). Perilla plant and seed is used in Asia as

seeds for birds and human consumption; seed oil is used as a fuel, a drying oil,

or a cooking oil; leaves are used as a pot-herb, for medicine, food coloring, flavor-

ing dishes, and source of functional nutrients; foliage is distilled to produce an

essential oil for flavoring.

Wilson et al. (39) isolated the toxin, perilla ketone, which causes pulmonary

edema (fluid in the lung cavity) in many animal species, although not in pigs

and dogs (40). In Japan, 20–50% of long-term workers in the perilla industry devel-

oped dermatitis on their hands because of contact with perillaldehyde (41). Small

amounts of these components have been detected in perilla oil where it works as an

efficient antioxidant.

Perilla was never grown commercially as an oilseed in the United States; how-

ever, several agronomists have investigated the crop (42, 43). Rabak and Lowman

(43) determined that perilla is well adapted to the climate of the southeastern

United States; it would be unprofitable to cultivate it, unless seed shattering can

be controlled. Seed yields ranged from 220 to 1400 kg/ha in Illinois (44), 1020

to 1440 kg/ha in Korea (45), and 1110 to 1670 kg/ha in Japan agricultural produc-

tion (41). Perilla was also experimentally grown as a crop in many parts of the

British Empire (46, 47). Production of perilla seeds and oil has been continued

in Korea for a long time (48, 45). Annual production of perilla seed is approxi-

mately 40,000 MT, and perilla oil is the third largest among edible oils used in

the Korean market (49). Perilla plant and seed is widely used in Asian countries

as food ingredients, including Japan, China, and India.
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3.2. Perilla Seed and Oil

The seed of perilla contains 31–51% of oil, which is similar in composition to

flaxseed oil, with a higher contribution of PUFA of over 70% (Table 4). The

oil is highly unsaturated, with an iodine value of 192–208-g iodine /100-g oil

(Table 4). Perilla oil contains over 60% linolenic acid with equal amounts of

both linoleic and oleic acids (Table 4). Specific gravity of this oil is higher than

flax oil because of a higher contribution of PUFA. Other physical parameters of

this oil reflect the composition of its fatty acids.

TABLE 4. Composition and Properties of Perilla, Camelina, and Chia Oils.

Parameter Perillaa Camelinab Chiac

Fatty Acids (%)

C16:0 7 6 6

C18:0 2 2 3

C18:1 14 13 7

C18:2 17 16 20

C18:3 61 39 63

Saturated 8 12 9

Monounsaturated 14 34 8

Polyunsaturated 78 54 83

Tocopherols (ppm)

a-Tocopherol 31 46

g-Tocopherol 461 420

d-Tocopherol 7 10

Total 499 500

Lipid Classes (%)

Sterol Esters 2

Glycerides 91 97

Glycolipids 4 2

Phospholipids 2 0.9

Sterols (%)

Cholesterol 5

Brassicasterol 4

Campesterol 25

Stigmasterol 3

b-Sitosterol 52

�5-Avenasterol 11

Total Sterols (mg/kg) 3604

Physicochemical Properties

Refractive Index (nD 20�C) 1.4761 1.4698 1.4753

Specific Gravity (at 15.5�C/15.5�C) 0.937 0.925 0.936

Iodine Value 192–208 127–155 190–199

Saponification Value (mgKOH/g) 188–197 180–190 180–192

Unsaponifiable Matter (%) 1.3–1.5 1.2–1.5 1.1–1.3

Oil Content (%) 35–50 35–42 32–40

Protein Content (%) 17–28 25–30 20–30

Camelina contains 15% of eicosenoic acid (C20:1) and 3–5% of erucic acid (C22:1).

Source: a(49); b(50, 51); c(50–54).
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The amount of tocopherols in perilla oil is higher compared with flax oil, and a

similar contribution of gamma-tocopherol, above 90%, was observed (Table 4).

Shin and Kim (49) analyzed perilla oil for lipid composition and established that

it contained more than 90% triacylglycerols, 4% glycolipids, and 2% of each phos-

pholipids and sterol esters.

Perilla oil has been used as a drying oil in paints, varnishes, linoleum, printing

ink, lacquers, and for protective waterproof coatings on cloth. It has also been used

for cooking and as fuel (56). The meal produced after oil extraction is often used as

an animal feed ingredient.

3.3. Perilla Oil Processing

Perilla oil in Korea is processed like other cold-pressed oils, where pressing and

filtration are the main processing steps. To improve the flavor of perilla oil used

in food applications, roasting of seeds is practiced. This will provide oil with a

distinctive roasted, nutty flavor and improved stability. Roasting of perilla seeds

is often applied in Korea and China (57). Kim et al. (57) analyzed different

parameters of roasting and established that temperature above 170�C provided

the best flavor and stability for the oil. Nonenzymatic browning components are

mainly responsible for flavor and antioxidant activity (52). When perilla oil is pro-

duced for the industrial applications, additional processing such as refining, bleach-

ing, and deodorization is carried out (58).

4. CAMELINA

Standard oilseed crops are not often suitable to marginal lands where factors such

as low moisture, low fertility, and saline soils play an important role in the possible

crop to be grown. In recent years, there has been increasing interest in developing

agronomic systems with low requirements for fertilizer, pesticides, and energy,

which provide better soil erosion control than conventional systems. Camelina

can grow in these extreme conditions and provide oilseed with enhanced nutritional

value (59, 60).

4.1. Origin

Camelina sativa (L.) Crantz., plant from the Brassicaceae family, known as false

flax, linseed dodder, and Gold-of-Pleasure, originated in the Mediterranean area

and Central Asia (61). Seeds are small (0.7 mm� 1.5 mm), pale yellow-brown,

oblong, rough, and with a ridged surface. Camelina is listed as being adapted to

the flax-growing region on the Prairies, in Europe, and other countries (59, 62).

It is primarily a minor weed in flax, which does not have seed dormancy (63).

Camelina is short-seasoned, 85–100 days, so it could be incorporated into double

cropping systems during cool periods in warmer environments (55).

Cultivation of camelina probably began in Neolithic times, and by the Iron Age

in Europe, when the number of crop plants approximately doubled, this crop was
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commonly used as an oil-supplying plant. Cultivation, as evidenced from carbo-

nized seed, has been shown to occur in regions surrounding the North Sea during

the Bronze Age (64). Camelina monoculture occurred in the Rhine River Valley as

early as 600 B.C. Camelina probably spread in mixtures with flax and as monocul-

tures, similar to small grains, which also often spread as crop mixtures. It was cul-

tivated in antiquity from Rome to Southeastern Europe and the Southwestern Asian

(64).

Camelina production declined during medieval times because of unknown fac-

tors, but it continued to coevolve as a weed with flax, and this is the possible intro-

duction of it to the Americas. Like rapeseed oil, camelina oil has been used as an

industrial oil after the industrial revolution (64). The seeds have been fed to caged

birds, and the straw has been used for fiber. There has been scattered production of

camelina in Europe in modern times, mostly in Germany, Poland, and the USSR. In

the 1980s, breeding and germplasma screening were applied to modify fatty acid

composition and the content of glucosinolates in camelina seeds (65–69).

Camelina has been evaluated in Canada, North Dakota, and Minnesota for its

agronomical performance (63, 70, 50). Recent interest in the species is mainly

because of the demand for alternative low-input oilseed crops with the potential

for food and nonfood utilization of the seed oil (60, 71). Unique agronomic features

such as compatibility with reduced tillage and cover crop and competitiveness with

weeds or winter surface seeding showed suitability of camelina for sustainable agri-

culture systems. Furthermore, the species has a potential as a low-cost crop for

green manuring (60).

Long-term yield of camelina cultivars in North America has been averaging

from 1100 to 1200 kg/ha with a maximum of about 2000 kg/ha. It should be noted

that the yield of many commodity oilseeds, especially B. napus, has been improved

through plant breeding, whereas camelina has not been modified yet (63).

4.2. Seed Composition

The oil content of camelina seed ranges from 29% to 45% in North American

crops, and in Germany, it is between 37% and 44%. The seed protein content varies

from 23% to 30% (60, 50, 71, 72). Camelina protein content and composition is

similar to flax, although higher sulfur content has been observed for camelina oil

(63). Camelina meal is comparable with soybean meal, containing 45–47% crude

protein and 10–11% fiber (73). Like other cruciferous plants, camelina meal con-

tains glucosinolates at levels of 15–20 mmol/g (74). This is a low content of gluco-

sinolates compared with other brassicaceous species, hence making the utilization

of meals easier (73, 75).

4.3. Fatty Acid Composition and Use of the Oil

Camelina oil has a unique fatty acid pattern and is characterized by a linolenic

acid (C18:3) content ranging from 30% to 40%, eicosenic acid (C20:1) content
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of around 15%, and less than 4% erucic acid (21). The fatty acids in camelina oil are

primarily unsaturated, with only about 12% being saturated (Table 4). About 54%

of the fatty acids are polyunsaturated, primarily linoleic (18:2) and linolenic (18:3),

and 34% are monounsaturated, primarily oleic (18:1) and eicosenoic (20:1).

The fatty acid composition of camelina oil can be influenced by both environ-

ment and variety, although the effects detected were small. Nine varieties were

tested, and the maximum differences between oleic, linoleic and linolenic acid

levels were 3%, 2.4%, and 2.2%, respectively (76). Also, a 2% less linolenic

acid was observed in camelina grown during a dry warm year compared with the

normal year. Although these differences are statistically significant, they are rela-

tively small in absolute terms and have no significant effect on the properties of the

extracted oil (68, 50, 76).

With its high contribution of polyunsaturated fatty acids, mainly linoleic and

linolenic, and relatively low saturated fatty acid content, camelina oil could be con-

sidered a high-quality edible oil. Camelina oil is less unsaturated than flax oil but

more than sunflower or canola oils (Tables 2 and 4). This oil seems to be unique

among vegetable oils in having a high content of 11-eicosenoic acid. Most of the

camelina lines assessed contain 2–4% erucic acid (Table 4), which is higher than

the maximum limits for canola-quality rapeseed oil. However, screened germplasm

of camelina showed that lines with zero erucic acid content are available and,

through plant breeding, zero erucic varieties can be obtained.

Plant sterols identified in this oil consist mainly of b-sitosterol and campesterol

(Table 4). About 4% brassicasterol was detected in the oil, which is typical for

Brassica family plants (51). The total content of sterols in oil is comparable with

other commercial oils (Tables 2 and 4). The presence of cholesterol in camelina oil

makes it unique among vegetable oils, where only a trace has been detected in some

tropical oils (51).

Composition and content of tocopherols in camelina oil was similar to perilla

oil, where more than 80% of all tocopherols were gamma isomer (Table 4). Alpha

and delta tocopherols were detected as minor antioxidants (77). The total content of

tocopherols was comparable with perilla oil, and higher than that in flax oil (Tables

4 and 2). The total content of tocopherols in camelina oil is higher than canola, flax,

soybean, and sunflower.

4.4. Processing of Camelina Seed, Oil Stability, and Utilization

Cold-pressed camelina oil had an attractive yellow color, a mustard-like taste, and a

characteristic pleasant odor. This type of flavor is acceptable in India and other

Asian countries, but in Europe and North America, it is difficult to find acceptability

among consumers, mainly because of a different expectation from vegetable oils.

However, commercial camelina oil needs to be refined and deodorized to produce

an odorless and colorless product as expected by consumers (76). Crude camelina

oil, refined following typical steps as described for flax oil (Figure 6), afforded a

product similar to typical commercial oils (76).
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To establish storage stability of camelina oil, an accelerated Schaal Oven storage

test was carried out at 65�C with crude and refined canola and linseed and camelina

oils (76). Conjugated dienes, peroxide, and p-anisidine values were determined.

The results indicated that the storage stability of camelina oil was similar to flax

oil, but it was less stable than canola oil. Crude camelina oil showed a higher

oxidative stability than the refined product (76). During storage, refined camelina

oil had a 30% higher peroxide level when compared with crude camelina oil (76).

Comparison with fish oil, which is rich in omega-3 fatty acids, proved that camelina

oil is much more resistant to oxidative deterioration than fish oil (76). At room

temperature, crude camelina oil was far more stable than could be expected

from its high linolenic acid content. This unusual oxidative stability can be attrib-

uted to the presence of natural antioxidants. However, the content of tocopherols

discussed above was in the middle range compared with other commercial

oils but slightly higher than that of flax oil (Tables 2 and 4). Oxidative stability

is not only related to the content and composition of tocopherols, but also to pre-

sence of other components, such as phenolic acids and polyphenols. The content of

antioxidants in oils is also affected by the processing, and the amounts of antiox-

idants can be lowered even by 50% when particular processing conditions are

applied (15).

The frying performance of camelina oil was compared with soybean oil and

assessed under deep frying conditions. Oil deterioration was monitored by asses-

sing changes in viscosities, free fatty acids, p-anisidine values, and the formation

of oxidized triacylglycerols (76). During the first 5 days of frying, camelina oil

deterioration was similar to that of soybean oil. After that time of frying, camelina

oil deteriorated much faster than soybean oil, probably because its antioxidants

were depleted. In fact, after 7 days of frying, the levels of oxidized triacylglycerols

in camelina oil reached the level permitted in Europe, 25%, and in soybean the

amount of these components was at 14% (76). Similarly, viscosity of camelina

oil increased 100% by the end of the heating period, whereas in soybean oil, it

increased only by 30%. Total carbonyl level, measured by p-anisidine values,

was three times higher in camelina oil than in soybean oil. In addition, deterioration

of camelina oil during 5 days of potato frying caused formation of the strong and

objectionable paint-like flavor (76).

Refined camelina oil was blended into fat phase to produce margarines and

spreads enriched in omega-3 fatty acids. The resulting spreads had physical proper-

ties similar to a product based on typical commercial oils. The stability of the new

product was satisfactory, and off-flavors were not detected after 6 months of storage

(76).

Camelina oil was also included in formulation of salad dressings. Produced dres-

sings showed a similar stability to conventional products during several months of

storage at ambient temperature without off-flavor formation (76).

Taking into consideration that camelina oil production will be less expensive and

the oil is more stable than fish oil, this oil can be an excellent ingredient to enrich

spreads, margarines, and other fat-containing food products, in omega-3 fatty acids,

and by this way change the ratio of omega-3 to omega-6 fatty acids.
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5. CHIA

5.1. Origin

Chia (Salvia hispanica L.) is an annual herbaceous plant from the mint family,

Labiatae, and it is native to southern Mexico, northern Guatemala, and can be

grown in South America and the Southwestern United States (52). This plant

was used by the Aztec and other tribes of Central America as an important crop

not only for food, but also for medicine and paint. Chia oil is a century-old ingre-

dient that has been rediscovered today as a potential ingredient for cosmetic and

food industries (52). Although chia has been cultivated for several centuries, pre-

sently it is cultivated only in some states in Mexico. The total area cultivated is less

than 450 hectares per year. Trials to adopt this cultivar to other regions of America

have been done with positive results (52). Chia seeds and oil are available on the

American continent in health food stores.

5.2. Oil and Seed Composition

Chia seed contains 25–40% oil and 18–30% protein. The chia meal is high in pro-

tein and fiber similar to flaxseed and soybean (52, 53). Chia seed, oil, and meal can

be used as ingredients with high nutritional value for human food and animal feed.

Chia seed contains mucilage and water-soluble fiber, may possibly contain lignans,

and is similar to flax (53). Trials conducted in 1995 and 1996 showed yield and

oil contents to be affected by growing conditions and harvested yields were up to

1500 kg/ha (52).

Chia oil is high in polyunsaturated fatty acids, particularly a-linolenic acid; the

content of this fatty acid is higher than flax oil (Table 4). Linoleic acid is the sec-

ond-most abundant acid in chia with a contribution of 17–26%, which gives PUFA

content of 83%, the highest amount among edible oils. Additionally, chia oil has the

lowest content of saturated fatty acids (Tables 2 and 4).

The physical properties of chia oil are similar to perilla and camelina with

the same effect of PUFA discussed above. Lipid class composition in chia oil is

also typical for vegetable oils where triacylglycerols are the main components

(Table 4)(52).
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1. INTRODUCTION AND HISTORY

Olive oil, an important component in the diet of Mediterranean people, is obtained

by mechanical extraction from the fruit of the Olea europaea L. tree, which belongs

to the Olive family, comprises some 400 species, and thrives in temperate and

tropical climates (1). Of the 35 species in the genus Olea, mainly of African, Indian,

and Australian origin, O. europaea is the only Mediterranean species. Although its

origin is not known, one theory is that it originated in ancient Iran and Turkestan,

spreading westward to Anatolia, Syria, and Israel along commercial and migratory

routes (2).

Olives appeared in Israel about 45,000 years ago (1). Charred pieces of olive

wood have been found in excavations at Lower Boker-Har Hanegev in layers dating

to 42,980 B.C. Both charred wood and carbonized stones have been found in many

archeological sites in Israel dating from 8000 B.C. onward, and indirect evidence

suggests the use of wild olives (O. oleaster) by humans as early as the seventh

millennium B.C. (3). It is not known whether the carbonized stones and charred

wood obtained from Chalcolithic (fourth millennium B.C.) and Early Bronze Age

(2900–2700 B.C.) sites represented cultivated or wild olives.

Olive farming and an olive oil industry appear to have been well established

throughout the region bordering the Mediterranean from Palestine and Syria to

Greece in the middle and late Bronze Age (4). Olive farming in Palestine and Syria

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
Edited by Fereidoon Shahidi. Copyright # 2005 John Wiley & Sons, Inc.
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increased dramatically at the turn of the first millennium B.C. (2). An olive oil indus-

try became well established in Palestine, and the export of olive oil from Palestine

to Egypt is documented in Old Kingdom Egypt. Olive cultivation provided materi-

als useful as a lamp fuel, lubricants, and body ointments; the fruit was easily cured

by salting, and the wood was used for carpentry and fuel. Later, the olive fruit

became a source of edible oil.

The manufacturer of olive oil became a mass production industry during the

Israelite period when processing methods improved (3). In Judea, oil presses gen-

erally consisted of large stone beds with a collecting vat in the center of the pressing

surface. A beam, which acted as a lever and was weighted down by several stones,

was used for pressing. The end of the beam was anchored to a wall behind the press

(niche wall) with a special niche stone. Olives were crushed in a rectangular basin

by a roller, which an operator set into forward and backward motion by means of an

attached shaft.

A typical Iron Age industrial site is that of the seventh century B.C. biblical town

of Timnah (Tel Batach), which was a center of olive oil production along with other

towns in the Tel Aviv area (5). The oil presses of the town were constructed simi-

larly to those of other Iron Age sites in the area. Each press consisted of a crushing

basin with two pressing vats on either side. Olives were crushed in the basin with

stone rollers, each of which had wooden handles fitted into sunken depressions at

the sides. The crushing basin was a shallow trough made of one large chalk stone.

Each pressing vat contained a large stone with a flat top and an inner hollowed

space for collecting the oil. Because there was no means of draining the oil from

the vet, pottery jugs were used to withdraw the oil. Baskets with crushed olives

were pressed by wooden beams anchored at one end to niches in the wall; the other

end of each beam was pressed down with three heavy stone weights (Figure 1).

Olive growing reached Cyprus and the Aegean area around the sixteenth century

B.C. As Renfrew (6) pointed out, the olive was one of three important constituents,

along with the vine and domesticated wheat, that contributed to the emergence of

civilization in the Aegean region. Oil production and trade played important roles in

the Minoan–Mycenaen economy of Crete and main-land Greece in the second mil-

lennium B.C. (7). Olive oil was used in the manufacture of scented perfumes and

unguents in the palace industries of Crete and Mycenae. Wild rather than cultivated

olives were apparently preferred for Aegean perfume and unguents because of the

low fat content of the wild olive.

Initially, olives were harvested by beating the trees with flails (6). After harvest-

ing, the olives were drenched in hot water and pressed to extract the oil. The oil was

separated from the water in a vat from which the water was drawn off, and then

stored in jars similar to those used to hold wine. Oil was used locally for lighting,

hygienic purposes (to clean the body), and as food, especially for cooking.

Mycenaen documents suggest that scented olive oil was used for religious purposes

and as a body ointment for the rich (8).

The earliest evidence of olive oil extraction in Cyprus dates to about 1300 B.C.

(9). (Wild olives grew on the island at least as early as 4000 B.C.) An olive press

(probably a lever and weight press) found at a Maroni excavation site consisted
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Figure 1. Oil press at Tel Batach (biblical Timnah), 7 km west of Beth-Shemesh, Israel.

Isometric plan and sections (5). [Reprinted with kind permission of the editors of Olive oil in

Antiquity (5).]
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of a large rectangular trough (pressing bed) set on a mudbrick platform and sloping

downward. The trough is a flat stone with channels cut to meet at a small projection,

permitting the liquid to pour off into a jar standing on the floor below the press.

Other presses of the late Roman period found on the island were of the lever and

screw type in which the horizontal beam is immobile while the screw presses

down on the pressing bed. The screw was already used for pressing in Italy in

the first century B.C., initially as a lever and screw press and then in a direct frame

press (10).

Olive orchards continued to be extensively cultivated in Palestine throughout the

Byzantine and Arab periods (11). The chain of mountains from the upper Galilee to

Hebron were covered with olive trees. Olive oil was used regularly for food and

cooking as well as for lighting and manufacture of soap by boiling the oil with

ashes. During the early period under the Umayyides (661–750 A.D.) and Abbasides

(750–1258 A.D.), oil surpluses were exported from Palestine by land to neighboring

countries. With revival of maritime commerce under the Fatimids (909–1171 A.D.),

oil was transported to Egypt and other countries by boat.

Phoenician settlements in the Mediterranean basin introduced olive farming into

Sicily, Sardinia, southern France, and Spain (2). The Greeks later spread farming

independently of the Phoenicians, reintroducing the olive into Sicily. The Romans

spread olive farming throughout their territories and used the olive tree in their land

reclamation projects, particularly in North Africa where they instituted olive farm-

ing and other projects to reclaim desert areas. Although of variable quality, olive oil

was a staple food and an important industrial product in Roman times.

Olive growing continued to prosper in the Mediterranean region until the fifth

century A.D., when the Roman Empire was invaded from the north and maritime

routes were closed (2). Olive farming was later revived with commercial develop-

ment of Venice and other maritime republics during the Renaissance. In 1709, olive

growing entered a new modern age when all of Europe was hit with a deep cold

spell and new orchards were planted to replace those destroyed by the cold weather.

As modern farming techniques evolved, large-scale state enterprises were begun

and olive farming reached a peak in the first half of the nineteenth century.

2. STATISTICS AND DEFINITIONS

Currently, more than 95% of the world’s olive trees grow in the Mediterranean

Basin. About 81% of total olive production comes from the European Community

(EC) (Spain, Italy, Greece, Portugal, and France), with the Near East contributing,

ca 7% and North Africa supplying about 11%. The remaining 1% is of American

origin, chiefly from Argentina, Mexico, Peru, and the United States (Table 1). Olive

oil consumption is growing in the developed countries that produce little or no olive

oil (Table 2).

The fruit of the olive tree is an egg-shaped drupe, consisting of a pericarp and an

endocarp. The pericarp includes an epicarp (skin) of variable thickness according to

the variety, and a mesocarp (pulp) surrounding the endocarp (woody pit) in which
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the seed is enclosed. The yield per hectare is about 2.45 tons. Oil yield per 100 kg

of fruit is 19.6 kg (based on yields in Italy during the past 10 years).

In addition to oil, the pulp and epicarp contain a variety of natural components

soluble in the oil. As will be seen later, the oil is obtained from the olive by a

variety of techniques, always physical, leaving a residue (pomace) that contains

up to 8% oil, which is then extracted by solvent (usually hexane) and named

pomace oil.

Because of the behavior of the solvent, solvent-extracted oil contains more

minor components at higher levels than those found in physically extracted oil.

This provides the basis for designating pomace oil as a commercial product distinct

from virgin oil (obtained only by mechanical means) or refined (lower grade) virgin

oil mixed with virgin oil (olive oil, Riviera type).

The following internationally recognized definitions of oils derived from olives

and available on the market were promulgated by the International Olive Oil

Council (IOOC) (12):

1. Olive oil is that oil produced by extraction of the fruit of the olive tree (Olea

Europaea Sativa Hoffman et Link) to the exclusion of oils obtained using

solvents or reesterification processes and of any mixture with oils of other

TABLE 1. World Production of Olive Oil (Thousand Metric Tons).a

2002/03 2003/04

Country 1997/98 1998/99 1999/00 2000/01 2001/02 (prov.) (est.)

Algeria 15.0 54.5 33.5 26.5 25.5 16.5 40.0

Argentina 8.0 6.5 11.0 4.0 10.0 11.0 22.0

Cyprus 1.5 2.5 3.5 5.5 6.5 7.0 7.0

EC 2,116.5 1,707.0 1,878.5 1,940.5 2,463.5 1,942.5 2,307.0

Croatia 5.0 9.0 5.5 5.0 7.0 3.0

Israel 3.0 4.5 2.5 7.0 3.5 9.0 2.5

Jordan 14.0 21.5 6.5 27.0 14.0 28.0 11.5

Lebanon 3.5 7.0 5.0 6.0 5.0 6.0 4.0

Morocco 70.0 65.0 40.0 35.0 60.0 45.0 80.0

Palestine 9.0 5.5 2.0 20.0 18.0 21.5 5.0

Syria 70.0 115.0 81.0 165.0 92.0 165.0 110.0

Tunisia 93.0 215.0 210.0 130.0 35.0 70.0 180.0

Turkey 40.0 170.0 70.0 175.0 65.0 160.0 60.0

Australia 0.5 0.5 1.0 1.0 2.0 3.0

Egypt 1.0 0.5 2.5 0.5 1.5 5.0 2.0

USA 1.0 1.0 1.0 0.5 0.5 1.0 1.0

Iran 3.0 2.5 2.5 3.0 2.5 1.5 4.0

Libya 6.0 8.0 7.0 4.0 7.0 6.5 6.5

Mexico 2.0 2.5 1.0 1.5 2.0 2.5 2.5

Yugoslavia 0.5 1.0 1.0 0.5 0.5 0.5 0.5

Serbia and

Montenegro 8.5 7.5 6.5 7.5 7.5 7.5 7.5

World Total 2,465.5 2,402.5 2,374.5 2,565.5 2,825.5 2,515.0 2,859.0

a Source: International Olive Oil Council (IOOC).
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kinds. In no case shall the designation ‘‘olive oil’’ be used to refer to olive–

pomace oils.

A. Virgin olive oil is the oil obtained from the fruit of the olive tree solely

by mechanical or other physical means under conditions, particularly

thermal conditions, that do not lead to alterations in the oil, and which

has not undergone any treatment other than washing, decantation,

centrifugation, and filtration.

TABLE 2. Olive Oil Consumption (Thousand Metric Tons).a

2002/03 2003/04

Country 1997/98 1998/99 1999/00 2000/01 2001/02 (prov.) (est.)

Algeria 31.5 44.0 42.0 26.0 25.0 16.0 39.0

Argentina 8.0 8.0 7.0 6.0 5.5 5.5 6.0

Cyprus 2.0 2.5 4.0 5.0 5.5 6.0 6.0

EC 1,705.5 1,709.0 1,728.0 1,835.0 1,894.0 1,904.5 1,932.0

Croatia 4.0 8.5 6.5 5.0 6.0 3.0

Israel 6.5 9.5 12.5 13.5 14.5 14.5 13.5

Jordan 19.0 19.0 9.0 17.0 20.0 25.0 15.5

Lebanon 8.0 9.0 8.0 8.0 7.0 7.0 7.0

Morocco 55.0 55.0 55.0 45.0 60.0 55.0 70.0

Palestine 5.5 4.0 4.0 8.0 10.0 12.0 12.0

Syria 95.0 88.0 90.0 110.0 86.0 100.5 115.0

Tunisia 52.0 49.0 60.0 58.0 28.0 30.0 60.0

Turkey 85.5 85.0 60.0 72.5 55.0 55.0 40.0

2,073.5 2,086.0 2,088.0 2,210.5 2,215.5 2,237.0 2,319.0

Australia 17.5 24.0 25.5 31.0 27.5 31.0 31.0

Brazil 29.0 23.5 25.0 25.0 22.5 20.0 21.0

Chile

Egypt 1.0 1.0 1.5 1.0 1.5 3.5 2.5

USA 142.5 151.0 169.5 194.5 188.5 190.0 195.0

Iran 4.0 2.5 2.5 3.0 2.0 2.0 3.5

Libya 7.0 16.0 11.0 7.0 8.0 8.5 8.5

Mexico 4.5 5.0 5.0 6.5 8.0 10.0 10.0

Yugoslavia/Serbia and

Montenegro 0.5 1.0 1.0 0.5 0.5 0.5 0.5

Other producing

countries 13.5 12.5 13.0 13.0 14.0 14.5 14.5

219.5 236.5 254.0 281.5 272.5 280.0 286.5

Saudi Arabia 5.0 5.5 4.5 4.0 5.0 7.0 7.5

Canada 17.5 18.5 23.0 24.5 24.0 24.0 24.5

Japan 34.0 28.5 27.0 30.0 31.5 32.5 33.0

USSR/Russia 1.5 2.0 3.0 4.0 4.0 6.0 7.0

Switzerland 5.5 6.0 8.0 8.0 9.0 10.0 10.0

Taiwan 4.5 7.0 6.0 8.0 6.5 5.5 6.0

Other nonproducing

countries 20.5 23.0 29.0 20.0 38.0 38.5 38.5

88.5 90.5 100.5 98.5 118.0 123.5 126.5

Total World 2,381.5 2,413.0 2,442.5 2,590.5 2,606.0 2,640.5 2,732.0

a Source International Olive Oil Council (IOOC).
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Virgin olive oil fit for consumption as is (and can be designated as

‘‘natural’’) includes:

a. Extra virgin olive oil: virgin olive oil that has an organoleptic

rating of 6.5 or more as determined by the IOOC method (13) and

a free acidity, expressed as oleic acid, of not more than 1 g per

100 g.

b. Fine virgin olive oil: virgin olive oil that has an organoleptic

rating of 5.5 or more and a free acidity, expressed as oleic acid, of

not more than 1.5 g per 100 g.

c. Semifine virgin olive oil (or ordinary virgin olive oil): virgin olive

oil that has an organoleptic rating of 3.5 or more and a free

acidity, expressed as oleic acid, of not more than 3.3 g per 100 g.

(This class of olive oil is normally traded in bulk for blending

purposes.)

B. Virgin olive oil not fit for human consumption, also designated as

lampante virgin olive oil: virgin olive oil that has an organoleptic rating

of less than 3.5 and/or a free acidity, expressed as oleic acid, of more

than 3.3 g per 100 g. This class of olive oil is used to produce refined

olive oil or is intended for technical (nonfood purposes).

C. Refined olive oil: olive oil obtained from virgin olive oils by refining

methods that do not lead to alterations in the original triglyceride

structure.

D. Olive oil: the oil consisting of a blend of refined olive oil and virgin

olive oil in various proportions.

2. Olive–pomace oil: the oil obtained by solvent extraction of olive–pomace and

not including any oil obtained by a reesterification procedure or any mixture

with other kinds of oils. (The various categories of olive–pomace oil are

described below.)

A. Crude olive–pomace oil: olive–pomace oil intended for refining to

produce a product (as B, below) suitable for human consumption, or

intended for technical purposes.

B. Refined olive–pomace oil: the oil obtained from crude olive–pomace

oil by refining methods that do not lead to alterations in the original

triglyceride structure.

C. Olive–pomace oil: a blend of refined olive–pomace oil and virgin olive

oil (any A, B, or C). In no case may this be called ‘‘olive oil.’’

Because the yearly production of olive oil is variable, low-production years can fol-

low years of high production. Therefore, it is customary to record average values

(Table 1).
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3. EXTRACTION TECHNOLOGY

Ripe olives contain a variety of components, including water, oil, sugars, proteins,

organic acids, and cellulose. Olive cultivars with medium-size fruits generally pro-

vide the best oil yields. The pulp-to-kernel ratio of olives for oil production ranges

from 4:1 to 8:1.

The epicarp contains a number of components of relatively high polarity that are

not removed by mechanical extraction and remain in the pomace. Removal of these

components along with the oil by solvent extraction of the pomace accounts for

the higher unsaponifiable content of olive–pomace oil.

Most of the oil (96–98%) is in the pulp along with most of the water ‘‘vegetation

water’’ (VW), which accounts for 40–60% of the weight of the fruit.

The woody pit inside the mesocarp holds a seed whose oil is more unsaturted

than the mesocarp (pulp) oil because of a higher content of linoleic acid. The ratio

of fruit oil to seed oil is 50:1.

The approximate chemical composition of olive fruit is as follows: water 52.4%;

oil 19.6%; proteins 1.6%; sugars 19.1%; cellulose 6.8%; and ash 1.5%. Oil yield

and quality depend on the cultivar of olive tree, ratio of the various anatomical

parts, and levels of minor components as well as growing conditions and health

of the trees. Soil moisture is very important during fruit development.

Harvesting of fruit for oil production begins in the middle of autumn and lasts

until the end of February. In some regions, it begins earlier, and in other locales, it

lasts until March. Accordingly, differences in oil quality and composition can be

expected along with variations caused by climatic and soil conditions. Variations

in quality are chiefly related to the levels of minor components and flavor com-

pounds, acidity, and the presence of mono- and diglycerides (14–16).

Analytical and organoleptic data show that oil content is lower at the

beginning than at the end of the harvesting period, but it is of higher quality

(15). Harvesting technology is very important for production of high-quality

oil. Olives should be collected as soon as they reach optimal maturity; however,

it is difficult to have mechanical collection devices available where and when

needed. In addition, because of the conformation of the tree branches, strong adher-

ence of the fruit to the tree, and limited accessibility, most olives are picked by

hand.

Another harvesting procedure is to wait until the olives drop naturally and then

collect the fruit with a system of nets. When the ripening period is delayed, both

this procedure and handpicking are used. Although attempts have been made in the

past to use chemicals to influence dropping time, chemicals are seldom used.

Mechanical devices must be used with caution so that neither the tree nor the

branches are damaged. When mechanical devices are used, the olives are caught

in nets to avoid contact with the ground and damage to the fruit.

Under optimum conditions, the olives are transferred from the nets to cages

(usually plastic), forming layers not higher than 30 cm each, and the olives are

sent promptly to the extraction plant. In most regions of Italy and Greece, cages

are stored no more than 3 to 5 days before extraction. This procedure ensures
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high-quality oil if climatic conditions were good, the trees received proper care, and

the fruit was not damaged by pests.

If proper precautions are not taken and the olives are collected in large

batches and held in piles several meters high, the fruit may be damaged. The

enzymes released will cause hydrolytic and oxidative transformations resulting in

off-flavors that affect the quality of the oil. Even with low acidity, such oils will

have an unpleasant taste not acceptable for virgin oil and will have to be refined.

Because of the difference in price between virgin and refined oils, economic losses

to the farmer can be high.

Three systems are used for mechanical extraction of oil from the olive fruit:

pressure processing (Figure 2); centrifugation (Figure 3); and adhesion filtering

(Figure 4) (17). Pressing is the oldest and most often used method for olive oil

extraction. High-speed rotating machines are used for centrifugation extraction.

With adhesion filtration, a series of steel plates or blades are dipped into olive paste;

when withdrawn, the oil drips off the blades.

Several processing steps are required before extraction. The fruit must first be

cleaned to eliminate branches and leaves and any extraneous materials that might

damage plant equipment. The fruit is then washed to remove dirt and agricultural

contaminants, and finally crushed and milled to a coarse paste (Figure 5). During

the last step, enzymatic action breaks up the bitter components and reduces the level

of peppery constituents while increasing the amount of minor polar components

Figure 2. Pressure extraction of oil. 1, movement of the rack; 2, movement of the oil; A, mobile

head; B, fixed head.
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and tocopherols in the oil. If enzymatic action is prolonged, the minor polar com-

ponents break down into water-soluble compounds that are removed from the oil,

causing the loss of much of the antioxidant strength of the oil. Milling releases the

oil from the oil-bearing cells and helps smaller droplets of oil to merge into larger

drops, thus preparing the fruit for the following extraction step. A solid residue and

vegetation water are produced during extraction in addition to oil (Figure 6). The

vegetation water must be purified before discharge into a municipal sewer. Waste

water has been used to grow yeast, to produce butanol using microorganisms, to

isolate anthocyanin compounds for use in the food industry, and to produce steam.

Figure 3. Centrifuge for oil extraction from olive–pomace.

Figure 4. Diagram of adhesion extraction of oil.
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Figure 5. Flow diagram of steps to prepare olives for extraction of oil.

Figure 6. Flow diagram of olive oil extraction and processing to yield olive oil products and

byproducts.
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Efforts are being made to reduce waste water by recycling in the milling process

and to decrease its environmental pollution by treatment with biological or physical

processes prior to its discharge (22). A number of alternative technologies are avail-

able for waste water purification (18–21); however, they are costly and difficult to

apply.

If suitable for consumption, the oil is centrifuged after extraction to eliminate

solid impurities and residual water. If the free fatty acid content is too high or orga-

noleptic properties are unsatisfactory, the oil is refined.

At the solvent extraction plant, the cake (pomace) containing up to 8% residual

oil is dried in a rotary kiln before proceeding to the solvent extraction unit, usually a

semicontinuous system (Figure 7). The extracted pomace oil is always refined.

Spent cake is used as fuel or is separated into two fractions, the pulp (including

skin) and the pit. In addition to use as fuel, the pit is occasionally used to produce

fiberboard (23).

4. REFINING OF OLIVE OILS

Olive oil refining is carried out in either of two ways: by alkali refining, generally

used for animal and vegetable oils and fats; or by physical refining, a technology

not usually used for seed oils. Flow diagrams of the two procedures are shown in

Figures 8 and 9.

Figure 7. Flow diagram of solvent extraction of pomace.
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Figure 8. Flow diagram of alkali refining.

Figure 9. Flow diagram of physical refining.
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In the first procedure, the oil is treated with dilute acid to precipitate the gums

(phosphatides and proteinaceous material), which are separated by settling or

centrifugation. Phosphoric acid and citric acid are the two most common degum-

ming agents. After degumming, the oil is neutralized (alkali refined) either in a

batched or continuous system. Batch neutralization is currently preferred because

centrifuging of only the settled soap fraction lowers the neutralization coefficient

values, thereby shortening the washing time of the oil. The separated soap solution

is acidified with sulfuric acid to recover the free fatty acids (containing 30–40%

triglycerides) for industrial applications.

The alkali-refined oil is then bleached under vacuum with mixtures of various

adsorbents (bleaching earth or clay and sometimes small amounts of activated

carbon) and filtered by any of a number of available filter presses occasionally

equipped with a solvent system for recovering oil entrained in the bleaching

earth.

The bleached oil is deodorized in a semicontinuous or continuous deodorizer

operating at a vacuum of less than 2 mm Hg. The final step involves mixing refined

oil with virgin oil to improve the organoleptic and keeping properties of the oil. A

good olive oil will contain at least 20% virgin oil, but the product must, of course,

meet consumer preference, which sometimes requires a very light flavor and

taste.

With physical refining, the oil is first degummed and bleached and then fed to a

continuous distillation (deodorization) unit, which removes the free fatty acids (92–

95%) and volatiles. The refined oil is blended as above. Frequently, distillation is

stopped before removal of all of the free fatty acids, and the oil is alkali refined to

remove the remainder of the free fatty acids. This procedure has the advantage of

eliminating oxidation byproducts and pro-oxidant metals, thus improving product

stability.

5. REFINING OF POMACE OIL

The technologies adopted for refining pomace oil are based primarily on physical

refining because the acidity of pomace oils is about 10% (expressed as oleic acid).

Because degumming of pomace oil requires more drastic conditions than those for

pulp oil, larger amounts of acidulant are used (phosphoric acid is preferred), and

occasionally, the precipitate (gum) that entrains a high proportion of oil is centri-

fuged to recover the oil. Larger amounts of bleaching earths are required to remove

the intense green color of the oil. Additional processing of the bleached oil usually

follows the same procedures described for physical refining of olive oil, including

incomplete distillation (deodorization) followed by alkali refining of the partially

deodorized oil.

Dewaxing (winterization) of pomace oil is mandatory because of its high content

of waxes (olive oil may also be winterized, especially if it is used to produce

margarine or mayonnaise). Higher melting point triglycerides are also removed.

Winterization can be carried out after bleaching or following partial deodorization
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and alkali neutralization (alkali refining). If alkali neutralization is performed at a

low temperature, winterization can be carried out simultaneously. A continuous

apparatus is generally used for winterization (Figure 9) coupled with continuous

filtering units. The winterization oil is then blended with virgin oil to restore the

oil’s antioxidant properties.

6. OLIVE OIL COMPONENTS

Glycerides account for at least 97% of a virgin oil if the acidity is disregarded. The

free fatty acid content is used to distinguish the various classes of virgin oil, from

extra virgin to lampant. It must be emphasized that virgin olive oil is a natural

product and therefore subject to variations in composition, both qualitative and

quantitative. The origin, cultivar, extraction technology, state of ripening of the

fruit, climatic conditions, and rainfall all influence biosynthesis within the fruit

and, therefore, the composition and quality of the oil. The fatty acid composition

of olive oil is shown in Table 3, which lists typical compositions of European,

Turkish, and African (Tunisian) oil as well as IOOC limits (12). Differences in

composition are due chiefly to linoleic, linolenic, and palmitic acid content. Olive

oils from Argentina resemble those from Tunisia. The triglyceride composition of

European, Turkish, and Tunisian olive oils is shown in Table 4 (main glycerides

are shown). Fatty acid distribution in the triglycerides follows the 1,3-random,

2-random rule (24–26).

Several classes of minor components are present in virgin olive oil. The struc-

ture, concentration, and number of these substances are characteristic of virgin oils.

Some are minor glyceridic components (MGCs); others fall into other categories as

listed below.

TABLE 3. Fatty Acid Composition of Olive Oil (%).

Acid CANa European Turkish Tunisianb Limits (12)

Palmitic 16 : 0 8.4 12.1 15.3 7.5–20.0

Palmitoleic 16 : 1 0.7 0.7 1.6 0.3–3.5

Heptadecanoic 17 : 0 0.1 0.2 0.1 0.0–0.3

Heptadecenoic 17 : 1 0.1 0.2 0.1 0.0–0.3

Stearic 18 : 0 2.5 3.1 2.1 0.5–5.0

Oleic 18 : 1 78.0 71.3 62.5 55.0–83.0

Linoleic 18 : 2 8.3 10.6 16.5 3.5–21.0

Linolenic 18 : 3 0.8 0.7 0.8 0.3–0.9

Arachidic 20 : 0 0.5 0.4 0.5 0.2–0.6

Eicosenoic 20 : 1 0.3 0.3 0.3 0.1–0.4

Behenic 22 : 0 0.1 0.2 0.1 0.0–0.2

Lignoceric 24 : 0 0.2 0.2 0.1 0.0–0.2

aCAN¼Carbon atom number.
bTypical values for Tunisian olive oil analyzed during 1994.
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Hydrocarbons

Tocopherols

Linear short chain alcohols and their esters

Linear long chain alcohols and their esters

Sterols and their esters

a-Methyl sterols

Monohydroxytriterpenes

Dihydroxytriterpenes

Triterpenic acids

Phytol

Geranylgeraniol

Phenols and related compounds

Flavor components

Methyl and ethyl esters

Other components

6.1. Minor Glyceridic Components

Monoglycerides (MGs) and diglycerides (DGs) in the olive fruit are caused by

enzymatic hydrolysis of the triglycerides and incomplete triglyceride biosynthesis

(16). In general, DGs are more abundant than MGs. Determination of DG concen-

tration is useful for evaluating oil freshness and time of fruit harvesting because the

DG level is strongly related to climatic influences. DG concentration can even be

used to determine the source of an oil, even a refined oil, because the DG content of

edible virgin olive oils differs from that of high acidity oils or solvent-extracted oils.

Phospholipids are essentially absent from olive oil.

TABLE 4. Main Triglycerides of Olive Oil (%).

ECNa Triglycerideb European Turkish Tunisianc

42 LLL, TLOd, TLPd 0.5 0.8 1.6

44 LLOd 2.4 3.2 10.6

TOOd, LLP 2.6 2.9 1.7

46 LOOd 13.3 13.8 16.0

LOPd, PLP 8.0 9.7 16.2

48 OOO 39.9 34.0 23.2

POO 26.0 24.4 22.0

POP — — 5.1

50 SOO 5.1 5.1 4.3

SOP 1.0 1.4 1.2

52 OSS, PSS 0.8 — 0.5

aECN¼ equivalent carbon number.
bL¼C18 : 2; T¼ 18 : 3; O¼C18 : 1; P¼C16 : 0; S¼C18 : 0.
cTypical values for Tunisian olive oil analyzed in 1994.
dMixture of isomers.
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6.2. Nonglyceridic Minor Components

Hydrocarbons. Both even- and odd-chain n-paraffins, including branched-chain

(iso and anteiso) compounds, which are minor components of the hydrocarbon

fraction, are present in virgin olive oil. The polyunsaturated triterpenic hydrocarbon

squalene, and biochemical precursor of sterols, is the main component of the hydro

carbon fraction. The squalene content of olive oil ranges from 150 to 700 mg per

100 g (27–30). b-Carotene is also present in olive oil as are aromatic hydrocarbons,

including benzenoid, napthalenic, and more complex aromatic hydrocarbons

(30–37).

Linear Short Chain Alcohols and Their Esters. Methanol and ethanol esters of

the fatty acids present in olive and in the same proportions as in the olive are

present among the volatile compounds in virgin olive oil (31–37).

Straight Long Chain Alcohols. Linear long-chain alcohols with carbon numbers

between C22 and C32 are present in olive oil both free and esterified (waxes). The

components are abundant in the epicarp of the fruit and concentrate in solvent

extracted oil. Phytol, probably derived from biodegradation of chlorophyll, is

also present along with geranyl (38).

Cyclic Monohydroxy Compounds. Triterpenic tetra- and pentacyclic mono-

hydroxy compounds are characteristic of olive oils (34–49). The following com-

pounds have been shown to be present, accompanied by small amounts of

lanosterol and obtusifoliol:

Tetracyclic: cycloartenol

24-methylene cycloartanol

Pentacyclic: a-amyrin

b-amyrin

Methylsterols (4-desmethyl triterpenes) and sterols (4,4-di-desmethyl triterpenes)

present in olive oils are derived from the tetracyclic alcohols. The following methyl

sterols (4a-methyl-7-cholesten-3b-ol compounds) are present: 24-methylene,

24-methyl-, 24-ethylidene, and 24-ethyl.

The main sterols of olive oil are (40, 43, 45–66) campesterol, stigmasterol,

clerosterol, b-sitosterol, sitostanol, and d-5-avenasterol.

These are accompanied by small amounts of cholesterol (max. 0.5%), brassica-

sterol (max. 0.1%), 24-methylenecholesterol (max. 0.5%), campestanol (max.

0.5%), d-5,24,-stigmastadienol (max. 1%), d-7-stigmastenol (max. 0.5%), and

d-7-avenasterol (max. 1.1%).

Analysis of the sterol fraction isolated from the unsaponifiable fraction is very

important, as will be seen later, for determining the authenticity of the oil. The

triterpenes and sterols are present both as free alcohols and as fatty acid esters

(46, 47).

Cyclic Dihydroxy Compounds. Pentacyclic triterpenes in olive oil include

3b,17b-dihydroxy-12-oleanene (erythrodiol) and its parent compound uvaol,

obtained largely from the epicarp and therefore characteristic of solvent extracted

oils (42, 65).
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Triterpenic Acids. The following pentacyclic mono- and dihydroxy triterpenic

acids are present in virgin olive oil (35, 43, 44): 3b-hydroxy-17-carboxy-d-12-olea-

nene (oleanolic acid); 3b,2a-dihydroxy-17-carboxy-d-12-oleanene (maslinic acid);

3b-hydroxy-17-carboxy-d-12-ursene (ursolic acid); 2a,3b-dihydroxy-17-carboxy-

d-12-ursene (2a-hydroxyursolic acid); and deoxyursolic acid (structure not fully

elucidated).

Chlorophylls. Both chlorophyll a and chlorophyll b are present in olives and are

partially extracted into the oils.

Flavor Components. Olive oil volatiles contain at least 100 compounds (33–37)

in several categories: hydrocarbons (5 compounds), aliphatic alcohols (13 com-

pounds), terpenic alcohols (4 compounds), aldehydes (27 compounds), ketones

(8 compounds), ethers (2 compounds), furans (3 compounds), thiophenes (6 com-

pounds), and esters (29 compounds).

6.3. Minor Polar Components

The olive mesocarp contains a number of phenolic and polyphenolic compounds

and their esters, small amounts of which are present in olive oil (35, 43, 44). These

include monohydroxy- and dihydroxy-phenylethanol, including tyrosol and other

phenols and a series of carboxy–phenols, including caffeic, o-coumaric, p-coumaric,

cinnamic, ferulic, gallic, p-hydroxybenzoic, protocatechuic, sinapic, syringic,

and vanillic acids. Benzoic and cinnamic acids are produced by hydrolysis of

flavonoids. The hydroxyphenyl–ethanols arise from hydrolysis of oleoeuropein.

Their esters are responsible for the bitterness and pepperlike sensation occasionally

dominant in the taste of olive oils.

Olive oil contains a-tocopherol in the range of 12–190 mg/kg. According to one

report (43), olive oil tocopherols were found to consist of 88.5% a-tocopherol,

9.9% b-þ g-tocopherol, and 1.6% d-tocopherol. Tocopherol content can be used

to detect adulteration of olive oil with seed oils.

7. ANALYSIS OF OLIVE OILS

Olive oil is initially examined to determine purity, then to place it in the proper

category, and finally to establish its quality.

7.1. Determination of Purity

Sterol Composition. Sterol analysis involves preparation of the unsaponifiable frac-

tion, fractionation by thin-layer chromatography (TLC), and gas chromatographic

analysis of the TMS derivatives (66). The following limits apply to all types of olive

oil (12):
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Total Sterol Content. The gas liquid chromatographic method for sterol determi-

nation using an internal standard (cholestanol) is used to calculate the absolute

(total) sterol content of an oil (68, 69). Gravimetric, enzymatic, colorimetric, and

liquid chromatographic methods have also been reported (69). Limits (mg/100 g)

are as follows (12): virgin olive oil, refined olive oil, and olive oil (mixture of

refined and virgin) >100; crude olive–pomace oil >250; and refined olive–pomace

oil, olive oil and olive–pomace oil (mixture) >180.

Fatty Acid Composition. Olive oil triglycerides are converted into methyl esters,

and the methyl esters are analyzed by gas–liquid chromatography (GLC) (70, 71).

The limits of genuine olive oil are as follows (% m/m) (12):

Saturated Fatty Acids in Position 2 of the Triglycerides. Hydrolysis with pan-

creatic lipase is followed by thin-layer chromatographic isolation of the monogly-

ceride fraction, which is converted to methyl esters. The methyl esters are analyzed

Sterol Sterol Fraction (%)

Cholesterol Max. 0.5

Brassicasterol Max. 0.1

Campesterol Max. 4.0

Stigmasterol Less than 4.0

d-7-Stigmastenol Max. 0.5

The sum of the following sterols must be more than 93.0% of

the sterol function:

b-Sitosterol

d-5-Avenasterol

d-5,23-Stigmastadienol

Clerosterol

Sitostanol

d-5,24-Stigmastadienol

Acid CANa Minimum Maximum

Myristic 14:0 — 0.05

Palmitic 16:0 7.50 20.00

Palmitoleic 16:1 0.30 3.50

Heptadecanoic 17:0 — 0.30

Heptadecenoic 17:1 — 0.30

Stearic 18:0 0.50 5.00

Oleic 18:1 55.00 83.00

Linoleic 18:2 3.50 21.00

Linolenic 18:3 — 0.90

Arachidic 20:0 — 0.60

Eicosenoic 20:1 — 0.40

Behenic 22:0 — 0.20

Lignoceric 24:0 — 0.20

aCAN¼ carbon atom number.
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by GLC (72, 73). Maximum acceptable level is the sum of palmitic and stearic acid

(% m/m) (12):

Virgin olive oil �1.5

Refined olive oil �1.8

Olive oil (mixture of refined and virgin) �1.8

Crude olive–pomace oil �2.2

Refined olive–pomace oil �2.2

Absolute Difference Between Found and Theoretical Equivalent Carbon Number

(ECN) 42 (Trilinolein) Values. The triglyceride composition of the oil is deter-

mined by high-performance liquid chromatography (HPLC) (74). (A chromatogram

of an olive oil sample (ECN 42, 0.8%) is shown in Figure 10.) The theoretical tri-

glyceride composition is calculated with a Lotus 123 program provided by the

IOOC. The maximum difference of theoretical ECN 42 vs. ECN 42 found is calcu-

lated. (ECN¼ CN-2n, where CN is the carbon number and n is the number of dou-

ble bonds.) The maximum difference between the real and theoretical ECN content

Figure 10. HPLC chromatogram of olive oil triglycerides. Column: LC-18, 200 � 4:6 mm i.d.;

mobile phase : acetone : acetonitrile (60 : 40, v/v); flow rate : 0.75 mL/min; refractive index

detector; oven and detector temperature : 40�C. IUPAC Method 2.324 (72) with injection of 10-mL

test sample diluted 1 : 20 with acetone. ECN 42, 0.8% of total glycerides.
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of olive oils and olive–pomace oils should be 0.3 and 0.5, respectively. This proce-

dure avoids errors because of miscalculation of trilinolein alone (75).

Trans-Fatty Acid Content. Trans-fatty acids arise during refining of vegetable

oils as well as during hydrogenation, or from attempts to eliminate the sterol frac-

tion of seed oils with a fatty acid composition similar to that of olive oil. Methyl

esters are analyzed by capillary column GLC (76, 77). The following limits

(% m/m) are mandatory (12):

7.2. Differentiation Between Olive Oil and Olive–Pomace Oil

Wax Content. Olive oil fatty acid esters of straight chain alcohols (wax esters pre-

sent in solvent extracted olive–pomace oil are isolated by column chromatography

on silica gel (LC) and quantitated by GLC to determine if olive–pomace oil is

present in olive oil (78). LC separation of the wax esters can be replaced with

HPLC to automate the separation step and improve reliability and repeatability

(79). Limits for content of C40þ C42þ C44þ C46 wax esters (mg/kg) are as

follows (12):

Virgin olive oil �250

Lampant olive oil �350

Refined olive oil �350

Olive oil (mixture of refined and virgin) �350

Dihydroxyterpene Alcohol Content. Olive–pomace oil contains relatively high

levels of erythrodiol, uvaol, and wax esters. Erythrodiol and uvaol (total diol) con-

tent is determined by the same procedure as that used for sterol analysis (80, 81).

Limits for total diol content (as % of total sterols) are as follows:

Virgin olive oil �4.5

Lampant olive oil �4.5

Refined olive oil �4.5

Olive oil (mixture of refined and virgin) �4.5

18:1 18:2 transþ
Oil trans 18:3 trans

Virgin olive oil <0.03 <0.03

Lampant olive oil �0.10 �0.10

Refined olive oil �0.20 �0.30

Olive oil (mixture of refined and virgin) �0.20 �0.30

Crude olive–pomace oil �0.20 �0.10

Refined olive–pomace oil �0.40 �0.35

Olive–pomace oil and olive oil mixture �0.40 �0.35
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7.3. Differentiation Between Virgin and Refined Olive Oil and Detection
of Refined Olive Oil and Seed Oils in Virgin Olive Oil

Concentration of Stigmasta-3,5-Diene. When olive oil and seed oils are refined,

stigmasta-3,5-diene is produced by dehydration of b-sitosterol, the parent

sterol (82). Refined olive oils contain significant amounts of stigmasta-3,5-diene

(3– 100 mg/kg) not present in any significant amount in virgin olive oils. Refined

seed oils also contain significant amounts of steroidal hydrocarbons, including

campesta-3,5-diene and stigmasta-3,5,22-triene in addition to stigmasta-3,

5-diene. The relative amounts of these steroidal hydrocarbons can be used to

detect refined seed oils or seed oils desterolized for the purpose of adulterating

olive oil. Isolation of the hydrocarbon fraction from the unsaponifiables by col-

umn chromatography on silica gel followed by GLC is used to determine the con-

centration of stigmasta-3,5-diene and accompanying hydrocarbons (83, 84). A

chromatogram of the hydrocarbon fraction from an olive oil is shown in Figure 11.

Figure 11. Capillary GLC of the hydrocarbon fraction of olive oil (blend of refined and virgin olive

oil). Column: DB-5, 25 m � 0 :25 mm i.d., 0.2-mm film thickness; split ratio; 1 : 15; temperature

program: 235�C, 6 min; 20�C/min; 285�C final temperature; injector: 300�C; detector; 320�C,

1, cholesta-3,5-diene (internal standard); 2, stigmasta-3,5-diene.
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A chromatogram of the hydrocarbon fraction from an olive oil admixed with des-

terolized, refined seed oil is shown in Figure 12. Ratios of stigmasta-3,5-diene to

campesta-3,5-diene (R1) and stigmasta-3,5-diene to stigmasta-3,5,22-triene (R2)

are determined when the level of stigmasta-3,5-diene exceeds 4 ppm (12).

However, a July 1994 IOOC report (84) noted that the R1 and R2 values of many

Italian and Greek olive oils were considerably lower than those proposed by the

IOOC (12) and that the composition of steroidal hydrocarbons should be identical

to that of the sterols from which they are derived when the R1 and R2 ratios are

used to identify extraneous oils in refined olive oil.

UV Absorption at 268 nm. K (1%, 1 cm) and related value, d-K, are useful

for readily classifying olive oil quality according to the following values

(12, 85):

Both K and d-K are altered when oxidation products are present. In this case, the oil

is dissolved in hexane and passed through an alumina column before measurement

of K and d-K.

Oil K 270 nm d-K a

Extra virgin olive oil �0.25 �0.01

Virgin olive oil (fine) �0.25 �0.01

Virgin olive oil (semifine) �0.30 �0.01

Lampant olive oil No limits No limits

Refined olive oil �1.10 �0.16

Olive oil �0.90 �0.15

Crude olive–pomace oil No limits No limits

Refined olive–pomace oil �2.00 �0.20

Pomace and olive oil mixture �1.70 �0.18

ad-K ¼ K268� ð½K 262þ K274	=2Þ.

Oil Stigmasta-3,5-diene (ppm) R1a R2b;c

Virgin olive oil �0.1 — —

Lampant olive oil �0.5 — —

Refined olive oil �50.0 �15 �15

Olive oil �50.0 �15 �15

Crude olive–pomace oil �0.5 �15 �15

Refined olive–pomace oil �120.0 �15 �15

Pomace and olive oil mixture �120.0 �15 �15

aR1¼ ratio of stigmasta-3,5-diene to campesta-3,5-diene.
bR2¼ ratio of stigmasta-3,5-diene to campesta-3,5,22-triene.
cProvisional limits.
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7.4. Quality Parameters

Organoleptic Characteristics. Organoleptic properties of virgin oil can be deter-

mined by a ‘‘panel test’’ (13, 86), which gives results that are often controversial.

Organoleptic testing is currently undergoing revision. Currently the IOOC is pre-

paring a draft method for the organoleptic assessment of virgin olive oil using a

designation of origin (DO) code. It is intended for use by DO authorities to ensure

that the oil meets requirements (87). The panel test method is based on examination

of virgin oil by a panel of 8 to 12 trained personnel who grade various character-

istics and defects that are then converted into a number score. The following scores

apply to various grades of virgin olive oil:

Extra virgin olive oil >6.5

Fine virgin olive oil >5.5

Semifine virgin olive oil >3.5

Lampant virgin olive oil <3.5

Figure 12. Capillary GLC of the hydrocarbon fraction of olive oil admixed with a desterolized

seed oil (GLC column and operating conditions as described for Figure 11). 1, Cholesta-3,

5-diene (internal standard); 2, campesta-3,5-diene; 3, stigmasta-3,5,22-triene; 4, stigmasta-3,

5-diene.
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Free Fatty Acid Content. Free fatty acid content (expressed as % oleic acid) (88)

is used to define the various grades of virgin olive oil (12):

Extra virgin olive oil <1.0

Fine virgin olive oil <1.5

Semifine virgin olive oil <3.3

Lampant virgin olive oil >3.3

Refined olive oil and mixtures have the following limits (12):

Refined olive oil �0.3

Olive oil �1.5

Refined olive–pomace oil �0.3

Olive–pomace and olive oil �1.5

Olive oil and mixtures of olive–pomace and olive oil have higher free fatty acid

contents because they are generally mixed with virgin olive oils of high acidity.

Peroxide Value (PV). PV (expressed in meq per kg oil) (89) allowed for various

grades of olive oil is as follows (12):

Extra virgin, fine, and semifine virgin olive oil �20

Refined olive oil �10

Olive oil �15

Refined olive–pomace oil �10

Pomace oil and olive oil mixture �15

Virgin olive oil contains components that interfere with conventional PV determi-

nation. Even freshly expressed olive oil has PV values of about 10, and under

certain climatic conditions (dry weather), the PV value can be higher than 10.

Tocopherol Content. Tocopherols can be determined by colorimetry or GLC

(90), or by HPLC (91, 92). Added tocopherols are not permitted in virgin olive

oils and crude olive–pomace oils (12). Added a-tocopherol is allowed in refined

olive oil, olive oil, refined olive–pomace oil, and olive–pomace oil to restore natural

tocopherol lost during refining with a maximum level of 200 mg/kg of total a-toco-

pherol in the final product (12).

Impurities. Water content (93) of virgin olive oil should not exceed 0.2% (m/m);

for refined oil and mixtures (olive oil, olive–pomace and olive oil), the maximum

value is 0.1%; for lampant olive oil, 0.3%; for crude olive–pomace oil, 1.5% (12).

Allowable hydrocarbon (hexane, petroleum ether) residues (94) are as follows

(% m/m):

Extra virgin, fine, and semifine virgin olive oil �0.10

Refined olive oil, olive oil �0.05

Refined olive–pomace oil, olive–pomace and olive oil �0.05
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The occurrence of mg/kg to mg/kg amounts of tetrachloroethylene in some olive

oils (95) led to an EEC regulation limiting the tetrachloroethylene content of olive

oil and products containing olive oil to not more than 0.1 mg/kg, as determined by a

head space/electron capture GLC method (96).

Maximum allowable contents of iron and copper (97) are 3 ppm and 0.1 ppm,

respectively.

Smoke point (98) is a function of acidity level in the oil. The smoke point for

olive oil generally ranges from 150�C to 163�C.

7.5. Combined Gas Chromatography–Mass Spectrometry (GC/MS)

GC/MS is a powerful tool for identification and confirmation of the various com-

ponents of olive oil. With GC/MS in the selective ion mode, unresolved GC peaks

can be identified and accurately quantitated. For example, an apparent b-sitosterol

peak in the sterol fraction was resolved into clerosterol (m/z 218) and �-5-avenas-

terol (m/z 314), and both sterols measured regardless of inadequate GC resolution.

Italian and Spanish olive oil from the 1991–1992 crop year contained a very high

level of 9,19-cyclolanosterol (>400 mg/kg), which was not found with the standard

method for sterol analysis. Two isomers of this sterol were identified by GC/MS of

the unsaponifiable fraction, and their levels were found to be inversely proportional

to the levels of b-sitosterol in the oils. GC/MS of the unsaponifiable fraction with

high-resolution GC capillary columns provides a relatively rapid means of checking

product purity and the identity of individual components. Thus, triterpene diols

were identifiable at m/z 203, a-tocopherol at m/z 165, squalene at m/z 69, choles-

terol at m/z 386, and brassicasterol, characteristic of canola oil and other Brassica

oils, at m/z 398.
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8
Palm Oil

Yusof Basiron

1. INTRODUCTION

1.1 Scope

The rapid expansion in world production of palm oil over the last three decades has

attracted the attention of the oils and fats industry. Many are interested to know how

palm oil has been able to compete successfully to gain an increasing share of the

international oils and fats markets. The increasing importance of palm oil has natu-

rally led to a steady buildup of scientific, technical, and trade data and information.

Many palm oil producing countries have established dedicated organizations and

research institutes that generate data and information to add to the body of knowl-

edge on oil palm cultivation, palm oil processing, and applications. It would be

impossible to include the voluminous body of existing and new information as

space constraint necessitates the coverage to be selectively confined to describing

only the essential aspects of the palm oil industry. Specialists in the field could refer

to numerous books and journals or databases that are now available on the subject.

This chapter will provide the reader with an understanding of the role of the

palm oil industry in the international oils and fats market, the technology involved

in extracting and processing of the oil, and the various quality parameters useful in

understanding the applications of palm oil products. Some of the common applica-

tions of palm oil in food and nonfood end products are described.

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
Edited by Fereidoon Shahidi. Copyright # 2005 John Wiley & Sons, Inc.
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1.2. General Considerations

Palm oil is an edible oil referred to by the FAO/WHO Codex Alimentarius (1) as

being derived from the fleshy mesocarp of the oil palm fruit. In the unprocessed

form palm oil is reddish brown in color, and it has a semisolid consistency at ambi-

ent temperature. Readers should not confuse palm oil with palm kernel oil, which is

another product obtained from the kernel of the oil palm fruit while palm oil is

derived from the mesocarp or fruit flesh. The two oils have different chemical com-

position and physical characteristics, and they are used and marketed separately

according to their own supply and demand situations.

1.3. Production

World production of palm oil had increased tremendously during the last 30 years

as a result of rapid expansion of oil palm planting in South East Asian countries

spearheaded by Malaysia and Indonesia. Papua New Guinea is also a significant

producer. Significant amounts of palm oil continue to be produced by the traditional

producer countries in West Africa but the growth was much slower. Nevertheless,

toward the end of the 1980s, Cote d’Ivoire (Ivory Coast) has emerged as a leading

palm oil producer and exporter in Africa with projection of further expansion in its

production in the future. Countries of South America are also striving to expand

their cultivation of oil palm, and increasing output of palm oil is projected for

Columbia, the leading producer from the region.

The continuing investment in oil palm cultivation in South East Asia, Africa, and

Central and Latin America especially in the late 1980s and early 1990s contributed

further to the growth in the future share of palm oil in the world supply of oils and fats.

Many countries plant oil palm to produce the oil to fulfill their local consump-

tion. In contrast, Malaysia and to a certain extent Indonesia are unique in that the

production of palm oil is meant for export. For these countries, palm oil production

for export purposes is found to be highly viable, and oil palm has become a favorite

cash crop to replace other traditional crops such as rubber. The viability of palm oil

for export is determined by the ability of the oil palm to be grown successfully in

the country concerned. High yield of the palm throughout the year is essential to

achieve viability for the export market.

Oil palm grows well in the tropical climate within 5� north and south of the

equator. Ideal growing conditions include adequate rainfall of over 2000 mm per

year spread evenly through the year, adequate sunshine of over 2000 h per annum,

and moderately high temperature of 25–33�C. Many countries keen to grow oil

palm unfortunately experience a few months of drought during each year, and

this will severely affect the yield of the palm. Monsoon rains that can cause flood-

ing and problems of fruit evacuation may also affect crop yield. Countries not

having the ideal conditions for growing oil palms are reported (2) to have high

cost of production to the extent that exporting of the product would not be viable.

World oilseed production, vegetable oils production, and protein meal production

are listed in Tables 1–2.
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TABLE 1. World Oilseed Production, �106 t 1995/96 to Date (2).

Years

—————————————————————————————————————

Item 1995/96 1996/97 1997/98 1998/99 1999/2000 2000/01 2001/02 2002/03a

Production

Soybeans 124.90 132.22 158.07 159.82 159.90 175.10 183.78 184.49

Cottonseed 35.15 33.61 34.35 32.62 32.93 33.53 36.61 33.37

Peanuts 27.47 28.96 27.29 29.77 28.99 31.12 33.11 31.84

Sunflowerseed 25.72 23.80 23.21 26.63 27.22 23.29 21.25 23.33

Rapeseed 34.44 31.53 33.23 35.89 42.47 37.52 35.87 32.17

Copra 5.13 6.05 5.33 4.38 5.46 5.90 5.26 5.30

Palm kernel 4.87 5.21 5.05 5.62 6.41 6.91 7.24 7.40

Total 257.67 261.38 286.53 294.72 303.37 313.36 323.10 317.89

aForecast.

Source: Foreign Agricultural Service, USDA.

TABLE 2. World Vegetable Oils and Protein Meal Production, �106 t 1995/96 to Date (2).

Years

———————————————————————————————————————

Item 1995/96 1996/97 1997/98 1998/99 1999/2000 2000/01 2001/02 2002/03a

Production, Vegetable oil

Soybeans 20.17 20.53 22.57 24.65 24.74 26.80 28.72 29.85

Palm 16.26 17.64 16.97 19.25 21.80 23.93 24.88 25.37

Sunflowerseed 9.01 8.61 8.29 9.18 9.63 8.41 7.57 8.32

Rapeseed 11.24 10.52 11.43 11.81 13.64 12.96 12.20 11.41

Cottonseed 4.15 3.70 3.70 3.57 3.57 3.52 3.82 3.56

Peanut 4.15 4.38 4.18 4.44 4.15 4.30 4.75 4.51

Coconut 3.16 3.69 3.29 2.71 3.34 3.63 3.26 3.23

Olive 1.45 2.46 2.53 2.50 2.37 2.48 2.53 2.35

Palm Kernel 2.10 2.22 2.20 2.43 2.75 2.95 3.11 3.17

Total 73.08 73.76 75.16 80.54 85.97 88.98 90.85 91.79

Production, Protein meal

Soybeans 89.08 90.82 98.84 107.54 107.74 116.47 124.71 129.58

Cottonseed 13.11 11.89 11.79 11.36 11.45 11.30 12.10 11.31

Rapeseed 18.58 17.53 18.85 19.12 22.27 21.18 19.99 18.64

Sunflowerseed 10.21 10.06 9.51 10.51 10.72 9.43 8.45 9.25

Fish 6.52 6.64 5.08 5.80 6.29 5.75 5.43 5.61

Peanut 5.73 6.01 5.41 5.76 5.27 5.52 6.13 5.79

Copra 1.74 1.97 1.74 1.44 1.77 1.90 1.68 1.70

Palm Kernel 2.54 2.70 2.67 2.93 3.32 3.56 3.75 3.82

Total 147.49 147.62 153.88 164.47 168.82 175.12 182.23 185.69

aForecast.

Source: Foreign Agricultural Service, USDA.
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Global palm oil production edged up just 1.0 million tons in 2001/02 to

24.9 million. After several years of large gains in production, the rate of increase

in new oil palm area in Southeast Asia was slowing. Last year, Malaysia imple-

mented a replanting program for older trees that covered nearly 200,000 hectares.

Malaysian oil yields were lower as palm trees showed signs of stress. Reduced fer-

tilizer application and very dry conditions beginning in February also hurt produc-

tivity. Waning yields from Malaysian plantations trimmed 2001/02 production to

11.7 million tons from 11.9 million in 2000/01. Indonesia’s younger plantations

helped its growth in palm oil production to exceed Malaysia’s, which rose from

7.9 million to 8.8 million tons. Global vegetable oil stocks for 1997–2002 are repre-

sented in Figure 1 (2).

Although Malaysian palm oil output in 2001/02 failed to keep up with the pre-

vious year’s level, relatively large beginning stocks sustained a stable export pace.

Both Malaysian and Indonesian exports benefited from Argentina’s difficulties in

exporting soybeans and soybean oil in 2002. Malaysian palm oil exports for

2001/02 steadied around 10.35 million tons while Indonesian exports expanded

to 5.5 million tons. Like vegetable oil stocks in the United States and EU, palm

oil stock in Malaysian and Indonesia gradually declined. Malaysian palm oil stocks

were 1.1 million tons at the end of September 2002 compared to 1.5 million in early

2001. Tightening stocks buoyed the Malaysian palm olein price to $388 per ton by

September 2002. This was the highest price level since early 1999 and much higher

than the September 2001 value of $274 per ton (2).

1.4. Palm Oil Trade

Although many countries are involved in the production of palm oil, only a few are

net exporters of the commodity. The net exporting countries are those where oil

Figure 1. Global vegetable oil stocks, 2002/03 preliminary. (Source: Foreign Agricultural

Service, USDA.)
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palm can grow well to make it viable to produce the oil for export. Only Malaysia

and Indonesia are the major net exporters of palm oil, while the other exporters

have only a small share, each accounting for not more than 3% of the total export.

Thus, for some years, the sources of palm oil have been confined mostly to the two

major exporting countries as they account for more than 90% of the total exports of

palm oil.

Crude palm oil used to be the main form of export in the past. With the establish-

ment of refineries especially in Malaysia during the mid-1970s and 1980s, refined

palm oil products have replaced the crude as the main form of palm oil export. A

wide range of processed or semiprocessed products are exported, and these include

the different fractions of processed palm oil known as palm olein (liquid) and

palm stearin (solid). The availability of refineries also led to the production of spe-

cialty fats products aimed at the confectionery markets. A similar trend has been

seen in the export of palm kernel oil. Palm kernel oil is a coproduct to palm oil

produced at a ratio of 10–13 tons of palm kernel oil for every 100 tons of palm

oil. Even the export of refined palm kernel oil has begun to decline as more is

being used locally by the oleochemical industry that has been established in recent

years.

Most major buyers of palm oil products use the NIOP or FOSFA contracts to

secure their palm oil supplies. Other major buyers such as India, Pakistan, and Chi-

na have their own trading specifications. Palm oil prices are quoted in the terminal

markets such as Rotterdam, New York, and Kuala Lumpur. There is a futures mar-

ket for palm oil in Kuala Lampur, and this is actively used as the reference point for

price determination. A network of brokers and dealers are involved in facilitating

trade in palm oil products. In addition, some major multinational buyers have estab-

lished their buying offices in the producing countries. Sellers also participate in

responding to tenders called by a number of importing countries for the supply

of palm oil. In this way, palm oil has been exported through many different chan-

nels and mechanisms to suit consumer needs.

Trade is facilitated by the existence of bulking installations at the major ports of

loading for the export of the palm oil products. Codes of practice for the handling

and shipment of palm oil have been formulated by the international trade associa-

tions to ensure the quality of the oil is protected. For example, the trading contracts

such as FOSFA and NIOP stipulate that the previous cargoes of the ship carrying

palm oil must not be any from the list of banned substances. Efforts are made to

continuously upgrade the quality of palm oil products through improvements in

standards, and these are discussed at international forum such as the Codex Alimen-

terius meetings. Many mills and refineries are also adopting the ISO 9000 to pro-

vide quality assurance for the products that they export.

The major importers of palm oil used to be the developed countries of the Eur-

opean Economic Community (EEC), the United States, and Japan. They accounted

for about 75% of the imports of palm oil in the early 1970s. With the increasing

exports of refined palm oil products, many developing countries, which did not

have refining capacities, were able to import processed palm oil for direct consump-

tion with minimal or no further refining. This helped to expand the market for palm
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oil in the developing countries. By the end of the 1980s, the developing countries

have become the major consumers of palm oil accounting for 75% of the import

trade. While the import share of palm oil by the developed countries has declined

to about 25%, the actual volume consumed by them has continued to expand. This

reflects the competitiveness of palm oil in terms of price and technical suitability

for all types of end uses both in the developed and developing countries.

Many countries are facing chronic shortages of oils and fats due to shortfall in

the domestic production in the face of increasing population and income. For these

countries, the relative availability of palm oil provides a convenient source of sup-

ply. Because of the rapidly expanding supply of palm oil, its price has been very

competitive. For the last 30 years, palm oil has been selling at a discount compared

to the other major oils in the world market, but prices of palm oil are highly corre-

lated with those of the other oils. This suggests that the market acknowledges the

high degree of substitutability of other oils and fats by palm oil.

India’s vegetable oil consumption still rose steadily in 2001/02, but moderated

from a robust 2000/01 growth rate of 11 percent. A larger domestic oilseed harvest

and a paring of stocks dampened import requirements. Total vegetable oil imports

by India (which surged by nearly one-fourth in 2000/01) declined to 5.2 million

tons in 2001/02 from 6.0 million. Imports of palm oil and soybean oil dipped to

3.4 million and 1.65 million tons, respectively. Neglible quantities of rapeseed

oil and sunflowerseed oil were imported, as they became less price-competitive

because of an import duty structure that favored soybean oil and crude plam oil.

India has not materially changed vegetable oil tariffs since October 2001, when

it cut the rate on crude palm oil from 75 percent to 65 percent.

Palm oil exporters had hoped that China would replace lagging Indian sales by

raising its import quota. China officially entered the WTO on December 11, 2001.

China’s accession agreement stipulated that its 2002 tariff-rate quota (TRQ) on soy-

bean oil increase to 2.518 million tons and the within-quota tariff fall from 13 per-

cent to 9 percent. Tariffs on soybeans and soybean meal were bound at their

previous rates. But ample domestic production of soybean and rapeseed oils con-

tinued to limit China’s need for vegetable oil imports.

China had originally set issuance of its vegetable oil import licenses by March 5

but had only begun distributing them in early April. Two-thirds of the annual 2.4-

million ton quota was to be allocated to private importers. Nevertheless, palm oil

imports by China surged in March. Before the quota, China had already imported

about 300,000 tons this year, some of which were waiting at ports in bonded ware-

houses for the licenses to be distributed. About half of the palm oil imports were

allowed to clear customs before April because importers could deposit a 52-percent

over-quota tariff for them. When the importers received their quotas, the differences

against the 9-percent-within-quota tariff was refunded.

China did not require foreign exporters to obtain separate safety certificates for

each cargo of soybean oil produced from biotech varieties. However, soybean oil

imports were temporarily handicapped by a requirement that safety certificates

be approved for biotech soybeans before the same applications for soybean oil

can be accepted.
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A tightening of China’s soybean and rapeseed supplies by mid-2002 created

opportunities for vegetable oil imports. Palm oil was the most favorably priced

and imports were unfettered by the country’s requirements for safety certificates,

inspections, and labeling of biotech oilseeds. Therefore, China’s importers tried to

fill their increased 2002 palm oil TRQ (2.4 million tons) first. Palm oil imports by China

rose to 2.0 million tons from 1.6 million in 2000/01. For soybean oil, rising world

prices narrowed the differential to China’s domestic prices, which limited its import

needs. China’s soybean oil imports were 375,000 tons in 2001/02, still well below

the TRQ but substantially above the 80,000 tons imported the previous year (2).

The versatility of palm oil in terms of its presentation of various subproducts and

the wide range of technical properties increase the competitiveness of palm oil to

the consumers. Palm oil has become the major oil among the imported oils in most

countries. Even countries that are net exporters of oils and fats, such as the United

States, are importing palm oil in substantial quantities. For these countries palm oil

can provide certain technical advantages in some end uses, and palm oil usage gives

better margins of profit compared to the use of locally available oils and fats.

2. CHEMICAL AND PHYSICAL PROPERTIES OF PALM OIL

Palm oil, like all oils and fats, is made up mostly of glyceridic materials with some

nonglyceridic materials in small or trace quantities. It is this chemical composition

that defines the chemical and physical characteristics of palm oil, which in turn will

determine the suitability of the oil in various processes and applications.

2.1. Chemical Properties of Palm Oil

Triglyceride and Fatty Acid Composition Triglycerides form the major component

and bulk of the glyceridic material present in palm oil with small amounts of mono-

glycerides and diglycerides, which are artifacts of the extraction process. The fatty

acid chains present in the palm oil triglycerides could vary in the number of carbons

present in the chain (chain length) and in structure (presence of double bonds, i.e.,

unsaturation). It is the variations in the structure and number of carbons in

these fatty acid chains that largely define the chemical and physical properties of

palm oil.

The chain lengths of the fatty acids present in the triglycerides of palm oil fall

within a very narrow range from 12 to 20 carbons as shown in Table 3.

It can be seen that about 50% of the fatty acids present in palm oil are saturated

and about 50% are unsaturated. This even balance between saturation and unsatura-

tion determines the iodine value of the oil (about 53) and confers some stability

against oxidation to the oil as compared to other vegetable oils. The three fatty

acids in the triglyerides could be represented by the multitude of fatty acids listed

in Table 3. The different placement of the fatty acids attached to the glycerol mole-

cule can lead to a large number of different triglycerides. Subjecting lipolysis data

to statistical computer analysis, more details about the triglyceride composition of
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palm oil could be obtained as shown in Table 4. These are in terms of the actual

acid chains present in the three carbon positions of the triglyceride molecule.

From the computation data, it can be seen that the triglyceride molecules could

be divided according to the number of saturated (S) and unsaturated (U) groups

that they contain. The computational results were found to be very close to the

analytical data obtained by Tan (6) shown in Table 5.

Carbon number analysis by high-temperature gas-liquid chromatography pro-

vides a rapid but less detailed analysis of the triglyceride composition in terms

of the total number of carbon atoms present in the three fatty acid chains of

the triglyceride molecule. Carbon number analysis data of palm oil are shown in

Table 6.

Knowledge about the detailed structures of the triglycerides present in palm oil

is important because they define some of the physical characteristics of the oil. The

melting points of triglycerides are dependent on the structures and position of the

component acids present. They also affect the crystallization behavior of the oil.

The semisolid nature of palm oil at room temperature has been attributed to the

presence of the oleo-disaturated fraction.

As mentioned previously, partial glycerides are artifacts of the extraction pro-

cess, especially the stages prior to sterilization. Oil obtained from unbruised steri-

lized fruits shows trace levels of partial glycerides. Random analyses of samples of

refined palm oil, palm olein, and palm stearin have shown the presence of about 2%

of 1,2-diglycerides and about 4% of 1,3-diglycerides with trace amounts of mono-

glycerides. These partial glycerides are important as they are known to affect the

crystallization behavior of the oil.

Minor Components. The carotenoids, tocopherols, sterols, phosphatides, triterpe-

nic, and aliphatic alcohols form the minor constitutents of palm oil. Though present

in less than 1% altogether in palm oil, nevertheless they play a significant role in the

stability and refinability of the oil, in addition to increasing the nutritive value of

the oil.

Crude palm oil contains between 500 and 700 ppm of carotenoids mainly in the

forms of a-and b-carotenes, the precursor of vitamin A. Unless extracted prior to

TABLE 3. Fatty Acid Composition of Malaysian

Palm Oil (3).

Fatty Acids Chain Lengths

% of Total

Mean Range

12:0 0.23 0.1–1.0

14:0 1.09 0.9–1.5

16:0 44.02 41.8–46.8

16:1 0.12 0.1–0.3

18:0 4.54 4.2–5.1

18:1 39.15 37.3–40.8

18:2 10.12 9.1–11.0

18:3 0.37 0–0.6

20:0 0.38 0.2–0.7
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TABLE 4. Triglyceride Composition of Malaysian Tenera Palm Oil.a

No Double Bond 1 Double Bond 2 Double Bond 3 Double Bond 4 or More Double Bonds

A B A B A B A B A B

MPP 0.29 0.5 MOP 0.83 1.4 MLP 0.26 MLO 0.14 0.2 PLL 1.08 0.8

PMP 0.22 0.2 MPO 0.15 0.2 MOO 0.43 0.7 PLO 6.59 6.0 OLO 1.71 1.4

POP 20.02 23.7 PLP 6.36 6.3 POL 3.39 3.1 OOL 1.76 1.5

PPP 6.91 7.2 POS 3.50 3.1 PLS 1.11 0.8 SLO 0.60 0.4 OLL 0.56

PPS 1.21 1.0 PMO 0.22 PPL 1.17 1.0 SOL 0.30 0.2 LOL 0.14 0.1

PSS 0.12 0.1 PPO 7.16 6.9 OSL 0.11 OOO 5.38 5.1

PSP 0.7 PSO 0.68 0.6 SPL 0.10 0.1 OPL 0.61 0.5

SOS 0.15 POO 20.54 21.5 MOL 0.1

SPO 0.63 0.5 SOO 1.81 1.4

OPO 1.86 1.6

OSO 0.18 0.2

PSL 0.1

Others 0.16 0.34 0.3 0.19 0.6 0.15 0.22

Total 9.57 9.7 33.68 35.8 34.12 34.6 17.16 15.6 5.47 3.8

aA: based on Kan-Ichi Hayakawa Computation: see Ref. (4); B: based on Vander Wal’s method: see Ref. (5).



refining, these carotenoids are thermally destroyed during the deodorization stage in

order to produce the desired color for a refined oil. In crude palm oil, the presence

of these carotenoids appears to offer some oxidative protection to the oil through a

mechanism where they are oxidized prior to the triglycerides. Table 7 lists the car-

otenoid types that are present in crude palm oil.

Crude palm oil contains tocopherols and tocotrienols in the range of 600–

1000 ppm. Refined palm oil retains about 50% of these products. Tocopherols

and tocotrienols are antioxidants and provide some natural oxidative protection

to the oil. Table 8 shows the types of tocopherols and tocotrienols present in

palm oil.

TABLE 5. Triglyceride Analysis of Tenera Palm Oil

(6) (based on saturation–unsaturation criterion).

Triglyceride Type Composition (%)

Trisaturated (GS3) 10.2

Disaturated (GS2U) 48.0

Monosaturated (GSU2) 34.6

Triunsaturated (GU3) 6.8

TABLE 6. Carbon Number Analysis of Malaysian

Palm Oil (3).

Carbon Number Mean Range

C46 0.8 0.4–1.2

C48 7.4 4.7–10.8

C50 42.6 40.0–45.2 (POP, PPO)

C52 40.5 38.2–43.8 (POO)

C54 8.8 6.4–11.4

TABLE 7. Carotenoid Composition of Palm Oil (7).

Carotenoid Percentage

Phytoene 1.27

cis-b-Carotene 0.68

Phytofluene 0.06

b-Carotene 56.02

a-Carotene 35.16

cis-a-Carotene 2.49

x-Carotene 0.69

g-Carotene 0.33

d-Carotene 0.83

Neurosporene 0.29

b-Zeacarotene 0.74

a-Zeacarotene 0.23

Lycopene 1.30

Total carotene (ppm) 673
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From Table 8, it can be seen that a-tocopherols and g-tocotrienols account for

the major portion of the total tocopherols and tocotrienos present in palm oil. Gapor

(9) confirms the presence of the above-listed tocopherols and tocotrienols by

high-performance liquid chromatography (HPLC) and also indicated the probable

presence of the esterified forms.

The combined effects of the properties of the carotenoids, tocopherols, tocotrie-

nols and the 50% unsaturation of the acids confer on palm oil a higher oxidative

stability as compared to a lot of other vegetable oils.

In terms of sterols, palm oil contains far less cholesterol than many other vege-

table oils as shown in Table 9. Table 10 gives the sterol composition of crude and

TABLE 8. Tocopherols and Tocotrienols in Crude

Palm Oil (8).

Type Percentage

a-Tocopherols 21.5

b-Tocopherols 3.7

g-Tocopherols 3.2

d-Tocopherols 1.6

a-Tocotrienols 7.3

b-Tocotrienols 7.3

g-Tocotrienols 43.7

d-Tocotrienols 11.7

TABLE 9. Cholesterol Levels in Crude Oils and Fats (10).

Oil Type Average (ppm) Range (ppm)

Coconut oil 14 5–24

Cocoa butter 59 n.a.

Palm kernel oil 17 9–40

Palm oil 18 13–19

Sunflower oil 17 8–44

Soybean oil 28 20–35

Rapeseed oil 49 25–80

Maize oil 50 18–95

TABLE 10. Sterol Composition of Crude and Refined Palm Oil and Their Products (ppm)

(11).

Sample Cholesterol Campesterol Stigmasterol Sitosterol Unknown

Crude palm oil 7–13 90–151 44–66 218–370 2–18

Degummed, bleached 5–10 49–116 22–51 113–286 Trace-8

RBD 1–5 15–16 8–30 45–167 Trace

Crude palm olein 6–8 57–104 30–51 149–253 24–28

Degummed, bleached 3–4 36–43 21–25 99–123 Trace–5

RBD 2 26–30 12–23 68–114 —
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refined palm oil and their products. From Table 10, it can be seen that the low-

cholesterol levels in crude palm oil and crude palm olein are further reduced

to even lower levels upon refining. This low-cholesterol level, together with the

antithrombotic and anticarcinogenic properties of some of the carotenoids, tocopher-

ols, and tocotrienols present add further to the nutritive value of palm oil and palm oil

fractions.

Inherent Chemical Properties of Palm Oil. Table 11 summarizes some of the

inherent chemical properties of Malaysian palm oil.

2.2. Physical Properties of Palm Oil

Table 12 shows some of the physical properties of palm oil. The apparent density is

an important parameter from the commercial point of view since it is used for

volume to weight conversions. It can also be used as a purity indicator.

The solid fat content of an oil is a measure (in percent) of the amount of solid fat

present in the oil at any one temperature. It is measured by means of wide-line

nuclear magnetic resonance (NMR) spectrometry after a standard tempering

procedure for the samples.

TABLE 11. Inherent Chemical Properties of Malaysian Palm Oil

(12).

Chemical Characteristics Mean Range

Saponification value (mg KOH/g oil) 195.7 190.1–201.7

Unsaponifiable matter (%) 0.51 0.15–0.99

Iodine value (Wijs) 52.9 50.6–55.1

Slip melting point (�C) 34.2 30.8–37.6

TABLE 12. Major Physical Properties of Palm Oil (13,14).

Property Mean (of 215 Samples) Range

Apparent density at 50�C (g/mL) 0.889 0.888–0.889

Refractive index at 50�C 1.455 1.455–1.456

Solid fat content

5�C 60.5 50.7–68.0

10�C 49.6 40.0–55.2

15�C 34.7 27.2–39.7

20�C 22.5 14.7–27.9

25�C 13.5 6.5–18.5

30�C 9.2 4.5–14.1

35�C 6.6 1.8–11.7

40�C 4.0 0.0–7.5

45�C 0.7

Slip melting point (�C) (þ) 34.2 31.1–37.6
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Figure 2. Crystallization thermogram of Malaysian palm oil (15).

Figure 3. Melting thermogram of Malaysian palm oil (15).
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The solid present in the oil at any one temperature is due to the process of crys-

tallization occurring in the oil as a consequence of its chemical properties. The dif-

ferent molecular triglyceride structures with their differing chemical characteristics

manifest their physical states at different temperatures, thus imparting certain crys-

tallization and melting behavior to the oil. These thermally associated processes can

be followed by means of differential scanning calorimetry (DSC). Figures 2 and 3

show the crystallization and melting thermograms of palm oil, respectively. In the

crystallization thermograms, points 1 to 2 define the olein crystallization peak while

points 2 to 3 define the stearin crystallization peak. These are defined by points 1 to

2 and 2 to 3, respectively, in the melting thermogram.

From the thermal characteristics considered above, it can be seen that palm oil

can be separated under controlled thermal conditions into two components, i.e., a

solid (stearin) and a liquid (olein) fraction. This fractionation process can be

affected either in the dry form in the presence of a detergent or solvent. The method

employed, to a certain extent, determines some of the chemical and physical prop-

erties of the oleins and stearins produced, especially the stearins. By varying the

fractionation methods and conditions used, a range of stearins with differing che-

mical and physical properties could be produced, yet keeping the chemical and

physical properties of the oleins to within a very narrow range of values as shown

in Tables 13, 14, and 15.

TABLE 13. Fatty Acid Compositions (%) (16).

Oleins Stearin

Fatty Acids Range Observed Mean Range Observed

12:0 0.1–0.5 0.2 0.1–0.6

14:0 0.9–1.4 1.0 1.1–1.9

16:0 37.9–41.7 39.8 47.2–73.8

16:1 0.1–0.4 0.2 0.05–0.2

18:0 4.0–4.8 4.4 4.4–5.6

18:1 40.7–43.9 42.5 15.6–37.0

18:2 10.4–13.4 11.2 3.2–9.8

18:3 0.1–0.6 0.4 0.1–0.6

20:0 0.2–0.5 0.4 0.1–0.6

Iodine value (Wijs) 56.1–60.6 58.0 21.6–49.4

TABLE 14. Triglyceride Composition by Carbon Number (16).

Oleins Stearin

Carbon Number Range Mean Range

C46 — — 0.5–3.3

C48 1.3–4.0 2.3 12.2–55.8

C50 37.7–45.4 42.0 33.6–49.8

C52 43.3–51.3 45.7 5.1–37.3

C54 7.0–12.6 9.9 Trace–8.4

346 PALM OIL



Under normal fractionation conditions, soft stearins and oleins with cloud points

in the range of 8–10�C are produced. Where required, fractionation conditions

could be specifically altered to produce stearin or olein of a desired specification

for specialized application, but within the domain of the composition of palm

oil. For example, stearins of differing iodine values (IV) ranging from the hard

(IV of about 20) to soft (IV of about 50) could be produced, each with their

characteristic solid fat content curve as shown in Figure 4.

TABLE 15. Melting and Solidification Characteristics (16).

Oleins Stearin

Tests Range Mean Range

Slip melting point (�C) 19.4–23.5 21.6 44.5–56.2

Cloud point (�C. crude) 6.6–14.3 10.4 —

Neutralized 5.4–11.9 8.1 —

Refined 6.0–11.5 8.8 —

Figure 4. Solid fat content of crude stearin (15).
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For more specialized usage such as in the confectionery industry, a more specific

type of stearin is required or desired. This is catered to by using a double fractiona-

tion process as shown in the scheme in Figure 5. Table 16 shows the solid fat con-

tent profiles of the more common palm midfractions produced in Malaysia at

present.

Other characteristics of palm oleins and palm stearin are shown in Table 17. The

different types of palm oil products available for export are illustrated in Table 18.

2.3. Test Methods for Palm Oil and Products Analysis

In the palm oil trade, test methods for palm oil product analysis were traditionally

based on the American Oil Chemists Society (AOCS) test methods. Where test

methods are not available under the AOCS, other test methods were used, drawn

Figure 5. Fractionation and palm midfraction.

TABLE 16. Palm Midfractions Solids Content by NMR.

Code Temperature (�C) Palm Oil 1 2 3 4 6 7 8 5A 5B 5C

10 50.3 81.3 58.4 60.1 61.5 65.6 66.4 53.8 71.9 51.8 71.1

15 35.2 71.1 37.1 48.5 45.2 48.3 55.2 41.6 63.2 32.9 61.8

20 23.2 59.5 18.5 34.3 26.8 30.5 42.0 27.1 43.3 17.5 45.0

25 13.7 29.7 1.7 22.8 8.7 8.2 28.7 15.8 22.1 9.3 28.0

30 8.5 8.6 14.2 2.4 2.9 19.6 9.6 11.4 4.6 16.8

35 5.8 3.6 10.4 1.2 15.1 5.6 6.6 12.0

40 3.5 7.1 10.9 2.6 2.5 7.3

45 3.4 5.7 3.0

50
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TABLE 17. Additional Analytical Characteristics (16).

Tests Oleins Stearins

Apparént density at 40�C (g/mL) 0.8965–0.8992 (n¼ 21)

60�C (g/mL) 0.8659–0.8756 (n¼ 40)

Refractive index nD 40�C 1.4586–1.4592 (n¼ 21)

nD 60�C 1.4472–1.4511 (n¼ 41)

Saponification value mg KOH/g oil 194–202 (n¼21) 193–206 (n¼41)

TABLE 18. PORAM Standard Specification for Processed Palm Oil.

Type of Palm Oil Specificationa Values

1. Neutralized palm oil *FFA (as palmitic) 0.25% Max.

Moisture and Impurities 0.1% Max.

IV (Wijs)

þMelting point (�C) 50–55

(AOCS Cc 3–25) 33–39

2. Neutralized and

bleached palm oil *FFA (as palmitic) 0.25% Max.

Moisture and Impurities 0.1% Max.

IV (Wijs)þMelting point (�C) 50–55

(AOCS Cc 3–25) 33–39

Color (5 1
4-inch Lovibond cell) 20 Red max.

3. Refined, bleached, and *FFA (as palmitic) 0.1% Max.

deodorized (RBD)/neutralized,

bleached, and deodorized (NBD)

palm oil

Moisture and Impurities 0.1% Max.

IV (Wijs)þMelting point (�C) 50–55

(AOCS Cc 3–25) 33–39

Color (5 1
4-inch Lovibond cell) 3 or 6 Red max.

4. Crude palm olein *FFA (as palmitie) 5.0% Max.

Moisture and Impurities 0.25% Max.

IV (Wijs)þMelting point (�C) 56 Min.

(AOCS Cc 3–25) 24 Max.

5. Neutralized palm olein *FFA (as palmitic) 0.25% Max.

Moisture and Impurities 0.1% Max.

IV (Wijs)þMelting point (�C) 56 Min.

(AOCS Cc 3–25) 24 Max.

6. Neutralized and bleached

palm olein *FFA (as palmitic) 0.25% Max.

Moisture and Impurities 0.1% Max.

IV (Wijs)þMelting point (�C) 56 Min.

(AOCS Cc 3–25) 24 Max.

Color (5 1
4-inch Lovibond cell) 20 Red max.

7. Refined, bleached, and *FFA (as palmitic) 0.1% Max.

deodorized (RBD)/neutralized, Moisture and Impurities 0.1% Max.

bleached, and deodorized (NBD) IV (Wijs)þMelting point (�C) 56 Min.

palm olein (AOCS Cc 3–25) 24 Max.

Color (5 1
4-inch Lovibond cell) 3 or 6 Red max.
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from the British Standards Institute (BSI), International Union of Pure and Applied

Chemistry (IUPAC) methods, or the International Standards Organization (ISO).

However, the recent trend has been toward the adoption and standardization of ISO

methods. In early 1994, FOSFA have called for a harmonization of test methods

between the various test method organizations such as the American Official &

Analytical Chemistry (AOAC), AOCS, IUPAC, BSI, and other national standards

organizations. The aim of this exercise is to standardize the test methods for oils

and fats from all these organizations for trade purposes, to be placed under the ISO.

TABLE 18. (Continued )

Type of Palm Oil Specificationa Values

8. Double fractionated palm olein *FFA (as palmitic) 0.1% Max.

Moisture and Impurities 0.1% Max.

IV (Wijs)þMelting point (�C) 60 Min.

(AOCS Cc 3–25) 19 Max.

Color (5 1
4-inch Lovibond cell) 3 Red max.

9. Crude palm stearin *FFA (as palmitic) 5.0% Max.

Moisture and Impurities 0.25% Max.

IV (Wijs)þMelting point (�C) 48 Max.

(AOCS Cc 3–25) 44 Min.

10. Neutralized palm stearin *FFA (as palmitic) 0.25% Max.

Moisture and Impurities 0.15% Max.

IV (Wijs)þMelting point (�C) 48 Max.

(AOCS Cc 3–25) 44 Min.

11. Neutralized and bleached palm *FFA (as palmitic) 0.25% Max.

stearin Moisture and Impurities 0.15% Max.

IV (Wijs)þMelting point (�C) 48 Max.

(AOCS Cc 3–25) 44 Min.

Color (5 1
4-inch Lovibond cell) 20 Red max.

12. Refined, bleached, and deodorized (RBD)/neutralized, bleached,

and deodorized (NBD) palm

stearin 0.2% Max.

*FFA (as palmitic)

Moisture and Impurities 0.15% Max.

IV (Wijs)þMelting point (�C) 48 Max.

(AOCS Cc 3–25) 44 Min.

Color (5 1
4-inch Lovibond cell) 3 or 6 Red max.

13. Palm acid oil *Total fatty matter 95% Min.

(basis 97%)

Moisture and Impurities 3% Max.

*FFA (as palmitic) 50% Min.

14. Palm fatty acid distillate Saponifiable matter 95% Min.

(basis 97%)

Moisture and Impurities 1.0% Max.

*FFA (as palmitic) 70% Min.

aþ, Slip point, softening point, or rising point; *, molecular weight of palmitic acid is taken as 256.

Source: PORAM Technical Brochure, 1989.
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3. PRODUCTION PROCESS

3.1. Origin of the Oil Palm

The oil palm, Elaeis guineensis Jacq., is grown commercially in Africa, South

America, Southeast Asia, and the South Pacific, and on a small scale in other tro-

pical areas. Until recent centuries the palm has been confined to West and Central

Africa where it existed in a wild, semiwild, and cultivated state. In Africa it

remained a domestic plant, supplying a need for oil and vitamin A in the diet,

and it was not until the end of the eighteenth and the beginning of the nineteenth

centuries that oil palm cultivation expanded to the Southeast Asian regions and

strengthened the entry of palm oil into the world oils and fats trade.

3.2. Oil Palm Plantations

The early development of the oil palm industry is well described by Hartley (17).

The export of palm oil and kernels from Africa began in the nineteenth century.

At this stage the only source of supply was the palm groves, the oil being extracted

by primitive and inefficient methods. The palm groves were sometimes developed

into ‘‘peasant plantations’’ (18) by deliberate planting of seedlings, but the first

large plantations were established in Sumatra and Malaysia in the early years of

this century. These were followed in the 1920s by plantations in the Belgian Congo

(now Zaire) and then in other parts of West Africa. In recent years very consider-

able further expansion of the industry has occurred, and oil palm products are now

an important component of world vegetable oil supplies.

Although the cultivation of the oil palm in plantations started in the Far East,

strangely there was no direct connection between the African groves and the estab-

lishment of this new industry. The earliest record of the introduction of oil palms to

the East Indies is of four seedlings, two from Bourbon (Reunion) or Mauritius and

two from Amsterdam, which were planted in the Botanic Gardens at Buitenzorg,

now Bogor, in Java in 1848. The foundation of the industry is generally attributed

to M. Adrien Hallet, a Belgian with some knowledge of oil palms in Africa, who

planted palms of Deli origin in 1911 in the first large commercial plantations in

Sumatra. Hallet recognized that the avenue palms growing in Deli were not only

more productive than palms in Africa but had a fruit composition superior to the

ordinary dura palms of the African west coast. Open pollinated selected tenera

seed was used on commercial plantations as early as 1924 (19). In the meantime,

however, M.H. Fauconnier, who had been associated with M. Hallet, had estab-

lished during 1911 and 1912 some palms of Deli origin at Rantau Panjang in the

Kuala Selangor district of Malaysia. These palms were in full bearing by 1917,

and in that year the first seedlings were planted on an area later to be known as

Tennamaran Estate.

The industry grew rapidly in Sumatra, but did not gain its full momentum in the

Far East until the 1930s. In 1925 there were 31,600 hectares planted in Sumatra and

only 3,348 in Malaysia (20) but by 1938 the areas had risen to 92,300 and 29,196
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hectares, respectively. With over 120,000 hectares, an industry of considerable

importance capable of producing more oil than was being exported from Africa

had in the span of about 20 years been established. The rate of planting in Malaysia

was rapid in the 1960s and 1970s. In 1960 there were only 55,000 hectares, but by

1975 half a million hectares had been added and a total of over 2 million hectares

was reached by 1990 (21). A major part of the planting was done by federal and

state land development authorities, government-sponsored settlement schemes,

which by the early 1980s accounted for half the total planted area in Malaysia.

In Indonesia, oil palm cultivation has expanded rapidly especially during the

1980s, where government estate enterprises, foreign private estates, private national

estates, and nucleus estates have been established. The expansion in planted area

for oil palm for this historical period is shown in Table 19.

3.3. Yield of Palm Oil

The oil palm is a highly efficient producer of vegetable oil. On per unit area basis

the oil palm is considerably higher yielding than any other vegetable oil crops.

Record yields for other crops such as soybean are about 2 tons of oil per hectare,

3 tons for rapeseed and olive, and 4 for coconut and sunflower. In contrast, thou-

sands of hectares of oil palm plantations in Southeast Asia regularly yield 5 tons of

oil per hectaare per year, and record yields are appreciably higher. The figures

shown in Table 20 represent some of the highest oil yields recorded in experiments;

higher yields may well have been obtained by other workers. Individual palms with

over 30% oil to bunch ratio exist, with a fruit yield of 40 t/ha, this would give an oil

yield of 12 t/ha.

Oil Yield Components. Palm oil and palm kernel oil are obtained from the oil

palm fruit. Yield of oil can be considered in terms of various components; the

two main components are yield of fruit bunches and oil—bunch weight ratio (or

extraction ratio). Fruit yield can be considered in terms of the component bunch

number and mean bunch weight. Bunch weight increases with palm age while

bunch number decreases. The first yield of fruit bunches normally ripen during

TABLE 19. Planted Oil Palm Area (1000 ha).

1960 1970 1980 1990 1993

Malaysia 54.6 291.3 1,023.3 2,029.5 2,281.0

Indonesia n.a. 134.0 294.1 1,126.7 1,603.7

Papua New Guineaa n.a. n.a. 12.0 37 55

Ivory Coast 5.2 68.2 100.3 128a 158a

Nigeriaa n.a. n.a. 230.0 270 298

Columbia 0.4 19.8 36.7 81a 111a

aDenotes mature area only.

Source: Oil World Weekly, April 4, 1985. Oil World Annual, 1993. H. A. J. Moll, Economics of Oil Palm (Ref. 2),

Pusat Penelitian Marihat, Indonesia.
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the third year after field planting. Yield rises to a maximum in the first few years

and thereafter usually tends to decline slowly.

Oil—Bunch Ratio. The yield of oil depends on yield of fruit bunches and a

further component, oil—bunch ratio. The oil—bunch ratio is the product of a

number of components: these are fruit—bunch ratio, mesocarp—fruit ratio, and

oil—mesocarp ratio. The oil content of the fruit of young palms is low: Hartley

(17) stated that it increases steadily until the fourth or fifth year of bearing.

However, Corley (22) reported that with tenera palms, an oil—bunch ratio of

over 28% may be reached as early as 40 months after field planting.

Mesocarp—fruit ratio is largely genetically determined and is little affected by

environmental factors. Fruit—bunch ratio depends mainly on the efficiency of pol-

lination. Oil–mesocarp ratio depends in part on the ripeness of the fruit, since oil is

only synthesized during the later stages of fruit development. There is also

considerable variation in oil–mesocarp of bunches from the same progeny

harvested at different times of the year (23). It has also been shown that application

of potassium fertilizer leads to a reduction in the oil–bunch ratio (24); but the

increase in fruit yield in response to potassium was more than enough to compen-

sate for the reduced oil–bunch ratio.

Yield Variation. In seasonal climates the annual yield of oil palm usually has

only one peak, the time of the peak depending on the age and leaf production of

the palms and, in the mature plantation palm, on climatic conditions about 28

months before fruit ripening. In nonseasonal climates, there are occasionally two

peaks of production in the year, though one tends to be much more prominent; there

is considerable variation in the magnitude of the peaks.

3.4. Production Costs

Production cost of crude palm oil is made up of cost of production of fresh fruit

bunches (FFB) and the cost to mill the FFB. Refining costs are incurred when crude

palm oil undergoes refining to produce processed palm products.

Cost of FFB Production. To produce FFB, the costs covered involve felling and

land preparation, lining, terracing, drainage, planting of palms and leguminous cov-

ers, preparing of roads, pathways, and bridges, application of fertilizers, and pest

and disease control. The cost of establishing oil palm also depends on whether

TABLE 20. Yield Records Obtained from Some Trials in Malaysia.

Yield of

Fruit Bunches Yield of

Type of Trial (t/ha) Oil/Bunch (%) Oil (t/ha)

Progeny trial (best progeny, 1 year) 30.4 27.7 8.42

Spacing trial (best treatment, 1 year) 28.5 23.7 6.76

Spacing trial (best plot, 1 year) 30.9 23.7 7.32

Fertilizer trial (best plot, 1 year) 37.2 16.9 (dura) 6.28

Estate planting (best plot, 3rd year of production) 32.6 26.2 8.55
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the area is undergoing replanting or new planting. Replanting refers to planting on

land that was formerly developed with other crops while new planting refers to

establishing an area formerly under jungle. In Malaysia, the cost of establishing

a hectare of oil palm area for the first three years is about MR 5013.26, or

$1856.75 (all dollar amounts are in U.S. dollars unless specified) for areas under

replanting. For new plantings, the cost of establishment would be 20–30% higher

because new plantings would require more intensive land preparations such as new

terraces, new drainage systems, and new roads and pathways.

After three years, the palms are already mature and fresh fruit bunches could be

harvested monthly for the next 25 years or more. The direct items involved in the

production of FFB during the mature period include costs of fertilizers and their

applications, harvesting, control of pests, weeds, and diseases, maintenance of

infrastructures such as roads, harvesting paths, and bridges, soil and foliar analysis,

and agricultural equipment. On the whole, the direct cost of FFB production ranges

from $238 to $520 per hectare per year while the cost of producing a ton of

FFB ranges from $14.80 to $44.40 (Table 21). The range in cost is very much

dependent upon FFB yield, type of soil, drainage, FFB quality, and other factors.

Variations in costs are also due to the management systems of the oil palm, viz.

plantations, unorganized small holdings, or organized small holdings.

The indirect costs to produce FFB or to maintain mature oil palm hectarages are

categorized into two areas, personal emoluments and services and supplies. Perso-

nal emoluments include staff salaries, staff costs and benefits, wages, workers’ costs

and benefits, and other costs and benefits. Services and supplies covers traveling,

office expenses, maintenance, professional expenses, utilities, and sundries. The

TABLE 21. FFB Production for Estate Sector, Group Smallholders, Independent

Smallholders (U.S. $/hectare).

Independent

Smallholders

Sector Costs Estate Group Smallholders U.S. $/ha Ave.

Direct costs

Manuring 51.9 (22.5) 100.0 (32.1) 175.7 109.2

Weeding 26.0 (10.8) 1.9 (0.6) 3.3 10.4

Supply of damaged palms 26.4 (11.0) 15.6 (5.0) 27.4 23.1

Pest/disease 7.4 (3.1) 9.0 (2.9) 15.9 10.8

Pruning 10.6 (4.4) 14.0 (4.5) 12.3

Harvesting and collection 96.9 (40.3) 69.5 (22.3) 228.1 131.5

Transport of FFB 17.6 (7.3) 95.7 (30.7) 62.9 58.7

Miscellaneous 1.4 (0.6) 5.9 (1.9) 7.4 4.9

Total 238.2 (100.0) 311.6 (100.0) 520.7 356.8

Indirect costs

Salaries and wages 138.1 (59) 117.4 (46) 85.17

Supply 95.9 (41) 135.6 (54) 11.1 80.9

Total 234.0 (100) 253.0 (100) 11.1 166

Total direct and indirect 472.2 564.6 531.8 522.9
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indirect cost per year per mature hectare of oil palm in Malaysia ranges between

$234.00 and $253.00. From studies of estates, schemes, and small holdings in

Malaysia, the indirect cost per ton of FFB averages at $8.30.

Milling Cost. After the fresh fruit bunches are harvested they are sent to palm oil

mills where the oil is extracted and the nuts separated. The amount of crude palm

oil (CPO) obtained from the bunch is in the ratio of 18–24% depending on the

planting materials.

As the mill receives and processes fresh fruit bunches, it is logical to base

milling cost on per ton of FFB received. Presently, the average cost of milling a

ton of FFB is in the region of MR 30.00, or $11.10 (Table 22). Table 22 illustrates

that the largest cost is depreciation, some 35.71%, followed by machinery upkeep,

which is 17.5%, and mill process labor being just a little above 10%.

Production Cost of CPO. The costs outlined previously are summarized in

Table 23. The establishment cost was amortized over 25 years and allocated to

the cost of producing FFB. An average yield of 20 tons of FFB per hectare per

year and an oil extraction rate of 20% were utilized for data conversions.

TABLE 22. Milling Costs.

Cost/Ton FFB

RM U.S. Percent

Mill management 1.51 0.56 5.04

Mill process staff 1.46 0.54 4.85

Mill process labor 3.11 1.15 10.37

Machinery upkeep 5.25 1.94 17.50

Building upkeep 0.11 0.04 0.36

Utilities 2.68 0.99 8.93

Kernel bagging 0.58 0.21 1.93

Head office costs 3.21 1.19 10.71

Depreciation 10.71 3.97 35.71

Insurance 0.38 0.14 1.25

Palm oil cess 1.00 0.37 3.33

Total 30.00 11.1 100

TABLE 23. Product Cost of CPO in Malaysia (U.S. $).

Per ha/year Per ton FFB

Establishment cost amortized (1856�25) 74.24 3.71

Average direct cost 256.80 17.84

Average indirect cost 166.00 8.30

Total cost of FFB production 597.04 29.85

Milling cost 11.10

Cost of FFB production and milling 40.95

Cost/ton of CPO 204.75
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It can be seen that the cost to produce a ton of CPO is about $204.75. The largest

component in the cost of production of CPO is the cost of FFB at 73% while the

contribution of milling cost is at 27%.

Cost data on production of CPO is not available for most countries, but studies

conducted on Malaysia and Indonesia indicated that the cost of production is lower

than the market price of palm oil. However, cost of production in some countries is

higher than the international market prices of palm oil (2), and for these countries

exporting palm oil would not be viable.

Refining Cost. Crude palm oil can be further processed by refining. Presently,

most of the palm products obtained in the market are processed using physical or

steam refining. Crude or processed palm products may also undergo fractionation

where the solid and the liquid portions are separated. The total cost of refining a ton

of palm oil is about $25.92 while the cost of fractionation is about $5.55 per ton.

3.5. Palm Oil and Palm Kernel Extraction

Fruit Reception. In order to obtain good-quality palm oil, it is essential that the

damage to the fruit is minimal and therefore the handling of the bunches from

the field to the sterilizers must be carried out with the utmost care. At the mill

the FFB is generally discharged from the lorries, or trailers, onto a loading ramp

for the filling of sterilizer cages, which have a nominal capacity of 2.5 tons. A

flow diagram of the palm oil milling process is shown in Figure 6.

Sterilization. Sterilization is carried out by placing the sterilizer cages in hori-

zontal vessels at a steam pressure of 3 kg/cm2 (143�C) and the time ‘‘under steam’’

is approximately 60 min. The objectives of sterilization are:

1. Prevention of further rises in the free fatty acid (FFA) of the oil due to

enzymatic reaction.

2. Facilitation of mechanical stripping.

3. Preparation of the pericarp for subsequent processing.

4. Preconditioning of the nuts to minimize kernel breakage.

Stripping. The objective of stripping is the separation of the sterilized fruit from

the bunch stalks. There are two basic actions involved in separating the fruits: (1) a

small vigorous shaking and (2) beating. Although many machines have been

evolved over the years, only the ‘‘drum’’ type is in general use.

The drum stripper consists of a long horizontal drum made up of small channel

section or T bars spaced far enough apart to permit the escape of the fruit yet close

enough to prevent the passage of the stalks or spikelets. Drum diameters vary from

1.8 to 2 m and lengths from 3 to 5 m and they usually rotate at about 20–25 rpm.

The cage is fitted with lifting bars, and as the cage rotates the bunches are lifted up

and then drop back under the action of gravity, and by this action the fruits are

shaken out. As this action is repeated many times over, with the bunches turning

round and round as they pass along the drum, a good stripping is obtained.
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Digestion. The object of digestion is to reheat the sterilized fruits and to loosen

the pericarp from the nuts and to break the oil cells before passing to the oil extrac-

tion unit. The best digestion conditions are obtained by mixing the fruits at a tem-

perature between 95 and 100�C for approximately 20 min. The digester is generally

a vertically arranged cylindrical vessel fitted with a central shaft carrying a number

of radial arms. Heating may be from a steam jacket or direct steam injection.

Oil Extraction. Oil extraction is generally carried out using continuous screw

presses comprising a perforated horizontal cage of a figure 8 cross section in which

two screws or worms run. A cone at the discharge end of the cage controls the pres-

sure to ensure a minimum of residue oil in the press cake with an acceptable amount

of broken nuts.

There are two products from the press: (1) a mixture of oil, water, and solids, and

(2) a press cake containing fibers and nuts.

Clarification. The crude oil from the press has an average composition of 66%

oil, 24% water, and 10% nonoily solids (NOS). Because of the high proportion of

Figure 6. Process flow diagram of a conventional palm oil mill.
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solids, it has to be diluted with water to obtain satisfactory settling. After dilution,

the crude oil is screened to remove fibrous materials and then pumped to a contin-

uous settling tank where it separates into two parts, i.e., oil and sludge. The ‘‘top’’

oil is skimmed off and passed to a centrifugal purifier followed by a vacuum dryer

and finally a cooler before being pumped to the storage tanks. The sludge has an oil

content of approximately 10%, and this is reclaimed and fed back to the main set-

tling tank. The oil fed to the storage tanks has a moisture content between 0.1 and

0.12% and impurities less than 0.02%.

Oil Storage. It is recommended that storage tanks are internally coated with

epoxy materials to prevent iron pickup. To prevent damage by overheating of the

oil, the temperature of the oil during storage and transit is closely controlled

between 32 and 40�C. The unloading or loading temperature is between 50 and

55�C, and for heating to this temperature the maximum rate is 5�C per 24 hr.

Nut and Fiber Separation. When the oil is extracted from the digested fruit, a

cake of nuts and fiber is produced. This is fed, via a ‘‘breaking’’ conveyor, to a ver-

tical column having an upward airflow at a velocity of 6 m per second. At this velo-

city all the fiber is moved upward or held in suspension, and the nuts drop to the

bottom of the column. The fiber is led to a cyclone for use as a boiler fuel while the

nuts pass to a rotating polishing drum installed at the bottom of the column. This

drum can also be used to remove any large pieces of stalks, stones, or metal that

have gotten into the system.

Nut and Kernel Treatment. This treatment covers four distinct operations: (1)

nut conditioning, (2) nut cracking, (3) kernel and shell separation, and (4) kernel

drying.

Nut Conditioning. Nuts coming directly from the nut fiber separator are still

usually warm, and the kernels are still adhering to the shell. If an attempt is

made to crack them in this condition, many of the kernels will be damaged and

pieces of kernels will still be adhering to the shell. For ideal nut cracking it is neces-

sary to dry the nuts sufficiently to loosen the kernels and then cool the nuts to hard-

en the shell before cracking. This process is usually referred to as nut conditioning.

Nut Cracking. When a nut has been properly conditioned, its shell will crack

cleanly in two or more pieces, and the kernel will be released. Nut cracking

machines are almost invariably of the centrifugal type in which the nuts are given

velocity by being fed through a rotor and are caused to crack by being flung against

a stator ring.

However, the latest development has been the introduction of the ripple mill,

which consists of a balanced rotor of the squirrel cage design and two pieces of

semicircular ripple plates with ripple configurations. The performance of the ripple

mill is determined by the speed and clearance of the rotor, and the rotor provides

the velocity to force the nuts between the stationary ripple plate and the rotor. The

main advantage claimed for the ripple mill is that nut conditioning may not be

necessary.

Kernel and Shell Separation. This is normally achieved in two operations.

First, a winnowing system is used to remove the small pieces of shell and dirt fol-

lowed by hydrocyclones or claybaths.
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The action of a hydrocyclone is somewhat similar to that of an air cyclone. By

imparting a circular motion to the fluid by means of the tangential entry, heavy par-

ticles are thrown by centrifugal force to the wall of the cylinder. After tracing a

helical path these particles find their way out through the bottom of the cyclone

while the lighter particles after taking part in an initial downard circular movement

gradually move toward the center of the cylinder and start moving upward leaving

the cyclone via the overflow tube. Although it is mainly the difference in densities

that enables the hydrocyclones to act as a shell and kernel separator, the size and

shape of the particles have some effect, i.e., flow resistance.

The specific gravity of undried kernels is about 1.07 and that of shell about 1.17.

Therefore in a clay and water mixture of specific gravity 1.12 (about 24 Twaddell),

the kernels will float and the shell will sink; this is the principle on which the clay-

bath separator works. Many models were developed from manually operated to

completely automatic versions. As suitable clays were not always readily available,

salt solutions and even dilute molasses were tried for the suspension. The claybath

is quite an efficient separator as long as the density of the suspension is maintained

at the correct value.

Kernel Drying. The moisture content of fresh kernels is about 20%. If bagged

or stored in this condition fresh kernels would soon become moldy. In addition

there would be a rapid increase in the FFA of palm kernel oil (the oil content of

dried kernels can be over 50%). Tests have shown that if the moisture content is

reduced to about 7%, kernels can be safely stored and transported without dete-

rioration due to mold growth.

Bagging and/or Storage of Kernels. After drying, the kernels are usually

bagged, approximately 12 bags to the ton, and stored in sheds awaiting transporta-

tion to the kernel crushing plants. However, with the increase in the costs of bags

and handling, there is a tendency to go over to bulk storage and transportation.

3.6. Mill Construction and Design

Crop Projection. To establish the mill-rated throughput, it is first necessary to have

details of the projected crop over say a 10-year period depending on the planting

program. The general practice is to consider the peak month crop at 12.5% of the

annual crop and that the mill will operate at 20 hr per day for 25 days during the

peak month.

Siting of Mill. The major points to be considered when siting the mill are:

1. The transport costs to bring the FFB to the mill: Ideally the mill should be at

the center of the planted area.

2. The costs to evacuate the produce: This depends on the distance from the mill

to the nearest main road.

3. The distance of the nearest reliable water supply.

4. The ground conditions: Poor ground conditions may involve piling, undulat-

ing areas requiring excavation and/or filling, etc.
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Therefore, a compromise has to be made between these factors in deciding the

mill siting.

Mill Design. From the crop projections it is possible to calculate the final capa-

city of the mill and whether phasing of the mill capacities is necessary. The avail-

ability of fuel has to be considered as nowadays there is only just sufficient fuel for

mills operating at over 10 tons of FFB per hour.

A typical layout of a palm oil mill is shown in Figure 7 where the main stations

of the process are also indicated. The equipment selected has to be carried out with

care in order to obtain the correct balance for throughput, steam consumption,

energy demands, and economics of the supply of stand-by equipment. Standardiza-

tion of equipment is an important point to consider when selecting machinery on

the basis of ‘‘within’’ mill and ‘‘between’’ mills when applicable. When a set range

and/or make of equipment can be chosen (e.g., valves, gearboxes, electric motors

and starts, etc.), considerable benefits can accrue by way of a reduction in the

amount of spare parts to be carried.

Once the main items of equipment have been selected, it is possible to proceed

with the design of the layout of the mill, design of the buildings, and some initial

work on the layout of the machinery. Final work on the machinery layout will have

to await working drawings from the suppliers, which will not be forthcoming until

after the orders have been placed for the equipment.

During the course of the design for the layout of the mill and its machinery,

thought must be given to the matter of safety and safe working practices.

For projects of this magnitude and complexity it is essential that a critical path

network (CPN) is established.

Mill Construction. Sufficient time should be allocated to carry out the actual

construction work for the mill; otherwise it could result in a host of contractors

and workers descending on the site, which makes good supervision virtually

impossible.

In a normal situation the civil works (foundations, building, etc.) are usually

completed before work commences on the erection of machinery.

The erection of the machines should follow a logical sequence of commencing

from ‘‘in to out,’’ i.e., threshing station erected first in the main bay, with the press-

ing, kernel, and clarification stations to follow. This sequence can only be imple-

mented if deliveries are planned accordingly. This, of course, depends on the

correct timing for orders, and this is where the CPN is invaluable. In most cases

the erection of the machinery is carried out by contractors. However, there are

many advantages in having the future mill engineer on site during the erection per-

iod. Besides being good training for the engineer for obvious reasons, it should

ensure that a better standard of work is carried out.

3.7. Treatment of Palm Oil Mill Effluent

Sources of Wastewater Production. Large quantities of water are required in the

palm oil milling operations. It is estimated that about 1 ton of water (including boi-

ler feedwater) is required to process 1 ton of fresh fruit bunches. Obviously, a great
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Figure 7. Typical layout of a palm oil mill.

3
6
1



proportion of the water will be discharged as wastewater, commonly known as palm

oil mill effluent (POME). Some water is lost as vapor (steam).

POME is mainly generated from sterilization and oil clarification processes in

which large quantities of steam/hot water are used. Another waste stream originates

from hydrocyclone operation where water (with clay or salt) is used as a medium to

separate shell and kernel. For a well-operated mill with good housekeeping prac-

tices, the amount of wastewater generated from the sterilization process (sterilizer

condensate), oil clarification process (separator sludge), and hydrocyclone are 0.9,

1.5, and 0.1 ton per ton of oil produced, respectively (25). Thus about 2.5 tons of

POME are generated for every ton of palm oil produced. Obviously water consump-

tion and wastewater production can be minimized through good housekeeping and

process control.

The sterilizer condensate and separator sludge are segregated into separate oil

pits for residual oil recovery before they are mixed again for treatment. The hydro-

cyclone waste contains very little residual oil and is discharged directly into the

treatment plant. The final mixed wastewaters are commonly known as palm oil

mill effluent.

The residual oil recovered from the oil pits are of poor quality. It is drummed and

sold as technical oil for nonedible applications. It is not advisable to recycle or mix

this poor-quality oil with the normal production oil as such practice will negatively

affect the normal production oil quality.

Characteristics of POME. POME, when fresh, is a thick brownish colloidal

slurry of water, oil, and fine suspended solids. It is hot (80–90�C) and acidic (pH

4–5) and contains very high organic matter as indicated by its high biochemical

oxygen demand (BOD3, sample incubated at 30�C for 3 days) (Table 24). In terms

of BOD, POME is 100 times as polluting as domestic sewage. It also contains very

high suspended solids (SS), which are mainly oil-bearing cellulosic materials from

the fruits. The POME is nontoxic as no chemical is added to the oil extraction

process. The characteristics of the sterilizer condensate, separator sludge, and

hydrocyclone wastewater are also shown in Table 24.

TABLE 24. Characteristics of Palm Oil Mill Effluent (25).

Parametera Sterilizer Condensate Separator Sludge Hydrocyclone Water POME

pH 5.0 4.5 300 4.7

Oil and grease 4,000 7,000 300 6,000

BOD 23,000 29,000 5,000 22,000

COD 47,000 64,000 15,000 61,000

SS 5,000 23,000 7,100 13,000

DS 34,000 22,000 100 21,000

TN 500 1,200 100 800

AN 20 40 35

aAll in mg/L except pH: BOD, biochemical oxygen demand; COD, chemical oxygen demand; SS, suspended

solid; DS, dissolved soli; TN, total nitrogen; AN, ammoniacal nitrogen.
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In addition, POME also contains high metal content, which can be of importance

for other application like recycling as plant nutrients. Some of the essential metal

contents are given in Table 25.

Treatment Technology for POME. As palm oil milling processes require large

quantities of water, it is common to find palm oil mills located near rivers where

(free) water is readily available. Because of its high organic content (high BOD), if

discharged untreated into the watercourse, POME will soon undergo biological

oxidation that depletes the dissolved oxygen in the water system. Oxygen depletion

destroys aquatic life in the water and consequently the surrounding environment.

Therefore the industry has both the social and ethical obligations to reduce the

environmental impact caused by POME.

There are several options available to reduce the pollution problem created by

palm oil mills. These include complete treatment and disposal of POME or sys-

tematic utilization of POME for beneficial purposes. The choice depends very

much on the local environment.

POME, because of its high organic content (BOD) is easily amenable to biode-

gradation (27). Therefore biological oxidation is the most suitable process to break-

down the organic pollutants in POME. Biological treatment of wastewater is a

process in which a mixed population of microorganisms utilize as nutrients sub-

strates contaminating the water. Wastewater containing polluting substances is

brought into intimate contact with a dense population of microorganisms for a

duration sufficient for the microbes to break down and remove the pollutants to

the desired level.

The oxygen required for the microbial activities is supplied through dissolved

oxygen in water. Invariably the biological treatment system consists of a train of

anaerobic (absence of oxygen), aerobic (presence of oxygen), and/or facultative

(anaerobic and aerobic) processes to meet the required treatment efficiency. The

end products for anaerobic process are biogas [a mixture of methane (60–70%),

carbon dioxide (30–40%), and a small amount of hydrogen sulfide] and biosolids.

The end products for aerobic process are mainly carbon dioxide and some amount

of biosolids that need to be disposed of separately.

TABLE 25. Metal Content in Palm Oil

Mill Effluent (26).

Metal Conc. (mg/L)

P 180

K 2,270

Mg 615

Ca 439

C 25,440

B 7.6

Fe 46.5

Mn 1.98

Cu 0.89

Zn 2.30
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The three most common and effective treatment systems developed for the

POME published so far are shown in Figures 9, 10, and 11. It has been shown

over the last decade that all these systems if operated according to design and main-

tained properly could meet the local discharge standards for POME as shown in

Table 26.

Ponding System. This is by far the most popular treatment system used by the

palm oil mills in Malaysia. It is the most economic system provided suitable land is

available at very low or no cost to the palm oil mill. Large land area is required for a

ponding system. Various designs and configurations of ponding systems are used.

Figure 8 shows a typical system used in Malaysia. It consists of essentially a num-

ber of ponds for different functions. Ponding systems are reliable, stable, and cap-

able of producing good-quality final discharge with a BOD of less than 100 mg/L.

The anerobic ponds are usually 5–7 m deep each and the facultative ponds are

1–1.5 m each. The hydraulic retention times (HRT) for the deoiling tank, acidifica-

tion, anaerobic, and facultative ponds are 1,4,45, and 16 days, respectively.

A ponding system is normally operated at low rate, with organic loadings ran-

ging from 0.2 to 0.35 kg per BOD per cubic meter per day. Because of the size and

configuration of the ponds, they are quite difficult to control and monitor. Further-

more, there is very little mixing. Mixing is only achieved through bubbling of the

biogas generated by the anaerobic process. It is hardly adequate to mix the digester

content. Also the rising biogas brings along very fine solids to the top of the ponds.

Figure 8. Schematic flow diagram for ponding system (28).
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Figure 9. Schematic flow diagram of opened tank digester and extended aeration system (29).3
6
5



Therefore it is very common to find islands of solids floating in the anaerobic

ponds. This often results in dead spots and short-circuiting in the ponds, which

reduces the treatment efficiency of the system. Obviously it is very labor intensive

and expensive to maintain the ponding system in very satisfactory conditions. It is

also imperative to ensure that as little oil as possible is allowed to get into the anae-

robic pond. Otherwise the oil will agglomerate with the rising solids brought up by

the biogas and form a sticky scum that is difficult to remove. It is not advisable to

allow excessive accumulation of the scum so that the effectiveness of the system is

not adversely affected.

Figure 10. Schematic flow diagram of closed anaerobic digester and land application system (30).

TABLE 26. Discharge Standards for Palm Oil Industrial Effluents for Malaysia.

PORE and OIE Standard

Parametera POME A B

Temperature(�C) 45 40 40

pH 5.0–9.0 6.0–9.0 5.5–9.0

BOD3 (mg/L) (3 days 30�C) 100 20 50

COD (mg/L)h — 250 250

SS (mg/L) 400 50 100

O & G (mg/L) 50 — —

AN (mg/L) 150 — —

TN (mg/L) 200 — —

aBOD3, biochemical oxygen demand; COD, chemical oxygen demand; SS, suspended solids; O & G, oil and

grease; AN, ammoniacal nitrogen; TN, total nitrogen.
bUngazetted. POME, palm oil mill effluent; PORE, palm oil refinery effluent; OIE, oleochemical industrial

effluent. Standard A or B depends on locations.
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Due to inadequate mixing by biogas, solid buildup at the bottom of the anaerobic

pond poses another maintenance problem to the palm oil mills. Excessive solid

buildup at the bottom of the ponds will reduce the effective digester capacity and

consequently shorten the hydraulic retention time. Thus the treatment efficiency

will be adversely affected.

Regular desludging of the ponds is recommended. Submersible slurry pumps can

be used for this purpose. The solids are removed at regular intervals to a series of

drying beds constructed besides the ponds. The dried solids, which contain high

plant nutrients, are used as fertilizers in the estates.

Open Tank Digester and Extended Aeration. In this system, after the oil recov-

ery pit, POME is treated in a two-phase anaerobic digestion process followed by

extended aeration in a pond. The digesters are open-top and unstirred. Figure 9

shows a schematic flow diagram of the system. The HRT for the acidification, anae-

robic, and aerobic process are 1, 20, and 20 days, respectively. The organic loading

of the anaerobic digester is in the range of 0.8–1.0 kg BOD per cubic meter per

day (27).

Similar to the ponding system, limited mixing is provided by the biogas gener-

ated. Hence such a system faces the same problem of solid buildup at the bottom of

the digester. In order to maintain sufficient HRT for effective digestion, the solids

have to be removed at regular intervals as in the ponding system. This can be easily

done by means of slurry pumps. The solids are carted away for land application in

the estates.

As compared to the ponding system, the scum and solid buildup in the digester

can be readily monitored and controlled.

Mechanical surface aerator is used to supply air/oxygen to the aerobic pond. In

aerobic systems it is important to ensure that enough oxygen is supplied to the aero-

bic microorganisms to do the job.

Close Tank Digester with Biogas Recovery and Land Application. The digesters

(see Figure 10) are operated as conventional high rate systems with organic loading

of 4.8 kg volatile solids (VS) per cubic meter per day. The HRT for anaerobic diges-

tion is about 10 days operating at a slightly elevated temperature of 42–50�C. Good

mixing is ensured by recycling the compressed biogas through an emitter and a

draught tube. From the emitter, the biogas rises through the draught tube in large

bubbles. Thus the digester liquor is drawn into the bottom of the draught tube and

discharged from the top, causing effective circulation and hence mixing of the

digester content. As the content of the digester is well mixed, there is no problem

of solid buildup at the bottom of the digester.

In this system, the digester liquor, having a BOD of about 2000 mg/L, is applied

to the plantation nearby as fertilizer (31). Several systems have been developed for

land application of POME. The biogas generated can be harnessed for heat and

electricity generation. Excess biogas is flared off. About 0.59 m3 of biogas is pro-

duced per kilogram of VS added. Thus for a 60-ton FFB per hour mill operating 20

hr per day, about 20,000 m3 of biogas is obtainable. The biogas contains about 65%

methane, 35% carbon dioxide, and less than 2000 ppm of hydrogen sulfide. It has a

calorific value of about 5300 kcal/m3. It can be used as an energy source to supply
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heat or electricity to supplement the energy requirement if necessary (31,32).

Substantial saving in energy bill can be realized.

3.8. Oil Palm By-products

Apart from the production of CPO and palm kernel oil (PKO), the oil palm industry

also generates large quantities of by-products in the form of biomass. The bulk of

the by-products derived from the palm oil industry are basically lignocellulosic and

organic in nature and with a high plant nutrient content. With proper handling and

management, these by-products could be utilized and converted into value-added

products.

Biomass Production and Availability. The biomass production from the palm oil

industry is derived mainly from two sources, i.e., the plantations and the palm oil

mills. From the plantation the biomass produced per hectare of oil palm has been

estimated and shown in Figure 11. On an annual basis, about 0.4 tons of palm

Figure 11. Diagrammatic representations of actual quantity of oil palm wastes (33).
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fronds per hectare are available through routine maintenance pruning and harvest-

ing. However, at the end of its economic life span (about 25 years), another

14.4 tons of palm fronds per hectare are available during replanting. In addition a

total of 74.4 tons of palm trunks per hectare are also available during the replanting

program.

At the palm oil mills, about 20% CPO and 1.6% of PKO are recovered from the

FFB thus leaving about 78.4% biomass, including palm kernel meal.

As shown in Figure 11 the processing of fresh fruit bunches generated about

1.5 tons of empty fruit bunches (EFB), 1.6 tons of palm press fibers, 0.9 ton of

palm kernel shell, 2.4 tons sterilizer condensate, and 0.7 ton of dry mill effluent

per hectare of oil palm annually.

Utilization of By-product. Oil Palm Trunks and Fronds. Under normal plan-

tation practices, the pruned fronds are placed along the palm interrows and act as

mulch. Besides conserving soil moisture and reducing soil surface erosion, the

fronds on decomposition return organic matter and slowly release plant nutrients

to the soil (Table 27).

During the replanting program, the oil palm trunks and fronds are chipped into

small pieces and pulverized using a special pulverizer. The biomass residues are left

in the field to allow for decomposition processing, which could then yield organic

matter and release of plant nutrients. The placement of trunk residues on field

terraces could also reduce soil erosion.

TABLE 27. Content of N, P, K, Mg, and Ca Obtained from Wastes of a Hectare

of Oil Palm (33).

Weight in kg ha1

Tissues and Dry Weight N P K Mg Ca

Felled palm trunk

75.460 kg ha�1 368.2 35.5 527.4 88.3 146.4

Palm fronds

(a) At felling: Pinnae 114.0 7.5 109.4 8.4 7.1

14.467 kg ha�1 Rachis 36.1 6.4 84.5 15.6 28.6

�150.1 13.9 193.9 24.0 35.7

(b) Annual pruning Pinnae 819 5.4 78.7 6.0 5.1

10,400 kg ha�1 Rachis 26.0 4.6 60.7 11.2 20.5

107.9 10.0 139.4 17.2 25.6

Empty bunches

1.546 kg ha�1 5.4 0.4 35.3 2.7 2.3

Fiber

1,626 kg ha�1 5.2 1.3 7.6 2.0 1.8

Shell

938 kg ha�1 3.0 0.1 0.8 0.2 0.2

Effluent

13,604 kg ha�1 Raw 12.9 2.1 26.6 4.7 5.4

Digested 4.4 0.9 20.7 3.9 3.1

PRODUCTION PROCESS 369



Empty Fruit Bunches and Fibers and Shells. Traditionally, the empty fruit

bunches generated at the palm oil mill are mostly incinerated to produce bunch

ash. Bunch ash is considered a good source of potassic fertilizer and is also useful

as liming materials because of its high alkalinity (pH 12). However, incineration of

EFB could cause air pollution, and this practice is not encouraged by the Depart-

ment of Environment.

Alternative uses of EFB have been investigated and results have shown that they

are suitable as a mulching material for oil palm. The EFB are fibrous in nature and

have a high moisture content (about 60%). The application of EFB in the interrows

of palm avenues has been shown to improve oil palm growth and yield perfor-

mance. When applied onto the soil surface, the EFB undergoes a degradation pro-

cess that will yield organic matter and slowly release plant nutrients for crop uptake.

Some of the oil palm fibers and shells are usually used as a surface mulching

material for oil palm seedlings at the nursery stage. These materials are beneficial

in conserving soil moisture and reducing fertilizer leaching in the polybags, and

thus they enhance the growth of the seedlings.

Palm Oil Mill Effluent (POME). Palm oil mill effluent is essentially organic in

nature and nontoxic but has a high polluting potential. In its raw state, POME has

an extremely high concentration of biochemical and chemical oxygen demand

(BOD and COD) and high in plant nutrient contents, particularly in nitrogen and

potassium. After treatment processes various types of POME are available, and

their chemical composition are shown in Table 28.

POME has proven to be a good source of organic fertilizer and is available in

large volume (Table 29). Applied at rates corresponding to the nutrient requirement

of crops, it will not have detrimental impact on the environment. The beneficial

effects of POME application on crop yield and performance have been investigated.

Several methods of land application systems are available.

Energy Potential from Oil Palm By-products. Apart from crude palm oil and

palm kernel, a palm oil mill also produces a large quantity of biomass as by-

products. In general, an FFB contains about 20% palm oil, 6–7% palm kernel,

TABLE 28. Types of POME Available and Their Chemical Compositions (34–36).

Chemical Composition (mg/L.)

Total

Type of POME BOD N P K Mg

Raw 25,000 948 154 1,958 345

Digested (anaerobic)

Stirred tank 1,300 900 120 1,800 300

Supernatant 450 450 70 1,200 280

Supernatant þ10% slurry 191 320 42 1,495 258

Bottom slurry 1,000–3,000 3,552 1,180 2,387 1,509

Digested (aerobic)

Supernatant 100 52 12 2,300 539

Bottom slurry 150–300 1,495 461 2,378 1,004
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14–15% fiber, 6–7% shell, and 23% EFB. The heat value of each biomass is shown

in Table 30.

Fiber and Shell. The palm oil mill uses fiber and shell as boiler fuel to produce

steam for electricity generation and palm oil and kernel production processes. The

fiber and shell alone can supply more than enough electricity to meet the energy

demand of a palm oil mill. It is estimated that about 20 kWh (lower for higher-

capacity mill) of electrical energy is required to process 1 ton of FFB.

Empty Fruit Bunch. Apart from fiber and shell, EFB is another biomass that

can be readily converted into energy. However, this material has only been utilized

to a limited extent. This is because there is already enough energy available from

fiber and shell. Also due to its physical nature and high moisture content (50–65%),

the EFB has to be pretreated to reduce its bulkiness and moisture content to below

50% in order to render it more easily combustible (37, 38).

Biogas from Palm Oil Mill Effluent. Biogas is generated from anaerobic treat-

ment of POME. It contains about 65% methane (CH4), 35% carbon dioxide (CO2),

and trace amounts of hydrogen sulfide (H2S). It has a calorific value of about 4740–

6150 kcal/N m3. About 28 m3 of biogas are generated for every cubic meter of

POME digested. In a gas engine, about 1.8 kWh of electricity can be generated

from every cubic meter of biogas.

4. REFINING AND FRACTIONATION

4.1. Physical and Chemical Refining

Crude palm oil extracted commercially from the fresh fruit bunches contains a

small but variable amount of undesirable components and impurities. These include

some mesocarp fibers, moisture and insolubles, free fatty acids, phos-pholipids,

TABLE 29. Annual Production of Raw Effluents for Mills with Capacity Ranging

from 10 to 60 tons FFB Per hour.

Mill Capacity (Ton FFB/Hr)

Annual Rate (ton) 10 20 30 40 60

Total FFB processed (capacity�
16 hr�300 days) 48,000 96,000 144,000 192,000 288,000

Effluent production (FFB� 0.67%) 32,160 64,320 96,480 128,640 192,960

TABLE 30. Heat Value of Biomass (37).

Biomass Moisture Content (%) Oil Content (%) Heat Value kcal/kg (dry)

Empty fruit bunches 65 5 3700

Fiber 42 5 4420

Shell 7 1 4950
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trace metals, oxidation products, and odoriferous substances. As a result, palm oil is

normally refined to a bland, stable product before it is used for direct consumption

or for formulation of edible product. In Africa, however, crude palm oil is often

consumed in the crude form.

Two methods, namely physical refining and chemical refining, are available for

refining crude palm oil. They differ basically in the manner in which the free fatty

acids are removed. Physical refining has become the major processing route

because of its cost effectiveness, efficiency, and simple effluent treatment (39).

Both processes are able to produce refined, bleached, and deodorized (RBD)

palm oil of desirable quality and stability suitable for edible purposes (40). The

unit operations involved in these two processes and the components removed are

shown in Figure 12 and Table 31, respectively.

Physical Refining. Physical refining was introduced to palm oil processing in

1973 (41). Its unique feature is that the deacidification, deodorization, and thermal

decomposition of carotenoids are accomplished in one process in a stainless steel

deodorizer. It is a continuous processing consisting of a two-step operation of

pretreatment followed by steam distillation (42).

Pretreatment. Pretreatment refers to the initial degumming of crude palm oil

with concentrated phosphoric acid and the subsequent adsorptive cleansing with

bleaching clay. Crude palm oil is dosed with phosphoric acid (80–85% concentra-

tion) at a rate of 0.05–0.2% (of the feed oil), heated to 90–110�C, and given a resi-

dence time of 15–30 min before passing to the bleacher where bleaching earth is

added as a slurry. The earth required ranges from 0.8 to 2.0%, depending on the

quality of the crude oil.

The purpose of the phosphoric acid is to precipitate the nonhydratable phospha-

tides while the function of the earth is fourfold: (1) to adsorb the undesirable impu-

rities such as trace metals, moisture, insolubles, and part of the carotenoids and

other pigments (43). (2) to reduce the oxidation products, (3) to adsorb the phos-

pholipids precipitated by the phosphoric acid, and (4) to remove any excess phos-

phoric acid present in the oil after degumming. The final residual color of the

pretreated oil alone is unimportant as the role of the bleaching earth is not so

much of color removal but more critically in its ability to act as an adsorptive

cleansing agent (44). Complete removal of residual phosphoric acid in the bleach-

ing stage is also critical as any ‘‘slip through’’ can result in the rapid rise of free

fatty acid content and color of the final RBD oil (39,42,45). As a further assurance,

a suitable quantity of calcium carbonate is often added after dosing of the bleaching

earth to the degummed oil, to help neutralize the residual phosphoric acid (46).

Bleaching is carried out under a vacuum of 20–25 mmHg and at a temperature

of 95–110�C with retention time of 30–45 min (47). The slurry containing the oil

and earth is then filtered to recover a clear, light orange color pretreated oil. Usually

a small amount of diatomaceous earth is used to precoat the filter leaves to improve

the filtration process. As a quality precaution, the filtered oil is polished through

another security filter bag in series, to trap any earth particles that escape through

the first filter. This is essential as the presence of spent earth particles in the

pretreated oil reduces the oxidative stability of the final RBD oil (46). The spent
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Figure 12. Flow diagrams of (A) physical refining and (B) chemical refining of crude palm oil.
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earth from the filter normally contains about 20–40% oil, and this is the major

source of oil loss in the refining process.

The pretreatment process can be carried out in batch, semicontinuous, or contin-

uous equipment, and the filters used are either plate and frame presses or verticle or

horizontal pressure filters with verticle stainless steel filter screens.

Deodorization. The pretreated oil is then ready for deacidification and deodor-

ization. The pretreated oil is first deaerated followed by heating to 240–270�C in an

external heat exchanger before pumping into the deodorizer, which is kept under a

vacuum of 2–5 mm Hg. Traditionally thermal fluids are commonly used as the heat-

ing medium. However, to eliminate the risk of possible contamination of refined oil

with thermal fluid, superheated high-pressure steam is now commonly being used,

especially in new plants. Temperatures above 270�C are to be avoided to minimize

loss of neutral oil, tocopherols/tocotrienols, and also the possibilities of isomeriza-

tion and undesirable thermochemical reactions (48). Under such conditions and

with the help of stripping steam, the free fatty acids, which were still present in

the pretreated oil, are distilled together with the more volatile odoriferous and

oxidation products such as aldehydes and ketones, which otherwise would impart

undesirable odor and taste to the oil. At the same time, the residual carotenoids

present are also thermally decomposed (Figure 13), and the end result is the

production of a light-colored, bland RBD palm oil. To maximize the recovery of

thermal energy, the hot deodorized oil is heat exchanged against incoming pre-

treated oil to be cooled down to a temperature of 120–150�C. Further cooling is

effected by water down to 55–65�C prior to storage. Antioxidant and citric acid,

if required, are dosed into the RBD palm oil at this stage.

The desirable qualities of the pretreated and RBD palm oil are given in Table 32

(46.50).

Development in Palm Oil Deodorization. The main operation in the deodor-

izer is the stripping of volatile materials and thermal action due to the combined

effects of superheated steam, high temperature, and efficient vacuum. The older

deodorizers (prior to 1985) use bubble caps or sieve-tray designs to effect the

TABLE 31. Refining Crude Palm Oil: Unit Processes.

Stage Principal Impurities Reduced or Removed

Degumming Phospholipids, trace metals, pigments

Neutralization Fatty acids, phospholipids, pigments, oil insolubles, water solubles

Washing Soap

Drying Water

Bleaching Pigments, oxidation products, trace metal, traces of soap

Filtration Spent bleaching earth

Deodorization Fatty acids, mono-and diglycerides, oxidation products, pigment

decomposition products

Physical Refining Fatty acids, mono- and diglycerides, oxidation products, pigment

decomposition products

Polishing Removal of trace oil insolubles
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countercurrent mixing action between the stripping steam and oil flow. However,

technological innovations have resulted in many plants changing over to new deo-

dorizers of packed column or the falling film types (51–53). These new features

reduce pressure drop and improve the contact between the oil film and stripping

steam, thus enhancing mass-transfer efficiency. Incorporation of this new design

has resulted in deodorizers of larger capacities, faster throughput, lower loss of

neutral oil and thus lower steam consumption on a per ton basis (54).

Chemical Refining. Also called caustic refining, chemical refining involves three

stages: (1) gum conditioning and neutralization, (2) bleaching and filtration, and

(3) deodorization.

Figure 13. Thermal destruction of b-carotene (49).

TABLE 32. Desirable Quality of Pretreated and RBD Palm Oil from the Factory.

Pretreat Palm Oil Refined Bleached

Parameter (Degummed/Bleached) and Deodorized Palm Oil

Free fatty acids (as C16:0) (%) Same as crude feed 0.10% max.

Peroxide value (mEq/kg) 0 0

Moisture and impurities (wt %), max. 0.1 0.1

Iron (mg/kg), max. 0.12 0.12

Copper (mg/kg), max. 0.05 0.05

Phosphorus, (mg/kg), max. 4 4

Lovibond color, max. (5 1
4-inch cell) — 3.0R
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Gum Conditioning and Neutralization. The crude oil is heated to a tempera-

ture of 80–90�C. Phosphoric acid of 80–85% concentration is then dosed in at a

rate of 0.05–0.2% (of the feed oil). This serves to precipitate the phospholipids.

After this, the degummed oil is further treated with a caustic soda solution of about

4 N (or 20 Bé) concentration with a calculated excess (based on free fatty acid content

of the crude oil) of about 20%. The reaction between caustic soda and the free fatty

acids in the degummed oil results in the formation of sodium soap, which is readily

removed by a centrifugal separator. The lighter phase discharged consists mainly of

neutralized oil containing 500–1000 mg/kg of soap and moisture while the heavy

phase is mainly soap, insoluble impurities, gums, phosphatides, excess alkali, and a

small quantity of oil loss through emulsification. As an excess of alkali is used, it is

unavoidable that a slight loss of neutral oil through saponification also occurs.

The neutralized palm oil (NPO) is then washed with 10–20% hot water to

remove traces of soap still present. After another stage of centrifugal separation,

the washed oil is then dried under vacuum to a moisture level below 0.05%.

Bleaching and Filtration. The neutralized palm oil is treated with bleaching

earth in a similar manner as that described in physical refining. However, in this

case, the earth also removes traces of soap that are present.

Deodorization. The neutralized and bleached oil is then channeled to the deo-

dorizer in a similar manner to that in the physical refinery. The oil is subjected to

distillation at a temperature of 240–260�C and a vacuum of 2–5 mm Hg with direct

steam injection. Under such conditions, residual free fatty acids, volatile oxidation

products, and odoriferous materials are removed together with thermal decomposi-

tion of carotenoids (Figure 14). The final product, called neutralized, bleached, and

deodorized (NBD) palm oil is then cooled down to 60�C and passed through pol-

ishing filter bags before pumping to the storage tanks. The desirable quality char-

acteristics of intermediate and final products are given in Table 33.

Refining Factor. The efficiency of the refining process is estimated by the use

of a refining factor (RF):

RF ¼ % Total oil loss

% FFA incrude oil

TABLE 33. Desirable Quality of Freshly Produced Intermediate and Final Products

in Alkaline Refining of Palm Oil (48,50).

Neutralized,

Neutralized Neutralized and Bleached, and

Parameter Palm Oil Bleached Palm Oil Deodorized Palm Oil

Free fatty acids (as C16:0) (%) max. 0.15 0.15 0.10

Peroxide values (mEq/kg) — 0 0

Moisture and impurities (wt %) max. 0.1 0.1 0.1

Iron (mg/kg) — 0.15 0.12

Copper (mg/kg) — 0.06 0.05

Phosphorus (mg/kg) — 4 4

Soap content (mg/kg) 20 0 0

376 PALM OIL



Both figures are corrected for moisture and insoluble impurities in the crude oil. In

alkaline refining, the term acid oil factor (AOF) is sometimes used:

AOF ¼ %Acid oil

%FFA

The AOF is used for monitoring losses of neutral oil in the neutralization

process.

Values of RF for chemical refining range from 1.5 to 2.0, while lower figures of

1.2–1.4 are usually recorded in physical refining.

Refining of Other Palm Products. Beside crude palm oil, crude palm olein,

crude palm stearin, crude kernel oil, crude palm kernel olein, and crude palm kernel

stearin can also be refined by either chemical or physical processes described

before. The basic unit operations and processing conditions for crude palm olein

and stearin are similar to those of palm oil. However, in refining palm kernel pro-

ducts, due to the virtual absence of carotenoids, the earth dosage required in the

bleaching stage is lower, usually less than 1.0%. Furthermore, due to the presence

of shorter chain (C8–C14) fatty acids, the deodorization temperature required is

about 230–250�C. Typical achievable quality of RBD/NBD palm kernel oil is given

in Table 34.

By-products. Chemical Refining. The neutralization of free fatty acid in the

crude palm oil with caustic soda results in the formation of soapstock, which is trea-

ted with dilute sulfuric acid of pH 2.0–3.5 at 110–130�C for 30 min. A by-product

called palm acid oil is then separated from the aqueous phase by centrifugation

followed by hot-water washing. It consists mainly of free fatty acids, neutral oil,

and partial glycerides. A small amount of unsaponifiable matter is also present.

Characteristics and properties of palm acid oil (derived from chemical refining of

crude palm oil, stearin, and olein) are given in Table 35 (55).

Physical Retining. The by-product in the physical refining of crude palm oil is

the palm fatty acid distillate (PFAD). It is obtained as a condensate of the volatile

matters carried over from the deodorizer by the action of the stripping steam. It

consists of 80–90% of free fatty acid. It has often been used as a raw material

for soap making, feed compounding, and oleochemical feedstock. An important

and valuable constituent of PFAD is vitamin E in the form of tocopherols and

TABLE 34. Desirable Quality of RBD/NBD Palm

Kernel Oil.

Parameter Value

Free fatty acid (as % C12:0), max. 0.05

Moisture and impurities (wt %), max. 0.1

Lovibond color (5 1
4-inch cell), max. 1.5R

Iron (mg/kg), max. 0.5

Copper (mg/kg), max. 0.1

Phosphorus (mg/kg), max. 1.0
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tocotrienols (56). A process for the economical recovery of vitamin E from PFAD

has been developed by the Palm Oil Research Institute of Malaysia (PORIM) (57).

Characteristics and properties of PFAD from the physical refining of palm oil are

given in Table 36.

4.2. Fractionation

The triglycerides of palm oil consist of a combination of fatty acids with different

chain length as well as degrees of unsaturation. This results in the presence of sub-

stantial quantity of both low- and high-melting triglycerides. Crystallization of the

TABLE 35. Characteristics of Malaysian Palm Acid Oil.

Parameter Range Mean

Free fatty acid (% as C16) 66.9–88.7 72.8

Moisture content (wt %) 0.10–0.68 0.28

Iodine value (Wijs) 41.8–64.4 53.2

Titer (�C) 38.8–47.1 44.6

Unsaponifiable matter (wt %) 0.40–1.95 0.79

Fatty acid composition (wt %)

C12:0 0.1–0.5 0.1

C14:0 1.0–1.6 1.2

C16:0 31.8–56.0 47.1

C18:0 4.1–5.2 4.6

C18:1 29.9–48.9 36.3

C18:2 6.3–12.0 9.6

C18:3 0.3–0.8 0.7

TABLE 36. Characteristics of Palm Fatty Distillates from the Physical Refining of Palm

Oil Products (55).

PFAD from PFAD from PFAD from

Palm Oil Palm Olein Palm Stearin

Parameter Range Mean Range Mean Range Mean

Free fatty acid (% as C16:0) 72.3–89.4 83.3 71.8–98.6 85.5 77.7–89.5 85.9

Moisture content (wt %) 0.03–0.15 0.08 0.03–0.12 0.07 0.04–0.16 0.09

Iodine value (Wijs) 51.2–57.4 55.3 45.6–59.1 57.4 44.3–52.6 44.8

Titer (�C) 40.7–49.0 46.3 36.9–47.8 45.5 44.3–52.6 49.8

Unsaponifiable matter (wt %) 1.5–3.4 2.5 1.6–3.7 2.3 1.3–2.5 1.9

Fatty acid composition (wt %)

C12:0 0.1–0.3 0.2 0.01–0.6 0.2 0.1–0.3 0.1

C12:0 0.9–1.5 1.2 0.3–1.5 1.2 1.2–1.6 1.3

C16:0 42.9–51.0 47.1 39.1–49.0 44.1 47.6–61.3 57.0

C18:0 4.1–4.9 4.5 3.8–5.1 4.5 4.2–5.4 5.1

C18:1 32.8–39.8 36.6 29.3–42.6 39.0 25.2–36.3 29.0

C18:2 8.6–11.3 9.6 7.1–12.8 10.2 6.0–7.4 6.8

C18:3 0.2–0.6 0.5 0.3–0.9 0.5 0.2–0.5 0.4
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oil under controlled cooling followed by separation will yield a low-melting liquid

phase (olein) and a high-melting solid phase (stearin). Factors affecting the crystal-

lization process are oil composition, polymorphism, and cooling condition (58,59).

Oil Composition. Palm oil contains about 4–8% of diglycerides (50), which can

form a eutectic mixture with the triglycerides resulting in lower solid content. This

can slow down the rate of crystallization. The monoglycerides, present at less than

1% in palm oil, have no significant effect on the crystallization.

Polymorphism. Palm oil triglycerides are polymorphic and thus can crystallize

in several forms. The polymorphic forms are designated as a, b0, and b in the order

of increasing stability and melting points. Upon cooling, palm oil initially crystal-

lizes in the a form, which gradually transforms in the order of a!b0!b form. To

have good separation, it is desirable to have b0-form crystals because b0 crystals

agglomerate into large, firm clusters resulting in good subsequent filtration.

Cooling Rate. Cooling rate affects the nucleation and crystal growth of the oil.

As the oil is cooled, it becomes supersaturated. When the temperature is sufficiently

low (about 32–36�C), saturated glycerides will crystallize, and these crystals act as

nuclei for further crystallization of the lower melting glycerides, resulting in forma-

tion of larger clusters of crystals. Slow cooling rate and proper stirring speed is

essential for the formation of the desired crystal form.

Process Description. There are three commercial methods for fractionating

palm oil: dry, detergent, and solvent process.

Dry Fractionation. This is usually carried out semicontinuously using neutra-

lized, neutralized and bleached, or fully refined palm oil. It does not require the

use of any chemicals or additives. The oil is kept homogenized at about 70�C to

destroy any presence of crystal in order to induce crystallization in a controlled

manner during subsequent cooling. Crystal formation and growth occur as the oil

is agitated and cooled using chilled-water circulation. The cooling program is con-

trolled by setting the temperature differential between the oil and chilled water, and

also the time of cooling. When the temperature reaches the desired temperature,

which is dependent on the quality of olein required (but usually about 20�C), the

cooling is stopped and the thick partially crystallized mass is ready for filtration.

The different filtration systems now used in the industry are drum rotary filters,

stainless steel belt florentine filters, and ‘‘membrane filters.’’ Over the last decade,

the membrane filter, which actually is a filter press equipped with a membrane

plate, is increasingly used because it gives a higher yield of olein (about 70–

75%) and a harder stearin compared to that of about 65% obtainable from florentine

or rotary drum filters (60).

Detergent Fractionation. Also known as the Lanza or Liprofrac process, deter-

gent fractionation is normally carried out on crude palm oil. The oil is first cooled in

the crystallizer with chilled water to allow the crystallization of the higher melting

glycerides. When the desired temperature is reached (usually about 20�C), the crys-

tallized mass is mixed with an aqueous detergent solution containing about 0.5% of

sodium lauryl sulfate and magnesium sulfate as an electrolyte. The stearin crystals

are wetted by the detergent solution and separate out into a suspension in the aqu-

eous phase. On centrifuging, the olein is discharged as the lighter phase, and the
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stearin forms part of the aqueous phase. The olein phase is then washed with hot

water to remove excess detergent and vacuum dried before storage. The aqueous

phase is heated to 95–100�C to break the emulsion for recovering the stearin, which

is again washed with hot water and dried under vacuum before storage. Yield of

olein is about 80%.

Solvent Fractionation. This process is the most expensive because of solvent

loss, solvent recovery equipment, much lower temperature requirement, and strin-

gent safety features. The process involves the use of solvents such as hexane or

acetone. The oil is first dissolved in the solvent followed by cooling to the desired

temperatures to obtain the desired crystals. Cooling is effected by brine if very low

temperature is required. The miscella containing the partially crystallized oil and

solvent is then filtered under vacuum suction in an enclosed drum filter. The olein

miscella and stearin miscella are then separately distilled to remove the solvent and

recover the fractions. Yield of olein is about 80%. The solvent process nowadays is

only viable in the production of high value products such as cocoa butter equivalent

or other specialty fats.

Double Fractionation. Double fractionation is carried out for the production of

palm olein with higher iodine value of above 60 or for the production of palm-

midfraction (PMF), which contains a high proportion of oleodipalmitin used for

production of palm-based cocoa butter equivalent (60, 61). Usually the first olein

obtained is recycled back to the plant for further cooling, crystallization, and

filtration. The second stearin otained is termed palmmidfraction. Special and skill-

ful control of the crystallization of both stages is critical in achieving the desired

quality of the products.

Fractionation of Palm Kernel Oil. As in palm oil, palm kernel oil can also be

fractionated via the dry, detergent, and solvent processes (62). The principles

applied are quite similar. The conditions of operation, however, are quite different

because of the different triglyceride composition and crystallization behavior of

palm kernel oil. In the dry fraction process, the separation of palm kernel olein

from the palm kernel stearin is effected by hydraulic pressing under high pressure.

In this case, the palm kernel stearin, which is an important material for production

of lauric-basic cocoa butter substitute, is the premium product. Its yield ranges from

25 to 40% depending on the process used.

4.3. Quality Assurance

General. Palm oil is one of the most stable vegetable oils, and this can be attributed

to the presence of natural antioxidants, and also to the balanced ratio of saturated to

unsaturated fatty acids. Nevertheless palm oil, whether crude or refined, is still sus-

ceptible to quality deteriorations. Stringent preventive measures are necessary to

ensure the production of refined palm oil products of superior quality and accept-

ability.

Quality Chain. The processing chain of palm oil begins with the harvesting of

fresh fruit bunches (FFB) from the estates followed by processing of the FFB into
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crude palm oil. Thereafter, the crude palm oil is sent to the refinery for processing

into various grades of refined products that are then transported to the bulking

installations for export. Because any quality problem that may arise at any point

in the chain will affect the other stages down the line, it is necessary that the right

quality be attained right from the beginning of the process chain. The two main

quality problems associated with palm oil are hydrolysis, leading to formation of

fatty acids, and oxidation, leading to rancidity.

Hydrolysis. The hydrolysis of palm oil is promoted by the presence of free

moisture and heat and also by lipolytic enzymes endogenous to the plant tissue

(63,64). This mode of deterioration occurs during the bruising of fruits in the har-

vesting and transportation of the FFB to the mill and also their extended storage

under unfavorable conditions. In the case of oil during storage, the hydrolysis is

attributed to a chemical reaction that is autocatalytic (65). The presence of high

FFA in crude palm oil is undesirable as it (1) reduces the yield of RBD palm oil

through higher loss of PFAD by-product, (2) reduces the capacity of refining,

and (3) results in poor bleachability of crude oil and poor stability in the final pro-

duct (50). Crude palm oil with high FFA content invariably also contains a high

amount of partial glycerides, especially diglycerides. Interactions between the

diglycerides and the triglycerides often lead to formation of eutectics resulting in

poor crystal formation during fractionation, difficulty in separation of olein and

stearin by filtration, and also in production of olein with poor cold stability (66, 67).

Oxidation. Oxidation of oils and fats is due to prolonged exposure to air. By

virtue of the low polyunsaturated fatty acid content, palm oil is relatively more

stable to oxidative deterioration than the polyunsaturated vegetable oils. However,

in the presence of trace metals such as iron and copper, excessive oxidation at the

olefin bonds of the oleic and linoleic acids can occur, resulting in rancidity. Highly

oxidized crude palm oil is known to have poor bleachability and thus requires more

bleaching earth and more severe refining conditions, and the final product will

likely be of poor stability (44, 45, 68).

Quality Assurance Measures in Plantation and Milling. Availability of good-

quality crude palm oil is a prerequisite for the production of good-quality refined

palm oil products. The criteria for good-quality crude palm oil are:

Low free fatty acid content

Low in oxidation characteristics

Good bleachability

Low in trace metals and insoluble impurities

Moisture content of about 0.15–0.20%

High in deterioration of bleachability index (DOBI)

[DOBI, which is defined as the ratio of the uncorrected absorbance values at

446 nm to that at 269 nm, was introduced as a quality parameter to differentiate

the refinability of good- and poor-quality crude palm oil. The relation to quality

is DOBI >3, good; 2.4–2.9, fair, and <2.3, poor (45, 69).]
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In the palm oil industry, it is often said that ‘‘good quality is made in the field,

not in the mill.’’ This statement clearly emphasizes the importance of maintaining

good harvesting practices of fruit bunches in the plantation. A good harvesting

practice is one that gives the best compromise between oil yield, oil quality, and

harvesting cost. Field factors that determine quality of the palm oil include the

degree of ripeness of the fruit bunches, the severity of bruising of the harvested

crop, delays between harvesting and sterilization, and contamination of FFB by

sand, dirt, or stones (70). Data in Table 37 serve to indicate that the oil extracted

from fresh unbruised fruits can have very low FFA and oxidative characteristics

compared with that normally traded (50). Precautionary measures taken by mills

to minimize hydrolysis, oxidation, and contamination of the crude palm oil are

summarized below:

FFB handling: minimize bruising and sterilize as soon as possible (	24 hr)

Sterilization: optimize conditions, avoid overheating, do not mix boiler

condensate with crude palm oil

Clarification: eliminate water and impurities; use hermetic system

Drying: reduce moisture to 0.17–0.2% before storage

Processing of Crude Palm Oil. The ultimate aim of the processing of crude palm

oil is to obtain various products such as RBD palm oil, RBD palm olein, or RBD

palm stearin that meet the requirement of the end users. An effective and efficient

quality assurance program in a processing plant is essential and should consist of

the following monitoring activities:

Raw material: Each and every delivery must be carefully inspected to ensure that

specifications are met and that the shipment is free from contamination. Good

raw material is a prerequisite to good-quality product.

In-process materials: Regular analyses of important quality parameters will

serve as a check that proper processing has been achieved. Good commu-

TABLE 37. Crude Palm Oil Quality.

Component Ripe, Fresh, Unbruised Fruit Average Traded PO

Triglycerides (%) 98 <98

Diglycerides (%) 2–3 4–8

Monoglycerides (%) 0.1 0.2

FFA (%, as C16:0) 0.1 3.5 (max 5)

Phosphorus (ppm) 2–3 20–30

Tocopherols (ppm) 800 600–800

Carotene (ppm) 550 550

Totox 1 >5

Iron (mg/kg) 0.1–0.3 5–10

Copper (mg/kg) 0.01 0.05

382 PALM OIL



nication between laboratory and production personnel is of great importance

to ensure success of the quality assurance program.

Finished products: Regular checks on the finished products must be carried out

to ensure compliance to quality specifications before the products are

permitted for discharge to storage or shipment.

Process control: Proper processing conditions (dosage of processing aids,

temperature, pressure/vacuum, flow rate, etc.) must be closely adhered to

and monitored to ensure the oil is processed correctly and to minimize

undesirable side reactions. In order to assess process efficiency, the oil losses

through spent clay or soapstock (as in the case of alkaline refining only) must

also be monitored.

4.4. Palm Oil Refinery Effluent Treatment

The characteristics of palm oil refinery effluent vary according to the type of refin-

ery operation (chemical or physical refining, fractionation process, etc.), process

control, and housekeeping program. It is quite difficult to derive general character-

istics for raw effluent. Therefore the choice of treatment system will depend very

much on the complexity of the raw effluent, i.e., its flow and characteristics.

However, there has been a trend among refiners over the last two decades to

reduce effluent and other forms of pollution by:

1. Changing from chemical refining to physical refining

2. Automation and strict process control to prevent spillage and product loss

3. Installation of new equipment that is based on low energy and water

consumption

In Europe and the United States, there are two basic ways of providing effluent

treatment facilities for the edible oil refining industry. One way is for the industry to

construct a treatment system at the manufacturing plant site to treat its effluent to an

acceptable level for discharge directly to rivers or other public water courses. The

second is to dicharge the untreated or partially treated effluent to sewers of a local

government agency providing wastewater conveyance and treatment services or

publicly owned treatment works (71–73). The latter practice is generally termed

‘‘joint treatment.’’ The industry practicing joint treatment is required to provide

control and pretreatment to various degrees in order to use the publicly owned

facilities.

The main reason for the joint treatment practice is that it costs less than the alter-

native. The other treatment costs are fairly shared among the users and beneficiaries

of the system. Another important advantage is minimizing the space necessary for

the treatment facilities. This saving of space is particularly important for crowded

industrial estates. Obviously, the joint treatment plant is expected to operate to

achieve better efficiency because its operation is carried out by specialized, full-

time, and well-trained professionals. Understandably, in any commercial operation,
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an effluent treatment plant is way down on the priority list. The industry is quite

reluctant to spend money on pollution control equipment. Therefore joint treatment

is the most economical and practical choice unless such facility is not available.

Treatment Method. Oils and Fats Recovery. The oils and fats recovery system

adopted obviously depends on the local circumstances. Typically, the first stage of

pretreatment is the use of a physical process to recover the free oils and fats. The

most commonly used physical separation process for the removal of free oils

and fats are fat traps, tilted-plate separators, and dissolved air flotation units. In

addition, centrifuge and electroflotation systems are occasionally used (73).

pH Control and Chemical Treatment. pH adjustment is often necessary to

prepare the effluent for subsequent treatment processes, especially the biological

ones. Chemical treatment involves the use of coagulants and flocculants such as fer-

ric chloride, aluminum sulfate, lime, and polyelectrolytes to reduce the total fatty

matters prior to the separation by flotation and sedimentation processes. pH adjust-

ment is often required for optimum results. Chemical treatment is usually required

for effluent from a chemical refining process.

Aerobic Treatment Process. Effluent from edible oil refineries has been shown

to be amenable to biological treatment, both anaerobic and aerobic processes

(74,75). The application of activated sludge process or aerated lagoon in this con-

text is well established in the edible oil industry (71, 73, 76). Figure 14 shows the

process flow of a typical activated sludge process.

Aerated lagoon treatment was very popular in the United States (73). The main

disadvantage of the aerated lagoon as compared to the activated sludge process was

that it required large land area and long hydraulic retention time (5–20 days). The

long retention time was required because of the low mixed-liquor suspended solids

(MLSS) concentration in the aerated lagoon. There was no recycle of the MLSS

from the discharge to the aerated lagoon. On the other hand the MLSS in the acti-

vated sludge process is maintained at optimum level by recycling the MLSS, which

is a standard feature of the process. The MLSS is normally maintained between

2000 and 5000 mg/L depending on the process requirement. Thus the retention

time can be very short, a fraction of a day.

The effluent from edible oil refinery tends to be deficient in nitrogen for aerobic

biological treatment. Nitrogen has to be added to fulfill the nutrient requirement. In

general, a ratio of BOD : N of 100 : 5 is required for biological treatment. Phos-

phorus is generally present in adequate amounts in the effiuent. This is because

phosphoric acid is used in the refining pretreatment process. A ratio of BOD : P

of 100:1 is adequate for the same purpose.

Figure 14. Conventional completely mixed.
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Total fatty matter (TFM) concentrations in the raw effluent can lead to poor

performance of the treatment process. Therefore, care should be taken to ensure

efficient removal of TFM in the pretreatment (physical/chemical) process. TFM

is one of the main contributors to BOD.

Another important design criterion that affects the treatment process perfor-

mance is the organic loading rate. Typically, good treatment efficiency can be

achieved when the organic loading rate is less than 0.15 kg BOD per kilogram

MLSS per day. Under good maintenance and operation conditions, the discharge

BOD and suspended solids (SS) concentration of 20 and 30 mg/L, respectively,

can readily be obtained.

The treatment system for those refineries employing the chemical refining pro-

cesses consists of a train of processes with balancing tanks with pH adjustment,

chemical and physical treatment facilities (coagulation and flocculation as well

as air flotation), and the activated sludge process (40). The main problems encoun-

tered in the operation of the activated sludge plant are the high fluctuations of the

loading rates (both hydraulic and organic) and the requirement of close system

monitoring and supervision by skilled operators. This was much lacking in the

industry. Thus the process seldom achieved the expected treatment efficiency.

There has been very little publication/information on the treatment of palm oil

refinery effluent. Osenga (41) introduced a treatment process consisting of a cross

flow interceptor (CFI) for oil separation, physical and chemical treatment, and air

flotation units to remove the floes followed by a batchwise activated sludge process

for the liquid effluent treatment. This process also requires close supervision in

order to achieve the desired treatment efficiency.

Chin and Wong (74) attempted to treat palm oil refinery effluent by conventional

activated sludge process with limited success. The treated effluent was highly

colored with over 800 Hazen units.

Sequencing Batch Reactor—A New Treatment Process for Palm Oil Refinery

Effluent. Since the early 1970s, an alternative aerobic process called the sequen-

cing batch reactor (SBR) has gained much popularity in the treatment of various

types of wastewaters. It is very similar to the old fill and draw (batch) system. There

are essentially five modes of operation in the SBR process: fill, react, settle, draw,

and idle.

All these operations take place in a single reactor instead of two as in the con-

ventional AS process (Figure 15). These operations have been made simple by the

advent of reliable and inexpensive microprocessor-based controllers. The process

has been found to be very efficient in the treatment of a variety of wastewaters.

Arora and co-workers (77) have reported that SBR has many advantages over the

conventional AS process. These advantages include equalization, ideal settling,

simple operation, compact layout, and cost saving (capital and running costs).

Irvine and co-workers (78–80), Palis and Irvine (81), and Melcer and co-workers

(82) have used SBR to treat wastewater from small communities. Excellent removal

efficiency of BOD and nitrogen were recorded. Lo and co-workers (83,84) and Ng

(85) have also successfully applied the laboratory-scale SBR treatment to milking

parlor wastewater and piggery wastewater, respectively.
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SBR Treatment Plant Characteristics. The flow diagram of the SBR treat-

ment plant used is shown in Figure 16. It consists of one holding tank and two reac-

tors. The effluent, consisting of circuit bleed water from the barometric condenser,

cooling water, floor washing and cleaning water, is collected in a sump where any

oil and fatty matter is recovered. It is then pumped to the holding tank where nutri-

ent and pH adjustments are carried out, if necessary, before it is fed to the one of the

reactors by a centrifugal pump. Air is supplied by a compressor through cone-

shaped diffusers installed at the bottom of the reactor. Discharge of the treated efflu-

ent is controlled by the operation of a valve. Time for each mode of operation is

predetermined. All the operations including the switching on and off of the pumps

and compressor, opening of discharging valve, etc., are controlled by a micropro-

cessor-based sequencing controller as shown in Figure 16. The program can be

easily changed on site to meet the operation requirements.

Feed water

(raw effluent)

React
slow air

Feed/react

Idle React fast
air

SettleDecant

Figure 15. Schematic representation of SBR cycle.
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Characteristics of Palm Oil Refinery Effluent. Table 38 shows the character-

istics of the effluent from a typical palm oil refinery employing a physical refining

process. The effluent is slightly milky and is acidic in nature. It can be seen that the

characteristics of the effluent vary quite widely. Nutrient (N and P) contents seem

to be sufficient for biological process according to BOD : N : P of 100 : 5 : 1 ratio.

It contains low suspended solids and fatty matter, which are mainly dirt and free oil

from washwater and oil spillage.

Figure 16. Schematic diagram of full-scale SBR process.

TABLE 38. Characteristics of Palm Oil Refinery

Wastewater (physical refining and dry fractionation

process).

Parametera Range Mean

Temperature (�C) 30–45 35

pH 3.8–7.0 5.3

BOD 50–1500 530

COD 150–3000 900

TS 100–2000 580

SS 50–100 80

TN 0–20 10

P 1.0–10 4

O&G 25–600 200

aAll parameters in milligrams per liter (mg/L) except pH and

temperature. BOD, biochemical oxygen demand: COD, chemical

oxygen demand: TS, total solids:SS, suspended solids; TN, total

nitrogen; P, phosphorus; O&G. Oil and grease.
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Process Performance. The performance of the SBR process is shown in

Figure 17. It can be seen that very stable and consistent performance can be

achieved. The process could sustain high fluctuations in feed chemical oxygen

demand (COD). With the feed COD varying between 240 and 1000 mg/L, the

SBR could produce highly purified final discharge. The COD and SS were consis-

tently less than 100 and 50 mg/L, respectively. It has been established that when the

COD is less than 250 mg/L, the BOD is consistently less than 50 mg/L.

Very good settling characteristics of the sludge were also observed. The MLSS

settled very well in less than 30 min (Figure 18). The SVI of the sludge was less

than 50 mL/g. Random checking on the viability of the sludge showed that the

MLSS consisted of over 80% of MLVSS.

5. END USES

Palm oil is used in both edible and nonedible applications (Figure 19). Ninety per-

cent of palm oil and its products are used for edible purposes. Currently palm oil is

used in food preparation or food manufacture worldwide. The remaining 10% of

palm oil and its products are used for nonedible applications, mainly in the soap

industry and in the manufacture of oleochemicals.

5.1. Food Applications

The use of palm oil in food dates back 5000 years. For edible and nonedible uses,

palm oil is normally refined. However, even today, unrefined palm oil is still used for

cooking in certain African villages much the same way as it used to be. Examples

demonstrating the range of palm oil applications in food are shortening, margarine,

vanaspati, deep frying fat, and specialty fats.

Shortening. At 20�C, palm oil has 22–25% solid fat content and is a valuable

ingredient for shortening formulations. Unlike margarine, which is an emulsion of

about 80% oil and 20% water, shortening is pure (100%) oil and fat.

There are many types of shortenings, each tailor-made for a particular applica-

tion. There are also general-purpose shortenings that are used in the preparation of

many foods: in cooking and frying and in the manufacture of bakery products such

as cakes, cookies, rusks, wafer, pastries, and bread (86, 87).

Other related bakery products include cream fillings and icings. One important

function of a shortening is to incorporate and hold air, whether beaten in a cake

batter or creamed with sugar (87, 88). This ability to trap air enables the formation

of a porous structure and increases the volume of the cream or the baked cake. This

in turn influences texture: shortening contributes to tenderness of various baked

products. For optimum creaming ability and to be functional in cakes, the shorten-

ing must be stable in the b0 form. The b0 form refers to tiny fat crystals that are

responsible for the smooth texture of the shortening and aid in incorporation of

numerous air bubbles during the creaming process. In this respect palm oil short-

ening is at an advantage because the crystals exist in the b0 form (87, 89).
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Figure 17. Performance of sequencing batch reactor.

3
8
9



In a study on some shortening formulations based on palm products in combination

with other vegetable oils, Idris and co-workers (88) reported that a high-palmitic-

acid content was good for aeration of fat/sugar mixtures. The results of the study

indicated that palm stearin—cottonseed oil (3 : 2) shortening was best for aerated

cream filling. Table 39 shows baking performance of some palm-based shortenings.

A blend of palm stearin and low-erucic-acid rapeseed oil was very economical and

performed excellently in cakes. For application both in cream fillings and baking,

interesterified palm olein was the suitable material (88).

Palm oil can be blended with butterfat for use as a biscuit shortening or alterna-

tively diacetyl flavoring can be added to palm oil shortening to give the desirable

buttery taste (90). Idris and co-workers (90) reported that biscuits made with short-

enings containing palm oil and butterfat were not significantly different in flavor

from those made with 100% butterfat. In another study, Idris and co-workers

(91) reported the texture characteristics of pressed cookies made with oil, hydroge-

nated palm oil, and interesterified palm oil shortenings. With higher solid fat con-

tent and firmer consistency, shortening based on hydrogenated palm oil produced

firmer dough and harder as well as crispier cookies.

Margarine. Margarine is a type of emulsion consisting of fat and water.

Although the original purpose in developing margarine was to imitate butter, there

has since been a considerable diversification of margarine products, which now

include:

Table margarine in tubs

Table margarine in block form

Cream/cake margarine

Margarine for tropical climates

Puff pastry margarine

Figure 18. Setting characteristics of MLSS.
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Figure 19. Palm oil utilization chart.
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There are also low-calorie spreads that are similar to margarine in their physical

behavior but have a much higher water content. The physical properties of margar-

ines are largely determined by the fat component, and these properties vary with the

type of product. Thus tub margarines are soft and are spreadable straight from the

refrigerator. Table margarines in packets are not as soft but are spreadable at room

temperature, while cake or cream margarines are a little firmer than table margar-

ines. At the extreme end, pastry margarines are much firmer, in order to give the

flaky texture to the end product. Palm olein is suitable as the liquid component

of margarine blends, while palm stearin or hardened palm oil can be used as the

solid component (92). Ward (93) recommended that at least 10% palm oil be incor-

porated in canola-based margarines. Palm oil and palm oil products have also been

found to be very good ingredients for puff pastry margarine (94).

Vanaspati. Vanaspati, or vegetable ghee, is a major commodity in countries such

as India, Pakistan, Egypt, Saudi Arabia, Iraq, and Iran. In India and Pakistan, con-

sumers prefer products with a granular texture. In Iraq and Iran a smooth texture is

preferred. Kheiri (95) reported that vanaspati from India contained between 5 and

20% of palm oil products. A higher percentage, more than 50% of palm oil pro-

ducts, has been reported in Pakistan vanaspati formulations (95).

TABLE 39. Baking Performance of Shortenings Based on Palm Products in Combination

with Other Vegetable Oils (88).

Specific Cake Volume

Shortening Composition Experimental/Control�100 (%)

18% Hydrogenated palm oil (MP 41.5�C) 95

42% Palm stearin (IV 44)

40% Soybean oil

18% Hydrogenated palm oil (MP 41.5�C) 90

42% Palm stearin (IV 44)

40% Cottonseed oil

18% Hydrogenated palm oil (MP 41.5�C) 101

42% Palm stearin (IV 44)

40% Low-erucic-acid repeseed (LEAR) oil

50% Palm stearin (IV 44) 96

50% Soybean oil

50% Palm stearin (IV 44) 96

50% Cottonseed oil

50% Palm stearin (IV 44) 101

50% Low-erucic-acid rapeseed (LEAR) oil

60% Palm stearin (IV 44) 96

40% Soybean oil

60% Palm stearin (IV 44) 95

40% Cottonseed oil

50% Palm stearin (IV 44) 97

50% Low-erucic-acid rapeseed (LEAR) oil

100% Interesterified palm olein 99
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Deep Frying Fat. Palm oil is the most widely used industrial frying fat because

it has no unpleasant room odor, has high resistance to oxidation, does not polymer-

ize to gums, and has a nutritionally good fatty acid composition (50% unsaturated

and no trans acids). A number of published reports show palm oil products in a

favorable light when compared with alternative frying media (Table 40). The

good frying properties of palm oil are due to its moderate degree of unsaturation,

the absence of linolenic acid, and the presence of tocopherol. The tocopherol (380–

890 ppm) acts as an effective natural antioxidant (100). For industrial frying of

instant noodles, palm oil is very suitable (101).

The liquid fraction of palm oil, palm olein, is also widely used for frying. In fact,

in Malaysia, it is now the main cooking oil used in most households. During frac-

tionation the tocopherols are somewhat concentrated in the palm olein, so that

refined palm olein typically has 500–600 ppm total. The longer frying life and its

reduced tendency to foam and polymerize make it a better frying oil than corn or

soybean oils (102). In another frying study, Augustine and co-workers (103) found

that palm olein was comparable in terms of oxidative stability during frying with

the hydrogenated vegetable oils, namely hydrogenated soybean, hydrogenated sun-

flower, and hydrogenated cottonseed oils. The ability of palm olein to produce fried

foods of acceptable quality without the need for hydrogenation can be considered

an advantage.

5.2. Specialty Fats

Palm oil and palm kernel oil are also ideal raw materials for the production of

specialty fats. Specialty fats are particularly suitable for confectionery products,

especially chocolates. Specialty fats can be classified according to their chemical

composition into three types: (1) symmetrical, (2) lauric, and (3) high trans.

Symmetrical-type specialty fats contain predominantly SOS-type triglycerides.

The major triglycerides in cocoa butter are POSt, StOSt and POP. These triglycer-

ides, comprising about 75% of the total, are often summarized as SOS or symme-

trical triglycerides. Solvent fractionation (104) of palm oil (Figure 20) produces a

midfraction with a high content of the POP triglyceride but deficient in StOSt and

POSt. This deficiency can be corrected by adding Illipe fat (or Borneo tallow),

which contains these glycerides. Therefore the physico—chemical characteristics

TABLE 40. Summaries of Published Work on Frying in Palm Oil.

Authors Country Conclusion

Von Zeddelman and Wurziger (96) Germany Hardened groundnut oil and palm oil

products best

Faur (97) France Palm olein and palm oil excellent for catering

Toregard and Eriksson (98) Sweden Palm oil and palm olein superior to hardened

soybeam oil

Herendi and Bethke (99) Germany Palm olein performed as well as groundnut oil
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of cocoa butter can be closely matched by correctly blending palm midfraction with

Illipe fat.

Because of the similarity in the chemical compositions of the symmetrical-type

fats and cocoa butter, they are compatible with each other in almost any propor-

tions, and for this reason these specialty fats are usually called cocoa butter equiva-

lents (105). In certain countries, legislation allows up to about 15% of the cocoa

butter in chocolate to be replaced by symmetrical-type specialty fat and the product

may still be described as ‘‘chocolate.’’ In terms of texture and flavor these products

are very close to real (cocoa butter) chocolate.

Lauric-type specialty fats are produced from oils containing mainly lauric and

myristic acids. The simplest lauric-type fats can be made by hardening palm kernel

oil to slip melting points between 32 and 41�C. Palm kernel oil can also be fractio-

nated to give a stearin with much better melting properties than the hardened palm

kernel fats. The palm kernel stearin with physical properties resembling that of

cocoa butter, is called cocoa butter substitute, or hard butter. It is usually hydroge-

nated to further improve its meeting profile.

Hydrogenated palm kernel oil or olein is used as a cheaper alternative toffee fat

to replace the more expensive dairy butter, either completely or in combination with

butter. Hydrogenated palm kernel oil is also a good general-purpose coating fat.

Figure 20. Acetone fractionation of palm oil.
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High-trans-type specialty fats can be produced by a combination of selective

hydrogenation and fractionation from liquid oils. These high-trans-type fats can

be produced by selectively hydrogenating blends of soybean oil and palm olein

or palm olein alone. They are more compatible with cocoa butter than the lauric-

type cocoa butter substitutes, thus they are sometimes called cocoa butter partial

replacers.

5.3. Recent Food Applications

The newer applications of palm oil in foods include its use in emulsion-based, pow-

dered, and convenience food products. Butterfat has been traditionally used in ice

cream, but palm oil and palm kernel oil are now used commercially to replace it.

Similarly, palm oil can also replace butterfat in the manufacture of milk, to give a

product known as ‘‘filled milk.’’

Palm oil is used because it is more economical than other oils and is easily avail-

able. In addition, it is more stable to oxidation than butterfat. Filled-milk powder

can be made from skimmed-milk powder recombined with refined palm oil.

Another use of a palm oil product is in infant food formulations. The low-melt-

ing olein has been found to be very suitable for use in infant food formulations

when blended with other vegetable oils. Low-melting olein contains 10–15% pal-

mitic acid in the 2-position of the glycerol chain. This contributes to the high

digestibility of the product (106).

Apart from the products mentioned, there are many other foods that contain

palm oil and palm kernel oil products. These include soup mixes, cake and dessert

mixes, ‘‘rendang’’ or curry mixes, sardines, baked beans, breakfast cereals, shrimp-

paste powder, bouillon, peanut butter, and beverages. Palm oil products have also

been used as a spray oil on biscuits.

5.4. New Potential Food Applications

An important future application of palm oil in food is the use of refined red palm oil

in cooking. Refined red palm oil is a highly nutritious oil rich in vitamin E and

b-carotene. Nor Aini (107) reported that the deep red color of the oil blends well

with ingredients such as chili and curry, making the dishes more attractive and

appealing. The use of refined red palm oil is a possible alternative means of

combatting vitamin A deficiency, which is prevalent in many countries.

Another promising application of a palm oil product is the use of RBD palm

olein of high IV as salad oil. The use of palm olein as salad oil can be made possible

by blending it with other vegetable oils (108,109). Yet another potential use of RBD

palm oil is as a barbecue oil. Its high stability and bland taste makes it a good

choice for this application. The oil acts as a flavor carrier, and it also prevents

the barbecued meat from drying out, so that one gets a juicy and tasty end product.

Palm oil is indeed a versatile oil. Its applications are varied and it can be used in

almost any food.
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5.5. Nonedible Applications

For simplicity the nonfood uses of palm oil and palm kernel oil and their products

will be divided into two categories, i.e., those where products are made directly

from the oils (direct route) and those where they are obtained via the oleochemicals

route (Figure 21).

Direct Route. Soaps. Soaps are derived from oils or fats by reacting them with

caustic soda at 80–100�C in the process known as saponification. The use of soap as

a laundering agent and for cleansing the skin is many centuries old. Although mod-

ern detergents have almost eliminated the use of soap for home laundry purposes,

soap is still the main ingredient in toilet bars for personal use. In 1990 the world

consumed 8.9 million tons of soaps, and consumption is expected to grow at 2.2%

Figure 21. Nonfood applications of palm oil and palm kernel oils.
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per annum, slightly faster than the world population (110). The developing coun-

tries are expected to show higher growth rates in soap consumption than the devel-

oped countries.

The incorporation of C16–C18 and C12–C14 fatty acids in soaps is important as

they provide the cleaning, solubility, and foaming properties required. Tallow and

coconut oil have been the traditional sources of these fatty acids. A comparison

between the fatty acid compositions of palm oil, palm stearin, tallow, palm kernel

oil, palm kernel oleins, and coconut oil (Table 41) indicates that the first three

are rich in C16–C18 fatty acids while palm kernel and coconut oils are rich in

C12–C14 fatty acids. However, for palm products to establish a niche in the market

as raw materials, soap manufacturers have to be convinced that apart from price

competitiveness, they will yield soaps with properties and performance comparable

if not superior to those from tallow and coconut oil.

Palm stearin (POs) and palm kernel olein (PKOo) are produced, along with palm

olein (POo) and palm kernel stearin (PKOs), when palm oil and palm kernel oil

(PKO) are fractionated. While palm olein and palm kernel stearin have higher

added value because of their specific food applications, POs and PKOo are nor-

mally sold at discount prices. Several studies carried out by Kifli and co-workers

(111) revealed that POs and tallow can be formulated together with PKO to

give soaps that are comparable with tallow-PKO blends (Tables 42, 43, and 44).

Since POs is cheaper than tallow, the resulting soaps are expected to be cheaper.

Perfume retention of palm-based soaps has also been found to be better than that

of soaps made from tallow (112, 113). More interesting are the observations of

Kifli and co-workers (111) on POs and PKOo blends: Soaps based on these were

found to have comparable foaming power and better color.

TABLE 41. Fatty Acids Compositions of Selected Oils/Fats.

Weight Percentage

Palm Palm

Fatty Palm Palm Kernel Kernel Palm Soybean

Acids Oil Stearin Tallow Oil Olein Coconut Olein Oil

C6 — — — 0.3 0.4 0.2 — —

C8 — — — 4.4 5.4 8.0 — —

C10 — — — 3.7 3.9 7.0 — —

C12 0.2 0.3 — 48.3 41.5 48.2 0.2 —

C14 1.1 1.3 2.5 15.6 11.8 18.0 1.0 —

C16 44.0 55.0 26.6 7.8 8.4 8.5 39.8 6.5

C18 4.5 5.1 21.8 2.0 2.4 2.3 4.4 4.2

C18:1 39.2 29.5 42.8 15.1 22.8 5.7 42.5 28.0

C18:2 10.1 7.4 2.3 2.7 3.3 2.1 11.2 52.6

Other 0.8 0.7 4.0 0.1 0.1 — 0.9 8.0

IV 53.3 35.5 35–48 17.8 25.5 9.5 58.4 133

SAP. V 196 199 195 245 — 256 198 192
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Poor color and discoloration are common complaints expressed by soap manu-

facturers attempting to use palm products for the production of white soaps. Sapo-

nification color value (SCV), which represents the color of the saponified oil, will, to a

limited extent, indicate the whiteness of the soap produced from the oil. For white

soap the SCV of the oil has to be lower than 3R. Palm products have SCVs greater

TABLE 42. Characteristics of Soaps Based on Tallow-Palm Stearin-Palm Kernel Oil

Blends.

Blends

Parameters 00 : 80 : 20 60 : 20 : 20 40 : 40 : 20 20 : 60 : 20 80 : 00 : 20

Acid value 223 222 220 219 216

Titer (�C) 49 44 41 39 39

IV 29 29 27 31 34

Free caustic (%) 0.3 0.3 0.2 0.2 0.1

Moisture 9 10 8 8 9

Hardness 23 22 22 23 21

Foamability 255 255 245 265 260

Whiteness (Hunter) 81 82 84 81 80

TABLE 43. Characteristics of Palm Oil-Palm Stearin-Palm Kernel Fatty Acids

Blends in Soap.

Blends

Parameters 80 : 00 : 20 60 : 20 : 20 40 : 40 : 20 20 : 60 : 20 00 : 80 : 20

Acid value 214 215 217 219 219

Tiler (�C) 42 44 46 47 48

IV 38 34 33 30 34

Free caustic (%) 2.1 0.1 0.8 6.7 2.3

Moisture 7 7.6 8.6 8.2 7.8

Hardness 13.5 12.0 12.3 10.5 16.2

Foamability 320 355 340 150 295

TABLE 44. Characteristics of Soaps Based on Palm Stearin-Palm Kernel Olein Blends.

Blends

Parameters 90 : 10 80 : 20 70 : 30 60 : 40 50 : 50

Acid value 179 185 188 191 196

Titer (�C) 47 44 42 41 40

IV 28 30 28 28 25

Free caustic (%) 0.12 0.05 0.2 0.09 0.1

Moisture 16.3 22.7 25.2 17.2 27.6

Hardness 10 12 11 16 7

Foamability 340 270 315 340 365

Whiteness (Hunter) 94 93 92 90 93
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than 5R (Table 45) and are therefore unsuitable for the production of white soaps.

However, bleaching the oil with hydrogen peroxide has been found effective in

reducing the SCV and producing stable white soaps (114). Since the reaction

with hydrogen peroxide is exothermic, extra care must be exercised. Endogeneous

minor components present in palm oil could be one of the factors causing the color

and discoloration. Preliminary effort by Ooi and co-workers (115) identified hydro-

xy-a-carotene-5,8-epoxide and chrysanthemaxanthin as two of the possible minor

components causing the yellow color in palm oil soaps. Besides minor components,

soap manufacturers know that the presence of trace metals and synthetic antioxi-

dants contribute to the discoloration.

Diesel Substitute. Vegetable oils were used as motor fuel by Rudolf Diesel

in 1900 when demonstrating his compression engines (116). Since then many

publications referring to similar usage of cracked products of oils and fats have

been published.

Recent research (117) has demonstrated that crude palm oil can be used directly

as a fuel to run cars fitted with suitable diesel Elsbett engines. The exhaust fumes

from crude palm oil engines were found to be cleaner than those from diesel

engines, with essentially no sulfur or nitrogen oxides. It is also cheaper and safer

to transport crude palm oil than diesel because of the higher flash point (crude palm

oil at 240�C vs. diesel at 52�C).

Cost is always the main factor that determines large-scale utilization. However,

the initial results suggest that the use of crude palm oil as an engine fuel would be

30% more costly compared with petroleum diesel under Malaysian conditions.

Epoxidized Palm Oil and Products, Polyols, Polyurethanes, and Polyacrylates.
Epoxidized palm oil and palm oil products (EPOP) can be produced by reacting

palm oil, palm stearin, or palm olein with peracids. Preformed peroxyacetic and

peroxyformic acids, as well as peroxyacetic acid and peroxyformic acid generated

in situ, were studied by Ahmad and co-workers (118,119) to find suitable methods

for the production of EPOP. The best procedures were found to be preformed

peroxyacetic acid and peroxyformic acid generated in situ (Table 46).

Epoxidized oils, especially epoxidized soybean oil (ESBO), are used extensively

as plasticizers and stabilizers for plastics, particularly polyvinyl chloride (PVC). A

plasticizer increases the workability of a plastic while a stabilizer reduces the rate

TABLE 45. Saponification Color Values of NBD and RBD Palm Oil and Palm Oil Products.

Original Color Saponification Color

Samples No. Ave. Range Ave. Range

RBD palm stearin 11 2.1R 1.6R–2.5R 6.4R 5.2R–6.5R

NBD palm stearin 5 1.6R 1.5R 5.6R 5.4R–6.1R

RBD palm oil 16 2.0R 1.2R–2.8R 6.8R 5.5R–9.0R

NBD palm oil 2 1.7R 1.7R 6.9R 6.7R–7.2R

RBD palm olein 10 2.5R 2.1R–2.9R 8.1R 6.7R–8.9R

NBD palm olein 4 2.1R 2.0R–2.3R 8.5R 7.5R–8.9R
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of degradation of a plastic by heat, light, or microorganisms. Epoxidized oils can

fulfill both functions, and their compatibility with a plastic increases with their

epoxide content.

Because palm oil and its products have lower iodine values, the epoxide contents

of EPOP are lower than that of ESBO. As plasticizers and stabilizers, EPOP are

therefore not expected to perform better than ESBO, but their performance could

be made comparable by slight modifications of the formulations. PVC jungle and

rain boots plasticized and/or stabilized with EPOP have been produced that are

comparable in performance to those plasticized and/or stabilized with ESBO (120).

The value of epoxidized oils lies in the versatility of the epoxide rings. Being

labile, they can easily be converted to other useful functional groups, thus diversi-

fying end uses. EPOP can be converted to various polyols by reacting them with

short-chain polyhydric alcohols in the presence of catalysts. By changing the ratio

of EPOP to polyhydric alcohols and the types of polyhydric alcohols, polyols with a

range of hydroxyl values and viscosities can be produced (121–123) (Table 47).

Polyols when reacted with isocyanates produce polyurethane foams. The water

formed in the reaction acts as an internal blowing agent, thus avoiding the need

to use environmentally unfriendly blowing agents such as chlorofluorocarbons.

Polyols from EPOP react with isocyanates at a slower rate than do polyols based

on petrochemicals. The resulting foams, however, have regular cell structures and

exhibit good hydrophobicity. With suitable formulations these properties could be

fully exploited to give rise to interesting products (124).

TABLE 46. Reaction Conditions for the Production of Epoxidized Crude Palm Oil.

Preformed Peroxyacetic Preformed Peroxyformic

Peroxyacetic Generated Peroxyformic Generated

Reaction Parameters Acid in situ Acid in situ

Mole ratio acid : H2O2 2.06 : 1 1.1 : 1 4.6 : 1 0.35 : 1

Catalyst (%) 1.52 0.02 — —

Temperature (�C) 40–45 — RT —

% Peracid formed 13.7 — 11.0 —

Epoxid temperature (�C) 60–65 60–70 50–60 50–60

Oxirane oxygen content (%) 2.62 1.87 Low 1.82

2.08 (toluene)

1.86 (CH2Cl2)

TABLE 47. Properties of Palm-Based Polyols.

Ratio of EPOo-Polyhydric Alcohol

Parameters 1 : 1 2 : 1 4 : 1

OH value 350–450 200–300 150–200

Viscosity (mPa S) 980–1300 1300–2100 3500–4700
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Polyacrylate resins can be produced from EPOP by reacting them with acrylic

acids. These resins can be applied on solid surfaces and when they are cured by

ultraviolet irradiation, clear and glossy finishes result. The hardness and the tacki-

ness can be increased or reduced by varying the amount and types of crosslinkers

and the strength of the irradiation used (125–127). Characteristics of some polya-

crylates based on epoxidized palm olein are listed in Table 48.

Oleochemical Route. Oleochemicals. Oleochemicals are chemicals derived

from oils or fats. They are analogous to petrochemicals, which are chemicals

derived from petroleum. The hydrolysis or alcoholysis of oils or fats form the basis

of the oleochemical industry. The hydrolysis of the triglycerides composing oils and

fats produces fatty acids and glycerol. If oils or fats are made to react with an alco-

hol instead of with water, the process is alcoholysis, and the products are fatty acid

esters and glycerol.

RCO OCH2

CHO

OCH2RCO

OCR
R′OH

CH2

CH2

CH2

OH

OH

OH

RCOOR′

RCOOR′

RCOOR′

+

Oils or fats Fatty acids or esters Glycerol

In hydrolysis, R0 ¼ H.

In alcoholysis, R0 ¼ alkyl group.

Fatty acids or their esters can be used as the starting materials for making fatty

alcohols and fatty nitrogen compounds. These products can be further modified to

produce various derivatives. Hence oleochemicals are often divided into at least two

categories: basic oleochemicals and derivatives. The five basic olcochemicals are

TABLE 48. Characteristics of Some Polyacrylates Coating Based on Epoxidized Palm

Oil/Products After uv Curinga

Formulations

Additives 1 2 3 4 5

EPOLA 60 60 60 60 80

PUA — — — — 5

HPA 10 10 10 10 10

NPGDA — — — 15 —

TMMTA 25 — — — —

TMPTA — 25 — 10 —

PETA — — 25 — —

Viscosity (cps/25�C) 614 423 705 228 947

Pencil hardness 3H 4H 4H 4H <2B

<2B 2B <2B <2B —

Gel fraction (%) 86 87 86 88 84

aIn all the formulations 5% benzophenone was used as photoinitiator. EPOLA, epoxi-dized palm olein

acrylates; PUA, polyurethanes acrylates; HPA, hydroxypropyl acrylate; NPGDA, neopentyl glycol diacrylates;

TMMTA, trimethlolmethane triacrylates; TMPTA, trimethlolpropane triacrylates; PETA, pentacrythritol

triacrylates.
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fatty acids, esters, alcohols, nitrogen compounds, and glycerol. There are various

types of derivatives that can be produced from these through different chemical

modifications. Figure 22 shows some of them.

Raw Materials for Oleochemicals. Oleochemicals or derivatives based on

C12–C14 and C16–C18 chain lengths have a variety of uses. Tallow and coconut

oil have been the traditional raw materials used for the production of C16–C18 and

C12–C14 chain lengths, respectively. While tallow is produced by the developed

countries such as the United States, the world has to rely on the Pacific region

for the supply of lauric oils (C12–C14 source). The Philippines has been the

main supplier of lauric oils.

Palm-Based Oleochemicals. Palm kernel oil, like coconut oil, is a lauric oil. Its

fatty acid composition is in fact very similar to that of coconut oil (Table 41).

Table 49 shows the present volume of production of basic oleochemicals in the

Pacific region and forecasts of production up to the year 2000 (127). The oleochem-

icals produced by Malaysia and Indonesia will be based mostly on palm and palm

kernel oils, while those from the Philippines will be based mostly on coconut oil.

According to this forecast, the ASEAN region will be producing 35% of the world’s

basic oleochemicals by the year 2000. Malaysia alone will account for nearly 20%.

Uses of Oleochemicals Based on Palm Oil and Palm Kernel Oil. (a) Fatty Acids. The

most common method for the production of fatty acids adopted by the oleochem-

icals industry is high-temperature and high-pressure fat splitting. The fatty acid

mixture produced is separated into broad cuts or pure fatty acids by simple or frac-

tional distillations. Tables 50 and 51 list examples of fatty acids derived from palm

products. The exact specifications of the various fatty acids produced vary slightly

depending on the exact raw materials and process used. The specifications could

also change due to continuous upgrading of processes.

One of the traditional raw materials used for the production of stearic acid is

tallow, and very often, consumers or customers will ask for products equivalent

to stearic acid from tallow. Single, double, and triple pressed stearic acids from

palm oil are in fact produced via distillation processes, but similar terminologies

were used to indicate their similar characteristics. Besides their light color, fatty

acids derived from palm products have a low content of unsaponifiables, indicating

excellent purity.

TABLE 49. Production of Basic Oleochemicals from Pacific Regions

Compared to the World Production.

Countries 1990 1995 2000

Malaysia 262,200 806,950 1,200,000

Philippines 172,470 285,000 480,000

Indonesia 62,700 199,500 400,000

Thailand 11,000 22,000 44,000

Total 508,370 1,313,450 1,124,000

World (%) 4,417,000 5,264,000 6,098,000

12% 25% 35%

402 PALM OIL



Without further chemical modification, fatty acids are used in rubber processing

and in the manufacture of candles and cosmetic products.

(b) Fatty Acids for Rubber Processing. In rubber processing, fatty acids are

added as processing aids with softening effect, as external lubricants and as vulca-

nization accelerators. The chain lengths of the fatty acids have no effect on the

performance of the fatty acids. However, a high degree of unsaturation will

interfere with the process (128).

(c) Fatty Acids for Candles. Fatty acids or mixtures of fatty acids and petroleum

waxes can be used for the production of candles. For maximum shrinkage in order

to ensure easy removal from the mold, about 7:2 ratio of C16:C18 fatty acids is

required (129). This ratio favors fatty acids from PP since they have higher palmitic

acids content.

(d) Fatty Acids for Cosmetics Products. Only good grades of fatty acids can be

used for the production of cosmetic products. The normal types of fatty acids used

are myristic, palmitic, and stearic acids. They are used for various purposes such as

lather improver, conditioners, and to provide luster and sheen (128).

TABLE 50. Palm-Based Fatty Acids.

Fatty Acid Compositions

Fatty Acids C8 C10 C12 C14 C16C18 C18 : 1 C18 : 2 C18 : 3

Distilled PKO 3 3 50 15 9 16 2 —

Stripped PKO — — 52 17 10 16 3 —

Distilled PO — — 0.5 1.5 45.5 37.5 9.5 0.5

Distilled POs — — 0.5 1.5 61.6 25 6 0.5

Single pressed — — 0.5 1.5 50.0 10 — —

Double pressed — — 0.5 1.5 53.0 3 — —

Triple pressed — — 0.5 1.5 51.0 — — —

Lauric 70% — 0.2 >70 >22 2 — — —

Lauric 92% — 2–5 >92 >2 — — — —

Lauric 98% — 0–1 >98 — — — — —

TABLE 51. Palm-Based Fatty Acids.

Quality Parameters

Color
Acid Sap. Iodine Unsap. Titer

Fatty Acids Value Value Value Matter (�C) R Y

Lauric 70% 270–275 270–275 0.1–1 0.5 33–35 0.5 2

Lauric 92% 277–281 277–281 0.1–0.5 0.5 41–42 0.2 2

Lauric 98% 278–282 278–282 0.1–0.2 0.2 43–44 0.2 1

Rubber g. stearic >195 >196 <10 — >52 5.0 50

Candle g. stearic 208–214 209–215 1.0 0.5 53–56 0.4 4

Cosmetic g. stearic 206–211 207–212 0.5 0.5 55–56 0.3 3
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(e) Fatty Acids for Soaps. The most important application of fatty acids is

for the production of soaps via a neutralization process. As discussed, white soaps

cannot be prepared directly from PP due to their high SCVs. When palm fatty

acids are distilled, part of the impurities are removed and the SCVs of palm fatty

acids are usually lower than 3R. Good-quality soaps can therefore be derived

from palm fatty acids. Besides the ease in production, the use of fatty acids allow

soap formulators to blend their own ratio of fatty acids, thus allowing greater

flexibility.

Lately, purely for aesthetic reasons, transparent and translucent soaps are gaining

popularity, especially in South America. Stearic acid and triple pressed stearic acids

can be used to produce soaps having good transparency. High palmitic acid content,

however, appears to reduce transparency (130). The crystals of transparent/

translucent soaps based on palm kernel oil and palm fatty acids are found to be

in the b form (131).

(f) Fatty Acids for the Production of Metallic Soaps. Another important applica-

tion of palm fatty acids is for the production of metallic soaps other than sodium

soaps. The most common are the Ca and Zn palmitates or stearates. They can be

prepared either via the fusion or the precipitation method. During the processing of

rubber, the processability is improved regardless of the fatty acids used. However,

Zn soaps were found to provide better internal lubrication (132).

(g) Fatty Acids for Medium-Chain Triglycerides. When palm kernel oil is used

as the starting raw material, the medium-chain fatty acids, i.e., C6–C10, present are

normally stripped off since these acids are known to cause skin irritation. Originally

considered as waste products, these medium-chain fatty acids can be resynthesized

into a new class of oil known as medium-chain triglycerides (MCTs). MCTs have

many applications such as in the flavor and fragrance industries, in surface treat-

ment of confectionery products, as release agent in the baking industry, and for

the lubrication of machines (133).

(h) Fatty Esters. Esterification of fatty acids with alcohols and alcoholysis of

triglycerides are two of the most common methods used for the production

of fatty esters based on palm products. Table 52 lists some of the properties of

the various types of palm methyl esters in comparison to fatty acids. Fatty esters

are found in several industries such as textiles, cosmetics, pharmaceuticals, plas-

tics, and lubricants. As synthetic lubricants, fatty esters are getting closer atten-

tion (128, 134, 135) due to their good lubricity, minimum viscosity change with

temperature, low-temperature fluidity, and high thermal and oxidative stability

(128).

(i) Fatty Esters for Soaps Production. Fatty esters are increasingly being used

for the production of pure white soaps (136). In contrast to fatty acids, soaps

produced from fatty esters are normally better in quality since the fatty esters

can be better purified. In the process, alcohols (usually methanol) will be produced.

Complete removal of alcohol is necessary before the soaps can be certified fit

for use.

(j) a-Sulfonated Methyl Esters. a-Sulfonated methyl ester (SME) is a new class

of anionic surfactant. SME has received a lot of attention as an active ingredient for

404 PALM OIL



TABLE 52. Comparison Between Fatty Acids and Fatty Methyl Esters.

Color
Acid Sap. Iodine Unsap. Titer

Product Value Value Value Matter (�C) R Y C12 C14 C16 C18 C18:1 C18:2

PKO FA 225 256 15 1 22 1 10 47–53 15–19 8–11 1–3 12–19 2–4

265 266 20 — 26 — — — — — — — —

PKO FME 1 238 14 0.5 �9 0.3 3 45 14 7 1 12 2

— 248 19 — — — — 50 18 10 3 19 —

POs FA 206 207 28 1 48 3 30 0 0 55 3 20 4

216 217 38 — 54 — — 1 3 70 7 30 —

POs FME 0.5 196 22 1 21 0.5 5 0 0 55 3 20 5

— 208 45 — — — — 1 3 70 7 30 10

Stearic A 188 188 1 1 65 1 10 — — 6 92 0 5

98% 195 196 3 — 66 — — — — 8 94 1 10

Methyl stearate 92% 1 187 1 1 36 0.2 2 — — 6 92 — —

195 191 — — — — — — — 8 94 — —



the production of washing and cleaning products due to several factors that include

(136, 137):

1. Easy production procedures

2. Good detergency especially in hard water and in the absence of phosphates

3. C16–C18 have been found to exhibit good detergency

4. Good biodegradation characteristics

Distilled fatty methyl esters with low iodine values are used as the starting raw

material for the production of SME. The fatty methyl ester is first reacted with

sulfur trioxide at 80–90�C in a falling-film reactor. The dark product obtained

from this process is bleached using hydrogen peroxide. After bleaching, the

lighter color product is neutralized with alkali to produce an a-sulphonated methyl

ester.

Due to the good detergency properties of C16–C18 fatty methyl esters, palm

stearin provides a suitable and cheap source of raw material for the production

of SME (138). The detergency properties of SMEs derived from palm stearins

have been found to be comparable to linear alkyl benzene sulfonates (LAS), the

‘‘workhorse’’ of the detergent industry. It was interesting to note that SME based

on palm fatty acids distillates (PFAD), a by-product of the physical refining

industry (Figure 22), performs as well as those derived from fractionated esters.

These findings indicate that SME could very well be an important anionic surfac-

tant for the future, and palm fatty acids distillates can be a cheap source of raw

materials.

(k) Diesel Substitute. Palm-based methyl esters have been extensively tested as

diesel substitutes in taxis, buses, lorries, tractors, and stationary engines (139, 140).

Methyl esters from crude palm oil and crude palm stearin have very similar fuel

properties as petroleum diesel (Table 53). Data available to date indicate that

cold starting is easy, engines run smoothly with less unburnt hydrocarbon, CO,

SO2, and black smoke in the exhaust fumes. No dilution of the lubricating oil

was observed and ignition lag was shortened (139). In contrast to crude palm oil,

the use of palm methyl esters as diesel substitute does not require any modification

of the engines. The economic viability of palm methyl esters as diesel substitute

will depend on the cost of diesel, crude palm oil, and glycerol.

(l) Fatty Alcohols. The most important application of fatty methyl esters is for

the production of fatty alcohols. For economic reasons, three technologies for the

production of fatty alcohols have gained worldwide acceptance:

1. High temperature and pressure hydrogenation of oils/fats

2. High temperature and pressure hydrogenation of fatty methyl esters

3. High temperature and pressure hydrogenation of fatty acids

To date the most common method for the production of fatty alcohols is via

high-temperature and high-pressure hydrogenation of fatty methyl esters using a
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copper-chromite catalyst in a fixed-bed reactor. If the unsaturation present in the

molecule needs to be preserved, then a Zn-containing catalyst is used.

Novel catalysts (141) such as Ru–Sn and Re–Sn can be used to hydrogenate

fatty acids or methylesters to fatty alcohols. Using these catalysts, the hydrogena-

tion can be carried out at the same temperature (250�C) but lower pressure (50 bars),

and the unsaturations present remain unaffected. The presence of tin has been found

to be instrumental in the preservation of the unsaturation during hydrogenation.

Ru–Sn supported on alumina was found to be most selective when they were

prepared via the sol–gel method.

Fatty alcohols as such find limited uses. Cetyl and stearyl alcohols are used as

suppressors of water evaporation in dry areas. Unsaturated alcohols are used as

emulsifiers and textiles auxiliaries. More than 90% of the fatty alcohols produced

worldwide are used for the production of anionic (fatty alcohol sulfates and fatty

Figure 22. Processing of palm oil/palm kernel oils.
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alcohol ether sulfates) and nonionic (fatty alcohol ethoxylates) surfactants. These

derivatives are extensively used in the production of washing and cleaning products

(128).

(m) Fatty Nitrogen Compounds. The most common fatty nitrogen compounds

are fatty amides, nitriles, amines, and quarternary ammonium. The most important

of these are the quarternary ammonium compounds, better known as quats. Lately

manufacturers in the developed countries are voluntarily reducing or stopping the

use of quats and imidazoline derivatives in softeners and conditioners in view of

the findings that they may not be completely biodegradable and may involve the

possible formation of nitrosamine (142) in products containing them.

(n) Glycerol. Glycerol is a valuable coproduct of the oleochemical industry.

Although glycerol can be produced synthetically, natural glycerol (i.e., glycerol

derived from oils or fats) are preferred by the customers or consumers of today.

During the production of fatty acids via fat splitting or fatty ester via alcoholysis,

mixtures of 10–30% glycerol and water, known as sweet waters are produced.

These sweet waters can be processed to pure glycerol via distillation or ion-

exchange methods (116). To achieve the pharmaceutical grade further treatment

with activated carbon is carried out. Table 54 gives some of the important

characteristics of glycerols produced from palm oil.

TABLE 53. Fuel Characteristics of Malaysian Diesel, Methyl Esters from Crude Palm Oil

and Crude Palm Stearin.

Malaysian Methyl Esters Methyl Esters

Product Test Conducted Diesel of CPOa of CPSa

Specific gravity ASTM

D-1298 (�F) 0.8330 at 60.0 0.8700 at 74.5 0.871 at 78.0

Sulfur content (% wt) IP 242 0.10 0.04 0.002

Viscosity at 40�C (cST)

ASTM D-97 4.0 4.5 4.6

Pour point (�C) ASTM D-97 15.0 16.0 17.0

Distillation D 86 (�C)

I.B.P. 228.0 324.0 320.0

10% 558.0 330.0 331.0

20% 270.0 331.0 332.0

50% 298.0 334.0 335.0

90% 376.0 343.0 343.0

F.B.P. 400.0 363.0 349.0

Final recovery (%) 98.0 98.5

Cetane index ASTM D-976 53 50 52

Gross heat of combustion

(kJ/kg) 45,800 40,135 39,826

Flash point (�C) ASTM D-93 98 174 165

Conradson carbon residue

(% wt) ASTM D-189 0.14 0.02 0.02

aCPO, crude palm oil; CPS, crude palm stearin.
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Glycerol is a polyhydric alcohol that finds wide uses in several areas of applica-

tions. These include; as solvent or drugs carrier in pharmaceutical products; as

humectants in cosmetics and tobacco; as ingredients for the production of explo-

sives; as plasticizer/stabilizer for less polar polymers; as antifreeze or heat transfer

agent; as hydraulic fluid; for the production of polyesters that can be used in grease

and/or lubricants; and for polyols and polyurethanes and mono and diglycerides,

which are useful food emulsifiers.

Ability to reduce the surface or interfacial tension of water and oil is one of the

properties required of an emulsifier. Different chain length fatty acids in monogly-

cerides were found to have little effect on the interfacial tension between palm oil

and water, in contrast C18:2 (linoleic acid) monoglyceride (143) reduces the inter-

facial tension to greater than 50% (Table 55).

Prospects. The amount of palm oil/palm oil products used in the production

of soaps is expected to increase in the near future especially in the developing

countries. Besides being price competitive and exhibiting good performances, soaps

from palm oil/palm oil products are acceptable by all religions.

There is a strong competition between products derived from oleochemicals and

those derived from petrochemicals. With the current awareness on environmental

issues and preference for environmentally friendly products, the utilization of

palm oil/palm oil products for nonfood applications via the oleochemicals route

is also expected to increase. Due to the ready availability of raw materials, technol-

ogy, capital, and market demand, the nonfood applications of palm oil/palm oil

products are expected to have a bright future.

TABLE 54. Types of Glycerol Derived from Palm Oil and Products.

Glycerol

Quality Parameters Crude 99.5% 99.8%

Ref. Density 20/20C — 1.2623 1.2631

Ref. index n20
D — 1.4731 1.4737

Glycerol % 88 99.5 99.8

a Color — 5 5

Acid content — 0.1 0.1

Saponification eqv. — 1.0 1.0

Ash (%) 1.0 0.01 0.01

Cl (organic cl) (ppm) — 2(5) 2(5)

Heavy metals (ppm) 2 1 1

TABLE 55. Interfacial Tensions of RBD Palm Oil and Water at 1% Concentration

of Monoglyceride of Various Fatty Acids.

Fatty Acids C12 C14 C16 C18 C18:1 C18:2

Interfacial tension (mN/m) 11.3 12.2 12.1 13.1 14.8 6.5
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6. POTENTIAL DEVELOPMENTS

6.1. Environmental Trends: Toward Zero Waste Operation

With the growing awareness for the protection of the environment, there is a greater

need for producers to improve the environmental profile of their products. Consu-

mers and regulatory bodies expect more information on the effects of products on

the environment during their manufacture, use, and disposal. The Life Cycle

Assessment (LCA) is used as a holistic approach to assess the impact of a product

throughout its life cycle. An important aspect of LCA is recycling and waste

management.

In oil palm plantations, the main residues that must be disposed of are the fronds

that are pruned regularly and the biomass comprising the palm trunk and fronds at

the end of the crop’s economic cycle (about 25 years). In commercial practice,

pruned fronds are redistributed to the fields white the biomass, senescent palms,

are recycled with the zero burning technique of replanting. Without burning the

palm residues, this approach does not pollute the air and it enhances soil fertility

through recycling of organic matter and plant nutrients.

Figure 23. Current use and recycling of by-products and wastes from oil palm plantings and

conventional palm oil milling (144).
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The main by-products and wastes produced from the processing of palm oil are

the empty fruit bunches (EFB), palm oil mill effluent (POME), palm fiber, and palm

kernel shell. EFB and POME have been used extensively as mutch and organic fer-

tilizers in oil palm plantations while palm fiber and shell are used as fuel, making

the palm oil mill self-sufficient in energy (Figure 23). Excess shell has been used

for road surfacing in estates.

The underutilized wastes from the oil mill are biogas generated by anaerobic

digestion of POME and clinker and boiler ash; however, the quantities of the latter

two are insignificant to cause any environmental impact. In segments of the palm

oil industry, biogas is being used to generate heat and electricity to supplement the

energy demand by the subsidiary factories.

Although most of the by-products and "wastes" from oil palm planting and palm

oil processing are recycled or utilized, there is still room for improvement, the ulti-

mate aim being toward zero waste. Concerted efforts by all sectors are being direc-

ted toward improving the efficiency of oil palm cultivation and processing with a

view to optimizing the use of inputs and energy and reducing the production of

wastes/effluents. Currently, the by-products from the palm oil industry are used

mainly as organic fertilizers, soil ameliorants, and fuel. Research and development

effort has shown that these resources can be made into value-added products such

as fiberboards, furniture, and single-cell proteins. Table 56 shows the potential uti-

lization of oil palm by-products.

7. NUTRITIONAL EFFECTS OF PALM OIL

7.1. General Nutritional Properties

Archeological evidence shows that palm oil has been consumed by humans for

more than 5000 years (145). Its digestion and absorption rates in the human

body are in excess of 97%, which is very similar to other common edible oils

and fats. In many communities palm oil is an important source of dietary energy

and provides sufficient quantities of the essential fatty acid, linoleic acid (18:2,

n–6) for normal healthy metabolic functions. Like all other edible oils of vegetable

origin, palm oil is considered cholesterol free.

7.2. Effect of Palm Oil on Blood Lipids

Being arbitrarily etassified as a saturated fat, palm oil has been postutated to

increase serum cholesterol levels and hence enhance the risk of coronary heart

disease (CHD). Recent findings, besides earlier published literature, however, indi-

cate that this hypothesis is not uniformly true. For instance, Kris-Etherton and

co-workers (146) demonstrated that feeding a palm oil diet to rats did not raise plas-

ma cholesterol in comparison to a highly polyunsaturated corn oil diet. Similarly,

Sugano and co-workers (147) were unable to establish significant differences in

plasma cholesterol in rats fed a palm olein diet compared to other polyunsaturated

oils. Sundram and co-workers (148) compared the effect of palm oil and its
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TABLE 56. Utilization of Oil Palm/Palm Oil by-Products and Wastes (144).

Present Level

Waste/By-product Quantitya Where Utilized of Utilization Status Potential New Uses

Oil Palm Plantations

Pruned fronds 10.4 tons/ha Recycled in plantation Very high By-product Vitamin E extraction, fiber-board, etc.

Palm trunks and fronds at

replanting 89.9 tons/ha (i) Recycled in plantation Very high By-product Wood product, pulp, paper, animal feed,

palm heart, glucose, cellulase, fuel etc.

(ii) Furniture Very low By-product

Palm Oil Mill

EFB 20–23% Mulching in plantation Very high By-product Fiber board: MDF

Fiber 12–13% Fuel to boiler Very high By-product Fiberboards

Shell 6–8% Fuel to boiler Very high By-product Activated carbon; potting medium

Decanter solid 2–3% Land application as

fertilizer Moderate-high By-product Animal feed

Boiler ash 0.4–0.6% Surface landfill in

plantation/fertilizer Low By-product/waste Fertilizer/soil ameliorant

Clinker Small quantity Landfill/disposal Very low-low Mainly waste Surface landfill

Sterilizer condensate 12–20% (i) Feed to ETP Very high Waste/by-productb Cellulase, single-cell protein

(ii) Recycle for dilution Low By-product Crude oil dilution

Centrifuge waste 40–50% Feed to ETP Very high Waste/by-productb Oil recovery for acid oil production

Decanter effluent 30–40% Feed to ETP Very high Waste/by-productb

Hydrocyclone/claybath water 5–11% Feed to ETP Very high Waste/by-productb Recycling to reduce quantity

Factory washing 4–8% Feed to ETP High Waste/by-productb De-oiling-oil recovery for acid oil produc-

tion

Effluent Treatment Plant

Sludge cake (i) Land application as

fertilizer Moderate-high By-product

(ii) Animal feed Very low-low By-product

Anaerobic solid 5–10% Land application as fertilizer Very high By-product

Aerobic solid <5% Land application as fertilizer High By-product

Biogas 28 m3/1 EFB Biogas engine Very low Mainly Heat and power generation

aFigures in percentages refer to % to FFB.
bThese are mainly waste products in the mill but as they are reused immediately after treatment in the Effluent Treatment Plant (ETP), they are considered by-products.



fractions with two commonly used polyunsaturated oils, namely soybean and corn

oil. It was demonstrated that palm oil feeding did not elevate plasma cholesterol

whereas high-density lipoprotein cholesterol (HDL-C) tended to be raised on the

palm oil diet relative to the corn oil diet. Similar observations have also been recorded

in other animal models including the rabbit, chicken, and hamsters (149–151).

7.3. Human Studies Evaluating the Effect of Palm Oil on Blood Lipids

The effects of palm oil on serum lipids and lipoproteins recorded in animal studies

have similarly been observed in several human studies. In some early human studies

(152, 153), it was reported that subjects on a palm oil diet had elevated plasma and

low-density lipoprotein cholesterol LDL-C levels compared to a diet containing a

polyusaturated fat. However, on a critical reassessment of these and other relevant

studies (154), it was found that plasma cholesterol levels after the palm oil period

were actually lower than at the point of entry of the experiments when the subjects

were on their habitual diets.

Sundram and co-workers (155) performed a dietary intervention trial in a free

living European (Dutch) population, consuming a diet that was traditionally high

in fat content. The habitual fat intake of this population was maximally replaced

with palm oil (up to 70% replacement). The consequence of this fat replacement

was carefully monitored over an experimental duration of 6 weeks using a dou-

ble-blind crossover design. It was found that compared to a Western-type diet,

the palm oil diet did not raise serum total cholesterol (TC) and LDL-C. Maximum

substitution with palm oil, however, resulted in an elevation of the beneficial

HDL2-C while significantly lowering the triglyceride content in the atherogenic

LDL fraction. The apolipoproteins (apo AI and apo B), which are increasingly

being recognized as better indicators of atherogenic risk, were also regulated by

the diet wherein a net beneficial effect (lower Apo B/Apo AI ratio) was evident

on consumption of palm oil. Thus palm oil, when used to replace the habitual fat

content in a Western-type diet, had no deleterious effects on serum or lipoprotein

cholesterol and triglyceride levels. In fact, as demonstrated in this study, the use of

palm oil caused a slight improvement of the cardiovascular risk indicators asso-

ciated with lipoproteins and apolipoproteins.

A human study by Marzuki and co-workers (156) using young volunteers eval-

uated the effect of consuming foods containing either palm olein or soybean oil. In

normal healthy volunteers the level of blood cholesterol was not changed by the

palm olein or soybean oil diets. Similarly both LDL-C and HDL-C levels were

unaffected by these diets. When the same diets were fed to volunteers having

high blood cholesterol levels (hypercholesterolemia), the soybean oil diet was

found to induce higher cholesterol levels than the palm olein diet. Similarly

LDL-C was also raised by the soybean oil diet.

In a similar experiment conducted on a Malaysian population (157), diets con-

taining palm olein, corn oil, and coconut oil were evaluated for their potential to

modulate serum lipids. A reduction in serum cholesterol was observed on admin-

istering a palm olein or corn oil diet relative to a coconut oil diet. A second study

(158) evaluated the effects of palm olein and olive oil on serum lipids and lipopro-

NUTRITIONAL EFFECTS OF PALM OIL 413



teins in comparison to a coconut oil diet. Each test oil was served as the sole cook-

ing fat and contributed 23% of the total dictary energy or two thirds of the total fat

intake. The coconut oil diet significantly raised all the serum lipid and lipoprotein

parameters measured, i.e., TC, LDL-C, and HDL-C. However, the one-to-one

exchange between palm olein (rich in 16 : 0) and olive oil (rich in 18 : 1) resulted

in identical TC (192. 193 mg/dL). LDL-C (130, 131 mg/dL), and HDL-C (41,

42 mg/dL). This indicates that in healthy normocholesterolemic humans, palm olein

can be exchanged for olive oil without affecting the serum lipoprotein concentration

or distribution.

In a study of 30 middle aged men, six different fats were used as ingredients of a

normal American diet, forming 50% of the total fat intake (159). When palm oil

was the test fat, there was no significant effect on TC but HDL-C and apolipopro-

tein AI was increased while apolipoprotein B was decreased as compared with the

baseline diet.

Heber and co-workers (160) evaluated diets enriched in palm oil, coconut oil, or

hydrogenated soybean oil for three 3-week test periods in healthy American males.

No significant changes in TC, LDL-C, or apolipoprotein AI or B were apparent fol-

lowing consumption of the palm oil diet. They therefore concluded that enrichment

of the diet of normal healthy individuals with palm oil does not increase cardiovas-

cular risk factors related to lipids and lipoproteins. Truswell and co-workers (161)

compared the effect of palm olein and canola oil on plasma lipids and reported that

the mean 3% rise in TC on palm olein compared with a normal Australian diet was

predominantly due to a 10% rise of HDL-C.

7.4. Possible Mechanism for the Cholesterol-Lowering Potential
of Palm Oil

It has long been recognized that the cholesterol-raising potential of the saturated

fatty acids is variable. Thus, it has been shown that stearic acid (C18 : 0) does

not raise serum cholesterol (162). The major saturated fatty acid in the human

diet as well as in palm oil is, however, palmitic acid. This, together with lauric

(C12 : 0) and myristic (C14 : 0) acids, is considered hypercholesterolaemic (163).

Hayes and co-workers (164) recently reexamined this hypothesis in nonhuman pri-

mates (monkeys), using dietary fats containing predominantly lauric and myristic

acids (coconut oil) or palmitic acid (palm oil). They showed that compared to diets

rich in lauric and myristic acids, diets containing palmitic acid were actually neutral

in their effect on both total serum and LDL-C. Hayes and Khosla (165) have

advanced a hypothesis postulating that the LDL receptor activity is modulated by

an ‘‘energy threshold effect’’ of the different saturated fatty acids in the presence of

linoleic acid (18 : 2). Above a threshold of 6.5% energy as 18 : 2, saturated fatty acids

of any kind have minimal effects. Between 3 and 6.5% energy as 18 : 2, myristic

acid (14 : 0) is the only fatty acid to increase LDL-C while below 3% energy as

18 : 2, 14 : 0 is highly hypercholesterolemic and 16 : 0 only moderately so.

These observations have been validated in a recent human study (166) in which

5% energy was exchanged between 16 : 0 and 12 : 0 þ 14 : 0, whereas all other fatty

acids were held constant. Resident male volunteers received diets (30% as fat) on
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4-week rotations. Compared with the 12 : 0 þ 14:0-rich diet, the 16:0 diet produced

a significant 9% lower serum cholesterol concentration reflected primarily by a

lower (11%) LDL-C concentration.

In a follow-up study (167), diets enriched by 16:0 (palm olein), 18:1 (rapeseed

oil), or the American Heart Association (AHA) step-one diet were compared by

feeding these diets in rotation to 23 volunteers. TC and LDL-C levels were found

to be unaffected by these diets, despite the exchange of key fatty acids common in

human diets. The AHA diet, however, significantly increased HDL-C while lower-

ing the LDL/HDL cholesterol ratio. There was hardly any difference in the lipid and

lipoprotein concentrations of subjects following consumption of the 16 : 0 and

18 : 1 enriched diets.

These human and animal studies provide strong evidence that the lipemic effects

of the different saturated fatty acids are not equal. 16 : 0 is hypothesized to behave

as a neutral fatty acid (does not raise cholesterol) in normocholesterolemic indivi-

duals (<5.2 mmol/L) and when dietary cholesterol intake is low (<300 mg/day). In

such situations 14 : 0 appears to be the unique cholesterolraising fatty acid. The lack

of 14 : 0 in palm oil and the hypothesized neutrality of 16 : 0 gives credence for the

use of palm oil as a dietary oil suitable for the majority of the world’s populations.

7.5. Nutritional Properties of Minor Components in Palm Oil

Palm oil, both crude and refined, is a rich source of vitamin E, which consists of

a mixture of tocotrienols and tocopherols. A technology for the preparation of a

locotrinol-rich fraction (TRF) from palm fatty acid distillate has been developed.

Palm Vitee (TRF in superolein and encapsulated) has been evaluated in a number

of nutritional studies in both animals and humans. The nutritional properties of TRF

are as follows:

Qureshi (168) first isolated tocotrienols from barley and proved that they could

suppress the hepatic production of cholesterol through their ability to suppress the

activity of the enzyme HMG-CoA reductase, which regulates cholesterol synthesis

in the liver.

Subsequently, Qureshi (169) extended his investigations to TRF (Palm Vitee)

from palm oil in both animal and human models. In a double-blind crossover study

involving 20 hypercholesterolaemic human subjects (serum cholesterol >294 mg/dL),

Palm Vitee supplementation was found to cause a significant drop in serum TC and

LDL-C. The LDL-associated apolipoprotein Apo B was also decreased by 9–11%.

Moreover, Palm Vitee supplementation resulted in a significant decrease (25%) in

serum thromboxane and platelet factor PF4 by 16%. Similar cholesterol-lowering

effects of Palm Vitee have also been indicated in genetically hypercholesterolemic

swine (170).

In a similar study Tan and co-workers (171) fed volunteers one Palm Vitee cap-

sule per day for 30 consecutive days. Each capsule contained 18 mg tocopherol and

42 mg tocotrienols. In these volunteers. Palm Vitee lowered both serum TC and

LDL-C. The magnitude of reduction for serum cholesterol was up to 36% while

reduction in LDL-C ranged from 0.9 to 37% when compared to their respective

starting values.
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These studies indicate that Palm Vitee is most effective in reducing cholesterol

when subjects have elevated blood cholesterol levels. However, these observations

have not been uniformly reproduced by different workers. For example. Wahlqvist and

co-workers (172) have reported that Palm Vitee has no effect on blood cholesterol

levels in their hypercholesterolemic subjects. As a result, it has been suggested that

certain population groups behave as ‘‘responders’’ and others as ‘‘nonresponders’’

when given Palm Vitee to manage their hypercholesterolemia. Studies are presently

in progress to evaluate the underlying mechanisms associated with these observations.

The structural differences between d-a-tocopherol and tocotrienol, viz, the unsa-

turated side chains in the latter, account for some differences in their physiological

activities. Serbinova and co-workers (173) have reported that in membranes palm

oil tocotrienols had 40–60 times higher antioxidant potency than a-tocopherol lar-

gely due to a higher recycling efficiency and uniform distribution in membrane

bilayers. Under oxidative stress, tocotrienols protected human LDL against oxida-

tion and their protective potency was greater than that of a-tocopherol in the pre-

sence of ascorbate. This may be a key factor in protection against the onset of

degenerative atherosclerotic disease. A tocopherol-tocotrienol mixture in a ratio

similar to that present in palm oil has also been shown to depress the systolic blood

pressure and increase the aortic production of prostacyclin in spontaneously hyper-

tensive rats (174).

7.6. Effect of Palm Oil on Experimental Carcinogenesis

Sundram and co-workers (175), using a rat model treated with the chemical carci-

nogen DMBA, evaluated the effect of palm oil on the progression of mammary

tumors. Both crude and refined palm oils were evaluated against the polyunsatu-

rated corn oil and soybean oils. Rats fed either 20% soybean oil or corn oil devel-

oped tumors first at 9 weeks following DMBA administration. The appearance of

tumors was more rapid and enhanced in the polyunsaturated corn and soybean oil

fed rats compared to the palm oil groups. At the time of sacrifice tumor incidence

was 90% in the soybean fed rats, 85% in with corn oil, and only 65% with crude

palm oil maintained rats. At the same level of fat intake, tumor incidence in animals

fed polyunsaturated oils was significantly higher than in rats fed palm oil diets.

Tumor yield in the palm oil groups was significantly lower than that in the corn

or soybean oil diet.

In an earlier study Sylvester and co-workers (176) found that palm oil induced

lower tumor numbers and tumor load per rat comparable to a low-fat control (5%

corn oil). In comparison to a palm oil diet (20% by weight), diets containing 20%

corn oil, beef tallow, or lard all resulted in significantly higher tumor numbers and

tumor load.

These studies indicate that palm oil exerts an inhibitory effect on the progression

of chemically induced carcinogenesis.

The 10% level of linoleic acid in palm oil seems ideal in meeting the nutritional

requirements of this essential fatty acid, without eliciting growth responses in the

tumor cells in comparison to more polyunsaturated oils. However, when compared
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to animal fats such as lard, which contain similar levels of the linoleic acid, it

appears that the inhibitory effect of palm oil cannot be attributed to its fatty acid

composition alone. The answer may lie in the various minor components present in

both crude and refined palm oil. It is postulated that these minor components, more

so the tocotrienols, which have antioxidant activity, may be involved in exerting the

inhibitory effect on tumor development.

The effect of tocotrienols on cancer progression was evaluated by Komi-yama

and Yamaoka (177). The antitumor activity of tocotrienols was evaluated in terms

of the increase in the lifespan of mice inoculated with tumor cells. a-Tocotrienols

and g-tocotrienols were effective against the sarcoma cancer cell lines and Ehrlich

carcinoma. When human lung carcinomas were challenged with these tocotrienols,

a cytotoxic activity due to the tocotrienols was exhibited. Similarly. DMBA-treated

rats responded with lower tumor numbers when their diets were supplemented with

palm tocotrienols (178). Recently, a-carotene isolated from palm oil has been shown to

have antitumor activity against mouse lung cancer and against skin cancer (179).

8. PROSPECTS OF PALM OIL AND MARKET REQUIREMENTS

In the past decade, palm oil has become internationally well known as a vegetable

oil suitable for various applications—both edible and nonedible. This is brought

about by it being a versatile oil for the production of various products, with tech-

nical and economic advantages over other oils and fats. Its price competitiveness

and readily available supply is able to serve the needs of oils and fats consumers

worldwide.

8.1. Versatility of Palm Products

Palm oil has the flexibility to be used as it is or in fractionated forms to produce a

very wide range of products. Interesterification can further significantly modify its

properties including crystallization behavior. It has good oxidative stability. It has

long been known as a good heavy-duty frying medium because of its relatively low

polyunsaturation and the slip melting point, which is low enough to avoid excessive

waxiness in most applications (180).

Margarine blends can be developed containing higher levels of palm products

and having solids content profiles close to those of popular commercial brands.

Standard quality table margarine can contain palm products as high as 70%

(50% palm oil and 20% hardened palm oil). Table margarines (packet) can contain

as high as 63% palm oil, 30% palm kernel oil, and 7% palm stearin. Blends for

random interesterification could utilize as much as 60% of hardened palm oil or

palm stearin. Tub margarines could be formulated containing 50% palm oil.

Another major area of use for palm oil due to it being a semisolid fat is in the

manufacture of shortenings and vanaspati. Shortenings include a variety of products

such as the fats used domestically for cooking, frying, and flour confectionery and

those used industrially in cake baking and in large-scale frying operations for pro-

ducts such as potato crisps and doughnuts.
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In ambient temperature range of 20–35�C there is a close similarity between

butterfat, palm oil, and European shortening. It has, so to speak, been hydrogenated

by nature to be very close to many specifications for shortenings and vegetable ghee.

The world consumption of oils and fats can be classified into two equally impor-

tant categories, i.e., 50% of solid fats and 50% of liquid oil markets. The supply

pattern of vegetable oils and fats is not equally divided between the solid and liquid

oils and fats. Only palm oil is semisolid accounting for 20% of the vegetable oils

market. Under current pattern of consumer demand, there is a shortage in the supply

of solid fats and oversupply in the liquid oil market. Most of the liquid oils have to

be hydrogenated to turn them into solid fats as shortenings, margarines, and ghee.

Palm oil is naturally placed in an advantageous position with respect to the pattern

of large consumer demand for solid fats. With skillful formulation, no hydrogena-

tion is required for palm products. Interesterification methods may be used to

improve the ability of different components of palm oil to be used to meet customer

specifications in the fat products.

Palm oil can also yield liquid fractions for the liquid oil market, i.e., palm olein

and stearin can be obtained through fractionation of palm oil. Palm olein, the liquid

fraction of palm oil, behaves as a liquid oil in hot climates. It is a very stable frying

medium that is comparable to any other frying fat for resistance to breakdown.

However, in temperate climates or during cold nights where temperatures are below

18–20�C, palm olein begins to solidify. This problem can be overcome by blending

palm olein with a more unsaturated oil. In Japan, a blend of 50% palm olein and

50% rapeseed oil is being marketed successfully.

Palm stearin, the solid fraction of palm oil, has the edge over tallow because of

the assurance of expanding supply, while world production of tallow has stagnated.

Applications where stearin could replace tallow are in shortenings, frying fats, and

soaps. Lard could also be substituted by palm stearin or RBD palm oil in most of its

applications.

Palm stearin can be the cheapest source of C16–C18 fatty acids for soap. Palm

stearin alone has a very high titer value (47–50�C) such that when a high proportion

is incorporated into toilet soap formulation, the soap becomes hard and cracks

easily. Experiments conducted indicated that 30–50% of palm stearin could be

incorporated with tallow and 20% of lauric (palm kernel) fatty acid to obtain titer

of the finished product of between 40.5 and 44�C (181).

8.2. Technical and Economic Advantages

Hence, the utilization of palm oil in products requiring a proportion of solid fats in

their formulation would offer technical and economic advantages. Substantial cost

savings can be achieved when palm oil is used in place of other oils and fats in

various applications. Savings are made through the lower costs of raw materials,

through the reduction in use of chemicals to process the oil, reduction in the cost

of hydrogenation, reduction in costs due to minimal process losses, and savings

resulting from the long life of palm oil during the frying applications.

The amount of chemicals required to process oils and fats depends on the level

of FFA, color, and other impurities in the oils. Normally about 2 kg of phosphoric
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acid, 2.5 kg of caustic soda, and 30 kg of bleaching earth are required to refine 1 ton

of crude palm oil. Since processed palm products are available from the markets,

importers need not have to refine crude palm oil but can instead import and use

processed palm products directly. If unrefined vegetable oils were to be imported,

these oils need to be processed by the importers. In addition, liquid oils would

require a catalyst, usually nickel, for hydrogenation. Hence, the cost of chemicals

would be minimal when RBD palm oil is used.

Palm oil, being a semisolid or consistent fat, results in a reduction in cost if uti-

lized in products requiring a proportion of solid fats in their formulation because

hydrogenation is not necessary. If liquid oils are used, they have to be hydrogenated

to obtain the solid consistency, which in turn leads to the formation of both cis and

trans isomers (182). Hydrogen is produced by electrolysis, and with the increasing

cost of energy, hydrogenation is increasingly becoming expensive. To hydrogenate I

ton of liquid oil from an IV of 130 to 70 would require 348–kW of electricity. The

additional cost incurred by using liquid oil depends on the electricity rates of the

countries involved.

The availability of semiprocessed to fully processed palm oil products for trade

provides benefits especially to countries that are lacking in refining capacities.

If further refining is still needed, losses incurred would be relatively negligible.

Refining of crude oils results in losses ranging from 4.2 to 5.5%, depending on

whether the oils undergo continuous or batch processes.

Another advantage in the use of imported refined palm oil is the avoidance of

having to deal with effluent treatment. When palm oil is refined at the source,

such as in Malaysia, physical refining is used instead of alkali refining, and the

amount of effluent generated is much lower and can be easily treated.

8.3. Meeting World Oils and Fats Demand

Numerous forecasts on the demand for vegetable oils indicated that the world

would require at least 105 million tons of oils and fats from 83 million tons by

1992. This was equivalent to an additional demand of 2.75 million tons per year.

In the long run, production of by-products from oilseeds and meat is not expected to

rise more sharply than the demand for the main products. Similarly, production of

other oils and fats such as groundnut, sesame, olive, coconut, and fish oils including

butter are increasing at a rate that is below the demand growth for all oils and fats.

Hence, the additional requirement of the world for oils and fats has to be met by the

above average growth of only four oils and fats: sunflower, rape, palm, and palm

kernel oils. However, oils of sunflower and rape are subject to meal demand and the

per hectare returns of competing commodities (grains, pulses, rise, etc.). These thus

leave palm oil to be the main oil to cater for the majority of the additional world

requirements.

8.4. United States Use of Palm Oil

Table 57 gives U.S. supply and disappearance of edible oils (2).
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TABLE 57. Edible Fats and Oils: U.S. Supply and Disappearance, 106 lb (2).

Item 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002a 2003b

Stocks Octobera

Coconut 277 188 251 164 163 84 150 393 152 136 260 227 148

Corn 138 196 150 118 241 116 129 102 135 267 117 104 114

Cottonseed 137 78 81 106 82 94 66 79 76 49 93 39 40

Lard 24 27 26 34 24 23 20 40 21 18 14 10 5

Palm 53 44 33 35 15 31 46 35 48 48 61 70 42

Palm kernel 53 49 88 73 55 22 51 64 73 49 155 128 50

Peanutc 25 51 50 25 40 65 86 41 40 32 31 32 50

Safflower 28 28 18 31 21 44 27 38 48 36 21 17 19

Soybean 1,786 2,239 1,555 1,103 1,137 2,015 1,520 1,382 1,520 1,993 2,767 2,359 1,486

Sunflower 47 100 56 65 82 147 93 60 121 157 136 23 25

Canola 41 71 67 137 54 77 65 112 169 206 110 52 55

Tallow, edible 41 33 41 36 52 34 48 46 43 40 49 24 35

Imports

Coconut 841 1,163 999 1,100 874 1,188 1,438 791 926 1,115 1,093 860 970

Corn 5 7 7 10 11 14 28 42 18 27 61 65 65

Cottonseed 18 38 26 0 0 0 0 48 8 0 0 22 0

Lard 2 3 3 2 2 1 2 2 2 3 6 10 10

Olive 216 253 262 260 227 304 333 355 397 455 455 485 540

Palm 220 267 368 218 236 322 282 284 345 399 490 425 440

Palm kernel 342 302 304 280 262 392 359 401 393 351 330 470 475

Peanutc 1 0 11 4 5 14 10 73 12 79 39 70 70

Canola 815 861 902 938 1,086 1,075 1,088 1,060 1,139 1,193 1,108 929 1,215

Safflower 22 15 16 26 35 30 51 51 33 34 40 43 45

Soybean 1 10 68 17 95 53 60 83 83 73 46 50 85

Sunflower 9 0 7 1 2 22 8 5 4 8 36 60 5

Tallow, edible 6 10 15 18 8 5 2 3 10 32 7 11 10



Production

Corn 1,821 1,878 1,906 2,227 2,139 2,231 2,335 2,374 2,501 2,403 2,461 2,453 2,650

Cottonseed 1,280 1,126 1,119 1,312 1,229 1,216 1,224 832 939 847 876 725 865

Lard 1,016 1,011 1,015 1,052 1,013 979 1,065 1,106 1,069 1,050 1,080 1,075 1,100

Peanutc 356 286 212 314 321 221 176 145 229 179 230 286 219

Canola 32 49 406 299 355 342 451 548 617 641 585 541 629

Safflower 69 87 111 115 127 103 115 111 91 88 76 89 91

Soybean 14,345 13,778 13,951 15,613 15,240 15,752 18,143 18,078 17,825 18,420 18,898 18,435 17,020

Sunflower 911 730 580 1,165 860 840 959 1,177 1,046 873 673 320 595

Tallow, edible 1,515 1,414 1,535 1,550 1,559 1,407 1,517 1,677 1,792 1,764 1,932 2,075 2,000

Exports

Coconut 22 0 19 18 12 12 6 11 14 8 7 8 10

Corn 566 712 717 865 977 988 1,118 989 970 951 1,172 890 900

Cottonseed 269 184 248 329 221 232 208 111 141 131 150 110 115

Lard 131 129 119 140 94 103 122 140 189 93 90 105 100

Olive 20 15 11 21 24 21 19 15 12 9 10 12 12

Palm kernel 2 9 4 2 2 2 2 2 2 2 2 2 2

Palm 7 7 7 13 20 9 11 11 11 11 10 11 10

Peanutc 151 52 61 97 108 21 13 10 18 14 8 42 19

Canola 15 16 76 153 147 295 349 272 284 187 255 166 157

Safflower 73 65 75 93 122 83 83 92 51 35 37 37 40

Soybean 1,644 1,461 1,531 2,683 992 2,033 3,079 2,372 1,375 1,401 2,519 2,250 850

Sunflower 471 586 450 978 628 709 815 800 630 545 453 110 200

Tallow, edibled 333 306 316 277 241 181 236 322 224 338 475 485 490

Domestic disappearance

Coconut 910 1,084 1,067 1,083 941 1,111 1,189 1,021 927 983 1,119 930 958

Corn 1,202 1,220 1,228 1,250 1,298 1,244 1,271 1,394 1,417 1,630 1,363 1,618 1,804

Cottonseed 1,088 975 873 1,007 996 1,012 1,004 772 833 672 780 636 750

Lard 885 886 890 924 922 880 925 987 886 964 1,000 985 990

Olive 216 253 262 260 227 304 333 355 397 455 455 473 528

Palm 223 271 359 225 201 298 282 260 335 375 471 425 427

Palm kernel 344 254 315 295 293 362 344 390 414 243 355 511 458

Peanut 179 236 187 206 193 194 217 208 233 244 260 296 275



TABLE 57 (Continued )

Item 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002a 2003b

Canola 801 898 1,162 1,165 1,271 1,134 1,143 1,287 1,435 1,744 1,496 1,301 1,687

Safflower 15 47 40 57 17 67 73 59 86 102 89 93 95

Soybean 12,248 13,012 12,939 12,913 13,465 14,267 15,262 15,652 16,059 16,318 16,833 17,108 16,522

Sunflower 396 188 129 171 168 207 186 320 385 357 370 268 385

Tallow, edible 1,197 1,109 1,239 1,275 1,345 1,218 1,286 1,360 1,581 1,449 1,488 1,590 1,515

a Preliminary and estimated.
b ERS and WAOB forecast.
cAugust-July year beginning 1982.
d Disappearance, as defined by the USDA-ERS, means beginning food stocks, production, and imports minus exports, shipments to U.S. territories, and ending stocks.

Source: Bureau of the Census.
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Peanut Oil

Harold E. Pattee

North Carolina State University

Raleigh, North Carolina

1. PEANUT ORIGIN AND HISTORY

In 1753, Linneaus described the domesticated peanut species as Arachis (derived

from the Greek ‘‘arachis,’’ meaning a weed) hypogaea (meaning a underground

chamber) or a weed with fruit produced below the soil. The domesticated peanut

(A. hypogaea) is believed to have originated in an area covered by southern Bolivia

and northern Argentina because of the primitive characteristics associated with the

germplasm from this region (1). Subspecies hypogaea var. hypogaea is the pre-

dominant peanut type found in this area, and Krapovickas (2) hypothesized that

the var. hypogaea may represent the most ancient cultivars because they have the

runner habit, branching patterns, similar to related Arachis species, and no floral

compound spikes.

Additional information now suggests that a second origination event in the area

north of Lima on the west coast of Peru could have been involved in the evolution

of A. hypogaea. Archeological excavations near Casma at Pampa de la Llamas-

Moxeke have recovered peanut shells at a level dated to be approximately

1500 B.C. (3–5), and gold carvings found in ancient tombs just to the north of Pampa

de las Llamas-Moxeke (6, 7) closely resemble the reticulation of the cultivated

types now grown in the Casma area.
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As peanut is native to South America, the early Spanish and Portuguese

explorers found the Indians cultivating the peanut along with other food crops. It

was from the tropical and subtropical areas of this hemisphere that the peanut

was disseminated to Europe, to both the coasts of Africa, to Asia, and to the Pacific

Islands (8). The Incas of Peru, who achieved one of the world’s most highly devel-

oped agricultural civilizations, cultivated the peanut throughout the long coastal

regions of Peru. Garcilaso de la Vega describes the peanut as ‘‘another vegetable

which is raised under the ground, called by the Indians ynchic. It is very like mar-

row, and has the taste of almonds.’’ Of its food and medicinal uses: ‘‘If the ynchic is

eaten raw it caused headache, but when toasted it is wholesome, and very good with

treacle; and they make an excellent sweetmeat from it. They also obtain an oil from

the ynchic, which is good for many diseases’’ (8). Just when the peanut was first

purposefully introduced into Europe and into the colonial seaboard of the south-

eastern United States is not documented. However, from this introduction around

the world, the peanut has become a significant agricultural commodity and its oil

a primary ingredient in the culinary process in many countries.

2. GLOBAL

2.1. Peanut Production

The peanut is known by several names throughout the world, such as groundnut and

earth nut, because the seeds develop under the ground. Peanuts are produced on a

significant basis in more than 30 different countries throughout the world. The

worldwide production for 2002 was estimated to be in excess of 31 million metric

tons (MMT) (9). India, China, and the United States were the three largest produ-

cers of peanuts and accounted for over 70% of the world production in 2002. Peanut

production worldwide has undergone significant increases in the last 30 years

(Table 1). In 1972, the average production was 14.4 MMT, 1980 16.0 MMT,

1990 21.6 MMT, and 2000–2002 32.0 MMT. (9, 10). Some of the production

increase was a result of a 22% increase in the area harvested between 1972 and

2002. However, the major factor was the increase in yield from 0.93 MT/ha in

the 1970s to 1.4 MT/ha in 2001/2002. Among the three major producers, India

had a 42% increase in production between the 1970s and 1990s but decreased

16% between the 1990s and 2002. China increased production 179% between

the 1970s and 1990s and another 136% to 2002. The U.S. production increased

15% in the first 20 years and has remained near 1.9 MMT since the 1990s

(9, 10). Total area harvested and production levels in the next tier of eight countries

has averaged approximately 4.63 mha harvested and 4.46 MMT produced across

the 30 years. From the data given in Table 1, the high total area harvested for

this tier of eight countries was 5.38 mha in 1972 with a low of 3.93 mha in

1990. Highest production occurred in 2000 at 5.50 MMT and the lowest in 1990

at 3.46 MMT (Table 1). World exports of peanuts from the producing countries

have only increased 22%, from 1178 MMT in 1972 to 1518 MMT in 2002.
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TABLE 1. Major Countries and World Peanut Production and Utilization (mha or MMT) Across 30 Years.1

Area Total
Domestic Consumption

Total——————————————————————

Year Country Harvested Production Supply Exports Crushed Food Feed; Seed; Waste Total Distribution

1972 China 1878 2092 2092 42 1018 768 264 2050 2092

1972 India 6990 4092 4342 33 3511 532 266 4309 4342

1972 United States 601 1485 1663 236 386 768 78 1232 1663

1972 Argentina 370 440 457 2 331 46 21 398 457

1972 Brazil 506 590 590 78 401 59 52 512 590

1972 Burma 633 390 390 0 228 142 20 390 390

1972 Indonesia 407 483 483 29 91 340 23 454 483

1972 Nigeria 1220 772 797 284 383 100 30 513 797

1972 Senegal 1100 540 540 7 385 45 103 533 540

1972 Sudan 690 568 568 156 91 210 111 412 568

1972 Zaire 451 230 230 0 81 137 12 230 230

1972 World 18121 14421 16263 1178 8569 4873 1270 14712 16263

1980 China 2339 3600 3600 305 1667 1257 371 3295 3600

1980 India 6801 5005 5205 71 4059 325 650 5034 5205

1980 United States 566 1045 1512 228 202 663 232 1097 1512

1980 Argentina 197 243 282 74 147 12 11 170 282

1980 Brazil 235 310 312 37 196 37 42 275 312

1980 Burma 514 431 431 0 319 91 21 431 431

1980 Indonesia 508 791 806 2 47 682 75 804 806

1980 Nigeria 650 530 530 0 204 220 106 530 530

1980 Senegal 1064 521 521 3 258 101 159 518 521

1980 Sudan 894 707 707 133 377 151 46 574 707

1980 Zaire 480 320 320 0 107 185 28 320 320

1980 World 17508 16040 17805 1113 8507 5697 1989 16193 17805



TABLE 1 (Continued )

Area Total
Domestic Consumption

Total——————————————————————

Year Country Harvested Production Supply Exports Crushed Food Feed; Seed; Waste Total Distribution

1990 China 2907 6368 6369 448 3250 2209 462 5921 6369

1990 India 8309 7514 7514 45 5999 490 980 7469 7514

1990 United States 732 1634 1964 296 313 916 129 1358 1964

1990 Argentina 198 311 341 110 123 31 30 184 341

1990 Brazil 95 157 172 2 50 95 20 165 172

1990 Burma 554 472 472 10 320 96 46 462 472

1990 Indonesia 600 860 1011 0 45 850 93 988 1011

1990 Nigeria 500 250 260 0 80 100 60 240 260

1990 Senegal 914 703 758 4 480 146 93 719 758

1990 Sudan 540 325 325 20 145 135 25 305 325

1990 Zaire 530 380 380 0 129 229 22 380 380

1990 World 19089 21656 23498 1304 11705 7791 2157 21653 23498

2000 China 4856 14437 14437 450 6800 6047 1140 13987 14437

2000 India 8100 5700 5700 100 4300 500 800 5600 5700

2000 United States 541 1481 2138 239 248 988 166 1402 2138

2000 Argentina 251 395 409 177 142 21 19 182 409

2000 Brazil 102 196 216 3 60 125 18 203 216

2000 Burma 530 640 640 12 390 162 76 628 640

2000 Indonesia 650 1040 1178 0 64 1030 70 1164 1178

2000 Nigeria 1210 1470 1475 0 510 670 290 1470 1475

2000 Senegal 1030 1003 1028 9 420 395 149 964 1028

2000 Sudan 550 370 370 5 210 135 20 365 370

2000 Zaire 491 382 382 0 120 232 30 382 382

2000 World 22644 31120 33225 1387 14174 13886 3021 31081 33225

2002 China 5000 14500 14500 500 6950 5950 1100 14000 14500

2002 India 8100 6700 6700 105 5060 600 935 6595 6700



TABLE 1 (Continued )

2002 United States 551 1702 2395 293 292 1090 167 1549 2395

2002 Argentina 200 315 335 160 125 21 19 165 335

2002 Brazil 100 195 215 3 60 124 18 202 215

2002 Burma 530 640 640 12 390 162 76 628 640

2002 Indonesia 650 1000 1219 0 62 1075 68 1205 1219

2002 Nigeria 1230 1510 1515 0 528 685 297 1510 1515

2002 Senegal 750 500 523 5 160 252 85 497 523

2002 Sudan 550 370 370 4 211 135 20 366 370

2002 Zaire 500 390 390 0 132 233 25 390 390

2002 World 22507 31837 34155 1518 14901 13971 3056 31928 34155

1Data extracted from http://www.fas.usda.gov/psd/complete_files/OIL-2221000.csv



However, China alone has increased exports from 42 MMT to 500 MMT during this

same period (Table 1). This increase accounts for nearly one-third of the total world

peanut exports. On the other hand, the African continent countries of Nigeria, Sene-

gal, and Sudan have had a decrease in the exporting of peanuts from a combined

447 MMT in 1972 to 9 MMT in 2002.

2.2. Peanut Utilization

Peanuts are not a crop that can easily be carried over from one year to the next as

noted by a comparison of the production and total consumption values across years

(Table 1). Utilization of the peanut crop can be classified into the general areas of

crushed, food, feed, seed, and waste. In 1972, the primary utilization in 7 of the 11

listed countries was the crushing of peanuts for oil and utilization of the resultant

meal. The United States’ food utilization was more than twice that of the next coun-

try, Indonesia. In the United States, food utilization was nearly twice that of crush-

ing utilization. In 2002, the number of countries having food as the primary

utilization factor had increased to six and the United States and Indonesia were

almost equal in food utilization (Table 1).

2.2.1. Oil Hammons’ (8) review of the origin and early history of the peanut pro-

vides extensive insight into writings of the early Spanish and Portuguese explorers

and the usage of peanuts as an oil source for many purposes. Spanish recognition of

the usefulness of peanut oil is documented by the establishment of an oil mill at

the Mediterranean port of Valencia around 1800 (11). Most authorities credit the

Portuguese with introducing the peanut into African agriculture from Brazil.

West Africa was the primary source of peanut exportation in the nineteenth century.

Brooks (12) provides an overview of the development of the peanut industry in

Africa and peanut exportation from West Africa to other parts of the world. The

first export seems to have been from Gambia to Britain in 1834 involving 213 bas-

kets, but the next year export increased to 47 tons and by the 1840s involved thou-

sands of tons a year. Earliest exports to America were in 1835, and exports to

America dominated the Gambian market from 1837 to 1841. The exportation to

Britain was for crushing, and the dominant reason for American usage was the

pleasing flavor of the roasted peanut.

Development of the European peanut oil industry was stimulated by a worldwide

shortage of fats after the Napoleonic wars, an increase in population, a rise in the

standard of living, and a new working class. As in Britain, French soap and candle-

makers became increasingly dependent on foreign sources of oil supply in the

1830s. Learning of the British peanut imports, French industrialists undertook

experimentation of their own on peanut oil. Jaubert, a Gorée trader who had sent

a sample of peanut oil to Marseille in 1833, is credited with initiating the industry

with a shipment of 722 kg of peanuts from West Africa to Marseilles in 1840, when

France reduced the tariff on peanuts (8, 12). Following that shipment, other traders

are reported in 1842 to have brought nearly a 1000 tons of peanuts to Marseilles.
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Peanut oil production continued to increase, in Europe, throughout the nineteenth

century. By 1899, 17 factories at Marseilles were crushing about 200,000 tons. An

equal volume was being processed in Britain and other European countries (13).

France continued to be a major peanut importer and oil producer, through the

mid-1970s with 331 MMT crushed in 1972. However, by 1980 and 2000, the

crushed level had dropped to 79 and 8 MMT, respectively (10).

Across the last 30 years, the amount of peanuts crushed for oil worldwide has

increased from 7957 to 14,901 MT. (Table 2). Increases in metric tons crushed in

China and India and the decreases in the South America countries of Argentina and

Brazil account for almost 100% of the changes. The oil produced is virtually all

used within the countries of production. It seems appropriate to note that within

Japan, the industrial use of peanut oil has increased from 4 to 14 MMT between

1990 and 2002. Exporting of peanut oil has decreased nearly 42% from 1972 to

2002. Of the 252 MMT of oil exported worldwide in 2002, four countries, Argen-

tina, Nigeria, Senegal, and Sudan, account for nearly 70%.

2.2.1.1. Oil Extraction Hydraulic pressing, expeller, and/or solvent extraction are

the three general methods for extracting oil from the seed. When hydraulic pressing

is used, it is followed by hot solvent extraction for nearly total recovery of the oil.

Expeller extraction relies on friction and pressure within the expeller, which causes

the meal to heat, thus facilitating the oil extraction process. This process removes

approximately 50% of the peanut oil. The remaining oil is extracted using hexane,

which is later removed through an evaporation–condensation system. Solvent

extraction involves petroleum hydrocarbons or other solvents. Solvent extraction

is accomplished in closed systems where oil is removed and solvent reclaimed

for reuse. The efficiency of extraction with hexane, 95% ethanol, or absolute etha-

nol on peanut grits has been reported (14). Extracted oil is refined by deacidification

with sodium hydroxide to neutralize the free-fatty acids, washing with water at

about 82�C to remove the sodium hydroxide, and then bleaching with bleaching

clay at about 100�C under reduced pressure. The refined oil is then deodorized

by heating under vacuum and blowing superheated steam through the oil. Deacidi-

fication and deodorization of peanut oil and other edible oils by dense carbon diox-

ide extraction has been investigated (15). The purpose of the refining process is to

remove nontriacylglycerol components, including free fatty acids, nonhydratable

phosphoacylglycerols, sterols, pigments, glucosides, waxes, hydrocarbons, and

other compounds that may be detrimental to the flavor or oxidative stability of

the refined oil (16).

2.2.1.2. Alternative Oil Extraction Techniques and Seed Treatment The com-

plete removal of organic solvents used for extracting seed oils is mandatory if

the oil is to be used for human consumption. Supercritical fluid extraction

has emerged as an attractive separation technique because it does not introduce

any residual organic chemicals. Supercritical CO2 is the most commonly used

supercritical fluid (17). CO2 is relatively low cost, nonflammable, nontoxic, and
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TABLE 2. Major Countries and World Peanut Oil Production and Utilization (MMT) Across 30 Years.1

Oil On Total
Domestic Consumption

Total———————————

Year Country Crushed Production Hand Imports Supply Food Total Exports Distribution

1972 China 1018 254 0 0 254 234 234 20 254

1972 India 3511 1060 0 0 1060 1060 1060 0 1060

1972 United States 386 122 15 0 137 72 72 48 137

1972 Argentina 331 78 2 0 80 0 0 80 80

1972 Brazil 401 112 0 0 112 68 68 44 112

1972 Burma 228 73 0 0 73 73 73 0 73

1972 Indonesia 91 29 0 0 29 29 29 0 29

1972 Nigeria 383 122 0 0 122 11 11 111 122

1972 Senegal 385 128 0 0 128 65 65 63 128

1972 Sudan 91 29 0 0 29 29 29 0 29

1972 Zaire 81 26 0 0 26 22 26 0 26

1972 World 7957 2371 17 401 2789 2325 2337 434 2789

1980 China 1667 417 0 0 417 368 368 49 417

1980 India 4059 1177 0 0 1177 1177 1177 0 1177

1980 United States 202 63 20 0 83 44 44 22 83

1980 Argentina 147 42 0 0 42 0 0 36 42

1980 Brazil 196 62 0 0 62 16 16 46 62

1980 Burma 319 102 0 0 102 102 102 0 102

1980 Indonesia 47 16 0 0 16 16 16 0 16

1980 Nigeria 204 65 0 4 69 69 69 0 69

1980 Senegal 258 83 0 0 83 63 63 20 83

1980 Sudan 377 121 0 0 121 105 105 16 121

1980 Zaire 107 34 0 0 34 33 34 0 34

1980 World 8085 2343 60 319 2722 2410 2411 268 2722

1990 China 3250 813 0 5 818 772 772 46 818

1990 India 5999 1740 0 0 1740 1736 1740 0 1740



1990 United States 313 97 10 5 112 90 90 11 112

1990 Argentina 123 40 0 0 40 5 5 35 40

1990 Brazil 50 14 8 15 37 15 15 18 37

1990 Burma 320 99 0 0 99 99 99 0 99

1990 Indonesia 45 14 5 0 19 13 13 0 19

1990 Nigeria 80 37 0 0 37 37 37 0 37

1990 Senegal 480 153 9 0 162 53 58 99 162

1990 Sudan 145 47 0 0 47 44 44 3 47

1990 Zaire 129 41 0 0 41 40 41 0 41

1990 World 11389 3242 54 302 3598 3274 3292 259 3598

2000 China 6800 2115 0 10 2125 2110 2110 15 2125

2000 India 4300 1245 0 0 1245 1235 1245 0 1245

2000 United States 248 81 14 36 131 111 111 6 131

2000 Argentina 142 42 0 0 42 1 1 41 42

2000 Brazil 60 16 2 0 18 17 17 1 18

2000 Burma 390 123 0 0 123 123 123 0 123

2000 Indonesia 64 20 0 0 20 20 20 0 20

2000 Nigeria 510 230 0 0 230 195 195 35 230

2000 Senegal 420 160 6 0 166 58 58 102 166

2000 Sudan 210 67 0 0 67 22 22 45 67

2000 Zaire 120 38 0 0 38 37 38 0 38

2000 World 14149 4301 32 258 4591 4239 4250 312 4591

2002 China 6950 2175 0 10 2185 2170 2170 15 2185

2002 India 5060 1465 0 0 1465 1451 1465 0 1465

2002 United States 292 93 14 20 127 111 111 5 127

2002 Argentina 125 39 0 0 39 1 1 38 39

2002 Brazil 60 16 0 0 16 15 15 1 16

2002 Burma 390 123 0 0 123 123 123 0 123

2002 Indonesia 62 19 0 0 19 19 19 0 19



TABLE 2 (Continued )

Oil On Total
Domestic Consumption

Total———————————

Year Country Crushed Production Hand Imports Supply Food Total Exports Distribution

2002 Nigeria 528 238 0 0 238 208 208 30 238

2002 Senegal 160 58 5 10 73 10 10 60 73

2002 Sudan 211 68 0 0 68 24 24 44 68

2002 Zaire 132 41 0 0 41 40 41 0 41

2002 World 14901 4513 30 219 4762 4476 4491 252 4762s

1Data extracted from http://www.fas.usda.gov/psd/complete_files/OIL-4234000.csv



easily removed from the oil product by depressurization. However, particle size

does have a significant effect on the extraction rate curves (18–20). CO2 is also

U.S. Food and Drug Administration approved and is generally regarded as a safe

compound.

Food-grade butane in a supercritical, low-pressure, liquefied gas extraction pro-

cedure has also been described for oil extraction from peanuts (21). The extraction

process consists of mixing the liquefied butane with the material to form a slurry.

The liquefied gas and oil are moved to a solvent recovery system where the oil is

removed from the butane. The oil is pumped from the solvent recovery system to a

holding tank, and the butane is then transformed into a gas in the solvent recovery

system and transported back to the butane storage tank for reuse.

Aqueous enzymatic oil extraction is another ecofriendly extraction procedure.

It is based on simultaneous isolation of oil and protein from oilseed by dispersing

finely ground seed in water and separating the dispersion by centrifugation into oil,

solid, and aqueous phases. The presence of certain enzymes during extraction

enhances oil recovery by breaking cell walls and oil bodies (22). For peanuts, a

multistep aqueous extraction process has been described with a recovery of

about 98% (23). More recently, the relatively new technique of enzyme-assisted

aqueous extraction has been applied to peanuts with a reported oil recovery of

86–92% (24).

Microwave treatment, because of its rapid heating of materials, is being explored

in a multitude of crops for enzyme inactivation (25–28), for extraction of natural

products (29), and oil and fat extraction from seeds and food products (30–32).

Microwave treatment of peanut seed prior to press extraction increased oil recovery

approximately 10% at an optimum treatment time of 30 seconds (30). However,

free fatty acid content initially increased with exposure time as well as peroxide

value (30). Research on use of microwave treatment in blanching of peanuts indi-

cated an influence on oil stability depending on treatment conditions (33).

2.2.1.3. Oil Extraction By-Product The byproduct of peanut oil production is

peanut meal, and depending on the methods used, the oil content remaining in

the meal range from about 7% to 1%. Human consumption of peanut meal is neg-

ligible except in India and Argentina (Table 3). The primary use of peanut meal is

animal feed. When peanut meal is used for human or animal consumption, careful

consideration should be given to the quality of the meal. Various oilseeds, edible nuts,

grains, and their derived products are subject to mycotoxin contamination (34),

and these mycotoxins may have a detrimental effect on both human and animal

health (35). Worldwide regulations for mycotoxins have been published (36).

Mycotoxins are generally associated with the protein fraction and are not found

in refined oil because of the processing procedures. Unrefined or lightly refined

oil may contain mycotoxins because of the fine residue particles contained therein.

Meal from edible-grade peanuts with low oil content may be processed into flour

for human consumption. When poor-quality grades are used, poor extraction effi-

ciencies or lack of hygienic conditions exist, and the residue should be used as a

fertilizer.
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TABLE 3. Major Countries and World Peanut Meal Production and Utilization (MMT) Across 30 Years.1

On Total
Domestic Consumption

Total————————————

Year Country Crushed Hand Production Imports Supply Exports Food Feed: Waste Total Distribution

1972 China 1018 0 407 0 407 0 0 366 407 407

1972 India 3511 0 1373 0 1373 869 0 504 504 1373

1972 United States 386 1 163 0 164 0 0 161 161 164

1972 Argentina 331 5 136 0 141 85 0 44 44 141

1972 Brazil 401 0 154 0 154 80 0 74 74 154

1972 Burma 228 0 88 0 88 0 0 88 88 88

1972 Indonesia 91 0 35 0 35 0 0 35 35 35

1972 Nigeria 383 6 147 0 153 137 0 16 16 153

1972 Senegal 385 0 148 0 148 135 0 13 13 148

1972 Sudan 91 20 35 0 55 50 0 5 5 55

1972 Zaire 81 0 31 0 31 0 0 31 31 31

1972 World 8098 33 3158 1030 4221 1431 13 2710 2774 4221

1980 China 1667 0 667 0 667 3 0 598 664 667

1980 India 4059 0 1705 0 1705 394 0 1311 1311 1705

1980 United States 202 4 85 0 89 0 0 85 85 89

1980 Argentina 147 7 57 0 64 42 0 8 8 64

1980 Brazil 196 0 72 0 72 46 0 26 26 72

1980 Burma 319 0 121 0 121 0 0 121 121 121

1980 Indonesia 47 0 18 0 18 0 0 18 18 18

1980 Nigeria 204 0 79 0 79 0 0 79 79 79

1980 Senegal 258 0 95 0 95 49 0 46 46 95

1980 Sudan 377 0 145 0 145 75 0 70 70 145

1980 Zaire 107 0 41 0 41 0 0 41 41 41

1980 World 7813 16 3181 488 3685 549 0 3050 3116 3685

1990 China 3250 0 1300 0 1300 160 0 1028 1140 1300

1990 India 5999 0 2520 0 2520 175 5 2340 2345 2520



1990 United States 313 6 136 0 142 35 0 103 103 142

1990 Argentina 123 0 48 0 48 38 3 7 10 48

1990 Brazil 50 0 20 0 20 3 0 17 17 20

1990 Burma 320 0 105 0 105 10 0 95 95 105

1990 France 0 0 0 253 253 3 0 250 250 253

1990 Indonesia 45 16 17 132 165 0 0 145 145 165

1990 Nigeria 80 0 28 0 28 0 0 28 28 28

1990 Senegal 480 34 183 0 217 166 0 22 22 217

1990 Sudan 145 0 56 0 56 52 0 4 4 56

1990 Zaire 129 0 50 0 50 0 0 50 50 50

1990 World 11350 61 4518 717 5296 626 8 4478 4610 5296

2000 China 6800 0 2660 0 2660 15 0 2645 2645 2660

2000 India 4300 0 1810 0 1810 20 10 1780 1790 1810

2000 United States 248 2 104 0 106 5 0 99 99 106

2000 Argentina 142 5 62 0 67 50 3 5 15 67

2000 Brazil 60 0 24 0 24 1 0 23 23 24

2000 Burma 390 0 123 0 123 10 0 113 113 123

2000 Indonesia 64 8 24 7 39 0 0 33 33 39

2000 Nigeria 510 0 163 0 163 0 0 163 163 163

2000 Senegal 420 3 190 0 193 144 0 44 44 193

2000 Sudan 210 0 81 0 81 76 0 5 5 81

2000 Zaire 120 0 46 0 46 0 0 46 46 46

2000 World 14139 22 5254 255 5531 274 35 5204 5239 5531

2002 China 6950 0 2719 0 2719 10 0 2709 2709 2719

2002 India 5060 0 2128 0 2128 50 10 2068 2078 2128

2002 United States 292 2 127 0 129 5 0 122 122 129

2002 Argentina 125 0 55 0 55 47 3 5 8 55

2002 Brazil 60 0 24 0 24 1 0 23 23 24

2002 Burma 390 0 123 0 123 10 0 113 113 123



TABLE 3 (Continued )

On Total
Domestic Consumption

Total————————————

Year Country Crushed Hand Production Imports Supply Exports Food Feed: Waste Total Distribution

2002 Indonesia 62 5 23 0 28 0 0 26 26 28

2002 Nigeria 528 0 169 0 169 0 0 169 169 169

2002 Senegal 160 5 68 0 73 63 0 10 10 73

2002 Sudan 211 0 81 0 81 75 0 6 6 81

2002 Zaire 132 0 51 0 51 0 0 51 51 51

2002 World 14901 17 5502 244 5763 222 37 5495 5532 5763

1Data extracted from http://www.fas.usda.gov/psd/complete_files/OIL-0813200.csv



3. ENVIRONMENTAL AND GENOTYPE EFFECTS
ON THE COMPOSITION PEANUTS

Major factors that influence the oil and other composition components of the peanut

include cultivar and maturity (37) as well as the environmental production condi-

tions of light, temperature, water stress, soil constituents, atmospheric constituents,

herbicides and insecticides, physical damage, and pest attack (38). In the four major

U.S. market-types (runner, virginia, valencia, and spanish), total oil content varies

from 44% to 56% (37, 39, 40). Information on the environmental and genotypic

effects on oil and fatty acid composition in peanuts is available (40, 41). The effects

of production environment on oil composition of varieties grown in Australia (42),

India (43, 44), and the United States (45–49) have been reported. In maturity stu-

dies, the total oil (as a percentage of dry weight) increased significantly and then

decreased slightly (50, 51). The most rapid changes in oil percentage occurred in

early maturity stages and corresponded to the time of very rapid increases in seed

dry weight (45, 51–54). As the peanut oil content increases across maturity, there is

a concurrent change in fatty acid composition (45). Mature seeds contain more stea-

ric and oleic acids and less arachidic, behenic, and lignoceric acids than immature

seeds. The oleic/linoleic (O/L) ratio also increases with maturity (41, 45). Develop-

ment of new high oleic acid peanut cultivars will be discussed in the next section.

Oil content and fatty acid composition have been studied in aboriginal varieties

of Arachis hypogaea subsp. hypogaea and subsp. fastigiata. These varieties are

important because they contain germplasm that can be used to increase the varia-

bility in the genetic base of the cultivated varieties (55, 56). The A. hypogaea subsp.

hypogaea var. hypogaea cultivars were higher in oleic acid concentration than the

A. hypogaea subsp. fastigiata var. fastigiata, var. aequatoriana, and var. peruviana

cultivars in sources from Peru (57) and Bolivia (58). Similar results were also

obtained from Mexican landrace lines of A. hypogaea subsp. hypogaea var. hirsuta

(59). In contrast, a survey of 16 wild species of Arachis found that the wild species

had higher levels of linoleic acid in comparison with the Arachis hypogaea geno-

types (60)

4. MODIFICATION OF OIL CHARACTERISTICS THROUGH
BREEDING

Modification of fatty acid composition has been a particular goal of breeding pro-

grams because oil quality, fatty acid composition, and protein composition are

highly heritable traits. One of the keys to successful progress in a breeding program

is the availability of rapid, efficient screening systems. Some of the methods for

rapid screening are measurement of the iodine value (IV) by the oil’ refractive index

(61), estimation of the seed oil content by its specific gravity (62), and estimation of

seed fatty acid composition by use of a small tissue fraction and analysis through

direct transmethylation (63), which improves on the individual seed analysis meth-

od (64). Methods of peanut improvement through breeding programs have been
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discussed in detail (65–68). Most peanut genotypes have 36–67% oleic acid (O),

15–46% linoleic acid (L), and O/L ratios between 1.19 and 4.46 (69–72). While

surveying peanut genotypes for oil quality, it was found that two closely related

experimental lines had 80% oleic acid and 2% linoleic acid (O/L¼ 40) with an

IV of 74 (71). This naturally occurring mutation may have resulted from a mutation

of aspartate at position 150 to asparagine in the cDNA that reduced oleoyl-PC desa-

turase activity (73). Initial oxidative stability studies were done comparing

extracted oil from the experimental high-oleic line with that of an isogenic sister

line with normal fatty acid composition (74). The results indicated that the high-

oleic peanut oil had a greater oxidative stability than the normal-oleic oil. These

experimental lines have been used in breeding programs to develop cultivars

with high O/L ratios (75–79). Cultivars having these high O/L ratios do not have

significant differences in oil content (80) nor do they have significant differences in

color, aroma, flavor, or texture (81, 82). It is characteristic of these high oleic acid

lines to have a linoleic acid content of 4% or less. High oleic roasted peanut seed

have a more stable roasted peanut attribute after 6 weeks storage at 22�C, and their

estimated shelf life is approximately two times longer than that of seed from a nor-

mal-oleic variety Florunner (83). Comparison of flavor stability in high-oleic and

normal oleic roasted peanut seed during storage at low relative humidity (84)

or �20�C (85) indicated that the high-oleic sources had better flavor quality and

stability. Use of high oleic oil in roasting of peanuts resulted in slight increases

in shelf life as measured by oxidative stability index (OSI) and peroxide value

(86). The OSI decreased over storage time, but the differential between high-oleic

and normal roasting oils was maintained throughout the storage period. The stabi-

lity of high-oleic peanut, sesame, and soybean blends in comparison with normal-

oleic peanut, sesame, and soybean blends has also been investigated (87), as has the

effect of the high-oleic trait on roasted peanut flavor heritability (79, 88).

5. OIL COLOR

Color is an important quality parameter of edible oil, both in the refining process

and in the marketplace. It is frequently monitored in the product line according to

some commercial standards to maintain a consistent quality. Each oil has its own

characteristic color primarily because of naturally occurring polyphenolic pig-

ments, gossypol, chlorophyll, and carotenoids (89). Therefore, oil color is often

specified according to both market and trade rules established by various associa-

tions. Peanut oil of the first grade for cooking should not exceed 2 Lovibond red

with fixed Lovibond yellow 20 according to Chinese national standard GB5525-

85, and for salad use, it should be no more than 1.5 Lovibond red with fixed Lovi-

bond yellow 15 (90). The Lovibond method, American Oil Chemists’ Society

(AOCS) Method Cc 13e-92 (91), is practiced primarily outside the United States

and Canada (90), and AOCS Method Cc 13e-45 or Wesson method is used through-

out the Americas (92). Introduction of automated colorimeters made possible the

replacement of the manually operated visual color instrument. An international
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collaborative study was conducted to establish a broad-scale correlation between an

automated colorimeter (Tintometer Model PFX 990 (The Tintometer Ltd)) and the

official visual colorimeter (Tinometer Model AF710) (93). The automated col-

orimeter was concluded to be an appropriate alternative. Recently, digital image

analysis has been proposed as an alternative method to the visual Lovibond method

(90). The light yellow color of peanut oil is caused by ß-carotene and lutein (94). As

peanuts mature, a distinct lightening of the oil color can be observed (95). This

lightening of oil color has been suggested as a method to assess maturity (96). How-

ever, because peanut oil color is affected by factors, such as water stress and rate

of curing in addition to maturity (97), this method was replaced by other maturity

evaluation methods (98, 99).

6. PEANUT OIL EVALUATION AND COMPOSITION

Crude peanut oil has a nutlike flavor, which is removed by refining (14). Flavor

quality ballots for oil quality have been described (100) and incorporate separate

ballots for grading and flavor intensity. The flavor quality ballot only describes

the flavor characteristics and does not include the suspected cause or process of

any off-odors (101). Lexicons of roasted peanut flavor terms are available, and

the origins of these flavor terms have been discussed (102). Although there is no

U.S. standard of identity per se, peanut oil must be suitable for human consumption

and conform to the identity characteristics defined by the Codex Alimentarius

Commission (103). The various chemical and physical characteristics for peanut

oil are given in Table 4.

Heat of fusion, or latent heat, is the quantity of heat required to change 1 g of

solid to a liquid with no temperature change. This latent heat increases with increas-

ing molecular weight. Heat of combustion is the amount of heat produced by com-

bustion of 1 kg of oil (104). The heat of combustion increases with the chain length

of the fatty acids for both monoacylglycerols and triacylglycerols (107).

The Hehner value expresses the percentage of water-insoluble fatty acids plus

unsaponifiable matter in an oil or fat (105). This method is of greatest value in test-

ing butterfat purify. Like most vegetable oils, peanut oil has a higher Hehner value

than butterfat (108). Lipids with soluble fatty acids will have lower Hehner values

than those with a greater proportion of high-molecular-weight fatty acids. The IV,

or Wijs iodine number, is the number of grams of iodine absorbed under standard

conditions by 100 g of fat. Peanut oil’s IV of 82–107 indicates it is more saturated

than corn, cottonseed, or linseed oil but is less saturated than coconut, palm, or

butter oil (37). Oil from the high oleic peanut varieties has an IV usually between

73 and 77 (41).

Peroxide value is the measure of reactive oxygen content of a fat in terms

of milliequivalents per 1000-g fat, following AOCS method Cd 8-53 or AOAC

Method 965.33 (109). Elevated peroxide values indicate that lipid oxidation has

taken place (110). Free fatty acids can serve as substrates for lipoxygenase and per-

oxidase (111), both of which are inactivated during heating (112). Once the cell
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structure is disrupted, lipoxygenase reacts with linoleic, linolenic, or arachidonic

acid [either as the free acid, triacylglycerols, or methyl or ethyl esters (113)] to

form hydroperoxides. Hydroperoxides can undergo further decomposition to

form pentanal and hexanal, both of which are detectable by headspace analysis

(114). These oxidation products are correlated with reduced flavor scores (100)

and cardboard and painty defects (100). Although the peroxide value is used as

an indicator of oil oxidation, the Kreis test was found to be a better predictor of

oxidation than the peroxide value for peanut oil (115).

The Plenske value and Reichert–Meissel values are indicators of steam-volatile

water-soluble (butyric, caproic, and caprylic) or water-insoluble (capric and

lauric) fatty acids, respectively (37). These tests were designed for detecting

TABLE 4. Characteristics of Peanut Oil.

Characteristic Value Reference

Acetyl value 8.5–9.5 37

Acid value (maximum)

Refined 0.6 mg KOH/g oil 103

Cold Pressed 4 mg KOH/g oil 103

Calculated gums (phospatides x 32) 0.35% 104

Color (Lovibond, maximum) Yellow 16–25; 2.0 red 37

Color (visual) Light yellow 37

Flavor and odor

Refined Bland 14

Cold Pressed Shall be characteristic of the natural product 103

Free from foreign and rancid odor or taste

Heat of fusion (unhydrogenated) 21.7 cal/g 37

Heating value 40.4 mJ/kg 104

Hehner value 95–96 105

Insoluble Impurities (% maximum) 0.05 103

Iodine no. (Wijs) 86–107 103

Kinematic viscosity (21.1�C) 70.7cSt 104

Melting point 0–3�C 106

Melting point of the fatty acids 22–30�C 106

Moisture and volatiles 0.23% 106

Peroxide value (maximum)

Refined 10 meq peroxides O2/kg oil 103

Cold Pressed 15 meq peroxides O2/kg oil 103

Polenske value 0.5 37

Refractive index (nD40�C) 1.46–1.465 103

Reichert-Meisl value 0.5 37

Saponification number 187–196 103

Smoke point (minimum) ~226.4�C 14

Specific gravity (20�C) 0.912–0.920 103

Specific heat (Cp, liquid oil) 0.4914 þ 0.004 T (�C) 107

Surface tension 35.6 mN/m 104

Thiocyanogen value 0.5 37

Titer 26–32�C 37

Unsaponifiable lipids 0.40% 104
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low-molecular-weight fatty acids in oil and adulteration in butterfat (106). Butterfat

has a Reichert–Meissel value of 17–34.5 (110).

The thiocyanogen value (TV) is a measure of the amount of the reagent absorbed

by 1 g of fat. GLC methods have largely displaced this method for determining the

content of oleic, linoleic, and linolenic acids when IV’s are determined (116).

Methods for calculating fat composition using the IV and TV have been discussed

(110).

For soap making, the melting point of the fatty acids (titer value) is an important

parameter (117). The titer value for peanut oil is lower than that for cottonseed oil

(30–37�C), cocoa butter, and animal fats and oils (118) but is higher than that for

corn (14–20�C) and/or linseed oil (19–21�C) (37).

The unsaponifiable matter is largely sterols and methylsterols (119, 120).

Detailed compositional analysis of the unsaponifiable fraction will be discussed

under the sterol subheading.

Before the development of gas chromatography and high-pressure liquid chro-

matography, the presence of peanut oil (as an olive oil adulterant) could be detected

because peanut oil contains about 5% arachidic acid. Arachidic acid is insoluble in

cold alcohol unlike stearic and palmitic acids (110). Methods for the detection of

arachidic acid include the Bellier, Evers, Evers–Bellier, and Renard tests (110,

121). Arachidic acid is predominant in the lecithin and cephalic fractions of peanut

oil (122). Detection methods for toxic oils as an adulterant in edible oils such as

peanut oil have been reviewed (123, 124).

Advances in instrumentation have brought about proposals of new methods for

oil content and quality measurements. Near-infrared transmittance spectroscopy has

been used as a nondestructive method for the determination of oil content in pea-

nuts (125). Fourier-transform infrared methodology has been applied as a quality

control method in determining peanut oil in high fat products such as peanut butter

(126) and monitoring changes in peanut oil and other oils under oxidative condi-

tions (127). Although Fourier-transform–Raman spectroscopy has been applied to

the classification of fats and oils including peanut oil (128), differential scanning

calorimetry has been used to follow changes in the thermal characteristics of frying

oils such as peanut oil (129).

6.1. Fatty Acids

Peanut oil is composed of mixed acylglycerol of approximately 80% unsaturated

and 20% saturated fatty acids (37). In mature peanuts, the oil is 96% triacylglycerol

(130) with the main fatty acids being palmitic, oleic, and linoleic (40). Other fatty

acids found in peanut oil are arachidic, 11-eicosensoic, behemic, and lignoceric

acids. The long-chain fatty acids are usually found at about or slightly less than

2%. The percent of free fatty acids in peanut oil varies between 0.02% and 0.6%

(131). Lipase hydrolysis of triacylglycerols into free fatty acids and glycerol occurs

before germination (132) and during adverse storage (97). Consequently, high free

fatty acid values indicate poor handling, immaturity, mold growth, or other factors

that lead to triacylglycerol hydrolysis (133).
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With maturation, the percentage of oleic acid increases while linoleic acid per-

centage decreases slightly (41, 45). Oxidative stability of peanut oil is highly cor-

related with the ratio of oleic acid to linoleic acid (134); thus, oil stability is

correlated with maturity. Cooler production climates lower the O/L ratio, resulting

in oil with a shorter shelf life. Other environmental conditions, such as drought

(135), and dry-land farming (45) will also lower the O/L ratio, and selecting soils

with a more basic pH and increasing iron while avoiding overfertilization will

increase the O/L ratio (136). Application of growth regulators has been shown to

reduce the O/L ratio (137, 138), decrease the eicosenoic acid content (137), and

increase oil yield (139). Herbicides have been shown to have a slight effect on

the oleic and linoleic acid content (137, 140). Fatty acid composition of peanut

oil can also be widely influenced by cultivar source (141, 142). Varietal variations

in fatty acid composition are summarized in Table 5 and by Young (143). It is

again important to indicate that in high oleic acid peanut cultivars, the general char-

acteristic is a linoleic acid content of 4% or less (41).

6.2. Triacylglycerol Structure

Interest in the triacylglycerol structure of peanut oil arose from observations that

peanut oil showed atherogenic effects in rabbits and other animals (144–147).

This atherogenicity has been attributed to the triacylglycerol structure of peanut

oil (148–150) because treatment of peanut oil with a base, to bring about randomi-

zation, reduced the atherogenicity to that of corn oil (151). However, the results of

the Kritchevsky studies (148, 149, 151) have been questioned (40) on the basis that

they did not include other vegetable oils for comparison and a lack of data for

appropriate statistical analysis. More recent studies (152–155) have shown that pea-

nut oil and peanut product-based diets produce a reduction in total and LDL cho-

lesterol.

Various studies have identified anywhere from 18 to 84 different triacylglycerol

species in peanut oil (149, 150, 156, 157). Although many different triacylglycerol

species have been identified, the data are conclusive concerning a nonrandom dis-

tribution of fatty acids in the sn-1, -2, -3 positions of the triacylglycerols. As the

TABLE 5. Reported Fatty Acid Composition Ranges of Peanut Oil.

Fatty Acid Percentage

Reference 102 135 141

Palmitic 8.0–14.0 7.4–12.5 5.3–10.4

Stearic 1.0–4.5 2.7–4.9 2.2–4.4

Oleic 35.0–69 41.3–67.4 52.8–82.2

Linoleic 12.0–43.0 13.9–35.4 2.9–27.1

Arachidic 1.0–2.0 1.2–1.9 1.1–1.8

Eicosenoic 0.7–1.7 0.7–1.4 0.7–2.4

Behenic 1.5–4.5 2.1–3.6 2.2–3.9

Lignoceric 0.5–2.5 0.9–1.7 1.0–1.9
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composition of the peanut oil changes, so does the spatial arrangement of the tri-

acylglycerols (158). The predominate triacylglycerol species are OOL, OOO, OLL,

POL, and POO (O¼ oleic, L¼ linoleic, P¼ palmitic) (157). Oleic acid is present

in high concentration at all three positions, and linoleic acid is found primarily in

the sn-2 position. The shorter chain length saturated fatty acids, palmitic and stea-

ric, are mainly located in the sn-1 position and less in the sn-3 position. The longer

chain length saturated fatty acids, arachidic, behenic, and lignoceric, are located in

the sn-3 position. Eicosenoic acid is also frequently located in the sn-3 position

(156, 157, 159). Peanuts are grown under many different environmental conditions,

and such environmental differences can also influence the composition of the pea-

nut oil and the triacylglycerol species (160). Because peanut triacylglycerol struc-

ture and composition and total oil composition are affected by environmental

factors and diverse genetic background (158), their atherogenic potency (148)

and oxidative stability (74) may also be affected by these conditions.

6.3. Phospholipids

The phospholipid content of peanut oil can vary from 0.6% to 2% depending on the

maturity of the peanuts from which the oil is extracted (161). The major phospho-

lipids of peanut oil are phosphatidic acid (PA), phosphatidylcholine (PC), phospha-

tidylethanolamine (PE), phosphatidylglycerol (PG), and phosphatidylinositol (PI).

The composition of the phospholipid fraction is influenced by maturity and by

the postharvest stresses to which the peanuts are subjected (162). The concentra-

tions of PA, PE, PC, and PG were higher in immature seed, and PI was lower,

when compared with mature seed. The concentration of all phospholipids except

PG increased when peanuts were subjected to a curing temperature of 40�C.

When the peanuts were frozen before curing, a significant increase was observed

in PA and PG, whereas PC and PE decreased in comparison with the controls. Oxi-

dative stability of peanut oil has been postulated for some time to be caused by con-

stituents in addition to the linoleic acid content and tocopherol content (163). More

recently, it has been reported that phospholipids act in a synergistic manner with

tocopherols in lengthening the onset of the induction period of lipid oxidation

(164, 165). The degree of unsaturation of the acyl fatty acid chain has an added

effect on the length of the induction period (164). PE and PI appeared to be

more effective than PC in increasing oil stability (164). The usually high concen-

tration of PC in raw peanut oil contributes to the efficiency of the degumming pro-

cess during refining (166). A critical concentration of PC is needed to ensure that a

gum is formed for the removal of the phospholipids.

6.4. Tocopherols

Tocopherols are considered a moderate antioxidant in the peanut oil. The Codex

Alimentaris standard for tocopherols in peanut oil (103) indicates a range of

48–373 mg/kg for alpha-tocopherol, 0–140 mg/kg for beta-tocopherol, 88–389

mg/kg for gamma-tocopherol, and 0–22 mg/kg for delta-tocopherol. Total tocopherol
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content ranges from 130 to 1300 mg/kg. Tocotrienols should not be detectable in

peanut oil. Tocopherol content in the oil can be affected by variety, production loca-

tion within the United States, maturity, and temperature of seed storage (37). Sto-

rage of peanut seed at 38�C vs. 22�C reduced alpha-tocopherol content by about

25%. A multiyear study on oil composition of peanuts exported from Argentina,

China, and the United States found tocopherol content to be the highest in the

U.S. source and lowest in the China source (167). Alpha- and gamma-tocopherols

were found to be the most abundant forms. Tocopherol form influences the antioxi-

dant capacity. Gamma- and delta-tocopherols were found to be significantly better

antioxidants than alpha-tocopherol, in that either of the first two would protect oil

approximately twice as long as a similar concentration of the latter (168). In unpro-

cessed expeller-pressed peanut oil, the tocopherol content did not affect antioxidant

activity when the oil was stored at 2% relative humidity (RH) vs. 91% RH (169).

Total tocopherol content in oil may be reduced during the degumming and the

bleaching processes by 20% and 60%, respectively (170). Peanut oil tocopherols

are also lost during frying when peanut oil is used as a cooking oil (171). Tocophe-

rols are also known as vitamin E; thus, peanut oil can serve as a good source for this

vitamin particularly when the oil is unrefined. The vitamins found in peanuts are

given in Table 6.

TABLE 6. Vitamin Content of Peanuts (Units per 100 g Dry

Weight) (37).

Constituent Units

Fat soluble

Vitamin A 26 I.U.

Carotene (provitamin A) Trace (<1 ug)

Vitamin D ND

Vitamin E 26.3 –59.4 mg/100-g oil

Alpha-tocopherol 11.9 –25.3 mg/100-g oil

Beta-tocopherol 10.4 –34.2 mg/100-g oil

Delta tocopherol 0.58 –2.50 mg/100-g oil

Vitamin K ND

Water soluble

B-Complex

Vitamin B1—Thiamine 0.99 mg

Vitamin B2—Riboflavin 0.14 mg

Vitamin B6—Pyridoxine 0.30 mg

Vitamin B12—Cyanocobalamin ND

Niacin—Nicotinic acid 12.8–16.7 mg

Choline 165–174 mg

Folic acid 0.28 mg

Inositol 180 mg

Biotin 0.034 mg

Pantothenic acid 2.715 mg

Vitamin C 5.8 mg

ND–Nondetectable.
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6.5. Sterols

Sterols are a minor constituent of peanut oil, varying from 0.09% to 0.3% (172).

Refining can remove nearly 61% of the sterol content. The Codex Alimentaris stan-

dards for desmethysterols in peanut oil (103) are given in Table 7. Detailed analyzes

of the unsaponifiable lipid fraction from peanut oil can be found in the literature.

Analysis of the unsaponifiable fraction of Nigerian peanut oil indicated the total

fraction to be about 0.4%, and when subdivided by TLC, the fractions were sterols

60%, hydrocarbons 27%, the remainder aliphatic alcohols, and other minor compo-

nents (119, 120). Beta-sitosterol comprised 64% and campesterol 15% of the sterol

fraction. The major triterpene alcohols included 24-methylenecycloartanol at 46%

and cycloartanol at 33%. A more recent report on the separation of the unsaponifi-

able components of Madagascar peanut oil (173) indicated that the sterol fraction

was composed of 72% beta-sitosterol and about 17% campesterol. The 4-alpha-

methylsterol fraction was primarily composed of citrostadienol (20%), obtusifoliol

(17%), gramstisterol (15%), and cycloeucalenol (14%). The triterpene alcohol frac-

tion was composed of 14-methyl-cycloeucalenol (42%), cycloartenol (22%),

cycloartanol (15%), and lupeol (10%). Use of peanut oil as frying oil also results

in the loss of phytosterols (174). The major sterol component, beta-sitosterol, has

recently been shown to inhibit cancer growth (175) and may offer protection from

colon, prostate, and breast cancer.

7. USES

Peanut oil is used mainly for edible purposes in the preparation of shortening, mar-

garines, and mayonnaise, as a cooking and frying oil and as a salad oil. As indicated

previously, the primary use of edible peanuts outside North America is the produc-

tion of peanut oil (Tables 1, 2), and the oil may be hydrogenated into vanaspati, an

Indian analogue to margarine (176). Because of the high smoke point (229.4�C),

TABLE 7. Codex Alimentarius Standard Levels

of Desmethylsterols in Peanut Oil (102).

Constituent % Total Sterols

Cholesterol ND–3.8

Brassicasterol ND–0.2

Campesterol 12.0–19.8

Stigmasterol 5.4–13.2

Beta-sitosterol 47.4–69.0

Delta-5-avenasterol 5.0–18.8

Delta-7-stigmastenol ND–5.1

Delta-7-avenasterol ND–5.5

Others ND–1.4

Total sterols (mg/kg) 900–2900

ND—Nondetectable, defined as� 0.05%.
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refined peanut oil is often used in deep-fat frying (14), but hydrolysis of acylglycer-

ols into free fatty acids during frying leads to a decrease in smoke point (107). For

both frying and as a salad oil, peanut oil is considered to be superior to soybean oil

and develops fewer flavor defects with long-term use (177). Peanut oil is considered

to be superior in the manufacture of pourable dressings because of its ability to hold

solids in suspension longer (178). However, because peanut oil solidifies at 0–3�C,

it does not meet the definition for salad oil, which must remain clear after 5.5 hours

of immersion in an ice bath at 0�C (179). A nonedible use of peanut oil as a diesel

fuel has been investigated (180–183), but it is more expensive than conventional

No. 2 diesel fuel and has the added drawbacks of lower heating value, greater sur-

face tension, greater viscosity, and greater density (104).

7.1. Peanut Oil as a Protectant

In developing countries, there is a need for economical and locally available mate-

rials that can be used as a protectant, particularly as a seed protectant. In Nigeria,

peanut oil is recommended for control of rice weevils (Sitophilus oryzae L.) (184)

and as a protectant of maize from damage by the maize weevil (Sitophilus zeamais

Motsch.) (185). Protection can last up to 180 days. Control of Sitophilus granaries

L. with peanut oil was effective for up to 90 days of storage for wheat (186). The

use of peanut oil for the control of Callosobruchus maculates (F) in cowpea grain

has been reported (187) and its mode of action investigated (188, 189). Applications

of the method have been reported from Gambia (190), Senegal (191), Nigeria, and

Colombia, South America (192). In India, peanut oil is used as a protectant against

Callosobruchus chinensis L. in chickpea (Cicer arietinum L.) (193). In Sahel, pea-

nut oil is used for protecting leguminous tree seeds against seed beetles (194). Other

protectant applications are its use as a protectant against infestations of Cryptolestes

pusillus and Rhyzopertha dominica in stored grains, such as maize and sorghum

(195). Application of peanut oil to apples as a postharvest treatment has been shown

to reduce superficial scald (196). Peanut oil has also been evaluated for control of

the parasitic tracheal mite [Acarapis woodi (Rennie)] in colonies of the honeybee

[Apis mellifera (L.)] (197).

8. DIETARY ASPECTS

Dietary aspects of high fat content products such as peanuts and peanut products

and of peanut oil are often in question. One point is the high atherogenic potential

of peanut oil, which has been attributed to its triacylglycerol structure (148–150),

because treatment of the oil with a base to bring about randomization reduced the

atherogenicity to that of corn oil (151). Another study has suggested that the lectin

in peanut oil may significantly contribute to its atherogenic properties (198). Con-

tinued human epidemiological studies have shown a 30–50% reduction in cardio-

vascular disease in individuals who ate nuts, including peanuts, four to five times a

week (199–201). Another human subjects study found that the use of high oleic
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acid peanuts as the fat source in a low-fat–high-monounsaturate diet produced sig-

nificant positive changes in blood lipids in postmenpausal women, including reduc-

tion of total cholesterol from 264 to 238 mg/dl (202). Additional evidence for the

benefits of a diet high in monounsaturated and polyunsaturated fats and low in satu-

rated fat on body function is found in a recent study in which the subjects consumed

one of five diets: a low-fat diet, one including olive oil, one including peanuts and

peanut butter, one including peanut oil, and a typical American diet. Results indi-

cated that the diet including peanuts and peanut butter, the one including peanut oil,

and the diet including olive oil (all low in saturated fat and cholesterol, and high in

monounsaturated fat) lowered total cholesterol and LDL cholesterol. Further, each

of these three diets lowered triacylglycerol levels, but they did not lower the

beneficial HDL cholesterol (203, 204). Peanut oil because of its beta-sitosterol

may inhibit cancer growth (175) and may offer protection from colon, prostate,

and breast cancer. Snacking on peanuts or peanut products has a satiety effect

that enables individuals to control hunger without leading to a weight gain (205).

9. ALLERGENICITY

The allergenicity of peanuts is well documented (206). Because peanuts are among

the most potent allergenic foods, based on the prevalence of peanut allergy and the

frequency of reported severe adverse reactions (207–209), peanut oil has been the

most thoroughly studied (210). It has been shown that the most peanut-allergic indi-

viduals can safely consume refined peanut oil, whereas unrefined oil can provoke

reactions in some of the same individuals. However, some other studies report cases

of allergic individuals reacting to peanut oil that presumably had been refined (211,

212). This has led to a debate about the safety of refined oils and specifically

whether to label each oil individually because of the potential risk of allergenicity.

It has been suggested that the discrepancy between these observations was caused

by processing differences (210). It was further suggested that there needs to be a

standardized and validated methodology for measuring the protein content and

immunoreactivity of the residual protein in the peanut oil. Such a standard metho-

dology can then be used to maintain process specifications. Thresholds of reactivity

to allergens also need to be established to assess fully the risk from very small

amounts. It has been questioned whether high oleic acid peanuts differ in their aller-

genic properties from normal peanuts. Investigation of this question concluded that

a high content of oleic fatty acid has no effect on peanut allergenicity (213).
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10
Rice Bran Oil

Frank T. Orthoefer

1. INTRODUCTION

Rice oil, also called rice bran oil, has been used extensively in Asian countries such

as Japan, Korea, China, Taiwan, Thailand, and Pakistan (1, 2). It is the preferred oil

in Japan for its subtle flavor and odor. Interest in rice oil in the United States was

initiated after WWII, primarily to provide an additional revenue stream to the rice

miller. More recently, interest in rice oil escalated with its identification as a

‘‘healthy oil’’ that reduces serum cholesterol (3, 4).

Three facilities were constructed in the United States to produce rice oil (5). The

first facility began operation in the late 1950s, and a second facility was started in

the 1960s. Both were shut down in the early 1980s because of economics. A third

production facility began operation in the early 1990s and continues producing both

bulk and packaged oils for the domestic and export markets. Attempts at further

development of rice oil production have not been successful because of high capital

requirement to construct an oil extraction plant and refining facility and limited

availability of stabilized rice bran (6).

Rice oil is a minor constituent of rough rice when compared with the carbohy-

drate and protein content. Two major classes of lipids are present: those internal

within the endosperm and those associated with the bran. The internal lipids con-

tribute to the nutritional, functional, and sensory qualities of rice (7).

Rice bran is the main source of rice oil. The majority of available bran continues

to be used for animal feeds without being extracted for the oil. The food industry

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
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uses minor quantities of stabilized rice bran as a source of dietary fiber, protein, and

desirable oil.

This chapter reviews the source and composition of rice bran oil, its nutritional

characteristics, production, and refining of the oil and its applications.

2. COMPOSITION OF RICE AND RICE BRAN LIPIDS

The structure of the rice kernel is given in Figure 1. Lipids are present as sphero-

somes or lipid droplets less than 1.5 mm in diameter in the aleurone layer, less than

1.0 mm in the subaleurone layer, and less than 0.7 mm in the embryo of the rice

grain (7, 9). Most of the lipids in the endosperm are associated with protein bodies

and the starch granules as bound lipids (10). The lipids are broadly classified as

nonstarch and starch lipids (Table 1). The majority of the lipids are the nonstarch

lipids. Starch lipids consist primarily of lysophospholipids, triacylglycerols, and

free fatty acids (13). Major phospholipid species are lysophophatidylethanolamine

and lysophosphatidylcholine. The major fatty acids are palmitic and linoleic acids

along with oleic acid. Minor amounts of monoacylglycerols, diacylglycerols, and

sterols are also found. Glycolipids found are diglycosyl monoacylglycerols and

monoglycosyl monoacylglycerols. The component sugars are galactose and glu-

cose.

The nonstarch lipids in the aleurone, subaleurone, and germ layers were 86–91%

neutral lipids, 2–5% glycolipids, and 7–9% phospholipids, although these are vari-

able because of different milling degrees (11). The fatty acid composition of

Figure 1. Relative proportion of major rice caryopsis components (8).
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nonstarch lipids showed 22–25% palmitic, 37–41% oleic acid, and 37–41% linoleic

acid (Table 2). The brown rice non-starch lipids was 14–18% in germ, 39–41% in

bran, 15–21% in polish, and 25–33% in milled rice. The composition was 83–87%

triacylglycerol together with 7–9% free fatty acids, diacylglycerols, sterols together

with sterol esters, hydrocarbons, and wax. Oil extracted from rice bran contained

20.1% total lipid, 89.2% neutral lipids, 6.8% glycolipid, and 4.0% phospholipid

(14). A component of rice bran oil that has promise as a nutraceutical compound

is g-oryzanol (15). g-Oryzanol was first isolated from soapstock from rice oil

TABLE 1. Lipid Composition of Rice and its Fractions (7, 9, 11, 12).a

Nonwaxy

Nonstarch Lipids in Rice Fractions Starch Lipid in

—————————————————— ———————

Brown Milled

Property Hull Brown Milled Bran Germ Polish Rice Rice

Lipid content 0.4 2.7 0.8 18.3 30.2 10.8 0.6 .05

Saponification no. 145 181 190 184 189

Iodine no. 69 94 100 99 101

Unsaponifiable matter 26 6 6 6 34

Fatty acid composition Wt % of total

Palmitic 18 23 33 23 24 23 46 45

Oleic 42 35 21 37 36 35 12 11

Linoleic 28 38 40 36 37 38 38 40

Others 12 4 6 4 3 4 4 4

Neutral lipids, % of total lipids 64 86 82 89 91 87 28 26

Triglyceride — 71 58 76 79 72 4 2

Free fatty acids — 7 15 4 4 5 20 21

Glycolipids, % of total lipids 25 5 8 4 2 5 19 16

Phospholipids, % total lipids 11 9 10 7 7 8 53 58

Phosphotidylcholine — 4 9 3 3 3 4 4

Phosphatidylethanolamine — 4 4 3 3 3 5 5

Lysophosphatidylcholine — <1 2 <1 <1 <1 21 23

Lysophosphatidylethanolamine — — 1 — — — 22 25

aBased on 6% bran-germ, 4% polish, and 90% milled rice from brown rice.

TABLE 2. Major Lipid Classes of Crude Bran Oil Extracted from Raw Rice Bran

and Their Fatty Acid Composition (14).

Fatty Acid Composition (%)

——————————————————————————————————————————

Lipid classa wt% 14:0 16:0 18:0 18:1 18:2 18:3 20:0 saturated unsaturated

TL 20.1 .40 22.21 2.21 38.85 34.58 1.14 0.61 25.43 74.57

NL 89.2 0.43 23.41 1.88 37.24 35.29 1.07 0.68 26.40 73.60

GL 6.8 0.09 27.34 0.28 36.45 35.76 0.18 27.61 72.39

PL 4.0 0.11 22.13 0.16 38.11 39.32 0.17 22.40 77.60

aTL¼ total lipids; NL¼ neutral lipids (nonpolar lipid and free fatty acids); GL¼ glycolipids; PL¼ phospholipids.
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refining (16). Although originally thought to be a single compound, it is now known

to be a mixture of steryl and other triterpenyl esters of ferulic acids (cycloartenyl

ferulate, 24 methylenecycloartenyl ferulate, and b sitosterol ferulate and campesteryl

ferulate) (Figure 2). It is present at 1.5–2.9% of rice bran oil with a m.p. of 138.5�C.

The oryzanol content is dependent on rice grain variety with long grain rice at

6.42 mg/g and medium grain rice at 5.17 mg/g (17).

Tocopherols and tocotrienols (tocols) are present in rice oil (Figure 3). Crude

rice bran oil was found to contain, per 100 g of oil, 19–46 mg of a-tocopherol,

1–3 mg of b-tocopherol, 1–10 mg of g-tocopherol, and 0.4–0.9 mg of d-tocopherol,

14–33 mg of a-tocotrienol, and 9-69 mg of g-tocotrienol (18, 19) (Table 3). The

mean tocol content was 93 mg/100 g for crude oil and 50 mg/100 g for refined

oil (19). Close to 370 mg/100 g has been reported (20). Rice bran stabilization

and storage (21) and method of extraction (22) affects the concentration of tocols

in the oil. g-Tocotrienol is more stable and persists to a greater extent during storage

than other tocols (21). Other factors influencing toco content are milling and variety

(17, 23). Long-grain varieties have higher levels of tocotrienols than medium grain

rice (17).

CH CH COORH

CH3O
3 2

1 7 8
4

5 6 (ROH see below)

= campesterol
= O sitosterol
= cycloartenol
= 24 methylene-cycloartenol
= cyclobranol

ROH

Figure 2. Major ferulates in oryzanol (9).
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Figure 3. Structure of tocopherol and tocotrienol (9).
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Waxes are present as long-chain fatty acid esters with fatty alcohols, methanol,

and ethanol. Fatty acid analysis showed that behenic (C:22), lignoceric (C:24), and

palmitic acids (C:16) are the major fatty acid for longer alkyl esters and oleic and

palmitic for the shorter alkyl esters (Table 4) (24). The major alcohols found are for

longer alkyl esters. These are as follows:

TABLE 3. Tocopherol and Tocotrienol Concentrations (mg/100g) in Raw Rice Bran

and Commercially Available Refined Oil (14).

Source a-T b-T g-T d-T a-T3 g-T3 d-T3

Rice bran 6.3 0.9 3.20 0.20 3.8 12.0 0.7

Brown ricea 0.63 0.09 0.32 0.02 0.38 1.2 0.07

Crude oila 31.50 4.50 16.00 1.00 19.0 60.0 3.5

Refined oil 8.2 12.80 1.3 2.1 42.9 3.5

aCalculated values.

TABLE 4. Fatty Acids of Sterol and Alkyl Esters, Alcohols of Longer Alkyl Esters,

and Alkanes and Alkenes of Rice Bran Waxy Lipids (24).

Fatty Acids Composition of:

——————————————————————————————————————————

Carbon and Alcohols of

Double Bond Longer Alkyl Shorter Alkyl Longer Alkyl

No. Sterol Esters Esters Esters Alkane Alkenes

14.0 0.6 1.8 2.2 — — —

16.0 11.1 23.8 35.5 — — —

18:0 1.0 3.8 0.8 — — —

18:1 33.1 2.9 60.2 — — —

18:2 51.1 0.3 1.5 — — —

18:3 2.0 — — — — —

20:0 0.7 3.6 — 0.1 — —

22:0 — 32.6 — 2.0 — —

23:0 — 31.2 — — 1.3 —

24:0 — — — 11.2 0.2 —

25:0 — — — — 2.0 —

26:0 — — — 6.3 0.8 —

27:0 — — — — 9.5 7.9

28:0 — — — 12.5 3.6 1.3

29:0 — — — — 46.5 38.8

30:0 — — — 19.1 3.0 0.9

31:0 — — — — 23.7 20.8

32:0 — — — 10.5 (5.1) 1.4 0.5

33:0 — — — — 6.5 18.8

34:0 — — — 6.6 (18.3) 0.7 1.4

35:0 — — — — 0.8 8.4

36:0 — — — 3.0 (5.4) — 0.1

37:0 — — — — — 1.6
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Major alcohols:

Tetratriacontanol C34:0

Triacontanol C30:0

Dotriacontanol C32:0

Octacosanol C28:0

Tetracosanol C24:0

Straight-chain alkanes, alkenes, and branched-chain alkenes (squalene) are detected

in the hydrocarbon fraction. The squalene content is 120 mg/100 g.

Hard and soft waxes are recovered from crude rice bran oil with m.p. of 79.5�C
and 74�C (25). The hard wax consists of 64.5% fatty alcohols, 33.5% fatty acids,

and 2% hydrocarbons. Soft wax includes 51.8% fatty alcohols, 46.2% fatty acids, and

2% hydrocarbons.

3. MILLING OF RICE

Today’s modern rice mills efficiently separate hulls from paddy rice followed by

bran removal (Figure 4) (6). Milling consists of rubber roll dehullers, paddy separa-

tors, abrasive milling (whitening), and possibly friction mills. The bran and polish

consist mainly of the outer layers of rice caryopsis. These include the pericarp, seed

coat, nucellus, aleurone layer, germ, and part of the subaleurone layer of the starchy

endosperm. Rice bran makes up 5–8% of rough rice, and the polish may account

for an additional 2–3% (5). Commercial rice bran is a fine, floury material made

up of the outer layers of the brown rice plus pulverized germ, some hull fragments,

and some endosperm (white rice fragments) (8). The particle size distribution of the

bran is shown in Table 5 (26). The particle size of the bran varies significantly with

type of milling and milling condition. The composition of the bran also varies as

a function of milling degree (Table 6) (27). Generally, a low degree of milling is

practiced.

Rice bran is rich in lipids, proteins, minerals, vitamins, phytin, trypsin inhibitor,

lipase, and lectin (hemeagglutinins) (5). Compared with other cereal brans, rice

bran with germ is a little higher in fat content but comparable in protein, fiber,

and ash (Table 7). The high phosphorous content is among the highest of the cereal

grains. Rice bran is also high in silica probably because of the presence of rice hull

fragments. Bran is high in B vitamins and tocopherol, but it contains only a little

Vitamin A and C (28).

Rice bran and germ are used in animal feeds as a low-cost source of protein and

oil (6). ‘‘Rice mill feed’’ is a combined product produced by huller mills, where

dehulling and milling is a single processing step (5). Raw rice bran, when dehulling

is a separate processing step, has about four times the oil content (17–20%) of rice

mill feed (6). Parboiled rice bran produced by cooking of rough rice prior to milling

has a greater oil content, usually above 20%, than raw rice bran. The higher oil con-

tent may be caused by less endosperm contamination, better extractability of the oil
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TABLE 5. Particle-Size Distribution (%) of Raw and Heat-Stabilized Brans (26).

Mesh Particle Size (mm) Raw Bran Moist Heat-Stabilized Bran

18 >1000 0 0

18–30 1000–595 2.4 18.6

30–50 595–297 30.0 32.7

50–80 297–177 12.2 18.5

80–100 177–149 8.5 10.8

<100 <149 46.7 19.4

TABLE 6. Variation in Rice Bran Composition as a Function of the Degree of Milling (27).

Degree of Bran Composition (%)

Milling (%) Protein Fat Fiber Ash NFEa

1st Cone 0–3 17–0 17.7 10.5 9.8 45.0

2nd Cone 3–6 17.6 17.1 10.3 9.4 45.2

3rd Cone 6–9 17.0 16.5 5.7 8.4 52.5

4th Cone 9–10 16.7 14.2 5.7 7.5 55.9

aNitrogen-free extract.

Steps in Rice Milling

 

 

 

Rough Rice

Screening

Destoning

Dehulling

Polishing

Grading and sizing

Milled Rice

Bran

Figure 4. Steps in rice milling.
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TABLE 7 Composition (% at 14% Moisture) of Rice Bran and Polish and Other Cereal Brans (26).

Rice

——————————————

Bran Polish Wheat Corn Barley Rye Oat Bran Sorghum Millet

Constituent Bran Bran Bran Bran Shorts Bran Bran

Crude protein (% N� 6.25) 12.0–5.6 11.8–13.0 14.5–15. 7.8–11.5 11.5 14.6 8.8–16.2 7.7–15.0 11.5

Crude fat (%) 15.0–19.7 10.1–12.4 2.9–4.3 4.4–8.1 2.8 2.6 3.0–6.8 4.6–4.7 8.0

Crude fiber (%) 7.0–11.4 2.3–3.2 6.8–10.4 2.6–9.4 9.6 6.6 20.5 7.4–9.1 —

Available carbohydrates (%) 31.1–52.3 51.1–55.0 50.7–59.2 58.9–62.6 58.4 58.0 61.4 54.3–64.1 56.0

Crude ash (%) 6.6–9.9 5.2–7.3 4.0–6.5 1.9–3.4 3.6 4.2 6.3 2.1–3.0 10.5

Calcium (mg/g) 0.3–1.2 0.5–0.7 1.2–1.3 0.3–0.4 2.8 0.9–1.2 0.9 — 0.8

Magnesium (mg/g) 5–13 6–7 5.6 2.5 — — 3.0 — 4.0

Phosphorus (mg/g) 11–25 10–22 9–13 1–6 5–8 7.2–10.5 8.1 —

Phytin phosphorus (mg/g) 9–22 12–17 10 — 3.1 6.9 — — —

Silica (mg/g) 6–11 2–3 2 — — — — — —

Zinc (mg/g) 43–258 17–60 105 — 21 56 — — —

Thiamine (B1) (mg/g) 12–24 3–19 5.4–7.0 4.2 — 2.5 4.1 — 10.6

Riboflavin (B2) (mg/g) 1.8–4.3 1.7–2.4 2.4–8.0 1.5 — 0.2 3.3 — —

Niacin (mg/g) 267–499 224–389 181–550 — — 22.6 1.5 — —



by solvents, and outward movement of the oil from aleurone and germ cells to the

bran layer (28).

The final physical and chemical nature of bran depends on the following:

1. Rice variety

2. Treatment of the grain before milling

3. Type of milling system

4. Degree of milling

5. Fractionation that occurs during milling (29).

The preferred method for milling of rice that gives hulls, bran, and milled rice is

referred to as ‘‘multistage’’ or ‘‘multiple break’’ where shellers (dehullers), pol-

ishers, and whiteners are used. The hull is first removed in shellers, and the dehulled

brown rice undergoes subsequent whitening operations. The amount of contami-

nants in the bran affects the total lipid content. Contaminants are broken rice and

layers from the endosperm. Addition of calcium carbonate, usually at 0.25% of

rough rice as a milling aid during whitening, further reduces the oil content. Other

milling aids such as diatomaceous earth and ground limestone have also been

used.

In developing countries, most rice is milled in a one-stage (huller) mill that

removes hull, bran, and germ as a single mixture. It is estimated that less than

25% of rough rice is fractionated into hull and bran fractions (29).

4. ENZYMES IN RICE BRAN

Rice bran contains active enzymes (30). Germ and the outer layers of the caryopsis

have higher enzyme activities. Some enzymes that are present include a-amylase,

b-amylase, ascorbic acid oxidase, catalase, cytochrome oxidase, dehydrogenase,

deoxyribonuclease, esterase, flavin oxidase, a and b-glycosidase, invertase, lecithi-

nase, lipase, lipoxygenase, pectinase, peroxidase, phosphatase, phytase, proteinase,

and succinate dehydrogenase.

Particularly lipase, but also lipoxygenase and peroxidase, are probably most

important commercially because they affect the keeping quality and shelf life of

rice bran.

Lipase promotes the hydrolysis of the oil in the bran into glycerol and free fatty

acids (FFA) (5). The lipase has been studied extensively. In the intact grain, the

lipases are localized in the testa-cross layer of the rice grains while the oil is in

the aleurone and subaleurone layers and in the germ (26, 26a). The germ, where 60%

of the lipase occurs, is similarly compartmentalized. During milling, the enzyme

and substrate are bought together. The rate of FFA formation is highly dependent

on environmental conditions. Formation of 5–7% free fatty acids per day has been

reported (29). Up to 70% FFA has been reported for a single month of bran storage.

Production of FFA in a clean U.S.-produced bran is shown in Figure 5 (31). Rice
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bran oil contains 2–4% FFA at the time of milling. Less than 5% FFA is desirable

for producing rice bran oil because high FFA results in high refining losses. The

composition of crude rice bran oil produced by hexane extraction of stabilized

bran is shown in Table 8.

Lipase has a molecular weight of about 40,000 Da and an isoelectric point (pI) of

8.56 (32). It is activated by calcium and inhibited by heavy metals. The optimum

pH is 7.5–8.0, and the optimum temperature is 37�C. It is inactivated by heating at

60�C for 15 minutes. Rice bran lipase preferentially hydrolyzes fatty acids from the
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Figure 5. Free fatty acid (FFA) increase in raw bran during a 135-day storage period (8).

TABLE 8. Crude Rice Bran Oil Composition (8).

Lipid Type Percent

Saponifiable lipids 90–96

Neutral lipids 88–89

Triacylglycerols 83–86

Diacylglycerols 3–4

Monoacylglycerols 6–7

Free fatty acids 2–4

Waxes 6–7

Glycolipids 6–7

Phospholipids 4–5

Unsaponifiable lipids 4–2

Phytosterols 43

Sterol esters 10

Triterpene alcohols 28

Hydrocarbons 18

Tocopherols 1
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1 and 3 positions in the triacylglycerol molecules. Two subunits are suggested for

lipase, and these are held together by disulfide bonds.

A second rice bran lipase has a pI of 9.1 and an optimum temperature of 27�C
(33). It has a high specificity for triacylglycerols having short-chain fatty acids.

The enzyme, lipoxygenase, is associated with the oxidation of the polyunsatu-

rated fatty acids (PUFA) having a cis, cis-pentadiene structure. The carbonyl pro-

ducts from the degradation, particularly hexanal, have been implicated in the stale

flavor of rice. Lipoxygenase activity is highest in the germ fraction. Three forms of

lipoxygenase have been isolated differing in pH optimum and specificity (34).

5. STABILIZATION OF RICE BRAN

The instability of rice bran has long been associated with lipase activity (35). As

long as the kernel is intact, lipase is physically isolated from the lipids (29).

Even dehulling disturbs the surface structure allowing lipase and oil to mix. Oil

in intact bran contains 2–4% free fatty acids (2). Once bran is milled from the ker-

nel, a rapid increase in the FFA occurs. In high humidity storage, the rate of hydro-

lysis is 5–10% per day and about 70% in a month as shown earlier. The objectives

of rice bran stabilization are as follows:

� Arrest lipase and lipoxygenase activity.

� Improve oil extraction efficiency.

� Reduce fines in crude oil.

� Sterilize the bran.

� Reduce color development.

The lipoxygenase and peroxidase enzymes also have a negative impact on the

oxidative state of the bran (Table 9). Further degradation of the oil occurs as

reflected in an increase in peroxide and thiobarbituric acid value and a decrease

in iodine value. Both lipoxygenase and peroxidase enzymes are inactivated with

lipase inactivation.

TABLE 9. Changes in the Composition of Bran Lipids During Storage of Milyang 23 Rice

Bran at 30�C and 80% RH (28).

Storage Period (weeks)

——————————————————————————————————————————

Oil Property 0 1 2 3 4 5

Free fatty acids (% as oleic acid) 3.6 33.0 40.3 45.8 61.8 68.2

Peroxide value (meq/kg) 32.8 73.2 96.0 109.3 90.6 91.0

Iodine value (%) 96.8 90.2 85.4 83.2 79.0 74.7

TBAa (mg of malonaldehyde) 0.5 0.8 1.1 0.7 0.7 0.6

equivalents/Kg

aThiobarbituric acid.
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Lipase activity results in hydrolytic rancidity. There is little or no change in

flavor of the bran with an increase in FFA (5). Lipoxygenase activity, however,

increases with the presence of FFA resulting in oxidative rancidity (36). It is

oxidative deterioration that is responsible for the flavor and odor of rancid rice

bran.

Peroxidase is used as a convenient index of lipase activity. The inactivation tem-

perature for lipases and associated enzymes is dependent on the moisture content.

At 4% moisture, inactivation temperature for lipoxygenase is 40�C, lipase is 55�C,

and peroxidase is 70�C (28).

Methods for stabilization of rice bran have been reviewed (37). These include

dry heating, wet heating, and extrusion. The most practical method has been the

use of extrusion or expansion methods.

In retained heating methods (dry heat), a simple hot air drying reduces the moist-

ure content to 3–4%. The bran must be kept dry in moisture-proof containers, or the

rehydrated bran will regain its lipase activity. If the bran is heated in the presence of

moisture, the lipase is permanently denatured.

The types of retained-moisture heating methods include extrusion cookers and

sealed rotating drums. Extrusion cooking results in both lipase denaturation and

bran sterilization. When pressure is released, part of the superheated moisture eva-

porates with little or no drying being required. Expanders or expellers are also used

to permit addition of moisture (wet heating) through steam and the formulation of

colletts or pellets from the bran. The colletts aid handling and oil extraction.

Extrusion (dry heat) cookers have been ideal for stabilization because excess

moisture is not added, eliminating the need for drying. The heating of the bran

occurs through conversion of mechanical energy of the screw drive to heat the

bran. Temperatures used for stabilization vary from 100� to 140�C. The bran is

kept hot for 3–5 minutes after extrusion to ensure lipase inactivation. The hot

bran is then cooled using ambient air.

Extrusion cooking of the bran was pioneered by the Western Regional Research

Laboratory (28, 29, 29a). Dry extrusion was found more suitable for stabilizing

bran to be used as a food ingredient (38). Stabilization within 1 hour after milling

is considered ideal for bran quality.

Wet heating is more effective for bran stabilization for oil extraction than is dry

heating. Lipase is inactivated in 3 minutes at 100�C (37). The equipment that can be

used include steam cookers, blanchers, autoclaves, and screw extruders with

injected steam and water (30). Extrusion with steam injection and up to 10% added

water reduces the temperature required for lipase inactivation. Temperatures are

reduced to 100–120�C. Product may be held at 100�C for 1.5–3.0 minutes before

drying to a stable moisture content. Bran expands as it exits the extruder, and water

flashes to steam (8). Porous pellets assist in solvent percolation during oil extrac-

tion. Fines are agglomerated as well.

Addition of water/steam to bran during wet extrusion requires drying after sta-

bilization. Hot air is simply passed through a bed of pellets. Although this increases

the cost of stabilization, lipase inactivation is permanent with less nutritional

damage to the bran. The recovered oil is lighter in color with lower refining losses.
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The stabilized bran may be stored for extended periods, although extraction should

be completed within 1 month for best quality oil (39).

Parboiling of rice is also an example of wet heat stabilization. The lipase in

rough rice is completely inactivated by either autoclaving for 3–20 minutes or by

parboiling.

Other stabilization methods that have been investigated are as follows:

1. Refrigeration to reduce the rate of hydrolysis (8)

2. Lowing pH to reduce lipase activity (4)

3. Chemical additions such as sodium metabisulfite (39a)

6. RICE BRAN TO RICE BRAN OIL

Rice bran is the source of rice bran oil (30). Various commercial efforts to extract

the oil have been made over the past 50 years. Initially, use of the oil in traditional

foods was targeted. More recent efforts have emphasized the nutritional benefits of

rice bran oil.

Rice bran oil with a low free fatty acid content can be extracted with hexane

from extrusion stabilized bran. The process flow is shown in Figure 6. Nonstabi-

lized bran, although having a high free fatty acid, can also be used for production

of oil. With nonstabilized bran, the extraction is similar to that of extracting a fine

powder. Preprocessing of the bran through an extruder, expander, or expeller may

be used to form either a flake or pellet that results in improved solvent flow through

an extraction bed (40). Flaked bran with only 7–12% passing a 25 mesh screen gave

a percolation through a 60-cm bed of 563–620 L/m2/min. The oil extraction rate

 
 

Rice bran

Stabilization

Pellets

Hexane extraction

Desolventizing

Crude rice bran oil

Figure 6. Process for rice oil production (8).
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was rapid, with 96% of the oil being removed in 5 minutes and only 0.7% residual

oil remaining after 1 hour of extraction.

Earlier methods to recover the oil used hydraulic pressing (28). In a Japanese

system for pressing, the raw bran is cleaned by sifting and air classification to

remove whole and broken grains and hulls, and, in some instances, to recover rice

germ. The bran is then steam cooked, dried, prepressed, and finally expeller pressed.

Hexane extraction may be batch, battery, or continuous type (12). All three sys-

tems were recently operating in Japan. Continuous systems operate in Brazil,

Burma, Egypt, India, Mexico, Taiwan, Thailand, and the United States. The bran

in the most efficient systems is stabilized, pelletized, and, if required, dried. After

the pretreated bran is placed in the extractor, hexane is pumped in and allowed to

percolate through the bran to extract the oil. Countercurrent extraction is used.

The miscella (solvent plus oil) is passed through filters to remove the bran fines

before evaporation for solvent and crude oil recovery. The production of fines

from expander stabilized bran depends on stabilization condition (38). Flake size

is larger if expanded at 120�C, but the flakes are fragile and easily broken. Flakes

with high moisture content were more resistant to breakage. Final bran moisture

was about 6%.

Pelletizing of the bran improves percolation and minimizes fines in the miscella.

Pellets are 6–8 mm in diameter. Moistening during palletizing reduces the fines pro-

blem. Parboiled bran does not produce the hard pellets found for raw bran possibly

because of protein denaturation during parboiling (33). Binding of the fines in the

pellet is assisted by starch gelatinization during heating of the bran. Parboiled bran

also presents problems with sticking to dryer surfaces resulting in self-ignition in

the dryer. Prior mixing with raw bran alleviates the problem.

The X-M process combines solvent extraction and milling of the rice (41).

Brown rice is pretreated with warm rice oil (0.5%) for 2–3 hours to soften the

bran. The rice is then milled in the presence of a rice oil miscella. The solvent slurry

is then removed from the rice and the rice oil is recovered. Advantages are that sta-

bilization is not required and the resultant oil had a minimum FFA level. This pro-

cess is no longer used.

Extraction of rice bran oil by supercritical fluid has been investigated (5). Minor

reductions in oil yield may occur. The oil yield with supercritical CO2 is 17.98%,

with CO2–ethanol 18.23%, and with hexane 20.21%.

7. REFINING OF THE OIL

The color of crude rice bran oil is dark greenish brown to light yellow depending on

the condition of the bran, extraction method, and composition of the bran. The pig-

ments include carotene, chlorophyll, and Maillard browning products (12, 28). Oil

from parboiled rice bran is generally darker in color than oil from raw rice bran.

The composition of crude rice bran oil has a major effect on refining. The crude

oil typically contains up to 0.5% bran fines and 0.5–5% wax. Agitated storage tanks

are required. Heated tanks and lines also are necessary to prevent crystallization of
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waxes. Refining losses may be in excess of ten times the FFA when the crude oil has

a relatively low FFA (<10%). Lower refining losses of approximately two times the

FFA have been reported (2, 6, 40).

Refining of crude rice oil involves dewaxing, degumming, neutralization of free

fatty acids, bleaching to improve color, and steam deodorization. Refined rice bran

oil is a light yellow color (Lovibond 3.0 R 30Y) with a mild background odor and

flavor reminiscent of rice. Similar to peanut oil, the flavor and odor are complemen-

tary to the flavor of many fried foods, such as fish, chicken, and chips.

8. DEWAXING

Waxes can increase refining losses (8). The wax content of crude oil depends on the

variety of rice, milling technique, method of oil extraction, and extraction tempera-

ture (2). Extraction temperature affects both the type of wax present and its quantity

(42). For example, extraction at 50�C yields two to three times more wax than

extraction at 20�C.

Initial dewaxing may simply be gravity settling followed by decanting (43). The

oil is gradually cooled to allow for wax crystallization followed by filtration or cen-

trifugation to recover the wax sludge. The foots recovered may be added back to the

defatted bran, sold as an animal feed oil, or further processed for oil recovery and

wax purification. Wax recovery involves acetone washing and fractionation with

isopropanol.

The characteristics of the wax are as follows:

Iodine value 11.1–17.6

FFA (%) 2.1–7.3

Phosphorous (%) 0.01–0.15

M.P (�C) 75.3–79.9

Attempts have been made to recover the wax using cold and hot extraction (2).

Wax yields of 1.29–1.82% of the crude oil are obtained. Continuous dewaxing of

rice bran oil by chilling the oil or miscella to less than 20�C followed by filtration

through plate and frame filters is practiced. Kinsey and Hummell (44) reported on

the use of sodium silicate as an aid for dewaxing. The characteristics and physical

properties of a purified rice bran wax are similar to carnauba wax (45).

Additional dewaxing may be used during degumming and alkali refining (8).

Dewaxing of refined, bleached oil by cooling to approximately 5�C followed by

filtration is necessary for production of a high-grade, chill-proof oil.

9. DEGUMMING AND DEACIDIFICATION

The phospholipids in rice oil are similar in composition to other oil sources. These

may be recovered as rice lecithin (5). Production of food-grade lecithin requires
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prior removal of bran fines and waxes. Regular water degumming may be used.

Temperatures above 80�C are required to prevent crystallization and removal

of waxes with the gums. If food-grade lecithin is not being produced, filtration

of bran fines is not required. Pretreatment with phosphoric or organic acid is

necessary to remove nonhydratable phospholipids. Food-grade surfactants may

be added to improve wax removal (46). Degumming at less than 50�C actually

assists in wax removal. Wet gums may be added to defatted bran as a method

for disposal (8).

Both alkali and physical refining have been used for FFA removal (5). With alkali

refining, batch or continuous methods may be used. Oil may be pretreated with

phosphoric or organic acid for phospholipid hydration. The oil is then treated

with 16–30 baume (Be0) caustic with 20– 40% excess. The soaps settle and may

be recovered as ‘‘soapstock’’ or ‘‘foots’’ (47).

Continuous refining consists of in-line mixers, heaters, and centrifuges (8). The

combined oils plus alkali are rapidly heated to 55–70�C to assist in breaking

the emulsion of hydrated soap in oil. In instances where neutralization is com-

bined with dewaxing, separation is performed at 28–32�C. Water washing or

post-neutralization treatment with silicates to remove final traces of soaps and phos-

pholipids is the same as for conventional oils. Miscella refining, or refining while

still in solvent, may also be used (47). Higher refining yields and good-quality

neutralized oil with less color are advantages of miscella refining. Losses were

near the calculated amount (48) based on titrated values. Rice oil miscella is often

variable.

Excessive losses may occur in refining of rice oil. A 5% FFA crude oil has losses

ranging from 12% to 40% by the cup method. The cause of high refining losses is

unknown. It is assumed the losses are caused by the presence of partial esters, oxi-

dized components, and waxes, as well as high FFA acidity (8). Steam refining is

practiced by various refineries in Japan and the United States (2).

In calculating the amount of caustic required for caustic neutralization, the oil is

titrated to a phenolphthalein end point. This titration endpoint includes not only the

FFA, but also the oryzanol compounds. With the higher caustic addition, the ory-

zanol is transferred to the soapstock away from the oil. The nutritional benefit of

these compounds is lost. An alternative indicator for titration uses alkali blue (8).

This indicator reflects the acidity contributed only by the free fatty acids.

10. BLEACHING, HYDROGENATION AND DEODORERIZATION

Standard methods are used for bleaching, hydrogenation, and deodorization of rice

bran oil. Bleaching uses activated carbon or bleaching earth (47). Activated carbon

is seldom used because of high cost and handling difficulties. Bleach clay dosage

depends on the characteristics of the rice oil as well as that of the bleaching earth.

Dosages range from 2% to 10%. Newer silica bleaching earths are more effective in

reaching satisfactory oil colors.
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Deodorization or steam stripping is used to remove objectionable odors resulting

from peroxides, aldehydes, and ketones as well as characteristic rice oil odors

and flavors (12). The oil is heated to 220–250�C under 3–5-mm Hg vacuum.

Semicontinuous deodorizer units are the most common types used. Other designs

have been evaluated (43). After deodorization, the oil is cooled to 60�C and filtered.

Storage of deodorized rice ban oil is the same as for other oils.

Physical refining, also called steam refining, combines deacidification with deo-

dorization. Physical refining is more efficient for high FFA oils giving better yields

of neutralized oil than alkali refining (2).

11. WINTERIZATION

In addition to wax removal, rice bran oil contains sufficient saturated and high melt-

ing glycerides to require winterization to gain a cold test of 5 hours (8, 43). Without

winterization, dewaxed rice oil is frequently cloudy or turbid even at room tempera-

ture or slightly lower.

Winterization consists of cooling the oil under defined rates and to specific tem-

peratures followed by filtration. With rice oil, winterization consists of cooling 30–

35�C oil slowly at a uniform rate to 15�C over a 12-hour period with slow agitation,

then further cooling to 4–5�C without agitation followed by holding over a 24–

48-hour period, allowing higher melting components to crystallize. The type of

crystals formed depends on the cooling rate and the temperature differentials.

Large, stable crystals are desired for filterability. Filter aids may be added to assist

separation of the crystals from the viscous oil. Cold tests of the winterized oil of

5–7 hours are near maximum.

Miscella winterization more effectively separates the high melting solids from

rice oil. Hexane, acetone, and isopropyl acetate are among the solvents used.

The miscella is slowly cooled to 15�C over 12 hours with agitation, then to 4–

5�C without agitation, and held for 24–48 hours before filtering.

12. CO-PRODUCTS FROM PROCESSING

As with all oils, coproducts of refining represent a significant revenue stream.

Waxes may be concentrated and refined to compete with other organic waxes.

The hard, high melting waxes are preferred for most applications.

Soapstock contains fatty acid soaps and, for oil that is caustically refined, ory-

zanol (5–10%). The soaps may be acidulated for feed use and the oryzanol isolated

(16). Diethyl ether, alumina chromatography, and crystallization are used for pur-

ification of the oryzanol.

The deodorizer distillate, about 1% of deodorizer feed, contains tocopherols,

tocotrienols, and sterols (Table 10). The tocols are shown in Table 11 and the sterols

in Table 12. Its value is similar to other oil distillates.
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13. COMPOSITION OF REFINED RICE BRAN OIL

A typical specification for finished rice bran oil is shown in Table 13. These are

similar to that for other oils. Rice bran oil has a characteristic nutty, earthly flavor

not unlike peanut oil.

The fatty acid composition of rice bran oil is most similar to peanut or ground

nut oil (Table 14) (8). Palmitic, oleic, and linoleic acids make up more than 90% of

the fatty acids present. The major molecular species of triacylglycerols are palmi-

tic-linolenic-oleic, oleic-linoleic-palmitic, palmitic-linoleic-linoleic, linolenic-lino-

leic-palmitic, and trioleic. As with peanut oil, rice bran oil is most suited for general

frying and cooking applications.

TABLE 11. Approximate Tocol Composition of Rice Oil

Distillate (20).

Tocol (percent)

————————

Tocopherol Tocotrienols

Alpha 67 21

Beta 3 tr.

Gamma 30 77

Delta tr. 2

TABLE 12. Sterol Composition of Rice Oil

Deodorizer Distillate (20).

Sterol Percent

Beta-sitosterol 38

Stigmasterol 18

Campesterol 13

Delta-7-stigmasterol 10

Delta-7-avenasterol 6

Delta-5-avenasterol 5

Others 10

TABLE 10. Rice Oil Deodorizer Distillate Composition (20).

Component Percent (range)

Free fatty acids 25–40

Tocopherols 1.5–3.0

Tocotrienols 4.0–6.0

Sterols 15–25

Squalene 15–25

Monoacylglycerols, diacylglycerols, etc 15–25
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14. RICE BRAN OIL NUTRITION

The initial interest in rice bran oil resulted from work with the stabilized rice bran.

Rice bran was shown to be equivalent in serum cholesterol reduction to oat bran in

hamster trials (Table 15) (1). Two clinical studies showed rice bran reduced serum

low-density lipoprotein (LDL) cholesterol in humans (49,50). Defatted bran was

less effective in lowering cholesterol than full fat bran (1). The cholesterol-lowering

activity was concentrated in the unsaponifiable fraction of rice bran oil (Table 16)

(51). Oryzanol was found to contribute to the hypocholesterolemic activity of rice

TABLE 13. Product Specification of Refined, Bleached,

and Deodorized Rice Bran Oil (8).

Characteristic Value

Iodine value (Wijs method, g/100 g sample) 99–108

Peroxide value (meq/kg) 1.0 max

Moisture (%) 0.05 max

Color (5.25-in Lovibond red) 5.0 max

Free fatty acid (% as oleic) 0.05 max

Flavor/odor 7 min

Chlorophyll (ppb) 75 max

Saponification value 180–190

Unsaponifiable matter 3–5

Smoke point 213�C
Refractive index 1,470–1,473

Specific gravity 0.916

AOMa (hr) 17.5

aActive oxygen method.

TABLE 14. Chemical Composition of Rice Bran Oil (8).

Physicochemical Parameters Value

Acid value 1.2

Iodine value 100.0

Saponification value 211.8

Unsaponifiable matter 4.2

Fatty acid composition Percent

C14:0 0.6

C16:0 21.5

C18:0 2.9

C18:1 38.4

C18:2 34.4

C18:3 2.2

C20:0 —

C22:0 —
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oil in rats (52) and primates (53). A clinical study with 3.1 g/day of rice bran oil

unsaponifiables over a 12-month period resulted in a 14.1% reduction in total

cholesterol and a 20.5% reduction on LDL-cholesterol (Table 17) (54). HDL-

cholesterol rose, and triacylglycerols decreased significantly. Tocotrienols, also pre-

sent in rice bran oil, have been reported to reduce serum cholesterol (55).

The refining method used in rice oil production affects the oryzanol content of

finished oil (3). With alkali refining, most of the oryzanol is removed (Figure 7),

whereas with steam or physical refining, most of the oryzanol (66%) remains in

TABLE 15. Effect of Rice and Oat Brans on Serum Cholesterol

in Hamsters (1).

Bran in Diet Serum Cholesterol (mg/dL)

Cellulose (10%) 395

Rice bran (47.8%) 270

Defatted rice bran (24.7%) 347

Parboiled rice bran (31.8%) 297

Defatted parboiled rice bran (19.6%) 377

Oat bran (53.7%) 289

TABLE 16. Hypocholesterolemic Activity of Unsaponifiable Matter of Rice Bran Oil

in Rats (51).

Serum Cholesterola (mg/dL)

Diet Total HDL LDLþVLDL

Control (peanut oil) (10%) 374 43 331

Rice bran oil (10%) 228 48 240

Controlþ 0.2% unsaponifiables 387 48 339

Controlþ 0.4% unsaponifiables 243 48 195

aHDL¼ high-density lipoprotein; LDL¼ low-density lipoprotein; VLDL¼ very low-density lipoprotein.

TABLE 17. Effect of Daily Addition of Rice Bran Unsaponifiables (RBN) on Serum Lipids

(mmol/L) in Hypercholesterolemic Subjects (54).

Serum Lipidsa Start 12 months p

RBN

Cholesterol 6.18� 0.33 5.31� 0.20 <0.05

LDL cholesterol 4.28� 0.37 3.40� 0.18 <0.05

HDL cholesterol 0.17� 0.02 0.24� 0.02 <0.025

Triacylglycerol/HDL 2.16� 0.35 1.21� 0.21 <0.05

RBN placebo

Cholesterol 5.70� 0.21 6.06� 0.32 ns

LDL cholesterol 3.95� 0.18 4.05� 0.31 ns

HDL cholesterol 0.21� 0.06 0.22� 0.01 ns

Triacylglycerol/HDL 1.54� 0.31 1.55� 0.20 ns

aLDL¼ low-density lipoprotein, HDL¼ high-density lipoprotein, ns¼ not significant.
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the oil (56). Physically refined rice oil gave a serum lipid response similar to that of

crude rice bran oil. Various refining methods to preserve the oryzanol in the oil have

been attempted. Sodium carbonate instead of sodium hydroxide has been partially

successful in which two-thirds of the original oryzanol in the crude oil is preserved

in the refined oil (57). Adding back unsaponifiables to the oil has been patented

(58). Clinical trials have not been performed with high oryzanol rice bran oil. An

unsaponifiable concentrate was prepared by extracting the soapstock, with hexane

giving a deacidified concentrate with 30% unsaponifiable content.

15. RICE BRAN OIL UTILIZATION

Rice bran oil is used in foods, feed, and industrial applications. Only high-quality

oil is targeted to foods. The use of rice bran oil in Japan, where it is the largest

volume domestically produced vegetable oil, is as a frying oil where its flavor is

preferred over alternative oils. The oxidative stability of rice bran oil is equivalent

to peanut oil and cottonseed oils in deep frying applications (Table 18) (8, 59).
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Figure 7. Effect of the refining process on the oryzanol content of rice bran oil (8).

TABLE 18. Frying Evaluation of Rice Oil (15-day results) (8).

Days to Maximum Levelb

———————————————

Oil typea FFA FOS LY LR TPM

Rice (without additives) 3.91 3.74 6 28.0 31.9

Rice (with additives) 5.62 3.46 7 49.6 34.6

Peanut (with additives) 6.87 3.92 8 21.2 37.5

Cottonseed (with additives) 7.22 4.07 7 28.8 37.2

aSpecifications. 40 lb (18.2 kg) gas fryers, frying temperature 350�F (177�C); hourly rotation: breaded chicken,

fish, onion rings, French fries: 5-ppm dimethyl polysiloxane antifoam, 200-ppm tertiary butyl hydroguinone.
bFFA¼ free fatty acids, FOS¼ food oil sensor; LY¼ Lovibond yellow; LR¼ Lovibond red; TPM¼ total polar

material.
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Blends of rice bran oil with soybean oil reduces the increase in total polar material

(TPM) depending on the amount of rice bran oil in the blend (Table 19). Potato

chips fried in rice bran oil show flavor and odor stability at elevated temperatures

between that of peanut and cottonseed oils (Table 20).

Winterized rice bran oil is an acceptable oil for salad dressing and mayonnaise.

The hard fraction of rice bran oil may be used to replace the plastic fats in margar-

ines and shortening. Hydrogenated rice bran oil is adaptable to specialty shorten-

ings and margarines.

The nonfood uses of rice bran oil are feed formulations, soaps, and glycerin.

Waxes may be used as a carnauba wax replacement in confectionery, cosmetics,

and polishing compounds products.

Use of rice bran oil grows as a specialty ingredient in the cosmetic/personal care

market. The demand is for natural, value-added healthy ingredients (60).

16. RICE OIL PRODUCTION (POTENTIAL)

World rice production is greater than 500 million metric tons. Rice oil production is

estimated at 722.2 thousand metric tons (Table 21). India, China, and Japan are the

leading producers. More than half of rice is processed in small rice mills. This

leaves approximately 20–25 million metric tons of bran available for oil production.

The rice bran oil potential is, then, 3–4 million metric tons.

In the United States, most bran is also produced in small rice mills scattered

in rice production areas with insufficient bran production to justify oil extraction.

TABLE 19. Frying Results Using Blends of Rice

and Soybean Oils (8).

Total Polar Material (%)

———————————

Oil Type 10 days 13 days

Rice 21.12 32.78

Peanut 21.07 35.53

Rice/soybean 50:50 24.11 35.80

Rice/soybean 25:75 23.25 40.42

TABLE 20. Days at 145�F (62.8�C) Before Rancid Odor

is Detected (8).

Oil Type Days to Detect Rancid Odor

Rice (without additives) 20

Rice (with additives) 25

Peanut (without additives) 14

Cottonseed (with additives) 31
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Production estimates are for less than 80 thousand metric tons. Only 15.9 to 18

thousand metric tons are produced currently in the United States at a single oil

extraction facility.

17. SUMMARY

Rice bran is an underused coproduct of rice milling. The value is partially captured

through extraction and refining of the rice bran oil. The capital costs have limited

the ability of the U.S. rice milling industry to capture this value. However, rice bran

oil has performance properties competitive to other widely used oils. An additional

advantage of rice bran oil is certainly its nutritional benefits, which include a bal-

ance of fatty acids meeting AHA recommendations. Rice oil contains a mixture of

antioxidants and promotes cholesterol reduction beyond that of more unsaturated

oils. Its taste and performance is complementary to salad, cooking, and frying

applications.
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11
Safflower Oil

Joseph Smith

1. HISTORY AND BOTANICAL DESCRIPTION

Safflower, Carthamus tinctorius L., has a long history of cultivation. Some would

class it as the world’s most ancient crop (1); others feel that olives, dates, and

sesame predate safflower (2). Safflower was produced in Egypt more than 4000

years ago (3), but the most likely area of its origin is in the Euphrates basin

(4–6). From there it apparently was introduced into Egypt and Ethiopia. Muslim

traders carried safflower seeds across the northern coast of Africa and into present

day Spain, while Arabs introduced it into many parts of east Africa. By the six-

teenth century, safflower was found in several parts of Europe. Turks carried saf-

flower into all parts of the Middle East, from where it spread to Iran,

Afghanistan, and India. From Afghanistan it spread into China more than 2000

years ago (7). It spread to Japan in the third century A.D. (8). Spanish and Portuguese

conquerors brought safflower to the New World, and later emigrants from Portugal

and Russia did the same (9). For much of its history, safflower was used primarily as

a source of dye, a food coloring, a cosmetic, or for medicinal purposes (7, 10, 11).

Dried safflower florets are commonly used as an adulterant or substitute for colorful

saffron, Crocus sativus L., a much more costly spice (12–14). Production of saf-

flower oil was carried out in the reign of Ptolemy II (10), and Pliny pointed out

that it could be used as a substitute for castor oil for nonedible purposes (15). While

it had become known as an edible oil during pre-Christian times in Mesopotamia

(16), it was only in more recent times that it began to be used in India as an

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
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edible oil, and of course, it was not until the middle of this century that it began to

enter world commerce, first as an industrial oil and then as an edible product (17).

Because safflower was introduced to many lands, it is known by a number of

different names, some of which are azafrancillo, bastard saffron, benihana, cartamo,

cnikos, false saffron, ghurtom, hung hua, kafsha, kahil, kajireh, kardi, khardam,

kusumba, onickus, safflor, thistile saffron and ssuff (1, 3).

The safflower plant is a member of the Compositae family. Other members of

this family are the artichoke, chrysanthemum, niger, and sunflower. There are at

least 25 species of the Carthamus genus that grow in the wild (18), but only C. tinc-

torius, which we call safflower, has been domesticated; some quantities of

C. oxyacantha have been gathered and used as oil or food sources in India and

Pakistan (19).

The safflower plant as we know it resembles the Scottish thistle but has yellow,

orange, or red florets rather than the purple bloom of the thistle. However, the com-

mercial species of safflower, C. tinctorius, does not become a weed. The plant

grows to a height of 30–150 cm, develops many branches (unless affected by nat-

ural or artificial environmental conditions), and develops a thickened taproot that

can extend down to 4 m.

Each branch terminates in an inflorescence which is a dense capitulum of florets

(individual tubular corollas), commonly called a flower. Each floret flower pro-

trudes from a conical head surrounded by layers of bracts. The leaves, which

develop along the stalk and branches, and the outer layers of bracts usually are

spiny, although the types of safflower grown for the production of dye or food

coloring are spineless, or nearly so. The seeds of the safflower plant develop within

the head in a concentric pattern and are oblate with a flattened top, usually white,

and about the size of a barley kernel (Figure 1) (20).

Safflower is a plant of desert origins, as evidenced by its deep taproot, waxy

leaves, and relatively thick hull. It responds well to moisture and nitrogen. Its

seed has the ability to germinate almost immediately if exposed to moisture at

the proper temperature, unlike a sunflower seed, which must go through a period

of dormancy before germination. The deep root and the many fine laterals that

extend from it have the ability to seek out water and nutrients deep in the soil.

These properties, while they allow safflower to survive in periods of moisture short-

age also limit the areas of the world where safflower can be cropped successfully.

Safflower is normally planted after soil temperatures exceed 4.5�C and does not

begin growing fast until temperatures exceed 15�C. In the interim period, it goes

into a rosette stage after emergence. During this time, it establishes its deep root

system. As temperatures increase, the stem of the plant begins to elongate and

can grow as much as 2.5 cm per day, until maximum height is attained. Branches

and buds form until the plant flowers, after 70 days or more (depending on tempera-

ture at planting time). Flowering can last from 10 days to 3 weeks, and the crop

usually is ready for harvest 45 days after time of full flower.

Flowering normally takes place during the warmest part of the growing season.

If a protracted period of rainfall occurs at the same time, or until harvest time,

unharvested safflower seeds still in the head will germinate and begin to form
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sprouts, which quickly can reduce oil content, increase color and FFA of the

contained oil, and eventually result in total loss of the crop. Therefore, to grow

safflower successfully, it must be planted in regions that have a minimum 120

frost-free growing days, 300–500 mm, of annual rainfall or irrigation, and that do

not experience rainfall during the period when safflower is in flower or thereafter.

Most of the farming areas of the world receive some summer rains. If rain

occurs, safflower has a chance of surviving, but this greatly increases the chance

of the plant being attacked by various leaf and head molds, which can limit yield

severely. So safflower production is limited to areas such as California’s central val-

ley and southern Arizona; isolated areas of Mexico and Australia; and the drier

parts of China, India, and the Middle East. Areas where safflower can be grown,

but with greater risk, are U.S. Northern and Great Plains, southern Idaho, and north-

ern Utah; much of northern Mexico; far northern Argentina; and the drier parts of

India and China (Figure 2).

Figure 1. a, Dr. Carl E. Claassen, father of the modern-day safflower, among fully branched

safflower. b, Safflower blossom. c, Safflower seed.
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Safflower does not require any specialized equipment to be farmed successfully.

In developed parts of the world, 15–70 kg of seed are planted per hectare, with the

lower ranges being planted either because moisture is a limiting factor or because

the crop is to be managed in cultivated rows. In areas with only 300–400 mm of

annual rainfall, 15 kg of seed are planted with a grain drill, much as a crop of wheat

would be picked. In an area where plentiful irrigation water is available, a 20 kg of

seed may be planted per hectare. Seed may be planted in three or four drilled

or precision-planted rows on an elevated bed; the groups of rows are spaced

50–60 mm apart. In areas where moisture is plentiful, 35–70 kg of seed may be planted

per hectare; the higher rate is used to ensure that weeds do not gain a competitive

edge. Normal dates of planting in the United States range from December to March

in Arizona, January to March in California’s San Joaquin Valley, February to early

Figure 2. Areas in the United States that can support safflower production.
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May in California’s Sacramento Valley and last half of April to the first half of May

in the rest of the country.

Good practice is to incorporate a trifluran herbicide into medium to heavy loam

soil before planting; the seed is placed at a 35–100-mm depth, depending on the

moisture level. A well-incorporated herbicide is necessary where weeds can be a

problem, because safflower is not a good weed competitor in its early stages of

growth. Almost 120 units of nitrogen are necessary to attain maximum production.

For the crop to generate maximum yield, it must receive enough rainfall or have

enough moisture in the soil either through preirrigation or subsequent row irrigation

in order to maintain a bright green color and to prevent drying of its lower leaves

until it is past flowering. As the plant approaches maturity, the flowers dry, and the

entire crop attains a golden brown color.

Harvesting is accomplished with a standard grain combine generally set to run

internally at a slightly lower speed than for grain, which prevents cracking of the

seed. The combine should be set to cut only as deep as is necessary to capture all

heads. Harvesting should not begin until the seed has dried in the head to a level of

8% moisture content or lower. Most safflower is harvested at a 4–5% moisture level.

In parts of India and China, much of the production is done by hand, and gen-

erally red-flowered, lower oil content, spineless varieties are used. Young people

pass through the fields at time of flowering and pluck the florets from the seed

heads, putting them into purses strung around their necks; the seeds are subse-

quently harvested when the crop has matured and dried, to recover oil. The florets

are carefully dried out of the sun and then used for food coloring or (in China and

Sri Lanka) for the production of either red or yellow dye. In India, some green saf-

flower plants are used as a vegetable (21). In Australia, India, and Pakistan the plant

is occasionally used as a grazing crop or fodder for cattle (22–24). After harvesting,

the remaining stubble consists of hollow stalks, dried leaves, empty heads, and

some empty hulls or immature seeds. Sheep and cattle were allowed to graze on

this stubble in the United States during the 1950s; today such grazing is confined

to occasional employment by sheep ranchers. Most fields in Mexico are grazed by

cattle after harvest.

Until the twentieth century, safflower tended to be a local crop. No effort was

expended to find species that had better oil content, since most of the interest cen-

tered around the crop as a medicinal or dye stuff source.

In 1925, the U.S. Department of Agriculture obtained samples of safflower seed

from the then U.S.S.R. and India, and over the next 10 years various agricultural

experiment stations and some farmer cooperatives conducted trials. In 1935, the

USDA produced a circular summarizing the trial results; it concluded that safflower

had possibilities as an oil seed crop in the northern Great Plains and far west (25). A

Montana farmer conducted trials with safflower beginning in 1928 and contacted

paint companies, researchers, and others who might have an interest in safflower

oil (26). Several favorable reports ensued (27–29). In 1937, a comprehensive report

based on seed obtained from Montana and elsewhere praised safflower oil’s good

properties (30). Others in Europe had earlier written favorable evaluations of

safflower as a drying oil (31) and as a source of high protein meal (32). In 1947,
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a comprehensive report on safflower production and drying oil capability was

published (33).

Cargill, Inc. contracted for and processed about 1000 t of safflower seed in the

U.S. northern Great Plains during 1947 and 1948; the company concluded that the

crop was not sound at that time (34). Two men and one company provided the real

impetus for getting safflower established as a crop in the United States: Claassen,

Knowles, and the Pacific Vegetable Oil Corp. (PVO).

Claassen was employed in 1941 as a research agronomist by the University of

Nebraska to assist the newly created Chemurgy Project in evaluating crops that

could become significant contributors to the state of Nebraska (35, 36). After test-

ing many new crops, he settled on safflower and began a breeding program (9).

Claassen found that most safflower introductions were in the 22–29% oil content

range but found introductions from Sudan and Egypt that ranged from 33 to 37% oil

content (37). Claassen began to do selection and breeding work, and by 1949, he

had released several lines and described cultural methods for obtaining relatively

consistent yields (37–41). The most important line released, N-852, had an oil con-

tent of 32–34% and good yielding ability. Several safflower processing companies

were formed in Colorado and Nebraska to commercialize the new releases, but they

quickly failed (34).

Claassen’s work came to the attention of Knowles at the University of California

at Davis. Claassen had sent portions of his new lines to a number of western coop-

erators for testing, and results that Knowles obtained were quite exciting (42).

Claassen was encouraged by Hoagland, who was by then living in California, to

come out for a visit to see the potential that safflower had in that state. Claassen

visited California in 1949 and traveled to various oil processing companies. Claas-

sen was convinced to resign from the university and join Hoagland in starting up a

safflower planting seed and promotion concern called Western Oilseeds Co. (9).

Initially, Oil Seed Products Co. of Fresno, California, displayed the most interest

in Claassen and Hoagland’s work, but it soon became apparent that PVO could offer

much more help because of its strong background in the production and sales of

industrial oils. The primary interest in safflower oil at the time was coming from

paint companies, whereas most oil millers in California were suppliers to the

food industry. The N-852 variety, although it had good yields, was susceptible to

phytophthora root rot under irrigation. Thus, the first tries at growing safflower

in California in 1950 resulted in severe losses, because of the stress of irrigation.

This turned away many growers and millers in California’s cottonseed production

areas, which helped PVO, because its mill was farther north. Claassen was soon

joined by Hoffman, his former assistant at Nebraska; they formed an alliance

with PVO. After Hoagland departed after a dispute, Pacific Oilseeds, Inc. (POI)

was formed, jointly owned by PVO, Claassen, and Hoffman (34).

The combination of PVO and POI formed a near monopoly, dominating the saf-

flower business until 1962. Approximately 95% of the safflower oil sold during that

period went to the paint, varnish, and coatings market in which PVO had the stron-

gest hand. POI’s tie with PVO meant that only growers who contracted their saf-

flower crop with PVO got the best seed as new varieties began to be released. This
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system was the real key to PVO’s dominance, which was probably the first time that

a nonperishable crop was grown under contract. Growers were given contracts that

guaranteed a floor price for the entire production from a given acreage, provided the

best planting seed available for cash or credit, and offered field service and advice

free of charge. In addition to the floor price the grower received a bonus based on

PVO’s profits in marketing the crop.

In ensuing years, PVO began to offer long-term contracts under which the

grower was paid 50% of PVO’s safflower profit as measured by the firm’s auditors

and the grower committed his or her entire production of safflower to PVO for 3–7

years. POI was also offered bonuses, reflecting 50% of the value of any increase in

oil or protein levels in new seeds it developed. In turn, PVO went to great lengths to

keep Knowles and various farm advisers and university officials interested in saf-

flower. Banks, truckers, and warehouses were fully informed about PVO’s future

plans and how the safflower business was doing. In addition to making growers,

researchers, and POI feel that they were part of a partnership aimed at improving

safflower’s lot, PVO kept oil and meal prices as low as possible to encourage mar-

ket development. Buyers were also offered long-term requirements contracts that

allowed them to purchase oil more than 1 year ahead of delivery date and, in

fact, committed both parties to an assurance that the customer would always be

able to obtain his or her full requirements. To some consumers, PVO also offered

technical assistance agreements wherein a chemist or engineer was sent to the cus-

tomer’s plant to help solve processing problems and find new, profitable markets for

safflower products. As markets grew, PVO expanded with them, enlarging proces-

sing capability in California, building new oil mills in Montana and Nebraska, and

expanding production to Spain, Mexico, and Australia (34).

Coinciding with this development was the publication of Calories Don’t Count

(43), which became an instant best-seller in 1961. The book advocated a diet that

featured daily capsulized doses of safflower oil. Medical research was beginning to

demonstrate the close relationship between diet and heart disease. Eminent

researchers began to show the relationship of cholesterol to heart disease and,

more important, to show that polyunsaturates such as safflower oil would lower

blood serum cholesterol for many people (44–46).

A further development enlarging the market for safflower oil was the increasing

importance of the Japanese vegetable oil market. Japan became a consumer of U.S.

safflower seed because of a fluke in the duty and quota structures set up after World

War II. A duty of 20% was established to protect Japanese soybean producers from

cheap imports. To be consistent, this duty was applied to a list of other oilseeds in

addition to soybeans. Imports were also controlled under a very tight quota system

to protect Japanese foreign exchange. But the framers of the duty structure were

unaware of safflower, which was thus omitted from the list. Japanese oil mills

became large clients for duty-free safflower seed, until the duties were gradually

reduced as Japan became a major importer of soybeans and rapeseed (3). In the

United States, safflower oil was being employed primarily in the coatings industry,

but in Japan it was employed primarily as an edible oil. Safflower became quite

popular in tempura oil blends.
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During the early years of increasing exports of safflower seed to Japan, PVO did

the lion’s share of the business and was able to tie up a majority of the Japanese

importers through a series of long-term requirements contracts wherein PVO agreed

to supply the Japanese mills’ increasing needs each year for an agreement to buy

exclusively from PVO. The increasing Japanese demand and the growing popularity

of safflower oil in the United States fueled PVO’s expansion in production first to

the western Great Plains and then to Mexico, Spain, and Australia. PVO began to

lose its monopoly position in 1957 with the public release of the Gila variety of

safflower seed (47, 48). This seed had a good yield and oil content and was also

resistant to phytophthora root rot. As the seed became available, practically every

cottonseed milling company in California and Arizona was able to become a pro-

ducer and supplier of edible safflower oil.

Up to that point, safflower seed production had been on a continued upward spir-

al in the United States, which carried through to 1963. Safflower oil had been price

competitive with soybean oil, particularly in the western United States and Japan,

since soybean oil produced in the Midwest was at a freight disadvantage. The intro-

duction into California of new varieties of wheat developed by the Borlaug program

in Mexico allowed California farmers to achieve increasingly better wheat yields.

In the 1950s, safflower was easily able to compete with wheat or barley as a rotation

crop for California’s rice or cotton farmers, but once wheat yields increased and

safflower yields remained constant, safflower seed prices (and consequently oil

prices) were forced to rise to compete for the farmer’s favor.

Rising prices for safflower and increasingly better water-based paints formulated

from petroleum-based polymers rather than vegetable oils quickly cut industrial

consumption of safflower oil. PVO attempted to stem this tide by introducing pro-

ducts that combined safflower oil with water emulsion technologies, but it was too

late (49–51).

The polyunsaturated bubble almost burst when the U.S. Food and Drug Admin-

istration began attacking refiners’ claims about the ability of these products to

reduce incidence of heart disease and lower cholesterol, but subsequent supportive

statements by the American Medical Association and the American Heart Associa-

tion softened the effect of the attack.

Increasingly competitive supplies of the former U.S.S.R. and U.S. sunflower

seeds and oil helped erode the international market for U.S. safflower producers.

Safflower oil has the highest level of polyunsaturation of the commercial oils,

and the market has recently stabilized in the United States, northern Europe, and

Japan. In Japan in particular, safflower oil has achieved an increasingly larger share

of the gift pack market, wherein fancy tins of safflower oil are exchanged during the

summer and Christmas gift-giving seasons.

Industrial use of safflower oil has declined to 2–3% of the total market.

Conjugated safflower oil (52) competes with dehydrated castor or tung oils and

very high quality alkyds. Table 1 illustrates the rise and fall of safflower supply

and disappearance in the United States in comparison with major and minor

crops (53).
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TABLE 1. Edible Fats and Oils: U.S. Supply and Disappearance, 106 lb.

Item 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002a 2003b

Stocks Octobera

Coconut 277 188 251 164 163 84 150 393 152 136 260 227 148

Corn 138 196 150 118 241 116 129 102 135 267 117 104 114

Cottonseed 137 78 81 106 82 94 66 79 76 49 93 39 40

Lard 24 27 26 34 24 23 20 40 21 18 14 10 5

Palm 53 44 33 35 15 31 46 35 48 48 61 70 42

Palm kernel 53 49 88 73 55 22 51 64 73 49 155 128 50

Peanutc 25 51 50 25 40 65 86 41 40 32 31 32 50

Safflower 28 28 18 31 21 44 27 38 48 36 21 17 19

Soybean 1,786 2,239 1,555 1,103 1,137 2,015 1,520 1,382 1,520 1,993 2,767 2,359 1,486

Sunflower 47 100 56 65 82 147 93 60 121 157 136 23 25

Canola 41 71 67 137 54 77 65 112 169 206 110 52 55

Tallow, edible 41 33 41 36 52 34 48 46 43 40 49 24 35

Imports

Coconut 841 1,163 999 1,100 874 1,188 1,438 791 926 1,115 1,093 860 970

Corn 5 7 7 10 11 14 28 42 18 27 61 65 65

Cottonseed 18 38 26 0 0 0 0 48 8 0 0 22 0

Lard 2 3 3 2 2 1 2 2 2 3 6 10 10

Olive 216 253 262 260 227 304 333 355 397 455 455 485 540

Palm 220 267 368 218 236 322 282 284 345 399 490 425 440

Palm kernel 342 302 304 280 262 392 359 401 393 351 330 470 475

Peanutc 1 0 11 4 5 14 10 73 12 79 39 70 70

Canola 815 861 902 938 1,086 1,075 1,088 1,060 1,139 1,193 1,108 929 1,215

Safflower 22 15 16 26 35 30 51 51 33 34 40 43 45

Soybean 1 10 68 17 95 53 60 83 83 73 46 50 85

Sunflower 9 0 7 1 2 22 8 5 4 8 36 60 5

Tallow, edible 6 10 15 18 8 5 2 3 10 32 7 11 10

Production

Corn 1,821 1,878 1,906 2,227 2,139 2,231 2,335 2,374 2,501 2,403 2,461 2,453 2,650

Cottonseed 1,280 1,126 1,119 1,312 1,229 1,216 1,224 832 939 847 876 725 865



TABLE 1 (Continued )

Item 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002a 2003b

Lard 1,016 1,011 1,015 1,052 1,013 979 1,065 1,106 1,069 1,050 1,080 1,075 1,100

Peanutc 356 286 212 314 321 221 176 145 229 179 230 286 219

Canola 32 49 406 299 355 342 451 548 617 641 585 541 629

Safflower 69 87 111 115 127 103 115 111 91 88 76 89 91

Soybean 14,345 13,778 13,951 15,613 15,240 15,752 18,143 18,078 17,825 18,420 18,898 18,435 17,020

Sunflower 911 730 580 1,165 860 840 959 1,177 1,046 873 673 320 595

Tallow, edible 1,515 1,414 1,535 1,550 1,559 1,407 1,517 1,677 1,792 1,764 1,932 2,075 2,000

Exports

Coconut 22 0 19 18 12 12 6 11 14 8 7 8 10

Corn 566 712 717 865 977 988 1,118 989 970 951 1,172 890 900

Cottonseed 269 184 248 329 221 232 208 111 141 131 150 110 115

Lard 131 129 119 140 94 103 122 140 189 93 90 105 100

Olive 20 15 11 21 24 21 19 15 12 9 10 12 12

Palm kernel 2 9 4 2 2 2 2 2 2 2 2 2 2

Palm 7 7 7 13 20 9 11 11 11 11 10 11 10

Peanutc 151 52 61 97 108 21 13 10 18 14 8 42 19

Canola 15 16 76 153 147 295 349 272 284 187 255 166 157

Safflower 73 65 75 93 122 83 83 92 51 35 37 37 40

Soybean 1,644 1,461 1,531 2,683 992 2,033 3,079 2,372 1,375 1,401 2,519 2,250 850

Sunflower 471 586 450 978 628 709 815 800 630 545 453 110 200

Tallow, edibled 333 306 316 277 241 181 236 322 224 338 475 485 490

Domestic disappearance

Coconut 910 1,084 1,067 1,083 941 1,111 1,189 1,021 927 983 1,119 930 958

Corn 1,202 1,220 1,228 1,250 1,298 1,244 1,271 1,394 1,417 1,630 1,363 1,618 1,804

Cottonseed 1,088 975 873 1,007 996 1,012 1,004 772 833 672 780 636 750

Lard 885 886 890 924 922 880 925 987 886 964 1,000 985 990

Olive 216 253 262 260 227 304 333 355 397 455 455 473 528

Palm 223 271 359 225 201 298 282 260 335 375 471 425 427

Palm kernel 344 254 315 295 293 362 344 390 414 243 355 511 458

Peanut 179 236 187 206 193 194 217 208 233 244 260 296 275



Canola 801 898 1,162 1,165 1,271 1,134 1,143 1,287 1,435 1,744 1,496 1,301 1,687

Safflower 15 47 40 57 17 67 73 59 86 102 89 93 95

Soybean 12,248 13,012 12,939 12,913 13,465 14,267 15,262 15,652 16,059 16,318 16,833 17,108 16,522

Sunflower 396 188 129 171 168 207 186 320 385 357 370 268 385

Tallow, edible 1,197 1,109 1,239 1,275 1,345 1,218 1,286 1,360 1,581 1,449 1,488 1,590 1,515

a Preliminary and estimated.
b ERS and WAOB forecast.
cAugust-July year beginning 1982.
d Disappearance, as defined by the USDA-ERS, means beginning food stocks, production, and imports minus exports, shipments to U.S. territories, and ending stocks.

Source: Bureau of the Census.



In 1957, scientists in Australia and California independently reported a mutation

that came to be known as oleic safflower (54–56). This mutation occurred naturally

and produces a plant and seed that look exactly like linoleic safflower, except for an

oil whose fatty acid distribution is a mirror image of linoleic safflower oil (Table 2).

The initial oleic safflower variety released by Knowles, UC-1 (57), was lower in oil

content and had a poorer yield than conventional varieties available at the time.

This meant that oleic safflower oil was initially sold at a premium. But agronomic

research has since produced varieties that equal or even exceed normal safflower in

yield and that are comparable in oil content.

Oleic safflower oil interested buyers in Japan and the United States when it was

first commercially released–in Japan as an ingredient for a new mayonnaise and in

the United States as a replacement for peanut oil in most of Frito-Lay’s western

plants. These markets evaporated, however, when producers were forced to raise

prices because of increasing competition with wheat for western farmland. The

development of markets for oleic safflower oil has been a constant series of steps

forward and then back. The oil has enjoyed good success as an ingredient in arti-

ficial baby milks (because of its excellent stability), in production of premium chips

and snacks (again because of its stability and good frying characteristics), in the

production of cocoa butter substitutes, and as an oil for blending with olive oil

because of its similar fatty acid structure.

In recent years as more research has focused on the role of monounsaturates ver-

sus polyunsaturates and their effects on cholesterol reduction, oleic safflower oil has

begun to receive more attention. In the United States, Saffola Grocery Products has

introduced a grown-without-pesticides salad oil in which linoleic safflower oil has

been replaced by the oleic type. In Japan, several bottlers have begun to feature

oleic safflower oil in their gift-pack campaign both as an individually identified pro-

duct and also in blends with the linoleic type.

The emergence of countries other than the United States as exporters of saf-

flower products became increasingly important. Since 1986, Mexico has been

able to take an increasing percentage of its total supply to world markets, generally

at lower prices than U.S. oils. Earlier, Mexico was limited by government controls

over its exports and poorer varieties of planting seed. These restraints have been

eliminated.

TABLE 2. Typical Fatty Acid Composition of Linoleic

and Oleic Safflower Oils (%).

Fatty Acid Normal Oleic

Palmitic 5.25 4.5

Stearic 1.50 1.5

Oleic 15.00 77.00

Linoleic 77.00 15.00

Others 1.25 2.00
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Argentina is able to produce safflower at prices similar to sunflower oil prices

and also has access to good U.S. planting seed varieties. However, Argentina is

able to sell at low prices only by planting safflower in the far north, immediately

after soybeans are harvested. If timing is perfect, a good yield can result. If soybean

harvest is delayed, safflower is also delayed; thus the harvest may be pushed into

the rainy season, causing sprouting and potential loss of the crop.

Recently, Australia has transferred most of its safflower production from

Queensland and New South Wales to Victoria and the south, where rainfall is

more reliable. Australia has not been able to produce a sustained, reliable produc-

tion for world markets. Severe quarantine laws have not allowed more modern vari-

eties of safflower planting seed to be imported; thus most Australian seed is quite

low in oil content.

China has begun to produce some safflower oil. Chinese varieties have tradition-

ally been under 30% oil content, since the bulk of the research there was aimed at

improved seed and floret yields. Safflower produced in the far west and northern

parts of China is high in linoleic levels, and Japan has continually imported small

quantities of Chinese seed because of this. With China’s emergence into the world’s

economic and political venues, its safflower could become more important as it pro-

duces or imports better varieties of seed and improves its internal transportation

system.

Canada produces limited amounts of safflower, which is aimed primarily at bird

feed rather than oil production. Even more so than in the U.S. northern Great Plains,

Canada’s producers face a tough battle trying to squeeze in a long enough growing

season.

The world’s largest acreage of safflower is found in India, and Indian scientists

have undoubtedly published more details about safflower production than

scientists in any other country. India is tying to encourage more safflower

production, but sunflower offers more hope there because of its resistance to

rain. India basically consumes all of the safflower it produces, and this is unlikely

to change.

Spain used to be an important producer of safflower, but sunflower hybrids

have shown much more promise, because of their tolerance of summer rains.

Pseudomonas almost wiped out safflower production in Spain, and current EEC

policy (which offers subsidies to sunflower producers but ignores safflower) does

not leave safflower much chance (58).

The FAO’s estimate of world safflower production for the period 1950–1992 is

shown in Table 3. U.S. safflower acreage fell 13% in 2001 to 188,000 acres. Below

average yields also contributed to a cut in safflowerseed production to 242 million

pounds, making it the smallest crop since 1983. As a result, crush and exports of

safflowerseed in 2001/02 fell to 190 million and 43 million pounds, respectively.

For safflowerseed oil, a recovery in U.S. shipments to Japan boosted 2001/02

exports to 40 million pounds (53). Safflower’s future will continue to be limited

by its relatively high cost of production, unless hybrids are developed that can be

produced cheaply.
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TABLE 3. World Safflower Production by Crop Year (Year of Harvest/Milling) (59, 60).a,b

United World

Argentina Australia Ethiopia India Mexico Spain States Total

———— ———— ———— ——— ———— ———— ———— —————

Year (ha) (t) (ha) (t) (ha) (t) (ha) (t) (ha) (t) (ha) (t) (ha) (t) (ha) (t)

1950 – – – – 44 19 370 50 – – – – 30 16 458 91

1951 – – – – 45 20 390 53 – – – – 11 9 460 88

1952 – – – – 45 21 400 56 – – – – 23 24 482 107

1953 – – – – 45 21 406 57 – – – – 26 25 491 109

1954 – – – – 45 22 410 57 – – – – 10 13 479 91

1955 – – – – 45 22 415 60 – – – – 23 35 497 122

1956 – – 1 – 46 23 420 55 – – – – 36 66 517 150

1957 – – 1 – 46 23 425 60 – – – – 37 66 523 155

1958 – – 3 2 48 24 430 60 – – – – 65 67 560 159

1959 – – 5 2 48 24 433 63 – – – – 99 113 599 209

1960 – – 2 1 50 25 435 61 26 32 – – 131 152 658 278

1961 – – 4 2 51 26 440 66 33 41 – – 166 160 709 305

1962 – – 2 2 52 26 445 67 37 47 – – 217 334 768 486

1963 – – 8 5 54 27 450 68 36 47 – – 223 358 761 514

1964 – – 19 13 55 27 455 62 36 47 – – 147 255 710 413

1965 – – 24 10 56 28 460 72 59 80 – – 146 262 746 459

1966 – – 38 25 57 29 462 69 165 236 55 30 182 304 955 701

1967 – – 42 16 59 30 478 72 100 149 70 56 181 311 925 643

1968 – – 19 10 60 32 513 78 86 102 55 39 83 169 812 441

1969 – – 11 4 61 34 578 94 145 209 11 5 113 212 939 566

1970 – – 28 9 62 36 580 142 175 288 14 8 102 180 968 673

1971 2 1 34 15 64 39 588 154 265 511 22 13 115 227 1126 891

1972 5 3 11 4 63 24 598 131 199 271 16 8 110 208 1039 676

1973 7 5 12 7 64 24 423 82 198 298 34 20 95 156 874 615

1974 8 8 36 31 64 30 614 191 192 272 34 17 77 150 1054 713

1975 4 3 40 18 64 25 648 212 363 532 34 16 84 175 1269 1001

1976 8 6 13 6 64 30 674 238 185 240 36 20 37 69 1057 632

1977 3 2 39 26 64 30 683 220 404 518 29 13 113 171 1350 989

1978 2 2 75 58 64 30 707 188 429 616 15 15 145 186 1443 1108

1979 2 1 54 30 64 30 703 209 528 635 17 14 152 205 1516 1129

1980 1 1 18 8 65 31 733 279 416 480 20 20 84 111 1340 936

1981 1 1 33 20 65 31 720 335 391 372 12 4 65 101 1289 870

1982 1 1 12 20 66 32 749 421 189 221 20 13 72 117 1114 832

1983 2 2 55 31 66 32 782 396 349 277 19 13 35 92 1320 853

1984 3 2 44 32 66 32 831 501 227 209 20 14 89 124 1290 894

1985 3 2 44 28 66 32 870 497 190 180 19 16 88 110 1288 876

1986 14 10 30 19 67 33 911 348 204 161 15 13 148 147 1385 737

1987 15 11 38 25 67 33 892 353 200 219 12 11 107 155 1331 811

1988 15 11 46 41 68 34 1052 462 200 247 18 13 95 146 1498 960

1989 50 33 33 21 68 34 816 445 150 142 7 6 91 159 1219 850

1990 50 35 19 10 69 34 842 487 157 159 1 1 108 139 1248 873

1991 50 35 37 24 69 35 821 327 94 88 – – 84 115 1160 620

1992 50 35 34 32 69 35 831 350 80 82 – – 136 148 1199 690

aIn units of 1000.
bSome data from PVO, Agricom International, and Oilseeds International, Ltd.
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2. PHYSICAL AND CHEMICAL PROPERTIES

2.1. Safflower Seed

Safflower seed (technically an achene) (61) consists of a tough fibrous hull that pro-

tects a kernel comprised of two cotyledons and an embryo. Applewhite (62)

reported that hulls make up 18–59% of the seed weight (62), Weiss (63) character-

ized normal hulled seeds as 38–49%, and Li et al. (64) noted percentages of

25–87.5%. This diversity also shows up in seed weight per 1000 seeds (14–105 g),

oil content (11.48–47.45%), and fatty acid distribution (linoleic acid, 11.13–

85.6%; oleic acid, 6.74–81.84%, stearic acid, 0.01–4.88%, and palmitic acid,

2.1–29.03%) (57).

Safflower seeds are normally cream to white, but since 1960, breeding has

resulted in great variation in color, ranging from normal hull to thin hull (which

tend to show part of the underlying colored layers) to types with gray, purple, or

brown-striped hulls. Most of this research has been aimed at creating a thinner

hull to increase oil content (Table 4). Although reduction of the hull fraction

TABLE 4. Analyses of U.S. Safflower Seed (65).a

Type Oil Protein Fiber

Analyses of whole seed

Gila 38.1 16.7 22.3

U-5 38.5 17.2 21.1

US-10 36.8 19.4 22.3

Frio 40.1 15.4 20.8

Thick-hull hybrid 37.8 17.3 21.5

Brown striped 47.7 20.3 11.7

Pigmentless brown striped 42.8 22.5 13.6

Thin hull 47.2 21.1 11.2

Analyses of hull

Gila 3.2 4.3 57.1

U-5 2.2 5.0 58.4

US-10 1.4 3.6 60.0

Frio 2.7 4.1 60.4

Thick-hull hybrid 2.2 4.1 63.9

Brown striped 5.7 8.4 46.9

Pigmentless brown striped 5.6 8.6 46.2

Thin hull 5.1 10.0 45.3

Analyses of kernel

Gila 60.9 24.9 1.5

U-5 61.8 25.4 1.5

US-10 59.0 29.4 1.5

Frio 64.0 23.0 1.0

Thick-hull hybrid 58.1 24.7 2.8

Brown-striped 52.7 24.8 0.9

Pigmentless brown striped 55.9 27.4 2.7

Thin-hull 62.6 25.5 0.9

aAll analyses are percentages on a moisture-free basis.
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increases valuable oil and protein percentages, too much reduction can produce

other problems. Brown-striped seeds have a distinctly musty odor (66). Thin hull

types can create harvesting, storage, handling, and processing problems (67, 68),

although the more gentle combine harvesters in use for the last decade can probably

deal with the harvesting worry. Brown-striped seeds also were shown to contain

colorless precursors in the hull and kernel that could create dark extracted oil

(68). Ways to remove the precursors and color bodies have been published (68, 69).

Three phosphatides have been identified that are responsible for color formation

from oil extracted from the kernel of safflower seed: phosphatidyl ethanolamine,

phosphatidyl myoinositol, and phosphatidyl choline (70–72).

Attempts have been made to produce commercial hybrids of safflower seed by

exploiting heterosis to increase seed or oil content yields (73–76). In addition, many

Indian scientists have published on the hybrid theory of safflower. POI marketed a

near hybrid for a short while, which exhibited oil contents in excess of 50%, but it

was not popular with growers and proved difficult to manage in the oil mill. Cargill

marketed hybrids in India for several years. They were initially popular with

growers because of 25% higher yields than standard varieties, but high production

costs and 25% lower oil content caused the program to be phased out. Other hybrid

work (76) was based on white-flowered genetic male-sterile germplasm (77–79),

which in turn resulted from colchicine treatment of an introduction from

Afghanistan.

Oleic types of safflower are produced primarily in the United States and to a

minor degree in Mexico. The commonly available types exhibit oleic fatty acid levels

in the 76–81% range. Linoleic level decreases proportionally as oleic level increases.

Safflower seeds in the Northern Hemisphere tend to be higher in linoleic acid at

TABLE 5. Characteristics of Commercial Safflower Production.

Protein Linoleic

Country or Oil Moisture (% in Solvent (% in Total

Region Content (%) Extracted Meal) Fatty Acids)

United States

California 39.5–44 4–5 25 75–78

Arizona 39–41.5 4–5 25 72–78

Northern Great Plainsa 25–41 5–9 24 76–81

Utah and Idaho 38–42 5–7 25 76–78

Canada 32–35 5–9 24 76–81

Mexico

San Jose and Quiriego 30–38 5–12 24 60–70

Normal types 35–37 5–12 24 72–77

U.S. types 35–39 6–12 23–24 72–77

Argentina 35–36 6–12 23–24 70–76

India 32 7–8 21–24 72–78

China 28–32 7–8 25–28 76–82

Australia 35–38 5–9 24 70–76

aWide range caused by loss of oil content in years of early frost. High, basis-S-541 variety; normal range for

local varieties is 35–38%.
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more northern latitudes because cooler temperatures are usually experienced at and

after the time of flowering. Similarly, oleic levels increase in safflower exposed to

higher temperatures. Oil contents of commercially available oleic types tend to be

slightly lower than linoleic types, but field yields are equal or superior to linoleic

types. Tables 5 to 8 list some of the characteristics of safflower seeds.

2.2. Safflower Oil

Normal safflower oil is pale yellow to golden and has a slightly nutty flavor. Table 9

summarizes the important chemical and physical characteristics of U.S. safflower

oil. Safflower oil exhibits the highest level of linoleic fatty acid of any commer-

cially available oil. This high level, combined with an absence of linolenic

fatty acid, is what has made safflower oil attractive to consumers, initially as a

TABLE 6. Mineral and Trace Element Composition of Some Indian Oilseeds (80).a

Factor Sesame Mustard Groundnut Safflower

Number of varieties 6 8 19 6

Ash (g %) 6.6� 0.02 4.7� 0.21 3.3� 0.09 2.1� 0.15

Phosphorus (mg/100 g) 872� 35 767� 41 500� 8 367� 10

Calcium (mg/100 g) 1232� 28 318� 25 77� 6 214� 28

Magnesium (mg/100 g) 521� 42 273� 18 239� 4 241� 18

Iron (mg/100 g) 9.3� 0.43 7.9� 0.34 2.5� 0.23 4.6� 0.13

Zinc (mg/g) 122� 21 48� 3.7 30� 1.6 52� 3.3

Manganese (mg/g) 13.2� 0.26 25.6� 4.09 11.0� 0.76 11.0� 0.78

Copper (mg/g) 22.9� 1.70 8.3� 0.44 9.0� 0.53 15.8� 1.54

Molybdenum (mg/g) 2.02� 0.068 0.89� 0.105 1.66� 0.173 0.54� 0.08

Chromium (m/g) 0.87� 0.052 0.63� 0.058 0.48� 6.031 0.45� 0.060

aAll values are mean� SEM for dry weight of the sample.

TABLE 7. Identification and Distribution of Sugars in Safflower Hull and Kernel (81).

Percent Sugars

Percent on Defatted

Safflower Sugars Distribution Percent Basis

Component Present of Sugars Sugars (calculated)

Kernel Uronic sugar glycosides 14.3 0.43 —

Raffinose 35.8 1.08 —

Sucrose 46.9 1.42 —

Galactinol 3.0 0.09 —

Total — 3.02 7.74

Hull Uronic sugar glycosides 38.9 0.37 —

Raffinose 6.8 0.06 —

Sucrose 22.6 0.21 —

Galactinol 2.7 0.025 —

D-Gluose 14.6 0.14 —

D-Fructose 14.2 0.13 —

Total — 0.94 0.79
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TABLE 8. Amino Acids of Safflower Seed (65).a
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Defatted, hand scparated

kernels

Normal hull seed

Commercial varieties

Gila 66.4 2.72 3.34 2.42 9.52 9.33 2.96 4.24 20.55 3.80 5.46 4.03 1.86 5.44 1.59 3.84 5.97 2.91 4.20 1.15 5.46

U-5 66.4 2.83 2.43 2.39 9.74 9.40 3.17 4.38 19.69 3.56 5.38 4.06 1.80 5.43 1.75 3.83 6.13 3.03 4.21 0.93 5.44

US-10 71.7 2.63 2.28 2.42 9.69 9.47 2.84 4.16 19.97 3.87 5.09 3.90 1.62 5.24 1.28 3.53 5.87 2.86 4.21 0.90 5.43

Frio 65.6 2.83 2.44 2.40 9.32 9.24 3.04 4.19 19.49 3.78 5.43 4.03 — 5.49 — 3.86 5.98 2.91 4.15 — —

Experimental varieties

Normal hull histearic 74.4 2.53 2.50 2.59 9.76 9.23 2.57 3.72 20.14 3.52 4.92 3.67 — 5.45 — 3.76 5.85 2.78 3.96 — —

Normal hull hi-oleic 69.0 2.83 2.42 2.42 9.66 9.17 2.86 4.01 19.82 3.58 5.11 3.81 — 5.25 — 3.70 5.79 2.74 4.06 — —

Normal hull equal 71.9 2.61 2.42 2.48 10.09 9.44 2.92 4.37 21.24 3.92 5.19 3.95 — 5.36 — 3.76 6.12 3.03 4.16 — —

oleic-linoleic

Other normal hull 58.3 2.91 2.60 2.59 10.32 10.29 3.24 4.74 22.39 3.83 5.48 4.51 2.01 5.96 1.69 4.15 6.57 3.16 4.53 1.08 5.17

mutants

Seeds with low hull content

Pigmenticas, striped hull 62.2 2.68 2.51 2.61 10.19 10.25 3.06 4.72 20.45 3.74 5.65 4.39 2.04 5.81 1.61 4.02 6.51 3.09 4.50 1.15 5.42

Brown-striped hull 65.9 2.73 2.41 2.46 9.67 9.69 2.96 4.34 20.50 3.88 5.47 4.10 1.81 5.47 1.61 3.89 6.05 3.00 4.90 1.08 5.45

Thin hull 67.8 2.75 2.39 2.45 9.58 9.40 3.01 4.27 20.12 3.84 5.36 4.06 — 5.46 — 3.88 6.07 3.04 4.29 — —

Hulls

Gilla 4.0 2.86 1.22 2.50 2.87 6.38 3.11 4.36 7.82 3.37 4.53 3.29 — 4.34 — 3.14 4.62 1.16 3.25 — —

Brown-striped hull 8.1 3.21 1.58 2.15 3.43 7.56 3.39 4.75 8.80 3.78 5.01 3.79 1.65 4.79 1.04 3.47 5.09 1.46 3.70 0.43 5.48

Thin hull 10.2 3.07 1.33 2.30 3.09 7.30 3.03 4.48 7.78 3.26 4.46 3.32 — 4.31 — 3.15 4.58 1.52 3.47 — —

Safflower meal

Commercial partially 48.0 2.84 2.32 2.42 8.69 9.13 3.10 4.36 19.34 3.93 5.46 4.17 1.70 5.46 1.62 3.97 6.13 2.48 4.32 — 5.45

decor-ticated, normal

Experimental undercorti- 38.1 2.63 2.23 2.56 8.34 9.22 2.93 4.17 18.56 3.68 5.27 3.97 1.63 5.32 1.38 3.80 5.86 2.39 4.29 — 5.41

cated, brown-striped hull

aIn g/16g nitrogen.



quick-drying oil that could produce films that would not yellow with age and, more

recently, as an edible oil with the highest available level of polyunsaturation. As an

edible oil, the high level of unsaturation also creates problems. Home consumers

using safflower oil for frying must be careful to clean pans quickly after use or a

tough varnish film results, which is difficult to remove. Fresh safflower salad-grade

oil has excellent flavor and odor characteristics, and because it lacks linolenic fatty

acid, it does not display the fishy or beany odors sometimes associated with poorly

refined soybean oil. Unfortunately, it does have a relatively short shelf life (typi-

cally 9–12 h AOM), which means the oil should be kept cool after the bottle is

opened to maintain freshness.

Oleic safflower oil displays most of the same characteristics as the linoleic type,

except for its fatty acid structure (see Table 2). It has been noted that a blend of

linoleic and oleic edible oils would improve the dietary value of commercial saf-

flower oil (83). Blends of this type began to be marketed in Japan in 1990 and

appear to be achieving good acceptance by the public.

TABLE 9. Physical and Chemical Characteristics of U.S. Safflower Oil (82).

Usual Range

Characteristic of California Oil Minimuma Maximuma

Physical

Color (Gardner) 8—10 — 11b

Color after heat bleaching, 315.5�C (600�F) 2—3þb — 4b

Color, refined, bleached, deodorizedc 0.5—1.0 redd — 15 yellow and 1.5 redd

Specific gravity, 25/25�C 0.919—0.924 — —

Refractive index, np 25�C 1.473—1.476 — —

Titer, �C 15—17 — —

Flash point, �C (�F) 148.8þ(300þ) 121.1(250) —

Chemical

Free fatty acids, % as oleic 0.15—0.6 — 2

0.03—0.05d — 0.05d

Saponification value 186—194 — —

Iodine value (Wijs) 141—147 140 155

Unsaponifiable, % 0.3—0.6 — 1.5

Peroxide value (at time of shipment) 0—1.0d — 1.0d

Moisture and volatile, %e 0.03—0.1 — 0.8

Insoluble impurities, %f 0.01—0.1 — 0.3

Moisture and impurities, % 0.05—0.1b — 0.1b

Principal fatty acids, % TFA

Palmitic 4—6 — —

Stearic 1—2 — —

Oleic 16—12 — —

Linoleic 75—79 72 —

Linolenic Nil — —

aPer NIOP trading rules.
bNonbreak grade, NIOP.
cAOCS method Cc 13b-45.
dEdible grade, NIOP.
eAOCS method, Ca 2d-25.
fAOCS method Ca 3-46.
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A great variation in fatty acid, oil, and protein levels occurs in the world collec-

tion of safflower seeds. Knowles’s pioneering work in understanding and subse-

quently finding ways to modify these differences inspired many researchers to

publish extensively on this subject (34, 84). Recently, most research on safflower

oil modification has been performed in the United States by private planting seed

companies and by the Sidney Experiment Station of Montana State University; lit-

tle has been published.

A few studies have reported on the location of the fatty acids on the triglyceride

in varying ways. One study used argentation TLC with lipase hydrolysis on a sam-

ple of safflower oil from Kenya that contained 10% total saturated fatty acids. It

was found that 2 mol% was configured with two saturated acyl chains (S) and

one unsaturated acyl chain (U), 26 mol % had a SU2 configuration, and 72 mol

% had a U3 configuration. It was also reported that 3 mol % had two double bonds

attached, 3 mol % had three double bonds, 23 mol % had four double bonds, 19 mol

% had five double bonds, and 47 mol % had six or seven double bonds (85).

Another study measured the position of linoleic acid on the triglyceride in a study

on hydrogenation (86). It was found that 84.6 mol % of linoleic acid was located in

the 2-position in a safflower oil containing 76.4% linoleic acid.

2.3. Safflower Meal

The by-product of the extraction of safflower oil is a grayish tan to brown cake

or meal that exhibits flakes or shreds of whitish safflower hulls. Table 10 presents

typical analysis for safflower meal. Most meal produced in the United States is of a

solvent-extracted type. The amino acid and mineral contents of meal are shown in

Table 11.

Australian data from 1959 indicated up to 17,324 kg/ha of green matter

(2762 kg/ha of dry matter) could be gained by grazing safflower as a green crop

TABLE 10. Typical Analyses for U.S. Safflower Meal (87).

Characteristic Aa Bb Cc Dd

Crude protein, % 21.03 20.00 42.0 25.4

Crude fat, % 6.6 0.5 1.3 1.5

Moisture, % 9.0 10.0 9.2 8.0

Crude fiber, % 32.2 37.0 15.1 32.5

Ash 3.7 5.0 7.8 5.9

Calcium, % 0.23 0.24 0.4 0.37

Total phosphorus, % 0.61 0.24 0.4 0.8

NFE, % — — — 40.0

TDN, % — — — 57.0

aExpeller pressing of safflower seed without decortication.
bThe low end fraction of meal that resulted from prepress–solvent extraction of safflower seed followed by two

fraction tail-end decortication.
cThe high end fraction of meal that resulted from prepress–solvent extraction of safflower seed followed by

two-fraction tail-end decortication.
dPrepress–solvent extraction of safflower seed without decortication. Typical California, 1992.
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with 11–12% protein (22). Indian researchers have presented several papers that

showed promise concerning the production of fodder and ratoon seed in northern

India (82–92). In 1993, a U.S. farmer was able to harvest approximately

8000 kg/ha of green hay, which measured 18% protein from a safflower crop that

failed to mature.

3. PROCESSING

3.1. Extraction

Much of the safflower processed in India in the past was crushed by a mortar-and-

pestle-like device called a ghani. Seed was cleaned by hand and then introduced

into a chakki. This machine, which consisted of two horizontal stone wheels, one

of which was turned by a blindfolded bullock, partially dehulled the cleaned seed

passing between the stones. Hand winnowing and sieving next removed the hulls

from the seed kernels. The meats were pressed into balls after the addition of about

6% water. About 15 kg of the ‘‘balled’’ kernels were introduced into the ghani, an

inverted conical mortar into which a heavy pole was placed. The pole was held to

the side of the mortar by heavy weights and dragged around the perimeter by a team

of oxen. A small amount of heated oil was added, and crushing then proceeded for

45 min, after which the oil was allowed to drain out through a small hole. A ghani

could process about 100–120 kg of seed per day.

More recently, ghanis capable of processing 150–175 kg per day were some-

times motor driven. Animal-powered ghanis could obtain 11–16% residual oil in

the extracted meats, while motor driven models could extract 10–12%. Today,

TABLE 11. Amino Acids and Minerals in Safflower Meal (87, 88).a

Factor A B C

Methionine 0.4 0.33 0.69

Cystine 0.5 0.35 0.7

Lysine 0.7 0.7 1.3

Tryptophane 0.3 0.26 0.6

Threonine 0.47 0.5 1.35

Isoleucine 0.28 0.27 1.7

Histidine 0.48 0.5 1.0

Valine 1.0 1.0 2.3

Leucine 1.1 1.2 2.5

Arginine 1.2 1.9 3.7

Phenylalinine 1.0 1.0 1.85

Glycine 1.1 1.1 2.4

Calcium 0.28 0.37 0.44

Phosphorus 0.78 0.80 1.41

Potassium 0.79 0.79 1.33

Magnesium 0.36 0.37 1.33

aSee Table 10 for explanation of A, B, and C. Numbers are percents.
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some cast-iron ghanis, expellers, and solvent-extraction plants are used, in addition

to the older stone devices (93–95). The oil extracted by a ghani is clarified by set-

tling and decanting or by water washing. The oil is placed in tins for local sale.

Most safflower was first processed in the United States by continuous screw

press expellers. Some processors attempted decortication, but the nature of saf-

flower seed acts against successful decortication. To prevent the oil from scorching,

water-cooled shafts were recommended. Oil so treated could easily be heat

bleached to a level below 4 Gardner color. Expellers such as the Anderson Super

Duo Duplex could process about 15 t of safflower seed per day, leaving 7–8% resi-

dual oil in the remaining cake. However, the principal problem encountered in pro-

cessing safflower seed through expellers was the propensity of expeller-processed

safflower meal to burn in storage (96). The combination of a reactive polyunsatu-

rated residual and the fibrous texture of safflower meal created many fires in the

1950s and early 1960s. Once safflower processing shifted to prepress–solvent

extraction, which brought residual oil contents down below 1.5%, most storage pro-

blems were eliminated.

These same expellers, if employed in a prepressing mode wherein 15–17% resi-

dual oil remains in the cake that is sent to the solvent extraction unit, can process

45–50 t of seed per day. Prepressing of safflower produced under California

conditions (or the equivalent) requires no cooking, flaking, or cracking of the

seed before extraction and results in oil capable of being heat bleached to 1–3

Gardner color.

In the early 1960s, PVO produced an air gun device that decorticated safflower

seed satisfactorily, but the idea was abandoned because it required too much energy

and was extremely noisy (34). A PVO researcher developed a method for decorti-

cating safflower meal after extraction, which employed the principle that the fine

particles produced in grinding safflower cake are high in protein and the coarser

particles are more fibrous (97). This method, using vertical hammer mills to grind

the cake and a combination of air classification and screening was employed by

several California mills in the 1960s and 1970s to produce safflower meal of

42% protein, in addition to an 18–20% protein middle fraction and a 6% protein

hull fraction. More recently, most mills have returned to only producing ‘‘as is’’

meal of approximately 25% protein content, because the high amount of energy

consumed by the tail-end process cost more than the additional return gained

from the high protein fraction.

The high cost of energy encouraged some mills in the 1980s and 1990s to

replace or supplement prepress expellers with caged expander-extruders, which

are capable of removing approximately 66% of the available oil through the caged

portion of the extruder and to produce collets that are ideal for efficient solvent frac-

tion. Extruders require much less horsepower per ton of seed processed than expel-

lers and cost less to maintain (98–100).

Horizontal basket or moving bed solvent extractors are preferred over vertical

tower extractors in processing safflower cake. The fibrous nature of safflower pro-

vides a natural channel through which the solvent can move, and the bed acts as

a natural filter medium. Tower extractors generally have problems extracting
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safflower seed because the hulls tend to float, sometimes carry over in the top of the

extractor, and cause excessive wear in a tower’s rotary seal.

3.2. Refining, Bleaching, and Deodorizing

Safflower oil that is extracted from seed in good condition is easy to refine because

it is low in FFA and contains few gums or impurities. Conventional caustic refining

systems work well. This most important factor in handling safflower oil, destined

for edible use, is to limit exposure to air throughout the extraction, refining, bleach-

ing, deodorizing, and packaging cycle. Nitrogen blanketing should be employed if

deodorized oil is to be stored for more than a few hours. Generally speaking, saf-

flower oil processed by expeller processing will contain just enough free fatty acids

and impurities to require refining before deodorization; in most cases, safflower oil

prepressed from California, Arizona, or northern Mexico seed can be introduced

directly to deodorizers. California prepress oil normally will meet a varnish maker’s

nonbreak grade without further processing.

Safflower seed that is produced in areas with late summer rains or cool weather

cycles that interfere with maturation can produce dark-colored or greenish oils that

are often higher in FFA as well. If the seed has sprouted before or during harvest or

has been attacked by Alternaria, Pseudomonas, or other head-rot diseases, the

resulting oil can be quite difficult to refine and extremely difficult to bleach.

While safflower oil may, on occasion, display minute traces of a fine, lacy wax

(101), most U.S. refiners neither winterize nor dewax safflower oil, feeling that a

brilliant oil can be delivered without it. Japanese refiners generally insist on refining

and bleaching safflower oil to under 1.0 red color, followed by winterization to

avoid problems with minute amounts of wax that may appear in the oil in the winter

months in the north.

3.3. Production of Margarine and Mayonnaise

If proper steps are not taken, physical crystal changes (polymorphism) can take

place in the production of safflower margarines, resulting in a product with a sandy

texture (102). The b-crystalline form that results consists of large crystals instead of

the smooth, uniform mixture desired in a margarine; safflower’s uniform triglycer-

ide structure encourages production of b-crystals. This problem can be solved by

incorporation of a small amount of more saturated oil into the margarine mix. PVO

solved the problem in its Saffola margarine by adding 5% cottonseed oil, which

also improved the product’s ‘‘mouth’’ feel (34). A 1966 patent described a blending

of liquid safflower with selectively hydrogenated safflower and peanut oils (103).

Soft safflower margarines, wherein a highly hydrogenated safflower lattice was

employed to encapsulate a larger portion of liquid safflower oil, have been success-

fully produced by several companies (34). The methods employed to produce these

types of margarine structures have been reviewed (104, 105). It has been shown that

Cr(CO)3 catalysts can be used to selectively hydrogenate safflower oil and retain a

90–95% cis configuration (106–108). Several studies have reported on safflower oil’s
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good taste, appearance, odor, and texture in mayonnaise and frozen salad dressings,

where it exhibits excellent qualities in repeated freeze–thaw cycles (34, 102,

109, 110).

3.4. Industrial Processing

Although this Chapter is concerned with oils that are used in edible products, it is

well to remember that safflower oil’s recognition in modern times occurred because

of interest in its excellent properties as a semidrying oil. Safflower oil’s light color,

ability to heat bleach to near water whiteness, low level of free fatty acids and

impurities, and lack of linolenic acid make it an ideal vehicle for white house paints

and varnishes and for the production of alkyd resins. It is easy to polymerize via

kettle bodying without the need for vacuum equipment; capable of producing excel-

lent blown, limed, or maleated oils; and acts as a good source for conjugation or

methyl esters (34).

4. ECONOMICS AND MARKETING

As mentioned, safflower is a crop that has been grown for thousands of years, pri-

marily for local use. As people traveled they carried safflower seeds with them, gen-

erally for personal use. It is only in recent times that safflower has entered world

commerce; still much of what is produced remains in the country where it is grown.

The price of wheat has been the dominant factor affecting the price that U.S.

farmers must receive for safflower seed to put safflower into their cropping plans.

In its early years of U.S. production, safflower oil competed directly with soybean

oil for market share and soybean futures on the Chicago Board of Trade, offered as

a reasonable medium for hedging safflower seed and oil prices. But, more recently,

safflower prices have borne little relationship to the market for soybean oil, and saf-

flower oil has become a product that is impossible to hedge.

In 1997, U.S. farm wholesale prices were the following: safflower oil, tanks,

$0.59 lb; soybean oil, tanks, $0.24/lb. In 2002, prices for were safflower oil, tanks,

$0.79/lb, soybean oil, tanks, $0.19/lb (53).

4.1. Safflower Seed

In the United States, most safflower seed is grown by farmers who have agreed to a

contract of sale with an oil mill or grain dealer before planting the crop. Because

there is no daily market for safflower seed posted in the newspaper and there are no

quotations available from the commodity futures markets, most banks or other

financing agencies encourage farmers to contract their crop in advance. There is

no other way for the bank to protect any funds that have been loaned with the

crop as collateral.

The usual safflower production contracts state that the farmer will deliver the

entire yield from a given number of acres or hectares. The buyer assumes the
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risk of yield. Besides stating the number of hectares to be planted and their location,

contracts usually specify the type of planting seed, the name of a landlord (if any),

what compensation he or she is to receive, and of course, the price and point of

delivery.

The National Institute of Oilseed Products (NIOP) publishes an annual rule book

that covers specifications and standards of trade for many vegetable oils, including

safflower and oleic safflower. Rules 7.1 g and h (formerly 110 g and h) and 7.1 i

(formerly 110 i) are the NIOP rules for safflower seed and oleic seed, respectively.

When combined with the state of California’s official standards for safflower seed,

little room exists for argument as to the meaning of a contract between buyer and

seller.

Safflower seed is usually sold domestically on a dockage-free basis with no limit

on the amount of dockage a shipment of seed might contain. Dockage is defined as

any foreign material plus parts of the safflower plant other than seed, empty or

partly filled seeds and broken parts of the seed small enough to pass through a

screen opening of 1.78 mm. Moisture content is required to be <8%, unless the

buyer is willing to accept a higher percentage in exchange for a penalty. Most

oil mills will accept limited quantities of seed up to 12% moisture content, if their

schedule permits such seed to be processed immediately. Moisture content levels

higher than 12% cause problems in expeller operation. Some mills also operate

grain dryers, which allow them to accept higher moisture content seed.

Normally, buyer’s require safflower seed that contains more than 5% dockage or

green foreign matter or that is higher than 8% moisture to be cleaned before accept-

ing it. This is to prevent heating in storage. Because most buyers in California pur-

chase safflower seed from the farmer free on board a truck at the edge of the field,

making the buyer responsible for the cost of freight to the elevator or oil mill site,

the farmer is normally also charged for the cost of freight involved on dockage in

excess of 5%. In other states, in Mexico, and most other parts of the world, the

farmer is responsible for the delivery of the seed to the buyer’s location.

In most parts of the world, except India, safflower seed is handled in bulk. In

California this is accomplished in large aluminum-sided, bottom-dumping, open-

top truck trailers of approximately 10–12 t capacity each, two of which are hauled

in tandem to a field by a truck tractor unit. The trailers are left by the field to be

filled by the farmer, and the tractor unit returns and hauls the full trailers directly to

the oil mill or export terminal (in some cases up to 250 km away) or to a closer

grain elevator for intermediate storage. In other parts of the United States, safflower

is delivered in many types of grain trucking equipment and much of it is delivered

to small country elevators where it is stored, cleaned if necessary, and subsequently

loaded onto trucks or railroad hopper cars (which can hold between 50 and 70 t of

safflower seed) for delivery to a buyer.

Correct methods for sampling of safflower seed are specified in the NIOP rules.

Three probes in each truck trailer with a grain probe is the preferred method. Sam-

pling takes place on delivery of the seed to the first place of rest and is conducted if

possible by a third party (a representative of the California State Department of

Agriculture or an employee of the receiving elevator company) to minimize
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disputes. Moisture content and refractive index (if oleic safflower is delivered) of

the parcel is checked immediately and a carefully split portion of the sample is then

forwarded to the nearest state of California or other independent laboratory for

determination of dockage or, should the sampled seed be defective, other factors.

In other states besides California and Arizona, the purchase contract specifies a

price that is based on a dockage-free sample, a certain level of oil content, and the

moisture content at the time of delivery. This is necessary because of the effect that

cold temperatures, rain, snow, disease, or drought can have on the oil content of an

individual crop. In California and Arizona, little variation in oil content occurs from

year to year in a particular variety of safflower. In the northern Great Plains states,

the oil content of a seed that might be 38–40% in a normal year can be as low as

20–25% under adverse conditions. In the mountain states, these variations are

usually less extreme. Safflower seed in the Great Plains is normally purchased on

a 38% oil content basis (sometimes 40% is used as a basis) with reciprocal allow-

ance of 2% for each 1% variation in oil content (fractions in proportion) applied to

the agreed on price.

Because the United States does not use the metric system, prices in California

and Arizona are normally quoted in dollars per short ton of (2000 lb, 907.185 kg)

and in the Great Plains and mountain states most transactions are fixed in cents per

pound (453.59 g). In the rest of the world, metric tons or quintals prevail, except in

some parts of India and China. Prices paid to farmers in various parts of the United

States vary because of quality and distance from final markets.

The price offered for safflower seed in California is shaped by several market

elements. The principal factor is the amount of land in the central valley that

will be committed to rice, cotton, and tomatoes, the three primary income-produ-

cing crops in the area. Safflower, sugar beets, grain, and corn compete for the

remaining cultivated land; the competition between wheat and safflower is the

most intense. Experienced farmers favor safflower over wheat if the contracting

price for safflower multiplied by an average yield of 2.5 tons/ha equals or exceeds

the perceived price for wheat multiplied by a yield of 5.0–6.0 tons/ha. Safflower

buyers usually begin negotiating with farmers in October, since farmers must

make the decision to withhold planting wheat at that time. Wheat is normally

planted in late November through January, and safflower is planted during February

through April. During the 1980s the acreage of safflower planted in California

would decline sharply when prices fell below $275/t. In the 1990s, this value

was about $330/t, because of inflation and the increasing prices for other crops.

The second factor that affects the price of safflower is the condition of the mar-

ket for safflower oil. For example, there may be a surplus of oil from the previous

crop, Mexico may be forecasting a large harvest (which occurs 3–4 months before

the U.S. harvest), or Japanese buyers may be experiencing a slowdown in their

domestic market.

Because safflower oil is a specialty that serves a market that responds little, if at

all, to price changes, these two factors tend to slow down dealer’s desire to buy the

seed, and a rationing process takes place. Dealers either delay their opening gambits

to contract for safflower seed from the next crop or offer low prices that do not
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compete with other alternatives. Side issues that affect supply (drought, disease, or

floods; longshore or transportation strikes; etc.) and price (changes in government

support for competing crops or in import or export regulations, etc.) also affect

these decisions. Safflower prices are not affected by prices for other commodity

types of oils such as sunflower, soya, and canola, except in periods of wild upward

price movements. If prices for other oils climb above $880/t safflower oil prices

move up accordingly or the safflower oil disappears into export markets as a

replacement.

Of course, the demand for safflower can be changed by longer-term fundamental

changes. In Japan, safflower oil is identified as an eminently healthy oil that is given

as a gift. Should medical research find that polyunsaturates, and particularly saf-

flower oil, cause medical problems that outweigh its benefits, demand for the oil

would crumble. On the other hand, if long-term medical studies show that mono-

unsaturates, including oleic safflower oil, are preferred over the types of oils, even

over linoleic safflower oil, there might be a shift in the ratio of linoleic to oleic

safflower oil consumption. This appears to be happening in Japan.

Safflower seeds produced in California are located close to the ultimate domestic

safflower oil markets as well as near export terminals for ocean shipping to Japan or

Europe. Safflower seeds produced in the Great Plains, however, are generally priced

$50/t below California prices for several reasons. First, Great Plains safflower seed

is generally 3–5% lower in oil content than western seed, and in years of bad weath-

er it can be much lower. Second, while the oil produced therefrom is generally

2–4% higher in linoleic fatty acid than California seed, it is normally 0.25% higher

in FFA and 1–2 Gardner color units higher, with generally a greenish tinge, all of

which necessitates higher refining and bleaching costs. Great Plains prepress oil

normally cannot be deodorized without prior refining. Finally, Great Plains seed

must face a long railroad trip to markets in California, or if delivered locally for

processing, the oil and meal produced from it face long trips to consumer markets.

Safflower growers in the mountain states face similar discounting problems. Moun-

tain-grown seed usually is closer to California seed in quality but has no local

milling or customer base so all seed must be delivered over a long distance.

These factors do not apply to the markets for safflower seed sold for bird feed.

Birdseed buyers’ specifications emphasize seed color (pure white seed is preferred)

test weight (a weight in excess of 0.4739 kg/L is desired), and purity (less than 1–

2% foreign material is preferred). Oil content is not a factor. Seeds that have heavy

white hulls and, accordingly, low oil content are preferred for birdseed use. Conse-

quently, birdseed buyers, whose customers are located predominantly in the eastern

half of the United States or overseas, prefer to contract in the Great Plains and

mountain states, where they compete with $50/ton lower seed prices and enjoy a

$40–50/ton freight advantage to eastern markets.

It is hard to judge the exact size of the market for birdseed safflower, but as feed-

ing of wild birds increases in the United States, most dealers believe it has exceeded

20,000 t annually. China generally enjoys the reputation of supplying the best bird-

seed quality, since much of Chinese seed is below 30% in oil content and normally

has white hulls. Weather and transportation factors sometimes increase difficulties
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for marketers of Chinese-origin seed. Indian seed was a factor in world birdseed

markets until 1989, when the Indian government banned the exportation of seed

to improve local supplies of oil. This undoubtedly contributed to the increase in

the U.S. birdseed market.

Exportation of safflower seed to Japan was the largest factor in the expansion of

U.S. safflower seed production. When high duties on the oilseeds entering Japan

began to be relaxed, U.S. safflower seed exports declined. Once more than 10 oil

mills were engaged in processing safflower seed in Japan, now only 2 mills con-

tinue to crush safflower seed there. The remainder of Japan’s needs for safflower

oil are covered by imports of safflower oil. Safflower seed exports are governed

by the NIOP Rule 7.1 g (former Rule 110 g Export). Many factors are involved

in the Domestic Rule (Rule 7.1 h), but export terms require measurement of oil con-

tent and payment of a premium or discount much as most seed is purchased in the

Great Plains states. The export safflower seed rule establishes a price basis point of

34% oil content with a premium/discount of 2% for each 1% of oil content variation

with fractions in proportion. The 34% level is used, even though most seed exported

today is in the range of 41–43% oil content, because this was the level of oil content

available when safflower first started being exported. Export rules also allow only a

maximum of 3% dockage for an export shipment to be considered correct, although

provisions are made for allowing shipments containing up to 6% maximum in

exchange for a penalty of an additional 0.2% for shipments measuring between 3

and 6% dockage.

Because one oceangoing vessel normally carries 3,000–5,000 t, and up to

15,000 t, the sampling methods are different from those used for truckloads. The

NIOP rules call for oil, moisture, and dockage analyses to be performed separately

on samples representing each 1,000 t, or fraction thereof, loaded on a vessel. In the

case of oil content analyses, identical samples of each 1,000-t lot are presented to

five different independent laboratories, each laboratory reports its analyses for the

entire load on a weighted average basis, the results of the laboratory with the high-

est and lowest oil contents are discarded and the results of the remaining three are

averaged and used for payment purposes. In this manner a fair analysis is made,

because safflower oil content is difficult to measure accurately.

Almost all safflower seed exported to Japan from the United States has come

from California and in some years, Arizona. This is because the Japanese prefer

the quality of West Coast production, preferring not to pay a high ocean freight

cost on a seed that is lower in oil content; generally produces higher color and refin-

ing costs; and may contain the fungus Sclerontinia sclerotina, which although

found regularly in the Great Plains has not yet been observed in California. Japan

imports some safflower seed from Australia and a small quantity from China, to

obtain the þ80% linoleic safflower oil that Chinese seed can guarantee. Japan

also imported safflower seed from Mexico at one time. The United States has

exported safflower seed to Europe, but recently the high price of safflower seed

and low value of safflower meal in Europe have made the processing of safflower

seed impractical, and imports have been confined to safflower or oleic safflower

oils.
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4.2. Safflower Oil

In today’s marketplace safflower occupies a unique position. It is the oil with the

highest level of linoleic acid available commercially. It continues to enjoy a favor-

able reputation in the mind of consumers, which is a legacy of the polyunsaturated

boom of the 1960s. Most safflower oil produced today reaches consumers as a

refined, deodorized, and bleached salad oil; as a principal ingredient in margarine;

and in several forms of mayonnaise and salad dressings. A small percentage of the

total oil produced, primarily prepress oil, is bottled and sold to consumers without

any further refining, bleaching, or treatment of any kind other than filtration. In the

United States and Europe, a small segment of the market wants an oil that has not

been exposed to chemicals (in this case hexane). Bottled prepress oil generally has

a short shelf life, perhaps of less than 2 weeks, and once opened the oil needs to be

refrigerated so it does not develop strong odors.

Two sellers dominate the U.S. grocery market for all safflower-edible products,

although a number of other companies produce small quantities for health food

venues. Bottled safflower salad oil generally retails at more than $1 per bottle high-

er than canola, corn, sunflower, or soybean oil. Customers for safflower oil make up

a small but dedicated segment of the market. Safflower salad oil brands have never

achieved over a 7% market share, and without heavy advertising, this level drops

in half.

In Japan, the premium price is almost an advantage, and the companies market-

ing safflower oil enjoy better margins for the product than other oils produce. They

exert strict quality controls, market the oil in beautiful and expensive gift packs, and

engage in heavy advertising to maintain market share. In Japan’s gift-giving sea-

sons, safflower oil has achieved a premier status among all oils. Some say it has

captured up to 85% of this market.

In Mexico, safflower oil occupied a preferred status for many years in grocery

stores catering to the affluent. When first produced in Mexico, a sizable portion of

the safflower oil produced was used as an adulterant in sesame oil. Over time, saf-

flower became the premier oil in the marketplace and puro cartamo would com-

mand a substantial premium. Safflower oil itself soon began to be adulterated

with sunflower and other oils, and eventually consumers became aware of this

and switched loyalty to branded oils that were cheaper. Little safflower oil is found

in Mexico because it is generally exported to the United States or Europe, and lower

priced sunflower, canola, or soybean oil is imported in its place.

A similar situation has taken place in Australia, where the bulk of safflower

grown is no longer processed for the local market but is exported as seed or oil.

A small amount of Australia’s safflower total is devoted to producing so-called

organic safflower oil. Because Australia still has virgin farmland, it is possible to

produce a crop of safflower using no herbicides, insecticides, or fertilizer. Some

organic safflower oil is also produced in the United States. In the last 3 years the

most successful program has been operated by Saffola Grocery Products Co., which

markets so-called Grown Without Pesticides safflower oil. Saffola has chosen to use

this method, because it wishes to establish its own definition for the ‘‘purity’’ of its

ECONOMICS AND MARKETING 519



product, in contrast to organic oils, which are usually defined by government edict,

subject to periodic change. The Grown Without Pesticides (GWP) regime requires

that the safflower is planted on land that has had no chemicals applied to it for at

least 6 months and that shows no residue levels. The farmer is allowed to apply

fertilizer but no planting seed fungicides (allowed in organic farming) or other che-

micals. A thorough auditing scheme that includes inspection of the crop throughout

the growth cycle and inspection of harvesters, trucks, and storage facilities for

cleanliness and lack of chemical sprays is employed. This is more rigorous than

the standards employed by the organic industry, which works primarily on the hon-

or system.

The GWP program for oleic safflower oil has been successful when there is hea-

vy advertising. Saffola has not been able to expand beyond the regional market

because of the cost of advertising. The Japanese gift-pack market, which also

uses heavy advertising, includes some oleic safflower oil. One manufacturer is sell-

ing a blend of linoleic and oleic safflower oils to combine the good attributes of

both oils in a single package; its largest competitor markets the oils separately to

give the customer a choice.

In India much oil is still sold by small mills that simply filter oil from the press

and supply the product in small tins or even in the consumer’s own vessel. Safflower

production is by and large a neighborhood affair in India. While the government is

encouraging more production of all types of oilseeds, sunflower, which has much

wider adaptation than safflower, enjoyed spectacular increase in production in the

1990s.

The European market consists of three areas. First, safflower oil is an ingredient

in sunflower-based margarines, helping to maintain a guaranteed level of polyunsa-

turation. This market area may be in decline, because some manufacturers lowered

their polyunsaturated guarantee levels in early 1994, opting perhaps to feature low

saturation or higher monounsaturation attributes in the future. Safflower oil also

finds a small but dedicated audience because of its high level of unsaturation. A

portion of this market prefers to use either unrefined prepress oil or a form that

has been gently deodorized. The third market area is for safflower, and particularly

oleic safflower, oil that is used for blending with other oils. When safflower oil

became more expensive than other oils, this market area virtually vanished.

Much more rigorous and sophisticated control measures by government authorities

have also restricted attempts at blending.

Like safflower seed most safflower oil also is traded under rules established by

the National Institute of Oilseed Products, in this case Rule 6.11 and 6.12. Rules for

both domestic and export shipments are in force, with the primary difference being

that the export rules require more analyses to be performed before payment. Of

course, some U.S. buyers, many of whom have never heard of the NIOP, establish

their own specifications for the safflower oil they purchase, but by and large their

standards meet or exceed the NIOP grades.

It is outside the scope of this article to examine the medical literature that fueled

the polyunsaturated boom of the 1960s (34) and that has continued to provide

impetus to the U.S., European, and Japanese safflower oil markets. Whether
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monounsaturation or simply lack of saturation will become the wave of the future

is unknown, but from an historic viewpoint it is interesting to observe how oleic

safflower production slowly increased since the crop was introduced in 1967

(Table 12).

In the United States in 2003, 221� 103 acres of safflower were planted and

212� 103 acres were harvested. Forecasts for 2004 are for 142� 103 acres to be

planted and 133� 103 acres to be harvested (111).

4.3. Safflower Meal

Safflower meal, the by-product of the production of safflower oil, contains all of the

hull. The high fiber content of the hull limits its value. In California, safflower meal

is employed primarily as an ingredient in dairy feeds; it is also used in beef cattle

feed and to a limited extent in poultry mixes. In the 1960s and 1970s, when saf-

flower meal was being decorticated by the tail end process, the resultant high

(38–42%) protein fraction found good employment in chicken and turkey rations.

PVO produced three meal fractions of 42, 20, and 6% protein. Although PVO and

TABLE 12. Historic U.S. Oleic Safflower Plantings and Production.

Crop Year Plantings (ha) Production (t)

1967 405 953

1968 5,221 11,031

1969 8,580 23,014

1970 5,868 12,973

1971 13,462 32,922

1972 8,843 20,321

1973 15,480 24,222

1974 11,615 22,801

1975 21,004 43,316

1976 9,632 23,678

1977 9,594 24,540

1978 14,569 21,037

1979 19,010 36,940

1980 13,345 31,351

1981 9,340 24,721

1982 4,856 12,701

1983 4,917 12,610

1984 11,550 31,026

1985 10,958 27,994

1986 11,635 31,425

1987 4,290 11,340

1988 8,094 20,684

1989 10,805 29,393

1990 11,343 29,908

1991 10,891 22,803

1992 33,634 48,680

1993 36,430 73,564
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others spent considerable time searching for alternative uses for safflower hulls, the

best bet in that period was to export the 6% fraction to Japan, where safflower hulls

were used as low cost filler in many types of compound feeds. Japan was also a

regular consumer of 20% protein (sometimes purchased basis 20% protein–fat com-

bined analysis), but in today’s market, safflower meal from the United States is not

competitive in the Japanese market.

Safflower hulls find their best market when incorporated in safflower meal, and

none has been produced separately for many years in the United States, because

most mills produced only two fractions when decorticating, 20 and 42% portions.

Today, the energy consumed in separating safflower meal fractions exceeds the

premium that can be gained from the high protein fraction, so most mills confine

themselves to offering as is meal of 25% protein.

Numerous studies have shown safflower oil to be a good feed product for beef

cattle (112–116), dairy cattle (117–119), poultry (120–123), and lamb (124–127),

and is generally available at price levels that are similar to the lowest prices for

alfalfa hay, grain screenings, almond hulls, and other low protein feeds.

Promising experiments have been done to produce protein flour or protein iso-

lates from safflower meal. The USDA compared safflower protein isolate with

isolate from soy and found the safflower product to be quite useful. The study

also outlined the cost of investment and production for the process envisioned

(128–130). Other researchers have written extensively on this subject (131–134).

A factory would need considerably more than the total U.S. supply of safflower

meal to produce an economically viable protein isolate. Unless a scientific break-

through can materially reduce the hull portion of a safflower seed while retaining

satisfactory yields, meal will continue to sell for a modest price and to be consid-

ered a second-rank product. NIOP Rules 8.1.1–8.1.3 established the factors guiding

the trade in safflower meal.

5. QUALITY ASSESSMENT

Although most of the standard tests for measuring physical and chemical character-

istics of a product work well for safflower seed and its products, some unique

problems have arisen over the years.

5.1. Safflower Seed

When safflower was first introduced into the United States, the Fred Stein Co. was

the first to produce a chart, the Steinlite moisture meter, calibrated specifically for

safflower seed, allowing moisture to be rapidly and correctly determined at the

elevator. Most moisture meters available today work well on safflower seed.

During its growth cycle, a safflower head will respond to the amount of moisture

available. If there is plenty of moisture, many of the individual seeds that have

begun to form in the head will fill completely. If moisture is restricted or if a sudden

trauma such as disease or removal of water occurs, some of the seeds that have
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begun to fill will stop filling and others will not even begin. This results in a mixture

in each safflower head of some seeds that are plump and completely filled and

others that appear to be the same but that, on inspection, are empty or only partially

filled. For the laboratories performing dockage tests on the thousands of samples

representing each truckload delivered, it can be a daunting task to find which seeds

are empty or partially filled. Originally, the dockage analysis method adopted by the

state of California employed a series of hand screens, followed by winnowing

through a Bates aspirator and hand picking of the resultant sample to find empty

seeds that escaped the aspirator. This method was too slow, and when used to mea-

sure samples containing high amounts of empty hulls, as is often encountered in

Great Plains safflower, up to 30 passes through an aspirator were required to find

all empties.

During the 1950s and early 1960s, PVO and the California State Department of

Agriculture performed hundreds of experiments together aimed at producing a sim-

pler and more reproducible test for dockage. As a result, modifications to the Carter

Dockage Tester were developed that allow consistent measurement of dockage.

This method was adopted by the California Department of Agriculture and by

the NIOP, incorporating the procedure as part of Rules 7.1 g D and E (135).

Determining the oil content of safflower seed in the laboratory by solvent

extraction is also more difficult than for other oilseeds because of the vast differ-

ence in texture of the hull compared to the kernel within. The hull must be cracked

or all of the oil will not be extracted. But in cracking the seed, the kernel tends

to mash as well and small amounts of oil can be lost in the process, a small amount

is important when the sample contains only 5 g of seed. Since many people

expressed dissatisfaction in safflower oil content analyses, PVO’s control labora-

tory worked for a long time to develop a better method than the standard AOCS

procedure (136). This method of analysis is now part of the NIOP rules for

safflower (137).

The NIOP also conducted extensive tests to develop methods for better sampling

of safflower seed. Field run safflower seed is fairly difficult to sample. Although

pure safflower seed is relatively smooth flowing, the seed delivered by a farmer

can contain portions of stalks and stems; parts of the head that held seed; and

leaves, and other foreign material. Safflower seed, which has traveled over bumpy

roads for 50–200 km inside a truck, for 3000 km in a railroad hopper car, or for

10000 km in the hold of a heavy grain carrier on its way to Japan, tends to stratify,

and unless the sampling device reaches all levels of the product, the sample is not

representative. Japanese buyers, who were receiving 5,000–15,000 tons of safflower

at a time, found that the oil content and dockage analyses performed at time of ship-

ment did not reflect what the oil mills obtained as a final outturn in the milling of

the same seeds. The NIOP adopted standard sampling and dividing procedures

aimed at reducing variation in results, and these procedures now are incorporated

in their rules (138).

It is particularly important to remember that the sample used in analyzing saf-

flower oil contents must be first cleaned of all dockage (including empty hulls),

unlike the common method of measuring sunflower oil contents, which is
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performed on seed containing admixture. This puts a premium on good sampling,

good cleaning, good division of the sample, and consistent performance of the ana-

lysis itself.

Safflower seed oil content can also be determined by the use of nuclear magnetic

resonance (NMR), and today most plant breeders employ NMR techniques to mea-

sure their new lines. NMR techniques can be performed on only one half of a seed,

so the other half can be planted if the results of the analysis are promising. In its

earlier versions, processors tended to feel that NMR analysis produced oil content

results that were slightly higher than found by standard solvent extraction analysis

or than what was actually obtained at the oil mill. This has been disproven in the

case of safflower seed, and the industry has adopted NMR analyses in large part

to speed up paperwork. Because of the relatively small amount of safflower seed

being measured for oil content annually, no one has taken the time to prove that

present-day NMR procedures should be used to substitute for the standard AOCS

procedure.

The USDA published what may have been the first practical procedure for

quickly determining if a truckload of seed is a linoleic or oleic variety (138). It

involves squeezing a few seeds in a small hand-powered press to obtain a few drops

of oil. A drop of oil is placed on the glass prism cell of a hand-held refractometer.

The refractive index has a straight-line relationship with the iodine value or fatty

acid distribution of the oil, hence it is easy to determine if the seed in question

meets an oleic standard or not, so long as a temperature correction is applied.

Recently, it has become simpler to compare the unknown sample to a known oil

standard, eliminating the need to apply a temperature correction. Temperature cor-

rections are difficult to measure accurately in the field under the time pressure of

harvest.

5.2. Safflower Oil

Measurement of safflower oil’s various chemical and physical characteristics is

quite straightforward and only minor changes have occurred over 50 years in the

rules governing the safflower trade. In 1990, the requirement for certification that

safflower oil demonstrate a negative halphen test was dropped. The emergence of

better and better GLC technology eliminated the need for a color test of cottonseed

oil adulteration.

The U.S. Department of Agriculture Utilization Laboratories at Philadelphia,

Peoria, and particularly Albany, California, contributed a major body of work

that measured various factors that affect the quality of safflower and its reaction

to various processes. Oxidation reactions of safflower oil and methods for following

heat-generated changes in composition during deep-fat frying were studied in depth

(139–143). USDA scientists at Albany (144) and Peoria (145) analyzed the head-

space volatiles of safflower methyl esters and safflower oil, respectively, subjected

to accelerated oxidation and found them to be the most reactive of all oils tested.

One study showed vinyl-n-amylkelone to be the compound responsible for the gen-

eration of metallic off-flavors in oxidized safflower oil (146). USDA researchers
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demonstrated the effects of oxyfatty acids, malonaldehyde and diclorocarbenes,

respectively, on oil flavor and storage reactions (147–149).

It has been demonstrated that tocopherols in linoleic safflower oil were more

stable than tocopherols in oleic safflower oil (150). The USDA did room odor stu-

dies that showed that oleic safflower did well compared with all other oils used in

the study (151). A broad study was conducted of the effects of various substances

on the oxidation of safflower oil in deep frying (152); of high temperature reactions

in the presence of amino acids (153); and of the effect of amino acids on emulsions

(154), dried emulsions (155, 156), and chemical and organoleptic properties

(155, 156).

5.3. Safflower Meal

As mentioned, safflower meal tends to stratify in storage so the principal problem in

quality control is making sure a truly representative sample is obtained. The USDA

Regional Utilization Laboratory at Albany, California, produced a body of work

concerning safflower meal that allows a better understanding of its attributes and

deficiencies. A survey of the world collections for seeds high in lysine was under-

taken (157), and this work has been continued for both lysine and methionine at the

Eastern Experiment Station of Montana State University (158). The work included

studies of safflower steroids (159–161). Another study demonstrated how to remove

deleterious glucosides from safflower meal and then demonstrated possibilities for

removal of these and other negative factors to make safflower meal a more useful

product (162). Others have isolated three conjugated serotin factors (163) and their

related phenolic factors (164).

6. STORAGE AND TRANSPORTATION

6.1. Safflower Seed

The most important element in the storage of safflower seed is anticipation of pro-

blems. If safflower seed buyers maintain contact with the suppliers and inspect the

fields, most problems can be solved before they escalate. Safflower seed that is

below 8% moisture; is free of green weed, seeds, or trash; and has been brought

to room temperature gradually is quite stable and can be stored indefinitely with

no problem. Arranging for outside cleaning and/or drying before delivery to the

oil mill and possible rejection, if the grower is unable to cope with weeds in

the field, is much better than handling such problems on an emergency basis at

time of delivery.

Because oleic and linoleic safflower seeds are virtually identical in appearance,

extreme care is necessary to prevent inadvertent mixing. If a positive paper trail can

be established for identifying fields of linoleic and oleic safflower from time of

planting until delivery to the oil mill or storage point, much more confidence is pos-

sible when the samples are taken and the seed is checked for refractive index to
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verify positively the type delivered. Each load can be properly directed to its appro-

priate discharge point. If safflower seed is put into storage free of included green

weeds or other plant material, with moisture level that has been brought to equili-

brium at 8% or under, it can be stored indefinitely.

At the time of the year that safflower is harvested, air temperatures are often in

excess of 38�C. If safflower seed is being harvested from a particularly weedy field,

the farmer must be careful to monitor the temperature of the seed in the truck or

trailer into which the harvest is loaded. If a truck is forced to wait overnight in such

conditions, the seed can begin heating to a dangerous level. Similarly, if seed is

brought to a warehouse on a hot day, it is prudent for the warehouse to pull air

through the seed pile or silo until the temperature of the entire mass reaches equi-

librium. Monitoring the temperature within the seed mass by means of thermocou-

ples is mandatory. If temperatures start to rise, air circulation can be started again

until equilibrium is restored. If a hot spot cannot be controlled, it is prudent to reach

that area as soon as possible by turning part of the seed column (in a tank or silo) or

by digging into the side of the pile (if stored in a flat warehouse). This is not a time

to move slowly; tear off the side of the building if that is what it takes to reach a hot

spot. Safflower seed seems to be quite hygroscopic, absorbing moisture from wet

material adjacent to it, which in turn causes germination to start, and hence heating.

Safflower seed that has heated will char to dark brown to black mass and will devel-

op strong odors that can permeate the storage unit if not separated quickly. This is

not to portray safflower seed as a problem seed. Most seed is received in fine con-

dition and stores without problems.

If a problem load is received, it is usually best to process it through a simple

grain cleaner to remove the problem foreign material or, if that is not possible,

to pile the seed in a thin layer on a concrete slab for a few days until it stabilizes.

Safflower seed can be dried in forced air grain dryers. It is wise, however, to avoid

letting temperatures in the dryer exceed 82�C to prevent safflower oil from scorch-

ing. If necessary, two passes through a dryer are to be preferred to one pass at high

temperatures.

Safflower seed is normally not attacked by grain weevils, but these pests

are often attracted to the foreign material contained in seed stored longer than

5 months. Again, careful monitoring is necessary if seed is destined for export.

Treatment with approved fumigants in a timely fashion will avoid having the

shipment graded ‘‘weevily,’’ which in turn makes the safflower seed sample grade

and subject to rejection by the buyer.

Safflower seed is quite stable under carriage in ocean vessels. Although natural

separations within the vessel’s interior are preferred, safflower seed can be success-

fully separated from safflower bulk cargoes in the hold by a temporary separation

built from layers of plywood, plastic, and burlap.

6.2. Safflower Oil

Crude safflower oil can be stored and conveyed in normal black-iron vessels or

pipelines without problems. The most important factor is to avoid exposure to air.
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Safflower salad oil, because of its reactivity, should be stored and shipped in

stainless equipment. The USDA in Peoria found that safflower was more light

stable than soybean or cottonseed oils but still recommended packaging in brown

bottles (165). It was found that a-tocopherol does little to inhibit photoxidation, and

it has been recommended that brown bottling be used to inhibit photoxidation and

to reduce formation of free radicals, which generate objectional off-flavor (166).

The USDA presented an early study of antioxidants (167), and the super qualities

of 20, 40, 50-trihydroxybutyrophenone (TBHQ) have been demonstrated (168). The

limited effects of tempeh oil have been studied (169), and some researchers have

recommended chromans, particularly Trolox C, as producing superior results in sta-

bilizing safflower oil (170). TBHQ was the preferred antioxidant when these pro-

ducts were fashionable. In today’s world of environmental concerns, the only

antioxidant used is the addition of citric acid during deodorization. If safflower sal-

ad oil must be stored, nitrogen sparging and blanketing is recommended.

6.3. Safflower Meal

As noted, expeller safflower meal is dangerous to store under any conditions. Sol-

vent-extracted safflower meal is much more stable and can be stored safely so long

as moisture levels are kept low in storage. Safflower meal can hold 10% moisture

under California weather conditions, but it is preferable to maintain it at a 5–7%

moisture content if storage is for an extended period. Long-term storage in small

diameter tanks should be avoided, because safflower meal tends to bridge under

such conditions and become difficult to remove.

7. UNIQUE USES

7.1. Bird Feed

Approximately 60 million people in the United States provide feed for wild birds

(171). Safflower seed is employed in many wild bird feeding mixes because of its

high oil content; it is also used to feed caged birds, particularly parakeets and par-

rots. Safflower seed is used in the feeding of tame ducks in China and Taiwan and

for tame pigeons in Europe. Safflower fields are considered excellent venues in the

United States by hunters of white wing dove and pheasants, and safflower is often

planted at duck clubs to attract ducks and pheasants.

7.2. Ornamental

Safflower seeds and flowers were used in Egypt to make ornaments, wreaths, and

jewelry (172). Horticultural use is limited because of safflower’s prickly foliage, but

it is employed in some places for this reason as a protection for other plants against

children and dogs. The spineless varieties are often used by Spanish and Portuguese

farmers as garden flowers and as sources of food coloring. More recently, the red or
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orange flowers of spineless safflower have been harvested and then either dried or

sold as a fresh display by florists. If dried carefully, safflower plants and flowers

retain their color and can be used for years in a static display.

7.3. Food Coloring

Safflower has been employed as a source of color and flavor in cooking in every

country where it has been grown with the exception of the countries that have

started large-scale commercial production in the last 40 years. Except for recent

immigrants, safflower has not been extensively so used in the United States. Refer-

ences on the use of safflower florets in cooking are available (1,3). In the areas of

Spain and Portugal where saffron is grown, fields of safflower exist that the local

farmers do not like to acknowledge. Almost surely it was being used as an adulter-

ant to the much more expensive saffron.

7.4. Dye

Another ancient use for safflower is to make dyes. The principal dye, carthamin, is a

bright red colorant that is extracted from red-flowered plants after the yellow dye

has been leached with water. Carthamin (C43H42O22) imparts a scarlet red color to

silk and cotton (173–176). Fine examples of its durability from ancient times can be

found in museums in Egypt, China, and Japan (3). Safflower yellow pigment

(C16H20O11) must be removed to allow the red dye to be extracted; in earlier times

the yellow was discarded. A factory has been established in Xinjiang, China, to

manufacture large quantities of both types of dye (173).

7.5. Medicinal

Safflower seed, pollen, florets, and oil have been used for medicinal purposes

almost since cultivation began. In the first century A.D., Pliny wrote that safflower

oil, called oleum cnicium, was used as a milder substitute for castor oil, and Ped-

anius Dioscorides, in De Materia Medica (the leading Western pharmacological

text for 16 centuries), described the use of safflower to color and flavor various

potions and unguents and to act as mild laxatives and flavoring agents (157).

Several Arab texts dating to 1000–1500 mention safflower as an antidote for poi-

sons and as an agent to induce sweating as a fever cure (172). Known as Kusumbha

oil, safflower was regarded as a purgative in ancient Africa and India. Charred saf-

flower oil is used in India as a treatment for sores and rheumatism, and safflower

seeds are employed as diuretics and tonics (177). China has a long history of use of

all parts of the safflower plant in medicinals combined with many herbal products.

A tea is manufactured in Beijing (178), and a polyamino acid nutrient is manufac-

tured from safflower protein isolates in inner Mongolia. Many discussions on

ancient and modern Chinese medicine are available (7, 173).

USP safflower oil has been used as a carrier for penicillin. Data on use of saf-

flower oil as a vehicle for injection of androgens (179) have been published, and it
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has been demonstrated that safflower oil could be used as a dipersant for solutions

of intravenous feedings of dextrose (109).

7.6. Cosmetic

Safflower florets were used to color ceremonial ointments in Egyptian tombs (10).

The Journal of American College of Toxicology published a report on the safety of

safflower oil in 1981. The article concluded that safflower oil was safe as a cosmetic

ingredient in the current practices of use (180). Oleic safflower is considered

equally safe, and safflower oil was found to be nonallergenic (181).

Powdered safflower florets have been employed since ancient times as a rouge in

Egypt, China, and Japan, where it was known as beni (7, 177). The Misehnz of

ancient Hebrew literature speaks of safflower’s use as a rouge (182). It was mixed

with French chalk and used as a rouge in old England (9). Soot from charred saf-

flower plants was used until recently as the source of kohl, a cosmetic used to dar-

ken the eyelids of Egyptian women (183). In India, safflower oil is used as an

ingredient in soap and the preparation of Macassar hair oil (180).

TABLE 13. Supply of Potential Biodiesel Feedstocks.

Oil Type Total Oil Productiona

Pounds Gallonsb

Millions
Crops

Total 20,030 2,601.3

Soybean 14,935 1,939.6

Corn 2,076 269.6

Cottonseed 1,220 158.4

Sunflowerseed 868 112.7

Canola 353 45.8

Peanut 282 36.6

Flaxseed/linseed 175 22.7

Safflower 118 15.3

Rapeseed 3 0.4

Animal fat

Total 8,772 1,139.2

Lard 1,026 133.2

Edible tallow 1,490 193.5

Inedible tallow 3,623 470.5

Yellow grease 2,633 341.9

Total supply 28,802 3,740.5

aPounds of oil production are a 3-year average (1993–1995) from Oil Crops

Yearbook, October 1997, USDA, ERS with the following exceptions: rapeseed

was calculated by multiplying oil per acre times the 1993–95 average number

of acres harvested. Number of harvested acres comes from USDA, NASS,

January 1996. Inedible tallow and yellow grease supply comes from U.S.

Department of Commerce, Bureau of the Census, Fats and Oils, Production,

Consumption and Stocks, Annual Summaries 1993–1995.
bPounds are converted to gallons of oil using a 7.7 pounds-to-gallon

conversion rate.
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7.7. Biodiesel Fuel

Safflower has been examined as a possible biodiesel feedstock. Table 13 is an

example of the amount of oil produced annually in the United States by type of

feedstock. Amounts are reported by weight (i.e., millions of pounds), which are

converted to a liquid volume basis to provide a gallon estimate for each feedstock.

Soybean oil is the largest potential feedstock source for biodiesel. Corn oil, cotton-

seed and sunflowerseed are also relatively large contributors to U.S. vegetable oil

supplies. The production of oil from the other feedstocks is minor, ranging from

353 million pounds for canola to around 3 million pounds for industrial rapeseed.

The total production of oil from crops is about 20 billion pounds per year. Animal

fats and yellow grease add about another 8.8 billion pounds, resulting in about 29

billion pounds of total oil.

On a liquid fuel basis, these feedstocks would equal about 3.7 billion gallons

of diesel fuel, about 13% of the 28 billion gallons of diesel fuel consumed in the

United States for transportation in 1996. If biodiesel was blended with petroleum

diesel fuel, e.g., 20% biodiesel and 80% petroleum (B20), the total supply of this

blended fuel would be about 18.7 billion gallons, or 67% of U.S. annual diesel

consumption. This example uses the total average supply of all crop oils, animal

fats, and yellow grease as the available feedstock supply (182).
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1. INTRODUCTION

Sesame (Sesamum indicum L.) is believed to be one of the most ancient crops culti-

vated by humans (1). It was first recorded as a crop in Babylon and Assyria over

4000 years ago. The seeds of the crop are used both as condiment and oil source.

The Babylonians made wine and cakes with sesame seeds, whereas sesame oil

was used for cooking, medicinal, and cosmetic purposes. Ancient Indians used

sesame oil as lighting oil, and sesame seeds were commonly used in the religious

rites of Hindus. The Chinese believed that sesame seeds could promote health and

longevity.

Sesame seed has higher oil content (around 50%) than most of the known oil-

seeds although its production is far less than the major oilseeds such as soybean or

rapeseed due to labor-intensive harvesting of the seeds. Sesame oil is generally

regarded as a high-priced and high-quality oil. It is one of the most stable edible

oil despite its high degree of unsaturation. The presence of lignan type of natural

antioxidants accounts for both the superior stability of sesame oil and the beneficial

physiological effects of sesame.

In Asia, sesame oil is obtained by pressing the roasted oilseeds and consumed

as a naturally flavored oil without refining. In the western world, sesame oil is

extracted by a multiple-step mechanical expeller and either the virgin oil or the

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
Edited by Fereidoon Shahidi. Copyright # 2005 John Wiley & Sons, Inc.
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refined oil is used for salad dressing. After pressing out oil, the remaining sesame

meal contains high-quality protein suitable for human consumption as well as ani-

mal feed. It is also a good source of water-soluble antioxidants.

In this chapter, the properties and processing of sesame oil will be presented, and

the antioxidative components and their effects on oil stability and health will be

summarized.

2. BOTANY OF SESAME

Sesame (Sesamun indicum. L., synonymous with Sesamun orientale L.), also

known as benniseed (Africa), benne (Southern United States), gingelly (India), gen-

gelin (Brazil), sim-sim, semsem (Hebrew), and tila (Sanskrit), is the world’s oldest

oil crop. It belongs to the Tubiflorae order, Pedaliaceae family, which comprises

of 16 genera and some 60 species (2). There are 37 species under the Sesamum

genus (3). Among the 37 species, only Sesamum indicum is widely cultivated.

The wild species such as S. angustifolium, S. calycium, S. baumii, S. auriculatum,

S. brasiliense, S. malabaricum, S. prostratum, S. indicatum, S. radiatum, S. occiden-

tale, and S. radiatum are cultivated in Africa, India, or Sri Lanka in small areas.

The wild species, although low in oil contents, may contribute to favorable agro-

nomic characters (such as resistance to disease, pests, and drought) when used in

plant breeding.

As most of the wild species of sesame were found in Africa, it is generally

believed that sesame originated in Africa. India may also be the origin of some

species (S. capense, S. prostratum, and S. schenckii) of sesame (2, 4). The sesame

species in the Middle East are similar to Africa; they are believed to be spread from

Africa via Egypt (2). Sesame seeds were brought to India and Burma from Africa

and the Middle East (4). Cross-fertilization of the species from Africa and India

results in a large variety of sesame species. India, therefore, became the secondary

center of diversity. Both China and Japan are the major consumers of sesame

seeds; their sesame seeds were introduced from the Middle East as early as in

500 to 700 B.C. Sesame was brought to the United States by slaves from Africa

in the late seventeenth century. The sesame seeds are still known as benne in

the southern parts of United States, a term similar to the African name of sesame

(benniseed).

Sesame grows in tropical and subtropical areas about 40�N latitude to 40�S
latitude (5). Sesame indicum L. is the commonly cultivated species of sesame. It

has 26 somatic chromosomes (2n¼ 26). Sesame is an annual, erect herb that

may grow between 50 cm and 250 cm in height, depending on the variety and grow-

ing conditions. The stems (Figure 1) may have branches and are obtusely quadran-

gular, longitudinally furrowed, and densely hairy. The extent of hairiness on the

stem can be classified as smooth, slightly, and very hairy; it is related to the variety

of sesame. The degree and type of branching of the stem are also important varietal

characters (6).
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Sesame leaves are hairy on both sides and are highly variable in shape and size

not only among different varieties but also on the same plant. The lower leaves are

opposite, ovate, sometimes palmately lobed or palmately compound, dull green

in color, 3–17.5 cm long and 1–7 cm wide, and coarsely serrate, and the petiole

is 5 cm in length. The upper leaves are alternate or subopposite, lanceolate, and

entire or with a few coarse teeth, and the petiole is 1–2 cm long. The arrangement

of leaves influences the number of flowers born in the axils and thus the seed yield

per plant.

Sesame has large, white, bell-shaped flowers. The flowers are zygomorphic, in

axils of upper leaves, born singly or 2�3 together, short-pedicelled, and geniculate.

The calyx is small and five parted, and the segments are ovate-lanceolate and 0.5–

0.6 cm long. The corolla is tubular-campanulate, 3–4 cm long, widened upward,

two-lipped, five-lobed with middle lower lobe longest, pubescent outside, white,

pink, or purplish in color with yellow or purple blotches, spots, and stripes

on inner surface. The stamens are four in number, didynamous, and inserted on

the base of the corolla; the anthers are sagittate. The ovary is superior and two-

celled (7).

The fruit of sesame is a capsule (2–5 cm long and 0.5–2 cm in diameter), and it

is erect, oblong, brown or purple in color, rectangular in section, deeply grooved

with a short, triangular beak (Figure 2). The capsules may have four, six or eight

rows of seeds in each capsule (Figure 2). Most of the sesame capsules have four

rows of seeds, with a total of 70 seeds per capsule. The capsules with a wider

Figure 1. The plant of sesame.
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diameter will usually have higher rows of seeds and the total number of seeds per

capsule can be as high as 100�200. When the fruit is ripened, it dehisces by split-

ting along the septa from top to bottom (so called ‘‘open sesame’’).

Sesame seeds are small (3�4 mm long and 1.5–2 mm wide), flat, ovate (slightly

thinner at the hilum than at the opposite end), smooth, or reticulate. The color varies

from white, yellow, gray, red, brown, to black. The weight of 1000 seeds is around

2.5 to 3.5 g. Sesame seeds consists of testa (exo and endo), endosperm, and coty-

ledon (Figure 3). The oil drops are located in the cotyledon. It is generally believed

that the light-colored seeds with thin coats are higher in quality and oil content than

the dark-colored seeds.

Although sesame seeds are higher in oil contents than most other oilseeds and

sesame oil has good flavor and oxidation stability, sesame seeds have never been a

major oil source. The low yield (400–500 kg/ha) of sesame seeds and the labor-

intensive harvesting procedure are the limiting factors. When sesame capsules

Figure 2. Sesame fruits with four (A) or eight (B) rows of seeds in each capsule.

Figure 3. Structure of the sesame seed (A) and the oil drops in cotyledon (B).
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are mature, they are fragile and will burst open easily, scattering the seeds on the

ground and thus difficult to collect. Harvesting of sesame seeds is usually per-

formed by cutting the plant stalks and stacking them vertically under the sun

with the cut-ends downward in the threshing yard. Each dried stalk is then shaken

or beaten over a cloth to catch the seeds that fly out from the dried capsules. The

plant breeders have been trying to develop sesame varieties that do not dehisce

when the capsules are mature and thus can be adapted to mechanical harvest

(8–10). In the middle of the twentieth century, horticulturists developed sesame

with ‘‘papershell capsules,’’ which is indehiscence allowing mechanical harvesting

and is easier to thresh than the normal type (11). Until today, however, more than

99% of the sesame produced in world is still harvested manually. Numerous efforts

have been made to move sesame from a labor-intensive harvest crop to a mecha-

nically harvest crop for the past 60 years. Considerable progress was made between

1940 and 1965, but there was still a limited amount of manual labor necessary in

the harvest. The first completely mechanized cultivars were developed in the early

1980s, and there has been continuing progress. Progress in mechanizing sesame has

been slow because of the need to combine many characters in order to compromise

between machine-harvesting and plant characteristics such as seed yield and qua-

lity, disease resistance, insect resistance, hail resistance, and drought resistance.

Sesame can become a major oilseed only with lower price achieved by increasing

yields and reducing production costs (12).

3. WORLD PRODUCTION

3.1. Sesame Seed

Sesame ranks eighth in the world production of edible oil seeds. The total annual

production of sesame seeds is around 3 million metric tons (MT) worldwide from

2000 to 2002. This number has increased 33% since 1990. Figure 4 shows the total

tonnage together with the total area of world sesame production from 1990 to 2003.

It is evident that there is a steady increase of both the seed production and the area

of harvest. The highest sesame seed production reached 3.2 million MT in 2001,

with a total harvesting area of 7.5 million hectares (ha) worldwide. The average

yield of sesame seed is around 400 kg/ha worldwide (Table 1). Among the five

continents, Asia has the highest area of harvest (4.6 million ha), which produces

2 million MT of sesame seed annually. Europe has the lowest quantity of seed pro-

duction (only 0.057% of the world total) but the highest yield (4968.5 kg/ha)

of sesame seed. This yield is ten times that of Asia where more than 70% of world’s

sesame seeds are produced. Africa, the origin of sesame seed, is the second

largest sesame-producing continent. It has, however, the lowest yield (only

328 kg/ha) of sesame seed.

China, India, Sudan, Myanmar, and Uganda are the world’s major sesame seed

producing countries. In 2003, China produced 825 thousand MT of sesame seed and

was the world’s largest sesame-producing country followed by India (620,000 MT),
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Myanmar (225,000 MT), Sudan (122,000 MT), and Uganda (106,000 MT). These

five countries together supply nearly 70% of the world’s total sesame seed

(Figure 5). Figure 6 shows the fluctuation in annual seed production by these coun-

tries from 1990 to 2003. As the crop yield is very dependent on moisture, the seed

production can vary up or down in any given year due to rainfall. According to

FAO statistics (13), the yield of sesame seed in China grew rapidly from around

700 kg/ha in 1990 to 1099 kg/ha in 2003, whereas India remained around 300 kg/

ha for the past 15 years. Sudan is the lowest among the five major sesame producing

countries in per hectare yield (150�220 kg/ha) followed by Mayamar (170

�380 kg/ha). Uganda has a relatively high yield (500 kg/ha) of sesame seed, but

the area of harvest is the lowest among the five countries.

Seed production

Area of harvest

T
on

na
ge

 (
 1

06
M

t )

0

0.5

1

1.5

2

2.5

3

3.5

19
90

19
91

19
92

19
93

19
94

19
95

19
96

19
97

19
98

19
99

20
00

20
01

20
02

20
03

Years

0

1

2

3

4

5

6

7

8

A
re

a 
(1

06
ha

)

(Data source: FAOSTAT database)

Figure 4. World production of sesame seed (1990–2003). (This figure is available in full color at

http://www.mrw.interscience.wiley.com/biofp.)

TABLE 1. Production of Sesame Seed in the Five Continents in 2003.1

Continent Seed Production (1000 Mt) Area of Harvest (1000 ha) Yield (kg/ ha)

Africa 603.827 (21.835%)2 1840.382 (27.547%) 328.099

Asia 2014.492 (72.846%) 4602.432 (68.889%) 437.702

Europe 1.575 (0.057%) 0.317 (0.005%) 4968.454

North and Central

America 65.870 (2.382%) 127.254 (1.905%) 517.626

South America 79.655 (2.880%) 110.485 (1.654%) 720.958

——————————————————————————————————————————–

World Total 2765.419 (100%) 6680.870 (100%) 413.931

1Based on FAOSTAT database (2003).
2Data in parenthesis are the percentage of total.
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In 2000, the world trade of sesame seed was 620,000 MT, which was 21.5%

of the total production. Japan imported 165,000 MT (26% of the world imports)

and was the largest importer of sesame seed. South Korea was the second

largest importer (70,000 MT) followed by United States (49,000 MT), Taiwan

(35,000 MT) and Egypt (34,000 MT). Although China and India are the top two

sesame seed producers, most of the seeds are consumed locally. Only 12�15%

of the sesame seeds produced in India were exported in the past ten years. China

was the world number one sesame seeds exporting country, which exported

Sudan
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4%
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(620,000 Mt)

22%

Uganda
(106,000 Mt)

4%

Others
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China
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Myanmar
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8%

(Data source: FAOSTAT database)

Figure 5. Major sesame seed-producing countries and their percentage shares of the world

production in 2003.
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Figure 6. Major sesame seed-producing countries (1990–2003). (This figure is available in full

color at http://www.mrw.interscience.wiley.com/biofp.)
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17�25% of its sesame production before 1996. Because of the fast economic

growth in China, domestic demand of sesame seed increased tremendously

after 1996. Although China became the world’s biggest sesame seed producer since

1997 (Figure 6), the export of sesame seed from China dropped from 119,000 MT

(in 1996) to 41,000 MT (in 1997). Starting from 1996, Sudan became the world’s

top sesame exporting country followed by India and China.

3.2. Sesame Oil

Each year, the world consumes close to 120 million MT of edible fats and oils (14).

Soybean oil is the leading oil that accounts for 30% of the world production of

edible fats and oils. In 2003, it is closely followed by palm oil, whereas rapeseed

oil ranked third has only one-third of the production tonnage of soybean oil.

Sesame oil, with an annual production of 760,000 MT in 2003, is the twelfth largest

vegetable oil produced in the world, higher in quantity than olive oil and safflower

oil (13). The production of sesame oil increased 20% in the recent 10 years, it was

632,000 MT in 1992. China has almost doubled the production of sesame oil

(from 142,000 to 210,000 MT), whereas India has decreased the production by

44% (from 236,000 to 131,000 MT) in the above period. Both China and India

are the largest producers of sesame oil, together they account for nearly half of

the total world production of sesame oil. Besides China and India, Myanmar,

Sudan, and Japan are the top five sesame oil producers.

4. CHEMICAL COMPOSITION

Sesame seed contains high levels of fat and protein. The chemical composition of

sesame seed varies with the variety, origin, color, and size of the seed. The fat con-

tent of sesame seed is around 50% whereas the protein content is around 25%.

Table 2 lists the proximate composition of sesame seeds from different sources.

Sesame seed contains about 5% of ash, whereas the fiber and carbohydrate contents

show large variation. Crude fiber from one variety of Nigerian black sesame

was reported to have 19.6% of crude fiber (15), whereas one variety of Taiwanese

TABLE 2. Proximate Composition of Sesame Seed (%).

Crude Crude

Sesame Crude Fat Protein Carbohydrate Fiber Ash Moisture Reference

Black sesame 35.8 17.2 9.19 19.6 4.01 4.73 15

White sesame 34.6 20.8 9.19 14.2 10.1 4.14 15

Brown sesame 41.3 20.2 10.3 18.6 5.19 4.12 15

Yellow sesame 53.8 22.0 6.85 13.0 6.09 4.28 15

Black sesame 48.4–56.7 22.8–30.3 3.4–10.8 2.8–7.2 4.4–5.5 4.6–6.4 16

White sesame 50.1–51.7 22.6–24.1 7.9–13.2 5.3–7.5 4.2–4.5 4.4–4.7 16

Brown sesame 46.3–53.1 21.8–27.6 4.7–13.6 3.7–7.3 3.9–5.4 5.0–8.2 16

Nigerian sesame 51.5 20.0 12.5 6.0 5.0 5.0 17

whole seed

Dehulled seed 55.0 24.3 10.4 2.0 3.0 5.3 17
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black seed contained only 2.81% of crude fiber (16). The carbohydrate content

ranged from 3% to 14% (15–17).

Sesame seed has about 17% seed weight as hull, which is high in oxalic acid

(2�3%), calcium, and crude fiber. Oxalic acid could complex with calcium and

reduce its bioavailability; indigestible fiber would reduce the digestibility of pro-

tein. Sesame seed hull is therefore recommended to be removed if sesame meal

is used for human food (18). When sesame seed is properly dehulled, the oxalic

acid content can be decreased to less than 0.25% of the seed weight (19). After

dehulling, the fat and protein contents are raised, whereas the fiber, ash, and carbo-

hydrate contents are lowered (Table 2).

4.1. Content of Oil

Sesame seed is a rich source of edible oil. It contains more oil than the major oil-

seeds, such as soybean, rapeseed-canola, sunflower seed, and cotton seed. The oil

content of sesame seed varies with the variety of sesame; it may range from 28%

to 59% (20–22). The wild seeds contain less oil (around 30%) than the cultivated

seeds because the oil content is an important criterion for seed selection in agri-

culture practice. In general, the cultivated seed has around 50% oil, whereas the

color of the seed coat exhibits slight influence on the oil content. Black seeds

appear to contain slightly less oil than the white and brown seeds in the Japanese

strains (Table 3). The oil content was found to be influenced also by the growing

condition, daily mean temperature, and the cumulative degrees of daily temperatures

during reproductive stage, which showed negative correlation with the oil content

(23).

TABLE 3. Oil Content of Sesame Seed.

Sesame Color of Seed Oil Content

Species Coat (% Seed) Reference

Sesamum indicum L.

Sudan strainsa Black 50.7 20

Sudan strains Brown 52.3 20

Sudan strains White 47.4 – 55.5 20

Japanese strainsb Black 43.4 – 51.1 21

Japanese strains Brown 50.5 – 56.5 21

Japanese strains White 51.8 – 58.8 21

Turkish strainsc Black 43.3 – 48.2 22

Turkish strains Brown 42.8 – 46.9 22

Turkish strains White 43.1– 46.3 22

Sesamum alatum T.d Brown 28.1– 29.8 20

Sesamum radiatum S. and T.d Black 30.3 – 33.4 20

Sesamum angustifolium E.d Black 29.2–29.7 20

a The cultivated species of sesame grown in Sudan.
b Forty-two species of sesame grown in Japan.
c The cultivated species of sesame grown in Turkey.
d The wild species of sesame grown in Sudan.
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Table 4 lists the chemical and physical properties of sesame oil (24).

4.2. Fatty Acid Composition

Sesame oil belongs to the oleic-linoleic acid group. It has less than 20% saturated

fatty acid, mainly palmitic (7.9�12%) and stearic (4.8�6.1%) acids. Oleic acid and

linoleic acid constitute more than 80% of the total fatty acids in sesame oil. Unlike

other vegetable oils in this group, the percentages of oleic acid (35.9–42.3%) and

linoleic acid (41.5–47.9%) in the total fatty acids of sesame oil are close (Table 5).

Table 5 lists the first FAO/WHO Codex Alimentarius Standard of the sesame

oil fatty acid composition as reported by O’Connor and Herb (25) and the most

recent Codex Standard (24). Besides the four major fatty acids, there are low

TABLE 4. Chemical and Physical Characteris-

tics of Sesame Oil (24).

Properties Range

Relative density 0.915 – 0.924

(20�C/water at 20�C)

Refractive index 1.465 –1.469

(ND 40�C)

Saponification value 186 –195

(mg KOH/g oil)

Iodine value 104 –120

Unsaponifiable matter �20

(g/kg)

TABLE 5. Fatty Acid Composition of Sesame Oil (% Total Fatty Acids).

Kamal-Eldin and Appelqvist(20)

Fatty Acid Codex(24) O’Connor(25) Cultivateda Wildb

Myristic (C14:0) NDc-0.1 <0.5

Palmitic (C16:0) 7.9–12.0 7.0–12 9.0–9.6 8.2–12.7

Palmitoleic (C16:1) 0.1–0.2 <0.5 0.1–0.2 0.2–0.3

Heptadecanoic (C17:0) ND-0.2

Heptadecenoic (C17:1) ND-0.2

Stearic (C18:0) 4.8–6.1 3.5–6.0 5.6–6.4 5.6–9.1

Oleic (C18:1) 35.9–42.3 35–50 41.9–45.2 34.3–48.1

Linoleic (C18:2) 41.5–47.9 35–50 38.0–41.6 33.2–48.4

Linolenic (C18:3) 0.3–0.4 <1.0 0.5–0.6 0.6–0.9

Arachidic (C20:0) 0.3–0.6 <1.0 0.3 0.2–0.8

Eicosenoic (C20:1) ND-0.3 <0.5 0.1 0.1

Behenic (C22:0) ND-0.3 <1.0 0.1 0.1

Lignoceric (C24:0) ND-0.3 trace trace

aSesamum indicum L.
bSesamum alatum T, Sesamum radiatum S. and T., Sesamum angustifolium E.
cND: Not detected.
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percentages (less than 1%) of other fatty acids—myristic (ND-0.1), palmitoleic

(0.1–0.2), heptadecanoic (ND-0.2), heptadecenoic (ND-0.2), linolenic (0.3–0.4),

arachidic (0.3–0.6), eicosenoic (ND-0.3), behenic (ND-0.3), and lignoceric acid

(ND-0.3). Fatty acid composition varies with the species of sesame seed (20, 22).

Species with high oleic acid and linoleic acid contents are often selected for planta-

tion (22). Sesame oils from the wild seeds, therefore, are higher in saturated fatty

acids than oils from the cultivated sesame seeds (Table 5).

Fatty acid compositions of different lipid classes in sesame oil also show varia-

tion. The major sesame seed lipid is triacylglycerol, which represents nearly 90% of

the total lipid (20). It has a lower percentage of saturated fatty acids and a higher

percentage of unsaturated fatty acids than the other lipid classes, namely, diacylgly-

cerol, free fatty acid, polar lipid, and steryl ester. Slightly higher percentages of

long-chain fatty acids (20:0, 20:1, 22:0, and 24:0) were found in lipid classes other

than triacylglycerol (20, 26).

4.3. Sterols

Sesame oil is relatively high in unsaponifiable matter (�2%) compared with other

vegetable oils. The unsaponifiable matter includes sterols, triterpenes and triterpene

alcohols, tocopherols, and sesame lignans. Sterols are present in vegetable oils in

free form or as sterol esters, sterol glucosides, or esterified steryl glucosides, but free

sterols and sterol esters are often the dominant forms. Among the three classes of

sterols, desmethylated sterol is the major one (85�89% of total sterols) followed by

monomethylated (9�11%) and dimethylated (2�4%) sterols in sesame oil (27).

According to the Codex Standard, sesame oil may contain as high as 1.9% of total

sterols; it is one of the richest oil source of phytosterols (24). Table 6 lists the levels

of desmethylsterols composition in sesame oil. b-sitosterol is the most abundant

sterol in sesame oil. There are also campesterol, stigmasterol, �5-avenasterol, �7-ave-

TABLE 6. Levels of Desmethylsterols in Sesame Oil.a

Kamal-Eldin and Appelqvist (27)

———————————————————-

Desmethyl Sterol Codex (24) Cultivated Sesameb Wild Sesamec

Cholesterol 0.1–0.5 0.1–0.2 0.2–0.3

Brassicasterol 0.1–0.2 — —

Campesterol 10.1–20.0 12.5–16.9 10.3–20.5

Stigmasterol 3.4–12.0 6.0–8.7 4.4–14.2

b-sitosterol 57.7–61.9 57.5–62.0 33.9–60.2

�5-avenasterol 6.2–7.8 8.1–11.5 12.4–23.5

�7-stigmasterol 0.5–7.6 0.4–3.1 0.1–3.0

�7-avenasterol 1.2–5.6 0.3–1.3 0.9–3.7

Others 0.7–9.2 3.6–6.1 4.6–7.3

——————————————————————————————————————————

Total sterols (mg/kg) 4500–19000 4335–6764 3420–10005

a Expressed as a percentage of total sterols.
b The cultivated species of sesame grown in Sudan.
c The wild species of sesame grown in Sudan.
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nasterol, and �7-stigmasterol present in descending abundance. Only a trace

amount (<0.5%) of cholesterol was found in sesame oil. Oils from the wild species

of sesame contain higher levels of sterols, especially �5-and �7-avenasterols.

These two sterols having the �24;28 ethylidene side chain showed antipolymeriza-

tion effects that could protect vegetable oils from high-temperature oxidation (28).

Phytosterols and cholesterol have similar structures; phytosterols are therefore

competitors of cholesterol absorption. Consumption of phytosterol may lower

blood cholesterol and thus protect from cardiovascular diseases (29). Phytosterol,

especially, b-sitosterol, inhibits the growth of human colon cancer cell (30), pros-

tate cancer cell (31), and breast cancer cell (32).

4.4. Tocopherols

Sesame oil is well known for its oxidative stability; one of the reasons for this

extra-stability is attributed to its tocopherol content. The total tocopherol content

of sesame oil ranges from 330-mg/kg to 1010-mg/kg oil according to the Codex

Standard. Sesame oil from black sesame seeds contains less tocopherols than oils

from brown or white sesame seeds (Table 7). The wild species of sesame, Sesamum

angustifolium E. and Sesamum radiatum S. and T., have higher levels of total

tocopherol (760 mg/kg and 810 mg/kg, respectively) in the oil than the cultivated

species (486–680 mg/kg) although they have a black seed coat. Regardless of the

species and the color of seed coat, g-tocopherol is the predominant tocopherol

in sesame oil, whereas d-tocopherol accounted for less than 5% of the total toco-

pherols. a-Tocopherol is present in sesame oil in trace amount only. Among the

different tocopherol isomers, g-tocopherol is a more potent antioxidant in oils

(33), but it has lower Vitamin E value in biological systems than a-tocopherol (34).

TABLE 7. Levels of Tocopherols in Sesame Oil.

Tocopherol (mg/kg Oil)

Sesame Color of —————————————————

Species Seed Coat a g d Total Reference

Sesamum indicum L.

Japanese strainsa Black 5.2 468.5 12.2 485.9 26

Brown 6.2 517.9 13.6 537.7 26

White 3.8 497.8 20.5 522.1 26

Sudan strainsb Black NDd 527.0 12.6 540 27

Brown 4.8 663.7 11.6 680 27

White 3.1 603.9 13.0 620 27

Sesamum alatum T.c Brown 2.9 310.1 7.0 320 27

Sesamum radiatum S. and T.c Black 6.5 800.3 3.2 810 27

Sesamum angustifolium E.c Black ND 754.7 5.3 760 27

Codex standard — ND–3.3 521–983 4–21 330–1010 24

a The cultivated species of sesame grown in Japan.
b The cultivated species of sesame grown in Sudan.
c The wild species of sesame grown in Sudan.
dND: Not detected.
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4.5. Protein

The protein content of sesame seed is approximately 25% with a range of 17�31%

depending on the source of the seed. Sesame protein is low in lysine (3.1% protein),

but it is rich in sulfur-containing amino acids methionine and cystine (6.1%), which

are often the limiting amino acids in legumes. Comparing with the standard

values recommended by FAO and WHO for children, sesame protein is borderline

deficient in other essential amino acids such as valine, threonine, and isoleucine.

Sesame seed protein, however, contains an adequate amount of tryptophanm, which

is limiting in many oilseed proteins. Because of its characteristic amino acid

composition, sesame seed protein is regarded as an excellent protein source for

supplementing many vegetable proteins such as soybean and peanut to increase

their nutritional value.

The protein efficiency ratio (PER) of sesame seed protein is 1.86 (35). The PER

value can be raised to 2.9 when sesame seed protein is supplemented with lysine

(36). El-Adawy (37) added sesame products including sesame meal, sesame protein

isolate, and protein concentrate to red wheat flour to produce flour blends. It was

found that water absorption, development time, and dough weakening were increas-

ed as the protein level increased in all blends; however, dough stability decreased.

Sesame products could be added to wheat flour up to 16% protein without any detri-

mental effect on bread sensory properties. The addition of sesame products to red

wheat flour increased the contents of protein, minerals, and total essential amino

acids; the in vitro protein digestibility also increased significantly.

Inyans and Nwadimkpa (17) investigated the protein functionality of dehulled

sesame seed flour. They reported that the emulsification capacity was higher at

alkaline condition and ranged from 25-ml oil/g at pH 4 to 66-ml oil/g at pH 10.

The highest foaming capacity (315%) was observed at pH 2. Protein solubility

ranged from 7.9% at pH 2 to 14.2% at pH 10. The viscosity of the flour dispersion

ranged from 2.5 cps at 1% concentration to 7.0 cps at 10% concentration. The se-

same flour could impart desirable characteristics when incorporated into products

such as ice cream, frozen dessert, sausage, baked food, and confectionary.

When sesame seeds were boiled or allowed to sprout, in order to reduce bitter

taste, there was a slight increase in protein content of sprouted seeds and the foam-

ing capacity of flour from boiled seeds was increased (38). The emulsion stability

was improved after sprouting or boiling, whereas the emulsion capacity was low-

ered after boiling. The bitter taste was not detected in flour from boiled seed but

still persisted in that from sprouted seed.

5. SESAME LIGNANS AND LIGNAN GLYCOSIDES

5.1. Lignans

Sesame oil contains high levels of unsaturated fatty acids (more than 80% of total

fatty acids); however, it is highly resistant to oxidative deterioration as compared

with other edible vegetable oils (39, 40). The superior oxidative stability is not
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only attributed to the presence of tocopherols, but it is mainly associated with the

unique group of compounds-lignans (41). Lignans are compounds formed by oxi-

dative coupling of r-hydroxyphenylpropane. They are widely distributed in all parts

of plants. Oilseeds such as sesame and flaxseed are well known to contain abundant

lignans (42). Two types of lignan compounds existed in sesame seeds, the oil solu-

ble lignans and the water soluble lignan glycosides. In raw sesame seed, sesamin

and sesamolin are the two major lignans. Sesamin has been found in other plants,

whereas sesamolin is characteristic of sesame and has not been found in plants

other than Sesamum. Fukuda et al. (43) determined the lignan contents of 14 vari-

eties of commercial sesame seeds grown in Japan and noticed that sesamin content

was always higher than sesamolin content and that the average ratio of sesamolin to

sesamin in the black varieties (0.6�1.0) was greater than the white varieties

(0.2�0.5). Other types of lignans such as sesamol, P1, sesamolinol, and sesaminol

were only present in minor quantity as shown in Table 8 (43). The structures of the

sesame lignans are illustrated in Figure 7.

Tashiro et al. (21) further investigated the oil and lignan (sesamin and sesamolin)

contents in 42 strains of Sesamum indicum L. originated from different parts of the

world. The strains included white-, brown-, black-, and yellow-colored seed types.

The results of this study indicated that the sesamin content in the oil ranging from

0.07% to 0.61% with an average of 0.36%, whereas the sesamolin content was low-

er (ranging from 0.02% to 0.48% with an average of 0.27%). There was a signifi-

cant positive correlation between the oil content of the seed and the sesamin content

of the oil, whereas no correlation existed between the oil and the sesamolin

TABLE 8. Lignan Contents in Different Strains of Sesame Seeds.a,b

Strain Color of Sesamolin/

no. Seed Coat Sesamin Sesamolin Sesamin Sesamol P1 Sesamolinol Sesaminol

48 White 821.3 441.2 0.537 2.0 1.6 1.0 1.4

611 White 410.6 441.2 0.537 2.5 1.3 1.0 1.0

630 White 522.7 123.5 0.236 2.5 2.3 0.9 0.3

638 White 885.2 476.5 0.538 NDc 2.9 1.1 1.0

643 White 464.0 229.4 0.494 5.0 2.0 1.1 1.0

785 Yellow 453.3 247.0 0.545 Trace 2.0 0.9 0.3

673 Violet 464.0 317.6 0.684 2.5 1.8 1.5 1.1

675 Brown 528.0 264.6 0.501 Trace 3.8 0.6 0.7

126 Brown 682.7 458.8 0.672 4.0 2.9 1.2 1.0

201 Black 502.5 441.2 0.878 3.6 2.5 1.2 1.1

601 Black 314.3 235.3 0.749 10.8 1.6 1.9 1.1

631 Black 362.7 229.4 0.632 2.5 1.5 0.8 0.5

792 Black 154.7 152.9 0.988 4.9 1.5 0.9 0.9

801 Black 293.3 294.0 1.002 6.5 1.6 1.1 1.2

————————————————————————————————————————————————

Mean 490.6 300.4 3.4 2.1 1.1 0.9

SD 198.6 113.6 2.9 0.7 0.3 0.3

aData adapted from (43).
bUnit: mg/100-g oil.
cND: Not detected.
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contents. It was also noticed that the black seed types contained significantly less

oil and a high ratio of sesamolin to sesamin. In the wild species of sesame seeds,

Fukuda et al. (43) found that an Indian variety had an extreme low sesamolin con-

tent (only 14% of its sesamin content), whereas one variety from Borneo contained
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several times more sesamin (1152.3 mg/100 g oil) and sesamolin (1360.7 mg/100 g

oil) than in other species. Kamal-Eldin and Appelqvist (27) determined the contents

of sesamin and sesamolin in three wild species of Sesamum. They reported that S.

radiatum was extremely high in sesamin (2.40% in oil) but contained only a minor

amount of sesamolin (0.02%), whereas S. alatum contained minor amounts of sesa-

min and sesamolin (both were 0.01%); S. angustifolium possessed reasonable

amounts of both sesamin (0.32%) and sesamolin (0.16%).

Other types of lignans were found in wild species of Sesamum. Sesangolin was

present in S. angolense (44) and was the major lignan in S. angustifolium, which

contained 3.15% sesangolin in its oil (27). 2-Episesalatin occurred in S. alatum

(45) and was its most abundant lignan present at 1.37% in its oil (27). The struc-

tures of sesangolin and 2-episesalatin are shown in Figure 7. The contents of

different lignans present in sesame oil are listed in Table 9.

5.2. Lignan Glycosides

Lignan glycosides are the glycosilated forms of lignans; they are water soluble.

Although most lignans are found in the oil-soluble part of sesame seed, lignan

glycosides are present in sesame meal. Sesaminol, sesamolinol, and pinoresinol
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glucosides (Figure 8) are the major lignan glycosides in sesame. Acetone extract of

sesame seed contained sesamolinol and sesaminol (46, 47), and it was revealed that

they were released after treating defatted sesame seed flour with b-glucosidase (48).

Later, three pinoresinol diglucosides (KP1, KP2, and KP4) and one pinoresinol tri-

glucoside (KP3) were isolated from the ethanol extract of sesame seed (49, 50).

Kuriyama et al. (51) analyzed the lignan glycosides composition of white sesame

seed with high-performance liquid chromatography (HPLC) and found eight lignan

glycosides. There were two pinoresinol glucosides with two or three glucose

units, three sesaminol glucosides with one to three glucose units, two sesamolinol

glucosides with one or two glucose units, and one P-1 glucoside with two glucose

units. The total contents of lignan glycosides in white sesame seed were around

100–170-mg/100-g seed, with sesaminol triglucoside the most predominant one.

In black sesame seed, the lignan glycosides content varied greatly with the

species of the sesame (from 6.4 to 361.3-mg/100-g seed), whereas sesaminol tri-

glucoside was still the major lignan glycoside (52). This effect of sesame variety

on the lignan glycoside contents was also noticed by Ryu et al. (53). They reported

that a significant difference existed between the black and white sesame seeds in

their sesaminol contents, which were analyzed after hydrolysis of the sesaminol

glucosides. White sesame seeds contained an average of 84.5-mg sesaminol in

100-g seed (ranging from 32.5 to 98.5 mg/100 g), and black sesame seeds contained

113.2 mg/100 g of sesaminol in average with a range of 41.5 to 134.5-mg/

100-g seed. Table 10 lists the contents of sesaminol glucosides in various sesame

seeds.

TABLE 9. Levels of Lignans in Sesame Oil.

Lignan Contents (% Oil)

Color of ———————————————————————— Reference

Sesame Species Seed Coat Sesamin Sesamolin Sesamol Sesangolin 2-Epsesalatin

Sesamum indicum L.

Eleven strains Black 0.24 0.27 — — — 21

(0.07–0.40) (0.13–0.40)

Twelve strains Brown 0.36 0.30 — — — 21

(0.11–0.61) (0.13–0.42)

Fifteen strains White 0.44 0.25 — — — 21

(0.12–0.61) (0.02–0.48)

Japanese strains Black 0.45 0.54 NDa — — 26

Japanese strains Brown 0.46 0.66 ND — — 26

Japanese strains White 0.66 0.42 ND — — 26

Sudan strains Black 0.45 0.54 — ND ND 27

Sudan strains Brown 0.46 0.66 — ND ND 27

Sudan strains White 0.23–0.72 0.39–0.41 — ND ND 27

Sesamum alatum T.b Brown 0.01 0.01 — ND 1.37 27

Sesamum radiatum

S. and T.b Black 2.4 0.02 — ND ND 27

Sesamum angustifolium E.b Black 0.32 0.16 — 3.15 ND 27

aND: Not detected.
bThe wild species of sesame grown in Sudan.
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TABLE 10. Contents of Sesaminol Glucosides in Different

Sesame Seeds.a

Sesaminol Glucosides (mg/100g Seed)

————————————————————

Color of Seed Coat Meanb Range CV (%)c

Black ðn ¼ 10Þd 113.2�� 41.5–134.5 23.5

Brown ðn ¼ 5Þ 78.5� 39.4–91.4 8.9

White ðn ¼ 10Þ 84.5� 32.5–98.5 11.8

aData adapted from (53).
bMean values bearing different superscripts are different significantly at 1% level.
cCV: coefficient of variance.
dn: represents the number of samples analyzed.
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= Glc-Glc

R = Glc
= Glc-Glc
= Glc-Glc-Glc
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6. PROCESSING

Sesame oil has a long history of human consumption. The processing of sesame

seed to yield sesame oil varies from region to region. The major differences

are (1) whether the seed coat is removed and (2) whether the seed is roasted.

Figure 9 shows the flow diagrams of the processing of three major types of sesame

oils produced worldwide, namely (1) refined sesame oil, which is produced from

unroasted sesame seed either with seed coat or without seed coat; (2) roasted

sesame oil, which is produced from roasted sesame seed; and (3) small mill sesame

oil, which is produced from roasted dehulled sesame seed.

Refined sesame oil is the salad oil grade of sesame oil. It is the most common

type of sesame oil consumed worldwide except in the Orient. Sesame seeds are

cleaned and cooked before oil extraction with expeller. Crude sesame oil is refined

by alkali-refining, bleaching, and deodorization to obtain the refined sesame oil

(Figure 9). Sesame cake from oil extraction with expeller may still contain

18�22% of residual oil (54). It is often extracted with solvent or pressed again

to obtain more oil. The desolventized sesame cake can then be processed into

food grade sesame flour if the dehulled sesame seed is used. If the seed coats are

not removed, the sesame cake can only be used as feedstuff because it contains

undesirable constituents. The dehulling process will be discussed later.

Roasted sesame oil has a strong characteristic flavor of roasted sesame seed. It is

the most popular sesame oil consumed in China, Japan, and Korea. It is also

believed to be beneficial to health (40). As shown in Figure 9, sesame seeds are

roasted at 140�200�C prior to oil extraction. The conditions of the roasting process
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is of prime importance to the quality of the roasted sesame oil. The effect of roast-

ing on sesame seed and oil will be discussed later. After roasting, sesame seeds are

ground, cooked, and pressed to obtain the crude roasted sesame oil. The crude oil is

simply filtered without further purification to produce roasted sesame oil. The color

of roasted sesame oil ranges from light yellow to dark brown depending on the

roasting conditions.

Small mill sesame oil, also known as Shiang-you, is a unique sesame oil product

of Northern China. It has a light roasted sesame flavor and is light brownish in col-

or. Shiang-you is often used as seasoning oil for cold dishes; it is seldom used for

cooking purpose. Roasted sesame oil, however, is mainly used as cooking oil. The

processing scheme of small mill sesame oil is shown in Figure 9. Sesame seeds are

cleaned and soaked in water for about an hour in order for the sesame seed to reach

a water content of 35%, which can facilitate protein denaturation, assure even heat-

ing, and avoid burning during the subsequent roasting process. Roasting process is

recommended to conduct at 200�C for 30 min. The roasted sesame seeds are cooled

to 140�150�C by spraying water. Before milling the roasted sesame seeds with

stone mill, the seed coats are removed by blowing air or sieving through screen.

The milling process is important for the separation of oil from sesame paste.

Successful milling will result in sesame paste with fine particle size, which will

give rise to a higher oil yield (55). After milling, hot water is added to the sesame

paste and stirred slowly (around 30 rpm). The addition of hot water (temperature

above 90�C) is usually conducted three to four times with decreasing amount of

added water. Sesame oil will slowly rise to the top by gravitational force when

the addition of water is completed and the paste is allowed to stand for 1 hour

(56). The processing of Shiang-you is labor-intensive, and the oil yield (around

40%) is low. Many efforts were made to increase the yield of Shiang-you. Yen

and Tsai (57) tried to include soybean oil in hot water to separate oil from sesame

paste. They reported that the highest yield of Shiang-you was obtained with the

combination ratio of sesame paste-soybean oil-boiling water (10 : 9 : 7, w/w).

6.1. Dehulling

Generally, sesame seeds are processed without removal of seed coat. Seed coat con-

tains undesirable oxalic acid and indigestible fiber that may lower the nutritional

value of the meal. The presence of seed coat will also impart a dark color and bitter

taste to the meal. In India, where sesame meal is an important food, dehulling is an

indispensable step of sesame oil processing. Sesame meal prepared with dehulled

sesame seed is non-bitter, light-colored, low in fiber, and rich in protein. Dehulling

is performed either manually at village level or mechanically in conventional oil

mills in India (58, 59). Manual dehulling involved soaking sesame seeds in water

and removal of hulls from the swell and burst seeds by light pounding or rubbing on

stone or wooden block. It is tedious, labor intensive, and inefficient; therefore, it

limits the production of sesame oil and its meal.

Mechanical dehulling can be processed either by soaking sesame seeds in water

followed by removal of seed coat mechanically (58) or by alkali treatment (60–62).
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In alkali treatment or lye peeling method, sesame seeds are treated with hot lye for

a short time. Either hot 0.6% NaOH for 1 minute (60) or 6% NaOH at 60�C for

10 seconds (61) have been used to decorticate sesame seed. There was no appreci-

able loss in protein and oil contents after alkali treatment. Nag et al. (63) reported

that dehulling not only increased oil content but also produced oil of better color

quality compared with the whole seed. Sesame oil extracted from dehulled sesame

seeds, however, was oxidatively less stable (measured by the Rancimat test) than

that extracted from whole seeds (64). The presence of natural antioxidants such

as g-tocopherol, sesamin, and sesamolin in the seed coat may contribute to the oxi-

dative stability of whole sesame seed oil. In addition, Chang et al. (65) recently

reported that the sesame seed coat also contained phenolic compounds and tetra-

nortriterpenoids, which had good antioxidative activity. Dehulled sesame seeds

are not suitable for roasting process either. Abou-Gharbia et al. (66) demonstrated

that sesame oil prepared from coated seeds had better oxidative stability than from

dehulled seeds either roasted at 200�C for 20 min or without roasting as evaluated

by peroxide value, conjugated diene formation, and TBA value.

6.2. Roasting

In Oriental countries such as China, Japan, and Korea, sesame seeds are often

roasted prior to oil extraction. Roasting is important for the development of desir-

able color and flavor for sesame oil, and it will enhance the oxidative stability of

sesame oil (67). The conditions of roasting may influence the sensory quality and

composition of the roasted sesame oil. When sesame seeds were roasted between

180�C and 260�C for 30 min, Yen (68) reported that the red color unit of the roasted

sesame oil increased with temperature up to 220�C and then decreased while the

flavor score showed an optimum at 200�C. There was almost no change in fatty

acid composition until the roasting temperature was above 220�C (68, 69). The

antioxidant, sesamol, content also increased with roasting temperature up to

220�C and then decreased with higher roasting temperature. The roasting tempera-

ture of 200�C was therefore recommended (68, 70).

Yoshida and Takagi (69) compared the quality of sesame oils prepared at

roasting temperatures between 160�C and 250�C. They found that the typical

dark-brown color was apparent after 15 min, and the roasted sesame seeds had a

burnt smell when the roasting temperature was above 220�C. Roasted sesame oil

obtained from seeds roasted at temperature above 220�C had burnt and bitter

tastes; the peroxide, anisidine, carbonyl, and TBARS values were also higher indi-

cating poor oil quality. They suggested that a high-quality roasted sesame oil would

be obtained by roasting for 25 min at 160�C and 180�C, 15 min at 200�C, and 5 min

at 220�C.

6.2.1. Effect of Roasting on Antioxidative Activity Roasted sesame oil was

reported to be much more antioxidative than unroasted purified sesame oil (71).

Yen and Shyu (67) found that roasted sesame oils prepared from sesame seeds

with different roasting temperatures (between 180�C and 210�C) exhibited
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differences in their oxidative stability. The oxidative stability appeared to increase

with roasting temperature; sesame oil prepared from 200�C roasted seed was found

to exhibit the best stability.

Koizumi et al. (72) also noticed the relationship between the roasting conditions

of sesame seeds and the development of antioxidative activity. The antioxidative

activity of oil obtained from sesame seed roasted at 200�C for as short as 5 min

was higher than at 180�C for 30 min. This observation indicated that the develop-

ment of antioxidant activity in roasted sesame oil depends primarily on tempera-

ture. In an attempt to investigate the contributing antioxidants in roasted sesame

oil, Fukuda et al. (73) reported that either sesamol alone or g-tocopherol alone at

the concentrations present in roasted sesame oil showed weak antioxidant activity.

Even the combination of both was not enough to explain the strong antioxidative

activity of roasted sesame oil. As roasting of sesame seed caused significant brown-

ing (74), the browning products from roasted sesame seed were isolated and found

to show weak antioxidative activity (73). The combination of g-tocopherol, sesame

lignans (sesamol and sesamin), and the browning products was shown to be respon-

sible for the superior oxidative stability of roasted sesame oil (73).

6.2.2. Effect of Roasting on Different Classes of Lipids Roasting of sesame

seed not only affects the antioxidative activity and the lignans of sesame oil,

the lipid composition will also be affected. The lipids in sesame seeds consist of

neutral lipids, phospholipids, and glycolipids. The major lipid fraction is neutral

lipids, which constitute about 91�96% of the total lipids. Phospholipids and

glycolipids represent around 3% and 0.3�6% of the total lipids, respectively (69,

70, 75–78).

Roasting will cause a significant reduction in the phospholipids content in

sesame seed because of browning reaction (75). Phospholipids fraction in sesame

seeds decreased with roasting temperature and time (69, 70, 75–77). There was

no appreciable change in phospholipids content when sesame seeds were roasted

at 160–180�C for 10 min (69); the reduction in phospholipeds content was

69�73% at 220�C for 25 min (70, 77) and 96% at 250�C for 25 min (69). Even

with microwave roasting, phospholipids in sesame seed decreased appreciably;

more than half of the original phospholipids were lost after microwaving at

2450 MHz for 15 min (76), and less than 14% were left after 30 min (78). The

highest rate of phospholipid loss was observed in the phosphatidyl ethanolamine

(PE) fraction followed by the phosphatidyl choline (PC) and phosphatidyl inositol

(PI) fractions. This trend became more pronounced with longer roasting time and

higher roasting temperature. After roasting at 220�C for 25 min, PE was completely

destroyed while there were still 22% of PC and 42% of PI left in the roasted sesame

seeds (77). The amino group of PE or PC was suggested to be involved in browning

reaction and donation of hydrogen or electron to tocopherol or sesamol (79).

Glycolipids content of sesame seed, on the other hand, increased with roasting

temperature and time (75, 78). When sesame seeds were roasted in an electric oven

from 120�C to 250�C for 30 min, the glycolipids content was found to increase

from 6.9-mg/1000-g seeds (0.5% of total lipids) to 262.9-mg/1000-g seeds (17.2%
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of total lipids) as reported by Yoshida (75). Glycolipid components of microwaved

sesame seeds increased slowly in the first 25 min of heating and rapidly thereafter; a

ninefold increase in glycolipids content after 30 min of microwaving at 2450 MHz

was observed (78). The color of sesame seeds become brownish after heating, indi-

cating that browning reaction has taken place. The browning substances are gener-

ally very polar, and the increase in browning substances may be attributed to the

increase of glycolipids (78).

The dominant component of sesame lipids, neutral lipids, did not change in its

content when sesame seeds were roasted at temperature below 200�C for 30 min.

As the roasting temperature increased to 220�C and 250�C, a significant decrease in

the neutral lipids content was noticed (75). This decrease became more severe when

the roasting time was increased (69, 70, 77). Yoshida et al. (70) examined the effect

of roasting on the molecular species of triacylglycerols. They reported that roasting

for 10 min at 220�C caused a significant decrease not only in molecular species

containing more than four double bonds, but also in the amount of diene and

triene species present in triacylylycerols. They also confirmed that no significant

changes in molecular species or fatty acid distribution of triacylglycerols would

occur within 25 min of roasting at 180�C.

6.3. Extraction of Oil

The tradition way of extracting sesame oil from unroasted sesame seeds in India is

done by ghani, which is basically a large pestle and mortar. The ghani is driven by

bullocks (79). Sesame seeds are cleaned and dehulled before used in the ghani. In

many parts of India, water or brown sugar is added to sesame seed in the ghani to

facilitate oil extraction (80). Sesame oil is removed from the ghani after milling

and allowed to settle, skimmed, and sometimes strained through a cloth before

sale. The bullock-driven ghani is replaced by power-driven mills in most of the

Indian villages in order to improve the efficiency of oil production (58, 80).

The modern commercial methods of oil extraction from oilseeds include (1)

batch hydraulic pressing: Oil seeds are expressed by hydraulic pressure to yield

oil; (2) continuous mechanical pressing: Oil seeds are squeezed through a taper-

ing outlet and oil is expressed by the increasing pressure; and (3) solvent

extraction: Oil seeds are extracted with solvent followed by removal of solvent

to yield oil. These methods are also employed in the extraction of sesame seeds

with some modification.

For unroasted sesame seeds, the commercial extraction of oil is carried out using

a continuous screw-press or hydraulic press. Sesame seeds are small; they are

usually cooked prior to oil extraction. Sesame oil is generally extracted in three

stages (60, 79). The first stage is cold press; the cold-pressed oil obtained after fil-

tration is ready to use and has very good quality. It is light in color and agreeable in

taste and odor. The second stage pressing is conducted with sesame residue under

high pressure; it yields a highly colored oil that needs refining before used for

edible purpose. The residue left after the second stage pressing is extracted for

the third time under similar conditions as the second stage. Sesame oil obtained
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from the third stage pressing has very low quality and is used for nonedible pur-

poses.

Alternatively, unroasted sesame seeds are pressed once followed by solvent

extraction to recover the oil from residue. The oxidative stability of sesame oil

was found to be dependent on the extraction method and seed pretreatment (64).

Extraction of the sesame seeds after effective seed crushing with polar solvent,

heptane-isopropanol (3 : 1, v/v), would yield a more stable oil from whole sesame

seeds because more antioxidative substances and phospholipids could be extracted.

Phospholipids may act as synergists to antioxidants (81).

The extraction of sesame oil from roasted sesame seed is generally performed

with pressing. Solvent extraction is not used because the desirable roasted flavor

may be removed during evaporation of solvent. In commercial production, contin-

uous screw-press or hydraulic press is employed (42). The hydraulic press can be

vertical or horizontal. The continuous screw may be operated twice in order to

increase the oil yield (82). Proper cooking (100�C, 7 min) and addition of water

(12.5%) after roasting can also raise the oil yield (83).

6.4. Refining

Sesame oil from roasted sesame seed has the characteristic flavor and color of the

roasted sesame oil; the filtered crude oil is used without further refining. Sesame oil

from cold-pressed unroasted sesame seed is also used directly after filtration as a

flavored oil. Crude sesame oil from unroasted sesame seeds after screw-press or

hydraulic press or solvent extraction, which varies in color from yellow to dark

amber, may need further refining. Refined sesame oil is usually pale yellow in color.

Crude sesame oil does not require extensive purification and refining. The

suspended meal particles in crude oil can be removed by settling, screening, and

filtering. The filtered crude oil can be used directly or be further refined to remove

impurities such as phospholipids, resins, free fatty acids, and coloring substances.

The refining steps include removal of free fatty acids, gums, and some water-

miscible substances by alkaline treatment, removal of pigments by bleaching,

and removal of odorous substances by deodorization. Degumming is not necessary

because sesame oil contains a limited amount (<3%) of phospholipids (69).

Alkali-refining of sesame oil can use sodium carbonate as the neutralizing

agent in order to reduce the refining loss, because sodium carbonate does not attack

the neutral triacylglycerols. The free fatty acids are first neutralized by sodium

carbonate, and then a weak sodium hydroxide (NaOH) wash is given to improve

color. Liberation of carbon dioxide, which makes the separation of soapstock

difficult, has limited the practice of using sodium carbonate in alkali-refining.

Mukhopadhyay et al. (84) reported an easy way of refining sesame oil with alkali-

enriched dry sodium metasilicate (SMS). This method precluded emulsion forma-

tion, and thus the separation of soapstock could be easily achieved. It is superior to

the sodium carbonate process because no liberation of carbon dioxide is involved.

The reduction in free fatty acids by this dry refining process was dependent on the
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alkalinity of SMS-NaOH mixture. Color of the oil was not markedly improved by

this process. The process appears to be useful for the refining of crude oils with low

free fatty acids and medium color. Therefore, it is specially useful for the alkali-

refining of sesame oil.

After alkali-refining, the neutralized sesame oil is bleached with a relatively

lower quantity of bleaching earth as compared with that required for most other

vegetable oils. Bleaching conditions and the bleaching agent employed may

influence the bleaching efficiency. Increase in bleaching temperature was found

to increase bleaching efficiency until a maximum was reached and then decreased

(85). Agitation speed also affect the result of bleaching; 40 rpm (86) or 50�100 rpm

(85) was found to be the optimal condition. The higher the ratio of adsorbent/edible

oil, the higher is the bleaching ability of adsorbent (87). Recently, activated rice

hull ash was investigated as the bleaching agent of sesame oil (88, 89). Rice hull

ashed at 500�C for 30 min followed by activation with 6N H2SO4 at 30�C for 60

min was found to possess the maximum bleaching efficiency (88). Using this acid-

activated rice hull ash as bleaching agent, sesame oil could be successfully bleached

at 120�C with an agitation speed of 80 rpm employing 25 mg of rice hull ash per

gram of sesame oil (89).

Bleaching removes most pigments, and the bleached oil is light in color. In order

to produce a bland oil suitable for salad dressing, the bleached sesame oil is further

deodorized. Deodorization is conducted in vacuum with steam at 200�250�C as

most other vegetable oils.

6.5. Changes of Lignans During Processing

The two major lignans, sesamin and sesamolin, present in sesame seed are reported

to be responsible for many unique chemical and physiological properties of sesame

seed oil (39). Sesamin and sesamolin, however, do not have antioxidative activity in

themselves because of a lack of phenolic groups (90). The high oxidative stability

of sesame oil came mainly from the transformation products of these sesame lig-

nans. Sesamol, which possesses antioxidative activity and is usually present in trace

amount in the oil of raw sesame seed, may be released from sesamolin during the

roasting process of sesame seed prior to pressing for oil (46). Sesamol could also be

formed from the hydrolysis of sesamolin after heating at frying temperature for 1–2

hours (47). During sesame oil refining, the antioxidative sesaminol was formed in

high concentration from sesamolin under the acidic anhydrous condition of bleach-

ing (acid clay are used for bleaching) as reported by Fukuda et al. (41).

Sesamolin is first decomposed to sesamol by protonolysis to form an oxonium

ion, and then the carbon-carbon bond is formed; thus, it is hypothesized that sesa-

minol is formed from sesamolin by intermolecular group transformation (91). The

conversion of sesamolin to sesamol and sesaminol is illustrated in Figure 10. Both

sesamol and sesaminol are strong antioxidants; they contribute to the superior

oxidative stability of refined or roasted sesame oil.

Sesamol is unstable to heat and is completely destroyed when the roasted sesame

oil is heated at the deep frying temperature of 180�C for 4 hours. Sesaminol,
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however, is more heat stable. The retention of sesaminol in the roasted sesame oil

after heating at 180�C for 6 hours was 40.5% (52).

The other sesame lignan, sesamin, will undergo epimerization upon heating

with acid (92). A marked change in the sesamin content of sesame oil was observed

after bleaching and deodorization. The decrease in sesamin was accompanied by

the formation of epi-sesamin. The deodorization process of oil refining will also

destroy the thermally liable lignan sesamol. Sesamol produced from sesamolin dur-

ing the bleaching step was lost in the next deodorization step (93). Only trace

amounts (<20 ppm) of sesamol were found in the commercially deodorized sesame

oil (41).

The changes in the contents of sesame lignans during industrial refining of

unroasted sesame oil, which included alkaline treatment, warm water washing,

bleaching with acid clay, and deodorization, are listed in Table 11. These data

clearly revealed that the significant changes in the sesame lignans contents

occurred at the bleaching step. There were epimerization of sesamin (41%),

disappearance of sesamolin, and formation of sesamol, sesaminol, epi-sesaminol,

and a minor amount of sesamol dimer. It was also evident that the contents of

TABLE 11. Contents of Sesame Lignans and Tocopherol in Unroasted Sesame Oil

During Industrial Refining Process (mg/100-g Oil).a

Sesamol Sesaminol

Refining Stage Sesamin Epi-Sesamin Sesamolin (Sesamol Dimer) (Epi-Sesaminol) g-Tocopherol

Crude sesame oil 813.3 0 510.0 4.3 0 33.5

(0) (0)

Alkaline-refining 730.6 0 458.0 2.5 0 23.4

(0) (0)

Warm water 677.8 0 424.8 0.7 0 22.6

washing (0) (0)

Bleaching 375.5 277.6 0 46.3 33.9 21.8

(trace) (48.0)

Deodorizing 258.3 192.6 0 1.7 28.4 18.4

(trace) (34.4)

aData adapted from (41).
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Figure 10. Conversion of sesamolin to sesamol and sesaminol.
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TABLE 12. Effect of Processing Method on the Retention of Sesamin and Sesamolin in Sesame Oil (mg/100-g Oil).a

Sesamin Sesamolin

———————————————————————— —————————————————————————–

Coated Seed Dehulled Seed Coated Seed Dehulled Seed

———————————— ————————————— ——————————— ————————————

Processing Method Fresh Storedb Fresh Storedb Fresh Storedb Fresh Storedb

Raw seed 649� 20d,x 584� 15d,y 610� 21d,x 461� 16d,y 183� 7d,x 123� 6d,y 168� 5d,x 117� 5d,y

Roasting 576� 14e,x 436� 10g,y 489� 15f,x 315� 14f,y 146� 5e,x 73� 2f,y 119� 3f,x 55� 1g,y

Steaming 601� 18e,x 514� 14e,y 531� 16e,f,x 325� 13f,y 129� 5f,x 88� 4e,y 108� 4g,x 52� 1g,y

Roasting plus steaming 583� 15e,x 506� 13e,f,y 555� 18e,x 411� 15e,y 146� 6e,x 115� 7d,y 139� 4e,x 106� 3e,y

Microwaving 590� 17e,x 475� 12f,y 520� 12e,f,x 422� 16e,y 123� 3f,x 71� 3f,y 129� 2e,f,x 75� 2f,y

aData adapted from (94).
bThe extracted oil was stored at 65�C for 35 days.
cResults are mean values of three determinations� SD. Values in each column with different superscripts (d-g ) are significantly ðp < 0:05Þ different from one another. Values

of fresh and stored oil with different superscripts (x and y ) are significantly ðp < 0:05Þ different from each other.



sesaminol and its epimer did not decrease by deodorization as much as sesamol. In

refined unroasted sesame oil, sesaminol, epi-sesaminol, and g-tocopherol are thus the

antioxidative substances responsible for its excellent oxidative stability (41).

Shahidi et al. (94) investigated the effect of different processing methods, in-

cluding roasting (200�C for 20 min), steaming (100�C for 20 min), roasting

(200�C for 15 min) plus steaming (100�C for 7 min), and microwaving

(2450 MHz for 15 min) on the endogenous antioxidants in the resultant sesame

oil and upon storage. Sesamin content in oil was well retained (nearly 90%) in

oil from coated seed immediately after processing, but the decrease was more

pronounced (nearly 50%) in oil from dehulled seed especially after the oil was

stored (65�C for 35 days). The roasting process resulted in the highest loss of

sesamin. The corresponding changes in sesamolin contents were more drastic

than sesamin (Table 12).

The changes of sesame lignans during processing is summarized in Figure 11.

Recently, Asakura et al. (95) have prepared the ortho methylene-bridged and

direct-link oligomers from sesamol. The structures are shown in Figure 7. The

methylene-bridged oligomers showed much stronger antioxidant activities on

the autoxidation of lard than the sesamol monomer because of a greater average

number of hydroxyl groups per sesamol unit. The direct-linked oligomers prepared

in acidic conditions were better antioxidants for lard than the sesamol monomer,

whereas oligomers prepared under neutral and alkaline conditions did not improve

the antioxidant effect of sesamol.

7. NUTRITIONAL CHARACTERISTICS

7.1. Effect on Polyunsaturated Fatty Acid Metabolism

Linoleic acid and a-linolenic acid are essential fatty acids and are the important

fatty acids involved in the metabolic pathway of prostaglandin synthesis.

Epi-sesamin                    Sesamin                    Epi-sesamin  

Sesamol                      Sesamolin                   Sesamol                    Sesamol dimer

            bleaching         Sesaminol  

Sesamol       
dimer                       

            decomposition   Samin and sesamol 
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dimmer 
quinone 

Roasted Sesame Oil Sesame Seed Refined Sesame Oil 

roasting deodorizaiton 

heating deodorizaiton 
roasting 

[o] 

[o] 

(heat stable) 

(heat unstable)

Figure 11. Changes of sesame lignan during processing.
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Converting linoleic acid to g-linolenic acid and dihomo-g-linolenic acid (DGLA) is

catalyzed by �6-desaturase, whereas �5-desaturase catalyzes the transformation of

DGLA to arachidonic acid. Shimizu et al. (96) reported that sesame oil could cause

an accumulation of DGLA acid in the cell. Sesamin was discovered to be the active

component in sesame oil; it can inhibit the activity of �5-desatursase (97). When

rats were fed sesamin, there was an accumulation of DGLA in liver phospholipids

and the ratio of DGLA to arachidonic acid increased. Arachidonic acid is the

precursor of eicosanoids such as 2 series’ prostaglandin and 4 series’ leukotriene.

Consequently, sesamin tended to reduce the production of eicosanoids from

arachidonic acid (98), and the plasma concentration of PGE2 was decreased (99).

Fujiyama-Fujiwara et al. (100) also reported that sesame lignans (sesamin and epi-

sesamin) inhibited �5 desaturation from DGLA ðn-6Þ to arachidonic acid ðn-6Þ, but

not from 20 : 4ðn-3Þ to eicosapentaenoic acid (EPA, n-3) in cultured rat hepatocytes,

and Umeda-Sawada et al. (101) confirmed this finding in vivo and also found that

dietary sesame lignans decreased arachidonic acid content and increased n-6/n-3

ratio. Umeda-Sawada et al. (102) further examined the effect of dietary sesame lig-

nans on hepatic metabolism and n-6/n-3 ratio of essential fatty acids in rats; they

concluded that sesame lignans could inhibit extreme changes of n-6/n-3 ratio and

function to bring it close to the appropriate n-6/n-3 ratio. Epidemiological and clin-

ical studies have shown that the plasma n-6/n-3 ratio is associated with the preva-

lence of thrombosis (99, 103). Therefore, sesame lignans would be beneficial to the

prevention of thrombosis.

7.2. Hypocholesterolemic Effect of Sesame Lignans

Sesame oil was reported to lower the absorption of fatty acid and cholesterol in

lymph by 50% when rats were fed diet containing 24% sesame oil as compared

with control diet containing no sesame oil (104). As the lymphatic system is the

major route for the transport of absorbed fatty acids and cholesterol, serum and liver

cholesterol levels were significantly reduced, especially LDL-cholesterol (105).

Crude lignan fraction separated from sesame oil was found to have a weak but signi-

ficant hypocholesterolemic activity (98). The cholesterol-lowering activity depen-

ded on the dietary level of the lignans. With purified sesame lignan (sesamin),

the hypocholesterolemic effect was clearly demonstrated (106). As shown in

Table 13, sesamin (0.5%) significantly reduced the serum cholesterol in rats fed

a cholesterol-enriched diet (Exp. I) or a commercial chow diet (Exp. II). Sesamin

lowered intestinal absorption of cholesterol by precipitating cholesterol from the

bile acid micelles, and thus the serum cholesterol level is reduced. Table 13 also

shows that liver cholesterol concentration was also significantly lowered when

rats were fed a sesamin-containing diet because of the reduction in the activity

of liver microsomal 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMG-

CoA reductase), the key enzyme in the cholesterol synthesis pathway of liver. Sesa-

min thus possess a unique function in that it can simultaneously inhibit cholesterol

synthesis and absorption. It is, therefore, a potential hypocholesterolemic agent of

natural origin.

NUTRITIONAL CHARACTERISTICS 565



The hypocholesterolemic effect of sesamin could be enhanced by a-tocopherol

(107). Data shown in Table 14 clearly indicated that rats fed sesamin together with

tocopherol (1%), the serum cholesterol-lowering effect of sesamin, could be

demonstrated at a much lower level (0.05%). This synergistic effect was found to

be related to both the levels of sesamin and cholesterol in the diet. The combination

of a-tocopherol with sesamin has a practical value for the treatment of hyper-

cholesterolemia. The cholesterol-lowering effect of sesamin has also been demon-

strated in humans with dietary supplementation of sesamin at 64.8-mg/day

level (108).

With regard to the mechanism underlying the hypocholesterolemic effect of

dietary sesamin, Hirose et al. (109) demonstrated in rats that it increased fecal

TABLE 14. Combined Effects of Sesamin and a-Tocopherol

on Serum Cholesterol Levels of Rats.1,2

Group Serum Cholesterol (mg/dl)

Cholesterol diet 490� 94a

Dietþ 1.0% tocopherol 460� 70a

Dietþ 0.05% sesamin 437� 76a

Dietþ 0.05% sesaminþ 1.0% tocopherol 244� 23b,c

Dietþ 0.2% sesamin 371� 28a,c

Dietþ 0.2% sesaminþ 0.2% tocopherol 243� 5c

Dietþ 0.2% sesaminþ 1.0% tocopherol 149� 9c

1Data adapted from (107).
2Values are means� SE (n¼ 6� 9). Values with different letters are signi-

ficantly different in each experiment ðp < 0:05Þ. Male Wistar rats were fed

experimental diets for 4 weeks.

TABLE 13. Effect of Sesamin on the Concentrations of Serum Cholesterol, Liver

Cholesterol, and the Liver Enzyme Activity.1,2

Serum Cholesterol Liver Cholesterol Liver HMG-CoA Reductase

————————— ——————— ————————————

Diet (mg/dl) (mg/g liver) (pmol/min/mg protein)

Exp. I

Purified diet 108� 4a 2.54� 0.13a 203� 12a

Dietþ sesamin (0.5%) 110� 5a 1.95� 0.06b 151� 11b

Dietþ cholesterol (0.5%) 136� 8b 20.8� 2.2c 51.6� 2.0c

Dietþ cholesterol (0.5%) 102� 5a 9.13� 1.02d 29.0� 2.4d

and sesamin (0.5%)

Exp. II

Commercial chow 69.1� 5.2a 2.86� 0.19a 269� 27a

Chowþ sesamin(0.5%) 55.5� 3.0b 1.82� 0.04b 172� 13b

1Data adapted from (106).
2Values are means� SEM (n¼ 6� 8). Values with different letters are significantly different in each

experiment ðp < 0:05Þ. Male Wistar rats were fed experimental diets for 4 weeks.
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cholesterol excretion and reduced the hepatic activity of HMG-CoA reductase. In

addition, Ashakumary et al. (110) examined the effect of sesame lignan (a 1 : 1

mixture of sesamin and episesamin) on hepatic fatty acid oxidation in rats. They

concluded that sesame lignan greatly increased the activity and gene expression

of hepatic fatty acid oxidation enzymes and thus increased the rate of fatty acid

b-oxidation through the activation of peroxisome proliferator activated receptor

(PPAR)a. Sesame lignan was also demonstrated to decrease the hepatic fatty acid

synthesis in rats by decreasing the activity and gene expression of many hepatic

enzymes involved in fatty acid synthesis (111) because sesame lignan contains

both sesamin and episesamin. The effect of each component was examined by

Kushiro et al. (112). They found that episesamin caused a larger magnitude of

increase in the activity and gene expression of enzymes in fatty acid oxidation

than sesamin. Sesamin and episesamin showed no difference, however, in lowering

the activity and gene expression of hepatic lipogenic enzymes.

7.3. Effect on Vitamin E

Sesame seed has long been regarded as a health food for longevity. Namiki et al.

(113–115) examined the effect of sesame seed in aging by using a senescence-

accelerated mouse, and they have found that the advancement of senescence was

suppressed by long-term feeding of sesame seed. Vitamin E is recognized as a

food component that may exert an anti-aging effect (116). Sesame seed, however,

contains mainly g-tocopherol whose Vitamin E activity is only 6–16% that of

a-tocopherol (117, 118), although it exhibits a stronger antioxidative activity in

vitro than a-tocopherol (119, 120). The effects of sesame seed and sesame lignans

on Vitamin E activity were, therefore, studied extensively to elucidate if sesame is a

good source of Vitamin E.

Yamashita et al. (121) first reported that sesame seed and its lignans could raise

the bioactivity of g-tocopherol to almost the same level as a-tocopherol in rats.

Later, they reported that sesame seed lignans could also act synergistically with

a-tocopherol to enhance its Vitamin E activity in rats fed a low a-tocopherol diet

(122). Kamal-Eldin et al. (123) showed that feeding rats with sesamin, a lignan

from sesame oil, increased g-tocopherol and g-/a-tocopherol ratio in the plasma,

liver, and lung. Sesamin appears to enhance the bioavailabity of g-tocopherol in

rat plasma and tissues, and this effect persists in the presence of a-tocopherol. Diet-

ary sesame seed can also elevate the tocotrienol concentration in the adipose tissue

and skin of rats fed tocotrienol-rich diet (124). The effect of sesame lignans on the

levels of tocopherols was also demonstrated in humans. In a study with 40 healthy

Swedish women (mean age 26), serum g-tocopherol concentrations were raised sig-

nificantly after consuming a diet that contained 22.5 g/day of sesame oil (125).

Coonery et al. (126) gave muffins containing equivalent amounts of g-tocopherol

from sesame seeds, walnuts, or soy oil to nine volunteers; they observed that con-

sumption of as little as 5 mg of g-tocopherol per day over a 3-day period from

sesame seeds but not from walnuts nor soy oil significantly elevated serum g-toco-

pherol levels in the volunteers.
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7.4. Effect on Blood Pressure

Sesamin, the most abundant lignan present in sesame seed and sesame oil, was

demonstrated to suppress the development of hypertension in rats induced by

deoxycorticosterone acetate (DOCA) and salt (127). Dietary sesamin was also

reported to effectively prevent the elevation of blood pressure and cardiac hypertro-

phy in two-kidney, one-clip (2k, 1c) renal hypertensive rats (128). In the stroke-

prone spontaneously hypertensive rats (SHRSP), sesamin feeding was much

more effective as an anti-hypertensive regimen in salt-loaded SHRSP (with 1%

salt in drinking water) than in unloaded SHRSP (129).

7.5. Antioxidative Effect in Biological System

In the development of atherosclerosis, oxidative modification of low-density lipo-

protein (LDL) is the critical step and is therefore a target for interventions aimed at

slowing down the progression of atherogenesis (130). Antioxidants such as Vitamin E,

probucol, and N,N0-diphenylphenylenediamine (DPPD) were suggested to prevent

the oxidation of LDL (131–133). Sesame oil is highly resistant to oxidative dete-

rioration because of the presence of endogenous antioxidants such as sesaminol,

sesamolinol, pinoresinol, and P1. Sesaminol exerted a strong inhibitory effect on

the 2,20-azobis (2,4-dimethylvaleronitrile) (AMVN)-induced peroxidation of LDL

by acting as a chain breaker in the lipid peroxidation cascade in vitro (134). In inhi-

biting either Cu2þ-induced or 2,20-azobis (2-amidinopropane) dihydrochloride

(AADH)-induced lipid peroxidation in LDL, sesaminol was found to be more effec-

tive than a-tocopherol and probucol. Sesaminol was also the strongest antioxidant

among the sesame lignans (sesamolinol, pinoresinol, and P1) for protecting LDL

from oxidative modification (135). The reason for the strong antioxidative effect

of sesaminol is possibly because of its highly lipophilic nature that makes it act

within the LDL particle to exert a sparing effect on tocopherol (122, 123).

The in vivo antioxidative activity of sesame lignan was examined in an animal

model (136). When SD rats were fed a diet containing 1% sesamolin, the lipid per-

oxidation activity (measured as 2-thiobarbituric acid reactive substances, TBARS)

in the liver and kidney was significantly lowered. The amount of 8-hydroxy-20-
deoxyguanosine, a DNA base-modified product generated by reactive oxygen spe-

cies and a good marker for oxidative damage (137), was also significantly lower in

the sesamolin-fed rats. Sesamolin is one of the major sesame lignans present in the

oil fraction of sesame; however, it does not possess any appreciable in vitro anti-

oxidant activity (138). The significant in vivo antioxidative activity of sesamolin

came from its metabolites, sesamol and sesamolinol, when sesamolin was supple-

mented in rats diet (136). Feeding rats with a diet containing 40% of dietary energy

as either sesame, soybean, olive, or canola oils for 7 weeks, sesame oil was shown

to be the most effective one in lowering lipid peroxidation (139). Sesame seeds rich

in sesame lignans, sesamin and sesamolin, could lower the activities of enzymes

involved in fatty acid synthesis, and thus the serum triacylglycerol levels were

lower in rats fed diets high in sesame lignans (140).
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Sesame seeds contain two types of lignans, the oil-soluble lignans such as sesa-

min and sesamolin and the water-soluble lignan glycosides including pinoresinol

glucosides (141) and sesaminol glucosides (142). Both of the glucosides were lower

in peroxyl radical scavenging activity than their corresponding aglycones because

of the lack of phenolic group. Using hypercholesterolimic rabbit as the animal

model, Kang et al. (143) were able to demonstrate that dietary defatted sesame flour

(containing 1% sesaminol glucoside ) could decrease the peroxidation in liver and

serum. Sesaminol, the principal metabolite of sesaminol glucoside and the active

antioxidant, was found in abundant quantities in the serum and liver of rabbit

(143). In an insulin-resistance animal model, rats were fed with high fructose

diet in order to develop insulin-resistance, which was accompanied by a high oxi-

dative stress status (144). When the insulin-resistant rats were given 1.0 g/kgBW of

crude lignan glycosides, liver TBARS were significantly lowered and the insulin

sensitivity was improved, indicating an alleviation of oxidative stress (145).

7.6. Effect on Cancer

Antioxidants are well recognized to play an important role in the defense against

oxidative stress, which may cause damage to membrane, nucleic acid, and protein

resulting in circulatory ailments, senility, mutation, and cancer (146). As sesame

lignans possess antioxidative ability, their effect on the model systems for in vivo

peroxidation, such as the peroxidation of ghost membranes of rabbit erythrocyte

and the peroxidation of rat liver microsome, were investigated (147). Sesame

lignans were found to suppress lipid peroxidation equal to or stronger than toco-

pherol in these systems. One of the sesame lignan, sesaminol, was observed to

be as strongly suppressive as tocopherol in mutagenicity of E. Coli WP2s induced

by peroxidation of membrane lipid of erythrocytes (147).

As mentioned earlier that sesame lignans, especially sesamin and epi-sesamin,

could influence the metabolism of polyunsaturated fatty acid and the production of

prostaglandins. As prostaglandin is one of the most influential factors for mammary

carcinogenesis, Hirose et al. (99) studied the effect of sesamin on dimethylbenz-

anthracene (DMBA)-induced mammary cancer. Their results showed that sesamin

at a dietary level of 0.2% considerably reduced the cumulative number and

mean number of mammary cancer; the effectiveness of sesamin was similar to a-

tocopherol.

The anti-tumor promotion activity of topically and orally admistered sesame

components was tested in ICR mice using a two-stage skin tumorigenesis model

(148). Skin tumor was initiated with 7,12-dimethylbenz [a]-anthracene (DMBA)

and promoted with 12-o-tetra-decanoylphorbol-13-acetate (TPA). The sesame com-

ponents applied topically after TPA treatment were able to delay the formation of

papilloma remarkably. It was suggested that sesame components had radical

scavenging ability toward the reactive oxygen species or peroxidized molecules

generated by TPA. Therefore, the inhibition of tumorigenesis by sesame compo-

nents was the result of metabolic inactivation. When sesame components were

admistered orally, the formation of skin papilloma was also inhibited effectively,
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indicating that the sesame components could be absorbed and remained active even

after passing through digestive organs (149).

Sesamin, however, did not significantly reduce the number of N-nitrosobis-

(2-oxopropyl)-amine(DOP)-induced pancreatic cancer in hamsters (150). It was

noticed that 2% sesamol in the diet exerts forestomach carcinogenic activity in

rats and mice (151). Fortunately, human beings do not have a forestomach and daily

ingestion of sesamol is much lower than 2%.

7.7. Effect on Liver Function

Sesamin fed to rats at a level above 0.5% caused a temporary liver enlargement

because of an increase in liver phospholipids; no specific histological changes

were observed, and the activities of serum GOT and GPT remained unchanged

(99, 106). It was suggested that sesamin could act as a stimulus to the liver function,

particularly in the endoplasmic reticula. When mice were exposed to a high concen-

tration of carbon tetrachloride or continuously inhaled ethanol to cause liver

damage, sesamin was able to improve the liver function (152). Furthermore, rats

previously given sesamin were found to reduce their plasma ethanol levels more

rapidly than the control rats. This effect of sesamin on alcohol metabolism was

studied in human trials. Male adults given sesamin (100 mg/day for 7 days) were

found to have a significantly faster rate of ethanol reduction in their blood (153).

The effect of dietary sesamin and sesaminol on the ethanol-induced modulation

of immune indices related to food allergy has also been studied. Although chronic

ethanol drinking would increase the plasma IgA, IgM, and IgG concentrations,

0.2% sesamin in the diet could suppress this increase of IgA and IgM, whereas

sesaminol was not effective. In addition, the increase in relative liver weight

because of ethanol consumption was alleviated by dietary supplementation of

sesamin but not by sesaminol (154).
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1. INTRODUCTION

The amounts of soybeans and total vegetable oil crops have been rising for a

number of years. World production of soybeans in 2003 was estimated to be

184.49 million MT out of 317.89 million MT total for vegetable oil crops, making

soybeans the world’s largest oilseed crop, rivaled only by palm oil (1). The 2003

crop of soybeans was expected to yield 29.85 million MT of soybean oil out of a

total of 91.79 million MT of vegetable oil worldwide. The U.S. production of

soybean oil was estimated at 8.59 million MT for 2002, of which 7.86 million

MT was consumed domestically. During 2002–2003, Brazil produced 4.90 million

MT and Argentina 4.12 million MT of soybean oil (2). The U.S. price of crude

soybean oil has varied from $0.24/kg to $0.62/kg over the past 5 years with the

lower prices being more recent (1).

Soybeans owe their dominance of the oilseed market to the value of their protein,

which is much greater than that of other oilseeds. Of the oilseed meals produced in

2003, 129.58 million MT out of a total of 185.69 milllion MT was soybean meal

(1). Of the money made on extracting soybeans, the meal accounted for between

51% and 76% of the total in the last 10 years. Soybean oil of typical composition

performs well as a salad oil, but it is usually hydrogenated for use as a margarine

stock or frying oil. Soybean oil’s stability to oxidation also is limited by its content

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
Edited by Fereidoon Shahidi. Copyright # 2005 John Wiley & Sons, Inc.
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of linolenic acid. Recent decades have witnessed numerous attempts to manipulate

the fatty acid composition of soybean oil to help it compete better in various uses,

but the cost of growing, segregating, and testing special varieties and resistance to

genetically modified oils have limited the appeal of these altered varieties.

2. COMPOSITION OF SOYBEANS

Table 1 shows the average composition of soybean seed (oil, protein, and some

amino acids) grown in the United States during recent years (3). Aside from varietal

differences, the composition is affected by various geographic/environmental fac-

tors. According to Hurburgh (5), ‘‘oil is much more variable than protein from year-

to-year. States most distant from the center of the Corn Belt (probably those with

the greatest weather extremes) experience the most variability in composition.’’

Table 2 lists some of the environmental and cultivation practices that have an

TABLE 1. Typical Composition (wt%� std. dev.)

of Soybeans (dry weight basis) (3).

Protein 40.69� 0.51

Lysine 2.56� 0.11

Methionine 0.57� 0.03

Cysteine 0.72� 0.06

Tryptophane 0.52� 0.05

Threonine 1.54� 0.07

Oil 21.38� 0.64

Ash 4.56� 0.34 (4)

Carbohydrate 29.4� 3.29 (4)

TABLE 2. Soybean Protein and Oil Responses to Various

Environmental and Cultivation Practices (3).

Variable Protein Oil

High temperatures ?a

Early season drought – þ
Late season drought þ –

Early frost/cold temperature – –b

Additional soil nitrogen þ –

Increased fertility (P,S) þ þ
Late planting þ –

Insect defoliation – –

Insect depodding þ ?

Rhizobium inoculation þ –

a?¼ inconclusive; þ¼ increase; �¼ decrease.
bOil is reduced because of refining loss to remove chlorophyll.
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observable effect on soybean protein and oil percentages. Maestri et al. (6) grew

soybean cultivars in several regions of Argentina and concluded that the protein

and oil contents were positively correlated with altitude. Protein was negatively cor-

related with latitude and precipitation, and oil was negatively correlated with tem-

perature and precipitation. Oil content in soybeans tends to be negatively correlated

with protein, but breeding soybeans for high protein while maintaining oil content

has been a priority of the U.S. soybean producers, and some progress has been

achieved (7, 8). The variety Prolina reportedly produces 22.7% oil and 45.5% pro-

tein on a dry weight basis. There also has been interest in reducing the oligosac-

charides that cause flatulence and reduce the digestibility and nutritive value of

soybeans.

Isoflavones are minor constituents of soybeans whose consumption is believed to

have beneficial effects (9–11). The benefits of isoflavones have encouraged the

direct consumption of soy protein in the United States. The concentration of

isoflavones changes with variety and growing conditions and has been reported

to be 1.2–2.5 mg/g in U.S. beans (9), 0.5–2.3 mg/g in Korean beans (10), and

0.2–3.5 mg/g in Japanese beans (11).

Table 3 shows the typical composition of the lipid phase of soybeans. Triacyl-

glycerols are the primary component. The 3.7% phospholipids content in the soy

beans is higher than that usually found in hexane-extracted oil, which is typically

TABLE 3. Typical Composition of Crude Soybean Oil.

Component % Std. Dev.

Triacylglycerol 94.4a 1.4

Phospholipids 3.7b 1.2 (12)

Unsaponifable matter (13–15) 1.3–1.6

Sterolsc (16) 0.236 0.053

Campesterol 0.059 0.018

Stigmasterol 0.054 0.013

ß-Sitosterol 0.123 0.027

�5-Avenasterol (17) 0.005

�7-stigmasterol (17) 0.005

�7-avenasterol (17) 0.002

Tocopherols (16) 0.123 0.040

Alpha 0.0093 0.0044

Beta 0.0018 0.0028

Gamma 0.0834 0.036

Delta 0.029 0.010

Hydrocarbons (14, 15) 0.38

Free fatty acids (18) 0.3–0.7

Trace metals (18) ppm

Iron 1–3

Copper 0.03–0.05

aBy difference.
bBased on 23 varieties chosen to represent a wide fatty acid composition.
cBased on 13 varieties chosen to represent a wide range of composition.
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1.85–2.75% (19). Of the unsaponifiable matter of soybean oil, typically about

1.45% of the oil, 16% is sterols, 8.5% is tocopherols, and 26% is hydrocarbons.

The remaining 50% of the unsaponifiable matter consists of other minor and uni-

dentified products. The sterols are about 52% ß-sitosterol, 25% campesterol, and

23% stigmasterol. Maestrl et al. (4) reported similar proportions on the three major

sterols but also reported 5.4%� 0.82 of �5-avenasterol, 3.8%� 0.76 of �7-

stigmasterol, 1.3%� 0.42 of �7-avenasterol, and traces of cholesterol in the total

sterols. The tocopherols are about 7.6% a, 1.5% b, 67.8% g, and 23.6% d. There is

considerable variation among plant varieties in the amounts and proportions of

molecular species of sterols and tocopherols (4, 16, 20). Vlahakis and Hazebroeck

(21) also have investigated the effects of planting locations and temperature on the

sterol and total tocopherol contents of a number of soybean varieties. They found

that growth temperature can cause as much as a 2.5-fold difference in sterol

content, with higher temperatures favoring higher amounts of sterols, increasing

the campesterol/ß-sitosterol ratio and decreasing total tocopherols. McCord et al.

(22) examined a number of soybean lines with low and normal contents of linoleate.

The low-linolenate lines averaged about 6% lower in tocopherol than the high-

linolenate lines, but some reduced-linolenate lines were not significantly different

from normal-linolenate lines in tocopherols. The a- and g-tocopherols tend to be

concentrated in the soybean germ, whereas d-tocopherol is concentrated in the

endosperm (23). The hydrocarbon fraction of soybeans consists of n-hydrocarbons

of chain length 14 to 33 plus squalene and small amounts of hexahydrofarnesyla-

cetone (14, 15). The squalene content is reported to be about 0.014% of the oil.

There seems to be considerable variation in the distribution of the hydrocarbon

chain lengths with plant variety, judging from the two examples in the literature.

Free fatty acids vary considerably with the age and soundness of the beans

but are seldom lower than the 0.1% of the crude oil (18). Damaged beans can

contain 1–8% free fatty acid as well as elevated iron and copper, 3–7 ppm and

0.08–0.18 ppm, respectively.

Refined oil usually retains little phospholipid, but damaged beans can have a sig-

nificant content of phosphatidic acid, and the amount of iron in the oil is related to

the amount of phosphorus (24). During deodorization, considerable amounts of

sterol and tocopherol may be removed from the oil. The proportion removed

depends on deodorization conditions, but a 30% to 40% decrease is not unusual

(25). Much of the hydrocarbons and squalene are lost to the deodorizer distillate

as well. Free fatty acids in fully refined oil are required to be <0.05% and unsapo-

nifiable matter <1.5% (26).

Table 4 shows the percentages and standard deviations of the methyl esters of 21

typical refined soybean oil samples. This composition is typical of most presently

commercial soybean varieties. The typical composition probably has been selected

through plant breeding because it is associated with good yield and other important

agronomic properties. It has been possible to change the composition of soybean oil

considerably, and Table 4 also shows the ranges of percentages that have been

reported for each methyl ester. Many of the changes in composition can be achieved

without great losses in yield or oil content, but lines with high or low palmitate
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percentages tend to have reduced oil contents (33, 40, 41). Lines with high stearate

percentages suffer from low yields and sporadically from poor germination. Wang

et al. (42) tested lines with elevated palmitate or stearate in a number of tests of

germination and seedling vigor at three temperatures and found that, although

the high-saturate seed did well in these tests, vigor was negatively correlated

with saturate percentage. Most of the changes reported in Table 4 were attained

by traditional plant breeding or use of mutagenic agents. The high-oleic mutant

is an exception and was attained by direct genetic manipulation (37). High-oleate

lines developed by traditional plant breeding have been reported, but their oleate

percentage varies widely with growth environment, which limits their commercial

value (38).

The fatty acid composition of soybean oil changes considerably with maturity

and with seed oil deposition (15, 35, 43, 44). In typical soybean triacylglycerols,

the palmitate and linolenate tend to decrease with maturity, whereas linoleate

increases. Oleate tends to increase to a maximum and then decline slightly. Soy-

beans selected for atypical fatty acid compositions show quite different patterns

of change with maturity from typical soybeans.

Seitz (31) and Wesolowski (32) measured the saponification and iodine values of

a number of samples from various geographic locations, and their ranges and typi-

cal values are shown in Table 4.

Harp and Hammond (45) explored the stereospecific distribution of acyl groups

on the three positions of the glycerol molecule for soybean triacylglycerols with a

wide range in fatty acid composition. They found that the amount of an acyl group

TABLE 4. The Averages and Standard Deviations of Methyl Esters from Typical Soybean

Oils and the Range Reported for each Methyl Ester.

Methyl Ester Typical Value %a (27) Range Achieved %

Myristate 0.04� 0.5 (27) trace–0.03 (4)

Palmitate 10.57� 0.43 (27) 3.2–26.4 (33, 34)

Palmitoleate 0.02� 0.04 (27) trace–0.7 (29)

Stearate 4.09� 0.34 (27) 2.6–32.6 (33, 35)

Oleate 22.98� 2.01 (27) 8.6–79.0 (36, 37)

Linoleate 54.51� 1.54 (27) 35.2–64.8 (35–37)

Linolenate 7.23� 0.78 (27) 1.7–19.0 (38, 39)

Arachidate 0.33� 0.14 (27) trace–0.7 (28)

Gondoate 0.18 (28) trace–0.6 (4)

Behenate 0.25� 0.20 (27) trace–1.0 (4)

Lignocerate 0.1 (29) —

Furanoid IIb 0.014� 0.0086 (30) 0.0033–0.0290 (30)

Furanoid IIIc 0.015� 0.0076 (30) 0.0084–0.0272 (30)

Saponification Value 190.4 (31, 32) 188.5–201.6 (31, 32)

Iodine Value 132.7(31, 32) 114.0–138.5 (31, 32)

aBased on 21 commercial samples.
b10,13-epoxy-11,12-dimethyloctadeca-10,12-dienoate.
c12,15-epoxy-13,14-dimethyloctadeca-12,14-dienoate.
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on a particular position was linearly related to the amount of that acyl group in the

whole triacylglycerol. At low concentrations of palmitate, stearate, oleate, and

linoleate in the total triacylglycerols, the amounts on the sn-1 > sn-3, but the

reverse was true at higher total concentrations. Palmitate and stearate were confined

to the sn-1 and sn-3 positions, whereas the oleate concentration was similar on all

three positions. Linoleate concentrations at the sn-2 position were generally greater

than those at the sn-1 and sn-3 positions, but the amount of linoleate on the sn-2

position seemed to be strongly and negatively correlated with the amounts of satu-

rates on the sn-1 and sn-3 positions. Plots of linolenate concentrations at particular

positions versus the concentrations in the whole triacylglycerol showed consider-

ably more scatter than plots for the other acyl groups, but they generally showed

the amount of linolenate on sn-2 > sn-1 > sn-3. The saturate percentages also

seemed to influence the amounts of linolenate on the sn-2 position positively and

on the sn-3 position negatively. Table 5 shows the stereospecific distribution of typi-

cal soybean triacylglycerols.

Theoretically, stereospecific data can be used to predict the acylglycerol struc-

ture using the 1-random-2-random-3-random distribution theory (47), if one

assumes the fatty acid composition of the three glycerol positions are individually

controlled but that the combinations of the three positions are random. However,

the change in fatty acid composition with maturity, described in the previous

paragraph, shows that the triacylglycerol composition is unlikely to be truly random

in the combination of the three glycerol positions. In addition, soybeans from the

same plant or pod can have slightly different acyl group compositions, so pooled oil

from many seeds and plants is unlikely to be exactly random in its glycerol position

combinations. Thus, such a calculation can lead only to approximate compositions.

Neff et al. (48, 49) partially separated the triacylglycerols of soybean oils

with a wide range of fatty acid compositions using high-performance liquid

TABLE 5. Stereospecific Distribution of Acyl Groups in the Triacylglycerols, Phospha-

tidylcholine, Phosphatidylethanolamine, and Phosphatidylinositol of a Typical Soybean

(45, 46).

Compound/Acyl group 16:0 18:0 18:1 18:2 18:3

Triacylglycerols 11.8 4.6 29.4 47.1 7.2

sn-1 19.3 7.5 25.4 39.6 7.8

sn-2 2.9 0.8 27.9 61.1 7.4

sn-3 14.9 6.4 34.8 38.9 5.0

Phosphatidylcholine 11.2 11.9 8.6 58.6 9.9

sn-1 16.0 22.6 7.3 38.3 6.0

sn-2 4.1 3.7 9.9 71.1 11.2

Phosphatidylethanolamine 16.0 8.3 6.8 57.3 11.7

sn-1 28.5 17.1 5.0 42.4 7.1

sn-2 3.5 2.4 8.7 73.8 11.7

Phosphatidylinositol 22.2 19.3 6.1 43.4 9.3

sn-1 45.1 35.2 5.3 17.1 2.4

sn-2 4.6 3.4 5.9 70.9 15.3
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chromatography, and their results are shown in Table 6. These data show how the

amounts of the triacylglycerol species change with fatty acid composition.

The primary phosphatides of soybean oil are phosphatidylcholine, phosphatidyl-

ethanolamine, and phosphotidylinositol, which generally make up 55.3%, 26.3%,

and 18.4% of the total phosphatides, respectively (50). The stereospecific distribu-

tion of the acyl groups in these phospholipids for a typical soybean lipid is shown in

Table 5. In all the phospholipids, the saturated acyl groups are concentrated in the

TABLE 6. Acyl and Triacylglycerol Composition in mol% of Soybean Oils Having a Wide

Range of Fatty Acyl Compositions (48, 49).

Sample Number

——————————————————————————————

Acyl group 1 2 3 4 5

Palmitate (P) 3.9 21.4 23.6 28.2 8.5

Stearate (S) 3.3 3.3 19.0 3.9 26.5

Oleate (O) 28.5 23.6 9.3 13.9 18.0

Linoleate (L) 61.8 49.0 38.0 43.8 38.9

Linolenate (Ln) 2.5 2.7 10.0 10.2 8.2

Triacylglycerol Species

LnLL 2.0 1.2 1.4 3.2 2.6

LnLnO — 0.1 0.1 0.2 0.1

LnLnP — — 0.4 0.6 0.1

LLL 30.0 11.5 3.7 9.6 6.5

LnLO 1.7 1.5 0.8 2.0 1.9

LnLP 0.4 1.7 6.9 9.4 2.2

LLO 26.9 14.4 3.6 8.7 7.1

LnOO 0.4 0.5 0.1 0.3 0.3

LLP 6.4 20.7 17.5 21.4 11.6

LnOP 0.1 1.0 1.4 2.1 0.4

LnPP 0.1 — 1.5 2.0 0.1

LOO 13.9 7.3 1.3 3.1 2.5

LLS 3.6 2.6 7.7 2.0 13.0

LOP 3.7 16.3 7.4 12.2 6.4

PLP 0.8 8.6 13.8 14.8 2.0

OOO 4.6 2.1 1.0 0.8 1.1

LOS 2.6 2.3 3.9 1.3 11.8

POO 0.9 3.2 0.6 1.0 0.5

SLP 0.8 2.2 — — —

LnSS — — 16.0 3.0 8.8

POP 0.2 1.7 1.2 1.5 0.3

PPP — — 0.1 — —

SOO 0.7 0.5 0.3 0.2 2.1

SLS 0.3 0.2 6.5 0.3 12.3

SOP 0.1 0.4 1.3 0.2 1.4

PPP — — 0.6 — 0.6

SOS — — 0.6 — 3.4

PSS — — 0.2 — 0.1

SSS — — — — 0.1
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sn-1 position and the unsaturated acyl groups, especially linoleate, on the sn-2 posi-

tion. Phosphatidylinositol tends to be richest in palmitate and stearate, whereas

phosphatidylcholine has the least palmitate. Wang et al. (51) reported the stereospe-

cific distribution of the acyl groups in the various phospholipids types and the

amounts of particular acyl combinations for soybean lipids with a wide variety

of fatty acid compositions. Some phosphatidic acid and lysophospholipids also

may be present as a result of hydrolysis of the phospholipids (52). The amounts

of the hydrolytic products usually increase with age and damage to the beans (53).

Soybeans also contain 170� 47 ppm of cerebrosides in which the sugar is glu-

cose and the chief fatty acid is 2-hydroxy palmitic acid (54). Traces of ceramides

also are present. These are believed to play a role in cell signaling in the soybean

plant.

Crude soybean oil contains about 1.9 ppm of Vitamin K1 or phylloquinone (55).

This vitamin plays a role in blood coagulation and bone metabolism. During refin-

ing, some Vitamin K1 may be lost (56, 57), especially during deodorization. Hydro-

genation of the fat converts some of the Vitamin K1 to 20,30-dihydrovitamin K1 (58).

Wilson et al. (7, 8, 39, 59) have reviewed the genetic control of fatty acid bio-

synthesis in soybeans and discussed the advantages of soybean oil with special

compositions. Oil with reduced palmitate is available presently in a limited market.

The commercial introduction of low-linolenate soybeans has been inhibited by the

availability of corn oil, which has a composition like very low-linolenate soybean

oil. The price differential between these oils often is smaller than the costs of con-

tract growing, segregating, and processing low-linolenate soybeans. High-oleate

soybean oil is stable under frying conditions, but this trait alters the flavor of the

fried products (60). The acceptance of high-oleate soybean oil also suffers from

public concern about the growth and consumption of plants produced by direct

genetic modification.

There are small amounts of two acyl groups containing furan rings in soybeans

(30). These oils are reported to be the sources of the odorous compound 3-methyl-

2,4-dione by photo-oxidation (61), but Kao et al. (62) were not able to find differ-

ences in flavor of photo-oxidized varieties with high and low content of these acyl

groups.

3. PHYSICAL PROPERTIES OF SOYBEAN OIL

The physical properties of fatty acids vary with their chain length, unsaturation, and

other substituents and change with temperature. Numerous attempts have been

made to develop equations that will predict these properties. Soybean oil’s proper-

ties should reflect its constituents and, especially, its fatty acid composition, and

physical properties have frequently been measured for typical soybean oils, but

there have been fewer measurements of soybean oils with modified fatty acid com-

positions.

Table 7 shows the values of physical properties of soybean oil of typical com-

position. Seitz (31) examined 77 samples of soybean oil from various parts of the
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world over a seven-year period and reported densities at 20�C ranging from

0.9165 g/mL to 0.9210 g/mL. Wesolowski (32) examined the density of 53

Polish soybean oils at 19.9�C and reported values ranging from 0.9202 g/mL to

0.9165 g/mL. The following correlations of density and other variables were found:

with refractive index 0.62, with iodine value �0.64, with saponification value 0.34,

and with acid value 0.59. Yokota and Tachimori (77, 78) also reported a close

relation between density and iodine value. Halvorsen et al. (79) and Rodenbush

et al. (80) developed equations to predict the density of vegetable oils that took their

fatty acid compositions into account and predicted densities of soybean oils with

<0.1% error. The density of vegetable oils changes approximately linearly with

temperature, and Kravchenko et al. (65, 66) found the density decreased

0.000668 g/mL�C between 0�C and 100�C, whereas Alvarado (63, 64) found a

value 0.000643 between 20�C and 70�C, and Noureddini et al. (67) found

0.0006674 between 23.9�C and 110�C.

The densities of soybean oil-solvent mixtures at various temperatures are impor-

tant for engineering calculations and have been reported for hexane, ethylene

dichloride, and tricholoroethylene at 25�C, 37.8�C, and 50�C (81); Skellysolve B

at �20�C, �10�C, 0�C, 10�C, 25�C, and 40�C (82); dichloromethane at 25�C (83);

and hexane at 25�C (84).

The specific heat capacity of soybean oil was measured by Clark et al. (85)

and varied from 0.448 cal/g�C to 0.666 cal/g�C between 1�C and 271�C. Specific

heat increased linearly with temperature at 0.00070 cal/g�C. Tochitani and Fujimo-

to (68) measured the specific heat capacity of soybean oil from about the

TABLE 7. Some Physical Properties of Typical Soybean Oil.

Density 20�C 0.9165 to 0.9261 g/mL (31, 32) Decreases 0.000643 to

0.000668 g/mL�C (63–67)

Specific Heat Capacity 20�C 0.448 cal/g�C Increases 0.000616 cal/g�C (68)

Melting Point 0.6�C (35)

Cloud Point �9�C (69)

Pour Point �12 to �16�C (69, 70)

Heat of Combustion 9450-9388 cal/g (71)

9135 � 91 cal/g (72)

Heat Transfer Coefficient 269.7 watts/�K M2 at 180�C (73)

Surface Tension 30�C 27.6 dyne/cm Decreases 0.077 dyne/cm�C (63, 64)

Viscosity 20�C 58.5–62.2 cP (31)

Refractive Index nD20�C 1.4733–1.4760 (32)

Vapor Pressure 1m at 254�C (74)

Heat of Vaporization 44,200 cal/mol (74)

Electrical Resistivity 24�C
Dry 23.7 Tohm �cm (75)

Water Saturated 7.25 Tohm �cm (75)

Smoke Point �245�C (76)

Flash Point �324�C (76)

Fire Point �360�C (76)
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approximate melting point to 150�C and found a linear increase that fit the follow-

ing equation:

Sp: Heat Capacity in cal=g�C ¼ 0:4353þ 0:000616 T; ð1Þ

where T is the temperature in �C. Their data agreed closely with those of Clark et al.

(85) but were slightly higher than those reported by Kasprzycka-Guttman et al.

(86), who made measurements between 70�C and 140�C. Wang and Briggs (87)

estimated the heat capacities of soybean oils of various compositions based on

an equation by Morad et al. (88). They calculated that high-oleate oils should have

a slightly higher heat capacity and low-saturate oils a slightly lower heat capacity

than typical soybean oil, and the change with temperature should be 0.00057 cal/

g�C. Their equation agreed with their experimental values within �5%.

Miller et al. (73) determined the heat-transfer coefficient for soybean oil at fry-

ing temperatures and found that they varied from 261.3 watts/�KM2 to 276.2 watts/
�KM2 between 170�C and 190�C, where M2 is square meters of surface.

The melting of natural fats and oils usually occurs over a considerable tempera-

ture range, and soybean oil’s typical melting range is below 0�C. The availability of

differential scanning calorimetry (DSC) at low temperatures has made information

on melting of soybean oil available, and interest in using vegetable oils as fuels has

also sparked measurements of their cloud and pour points. Table 8 (41) gives the

temperatures of onset, maximum, and end of melting for various types of soybean

oil. Table 7 gives the cloud and pour points of typical soybean oil. Wang and Briggs

(87) also gave DSC curves for the melting of high-oleate, low-saturate, and low-

linolenate soybean oil. Hagura and Suzuki (89, 90) used the change in electrical

capacitance of oil samples to obtain the melting range of soybean oil and found

the results agreed with those obtained by DSC.

Seitz (31) measured the viscosity at 20�C of 77 soybean oils from four

geographic locations, and the range of variation was 58.1cP to 62.2cP (Table 7).

Viscosity decreases with temperature, and the relation is not linear. Kinematic

values (viscosity/density) have been reported at 20�C and 80�C by Chioffi (91)

and by Miller et al. (73) at frying temperatures (170–190�C); dynamic viscosities

have been reported between 0�C and 100�C by Kravchenko et al. (65, 66), between

23.9�C and 110�C by Nourreddini et al. (67), between 20�C and 70�C by Alvarado

TABLE 8. The Onset, Maximum Rate, and Termination of Melting Temperatures of

Soybean Oil with Various Fatty Acid Compositions % (41).

Class Onset Maximum Termination 16:0 18:0 18:1 18:2 18:3

Typical �39.6 �9.4 �0.6 11.4 4.2 26.1 50.3 7.9

18:0 " �13.7 18.3 20.7 10.1 22.8 17.3 42.2 7.7

16:0 & 18:0 " �17.1 16.8 18.9 24.6 18.7 8.6 37.5 10.7

16:0 " �21.8 8.4 11.6 28.0 4.7 13.8 42.1 11.4

16:0 # �46.1 �13.8 �8.1 3.4 2.6 18.0 64.8 11.2
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(63, 64), and between 1�C and 60�C by Arissen (92). Dahlberg et al. (93) were able

to predict the viscosity of soybean and other oils from the Fourier transform infra-

red spectra. Rodenbush et al. (80) calculated the viscosity of oils by relating visc-

osity to a function they termed the reduced density, which they could calculate from

the fatty acid composition.

Several authors have fit their viscosity-temperature data to equations (63–67, 87,

94). Some of these come with a claim of theoretical significance, but all have

enough variables to fit the data well. One of Alavarado’s equations (63, 64) is

ln m ¼ lnm0 þ E=RT; ð2Þ

where E/R was 3262 and ln m0 was �6.997 for soybean oil. Wang and Briggs (87)

reported graphically the change of viscosity with temperature from 10�C to 90�C
for soybeans with altered fatty acid compositions. They found the viscosity of high-

oleic soybean oil higher and low-saturated soybean oil lower than that of typical

soybean oil.

Miller et al. (73) determined the kinematic viscosity of soybean oil at temp-

eratures of 170�C, 180�C, and 190�C, and obtained values of 3.151 cm2/sec,

2.880 cm2/sec, and 2.614 cm2/sec, respectively. The viscosities of soybean oil-hex-

ane (Skellysolve B) mixtures at temperatures between �20�C and 40�C were inves-

tigated by Magne et al. (84). Ibemesi and Igwe (95) examined the reduced viscosity

(viscosity/concentration) of solutions of soybean oil in toluene, xylene, cyclohex-

ane, and tetrahydrofuran. They found an anomalous reduced viscosity increase at

concentrations below about 0.12 g/mL that they attributed to clustering of the fat

molecules in the solvent. Erhan et al. (96) determined the kinematic viscosity of

blends of typical soybean oil with polyalphaolefins and isobutyrl oleate and

high-oleic soybean oil with isotrideceyl adipate and mineral oil to achieve viscos-

ities suitable for lubricants.

The surface tension of soybean oil at 20 –70�C was reported by Alvarado (63, 64)

and is given in Table 7. The surface tension decreased linearly with temperature at

0.077 dyne/cm�C.

Wesolowski (32) examined the refractive index of 53 samples of soybean oil

from Poland, and the range is given in Table 7. Sietz (31) reported average values

for samples from several geographic locations, and these values (1.4747–1.4752)

fall near the mean of Weslowski’s samples. Refractive index depends on chain

length and unsaturation (97) and often has been used to follow hydrogenation

(98–102). Refractive index also has been used to follow autoxidation (103). A clo-

sely related quantity, the dielectric capacitance also has been used to assess the

quality of frying oil (104). Perry et al. (74) measured the vapor pressure of soybean

oil at various temperatures and found that the data fit the equation:

log P ¼ 18:3� 9650=T; ð3Þ

where P is the pressure in microns and T is in K. The also estimated the heat of

vaporization (Table 7).
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Tomoto and Kusano (105, 106) measured the solubility of carbon dioxide,

nitrogen, hydrogen, and oxygen in soybean oil between 0.2 atm and 1 atm and

between 30�C and 70�C. The Bunsen coefficient (volume of gas at standard condi-

tions / volume of soybean oil at 760 mm) at 30�C was 1.018 for carbon dioxide,

0.086 for nitrogen, and 0.048 for hydrogen. The Bunsen coefficient of oxygen at

30�C was 0.141 but increased with temperature, probably because of oxidation

during the measurement. The Bunsen coefficient decreases linearly to zero at

zero gas pressure. The natural logarithm of the Bunsen coefficient versus 1/T in

K is linear, and the constant is the heat of solution of the gases divided by the

gas constant. These heats of solution are �2.42 kcal/mol for carbon dioxide,

�2.58 kcal/mol for nitrogen, and �3.86 kcal/mol for hydrogen. From this relation,

one can calculate the solubility at any temperature and pressure in the range of the

study. Comparison of the values for soybean oil with olive and linseed oil suggested

that the Bunsen coefficients are influenced by the degree of unsaturation of the oil.

The viscosity of soybean oil decreased with the amount of carbon dioxide

dissolved, but dissolved nitrogen slightly increased the viscosity.

Loncin (107) reviewed the data on the solubility of water in fats and oils. For

typical soybean oil, the solubility of water was 0.11% by weight at 22�C and

rose to 0.19% at 60�C. The solubility of water decreases with fatty acid chain

length and increases with the percentage of free fatty acids.

The vapor pressures of soybean oil-hexane mixtures between 75�C and 120�C
were reported (108, 109), and similar data for soybean oil with commercial hexanes

was reported by Smith (110). Arnold and Breuklander (83) measured the boiling

point of dichloroethylene-soybean oil mixtures and found the log (V.P.) was a linear

relation of the mole fraction of oil. Kusano (111, 112) measured the vapor pressure

(P) of soybean oil-solvent mixtures that included hexane, benzene, and carbon tet-

rachloride between 20�C and 50�C and found linear relations between log P and 1/

T. Anikin et al. (113, 114) measured the vapor pressure of mixtures of soybean oil

with the khladon 113 (trichlorotrifluoroethane) between 30�C and 100�C. Aeber-

hard and Spekuljak (115, 116) measured the vapor pressure of hexane in hexane-

soybean oil mixtures and found the vapor pressure at 25�C could be predicted by

the equation

P ¼ 9128x� 0:2807x2 þ 0:004695x3; ð4Þ

where P is the vapor pressure in Torr and x is the weight percentage of solvent in the

mixture.

Tekin and Hammond (75) measured the resistivity of soybean oil and found it

decreased logarithmically with temperature from about 100 Tohm �cm at �5�C to

0.251 Tohm �cm at 100�C. The resistivity was decreased by saturating the oil with

water and the addition of oleic acid, a-tocopherols, b-carotene, phospholipids, and

monoacylglycerol.

The smoke, flash, and fire points of soybean oil have been determined by the

Cleveland Cup method and show considerable variation. Dickhart (117) reported

a smoke point of 138�C while Detwiler and Markley (76) reported 241–250�C.
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Detwiler and Markley (76) found that the smoke point varied considerably with the

degree of refining, especially the removal of free fatty acids, and also with the mode

of oil extraction. Yen et al. (118) found a smoke point of 191�C, which was raised

several degrees by the addition of phenolic antioxidants. The flash point of soybean

oil, the temperature at which vapors coming from the oil will catch fire from an

ignition source, were reported as 304�C (117), 326–331�C (76), 174�C (69),

318�C (70), and 320�C (119). The low value reported by Ali et al. (69) was

obtained by using a Pensky-Martens closed tester and ASTM method 093-90.

The flash points of hexane-soybean oil mixtures were determined and correlated

with headspace gas chromatography data (120).

Fire points or self-ignition temperatures (SITs) for soybean oil by using the

Cleveland Cup method, which uses a brass cup, were reported to be 356–363�C
(76) and 400�C using a stainless-steel cup apparatus (71). The burning rate of soy-

bean oil was 4.3 g/m2sec, flame height 129 mm, and irradiance 0.153 kW/m2 (71).

Kowalski (119) studied the self-ignition temperature in a differential scanning

calorimeter heated at rates of 40–90�C/min and under 800–2800 kPa of oxygen

pressure and found values of 260–290�C for soybean oil. He found the addition

of copper wire to the sample decreased the self-ignition temperature by 5–15�C.

The self-ignition temperature was inversely related to oxygen pressure. Wakakura

(121, 122) used a scanning calorimeter at an oxygen pressure of 980 kPa with

soybean oil spread on glass wool and in bulk and found self-ignition temperatures

of 147�C and 376�C, respectively.

4. GRADING

To facilitate soybean marketing, the U.S. Federal Grain Inspection Service (FGIS)

established grading standards for soybeans (Table 9) (123), and the FGIS website

(124) provides much more detailed information than can be provided here (124).

TABLE 9. Official Grades and Grade Requirements of the Federal Grain Inspection

Service, United States Department of Agriculture.

Minimum

Maximum Limits

—————————————————————————

Damaged Kernels
Test —————————— Soybeans

Weight Heat Foreign of Other

per Bushel Damaged Total Material Splits Colors

Grade (lbs) (%) (%) (%) (%) (%)

U.S. No. 1 56.0 0.2 2.0 1.0 10.0 1.0

U.S. No. 2 54.0 0.5 3.0 2.0 20.0 2.0

U.S. No. 3 52.0 1.0 5.0 3.0 30.0 5.0

U.S. No. 4 49.0 3.0 8.0 5.0 40.0 10.0

U.S. Sample Grade
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Soybeans are classified into two classes based on color, Yellow Soybeans and

Mixed Soybeans. There are four numerical grades (U.S. No. 1, 2, 3, and 4) and a

U.S. Sample Grade for each class. Sample Grade designates those soybeans that do

not meet the requirements of any of the numerical grades. Six factors are consid-

ered in assigning a grade designation: test weight, amounts of beans that are

damaged or heat damaged, and amounts of foreign material, splits, and soybeans

of other colors. Although important to processors because they affect yields and

qualities of finished products, the FGIS official grades do not consider moisture,

protein, and oil contents, but these factors may be specified on contracts in some

markets. Near infrared transmission (NIT) spectroscopy is widely used to rapidly

estimate (within less than 2 min after sampling and without any sample preparation

required) moisture, protein, and oil contents. Brumm and Hurburgh (125) devel-

oped a computer program to estimate the process value of soybeans based on their

composition and selling prices of oil and meal. In some cases, price premiums are

offered for soybeans high in oil content or high in both oil and protein contents, and

details of the program are available on the Internet (126).

Beans low in test weight may contain less oil. Test weight is the weight in

pounds of grain per Winchester bushel (35.2 L) and is determined by using an Offi-

cial Test Weight Apparatus and a 11/4-quart (1.18 L) sample before removing for-

eign material. All other grading factors are measured as percentages of total sample

weight. Foreign material, which is other grains, weed seeds, pods, leaves, stems,

etc., reduces oil and protein contents and storage life. Foreign material is deter-

mined by sieving a sample. All materials, including soybeans and soybean pieces

that readily pass through an 8/64-inch (3.2-mm) round-hole sieve and all material

other than soybeans remaining on the sieve after sieving are considered to be for-

eign matter. Split soybeans, which result from mechanical damage during handling

and over drying, reduce storage life and oil yield, and increase losses during oil

refining. Splits (typically the cotyledon splits into two halves) and broken beans

(more than two pieces) increase free fatty acid (FFA), phosphatides, iron, and per-

oxide contents of the crude oil. Heat-damaged beans have high-FFA content and

darken the oil color, both changes in oil quality increase refining loss (127). Splits

are defined as beans with more than one-fourth of the bean removed and are not

damaged. Splits are determined by sieving a portion of the grain after removing

the foreign material. Damaged beans reduce the storage life of the beans and oil

yield in processing, cause the oil to be dark-colored and poor in flavor, and increase

losses during oil refining (128). Soybeans and soybean pieces that are badly

damaged by the ground, weather, frost, heat, insects (stinkbug-stung kernels are

considered at one-fourth the actual percentage), mould, or sprouting are considered

to be damaged. Damaged beams are determined by hand picking after removing

foreign material. Soybeans of other colors may affect oil color by contributing

undesirable pigments and are those beans that are green, black, brown, or have mul-

tiple colors.

Almost 27 million MT of soybeans were exported from the United States during

the 2002 crop year, of which 4.8% was U.S. No. 1, 94.6% was U.S. No. 2, 0.4% was

U.S. No. 3, and 0.1% was U.S. No. 4. By comparison, Brazilian soybeans are
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typically slightly higher in oil content (6-yr average of 1.2% higher oil content),

foreign matter, damage, free fatty acid, and moisture contents and lower in test

weight (129).

5. RECOVERY OF OIL FROM SOYBEANS

Soybeans are economically important because of their high qualities and quantities

of oil and protein. From one bushel of soybeans (60 lb, 27.2 kg), crushers typically

recover 11.1 lb (5.0 kg) of crude oil, 44.3 lb (20.1 kg) of meal (48% protein), and

3.3 lb (1.5 kg) of hulls with the remainder being shrinkage. According to the U.S.

Department of Agriculture statistics, the oil accounts for about one-third of the

returns in processing soybeans with the protein in the form of meal accounting

for the remainder (130). Over the past five years, the meal (48% protein) has ranged

in yearly average prices of $153–289/MT (6.9–13.1 cents/lb), whereas the oil has

ranged $311–569/MT (14.1–25.8 cents/lb). Hulls have limited outlets, mostly in

cattle feeds, and sell for about $66/MT (3 cents/lb) and return $4.04/MT of

soybeans ($0.11/bu). During the same period, the average price of soybeans in

the United States ranged from $167–270/MT ($4.54–7.35/bu) and crushing

margins, the difference in soybean price and crusher returns, averaged $23.1–

56.2/MT ($0.63–1.53/bu).

Farmers often store their soybeans in metal bins on the farm or in concrete silos

at local elevators for a fee. This allows farmers to sell their crop later in the year

when prices usually increase. Soybeans should be stored at less than 13% moisture

to assure safe storage and preservation of the quality. This moisture content is

usually achieved by drying in the field before harvesting. Lower moisture contents

increase the tendency of soybeans to split during handling to form two half pieces

of cotyledon. Higher moisture content during storage can lead to mold damage or

heating damage due to seed respiration (131). These forms of damage can affect

soybean grade and oil quantity and quality when processed.

The processing of soybeans has been described in more detail elsewhere than

can be done here (132–134). Oil is recovered today by either mechanical means

or through the use of organic solvents. In the preindustrial revolution period, soy-

beans were merely pressed with lever or animal-driven screw-operated batch

presses. Around the turn of the Twentieth Century, when soybeans became a viable

commercial crop in the United States, steam-powered hydraulic batch presses were

used. Today, electric-powered continuous screw-presses, often referred to as

expellers (but this is a trademarked name for screw presses manufactured by one

supplier), or continuous countercurrent solvent extractors are used.

In either case, soybeans are pretreated prior to oil recovery to either make oil

recovery easier or more complete, or to increase the value of the defatted solids

known as meal. Usually, soybeans arriving from the farm or elevator are cleaned

to remove stems, leaves, pods, broken grain, dirt, stones, and extraneous seeds

using shaker screens and aspirators. It is usually advantageous to remove the major

portion of the hulls because they are low in oil (<1%) and protein. The hulls of
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soybeans account for 7–8% of the weight. Dehulling reduces the material going

downstream into costly operations and increases the protein content of the meal.

Dehulling raises the meal protein content by about four percentage points (i.e.,

from 44% for undehulled solvent-extracted soybean meal to 48–49%) and reduces

fiber content (from 7.0% to <3.3%). The formulated feed market prefers high-pro-

tein and low-fiber meal, especially in manufacturing swine and poultry feeds. The

hulls are relatively easy to remove from soybeans compared with those of other oil-

seeds, simply cracking the bean into 6–8 pieces to free the hull using corrugated

roller mills and aspirating the hulls away from the oil- and protein-rich cotyledon,

known as meat, is effective. Consistent bean size is important to proper cracking

and drought-caused shrinking and wrinkling make dehulling much more difficult

and less efficient (135). Often, the aspirated hulls go to gravity tables to scavange

any small meats aspirated with the hulls. Usually, cleaned soybeans are conditioned

prior to cracking to improve dehulling efficiency by heating and drying the beans to

about 9.5% moisture and allowing the moisture to equilibrate for 1–7 days within

the bean to loosen the hull. Various hot-dehulling schemes have also been devised to

increase dehulling efficiency, and are often used in northern latitudes where the pro-

tein contents of soybeans, and, consequently, meal protein levels, may be lower and

specified protein levels cannot be achieved without more complete hull removal.

In the 1930s, soybeans were widely processed by screw pressing after cooking

the seed. A typical process diagram for screw pressing soybeans is shown in

Figure 1 and a plant photo is shown in Figure 2. The beans are heated and the

oil is squeezed out. The pressed oil usually goes to settling basins to reduce fine

Foreign Matter

Soybeans
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OR  COOKING

SCREW PRESSING

Foots

Crude Oil

SETTLING

CRACKING

(        optional)

POLISH FILTERING

CLEANING
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Meats

Foots Cake

Partially Defatted
Meal

MEAL COOLING

MEAL GRINDING

Figure 1. Process flow diagram for screw pressing soybeans.
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solids content, with the fines being recycled to the screw press. The oil then goes to

polish filters before being placed into storage for shipment to a refinery. Today, in

the United States, there are less than a half-dozen traditional screw press plants

(excluding extrusion-expelling, which will be discussed later). Only one screw-

press plant crushing more than 800 MT/day exists, and it is located in Ralston,

IA. Under optimum processing, the meal can contain as low as 4–6% residual

oil, which contributes metabolizable energy to livestock consuming screw-pressed

meal. As a result of the heat treatment during cooking and screw pressing,

increased rumen-bypass characteristics improves feed efficiency in high producing

dairy cattle. Thereby, the meal may sell for premium prices over solvent-extracted

meal when adequate numbers of dairy animals are located nearby. As this meal is

used to feed ruminants, the beans are not usually dehulled.

Direct solvent extraction is the most widely used oil-recovery method for

soybeans, but it also requires considerable capital and large scale to compete. In

actual practice, solvent extraction is used to crush over 98% of the soybean pro-

cessed in the United States. Process flow diagrams are shown in Figures 3 and 4.

Most soybean solvent-extraction plants process more than 2,500 MT/day (Figure 5),

and some are capable of processing as much as 5,000 MT/day (especially newly

constructed plants in Brazil). Direct-solvent-extraction plants smaller than 1,000

MT/day have difficulty competing in the United States. At various times, soybeans

have been extracted commercially with petroleum distillate fractions that resemble

gasoline, acetone, carbon disulfide, ethanol, trichloroethylene, and even water,

Figure 2. Photograph inside a modern soybean screw-press plant (courtesy of West Central

Cooperative, Ralston, IA). (This figure is available in full color at http://www.mrw.interscience.

wiley.com/biofp.)
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which is not a true solvent but facilitates oil separation by creaming. A petroleum

distillate containing a mixture of hexane isomers having a typical boiling range of

65�C to 71�C is the only solvent used today. These products typically contain 45%

to 70% n-hexane. n-Hexane is considered a neurotoxin in the United States and has

proven toxicity at high concentrations. The U.S. Occupational and Safety Admin-

istration has set the maximum workplace exposure level at 500 ppm and a time-

weighted average not to exceed 50 ppm (136). In recent years, there has been con-

siderable interest by the soybean industry in alternative solvents to hexanes because

of increasing environmental and safety concerns. Alternative solvent technologies

have been extensively reviewed (137–139).
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Figure 3. Process flow diagram for direct solvent-extracting soybeans.
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Figure 4. Depiction of equipment and process flow diagram for direct solvent-extracting soybeans (courtesy of French Oil Mill Machinery Co., Piqua, OH).5
9
5



Cleaned and dehulled soybeans are conditioned by heating to 74�C to soften the

meat prior to flaking using smooth roller mills. Proper cracking and conditioning

are important to achieve the desired cell distortion or cell rupture that is necessary

for efficient extraction and to prevent production of excessive amounts of fine meat

particles that impede proper flaking or extraction. Highly distorted cells are desired

(140) so that cell walls and pseudo-membranes around oil bodies are sufficiently

ruptured, and the oil can be easily contacted by the solvent and leached out. Soy-

beans are typically flaked to 0.25 mm (10–12 thousandths of an inch) to achieve the

desired distortion (141). The flakes may be conveyed directly to the extractor or to

an expander. In recent years, expanders have been adopted to achieve increased cell

distortion and to produce an easily extractable porous pellet (collets) that is more

dense than flaked soybeans. Thereby, more mass of material can be placed into the

fixed volume of the extractor, the oil is more quickly extracted reducing extraction

time, and the solvent drains more completely reducing the load on meal desolven-

tizing equipment. All of these factors increase plant throughput capacity (142–144).

Plants vary in the amounts of flakes that are expanded, typically about one-third of

the flake production, but in a few cases, all flakes are expanded. Although there is

not universal agreement, expanding may also improve oil quality by quickly inac-

tivating phospholipases, which cause phospholipids to become nonhydratable. In

the author’s opinion, adoption of expanders is the most significant change in solvent

extraction during the past quarter century.

Figure 5. Photograph of a modern soybean-extraction plant (courtesy of Bunge North America,

Council Bluffs, IA). (This figure is available in full color at http://www.mrw.interscience.wiley.

com/biofp.)
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Soybeans are exclusively extracted in the percolation mode as opposed to the

immersion mode used during early days of soybean extraction. A photograph of

a modern chain extractor is shown in Figure 6. The percolating solvent flows by

gravity through the bed. Solvent is always passed countercurrent to the transport

of meal solids. There are several different types of extractors, including chain

and basket types, and shallow- and deep-bed types. Soybean flakes or collets are

extracted for 30 –45 min in six or more stages.

The best quality oil, low in non-triacylglycerole components, is extracted first,

and with more exhaustive extraction, poorer quality oil is recovered. Thus, at low-

residual oil levels, the proportions of phosphatides, free fatty acid, and pigments

that are extracted are greater and so is the refining loss. However, the current indus-

try practice strives for the most complete extraction possible, typically in the range

or 0.5% to 1.25% residual oil. For this reason, exhaustive laboratory devices, such

as a Soxhlet extractor with ground material, are not very useful when trying to

achieve oil that is representative of that produced by a commercial extractor,

and, for best results, the solvent should be percolated in stages through a bed of

flaked material.

The full miscella (oil-rich extract) containing 20–30% oil drains from the fresh-

est flaked or expanded meats and is sent to solvent-recovery operations. The opera-

tions include two-stage evaporators and an oil stripper. The oil content exiting the

first-stage evaporator is 65–70% oil and is heated with vapors from the desolventi-

zer-toaster. After the second-stage evaporator, the oil content is 90 –95% oil. The oil

stripper uses steam-injection vapor, high heat, and high vacuum to remove the

Figure 6. Photograph inside a modern direct solvent-extraction plant processing soybeans

(courtesy of Crown Iron Works, Minneapolis, MN). (This figure is available in full color at

http://www.mrw.interscience.wiley.com/biofp.)
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solvent to less than 0.2% remaining in the oil. The temperature of the oil in the

stripper should not exceed 115�C to prevent scorching the oil and causing dark col-

or. Flash point determination is an easy method to assure that the solvent-evapora-

tion equipment is operating as it should and the flash point should exceed 150�C.

All evaporated solvent is recycled to the extractor. The oil should be sent to a

vacuum dryer to remove any residual stripping steam condensate and the dry oil

immediately cooled prior to placing into storage.

As a result of natural antioxidants (i.e., phoshpahtides, tocopherols), crude soy-

bean oil can be stored for a long time in large tanks provided the oil is first cooled to

ambient temperature and has limited access to air. The crude oil should be low in

moisture to prevent hydrolysis. Gummy deposits of phosphatides may spontaneously

form in the bottoms of storage tanks and tank cars used for shipping crude oil.

There has been much speculation about using supercritical carbon dioxide

because using this technology eliminates safety issues as carbon dioxide is not

flammable and the oil is better quality (139), but no such plants have been con-

structed to process soybeans. This is due to the absence of a commercially feasible

means of continuously feeding soybean flakes into a high-pressure vessel and

removing the spent flakes. Recently, one company has developed a screw press in

which supercritical carbon dioxide is injected into the barrel. This equipment has been

successfully used to produce soybean meal with lower residual oil contents than typi-

cally produced by screw pressing and with little heat denaturation of the protein.

The spent flakes or collets are sent to a meal desolventizer-toaster (DT). Newer

equipment incorporates countercurrent steam usage. The Schumacher-type deso-

lventizer/toaster/dryer/cooler has become widely accepted in the soybean industry,

and, with this equipment, residual levels of hexane should be less that 500 ppm.

Both indirect and direct steam heating are used. Steam vapor and a modest vacuum

carry away the solvent vapors for condensing. Condensed solvent is recycled to the

extractor after separating water from the hexane. A desolventizer-toaster is a series

of trays through which the meal flows. Soybean meal is unique in that it must be

toasted to inactivate protease inhibitors (especially trypsin inhibitor) that would

reduce feed efficiency if not denatured and inactivated. Urease activity is used as

a measure of adequate heating. The toasted meal typically has low-protein solubi-

lity as measured by protein dispersibility index (typically 45 PDI). The meal is then

sent to a dryer-cooler to reduce the meal temperature for safe storage. The moisture

content should be about 12% and the residual fat content less than 1.5%. The free

extractable oil after extraction is less than 1.0%, but heating during desolventizing-

toasting frees some bound fat that previously was not extractable with hexane.

Overtoasting may reduce digestibility and nutritional value of the meal. The meal

is then ground with a hammer mill to produce meal with uniform particle size.

If dehulling is employed, as is typical for plants in the United States, the meal

will contain around 48% protein. Additionally, dehulling reduces the fiber content

of the meal by over 50%. In some plants, a portion of the soybean hulls may be

added back to the meal prior to grinding to adjust and precisely control meal protein

content. Livestock feeders are concerned about having uniform protein and fiber

contents in order to formulate minimum-cost feeds for maximum feed efficiency.
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The meal is generally ground so that 95% passes a U.S. 10-mesh screen and a max-

imum of 3% to 6% passes through a U.S. 80-mesh screen.

Some plants divert part of their spent flake production away from a desolventi-

zer-toaster to a flash desolventizer, which is designed to produce white flakes with

high-protein solubility (PDI 70 –90). White flakes are used as the starting material

for producing protein isolates or concentrates, which contain >90% and 65% pro-

tein, respectively, and are used as food ingredients.

Some soybean extraction plants also degum their oil before shipping to centra-

lized refineries. There is not sufficient market to make it profitable to recover all of

the soybean phosphatides and market them as soy lecithin. The gums are added

back to the meal in the toaster to evaporate the water. The gums contribute to

the metabolizable energy content of the meal and the soybean crusher can get

meal prices for crude phosphatides.

Quality standards and trading rules for solvent-extracted soybean meal and oil

are designated by the National Oilseed Processors Association and are available

at a website (145). Soybean products are remarkably uniform in their quality char-

acteristics compared with alternative sources of oil and meal.

Recently, a third process, known as extruding-expelling (or Express Systems as

trademarked by the equipment manufacturer), was developed (Figures 7 and 8)

(146, 147). In this process, a dry extruder, which generates heat solely through fric-

tion of the beans in the extruder, replaces steam generating and steam heating the

beans. The heated beans then go to a screw press and the rest of the process is

the same as in screw pressing. The plants typically process 5–50 MT/day.

Foreign Matter

Soybeans

EXTRUDING

EXPELLING
(screw pressing)

Foots

Crude Oil

SETTLING

CRACKING

(        optional)

POLISH FILTERING

CLEANING

ASPIRATING Hulls

Meats

Foots Cake

Partially Defatted
Meal

MEAL COOLING

MEAL GRINDING

Figure 7. Process flow diagram for extruding-expelling soybeans.
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Approximately 70 extruding-expelling plants have been built over the past 10 years

for crushing soybeans. Usually, these plants are farmer-owned and provide meal to

nearby livestock feeders (148). The oil is sold to the large oil refineries, often at a

discount despite the oil being of excellent or superior quality because high costs are

incurred in handling small lots of oil. These plants are ideally suited to identity-

preserved processing. There are niche opportunities for these plants to market

certified organic or nonGMO soybean oil, for which there is a lucrative market

in some countries. Other opportunities reside with genetically enhanced soybean

oils and meals, such as low-linolenate, high- and low-saturates, and high-oleate

oils. This process has even been proposed for producing soybean products during

interplanetary exploration (149). NASA plans to grow soybean in space because

some missions, such as Mars exploration, cannot be supported without growing

food in space.

6. QUALITIES OF SOYBEAN OILS AND MEALS EXTRACTED
BY DIFFERENT METHODS

Wang and Johnson (150) compared the qualities of soybean oils and meals obtained

by the three processing methods. Soybean oil and meal samples were collected

at three times within a one-year period from 13 extruding-expelling plants, eight

Figure 8. Photograph inside a modern extruding-expelling plant processing soybeans. (This

figure is available in full color at http://www.mrw.interscience.wiley.com/biofp.)
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solvent-extraction plants, and one continuous screw-press plant. Their results are

shown in Tables 10 and 11. Solvent extraction is by far the most efficient method

of recovering oil from soybeans, typically only about 1.2% residual oil is left in the

meal. Screw-pressing is slightly more efficient in recovering oil than is extruding-

expelling, leaving 6.3% oil in screw-pressed meal compared with a mean of 7.2%

for extruded-expelled meals. Most solvent-extraction plants dehull soybeans to pro-

duce soybean meal with 48% or more protein and carefully control the moisture

content at 12%. Solvent-extracted soybean meal is highly uniform, often much

more so than either screw-pressed or extruded-expelled meal. The high-protein

and low-fiber contents of solvent-extracted soybean meal are desired when feeding

poultry and swine, which consume 46% and 25% of the soybean meal produced,

respectively. Most extrusion-expelling and screw-press plants have not invested

in dehulling equipment, as their meal generally goes into feeding ruminant animals.

Protein dispersibility indices, a measure of protein denaturation that is used in

the food industry, are lower for extruded-expelled and screw-pressed meals. Protein

TABLE 10. Quality Characteristics of Soybean Meals Produced by Different Oil-Extrac-

tion Processes.

Processing Method

—————————————————————————————

Property Solvent Extraction Screw-Pressing Extruding-Expelling

Moisture, % 11.65 11.03 6.94

Residual oil1, % 1.2 6.3 7.2

Protein1, % 48.8 43.2 42.5

Urease, �pH 0.04 0.03 0.07

Protein solubility in KOH, % 89.1 61.6 88.1

Protein dispersibility index 44.5 10.6 18.1

Rumen-bypass protein, % 36.0 48.1 37.6

Hunter ‘‘L’’ color 69.1 51.5 65.8

Trypsin inhibitor, mg/g 5.46 0.3 5.52

Trypsin inhibitor, TIU/g 5280 2000 12,250

1 Reported at 12% moisture basis.

TABLE 11. Quality Characteristics of Soybean Oils Recovered by Different Processes.

Processing Method

—————————————————————————————

Property Solvent Extraction Screw-Pressing Extruding-Expelling

FFA, % 0.31 0.33 0.21

Phosphorus, ppm 277 463 75

Tocopherols, ppm 1365 1217 1257

Moisture, % 0.08 0.05 0.08

PV, meq/kg 0.96 1.76 1.73

AOM stability, h 39.8 36.2 23.9

Lovibond color, red 11.1 17.5 10.2
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solubilities in potassium hydroxide solution, a measure of protein denaturation and

an indicator of overcooking that is used in the feed industry, are similar for

extruded-expelled and solvent-extracted meals, but higher than that of screw-

pressed meal (62%). Rumen-bypass protein values are higher for the screw-pressed

meals, indicating that more protein escapes the rumen and is not converted to

microbial protein that has a lower nutritive value than the original soybean protein.

All meals examined by Wang and Johnson (151), regardless of the processing meth-

od employed, had low-trypsin-inhibitor activity, which is important to proper pro-

tein digestion. Soybean trypsin inhibitors, especially in unheated soybeans, can

inhibit the protease enzymes trypsin and chymotrypsin, reducing protein hydrolysis

during digestion. There are two trypsin inhibitors in soybeans, Kunitz inhibitor and

Bowman-Birk inhibitor. The Kunitz inhibitor is relatively easily inactivated by

moist heat, comprises about 85% of the inhibitory activity, and acts only on trypsin;

the Bowman-Birk inhibitor is much more stable to heat (due to six disulfide cross

linkages) and acts on both trypsin and chymotrypsin. The activity of the enzyme

urease (easily measured as pH change) is often used as a quick and easy indicator

of adequate cooking. A valuable resource for characteristics of soybean meal is

http://www.stratsoy.uiuc.edu/epv/.

Oil properties vary considerably between different types of plants (Table 11) and

among plants of the same type and sampling times. The free fatty acid (FFA) con-

tent, a measure of hydrolytic degradation during seed storage and oil extraction, of

extruded-expelled oil is significantly lower than that of solvent-extracted oil, which

may be due to the rapid inactivation of lipases during extrusion. Screw-pressed

soybean oil typically contains 0.33% FFA, which is similar to that of typical sol-

vent-extracted oil. The amounts of phospholipids in the oils after settling are much

lower in extruded-expelled oil (75 ppm phosphorus) than in solvent-extracted oil

(277 ppm phosphorus). Screw-pressed oil has much higher phospholipid content

(463 ppm phosphorus) than does solvent-extracted oil. The phospholipid in

extruded-expelled oil is readily hydratable and easy to settle, which are attributed

to the rapid heat inactivation of the phospholipases. The tocopherol contents of

crude extruded-expelled oils are slightly lower than those of crude solvent-extracted

oil.

Peroxide values (PVs), a measure of primary lipid oxidation products, are sig-

nificantly higher for crude extruded-expelled oil than for crude solvent-extracted

oil, which is attributed to the high temperature used in extruding-expelling, the

long period typically allowed for oil cooling, or the often poor oil-storage condi-

tions and longer storage times at extruding-expelling plants. Oxidative stability,

as measured by the Active Oxygen Method (AOM), of extruded-expelled oil is sig-

nificantly lower than that of solvent-extracted oil, probably because of the higher

PV value and lower contents of phosphorus (phosphatides) and tocopherols in crude

extruded-expelled oil. The colors of extruded-expelled and solvent-extracted oils

are significantly different. Although solvent-extracted oil tends to be slightly darker

than extruded-expelled oil, screw-pressed oil is much darker in color than are the

other two types, probably because of the more severe heat treatment of the screw-

pressed oil before pressing.
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7. SOY PROTEIN INGREDIENTS

Defatted soybean meal (white flakes) may be heated to produce a variety of solu-

bility and enzyme-activity characteristics, ground and sized to produce grits or

flour, and used as a food ingredient in bakery products, soymilk, and meat products.

A historical accounting of the development of these products was published by

Johnson et al. (151, 152). Soy flour may be relecithinated or refatted with refined,

bleached, and deodorized oil to achieve desirable functional properties. Soy flour

can also be texturized by using an extruder to produce meat-like products called

TVP (texturized vegetable protein) that are often used to extend ground meat.

Enzyme-active soy flour is used in bread at 0.5% of the wheat flour. Lipoxygenase

in the soy flour bleaches the carotenoids of wheat flour to produce a whiter crumb

and improves dough-mixing properties. White flakes may be processed into soy

protein isolates or concentrates (132, 153). Soy protein is poorly soluble in water

at pH 4.5, the isoelectric point, and highly soluble at pH >8.0. These solubility

characteristics can be used to isolate or concentrate soy protein.

Untoasted and flash-desolventized meal in which the protein is undenatured and

highly soluble (>70 PDI and preferably >90 PDI) is the preferred starting material

in manufacturing soy protein isolates. Under some conditions, extruded-expelled

meal can be used, but the yield of soy isolate is reduced. The meal is ground in

water adjusted to pH 8.0 with sodium hydroxide and centrifuged to remove insolu-

ble fiber. The soluble fraction is acidified to pH 4.5, and the protein precipitates.

The precipitated protein curd is separated from the soluble sugars by centrifuging.

The protein curd may be washed, neutralized, and spray-dried.

High protein solubility is not needed for protein concentrates and heating to

insolubilize the protein and facilitate extracting the solubles (mostly sugars) with

water is one way that has been used to prepare soy protein concentrates. Concen-

trates today, however, are normally made by extracting the sugars with either acid

(pH 4.5) or aqueous ethanol (60–80%). Aqueous ethanol is most frequently used

because it produces the blandest product, but ethanol denatures the protein and

leaves the protein with reduced functional properties unless the product is refunc-

tionalized by jet cooking (154, 155) or by homogenizing under alkaline conditions

(156). Soy protein concentrate must contain >65% protein on a dry basis.

The soybean storage proteins glycinin and b-conglycinin, which often are recog-

nized in the older literature as 11S and 7S proteins, respectively, based on their

sedimentation during ultra centrifuging, comprise 65–80% of the protein. Methods

have even been developed to separate soy protein into fractions rich in individual

proteins (157, 158). Some believe b-conglycinin has greater health benefits than

glycinin.

Soy protein isolates are used in dairy analogs (milk replacers and beverage pow-

ders), meat-pumping solutions, luncheon meats, and infant formulas, whereas soy

protein concentrates are used in dairy analogs (milk replacers, beverage powders,

cheeses, coffee whiteners, frozen desserts, whipped toppings), baked goods, and

meat products (156). These protein products are used for their functional properties

such as solubility, water absorption and binding, viscosity control, gelation,
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cohesion-adhesion, elasticity, emulsification, fat absorption and binding, foaming,

and color control. The solubility and thermal properties of these products were

recently compared by Lee et al. (159). Some products have high solubility even

though they were largely denatured.

Many health benefits have been attributed to soy protein products, either because

of the proteins or accompanying phytochemicals, such as isoflavones, saponins, etc.

There is a growing body of evidence that soy protein products may impact hyper-

tension and heart disease, osteoporosis and bone health, and certain cancers. The

perception of such nutritional benefits is driving an increased interest by food com-

panies in the incorporation of soy protein products. In October 1999, the U.S. Food

and Drug Administration (FDA) authorized a health claim for soy protein in cardi-

ovascular disease. U.S. food labeling laws now permit a statement on the label that

‘‘Diets low in saturated fat and cholesterol that include 25 grams of soy protein a

day may reduce the risk of heart disease. One serving of (name of food) provides

(list number) grams of soy protein.’’ The health claim allowance is reported in the

Federal Register (160) and is posted on the FDA website (161).

8. BASIC PROCESSING OPERATIONS

As discussed in the previous section on soybean oil composition and Table 11,

crude soybean oil can contain phospholipids, free fatty acids, lipid oxidation

products, and unsaponificable matter, which includes chlorophyll and carotenoid

pigments, tocopherols, sterols, and hydrocarbons. Some of these components nega-

tively affect oil quality, and some may play positive roles in nutrition and function-

ality. The goal of oil refining is to remove the undesirable components so that a

bland, stable, and nutritious product can be obtained. The basic processing opera-

tions in oil refining are (1) degumming, (2) neutralization, (3) bleaching, (4) hydro-

genation, (5) deodorization, and (6) winterization or crystallization. These steps are

outlined in a flow chart as shown in Figure 9.

8.1. Degumming

Crude soybean oil contains a relatively high concentration of phospholipids com-

pared with other vegetable oils. Degumming is a process of removing these com-

ponents from crude soybean oil to improve its physical stability and facilitate

further refining. Phospholipids can lead to dark-colored oils and they can also serve

as precursors of off-flavor (162) compounds. Free fatty acids, pigments, and other

impurities are also partially removed by degumming. Soybean oil can also be neu-

tralized directly without degumming if gum or lecithin recovery is not desired. Con-

ventional belief holds that the loss of neutral oil in refining crude oil by direct

neutralization is less than the combined losses of degumming and caustic refining

of the degummed oil.

The quality of crude soybean oil influences the efficacy of degumming. Phos-

pholipids can exist in a hydratable form, which can be readily removed by addition
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of water, or in a nonhydratable form, which cannot be easily hydrated and removed.

The nonhydratable phospholipids are considered to be the calcium and magnesium

salts of phosphatidic acids, which are formed by enzymatic hydrolysis of the origi-

nal phospholipids. This degradation can result from seed damage during storage

and improper handling. List et al. (53) studied the factors promoting the formation

of nonhydratable phospholipids in soybeans and showed that they are promoted by

four interrelated factors: (1) moisture content of beans or flakes, (2) phospholipase

D activity, (3) heat applied to beans or flakes prior to and during extraction, and

(4) disruption of the cellular structure by cracking or flaking. These results suggest

that a nonhydratable-phosphatide formation can be minimized by control of the

moisture of beans or flakes entering the extraction process, inactivation of phospho-

lipase D, and optimizing the temperature during conditioning of cracked beans or

flakes. Normal quality soybean oil from the conventional solvent extraction

contains about 90% hydratable and 10% nonhydratable phospholipids. Phosphoric

or citric acid can be used as a pretreatment to achieve more complete removal of

nonhydratable phospholipids, but their presence in the gum will darken it and

reduce its quality. The total phospholipid content in crude soybean oils ranges

from 1.85% to 2.75% (19) and partially depends on the seed preparation and extrac-

tion methods employed. Use of an expander or the Alcon process to cook the flakes

prior to extraction will increase total phospholipids content in the crude oil and the

phosphatidylcholine percentage in the gum (163).
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Figure 9. Diagram of conventional soybean oil refining.
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Degumming can be achieved in a batch or continuous fashion. In batch degum-

ming, soft water at the same percentage as total phospholipid is added to oil heated

to 70�C and mixed thoroughly for 30–60 min, followed by settling or centrifuging.

In continuous water degumming, heated oil is mixed with water by an in-line

proportioning and mixing system and the mixture is held in a retention vessel for

15–30 min before centrifugation. The phosphorus content is typically lowered to

12–170 ppm (164). A well-degummed soybean oil should contain less than

50 ppm of phosphorus, which is well below the 200 ppm level specified in the

National Oilseed Processors Association (165) trading rules for crude degummed

soybean oil. Degumming for physical refining, as opposed to alkali refining of soy-

bean oil, requires more complete removal of the phospholipids to prevent darkening

during fatty acid distillation. For more complete phospholipid removal, several

modified degumming methods can be employed (166, 167).

Recently, polymeric ultrafiltration membranes were used for degumming crude

soybean oil and removing phospholipids from the crude oil/hexane miscella (168).

Crude soybean oil also can be de-acidified by methanol extraction of the free fatty

acids and the extract separated into fatty acids and solvent by a membrane filter

(169). A surfactant-aided membrane degumming also has been applied to crude

soybean oil, and the degummed oil contained 20–58 ppm of phosphorus (170).

Supercritical carbon dioxide extraction was shown to be an effective means of

degumming (171). In this process, soybean oil countercurrently contacted supercri-

tical carbon dioxide at 55 MPa and 75�C. The phosphorus content of the oil was

reduced from 620 ppm to less than 5 ppm. Ultrasonic degumming was also success-

fully used to reduce the gum content of soybean oil (172).

8.2. Neutralization

Neutralization is also referred to as de-acidification and alkali or caustic refining.

Neutralization is achieved by treating the soybean oil with aqueous alkaline solu-

tion (most commonly, sodium hydroxide) to neutralize the free fatty acids in a batch

or continuous system. The soap formed in the reaction also adsorbs natural pig-

ments, the gum and mucilaginous substances not removed by degumming. Natural

settling or centrifugation is used to remove the soap. Crude soybean oil also can be

netralized directly without degumming. When this is practiced, the oil commonly is

pretreated with 300–1000 ppm of 75% phosphoric acid to facilitate removal of

phospholipids. The percentage of excess sodium hydroxide solution required for

crude oil is higher than that for degummed oil (173).

The quality changes, such as lipid oxidation and reduction of tocopherols and

phytosteols during neutralization, are considerable compared with the other proces-

sing steps as shown by Wang and Johnson (174), and also as presented in Table 12.

The further phospholipid removal (below 2 ppm phosphorus) also reduces the oxi-

dative stability of soybean oil (175) due to the antioxidant property of these phos-

pholipids.

One of the new developments in neutralization is the use of silica-based adsor-

bent to remove the residual soap instead of using water washing. Water usage and
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waste generation is greatly reduced by this practice. Sodium silicate also was used

as a mild neutralizing agent to refine specialty oils (176). Its agglomerating ten-

dency allowed the removal of the soap by filtration, and its low alkalinity mini-

mized saponification of neutral oil and loss of minor nutrients. Other adsorbents,

such as magnesium silicate, also were shown to be effective in reducing free fatty

acids, as well as reducing primary and secondary oxidation products in the treated

oil (175, 177).

Physical refining or steam refining is a process similar to steam deodorization.

Steam distillation is typically used for oil with a high free-fatty acid content to

reduce the refining loss, which would be significant if caustic refining was used.

Acid-aided degumming produces soybean oil with very low phosphorus content

and makes the distillation of free fatty acids possible. Nevertheless, the relatively

difficult task of removing sufficient phospholipids from soybean oil has prevented

extensive use of this technique in the United States. Physical refining, however, has

virtually replaced caustic refining of palm oil in Malaysia.

8.3. Bleaching

Bleaching is a process designed not only to remove the oxidation-inducing pig-

ments such as chlorophylls, but more importantly to decompose the peroxides pro-

duced by oxidation into lower molecular weight carbonyl compounds that can be

removed by subsequent deodorization. Bleaching also removes other impurities

such as soap and metal ions. In soybean oil refining, color reduction occurs at

each step, nevertheless, the most significant reduction of chlorophylls occurs in

the bleaching step. Acid-activated bleaching clay is most effective in adsorbing

chlorophylls and decomposing peroxides, and it is commonly used for soybean

oil. The chlorophyll content in normal crude soybean oil (1–1.5 ppm) can be

reduced by 25% by alkali refining, and bleaching with acid earth further reduced

chlorophylls to 15 ppb (178) The subsequent hydrogenation and deodorization

remove or degrade red and yellow pigments more than chlorophyll, so incomplete

chlorophyll removal by bleaching will cause the refined oil to appear greenish. The

refined and bleached oil is particularly susceptible to oxidation and is less stable

than the crude, degummed, refined, or deodorized oils (178).

TABLE 12. Effect of processing on content of tocopherols, sterols, and squalene

in soybean oil (25).

Tocopherols Sterols Squalene

Processing —————————— —————————— —————————

Step ppm % Loss Ppm % Loss ppm % Loss

Crude 1132 — 3870 — 143 —

Degummed 1116 1.4 3730 3.6 142 0.7

Neutralized 997 11.9 3010 22.2 140 2.1

Bleached 863 23.8 3050 21.2 137 4.2

Deodorized 726 35.9 2620 32.3 89 37.8

BASIC PROCESSING OPERATIONS 607



The desired bleaching endpoint is typically zero peroxide, although a color spe-

cification is often used as an important measure. The amount of bleaching earth

should be adjusted based on the quality of oil to be bleached, and it usually ranges

from 0.3% to 0.6% for a typical soybean oil. Low contents of phosphorus (5–10

ppm P) and soap (10–30 ppm) in the neutralized oil are essential to maximize

the bleaching effect. Successful bleaching can be achieved by atmospheric batch

bleaching, vacuum batch bleaching, or continuous vacuum bleaching at tempera-

tures between 100�C and 120�C for 20–30 min. More details of soybean oil bleach-

ing are described by Erickson (179).

Recently, silica-based synthetic materials have been used in bleaching. The nat-

ural bleaching earth, fuller’s earth, a hydrated aluminum silicate, mostly has been

replaced by acid activated clays, which are sulfuric- or hydrochloric-acid-treated

bentonites or montmorillonites. Manufacturers continuously improve the quality

and develop new bleaching earths to meet the market’s needs. Higher activity

and filterability are the main focuses of such development.

8.4. Hydrogenation

The high degree of unsaturation, particularly the relatively high content of linole-

nate, of soybean oil significantly limits its food applications because of low oxida-

tive stability. Hydrogenation is used to improve oxidative stability as well as to

increase the melting temperature of soybean oil. A great proportion of soybean

oil is hydrogenated to produce cooking oil, bakery/confectionery fats, and shorten-

ing.

When oil is treated with hydrogen gas in the presence of a catalyst (typically

nickel) and under appropriate agitation and temperature conditions, it becomes

more saturated and forms a semisolid or plastic fat that is suitable for many food

applications. Selectivity is a term used to describe the relative reaction rate of the

fatty acids from the more unsaturated to the more saturated forms. Perfect selectiv-

ity would provide sequential elimination of linolenate, linoleate, and then oleate. To

completely hydrogenate linolenate while minimizing changes in the other acyl

groups, a high ratio of the reaction rates of linolenate to linoleate compared with

linoleate to oleate is desirable. Generally, selectivity increases with temperature and

catalyst concentration and with decreases in hydrogen pressure and agitation rate

(180). The effect of pressure on hydrogenation selectivity of soybean oil was

reported by List et al. (181), who found that the linoleate-containing triacylglycer-

ols were reduced at a slower rates than the linolenate-containing triacylglycerols

under selective condition. At higher pressures (500 psi), the reaction was truly non-

selective; whereas at 50 psi, the reaction became selective. Impurities in soybean

oil, such as phosphorus, oxidation products, carotene, and metal ions can poison

the catalyst and cause slower hydrogenation (182). A particular limitation with

nickel catalyst is its low selectivity for linolenate over linoleate, and copper-con-

taining catalysts have greater selectivity for linolenate acid than the conventional

nickel catalysts (183). The use of copper catalyst can produce soybean oil that

has a low degree of hydrogenation (iodine value of 110–115) but has less than
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1% linolenate. However, copper catalysts are not as active as nickel catalysts; they

are also easily poisoned (184). Furthermore, any trace of residual copper in the fully

processed oil will promote lipid oxidation.

The most common tests for degree of hydrogenation are congeal point and the

iodine value as determined by refractive index. Refractive index is a valuable tool

for iodine values above 95, but when the oil is further hydrogenated, refractive

index becomes an inadequate measurement for melting prediction because

increased amount of trans-isomers results in harder oil than the refractive index

would indicate (185). For margarine or shortening, the solid fat index (SFI), as

determined by dilatometry, or solid fat content (SFC), determined by nuclear mag-

netic resonance, is the most appropriate method to measure the consistency of the

hydrogenated oil. These indices predict the workability and creaming ability at a

particular temperature.

Double-bond isomerization or trans-fatty acid formation is the most important

side-reaction that occurs during hydrogenation, and it has a strong impact on the

physical and possibly the nutritional properties of the products. Trans-double bonds

are thermodynamically a more favorable configuration than their cis-counterpart; so

trans-bonds are produced in significant quantities if the hydrogenation does not go

to completion. The trans-fatty acids have a much higher melting point than their

cis-isomers, therefore a fat product with considerable trans-acyl groups will have

an elevated melting point, which is desirable in shortening and margarine applica-

tions. A partially hydrogenated soybean oil can have at least 30 different one-, two-,

and three-double-bond isomers that will result in more than 4000 different triacyl-

glycerol molecules. This complexity allows the production of a great variety of oils,

margarines, and shortenings that have a wide range of physical and functional prop-

erties. However, the established relationship between trans-fat consumption and

health has prompted research to minimize trans-double formation in fats and oils.

Hydrogenation of soybean oil may be carried out in a batch or a continuous sys-

tem. In the United States, batch operations are typical. More comprehensive

reviews on hydrogenation and formulation can be found in Erickson and Erickson

(180), Hastert (186), and Kellens (187).

8.5. Deodorization

Deodorization is usually the last step in conventional oil processing. It is a steam-

stripping process in which good quality steam (1–3% of oil) generated from de-aer-

ated and properly treated feed water is injected into soybean oil under high tem-

perature (252–266 �C) and high vacuum (<6 mm Hg) to decompose peroxides

and vaporize the free fatty acids and odorous compounds. Deodorization relies

on the large differences in volatility between the triacylglycerols and other undesir-

able components under certain conditions. The musty and earthy odor produced

from bleaching and the hydrogenation odor and flavor are effectively removed by

deodorization. The free fatty acids, typically ranging from 0.1% to 0.5% in neutra-

lized oil and 0.5% to 5% in oil to be physically refined, are also reduced to below

0.03%, a value used as an indicator for deodorization efficiency. Zero peroxide
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value is another indicator for effective deodorization. Heat bleaching is achieved by

holding the oil for 15–60 min at high temperature to ensure considerable decom-

position of carotenoid pigments.

During the deodorization process, many desirable reactions take place, but some

undesirable reactions, such as lipid hydrolysis, polymerization, and isomerization,

also occur. Therefore, the deodorization temperature is carefully controlled to

achieve optimum quality of the finished soybean oil product. The effect of refining

condition on trans-fatty acid content in refined vegetable oils was investigated by

Okamoto et al. (188). Trans-fatty acid contents of deodorized oils increased with

prolonged exposure to high temperature, and trans-formation was higher in

oils containing greater proportions of polyunsaturates. The isomerization rate of

linolenate was 6.5- to 16.3-fold higher than that of linoleate in soybean oil. Kemeny

et al. (189) studied kinetics of the formation of trans-linoleic acid and trans-

linolenic acid in vegetable oils deodorized at temperatures from 204–230�C for

2–86 h. Their data can give good estimates of the trans-level of refined oils for

given deodorization conditions. Deodorization has also been modified to retain

more nutrients and prevent other undesirable reactions. Mathematical models

have been established describing the influence of different process parameters

such as time, temperature, steam rate, and pressure on tocopherol stripping, produc-

tion of oxidized and polymeric triacylglycerols, and trans-fatty acid formation dur-

ing physical refining of soybean oil (190). Tocopherol removal was mainly

influenced by processing temperature and steam rate, whereas oxidized and poly-

merized triacylglycerols were not significantly affected by any of the investigated

process parameters.

There are three types of deodorization operations. The batch process is the least

common because of its low efficiency and inconsistent product quality. The

semicontinuous and continuous deodorizers have improved processing efficiency.

There are several configurations of the continuous deodorizer, including the

single-shell cylindrical vessel type, the vertically stacked-tray type, and the thin-

film packed-column type. The thin-film system provides excellent fatty acid

stripping with minimum use of steam, but it does not achieve the desired heat

bleaching or effective deodorization because of its relatively short retention time.

A retention vessel held at high temperature has to be used after the column distillation to

achieve bleaching (191).

The overall oil quality change during refining of soybean oil was examined by

Jung et al. (178), and their results are shown in Table 13. A study of oxidative

TABLE 13. Effect of Processing Steps on Quality of Soybean Oil (178).

Phosphorus Iron Chlorophyll Peroxide Value Tocopherol Free Fatty

Refining Step (ppm) (ppm) (ppm) (meq/kg) (ppm) Acid (%)

Crude 510 2.9 0.30 2.4 1670 0.74

Degummed 120 0.8 not available 10.5 1579 0.36

Refined 5 0.6 0.23 8.8 1546 0.02

Bleached 1 0.3 0.08 16.5 1467 0.03

Deodorized 1 0.3 0.00 0.0 1138 0.02
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stability of soybean oil at different stages of refining indicated that crude oil was the

most stable and highly purified oil was the least stable (192). The influence of the

refining steps on the distribution of free and esterified phytosterols in soybean and

other oils was reported by Verleyen et al (193). A significant reduction in free ster-

ols was found after neutralization. Deodorization removed free sterols and also pro-

moted steryl ester formation when the oil was physically refined due to a heat-

promoted esterification reaction between free sterols and free fatty acids.

8.6. Fractionation and Winterization

Fractionation or winterization is a process in which the more saturated molecular

species in the oil are solidified and removed by a low-temperature treatment, which

increases the cold storage physical stability of the oil. Partially hydrogenated soy-

bean oil with 110–115 iodine value (IV) that is intended for use as salad and cook-

ing oil should be fractionated. By doing so, the more saturated molecules and some

high-melting trans-isomers are removed to produce clear oil that meets low-tem-

perature storage requirements. The formation of large and easily filterable crystals

and the removal of the crystallized fraction from the liquid oil can be challenging

tasks. The temperature of the oil should be lowered slowly to prevent small crystal

formation. Nucleation occurs when the oil is supercooled to a temperature that is

much lower than the thermodynamic equilibrium temperature. Heterogeneous

nucleation, i.e., the formation of nuclei on to foreign substances, typically takes

place around dust particles or on the walls of the crystallizer. The crystal growth

rate depends on the degree of supercooling and polymorphic form. In order to

have continuous and uniform crystallization, an intense but nondestructive agitation

is required. To produce salad oil with good cold stability, soybean oil is usually

hydrogenated to an iodine value of 100–110 (linolenate content of 2–3%) and win-

terized at 2–3�C. To produce a cooking and frying oil, hydrogenation to an iodine

value less than 90 (linolenate content of less than 0.5%) is more desirable, and the

stearine fraction obtained from winterization of such oil is a good shortening and

margarine base. Crystal separation can be done by filtering, centrifuging, or decan-

tating. More details about these systems are presented by Krishnamurthy and

Kellens (194).

9. ALTERNATIVE REFINING METHODS

Although oil extraction by mechanical pressing of soybeans accounts for a very

small percentage of soybean processing, it is used by many farm cooperatives or

family-owned on-farm operations in the United States, primarily for using protein

meals as animal feed. There is an increasing use of extrusion-expelling technology

to produce identity-preserved soybean oil and protein products for niche market.

The advantages of small tonnage requirement, no flammable solvent used, low initi-

al capital investment, and unique products have made this processing technology

very appealing for many soybean growers and processors.
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Alternative techniques are being developed for refining soybean oil produced by

mechanical means. Simple refining methods were explored to process extruded-

expelled (E-E) soybean oils with various fatty acid compositions (174, 177). E-E

oils can be easily water degummed to very low phosphorus levels. Free fatty

acid content was reduced to 0.04% by adsorption treatment with Magnesol1, a

commercial magnesium silicate product from Dallas Group of America (Jefferson-

ville, IN). This material also adsorbed primary and secondary oil oxidation pro-

ducts. A mild steam deodorization as the last processing step produced good-

quality soybean oil. This adsorption refining procedure was much milder than con-

ventional refining, as indicated by little formation of primary and secondary lipid

oxidation products and less loss of tocopherol during refining.

10. COPRODUCTS AND UTILIZATION

10.1. Lecithin

Soybean lecithin is the predominant source of food and pharmaceutical lecithin

because of its availability and outstanding functionality. The composition of crude

soy lecithin is shown in Table 14. As a result of the presence of a large amount of

neutral oil, crude lecithin is usually de-oiled to improve its functionality. De-oiling

is based on the solubility difference of neutral and polar lipids in acetone, in which

the phospholipids are precipitated and separated. Alcohol fractionation of de-oiled

lecithin can further separate lecithin into an alcohol-soluble fraction that is enriched

with phosphatidylcholine and an alcohol-insoluble fraction enriched with phospha-

TABLE 14. Composition of Commercial Soy Lecithin in Comparison with Egg Lecithin,

wt % (195).

Compounds Soy Lecithin Egg Lecithin

Phosphatidylcholine 10–15 65–70

Phosphatidylethanolamine 9–12 9–13

Phosphatidylinositol 8–10 –

Phosphatidylserine 1–2 –

Phosphatidic acid 2–3 –

Lysophosphatidylcholine 1–2 2–4

Lysophosphatidylethanolamine 1–2 2–4

Phytoglycolipids 4–7 –

Phytosterines 0.5–2.0 –

Other phosphorus-containing lipids 5–8 –

Sphingomyelin – 2–3

Carbohydrate 2–3 –

Free fatty acids max 1 max 1

Mono-, diacylglycerols max 1 Trace

Water max 1.5 max 1.5

Triacylglycerols 35–40 10–15
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tidylinositol. The phosphatidylcholine-enriched fraction is an excellent oil-in-water

emulsifier, and the phosphoinositol-enriched fraction is a good water-in-oil emulsi-

fier that is often used in the chocolate industry. The typical composition of de-oiled

and fractionated lecithin products is shown in Table 15.

Supercritical CO2 extraction also has been used to selectively extract phospha-

tidylcholine from de-oiled soybean lecithin (197). The effects of temperature, pres-

sure, and amount of ethanol on phosphatidylcholine extraction were examined, and

a high-purity product could be produced with optimized conditions.

Lecithin recovered from solvent-extracted soybean oil had different phospho-

lipid class compositions from those produced by mechanical pressing (198). The

percentage of phosphatidylcholine was considerably higher in lecithin recovered

from extruded-expelled oil than from solvent-extracted oil. The phosphatidylcho-

line- and phosphatidylinositol-enriched fractions produced by ethanol extraction

of the crude lecithin also showed different functional properties (199).

Soybean lecithins can be chemically altered to modify their emulsifying proper-

ties and improve their dispersibility in aqueous systems. Phospholipids may be

hydrolyzed by acid, base, or enzyme to achieve better hydrophilic and emulsifica-

tion properties. Hydroxylation of lecithin improves its oil-in-water emulsification

property and water dispersibility. Acetylation creates improved fluidity and emul-

sification, water dispersion properties, and heat stability (200).

10.2. Deodorizer Distillate

Deodorizer distillate is the material collected from the steam distillation of oils. It is

a mixture of free fatty acids (especially during physical refining) tocopherols, phy-

tosterols and their esters, hydrocarbons, and lipid oxidation products. The quality

and composition of deodorizer distillate depends on the feedstock oil composition

and processing conditions. Tocopherols and sterols are the most valuable compo-

nents that can be recovered from the distillate, and they are used in the nutrition

supplement and pharmaceutical industries (201). Typical soybean deodorizer distil-

late contains about 33% unsaponifiable matters, of which 11% is tocopherol and

18% sterol (202).

TABLE 15. Typical Composition (%) of Commercially Refined Soy Lecithin

Products (196).

Lecithin Lecithin Lecithin

Oil-Free Alcohol-Soluble Alcohol-Insoluble

Phosphatidylcholine 29 60 4

Phosphatidylethanolamine 29 30 29

Phosphatidylinositol and glycolipid 32 2 55

Neutral oil 3 4 4

Others 7 4 8

Emulsion type favored w/o or o/w o/w w/o
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Soybean tocopherols are the major source of natural fat-soluble antioxidants and

Vitamin E. The Vitamin E activity of natural d-a-tocopherol is much greater that

that of synthetic Vitamin E, which is a mixture of eight stereoisomers (203). Phy-

tosterols are used as raw materials for over 75% of the world’s steroid production.

The more recent application of phytosterol, phytostanol, and their fatty acid esters

in margarine and table spreads is based on the blood cholesterol-lowering effect of

these compounds (204, 205). The recent development of functional foods containing phy-

tosterols has been reviewed by Hollingsworth (206) and Hicks and Moreau (207).

The preparation of high-purity tocopherols and phytosterols involves steps such

as molecular distillation, adduct formation, liquid-liquid extraction, supercritical

fluid extraction, saponification, and chromatography (175). The extraction of toco-

pherols from soybean oil deodorizer distillate by urea inclusion and saponification

of free fatty acids resulted in good recovery of tocopherols (208). To improve the

separation of sterols and tocopherols, Shimada et al. (209) used a lipase to esterify

sterols with free fatty acids. Then the steryl esters and tocopherols were separated

better by molecular distillation. Chang et al. (210) used supercritical fluid CO2

extraction to recover tocopherols and sterols from soybean oil deodorizer distillate.

A patent by Sumner et al. (211) advocated treatment of the distillate with methanol

to converted free fatty acids and other fatty acid esters to methyl esters that can then

be removed by a stripping operation. Then separation of sterols and tocopherols

could be carried out by molecular distillation.

10.3. Soapstock

Soap is recovered from alkaline neutralization of the crude or degummed soybean

oil. Soap consists of water, free fatty acids, neutral oil, phospholipids, unsaponifi-

able matter, proteins, and mucilaginous substances. Its composition depends on

seed quality and oil extraction and refining conditions. Soapstock is the least valu-

able byproduct from oil processing, and it is generated at a rate of about 6% of the

volume of crude soybean oil refined (212), amounting to as much as 0.8 million MT

in the United States annually. The majority of the soap or acidulated soap is used as

a feed ingredient contributing metabolizable energy. Soybean oil can be refined

using potassium hydroxide and acidulated with sulfuric acid, followed by neutrali-

zation with ammonia rather than sodium hydroxide to produce a fertilizer (213).

Soybean oil methyl esters can also be produced from soapstock (214–218) for bio-

diesel applications.

11. FOOD AND BIOBASED PRODUCT USES OF SOYBEAN OIL

11.1. Distribution of Soybean Oil Utilization

In 2001–2002, when 8.32 million MT (18,300 million pounds) of soybean oil was

used in the United States, over 97% (8.09 million MT, 17,800 million pounds) was

used for food, with the remainder used in nonfood products (219). Among the food
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uses, about 48% (3.89 million MT, 8,570 million pounds) was for shortening, 43%

(3.58 million MT, 7,897 million pounds) for cooking and salad oils, 7% (0.56 mil-

lion MT, 1,237 million pounds) for margarine, and 1% (0.06 million MT, 125 mil-

lion pounds) for other food uses. Soybean oil is used to produce about 95% of the

total margarine and 83% of the total shortening consumed in the United States.

Among the 0.24 million MT (519 million pounds) used in nonfood products,

about 16% (0.04 million MT, 85 million pounds) was for resins and plastics,

12% (0.03 million MT, 60 million pounds) for paint and varnish, 13% (0.03 million

MT, 68 million pounds) for fatty acids, and 59% (0.14 million MT, 306 million

pounds) for a myriad of other inedible uses. The use of soybean oil in lubricants

(220), oleochemicals (221), and bioplastics (222), and the production of methyl

soyate for environmentally friendly solvents (223, 224) and for blending with diesel

fuel to produce biodiesel (20% methyl soyate/80% diesel fuel) (225) are significant

parts of the soy oil used in nonfood applications (226). Usage of soybean oil to

make biodiesel is likely to increase in future years because several new plants

are planned for construction as a result of the recent Farm Bill of 2002 providing

financial incentives for producing biobiesel. Some states, notably Minnesota, have

enacted legislation that provides biodiesel tax incentives. Biodiesel interests have

become organized as the National Biodiesel Board (Jefferson City, MO) and the

Renewable Fuels Association (Washington, DC), and exercise considerable politi-

cal influence. During 2002, 57 million liters (15 million gal) of biodiesel were pro-

duced in the United States (227), almost three times that which was produced in

2001.

The usage of soybean oil in food products is similar to other oils, and these uses

and products are discussed in more detail for all oils in other chapters of this edi-

tion. This chapter will focus on specifics of soybean oil in those uses. The major

products in which soybean oil is consumed are cooking and salad oils, frying oils

and fats, baking shortenings, and margarine. Only minor amounts of soybean oil are

used in vegetable dairy products and confectionery products.

11.2. Trading Rules for Crude and Refined Soybean Oils

As the U.S. government does not have trading rules, the National Oilseed Proces-

sors Association (NOPA, Washington, D.C.) has established them, including quality

specifications, to facilitate trade and marketing of three types of oils: crude

degummed, once-refined, and fully refined soybean oils (Table 16). These rules

are also available on the Internet (228). Factors that impact grade of crude

degummed and once-refined soybean oils are moisture and volatile matter content,

flash point, free fatty acid content, smoke point, unsaponifiable matter content,

green color, phosphorus content, and refined bleached color. The flash point reflects

the presence of residual hexane, and the other factors reflect expected refining loss.

For fully refined soybean oils, the flavor, cold test values, peroxide value, and AOM

(Active Oxygen Method) are additional considerations that reflect crystallization

at low temperatures and stability to oxidation. Crude soybean oil is sold as

degummed oil because the gums tend to spontaneously hydrate and settle out during
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transportation and storage, which cause numerous handling problems. Once-refined

soybean oil is seldom traded anymore because most buyers do their own refining or

purchase fully refined oil. End-users typically have their own specifications for fully

refined soybean oil and use the NOPA values as bases for their more stringent spe-

cifications (136).

11.3. Cooking and Salad Oils

In most parts of the world, both cooking and salad oils from soybeans are refined to

have bland taste and light color. For other oils, distinct flavors and dark colors may

be acceptable. Important distinctions between salad oils, cooking oils, and frying

TABLE 16. Trading Specifications for Crude Degummed, Once-Refined and Fully Refined

Soybean Oils (228).

Methods of

Factor Crude Degummed Once-Refineda Fully Refineda Analysisb

Moisture and volatile

matter and

0.3 max.c 0.10 max. 0.10 max.d Ca 2d-25

insoluble impurities (%) (up to 0.15 with

discount)

(up to 0.15 with

discount)

Ca 3a-46

Flash point (�C) 121 min. 121 min. Cc 9c-95

Free fatty acids

(% as oleic)

0.75 max. 0.10 max. 0.05 max. Ca 5a-40

(up to 1.25 with

discount)

(up to 0.15 with

discount)

Unsaponifiable

matter (%)

1.5 max. 1.5 max. 1.5 max. Ca 6a-40

Presence of fish and

marine animal oils

Neg. 28.121

Phosphorus (%) 0.02 max. Ca 12-55

(up to 0.025 with

discount)

Refined bleached color 3.5 Red max. 20 Yellow, 2.0 Cc 8e-63

(Lovibond) Red, max. Cc 13b-45

Green color None

Flavor Bland

Cold test (hr) 5.5 min. Cc 11-53

Peroxide value

(meg/kg)

2.0 max. Cd 8-53

AOM Stability

(hr to 35 PV)

8 min. Cd 12-57

aThe oil shall be clear and brilliant in appearance at 21–29�C (70–85�F) and free from settlings in this

temperature range.
bAnalyses in accordance with the Official and Tentative Methods of the American Oil Chemist’s Society except

for presence of fish and marine animal oils in accordance with Association of Official Analytical Chemists

methods.
cIncludes insoluble impurities as determined by AOCS Method Ca 3-46.
dOil shall be free of settlings or foreign matter of any kind.
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oils, however, reflect their differences in oxidative and thermal stabilities. Cooking

and frying oils need to be more stable to oxidation than salad oil because of the

higher temperatures to which cooking oils are exposed. Temperature stability is

especially required in fats and oils used in deep-fat frying. Salad oils must be phy-

sically stable so that they do not crystalize at refrigerated temperatures.

As soybean oil contains relatively great amounts of the polyunsaturates, notably

unstable linoleate (61%) and linolenate (7.8%), partial hydrogenation is customary

to make cooking or salad oils more stable to oxidation. Typical specifications for

different cooking and salad oils are shown in Table 17.

Synthetic antioxidants, such as butylated hydroxyanisole (BHA), butylated

hydroxytoluene (BHT), propyl gallate (PG), ascorbyl palmitate, and tertiary-butyl-

hydroquinone (TBHQ), are used in soybean cooking oils and frying fats (230).

These antioxidants are typically added at 0.01% for one antioxidant and 0.02% total

for two or more. Natural antioxidants, derived from sage, rosemary, and green tea,

are increasingly popular because of consumer preferences for natural food ingredi-

ents (231).

Salad oils differ from cooking oils in their tolerance to cold temperatures with-

out crystallizing. Salad oils must not crystallize, cloud, or leave deposits of any kind

when stored at refrigerator temperatures (4.4�C) and are defined as such. Soybean

oil used as a salad oil should not cloud or produce any visible crystals and remain

brilliant and clear for a minimum of 5.5 hr at 0�C. Fully refined soybean oil can be

directly used as salad oil because it will normally meet this specification, whereas

other oils, such as sunflower and corn, must be dewaxed before they can meet typi-

cal salad oil specifications. Soybean oil may be partially hydrogenated and then

winterized to achieve greater oxidative stability and still not crystallize nor lose

proper emulsion properties when refrigerated, although most of the soybean oil

used in commercial dressings is not hydrogenated.

New nutrition-oriented salad and cooking oils have been developed in recent

years. LoSatSoy is an oil low in saturated fatty acids that was developed at Iowa

State University, licensed to Pioneer Hybrid International (Johnston, IA), and com-

mercialized as a salad or cooking oil. This specialty soybean oil has one-half the

amount of saturated fatty acids in normal soybean oil (7% versus 15%); therefore, it

is promoted as having improved nutritional and health benefits.

Other specialty soybean oils, low (<2% or <1%) in linolenate and with

improved oxidative stabilities in salad and cooking oil applications, are comparable

with typical soybean oil that is partially hydrogenated. Today, low-linolenic-acid

soybean oil is an attractive alternative to hydrogenated oil that contains trans-fatty

acids. Beginning in 2006, labeled food products must disclose both the grams of saturated

fat and grams of trans-fat per serving (232). This is inducing food companies to

eliminate or significantly reduce trans-fatty acid contents of their products.

All specialty soybean oils require identity-preserved soybean production, crush-

ing, and refining systems. As financial incentives are needed all along the produc-

tion process to compensate for increased costs of identity preservation, specialty

soybean oils command premium consumer prices and have been slow to impact

soybean oil markets.
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TABLE 17. Trading Specifications for Soybean Cooking and Salad Oils (229).

Cooking and Salad Oil

—————————————————————————

Factor Refined, Fully, Fully, HWb Analytical

Deodorized Refineda Refineda Soybean Methodc

Source of specifica-

tions

Fedd,e NSPA ASCSf Fedd

Moisture and volatile 0.06 max. 0.10 max. 0.10 max. 0.06 max. Ca 2d-25

matter (max) (%) (0.14 with

discount)

Unsaponifiable con-

tent (%)

– 1.5 max. – – Ca 6a-40

Flash point, �C – – 228 min. – Cc 9b-55

Free fatty acids (wt%)

as oleic

0.05 max.g,h 0.05 max. 0.05 max. 0.05 max.g,h Ca 5a-40

Red color (Lovibond) 4 max. 2.0 max. 2.0 (2.6 with

discount)

2.0 max. Cc 8b-52

Cc 8e-63

Cc 13b-45

Yellow color (Lovi-

bond)

35 max. 20 max. 20 max. 20 max. Cc 8b-52

Cc 8e-63

Cc 13b-45

Peroxide value (meg/

kg)

1.0 max.h 2.0 max. 0.5 max.

(1.0 with

discount)

1.0 max.h Cd 8-53

Fat stability by AOM

methodi

(a) Peroxide value

after 8 hr

– 35 max. 35 max. – Cd 12–57

(b) Peroxide value

of 100 or less at

indicated no. of hr

15 min.h – – 25 min.h Cd 12-57

Cold test (hr)

Free from sediment

and foreign matter of

any kind

Yesj Yes Yes Yesj Ca 3-46

Clear and brilliant at

21–29�C
Yes Yes Yes Yes –

Fish oil and marine

animal oil test

– Neg. – – k

Iodine value – – – 105–115 Cd 1-25

Linolenic acid (wt%) – – – 3.0 max. by Cd 7-58

or 3.5 max.

by

Cd 1-62

Odor and flavor 1 1 1 1 m
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11.4. Frying Oils and Fats

In addition to its use as a common household cooking oil, soybean oil is used

widely in home and commercial deep-fat frying procedures. The popularity of fried

foods among U.S. consumers has created a large market for stable frying oils and

for fast-food establishments. Typical untreated cooking and salad oils, including

soybean oil, are not suitable for frying applications because they oxidize too

quickly. Thus, the oils must be altered to make them stable to the frying treatment.

Heat treatments, such as commercial and household frying, accelerate autoxida-

tion. The heat itself causes oxidation and breakdown of the fat. In addition, when

TABLE 17. (Continued )

Additives

/preservative

n o p n, q –

Permitted/required

aTypically a refined, bleached, and deodorized oil.
bRefined, bleached, partially hydrogenated, winterized, and deodorized, pure soybean oil.
cAnalyses in accordance with the Official and Tentative Methods of the American Oil Chemist’s Society

Champaign, Illinois, unless indicated otherwise.
dFederal specifications No. JJJ-S-30G dated March 24, 1978, issued by U.S. General Services Administration,

Washington, D.C.
eThe salad oil may contain properly refined and deodorized cottonseed, corn, peanut, soybean, sesame,

sunflower, or safflower vegetable oils or a mixture of these oils. Olive oil shall not be used. Edible vegetable

oils not specified may also be used provided they are in accordance with good commercial practice.
fSpecifications per announcement PV-50–1 dated June 17, 1976, issued by Agricultural Stabilization and

Conservation Service, U.S. Department of Agriculture, Shawnee Mission, Kansas.
g 0.05% will be acceptable if propyl gallate has been added as an antioxidant or as a component in an

antioxidant.
hDetermination will be made within 7 days after packaging each lot.
iActive oxygen method.
jExclusive of particles of resinous flux material from can manufacture.
kAssociation of Official Analytical Chemists’ Method No. 28.107.
lThe oil after heating shall be bland and free from beany, rancid, painty, musty, soapy, fishy, metallic, and other

undesirable or foreign flavors and odors when tested by the method prescribed in footnote m within 7 days

after packaging each lot.
mApproximately 50 g of the finished product shall be placed in a clean 150-mL Pyrex glass beaker and heated

to a temperature 177� 3�C. The oil shall be examined for odor at this temperature, and for flavor, each

cooling to approximately 38�C. From Federal Specification JJJ-S-30G.
nHeavy metal scavengers, antifoaming agents, and antioxidant materials may be added to improve the

keeping quality and use performance of the oils. The ASCA specifications also permit the addition of

oxystearin. Such additives should be of a kind and at levels permitted in edible oil products under the federal

Food, Drug, and Cosmetic Act and regulations promulgated thereunder.
oPreservatives ‘‘generally recognized as safe’’ are permitted.
pDuring the cooling stage of deodorization, 0.005% of citric acid or 0.006% of monoisopropyl citrate shall be

added to the oil.
qThe packaging gas shall be of food-grade quality and may consist of pure nitrogen or a mixture of nitrogen

and approximately 10% of carbon dioxide plus other inert gases in the atmosphere, but it shall contain no

more than 0.005% oxygen. Maximum permissible oxygen content of the headspace gas within 15 min after

the oil is packaged is 0.50% as measured at standard temperature and pressure. Measurement shall be made

at time of packaging or within 15 min thereafter. For method of analysis, see Bulletin 916, issued in 1963 by

American Dry Milk Institute, Chicago, IL.
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fats are heated in the presence of moisture, as often is the case in food applications,

fatty acids are released via hydrolysis of the ester linkages (233). The free fatty

acids, in turn, can accelerate oxidation of the oil. Decomposition and condensation

of hydroperoxides also produces a multitude of nonvolatile monomeric products,

including di- and tri-oxygenated esters, and dimeric and polymeric materials, espe-

cially at elevated temperature. Many of these dimers and polymers are known to be

rich sources of volatile carbonyl compounds and decrease the flavor and oxidative

stability of soybean oil (234). These high-molecular-weight materials also can pro-

duce a series of physical and chemical changes to the oil and food products, includ-

ing increased viscosity, polarity, free-fatty acid content, development of dark color,

and an increased tendency of the oil to foam (233).

A typical soybean oil shortening is generally hydrogenated to enhance its

stability, making it suitable for frying procedures. In addition, polydimethylsiloxane

is routinely added at a level of 0.02–2 ppm as an antifoaming agent, which greatly

extends the frying life of soybean oil (235). The antioxidants mentioned in the

subsection on Cooking and Salad Oils provide oil stability prior to frying and

can enhance the oxidative stability of the fried food. Even though most antioxidants

are volatile at frying temperatures, with their concentration decreasing during

frying, some antioxidant is transferred to and retained in the food (carry through),

thus providing antioxidant protection in the food during storage. In tests,

heated palm olein with no frying lost 70% of its original BHT and 60% of the

original BHA after 8 hr (236). TBHQ being the highest molecular weight (lowest

volatility) of the typical antioxidnts, provides the greatest carry-through benefit

(237).

Extensive hydrogenation produces flaked fats or shortening-like products for fry-

ing applications, which offer convenience in filling fryers and excellent frying sta-

bility. Unfortunately, the process of hydrogenation creates trans-fatty acids as

byproducts of the reaction As noted elsewhere in this chapter, recent concerns about

the presence of trans-fatty acids in our diets, and the subsequent new labeling

requirements for trans-fatty acids (232), have prompted food manufacturers and

oil producers to explore alternative treatments to create soybean oil that is stable

to frying.

One procedure to increase stability without creating trans-fatty acids involves

adding a small amount of a fully hydrogenated oil (hardstock) to a typical soybean

oil. The blended oil is then interesterified to create a stable frying oil without

trans-fatty acids. In a recent study, the low-linolenate soybean oil noted in the

subsection on Cooking and Salad Oils, when blended with 5% of a soybean oil

hardstock, was as stable as a traditional trans-fat-containing soybean oil that

had been stabilized for deep-fat frying, while still retaining excellent flavor

characteristics (238). Another approach to enhance frying stability of soybean

oils is to increase the oleate concentration in the soybean oil created by the

plant, either through traditional plant breeding or biotechnological methods. The

resulting oil, however, when used in frying, creates a fried food with a stale,

waxy-like flavor that lacks the desirable flavor components typical of a fried

food (239, 240).
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11.5. Mayonnaise and Salad Dressing

In the United States, mayonnaise, salad dressing, and French dressing are defined

by Standards of Identity issued by the U.S. Food and Drug Administration (FDA;

Code of Federal Regulations, Section 21, 169.140) (241). The Food, Drug and Cos-

metic Act of 1930 and later revisions and amendments were promulgated to prevent

adulteration and misrepresentation of certain food products by establishing

Standards of Identity.

Mayonnaise is defined as a semisolid food prepared with not less than 65% vege-

table oil, and egg yolk and vinegar. Most mayonnaise in the United States, however,

contains 75–82% oil, to get the proper texture (242). Soybean oil is usually used in

mayonnaise but winterized cottonseed, corn, and canola and hydrogenated soybean

oil also can be used. Mayonnaise is an oil-in-water emulsion with oil droplets mea-

suring 1–2 mm in diameter. The higher the oil content, the more tightly the oil dro-

plets are packed in the continuous water phase and thus, the greater the viscosity

and rigidity. Mayonnaise production is partly an art because of the difficulty of pro-

ducing an oil-in-water emulsion in which the dispersed phase has seven times more

volume than the continuous phase. The protein in the egg yolk solids is the only

emulsifier allowed and processing conditions play critical roles in achieving

high-quality and high-stability mayonnaise.

Salad dressings are also oil-in-water emulsions and were developed as alterna-

tives to mayonnaise. The Standard of Identity (21 CFR, 1699.150) requires that sal-

ad dressings contain not less than 30% vegetable oil (but most contain 35–50% oil),

vinegar, 4% egg yolk, and starch. For texture and viscosity, salad dressings rely

on starch, in contrast to mayonnaise, which depends on greater oil content. The oils

used in salad dressings are selected using the same criteria for mayonnaise.

The qualities of mayonnaise and salad dressing are determined by the physical

and oxidative stability of its lipid components. Phase separation or emulsion

breakdown is caused by mechanical shock, agitation, extreme temperatures, or

fat crystallization. Oxidation of vegetable oil and egg lipid also can occur. As the

quality of oil plays a major role in the flavor stability of these products, only the

best quality salad oil should be used. It is particularly important to use salad oils

with long cloud point times (high cold test hours). If fat crystals form during storage

at refrigerated temperatures, the emulsion will break and the product will become

unsightly with visible free oil. Crystal inhibitors, such as oxystearine, lecithin, and

polyglycerol esters, are allowed to prevent crystallization and emulsion breakdown.

Although mayonnaise and salad dressings are spoonable products due to their

high viscosity, French dressing is a pourable oil-in-water dressing. French dressing

must contain 35% oil as defined by a Standard of Identity (21 CFR, 169.115). Egg

products are optional. Other dressings, such as Thousand Island, are not subject to

Standards of Identity, and any ingredients can be used. Pourable dressings can be in

two different finished forms; emulsion or two phases depending on whether the pro-

duct is homogenized. The oil used in these products is predominantly soybean salad

oil in the United States. In Canada and Europe, other salad oils are often used,

depending on the availability and costs of those vegetable oils in each specific region.
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As the oil contents of mayonnaise, salad dressings, and French dressing are high,

it is important to prepare them from salad oils that taste bland and are relatively

stable to oxidation. Peroxide values of the oil should be <2 meq/kg. Even early

stages of oxidation can be detected in mayonnaise and salad dressings as ‘‘grassy’’

and ‘‘beany’’ flavors. Packaging with an inert headspace is important to prevent

oxidation during distribution, retailing, and consumer storage. Storage under refrig-

eration is important once the package is opened and the headspace gas becomes

replaced with air.

11.6. Margarine

Margarine was first produced in 1869 by the French chemist Hippolyte Megge

Mouries. During the Franco-Prussian War, he was awarded a prize and patent for

his invention of a butter substitute. It was not until the 1940s, however, that mar-

garine became widely used. Until then, the powerful dairy industry in the United

States prevented the sale of colored margarine in many states, and consumers did

not readily accept white table margarine. Today, more than twice as much margar-

ine is consumed as butter per capita in the United States, and margarine is no longer

considered a cheap imitation of butter. Unlike butter, margarine can be formulated

from a variety of fats and oils to give a variety of physical and functional properties,

which are needed in many food applications today.

In the United States, margarine or oleomargarine is also controlled by an FDA

Standard of Identity (21 CFR, 166.110), requiring at least 80% fat. Soybean oil is

predominantly used in the United States, followed by cottonseed and corn oils. The

other 20% of the margarine formulation may be made up of water and other

optional ingredients, including milk products, soy protein isolate, salt, selected

emulsifiers (up to 0.5%), mold inhibitors, antioxidants, color additives, flavorings,

and acidulants. Margarine is a water-in-oil emulsion.

The traditional retail form of margarine is stick margarine, but margarine is now

also marketed as pourable and soft tub products. Margarine may also be sold as a

whipped product in which air or an inert gas is incorporated. Still other margarine-

like forms, including polyunsaturated and low-fat spreads, have been developed to

satisfy consumer demands for improved convenience and reduced saturated fat and

calories. In addition to the traditional use as a table food, margarine is also widely

used in baking applications such as in cookies and as roll-in fats for puff and Danish

pastries.

A significant recent consumer trend is increased demand for margarine-like

spreads that are not controlled by a Standard of Identity and that contain much

less fat. Most spreads contain 40–60% fat with 40% fat spreads being more popular

in Europe and 60% in the United States. During the past 15 years, however, very

low-fat spreads containing less than 20% fat have been introduced. As a result of

these trends, there are significantly fewer 80%-fat margarine products available in

the United States today than in the previous decades. Stabilizing these high levels of

aqueous phases in such a small amount of fat as the continuous phase requires spe-

cial equipment to generate the necessary shear and higher amounts of emulsifiers.
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Moustafa (243) reports that the aqueous droplets must no longer be spherical but

rather polyhedral when loading levels of the aqueous phase exceed 74%.

Margarine processing includes blending the fats separately from the aqueous

phase ingredients and water, dispersing and emulsifying the aqueous phase within

the fat phase, chilling to solidify the fats, pin working the solidified mass, resting,

forming, and packaging. The ingredients are emulsified before being fed into a

swept-surface heat exchanger for crystallizing. The mass emerging from the cool-

ing tubes is partially solidified, and it is further crystallized in the working unit. The

texture of the product is further modified in the resting tube before the margarine is

packaged.

Margarine and shortening have fat crystal networks in which liquid oil is

entrained. As a result, they exhibit a yield stress that must be exceeded before

the product begins to flow as a viscous fluid. The yield stress is related to spread-

ability. The rheological properties of margarine have been discussed by Segura

et al. (244).

In North America, margarines may be composed of blends of hydrogenated soy-

bean oil and palm oil, partially hydrogenated soybean oil and cottonseed oil, liquid

soybean oil and partially hydrogenated soybean oil, liquid corn oil and hydroge-

nated corn oil, or simply hydrogenated soybean oil. Most oil blends contain high

levels of soybean oil to keep costs competitive. Table 18 shows some typical com-

positions and properties of margarine.

The most important functional properties of margarines and spreads are spread-

ability and hardness, oiliness, and melting characteristics. These properties relate to

fat level, proportion of solid fat, fat melting point, and crystal form. Diverse tex-

tures and functionalities can be achieved by varying the extent of hydrogenation.

Consistency and emulsion stability depend on the amount and type of crystallized

fat. Spreadability and hardness can be predicted by the solid fat index and penetra-

tion measurements. A cone penetrometer is typically used to determine margarine

hardness (245). Typical margarines should be spreadable at refrigeration tempera-

tures, remain semisolid at ambient temperatures, and melt at less than body

temperature. Oil-off refers to the separation of liquid fat when the fat crystals no

longer form a network able to hold the liquid oil.

TABLE 18. Compositions and Properties of Hydrogenated and Interesterified Soybean

Margarine Oils (187).

Melting Point

——————————————— Trans IV

Soybean Oil Type 10�C 21.1�C 33.3�C (�C) (%) (calc)

Hydrogenated Stick margarine 28.6 18.9 5.3 46 31.0 92.1

Hydrogenated Tub margarine 15.6 8.8 1.3 46 23.2 108.0

Hydrogenated Tub margarine 7.1 4.5 2.0 46 12.9 121.8

Interesterified 90:10a 1.7 1.3 0.2 40 1.7 123.8

Interesterified 85:15a 4.3 2.2 0.9 46 2.1 116.6

Interesterified 80:20a 8.0 3.5 2.2 47 1.6 109.4
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Fats exhibit polymorphism in which they can exist in different crystalline forms

depending on how the triacylglycerols pack in the crystal and a, b0, and b poly-

morphs are known. The preferred polymorphic form for margarine is b0, which

gives a smooth, pleasing mouthfeel and proper spreadability. Despite hydrogenated

soybean oil’s tendency to form b crystals, it is used in over 90% of all margarines

and table spreads in the United States. The less heterogeneous the fatty acid com-

position of the hydrogenated fats, the more it is b tending. Hydrogenated fats richer

in trans-isomers are less b tending and tend to produce margarines with smoother

textures. Blending small amounts of b0-tending base fats (palm and cottonseed

oils) or different soybean base oils increase fatty acid heterogeneity favoring b0

crystal stability. Blending unmodified oils with oils that have been hydrogenated

to various degrees allows the production of margarines with desirable texture.

The greater the number of base stocks available, the greater the flexibility to pro-

duce a wide range of products and the higher the tolerance to processing conditions.

Different procedures for designing good margarine from various base stocks were

evaluated by Cho et al. (246).

Base oils for margarine must be hydrogenated to achieve the desired solid-fat

content with the consequential isomerization of some fatty acids. The new regula-

tions requiring reporting of trans-fats content on labels may dissuade some consu-

mers from using traditional margarine. Emken (247) reported that some traditional

margarines may have as much as 21% trans-fatty acids while Kellens (187) found

as much as 31%, and D’Souza et al. (248) reported that the high-melting acylgly-

cerols contained in hydrogenated base stocks used for formulating North American

margarines have 33.1–45.0% trans-fatty acid content in stick margarine and 22.4–

30.1% trans-fatty acid content in soft margarine. Trans-acyl groups contribute to

the firmness of margarine. A recent comprehensive review concluded that consum-

ing more than 4% of total calories as trans-fatty acids may raise plasma lipid levels

(249) and may cause heart disease (250, 251).

Some companies are producing low-trans- or zero trans-margarines by random

(252) or directed interesterification of mixtures of unhydrogenated and fully hydro-

genated soybean oils and other fats (253). To produce these products, a liquid oil

and completely hydrogenated hardstock are interesterified, so that proper plasticity

can be obtained. Oils that contain considerable amounts of palmitic acid favorably

influence crystallization and polymorphic form of the interesterified fat blends

(254).

Chemical interesterification is conveniently achieved by using alkali metal

methylates as a catalyst. Microbial lipases are also used as biocatalysts in enzy-

matic interesterification. In contrast to the chemical process, the enzymatic process

can be more selective if an enzyme with positional specificity is used, but this

reaction is usually much slower and more sensitive to reaction conditions. Recent

developments in lipase-catalyzed interesterification have resulted in new industrial

applications of this process (255). Nevertheless, the high costs of enzymes and pro-

cess equipment may limit widespread adoption of this process.

In developing trans-free fat, various methods for laboratory-scale, pilot plant,

and commercial batch reaction were described by Erickson (256). List et al.
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(252) developed a zero-trans margarine by interesterifying 80% refined, bleached,

and deodorized (RBD) soybean oil with 20% fully hydrogenated soybean oil. The

resulting product has a solid fat index comparable with that of conventional pro-

ducts. The randomly interesterified low- [zero-] trans-soybean margarines crystal-

lize in the more favorable b0 crystal form (252) but tend to crystallize slowly after

chilling and result in a product that is harder than desired (257). Addition of 20%

liquid soybean oil to the interesterified oil yielded a softer, more desirable product.

Table 19 presents a typical example of the combined use of hydrogenation, inter-

esterification, and fractionation to produce low-trans fats with physical properties

comparable with partially hydrogenated soybean oil with high trans content.

Alternatively, recent research has focused on soybeans bred for high contents of

saturated fatty acids, some with as much as �43% saturates, 23% palmitate, and

20% stearate compared with the normal �15 % saturates, 11% palmitate, and

4% stearate. Soybeans only produce cis-fatty acids and, thus, there are no sources

of trans-fatty acids in the blends. List et al. (258, 259) showed that soybean oil from

soybeans bred to produce 30–40% saturates was not sufficiently solid to make good

margarine, but soybean oil with elevated saturated fatty acid contents (17–38%)

could be blended with high-melting oils, such as palm oil, interesterified palm

oil, interesterified palm and soybean oils, and cottonseed and soybean hardstocks,

to make a good margarine. Kok et al. (260) used blends (50:50) of traditional soy-

bean oil and oil from soybeans bred to produce oil high in saturated fat (�43% satu-

rates, 23% palmitate, 20% stearate). The blend was then interesterified to produce

oil that was made into soft tub margarines. The small differences in sensory proper-

ties observed in comparisons with other tub margarines indicated the interesterified

product should be quite acceptable to most consumers. List et al. (259) also report

randomly interesterifying (randomizing) neat soybean oil high in saturated fatty

acids (10% palmitate, 18% stearate) gave good margarine without graininess

(SFI values of 5–8 at 10�C, 2–3 at 21.1�C, and 1–2 at 33.3�C).

TABLE 19. Example of Combined Hydrogenation, Interesterification, and Fractionation

to Produce Low Trans-Margarine Fat (187).

Solid Fat Content (%, at �C)

Melting

Iodine Value Point (�C) 10 20 30 40

Soybean oil (SBO) feedstock 134 �7 0 — — —

Fully hydrogenated SBO (FHSBO) 1 71 95 94 94 93

Blending SBO and FHSBO (60:40) 81 63 44 42 39 35

Random interesterification of SBO 81 53 38 33 20 11

and FHSBO (60:40)

Fractionation of the interesterified oil

Soft fraction 91 24 25 1 0 0

Hard fraction 63 58 60 58 45 32
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11.7. Shortenings

Shortenings are fats of vegetable or animal origin used in baking, but the term

shortening also has been accepted as a term to describe semisolid fats for frying

and cooking. Just as in margarine, the solid fat exists as a tight network of small

crystals, which trap liquid oil. Plastic shortenings differ from margarine in that

shortening is not an emulsion; it is all lipid material and may contain emulsifiers.

Prior to the development of hydrogenation, lard and tallow were the principle short-

ening fats, but these fats lack the diversity of texture and functionality required for

many products. Today, most shortenings contain at least some soybean oil, largely

because it is the least expensive oil that can confer adequate functionality. Short-

ening is available in many forms: plastic and semisolid (cubed, sheeted, and

printed), pourable fluid (with suspended solids), encapsulated powder, and flaked.

Most plastic shortenings are produced by blending oils with hydrogenated fats and

often emulsifiers and solidifying or crystallizing and plasticizing the blend. The

shortening is packaged and tempered by holding it in a quiescent state for several

days at 30�C. During solidification, 10–25% air is often incorporated to improve the

color and texture. Pourable and fluid shortenings are produced by blending appro-

priate oils and emulsifiers. They are crystallized by cooling the fluid mass and stir-

ring the suspended crystals for 4–6 hr at precise temperatures so that large crystals

do not develop, and the fluid becomes stabilized.

Shortenings are added to baked goods to shorten or tenderize them by interrupt-

ing the gluten structure. Shortenings improve mouthfeel and eating qualities, add

lubricity, improve dough-handling properties, contribute flavor and structure, and

promote desirable crumb grain and texture (261). Shortening and tenderizing

effects are especially important in cakes, piecrusts, pastries, cookies, and crackers.

Generally, solid fat indices that change little with temperature are desired for most

shortening applications. Table 20 shows plasticity and melting properties of differ-

ent commercial shortenings. Typical shortening levels are 2–5% in bread, 5–25% in

cake, 20–30% in sweet goods, 30–40% in puff pastry, and 20–35% in piecrusts.

Many plastic shortenings are packaged in 50-lb polyethylene-lined boxes, pri-

marily for use in retail bakeries, e.g., in grocery stores. These are difficult to handle

in large, automated wholesale bakeries. Sometimes, 190-kg drums are used, but are

still difficult to manage and use in the bakery where large amounts are needed.

Pourable and pumpable fluid shortenings were developed to avoid these problems

and are based on soybean oil. However, liquid oils do not cream and aerate well.

The addition of small amounts of hardfats, known as stearine, and various emulsi-

fiers can impart good functional properties to the liquid shortening.

Although adequate quality bread and rolls can be produced without shortening

by using the sponge-and-dough or straight-dough methods, the inclusion of short-

ening increases volume by as much as 25% compared with breads with no short-

ening. This volume increase often is referred to as oven spring, and it reduces

firmness throughout the products storage life. The largest volume of bread is

made by the continuous-mixing method in the United States and shortening is cri-

tical to good quality bread manufactured when using this method. Shortening
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TABLE 20. Typical Compositions and Properties of Baking Shortenings.

Solid Fat Index Melting Point

————————————————————————

Type Composition 10�C 21.1�C 26.7�C 33.3�C 37.8�C (�C)

Cookie and pie dough shortening Partially hydrogenated soybean and palm oils

(unemulsified)

26–30 18–22 16–20 12–15 9.5–13 46–48

Cake and icing shortening Partially hydrogenated soybean and cottonseed oils

(mono and diglycerides)

23–27 16–19 15–18 12–15 9–12 48–50

Yeast-raised sweet goods Partially hydrogenated soybean and palm oils (mono and

diglycerides)

24–29 14–18 9–12 44–47

Fluid cake shortening Partially hydrogenated soybean oil (mono and diglycer-

ides, triglycerol monostearate, sodium stearoyl 2-

lactylate)

High volume cream filling and

icing

Partially hydrogenated soybean and palm oils (mono and

diglycerides, polysorbate 60)

25–28 19–22 18–21 14–17 11–14 47–49

Biscuit shortening Partially hydrogenated soybean and palm oils

(unemulsified)

25–30 16–20 7.5–

11.5

44–47

Roll-in margarine for yeast-raised

sweet goods

Partially hydrogenated soybean and palm oils (mono and

diglycerides)

25–30 15–19 6–9 41–42

Fluid bread shortening Partially hydrogenated soybean oil (mono and

diglycerides)

Fluid bread shortening Partially hydrogenated soybean oil (mono and

diglycerides, sodium stearoyl 2-lactylate, ethoxylated

mono and diglycerides)



delays starch gelatinization and allows the dough to expand more before the struc-

ture is set. Maximum loaf volume, which is a desirable trait in the United States, is

achieved with 6% of emulsified shortening, based on flour weight, but, in practice,

3–5% is normally used. Hardfats in bread shortenings are important in reducing col-

lapse of the loaf’s sidewall. At least 4% hydrogenated lard stearine is desired in

many bread shortenings. Refined, bleached, and deodorized soybean oil is used

in most commercial white pan breads.

Bread shortenings should crystallize in the b form. The base fat of a typical plas-

tic bread shortening is comprised of 90% partially hydrogenated soybean oil (70

IV) and 10% lard stearine (<5 IV); whereas the base fat of a typical fluid bread

shortening is comprised of 95% partially hydrogenated soybean oil (95 IV) and

5% lard stearine. Mono-and diglycerols, are added to reduce staling rate and

more functional emulsifiers, such as sodium steroyl-2-lactylate or ethoxylated or

succinylated mono-and diglycerols, are added as dough conditioners to impart

greater mixing tolerance to enable the bread to withstand abuse without loss of

loaf volume (262).

Using emulsified shortening in layer cakes, cake doughnuts, and muffins

increases volume and reduces air cell size and produces a fine internal grain.

Creaming is defined as the mixing of the shortening over wheat flour particles

and incorporating of air nuclei into the fat. The air nuclei can become sites for

gas bubble formation, which is important in cakemaking. The large number of min-

ute air bubbles incorporated into shortening improves the leavening in baked goods.

For the shortening used in cakes and icings, small (�1 mm) needle-like b0 crystals

are preferred to the larger (5–15 mm) b crystals because the b0 shortenings appear

smooth, provide good aeration, and have better creaming properties (263).

Typically, partially hydrogenated soybean oil is blended with cottonseed or palm

oil hardstock to obtain b0 crystals. Most cake shortenings contain mono- and digly-

cerides to decrease the size of entrained air cells during creaming, to produce finer

air cells and grain in the cake crumb, and obtain a larger volume per unit weight of

batter (specific volume). To achieve proper aeration of fluid cake shortenings, how-

ever, partially hydrogenated soybean oil with b-tending soybean hardstock is

balanced with a-tending emulsifiers, which are typically mono- and di-glycerides

and glyceryl-lacto fatty esters.

Generally, plastic baking shortenings should be firm and plastic, but not brittle or

too soft and oily. Hardfat is added to soybean oil to achieve proper texture, plasti-

city, and creaming properties. Plastic shortenings should be soft and plastic at low

temperatures and still remain semisolid at body temperature.

Soybean oil is excellent for preparing hydrogenated base stocks from which a

wide array of shortenings is made. Up to 50% soybean hardfats are blended with

partially hydrogenated soybean oil in some shortenings. Soybean hardfats, however,

crystallize in the b polymorph unless blended with an equal or greater amount of b0

hardfat, such as hydrogenated palm or cottonseed oil. Partial hydrogenation of the

base soybean oil improves the oxidative stability of the shortening. The amount of

hardstock is varied to achieve the desired texture for the specific product applica-

tion. Various kinds of baked goods need varied shortening functionalities and
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plasticities to produce optimum quality. Plasticity is controlled by achieving the

proper solid fat content or solid fat index. Typical plastic shortenings should

have a relatively flat solid fat index, with solids content in the range of 15% to

30% over the temperature range of 15�C to 32�C (264). One means of getting these

properties is blending 10% hardstock from two sources to get the proper crystal

structure with 90% partially hydrogenated soybean oil (IV 65–80).

11.8. Confectionery and Imitation Dairy Products, and Low-Calorie Fat
Substitutes

Very little soybean oil is used to manufacture the hard butters used in confectionery

products or imitation dairy products. For imitation chocolate, enrobing fats, coffee

whiteners, whipped toppings, imitation cheese, frozen desserts, and filled milk,

coconut and palm kernel oils are preferred because of their sharp melting points.

It is important in these applications to have very low solids at body temperature

to prevent a waxy mouthfeel. A few fractionated specialty blends of hydrogenated

soybean oil and hydrogenated cottonseed oils (265) or soybean oil that has been

hydrogenated by using sulfur-treated nickel catalysts to achieve high selectivity

(266) occasionally may be used. These fats, however, are also high in trans-fatty

acids (>40%) and new trans-fat labeling requirements discourage their use. The

advantages of imitation dairy and chocolate products are improved functionality

compared with natural products. Thus, freeze-thaw stability in whipped toppings

and melting properties can be customized for specific applications (267).

As a result of widespread concern about weight control, the production of lipid

materials with reduced or zero calories has been of special interest recently. The

lipid-based fat replacers are esters that resist enzymatic hydrolysis, are poorly

absorbed, have relatively low-energy content, or have different modes of metabo-

lism. Many of these materials can be made from soybean oil or contain soybean oil

fatty acids. Sucrose polyester or other synthetic esters and diacylglycerol oils are

examples of these low-calorie fat substitutes (268–274).

12. OXIDATIVE QUALITY OF SOYBEAN OIL

The oxidative stability of soybean oil is affected by its composition, handling of

beans prior to extraction, processing conditions, and additives. Important composi-

tional factors in soybean oil stability include its fatty acid composition and the pre-

sence of free fatty acids, phospholipids, natural antioxidants, and pigments (275).

Important handling and processing factors include excessive bean moisture,

damage, and temperature; exposure to oxygen; contamination by pro-oxidant

metals; and exposure to light (276).

12.1. Flavor Reversion

Soybean oil has poor oxidative stability, which is a major problem for the soybean

industry. Crude soybean oil has a characteristic ‘‘green-beany’’ flavor, which is
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eliminated during refining, bleaching, and deodorization, to produce a bland-tast-

ing, light-colored oil. During storage, however, refined soybean oil develops a char-

acteristic flavor that often is called ‘‘reversion flavor’’ (277). Prior to the 1940’s,

some believed that soybean oil ‘‘reverted’’ to its unrefined flavor after being refined

and deodorized. Soybean oil was considered extremely light sensitive, and it was

believed to revert if one carried the freshly deodorized oil past the light of a north

window. This reversion was not considered an oxidative phenomenon (278). Actu-

ally, the term ‘‘reversion’’ is a misnomer, because (1) soybean oil does not revert to

its original crude-oil flavor, (2) the effect of light is real but was greatly exagger-

ated, and (3) the off-flavor development is indeed an oxidative reaction (278). Pro-

cedures available for following oxidation prior to the 1940’s involved an iodometric

titration to obtain a peroxide value, but this method was too insensitive to measure

the low degree of oxidation that could be detected in soybean oil by sensory exam-

ination. With the support of more sensitive methods, we now know that upon oxi-

dation, soybean oil develops ‘‘beany and grassy’’ flavors at the early stages (i.e.,

peroxide value 10 or below), rancidity at higher levels of oxidation (peroxide value

of 10 or more), and ‘‘fishy’’ or ‘‘painty’’ flavors at the more advanced stages. These

flavor deterioration characteristics are common to all unsaturated oils containing

significant amounts of linolenate (279). It is now widely accepted that flavor dete-

rioration of soybean oil is an oxidative phenomenon, and that linolenate is the most

important precursor of flavor reversion of soybean oil.

The technology to handle soybean oil’s off-flavor was discovered by an interest-

ing set of circumstances. Near the end of World War II, Warren Goss, who was

commissioned to learn the secrets of the German oilseed industry, found that a

Dr. Tassusky and his daughter Ilona had patented a process involving multiple

washes of crude soybean oil with water or sodium silicate solution and the addition

of 0.01% citric acid to the deodorizer (278). This process worked, not because of

the washings, but because of the addition of citric acid. Now we know that trace

metals accelerate flavor deterioration and that treatment with citric acid or other

metal deactivators is a practical and effective means of improving flavor stability

(274).

12.2. Studies on Oil Oxidation

Extensive work has been done to clarify the mechanism of oil oxidation. It is a free-

radical chain reaction catalyzed by light, heat, and metals, in which molecular oxy-

gen reacts with unsaturated fatty acids to produce hydroperoxides. (280). An impor-

tant factor in initiating the oxidation of unsaturated fats is by exposure to light in

the presence of oxygen and a sensitizer. The activation of ordinary triplet oxygen in

this way forms singlet oxygen, which reacts readily with unsaturated fatty acids

(281). Oxygen is quite soluble in soybean oils (282), which frequently contain nat-

ural photosensitizers, such as chlorophylls or pheophytins. Singlet oxygen readily

reacts with the double bonds of unsaturated fatty acids; for example, singlet oxygen

reacts with methyl linoleate at a rate of at least 1500 times faster than normal triplet

oxygen (282). Once oxidation is initiated by singlet oxygen, the hydroperoxides
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that result can decompose to yield free radicals, and the reaction mode quickly

becomes autocatalytic in the presence of triplet oxygen. A study by Carlsson et

al. (283) found that the photo-oxidation of various unsaturated vegetable oils was

not retarded by known free-radical scavengers, but was retarded by compounds

known to quench singlet oxygen. Furthermore, the degree of retardation apparently

paralleled the singlet oxygen-quenching ability of these compounds.

Commonly, the fatty acids in food lipids are exposed to heat during oil

processing and food manufacture. Once peroxides are formed, they can decompose

and generate free radicals, and the rate of peroxide decomposition increases with

temperature. Such reactions are of extreme importance to both consumers and

processors, because of their flavor significance, and under frying conditions

they can affect the physical, nutritional, and toxological properties of the fried

food.

Enzymes native to plants and animals can initiate oxidation reactions. The most

important and best known of these enzymes is lipoxygenase (linoleate:oxygen oxi-

doreductase, E.C. 1.13.11.12) (LOX) (284, 285). Enzymatic oxidations in plant sys-

tems are mediated by lipoxygenases that use molecular oxygen to catalyze the

oxidation of lipids containing a cis, cis-1,4-pentadiene moiety, such as linoleate

and linolenate. The reaction leads to the formation of hydroperoxides, giving the

same isomers as those formed during autoxidation of linoleate and linolenate. Soy-

beans are a rich source of lipoxygenase isozymes known as LOX-1, LOX-2, and

LOX-3, and their activity is associated with the development of off-flavors, espe-

cially green-beany flavors, in soybean products (285).

Monohydroperoxides are the primary products of lipid oxidation. A variety of

hydroperoxides with positional and geometrical isomers are formed depending

on the position and number of double bonds of the unsaturated fatty acids and

the oxidation mechanism. A number of reviews have been published on the com-

position of isomeric hydroperoxides formed from oxidation of oleate, linoleate, and

linolenate (286, 287–291). The hydroperoxides formed are odorless, but they are

relatively unstable and are the precursors of a variety of volatile and nonvolatile

scission products that are important to the oxidized flavor.

Secondary volatile scission products from primary hydroperoxide decomposition

include aldehydes, alkanes, alkenes, alkynes, alcohols, and hydrocarbons. There are

considerable differences, however, in the flavor significance of these volatile com-

pounds. When estimating the impact of volatile oxidation products on flavor, it is

necessary to know not only their relative concentration, but also their relative

threshold values. One way of evaluating flavor impact is to divide the concentration

by the threshold concentration, although the relative flavor impact may change with

absolute concentration (292). Also, interactions among flavor compounds in the

olfactory response may be important. The relative volatility also may play a role

if a compound must be in the gas phase to reach the olfactory organ. Lee et al.

(293) created equations to relate the flavor impact of individual volatiles, dispersed

in an oil-water emulsion, to a specific concentration of 2-heptanone (Table 21). By

this method, in a fresh and oxidized soybean oil, nonanal contributed the greatest

individual effect on the flavor intensity, followed by trans, trans- and trans,

OXIDATIVE QUALITY OF SOYBEAN OIL 631



cis-2,4-heptadienal, and 2-heptenal. Hexanal produced a large GC peak, but its

effect on flavor intensity was relatively small. More recently, Kao et al. (294)

suggested that particles formed in the oral cavity could transport entrained triacyl-

glycerols to the olfactory epithelium, allowing the triacylglycerols themselves to

impart flavor, thus implying that compounds in oxidized soybean oil do not need

to be volatile to contribute to flavor. They noted that the nutty flavor of fresh

soybean oil could only be observed when the lips were parted or the tongue drawn

away from the palate, both being conditions that generated particles. Liu and

Hammond (295) did further work to support the hypothesis that oral particles

strongly influence flavor perception of ketones typically found in oxidized soybean

oils and of flavor compounds in other foods.

Numerous studies have shown that the off-flavor intensity of soybean oil is cor-

related with its concentration of linolenate. Although the concentrations of both

linoleate and linolenate, which can reach 60–65% in typical soybean oil, undoubt-

edly contribute to soybean oil’s instability, it is not clear why the much smaller

amount of linolenate has such a strong effect on soybean oil flavor. Linolenate is

expected to oxidize about twice as fast as linoleate, but there is seven to eight times

more linoleate than linolenate in typical soybean oil. The flavor compounds pro-

duced by linolenate do not seem to have much lower thresholds than those produced

from linoleate. Possibly flavor interactions in olfaction may account for these

effects.

TABLE 21. Concentrations (ppb in emulsion) of 2-Heptanone Perceived to Have

the Same Flavor Intensity as the Components Isolated from Commercial Soybean

Oil Oxidized at 35�C Under Fluorescent Light for up to 11 Days (293).

Day

——————————————————————————————

Component 0 4 7 11

1-Penten-3-one 0.21 0.46 1.14 1.00

Pentanal 0.27 0.27 0.34 0.35

t-2-pentenal 0.27 0.18 0.24 0.35

Toluene 0.80 0.44 0.37 1.24

Hexanal 2.57 4.67 6.21 6.42

Heptanal 12.35 15.50 17.47 16.19

t-2-Heptenal 5.37 16.02 28.55 38.86

1-Octen-3-one 1.58 1.86 2.43 2.47

1-Octen-3-ol 1.41 3.98 8.74 12.60

t,c-2,4-Heptadienal 17.09 29.30 42.66 48.05

2-Pentylfuran 3.54 4.51 5.26 5.52

t,t-2,4-Heptadienal 20.80 34.27 45.10 48.18

2-Octenal 5.14 8.07 10.82 12.09

Nonanal 76.58 108.18 113.70 101.90

t,c-2,4-Decadienal none none 15.62 26.24

t,t-2,4-Decadienal none none 25.09 43.30

Total 148.0 227.8 323.8 364.8
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12.3. Control/Stabilization Measures

Selective hydrogenation to lower the concentrations of linolenate or linolenate and

linoleate has been practiced to improve the oxidative stability of soybean oil. The

linolenate concentration of soybean oil also can be altered by mutation breeding

and genetic engineering (296).

Autoxidation can be inhibited or retarded by adding low concentrations of chain-

breaking antioxidants that interfere with either chain propagation or initiation

(286). Chain-breaking antioxidants include phenolic and aromatic compounds hin-

dered with bulky alkyl substituents. Common synthetic chain-breaking antioxidants

used in food lipids include butylated hydroxyanisole (BHA), butylated hydroxyto-

luene (BHT), tert-butylhydroquinone (TBHQ), and propyl gallate (PG). This class

of antioxidants react with peroxy free radicals to terminate reaction chains. The

antioxidant radical (A�) formed in Equation 5 should be relatively stable and unable

to initiate or propagate the oxidation chain reaction.

ROO� þ AH! ROOHþ A� ð5Þ

The phenolic antioxidants achieve stability by forming resonance hybrids (Figure 10)

(297). A radical intermediate, such as semiquinone, can undergo a variety of

reactions, including dismutation, to form a stable quinone and can regenerate the

original hydroquinone (Figure 11). However, these antioxidants generally lose their

efficiency at elevated temperatures, and they are most effective during the induction

period. Once the antioxidant is consumed, oxidation accelerates (297).

Preventive antioxidants reduce the rate of the chain initiation. The most impor-

tant initiation suppressors are metal deactivators that chelate metal ions. Metal

deactivators used for stabilizing edible fat and lipid-containing foods include citric,

phosphoric, tartaric acids, and phospholipids. Peroxide destroyers also are preventive

ROO +

OH

OH
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Figure 10. The formation of resonance hybrids by phenolic antioxidants.
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Figure 11. This dismutation of a semiquinone radical intermediate.
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antioxidants; for example, the sulfur compounds, phosphates, and phosphines

reduce hydroperoxides to more stable alcohols (286).

Ultraviolet light deactivators can prevent oxidation by absorbing irradiation

without the formation of radicals. Examples include pigments such as carbon black,

phenyl salicylate, and a-hydroxybenzophenone. A significant synergistic antioxida-

tive effect can be achieved when chain-breaking and preventive antioxidants are

used together, because they suppress both initiation and propagation. The synergis-

tic effect of common antioxidants in combination with metal inactivators in foods

has been known for some time (33). Loliger (298) showed that the tertiary antiox-

idant system of Vitamin E, Vitamin C, and phospholipids provided the best protec-

tion against oxidative degradation when compared with the two antioxidants used

alone or in combination.

Light deterioration is also an important factor in the storage stability of soybean

oils. Refining and bleaching remove not only natural photosensitizers, but also sing-

let oxygen quenchers such as carotenoids. The restoration of the removed carote-

noids may protect lipids effectively against singlet oxygen deterioration, but the

resulting yellow coloration may be objectionable to consumers. Another approach

to protecting stored oils from light is the use of a package or container that absorbs

the light necessary for photosensitization or that prevents light from reaching the

oil.

Avoiding metal contamination is also very important, as metals such as copper

and iron are strong pro-oxidants for soybean oil. Copper or iron-containing alloys,

except stainless steel, should never be used for equipment involved in direct contact

with soybean oil. Soybean oil may be stored in containers made from carbon steel

that is coated on the interior with an epoxy or polyurethane lacquer, in stainless

steel, or in fiberglass-reinforced polyester.

Displacement of oxygen in container headspaces by nitrogen or carbon dioxide

to � 2% has been shown to reduce oxidation effectively in vegetable oil (299).

Therefore, nitrogen or other inert gas protection should be considered whenever

the oil is to be stored for an extended period or held in the hot, liquid state.

12.4. Evaluation of Finished Oil Quality

Regardless of the official specifications for soybean oil and its products, the ulti-

mate ‘‘proof of the pudding is in the eating’’; that is, sensory evaluation of the odors

and flavors of soybean oil and its products is the ultimate method to assess oil qual-

ity and stability. Sensory evaluation cannot be replaced fully by any chemical or

instrumental analysis, although some methods can correlate fairly well with sensory

results. Sensory evaluation of oils usually is done by a panel of experts or a trained

panel, and often the method recommended by the American Oil Chemists’ Society

(300) is used. During the evaluation, the panel is asked to score the overall flavor

quality, as well as the intensity of many individual off-flavors. Although chemical

and physical tests are more reproducible and less time consuming than sensory eva-

luations, oxidative rancidity and off-flavor evaluation of soybean oils are best done

by sensory tests. Correlations established between sensory evaluation scores and

634 SOYBEAN OIL



various chemical tests, however, can be used to predict the sensory quality of fin-

ished oil products.

Peroxide value, expressed as milliequivalents of peroxide per kilogram of oil,

measures the primary oxidation products of oils—the hydroperoxides. The peroxide

value has shown a particularly good correlation with sensory flavor scores of soy-

bean oil, and its use during storage is quite common. The peroxide value is an index

to the oxidative state of an oil. Soybean oil is considered ‘‘fresh’’ with a peroxide

value <1.0 mEq/kg, to have low oxidation with 1.0–5.0 mEq/kg, to have moderate

oxidation at 5.0–10.0 mEq/kg, to have high oxidation at >10.0 mEq/kg, and to have

poor flavor quality at >20 mEq/kg (6). Several methods (300–303) can be used to

measure the peroxide value of an oil depending on the specific circumstance.

One of the first steps in the oxidation of polyunsaturated fatty acids is a shift in

the position of double bonds, resulting in the formation of conjugated hydroperox-

ides. The conjugated structure absorbs strongly at a wavelength of 232–234 nm.

The conjugated diene value (300) is expressed as the percentage of conjugated die-

noic acid in the oil and is an indication of initial or primary oxidation products.

Conjugated diene value can be used as a comparative method only when the oils

have the same initial fatty acid composition, because the greater the amount of

polyenoates in an oil, the greater the potential rise in the conjugated diene value.

As a result, this method should be used as a relative measurement of oxidation in an

oil only if the fatty acid composition is known (303).

As aldehydes and some ketones have long been identified as oxidation and

breakdown products of fats, their determination also has been common in soybean

oil quality control. The p-anisidine value (300) measures light absorbance of alde-

hydes, primarily 2-alkenals, and 2,4-dienals at 350 nm. However, this measure is

not entirely specific, because the color intensity developed depends not only on

the concentration but also on the structure of the aldehyde. Therefore, the results

are comparable only within oils of similar type and treatment (304).

Free fatty acid (305), polar compounds (300), viscosity, and color analyses are

often performed to determine the degree of abuse that oils receive during heating or

frying. They are important indicators of frying oil quality, because these compo-

nents affect the quality of the fried food. The free fatty acid increase during frying

indicates released from triacylglyceride ester linkages via hydrolysis (233). Thus, it

is an important marker for oil quality. Abused frying oil should be discarded if it

contains >27% total polar compounds, according to a German standard of frying

oil quality (306). Changes in viscosity and color of the frying oil also are used as

indicators of the extent of frying oil degradation.

There are many other methods for measuring lipid oxidation and quality by che-

mical means. Among the best-known procedures are the thiobarbituric acid (TBA)

test, carbonyl value, and headspace oxygen analysis. These methods have been

reviewed and discussed elsewhere (287, 307).

The volatile carbonyl compounds formed during oxidation of fats and oils are

major contributors to off-flavor development. Therefore, there have been significant

efforts at identifying and quantifying these compounds. It is difficult to analyze

these compounds in fats and oils for several reasons. First, it is difficult to remove
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them quantitatively from the fats and oils. Second, widespread contamination by

carbonyls in solvents, glassware, and other laboratory materials may cause artifacts.

Finally, hundreds of volatile compounds may be formed in fats and oils during oxi-

dation causing difficulties in the interpretation. Today, the use of efficient gas chro-

matography (GC) columns and proper means of identification has made reliable

volatile compound analysis become possible.

Three basic GC procedures are generally employed (300), including static head-

space, dynamic headspace, and direct injection. Static headspace involves equili-

bration of gases from the area above a liquid sample; a set volume of the

headspace gas from the sample is then injected directly into the GC for separation

and quantification. The dynamic headspace method, also known as purge and trap,

employs a sorbent, such as Tenax GC, Chromosorb, or Porapak Q, to collect vola-

tile compounds that are swept from a heated sample with an inert gas such as

helium or nitrogen. After trapping, the sorbent may be extracted with solvent, or

transferred directly to the GC inlet port. In direct injection, an oil sample may be

injected directly into the port of the GC through a silanized glass wool plug. Each

of these methods has their own advantages and disadvantages (287).

Recently, the method of gas chromatographic solid-phase microextraction (GC-

SPME) has been developed (308–310). This method uses fibers coated with various

polymers to extract volatile compounds from a food system. The method can be

used in solid, liquid, and gaseous systems. It is fairly easy to evaluate volatile com-

pounds by this analysis and to maintain consistent conditions.

Evans et al. (311) and Scholz and Ptak (312) used GC analysis of n-pentane as a

measurement of rancidity of vegetable oils. Dupuy et al. (313, 314) determined the

volatile carbonyl compounds from soybean oil using a modified gas chromato-

graphic inlet tube and found good correlations between the volatile profile analysis

and sensory scores. The Flavor Quality and Stability Committee of the AOCS eval-

uated GC volatile profiling as a standard method of flavor evaluation (275). As a

result, they wrote two Recommended Practices, entitled ‘‘Volatiles in Fats and

Oils by Gas-Liquid Chromatography’’ Cg 4-94, 1997 (300) and ‘‘Correlation of

Oil Volatiles with Flavor Scores of Edible Oils’’ AOCS method Cg 1-83, 1997

(300). These AOCS methods were validated in an AOCS collaborative study on

sensory and volatile analyses, in which three methods of volatile compound ana-

lyses were compared with sensory analyses by using the AOCS flavor scales

(315). Despite agreement on the usefulness of these methods, the committee

stressed that only humans can measure flavor, thus these volatile GC methods mea-

sured features such as oxidative stability and compound breakdown—not sensory

perceptions per se.

Not surprisingly, heat treatment, such as commercial and household frying,

accelerates autoxidation. In addition to undergoing autoxidation, when fats are

heated in the presence of moisture, as often is the case in food applications, fatty

acids are released via hydrolysis of the ester linkages (233). The free fatty acids can

accelerate oxidation of the oil. During heat treatment, the formation of dimeric and

cyclic compounds seems to be the predominant thermolytic reaction of unsaturated

fatty acids. In the presence of oxygen during heat treatment, however, oxidative
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polymerization also can occur (233). Obviously, temperature, heating time, avail-

ability of oxygen, etc. can largely influence the extent to which these thermal and

oxidative polymerization reactions occur.

Decomposition and condensation of hydroperoxides also produces a multitude

of nonvolatile monomeric products, including di- and tri-oxygenated esters, and

dimeric and polymeric materials, especially at elevated temperature. Many of these

dimers and polymers are known to be rich sources of volatile carbonyl compounds

and to decrease the flavor and oxidative stability of soybean oil (316). These high-

molecular-weight materials also can produce a series of physical and chemical

changes to the oil and food products, including increased viscosity, polarity, free

acid content, development of dark color, and an increased tendency of the oil to

foam (233).

12.5. Storage and Handling

Production of good quality soybean oil requires close control from harvesting of the

soybeans, during bean storage, during and after oil processing, through consump-

tion of the finished oil products to guard against oxidative, enzymatic, and micro-

biological deterioration. Good processing measures include careful control of

refining temperature, vacuum bleaching, and inert gas blanketing. Heat accelerates

the reaction of atmospheric oxygen with edible oils, therefore, localized overheat-

ing is detrimental to final oil quality. After processing, soybean oil should be stored

at as low a temperature as possible and practical, and with protection from light.

Vacuum conditions are very important during bleaching, because oxidation can

readily occur by exposure of a large surface area to air at elevated temperatures.

During storage, a package containing the maximum amount of oil is preferable,

because oxygen availability is lower with a lower headspace-to-oil ratio. Peroxide

formation also is a linear function of surface-to-volume ratio (275). According to

List (317), in field storage tanks, the oil is also subjected to conditions that cause

development of sizable temperature gradients that can produce considerable inter-

nal oil movement. Such movement would be expected to increase the quantity of oil

available at the surface and to accelerate oxygen diffusion. Therefore, soybean oil

stored in filled tanks should be at as low a temperature as possible to avoid such

conditions.

12.6. Special Processing for Off-Specification Oil

Oils from field-, frost-, moisture-, and storage-damaged beans usually have higher

levels of free fatty acids and iron, lower levels of phosphorous, darker colors, and

poorer flavor and oxidative stability in the finished products than do oils from unda-

maged beans. Such beans are difficult to process, and standard processing methods

usually do not produce finished oils that can meet soybean oil specifications for

trading or domestic consumption.

The National Soybean Processors’ Association (318) trading rules specify that

prime crude oils, after refining and bleaching by an official method (300), must
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meet a Lovibond color level of 6.0. Frost-damaged oils often will not meet this

requirement. Oils from frost-damaged beans tend to have an undesirable green col-

or in the crude oils caused by compounds related to, but not identical to, chlorophyll

(includes pheophytin) or some of its derivatives, according to Stern and Grossman

(319). When bleaching such oils, acid-activated clays are more efficient than neutral

clays and increased amounts of bleaching earth make the removal of the green color

more effective. According to Stern and Grossman (319), pretreatment with charcoal

(0.4–1.0%) at 90�C or treatment of a cold hexane-oil mixture with charcoal is effec-

tive in partly removing the green pigment. When charcoal pretreatment is combined

with additional treatment from sugars and activated bleaching clays, complete

removal of green pigments is possible. Hydrogenation can also be used to remove

green color from soybean oil. According to Beal et al. (175), a green oil (IV 132)

hydrogenated to IV 110 in the presence of 1% copper chromate catalyst was no

longer green after cooling and filtration. However, the use of copper chromate is

not a common practice.

When soybeans are exposed to rain or humid weather in the field, the beans tend

to sprout and decay, and the oil from these beans develops a dark-brown color and

chalky texture (312). Drought stress affects protein and oil content of soybeans but

seldom damages oil quality significantly. According to List (317), off-specification

oils from field-, frost-, heat-, and moisture-damaged soybeans result in high refining

losses during processing, poor refined-bleached color, and lowered flavor and oxi-

dative stability. High refining losses may be partly overcome by use of phosphoric

acid or acetic anhydride degumming. Color problems of oils from damaged beans

may be alleviated, in part, by use of acidic bleaching earths, increased amounts of

bleaching earths, and higher bleaching temperatures. Overall, however, the best

practice for producing high-quality oil is to segregate the bad beans and not include

them in the processing.

13. DIETARY FATTY ACIDS AND THEIR HEALTH EFFECTS

13.1. Cholesterol and Heart Disease

Heart disease is still the number one cause of death for both men and women in the

United States. High-blood-cholesterol levels increase the risk of getting heart dis-

ease (319), so, generally, serum (blood) cholesterol is measured to determine a per-

son’s risk of developing heart disease. Although some cholesterol is essential in

forming the body’s cell membranes and synthesizing hormones and bile acids,

too much cholesterol is associated with heart disease. The fat eaten can affect

the blood-cholesterol level. In addition to monitoring total blood cholesterol, the

ratio of high-density lipoproteins (HDL) to low-density lipoproteins (LDL) of the

blood also is important in predicting heart disease. As cholesterol, a waxy sub-

stance, does not mix with water, it needs help circulating through blood, which

is mostly water. Lipoproteins transport cholesterol throughout the body. Low-den-

sity lipoproteins carry cholesterol from the liver to the body and leave deposits on

artery walls. High-density lipoproteins carry cholesterol back to the liver for
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elimination. If the ratio of low/high-density lipoproteins becomes too large, it is

likely that more cholesterol will be deposited in the arteries than is removed. So

the low/high-density lipoprotein ratio also may be used to predict a person’s

chances of developing heart disease. A ratio greater than 3 can indicate above aver-

age risk. The most important dietary influences on blood cholesterol levels are satu-

rated fat, total fat, and dietary cholesterol.

13.2. Saturated Fat and Health Effects

Saturated fat has more impact on raising blood cholesterol levels than anything else

in the diet. The most effective way to reduce the blood cholesterol level is to reduce

the amount of saturated fat in the diet. Animal products are a major source of satu-

rated fat in the average American diet. A very few vegetable oils, including coco-

nut, palm kernel, and palm oils, are rich in saturated fat. Other vegetable oils,

including soybean oil, can become saturated by hydrogenation. Consumption of

too much saturated fat has been associated with the development of heart disease,

some cancers, and other health problems. As soybean oil is the major edible oil

consumed in the United States, lowering its saturated fat could help reduce heart

disease in this country, even though its total saturated fatty acid composition is

only about 15% to 16%. As noted, the major saturates in soybean oil are palmitate

and stearate. Palmitate is responsible for about 70% of the total saturated fat in soy-

bean oil. Substitution of palmitate for carbohydrates or monounsaturates in the diet

increased levels of serum low-density lipoproteins and total cholesterol (320). Stea-

rate has been found to be relatively neutral in its effects on blood lipids, and some

researchers (321, 322) showed that dietary stearate actually lowered serum low-

density lipoproteins and total cholesterol levels; thus, many people recommend

that this saturate not be included in the category of hypercholesterolemic acyl

groups. It was for these reasons that Iowa State University scientists developed

LoSatSoyTM, a soybean oil with half the saturated fat of conventional soybean

oil, with reduction of palmitate to <�3%.

13.3. Unsaturated Fat and Health Effects

Unsaturated fats, classified as either monounsaturated or polyunsaturated, can help

lower the cholesterol levels in blood when substituted for saturated fats. Sources of

monounsaturated fat include nuts, olive oil, and canola oil. Sources of polyunsatu-

rated fat include corn, safflower, sesame, soybean, and sunflower oils.

Soybean oil contains about 21% of the monounsaturate oleate. Studies have

shown that the oxidation rate of oleate is much slower than that of the polyunsatu-

rates, linoleate and linolenate, which oxidize quickly and are the major contributors

to the poor stability of soybean oil (287, 323). A diet high in monounsaturates may

help to reduce elevated levels of total plasma cholesterol without reducing the high-

density lipoprotein-cholesterol level (324). Therefore, high-oleate soybean oil is not

only more stable than conventional soybean oil (275), but also has enhanced nutri-

tive value.
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In both clinical trials and population studies, polyunsaturated fats in the diet

have been shown to actively lower serum cholesterol levels. Soybean oil is consid-

ered to have good nutritive value mainly because of its high concentration of essen-

tial polyunsaturates. As noted previously, it contains about 55% linoleate and 8%

linolenate, both recognized as essential fatty acids. Ingestion of approximately

1–2% of daily calories as linoleate is widely accepted as the amount needed to

meet the essential fatty acid requirement of rodent species and humans (325).

The physiological effects of linoleate have been well characterized. Various

deficiency symptoms include depressed growth, scaly dermatoses, increased skin

permeability, fatty liver, kidney damage, and impaired reproduction. The 8%

linolenate of soybean oil, makes it not only an excellent source of essential fatty

acids, but also a member of the n-3 fatty acid group (the third carbon atom from

the terminal end of the hydrocarbon chain is involved in a double bond). A number

of health benefits have been associated with the consumption of foods or oils that

contain n-3 fatty acids. These associations originally derived from epidemiological

studies of Eskimos who consumed high levels of n-3 fatty acid from seals and

coldwater fish (326). Compared with Danish counterparts, these Eskimos were

found to have a low incidence of heart disease and immune system diseases,

although a somewhat higher level of hemorrhagic stroke. Still today, large-scale

epidemiological studies suggest that individuals at risk for CHD benefit from the

consumption of plant- and marine-derived n-3 fatty acids (327).

13.4. Trans-Fatty Acids and Their Health Effects

The process of catalytic hydrogenation of vegetable oils was discovered in 1897 to

reduce the polyunsaturates and to improve flavor stability, versatility, and perfor-

mance of vegetable oils in salad dressings, during cooking, in deep-fat-frying,

and for the manufacture of margarines, shortenings, and other baking and snack

food applications (328). A side reaction that occurs during hydrogenation is the for-

mation of positional and geometrical isomers of the unsaturated sites that are left

unsaturated. Formation of trans-isomers is rapid and extensive (320). Although

hydrogenation can improve soybean oil oxidative stability and performance versa-

tility, the presence of the trans-fatty acids may make hydrogenated oils nutritionally

undesirable. In particular, the role of partially hydrogenated soybean oil in nutrition

has been under scrutiny because of the health concerns over the presence of trans-

acyl groups in our diets (329); however, the biological significance of these trans-

acyl groups is unclear. The formation of trans-acyl groups in vegetable oils also can

occur, to a small extent, during deodorization (330, 331) and during frying (332,

333). The 9-cis,12-trans-linoleate is present in most vegetable shortenings in

much greater quantities than the 9-trans,12-trans-linoleic acid (334). In heated

vegetable oils, the isomers just mentioned have been reported, plus trans-, cis-iso-

mers of linolenate (330, 332, 335). Trans-isomers are essential fatty acid antago-

nists, especially when the linoleate and linolenate are limited in the diet. For

example, the cis, cis, trans-isomer of 18:3 is elongated and desaturated to form

n-3 trans-isomers of 20:5n-3 and 22:6n-3 in rats (336); isomers that also have
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been found in human platelets (337). The 9-cis,12-trans-linoleic acid can be con-

verted to 20:4n-6 containing a trans-double bond. Unfortunately, this trans-isomer

of 20:4n-6 inhibited the formation of prostaglandins from all-cis-20:4n-6 (338).

Mensink and Katan (250) reported that a diet high in trans-acyl groups raised total

and low/high-density lipoprotein cholesterol ratio compared with a diet high in cis-

acyl groups may be more cholesterolemic than saturates (339), and were linked to

an increased risk of breast cancer development (340).

The estimated trans-acyl group intake by typical U.S. consumers is 11.1–27.6 g/

person/day (341). A comprehensive review concluded that trans-acyl groups con-

sumed at 4.0% or more of total calories may raise plasma lipid levels (342). As a

result of health concerns over the presence of trans-acyl groups in our diet, mod-

ifying fatty acid composition of soybean oil to improve its oxidative and flavor

stability in ways similar to that obtained by hydrogenation, but without trans-

formation, has become an objective of plant breeders.

13.5. Total Fat and Its Health Effects

Excessive intake of any fat is not healthy. According to Klurfeld and Kritchevsky

(342), the enhancement of tumor growth by dietary fat may result, in part, from the

caloric contribution of this nutrient. Significant reduction of tumor incidence with

consumption of 25% less energy was seen consistently in rat tumor systems induced

by chemicals. Currently, most American children get about 34% of their calories

from fat (318). It is recommended, however, that healthy children’s intake of fat

average no more than 30% of calories. Experts also suggest lowering children’s

saturated fat intake to less than 10% of calories. Similar recommendations have

been made for adults (343).
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14
Sunflower Oil

Maria A. Grompone

1. HISTORICAL REVIEW

Sunflower (Helianthus annuus L.), one of the most ancient oilseed species in North

America, belongs to the family Compositae (Asteraceae) and the genus Helianthus.

Cultivation of sunflower dates from times earlier than 3000 B.C., as indicated by

archeological evidence obtained in sites once inhabited by the Hopi Indians, in

the north of Arizona.

According to other archaeological findings and traditional tales, sunflower was

cultivated by indigenous people throughout central North America (from New

Mexico to the Dakotas) and eastward (Pennsylvania and Ontario). It appears that

sunflower was domesticated in America even before corn was. Single-head plants

were preferred by the indigenous people, who differentiated them from multiple-

head plants growing wildly. Some tribes ate fruits directly, or ground into a meal

that was baked in the form of bread. Other tribal practices included boiling of

heads, and crushed roots, for the treatment of disease and bites. The oil extracted

from seeds was used as body and hair ointment. Seeds, petals, and pollen were used

in the preparation of facial and body makeup, and for dying cloth and utensils (1–2).

Sunflower was introduced into Europe by the Spanish explorers returning to the

continent at the beginning of the 1500s A.D. The first scientific review of American

plants was made by Sevillan doctor Nicolás Bautista Monardes (1508–1588), who

wrote Historia medicinal de las cosas que se traen de nuestras Indias Occidentales

(A medical review of things brought from the West Indies, published in Seville in

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
Edited by Fereidoon Shahidi. Copyright # 2005 John Wiley & Sons, Inc.
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three volumes, in 1565, 1571, and 1574). It was in this study that sunflower was first

mentioned. Monardes, who never traveled to America, described those plants that

reached him and which he grew in a Botanic Garden designed for this purpose. He

also gathered information that he obtained from navy captains, missionaries, and

travelers.

There is also a description of sunflower—contemporaneous with the work of

Monardes—in a herbarium made by Rembert Dodoens in 1568. Even though this

and other later herbaria attribute the origin of sunflower to Peru and Central

America, it is now believed to have originated in North America.

Starting from Spain, sunflower crops spread rapidly through France and Italy,

and toward the north and east of Europe. In several regions, it was a source of

smoking leaves, flowers for consumption in salads, or for the manufacture of paint,

edible, and medicinal seed, and cooking oil. But it was, perhaps, the beauty in the

inflorescence of sunflowers that interested the first growers, large and bright yellow,

always facing the sun. Hence, the name of the genus, Helianthus, derived from the

Greek helios meaning sun and anthos meaning flower; and its Spanish, English,

French, and German words: girasol, sunflower, tournesol and Sonnenblumen.

It was not until the eighteenth century that sunflower seeds were used as oilseed.

According to records, the first patent of oil extraction for industrial use was granted

to Arthur Bunyan in 1716 in England, where reference is made to an English seed

that could be pressed yielding sweet oil of great value for those interested in the

manufacture of wool, paint, leather, and so on. Seeds of double- and single-head

flowers, known as sunflowers, were indicated for oil extraction (2).

In Russia, it was introduced by Peter I the Great, Czar between 1682 and 1725,

who, having seen sunflowers in the Netherlands, took seeds to Russia. It was in

Russia where the most important development took place in the use of sunflower

as both food and oil source. The Russian Orthodox Church banned the consumption

of several foods during Lent and Advent (periods of the religious calendar dedi-

cated to fasting and penitence), including several sources of oil. As the ban did

not include sunflower seeds, they were adopted as an oil source.

Rapidly, sunflower spread through Russia, the earliest records of cultivation dat-

ing from 1770. The extraction of oil from sunflower seeds was first suggested in

1779, according to Russian Academy proceedings. The cultivated area increased

rapidly as a result of the development of the sunflower oil extraction industry,

Russia being the world’s first and largest sunflower producer until current times.

Once the value of the crop had been recognized, commercial production was started

in 1880 over 150,000 hectares, a figure that reached one million hectares toward

1910. Pioneering and fundamental research work has been carried out in Russia

since 1860 concerning the improvement of seed for oil content.

Toward the end of the nineteenth century, improved Russian cultivars were intro-

duced in the Balkans leading to the expansion of sunflower crops. The crop did not

reach northern Europe owing to the lack of cultivars adapted to cold climates.

Sunflower was the main Russian crop already at the beginning of the twentieth

century. In 1912, scientist V. S. Pustovoit started research work in the fields of the

Kuban region. Krasnodar was Russia’s experimental oilseed selection center, since
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1924. The Pustovoit All Union Research Institute was founded in 1932 and named

after V. S. Pustovoit for his valuable contributions (Pustovoit was in charge of the

Breeding Department until his death in 1972). Pustovoit’s work led to an improve-

ment in the oil content and seed yield. The average oil content of a Russian cultivar

was 330-g oil per kilogram seed in 1940, reaching values as high as 550 g per kilo-

gram in strains developed by Pustovoit in 1965.

Hybridization of sunflower resulting from natural cross-breeding, performed in

seed-producing fields with parents planted in alternating lines, led to major

advances in research. It enabled improvements of yield in USSR cultivars and rapid

disease control, as well as increases of oil content and other issues of agronomical

interest. Most remarkable among these open-pollinated varieties was the ‘‘Peredo-

vik,’’ named after the Russian agronomist. Two major events in the 1960s had a

marked effect on the sunflower industry worldwide: the introduction of USSR cul-

tivars of high oil content, and the discovery of cytoplasmic male sterility and ferti-

lity-restoring genes. Male sterile sunflowers were obtained in 1968 by Leclercq

from the offspring of an interspecific hybrid between the cultivated sunflower

and wild sunflower Helianthus petiolaris. The identification of fertility-restoring

genes of several breeders led to hybrids of special characteristics. Open-pollinated

cultivars were rapidly replaced by hybrids of higher yield, uniformity, and disease

resistance. Currently, hybrid seeds are widely used for cheap and efficient produc-

tion throughout the world (3).

Sunflower crops cultivated in North America are derived from seeds introduced

by eastern European immigrants toward the end of the nineteenth century; hence,

the name ‘‘Russian Peanuts.’’ Russian emigrants in the United States and Canada

grew strains such as Giant or Mammoth Russian in gardens for the production of

edible seeds. These served as a base for the development of improved cultivars for

commercial production. The cultivated area in the United States reached 200,000

acres in 1968; most of which was destined to the production of seed for manufac-

ture of food for human consumption, and to the bird meal market (4).

An open-pollinated Russian-bred cultivar of high oil content (Peredovik variety,

40–45%) was introduced in the United States in 1966 (3). Commercial production

of oilseed-type sunflower was started with the Peredovik variety among other cul-

tivars, and since 1966, several research programs in the United States have sought

to improve sunflower hybrids for oil yield.

Around 1960, the USSR interrupted the supply of sunflower oil to Europe,

because of the high internal demand, including satellites, thus leaving an unat-

tended sector in the European market, where consumption of tallow and butter

were then indicated as causes of coronary disease. The high content of polyunsatu-

rated fatty acids (PUFA) of sunflower oil naturally interested many American and

Canadian oil industries, with the consequent increase in sunflower production in the

late 1970s (1).

Russian immigrants carrying sunflower seeds introduced the crop into Argentina

in the nineteenth century, for human consumption of seeds. Cultivation of the crop

was performed at small-scale initially, and it was not until the world economic

crisis of 1930 that it was first sown intensively to supply the internal market, in
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replacement of imported oils. Around 1500 metric tons (MT) of sunflower oil were

produced in Argentina in 1930, a figure that reached 5000 MT in 1945. New, disease-

resistant varieties were developed as a result of the work of Experimental Stations

of Argentinean National Institute of Agrarian Technology (INTA) and of private

seed breeders. The appearance of hybrids characterized the Argentinean market

in the period after 1975, although the first hybrid had been launched in 1972.

Almost 100% of the cultivated area is currently sown with hybrids. A higher

seed and oil production capacity, together with the introduction of specialized

upgraded technology, led to an increase in oil yield per hectare in Argentinean plan-

tations. Seed yield levels increased from 0.73 tons per hectare in 1977–1978—

2,200,000 hectares of sunflower plantations producing 1,600,000 tons of seed—

to 1.38 tons per hectare in 1987-1988—2,117,000 hectares (2,915,000 tons) (1,2).

2. SUNFLOWER CROPS

2.1. General Characteristics

The genus Helianthus comprises 68 known species divided into two major separate

groups: the North American and the South American species. North American sun-

flower species spread throughout the United States, reaching Canada and Mexico.

Both groups do not seem to relate to each other; in South America, they appear to

have originated by parallel evolution of the genus Viguiera (1).

Sunflower is a highly cross-pollinated crop. Wild sunflowers have several flowers

or heads and depend on the work of insects for pollination. Wild sunflowers are the

genetic base of current commercial sunflowers of a single flower or head per plant.

Sunflower is an annual crop. Plants reach 1–3 m in height. The head is composed

of a large number of tiny flowers that are tubular in shape (700 to 4000 single blos-

soms) forming a disk, those in the outer row having long strap-shaped corollas that

form the rays of the composite flower. Plants have a large number of flowers clus-

tered in a capitulum, inflorescence, or head. The back of the head is covered with

small green bracts. Radial structures in the shape of petals are displayed over the

bracts. These are known as ray flowers, and they do not have a reproductive func-

tion other than serving as a signal for bees and other pollinizer insects. Toward the

disk center, are a large number of complete tiny flowers known as disk florets. Each

of these flowers is capable of bearing an achene or seed (a fruit from a strict bota-

nical viewpoint).

Those flowers that form the rays are generally sterile, and although they have

vestigial styles and stigmas, they do not possess anthers. Flowers yielding seed

are complete, each with a tubular corolla and an anther. Sunflower heads will follow

the sun cycle until practically all flowers comprising the head have been pollinated.

After that, they remain in a fixed position, facing eastward. Around 70 days are

required from sowing to flowering of the crop. Seeds reach maturity at 130 days

and can be harvested 10 days later (4–5).

Sunflower grows in moderate climates (temperate to temperate-hot), especially

in America, Europe, and China, predominantly at temperatures between 20�C and
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25�C, with an optimum temperature of 27–28�C. It grows well in dry, sunny

weather, in deep soils capable of supplying abundant water. The oil content of seeds

is lower in regions of extreme heat. The crop has high resistance to temperature

fluctuations between night and day varying between 8�C and 34�C (1, 5).

The highest yield in seed is achieved at temperatures between 18�C and 25�C
through the period from formation to filling of the seed. Humidity conditions are

critical during both 15–20-day periods prior to and after flowering. Improved filling

of the seed takes place in periods without rain. Pollination is nearly all cross-type,

i.e., from one flower to another. Crossing within one head is scarce. Insects, in par-

ticular bees, are the main fertilization agent (2).

Climatic conditions in Argentina are ideal for cultivation of sunflower in view of

the varying degrees of influence of the Atlantic Ocean. The buffering of thermal

extremes between summer and winter (mean values in winter and summer of

8�C and 28�C), the circulation of east winds (allowing a rainfall range from 500

to 1100 mm annually), and the span of the period free of frost (over 6 months)

are major climatic factors contributing to ensure the establishment and success of

the cycle of sunflower (6). In Argentina, the sunflower is grown between latitudes

26�S (Chaco) and 39�S (southern Buenos Aires), over an area averaging 2.93 mil-

lion hectares for 1990–2000 summer seasons. The cultivation environments include

subtropical (northern Argentina) and temperate (central and southern) climate (7).

Sunflowers are ripe when the back of the head has turned from green to yellow

and the bracts are turning brown. Harvest is done when the seed reaches commer-

cial ripeness, that is, allowing time for the seed to dry from a 35% moisture content

of heads at physiological maturity down to 11%. The harvest of seed-loaded, heavy

fruits is advanced to prevent seeds falling off (2, 8).

Drying agents such as magnesium chlorate may be used as an aid to advance

harvesting. This practice readily reduces the moisture content of heads, stems,

and leaves, but seeds retain most of their moisture. Artificial drying of seeds is often

necessary prior to storage.

Seeds must be stored with moisture levels lower than 9.5% to avoid undesired

enzymatic reactions. Some of these reactions start within 12 hours after harvesting

for seeds with moisture higher than 20% (5). Seeding and harvesting periods

obviously differ according to hemisphere of producer country. For Argentina and

Uruguay, in the South Hemisphere, seeding is in October and harvesting between

February and April, and in Australia, harvesting is between January and May. For

countries in the Northern Hemisphere, such as ex-USSR, seeding is done in March

and harvesting is between August and October; in the United States seeding is in

April or May and harvesting is in September or October; in Spain and Italy, harvest-

ing is in August (1, 5).

2.2. Yield of Sunflower Crops

Seed yield varies according to region. Maximum yield values in 1994 were

obtained in Italy (2596 kg/ha), Greece (2577 kg/ha), and Austria (2544 kg/ha);

minimum values were obtained in Tanzania (370 kg/ha). These values have been
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increased in the last years as a result of genetic improvements. Figure 1 shows the

evolution of yield levels in major producer countries, as well as world average

values (1, 5).

2.3. Structure of Sunflower Seeds

An achene, the seed of sunflower, is pointed at the base and rounded at the top. Seed

size ranges between 10 and 15 mm in length and between 4 and 12 mm in width,

appearing to be four-sided in cross-section. The outer layer, the pericarp or hull,

represents 18–45% of the total achene weight. The white papery layer immediately

beneath the pericarp, the testa or seedcoat, is made up of three parenchyma layers,

the inner layer being spongy in texture. The endosperm comprises a single layer

of cells rich in protein, firmly attached to the hull, and an embryo, commonly referred

to as kernel. The embryo consists of two cotyledons attached to a protruding

radicle (9).

There are two basic types of sunflower: (1) oilseed type and (2) nonoil type, the

latter supplying the bird meal and confectionary markets. The first hybrid oilseed

types bore small black seeds with a thin hull (representing 20–25% of total seed

weight) with a 40% oil content. The non-oilseed type is somewhat different; it

has a larger seed with a thicker black-and-white-striped hull (representing 40–

45% of total seed weight), which is weakly attached to the kernel and can easily

be removed. These seeds contain 30% of oil.

The size of oil-type seeds varies according to cultivar and according to the seed’s

position in the head, those on the periphery being larger. Besides affecting the oil

content, the position of seeds in the head influences the fatty acid composition.
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Figure 1. Evolution of seed yield (kg/ha) in the most important producer countries, as well as

world average values (1, 5).
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Internal seeds contain less oil than those in intermediate or external zones. The con-

tent of linoleic and palmitic acids increases, and the content of oleic acid decreases

from the perimeter toward the flower head center (10).

One thousand seeds of most currently used hybrids weigh from 30 to 80 g. Hull

color ranges from completely white to black, with gray- or brown-striped inter-

mediates. Both hull thickness and structure, as well as other seed characteristics,

depend on variety and ambient growth conditions (9).

The hull is mainly composed of fibrous substances, lignin and cellulosic materi-

als in equal proportions. Kernels of oilseed-type sunflower contain nearly all of the

oil of seeds, besides proteinaceous substances and carbohydrates. The kernel repre-

sents 70% of the seed, with an oil content of approximately 55%, amounting to 40%

with respect to the whole seed. The protein content ranges between 20% and 35%,

amounting to up to 57% on a water-and-oil-free basis (1, 5, 11).

A commonly occurring hull and kernel composition is shown in Figures 2 and 3,

respectively, as well as of sunflower meal in Figure 4. Data correspond to a fully

dehulled meal, a condition difficult to obtain in practice (1, 5, 11).

2.4. The Influence of Ambient Factors on Sunflower Seed Oil

The oil content of sunflower seeds varies during the development of the seed:

increasing from the fourteenth to the thirty-fifth day after flowering, when the

seed is physiologically mature. The oil content remains steady after reaching matur-

ity. Oil composition also changes during the formation and ripening stages of the

seed. The linoleic acid content increases from the fourteenth day after flowering

while the oleic acid content decreases; also, saturated fatty acids decrease slightly

(12).

protein
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N-free extract
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oil
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Figure 2. Hull composition (1, 5, 11).
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Ambient factors, such as temperature and light, affect the oil composition of sun-

flower seeds. Robertson and Russell (13) studied the effect of climatic conditions

(temperature difference between night and day in Canada, Minnesota, and California)

on the composition of sunflower oil, finding that linoleic acid increased propor-

tionally with increasing temperature difference. Robertson and Green (14) studied

the effect of sowing time on oil content and composition. Eleven different hybrids

oil
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Figure 3. Kernel (dehulled seed) composition (1, 5, 11).
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Figure 4. Composition of fully dehulled meal (1, 5, 11).
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were used. Sowing was performed in February and August in Florida. The results

show that the oleic acid content is lower (average: 19.4%) and that the linoleic acid

content is higher (average: 68.4%) for seeds sown in August (lowest mean tempera-

ture from flowering to maturity, 18�C). Seeds harvested in plantations sown at the

beginning of April (highest mean temperature from flowering to maturity, 27�C)

have a lower content of linoleic acid (average: 36.3%) and a higher average content

of oleic acid (54.6%). This indicates that adjustments in seeding time in Florida

may lead to sunflower oil of different compositions.

Average temperature from flowering to ripening appears to be a major factor

affecting the fatty acid composition of sunflower oil (15). The oleic/linoleic ratio

was correlated with average temperature for different sunflower plantations across

Spain, average temperature being related not only to latitude, but also to other geo-

graphic factors that determine a microclimate of the crops. An increase in tempera-

ture resulted in a decrease in the linoleic acid content and an increase in the oleic

acid content. The linoleic acid content ranged from 48.7% in seeds grown in war-

mer weather in the south of Spain to 70.2% for colder weather plantations. The

addition of the contents of linoleic and oleic acids is not constant with temperature,

the increase in oleic acid being greater than the decrease in linoleic acid, with a

partial compensation by a reduction in the stearic acid content, suggesting the con-

version of stearic acid to oleic acid. The above mechanism is related to the effect of

temperature on the activity of desaturase enzymes converting oleic into linoleic

acid.

Research carried out with sunflower crops grown in controlled temperature

chambers 20/10�C (day/night) and 30/20�C (day/night) with equal light intensity

and photoperiod, demonstrated a decrease in the linoleic/oleic ratio with increasing

temperature (16). An increase in temperature also leads to a slight decrease in the

stearic acid content. Similar results were obtained by authors in different countries,

like France, Italy, Japan, the United States, Canada, and so on (17). This is because

those enzymes involved in the sequence of steps leading to the formation of linoleic

acid are alike in all higher plants; that is, all oilseed crops have a common enzyme

base catalyzing the synthesis of fatty acids, producing varying amounts of 16:0,

18:0, 18:1, 18:2, and 18:3.

Among a number of studies carried out in different regions worldwide, the com-

position of sunflower seeds was determined for six different Argentinean regions

(18). For the latitudes considered, according to region, mean ambient temperature

during the development period of seed decreased from 28�C to 20�C southward.

The linoleic acid content was found to decrease, and the oleic acid content

increased with increasing temperature. A similar behavior was observed for sun-

flower seeds grown in Japan (19).

2.5. Sunflower Associations

The International Sunflower Association (ISA), with main offices in Paris aims to

enhance international cooperation toward the improvement of cultivation, growth,

and technical and nutritional levels, besides promoting and facilitating close
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cooperation relations among researchers. ISA holds an International Conference on

Sunflower every four years.

In addition, there is a national association in different countries. The U.S.

National Sunflower Association (NSA) with main offices in Bismarck, North Dakota,

promotes the production and trade of sunflower products both at national and inter-

national levels. Founded in 1981, it currently has 20,000 members. The Australian

Sunflower Association was established in 1976; the membership of the ASA

consists of growers, researchers, and personnel from all facets of the industry. The

National Sunflower Association of Canada (NSAC) was founded in 1996, with

105 members in 1999. The Argentinean Sunflower Association (ASAGIR), created

in 1980, hosted the Eleventh International Conference on Sunflower in 1985.

3. CHEMICAL AND PHYSICAL PROPERTIES OF REGULAR
SUNFLOWER OIL

3.1. Composition of Regular Sunflower Oil

Sunflower oil—like most vegetable oils—is composed mainly of triacylglycerols

(98–99%), and a small fraction of phospholipids, tocopherols, sterols, and waxes

(all of the latter are commonly referred to as the ‘‘unsaponifiable fraction’’).

3.1.1. Sunflower Fatty Acids Regular sunflower oil is characterized by a high

concentration of linoleic acid, followed by oleic acid. Saturated fatty acids (mainly

palmitic acid and stearic acid) do not amount to more than 15% of the fatty acid

content. Table 1 shows the variation range of major fatty acids in regular sunflower

oil (9, 20).

Two facts regarding the composition of regular sunflower oil are worth noting

from the nutritional viewpoint: It provides an essential fatty acid (linoleic acid),

and it has a low content of palmitic acid compared with other oils (palmitic acid

is believed to increase LDL-C in blood).

The reported composition of regular sunflower oil has changed with adjustments

of analytical methods and the samples considered. This is reflected in the variation

ranges approved successively by the Codex Alimentarius Comission. The values

approved in 1981 and 1993 (21) are compiled in Table 2, as well as the current

TABLE 1. Variation Range for Major Fatty Acids (%)

of Regular Sunflower Oil (9, 20).

Fatty Acid AOCS (20) Merrien (9)

16:0 5–8 5–7

18:0 2.5–7.0 4–6

18:1 13–40 15–25

18:2 40–74 62–70

18:3 <0.3 <0.2
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value of 1999 (Codex-Stan 210-1999). The Codex Alimentarius Commission

(Codex) was established in 1962 by two United Nations organizations, the Food

and Agriculture Organization (FAO) and the World Health Organization (WHO).

Codex is the major international organization for encouraging fair international

trade in food and protecting the health and economic interests of consumers. The

Codex Committee on Fats and Oils (CCFO) was established to elaborate worldwide

standards for fats and oils and their products. The Codex Alimentarius is thus taken

as reference.

According to the composition indicated by the Codex Alimentarius (Codex-Stan

210-1999), the saturated fatty acid content of regular sunflower oil is lower than

that in corn (maximum 22%), cottonseed (maximum 32%), peanut (maximum

28%), and soybean (maximum 20%) oils, and higher than the saturated content

of safflower (maximum 12%) and rapeseed (maximum 12%) oils. The linolenic

acid content (18:3) of regular sunflower oil is fairly low (always lower than

0.3%), giving the oil a good oxidative stability.

The variation ranges of fatty acids in regular sunflower oil have also changed in

several countries. The Canola Council of Canada revised the table of composition

of edible oils prepared in 1979, based on a study carried out by the POS Pilot Plant

Corporation in Saskatoon, Saskatchewan, Canada. POS analyzed ten vegetable oils

and three animal fats supplied by food processing and manufacturing enterprises of

Canada and the United States, according to one issue of Canada Digest (22). Aver-

age regular sunflower oil compositions are shown in Table 3 for Canada and the

United States, as well as for Argentina (2, 23).

TABLE 2. Variation Range for Fatty Acids (%) of Regular Sunflower Oil According

to Standards Approved by the Codex Alimentarius Commission in Different Years.

Fatty Acid 1981 1993 1999

12:0 ND–0.1

14:0 <0.5 <0.2 ND–0.2

16:0 3–10 5.6–7.6 5.0–7.6

16:1 <1.0 <0.3 ND–0.3

17:0 ND–0.2

17:1 ND–0.1

18:0 1–10 2.7–6.5 2.7–6.5

18:1 14–65 14–39.4 14.0–39.4

18:2 20–75 48.3–74.0 48.3–74.0

18:3 0–0.7 0–0.2 ND–0.3

20:0 0–1.5 0.2–0.4 0.1–0.5

20:1 0–0.5 0–0.2 ND–0.3

22:0 0–10 0.5–1.3 0.3–1.5

22:1 0–0.5 0–0.2 ND–0.3

22:2 ND 0–0.3 ND–0.3

24:0 0–0.5 0.2–0.3 ND–0.5

24:1 <0.5 ND ND

ND¼ nondetectable, defined as 0.05%.
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3.1.2. Triacylglycerol Composition Figure 5 shows the composition in major

triacylglycerols (above 1%) of regular sunflower oil [based on Prevot (17)]. As

expected from its high linoleic acid content, the main triacylglycerol is trilinolein

(36.3%), followed by oleo-dilinolein (29.1%); triolein being practically nonexistent

(0.6%). Thus, the percentage of triacylglycerols (TAG) with four or more double

bonds is higher than 80%. This TAG distribution is responsible for the low solidi-

fication point of regular sunflower oil (�16�C to �19�C), allowing, for example,

storage of mayonnaise manufactured with regular sunflower oil in a refrigerator

without breakage of the emulsion (unlike the case of other oils such as peanut oil).

Rossell et al. (24) analyzed the triacylglycerols of 20 regular sunflower oil sam-

ples, regarding the total number of carbon atoms. The content of 54-carbon TAG

was 75.1–79.5%. The composition of these triacylglycerols is OOO, SOL, OOL,

SLL, OLL, and LLL. Grouping the data provided by Prevot (17) in the same man-

ner, the 54-carbon TAG content would be 82.1%. Thus, the results of both works

are to a large extent in agreement.

TABLE 3. Average Composition (%) of Regular Sunflower Oil for Canada/United States

(normalized to 100%) and Argentina, Elaborated in Different Years (2, 22, 23).

Canada/U.S. 1979 Canada/U.S. 1994 Argentina 1981 Argentina 1998

Fatty Acid (22) (22) (23) (2)

saturated 11 12 8.7 10.1

18:1 20 16 24.0 26.8

18:2 69 71 66.0 62.2
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Figure 5. Composition in major triacylglycerols (above 1%) of regular sunflower oil [based on

(17)]. (Key: P¼ palmitic acid, S¼ stearic acid, O¼ oleic acid, L¼ linoleic acid.)
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The 1,2,3-random hypotheses assumes that one pool of fatty acids is randomly

distributed to all three positions of the glycerol molecules in an oil. The fatty acid

compositions of the sn-1, sn-2, and sn-3-positions would thus be equivalent. Figure 6

shows the theoretical composition of regular sunflower oil as calculated by the

equations of random distribution. Calculation of the random distribution was based

on the following composition: 11% saturated fatty acids (Sat), 20% oleic acid (O),

and 69% linoleic acid (L). The TAG composition of a regular sunflower oil deter-

mined experimentally is also shown; there is no indication of the overall fatty acid

composition (17). Differences between both compositions are not great, in particu-

lar, taking into account the fact that the fatty acid composition may differ for the

oils considered.

Fatty acids are not randomly distributed in natural oils. Saturated fatty acids are

almost exclusively concentrated in the sn-1,3 positions and are practically nonexis-

tent in the sn-2 position (taxonomic pattern). Linoleic acid clearly has a higher

occurrence in the sn-2 position. For example, out of a total 16.2–39.3% linoleic

acid in peanut oil, the sn-2 position has 27.2–67.8%, clearly showing the concen-

tration of linoleic acid in this position (24).

Table 4 shows the fatty acid distribution in the sn-2 position with respect to the

composition of the sn-1 and sn-3 positions (25) or with respect to the overall com-

position of the sunflower oil samples analyzed (24). Occurrence of 18:2 is slightly

higher in the sn-2 position than it would be if distributed in equal proportions

among all three positions. The occurrence of linoleic acid is also slightly higher

in the sn-2 position than in the sn-1,3 positions by a ratio of 1.27. As the content

of linoleic acid is particularly high in regular sunflower oil, the preferential distri-

bution of linoleic acid is less apparent than for other vegetable oils. Saturated fatty
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Figure 6. Triacylglycerol composition of regular sunflower oil as calculated from random

distribution and experimentally determined (17). (Key: Sat¼ saturated acid, O¼ oleic acid,

L¼ linoleic acid.)

CHEMICAL AND PHYSICAL PROPERTIES OF REGULAR SUNFLOWER OIL 667



acids have a tendency to concentrate in the sn-1 and sn-3 positions, hardly ever

occurring in the sn-2 position. Oleic acid occurs equally among all three positions.

However, differences are small, resulting in an apparent agreement between the

TAG profile determined experimentally and the fatty acid distribution calculated

on a supposed random distribution (as indicated in Figure 6).

3.1.3. Nonacylglycerol Components of Regular Sunflower Oil

3.1.3.1. Phospholipids The phospholipid content of crude sunflower oil ranges

between 0.5% and 1.2%. Oils extracted by solvent generally have a higher content

of phosphlipids than those obtained by pressing. Major phospholipids are phospha-

tidylcholine, phosphatidylethanolamine, phosphatidylinositol, and phosphatidic

acid. Most are hydratable and may be removed from the crude oil through a

water-degumming process (See Section 5.3.1.)

3.1.3.2. Tocopherols Tocopherols are heterocyclic compounds with a phenolic

group and a substituted side chain of branched hydrocarbon. Their high solubility

in oil is caused by a long alkyl side chain. The Codex Alimentarius (Codex-Stan

210-1999) indicates levels of tocopherols and tocotrienols in crude regular sun-

flower oil (mg/kg), compiled in Table 5.

TABLE 4. Distribution of Fatty Acids in the sn-2 Position with Respect to the sn-1 and

sn-3 Positions (25) or with Respect to the Overall Sunflower Oil Composition (24).

Álvarez-Ortega et al. (25) Rossell et al. (24)

sn-1þ sn-3 sn-2 overall sn-2

16:0 9.2 0.5 5.7–6.9 0.2–0.4

18:0 6.1 0.4 3.0–6.3 0.1–0.3

18:1 34.0 34.7 14.0–34.4 12.1–31.3

18:2 50.7 64.2 55.5–73.2 66.2–87.4

TABLE 5. Levels of Tocopherols

and Tocotrienols in Crude Regular

Sunflower Oil (ppm), According

to the Codex-Stan 210-1999.

Content (ppm)

Alpha-tocopherol 403–935

Beta-tocopherol ND–45

Gamma-tocopherol ND–34

Delta-tocopherol ND–7.0

Alpha-tocotrienol ND

Gamma-tocotrienol ND

Delta-tocotrienol ND

Total 440–1520

ND¼ nondetectable.
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The biological value of tocopherols differs according to isomer. Their

importance as Vitamin E activity is the following: alpha > beta > gamma > delta.

Vitamin E functions primarily as an antioxidant, especially in preventing oxidation

and peroxidation of polyunsaturated fatty acid units of membrane phospholipid

(within and on the plasma membrane of cells). The value of regular sunflower

oil as a source of Vitamin E is enhanced by a high content of alpha-tocopherol.

Similar conclusions can be found in the literature for tocopherols of Argentinean

sunflower oil: 700 ppm of total tocopherols, 91% of which corresponds to alpha-

tocopherol (2).

Tocopherols also function as free radical scavengers. The alpha form has the

highest Vitamin E activity, and gamma-tocopherol has the highest antioxidant activ-

ity. In one study, sunflower tocopherols were added to stripped soybean oil, and

soybean tocopherols were added to stripped sunflower oil. The stability pattern

of sunflower oil—generally less stable than soybean oil—mimicked that of soybean

oil. With the added sunflower tocopherols, the stability pattern of soybean oil

resembled that of sunflower oil. The results suggest that gamma-tocopherol is a

better antioxidant than the alpha isomer (26). Other authors, however, attribute a

higher antioxidant activity to alpha-tocopherol. Disagreement with respect to the

relative antioxidant activity of tocopherol homologs may be because of differences

in the degree of unsaturation of the substrates used, the degree of oxidation

achieved in the measurement, and the method of oxidation analysis.

Figure 7 shows a comparison of maximum values for major tocopherols in crude

regular sunflower, peanut, soybean, corn, and cottonseed oils, according to the

Codex Alimentarius (Codex-Stan 210-1999). Among these, regular sunflower oil

has the highest tocopherol level. In general, gamma-tocopherol is the most widely

occurring isomer in vegetable oils.
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Figure 7. Maximum values of major tocopherols (ppm) of crude sunflower, peanut, soybean,

corn, and cottonseed oils, according to the Codex Alimentarius (Codex-Stan 210 -1999).
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3.1.3.3. Sterols Sterols are polycyclic alcohols derived from sterane. Sterols con-

stitute most of the unsaponifiable fraction of an oil. The sterol profile is character-

istic of each oil. The Codex Alimentarius (Codex-Stan 210-1999) indicates the total

sterol content (ppm) and the percentages of each sterol type in regular sunflower oil,

as shown in Table 6.

Among vegetable oils, regular sunflower oil is characterized by a medium sterol

content. According to the Codex Alimentarius (Codex-Stan 210-1999), the oils with

the highest sterol content are rapeseed oil (low erucic acid), with 4800–11,300-ppm

sterols; corn oil with 8000–22,100 ppm, and sesame oil with 4500–19,000 ppm.

In regular sunflower oil, the main component is b-sitosterol, followed by �-7-

stigmasterol. The latter may be used as a tracer for detection of adulterations in sun-

flower oil, as most vegetable oils (except safflower oil) have fairly low amounts of

�-7-stigmasterol (less than 7%).

3.1.3.4. Other Components of the Unsaponifiable Matter The unsaponifiable

matter in a crude regular sunflower oil is usually in the range of 0.5–1.5% (9,

17), or lower than 15 g/kg according to the Codex-Stan 210-1999. In addition to

sterols (around 2.4–4.6 g/kg) and tocopherols and tocotrienols (0.4–1.5 g/kg), there

are minor components of sunflower oil. Aliphatic compounds and terpenoids occur

naturally in oils. Of the terpenoid family, squalene is the most widely occurring

compound. The occurrence of squalene in regular sunflower oil is fairly low:

0.008–0.019% (5) or 15–20 mg/100 g (9). The aliphatic alcohol content is 100-

mg/100-g oil (9).

Carotenoids and chlorophylls are the major lipochromes of vegetable oils. Crude

regular sunflower oil is not particularly rich in carotenoids (as palm oil is) or in

chlorophylls (like rice bran, rapeseed, olive, and avocado oils). This gives crude

regular sunflower oil its light-amber color, turning to pale yellow upon the bleach-

ing operation.

TABLE 6. Levels of Desmethylsterols

in Crude Regular Sunflower Oil,

as a Percentage of Total Sterols and Total

Sterol Content (ppm), According to

Codex-Stan 210-1999.

Cholesterol (%) <0.7

Brassicasterol (%) ND–0.2

Campesterol (%) 7.4–12.9

Stigmasterol (%) 7.0–11.5

ß-sitosterol (%) 56.2–65.0

�-5-avenasterol (%) ND–6.9

�-7-stigmasterol (%) 7.0–24.0

�-7-avenasterol (%) 3.1–6.5

Others (%) ND–5.3

Total sterols (mg/kg) 2400–4600

ND¼ nondetectable, defined as <0.05%.
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3.2. Chemical Characteristics of Regular Sunflower Oil

The Codex Alimentarius (Codex-Stan 210-1999) indicates the characteristics of

crude regular sunflower oil: (1) saponification value¼ 188–194-mg KOH/g oil;

(2) iodine value (calculated from the fatty acid composition)¼ 118–141. However,

Merrien (9) reports an iodine value of 120–134, and Bockisch (5) reports a value in

the range of 110–143 (Wijs method).

3.3. Physical Characteristics of Regular Sunflower Oil

3.3.1. Refractive Index The refractive index is a characteristic property of fats

and oils and may be used as a fast measurement of the advance of a hydrogenation

operation. The Codex Alimentarius (Codex-Stan 210-1999) indicates a refractive

index (nD) of regular sunflower oil in the range of 1.461–1.468 at 40�C; Merrien

(9) reports the range 1.474–1.476 at 20�C.

3.3.2. Density Determinations of the content of tanks or flow rates are usually

based on methods of volumetric dosing. These methods are used to facilitate equip-

ment automation. However, mass determinations based on volume measurements

will depend on the nature and temperature of an oil.

The Codex Alimentarius (Codex-Stan 210-1999) indicates a relative density of

regular sunflower oil in the range of 0.918–0.923 (20�C/water at 20�C). The values

suggested by the Codex do not differ appreciably from the expected values for most

vegetable oils.

Figure 8 shows the temperature dependence of the density (g/mL) of an Indian

edible sunflower oil [based on Subrahmanyam et al. (27)].
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Figure 8. Temperature dependence of the density (g/cc) of an Indian edible sunflower oil [based

on (27)].
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3.3.3. Viscosity The viscosity of an oil is a fundamental parameter when pump-

ing is required. The viscosity of a vegetable oil will depend on the fatty acid com-

position. Oils with hydroxylated fatty acids (like castor oil and lesquerelle oil) have

a particularly high viscosity.

Figure 9 shows the temperature dependence of the dynamic viscosity (cP) of

refined sunflower oil. The curve corresponding to the crude oil is along the same

curve [based on Abramovic and Klofutar (28)].

3.3.4. Specific Heat and Combustion Heat The specific heat of sunflower oil

at constant pressure is 2.197 J/kg �C (29). The energy content or combustion heat of

an oil is a major parameter when used as an energy source. The gross heat contents

of all vegetable oils are fairly close to each other. Ali and Hanna (30) report a gross

heat content of regular sunflower oil of 39,575 kJ/kg, and Bhattacharyya and Reddy

(31) a value of 39,486 kJ/kg.

3.3.5. Smoke Point, Flash Point, and Fire Point The smoke point, flash point,

and fire point of an oil are relevant parameters in deep-fat frying processes. The

fatty acid composition of the oil is not relevant (unless the oil has short-chain fatty

acids, as is the case of butter or coconut oil). The most important effect is generally

that of free fatty acids (FFA) in the oil. The following values have been reported for

fully refined sunflower oil (with 0.10% free fatty acids): smoke point¼ 209�C;

flash point¼ 316�C; fire point¼ 341�C (5).

The flash point is also an important parameter when considering the possibility

of using an oil as an alternative diesel fuel in ignition engines. The flash points of

all vegetable oils are far above that of diesel fuel, reflecting the nonvolatile nature
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Figure 9. Temperature dependence of the dynamic viscosity (cP) of refined sunflower oil [based

on (28)].
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of vegetable oils. Ali and Hanna (30) report a value of 274�C for the flash point of

regular sunflower oil.

3.3.6. Melting Characteristics

3.3.6.1. Cloud Point and Pour Point The cloud point is the temperature at which

solids first become visible when an oil is cooled. The pour point is the temperature

at which the amount of solids out of solution is sufficient to gel the liquid; thus, it is

the lowest temperature at which the oil is fluid.

The above parameters are relevant when pumping oils at low temperatures or for

their use as alternative diesel fuel in ignition engines. The cloud points and pour

points of the vegetable oils are higher than for diesel fuel.

Widely varying values have been reported in the literature for regular sunflower

oil. For example, Bockisch (5) reports a cloud point of �10�C (and a solidification

point in the range �16 to �18�C). Ali and Hanna (30) report a cloud point of 7.2�C
and a pour point of �15.0�C. Differences between reported cloud points are possi-

bly caused by a varying degree of winterization of the oils considered.

3.3.6.2. Thermal Behavior of Regular Sunflower Oil Crude regular sunflower oil

is a liquid at room temperature. The refined oil resists refrigerator temperatures

without the appearance of turbidity. These characteristics make it suitable as salad

oil. The thermal behavior of an oil may be determined within wide temperature

ranges through methods of nuclear magnetic resonance (NMR) or through differen-

tial scanning calorimetry (DSC). Both methods allow the evaluation of indices

related to the solid content as a function of temperature.
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Figure 10. Thermograms of a refined sunflower oil and of a refined soybean oil (32).
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The thermogram of an oil determined by DSC allows the study of thermal beha-

vior, and the evaluation of the solid percentage from the area of peaks. This infor-

mation is characteristic of the fatty material considered. The thermograms of a

refined regular sunflower oil and a refined soybean oil (32) are compared in Fig-

ure 10. It is clear that melting of sunflower oil is practically complete above �15�C.

Soybean oil, however, has a second, smaller peak between �5�C and 5�C, which

corresponds to a higher content of saturated fatty acids. Figure 11 shows the solid

content as a function of temperature for both oils, as determined by partial integra-

tion of peaks in the above thermograms (32).

4. SUNFLOWER SEED OF MODIFIED FATTY ACID COMPOSITION

Until two decades ago, the fatty acid composition of vegetable oils was closely

related with their origin. The fatty acid profile of sunflower oil was thus defined

within natural variation ranges. Current practices, however, are widely based on

the production of oilseed of modified fatty acid composition. Several methods

have been developed to this end.

The genetic diversity of wild sunflower allowed researchers to obtain a number

of varieties of defined characteristics. The North Central Regional Plant Introduc-

tion Station (Iowa), which gathers dozens of species, has distributed materials to

researchers and companies interested in either the study or use of these materials.

The sunflower germplasm collection of the U.S. Department of Agriculture

(USDA) is the largest and most complete collection worldwide, including wild

materials from 48 U.S. states, as well as samples from Canada and Mexico. The
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Figure 11. Solid fat content (SFI) of a refined regular sunflower oil and a refined soybean oil

(32).
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program of the U.S. Department of Agriculture/Agricultural Research Service

(USDA/ARS) evaluates wild material according to oil content and composition.

Most breeding programs are aimed at the development of hybrids, although other

projects are for the improvement of open-pollinated varieties and synthetic culti-

vars. In view of the improvements in yield, disease resistance, uniformity, and

self-compatibility achieved in some modifications, open-pollinated varieties have

been replaced by hybrids. Varieties have been produced with increased oil content

of seeds and/or improvements in oil composition.

Inbreeding has been used since 1920 for the improvement of sunflower, the most

common method consisting in the self-pollination of those phenotypically desirable

plants within the existing cultivars. The progeny of the best plants are sown in the

following season, and the selection procedure is continued among the resulting pro-

geny. A variation of recurrent selection, the method of reserves, developed by Pus-

tovoit in the USSR, consists of the evaluation of progeny and subsequent cross-

pollination among superior progenies.

In order to obtain hybrid seeds, self-pollination and pollination by a sibling plant

must be avoided. It is sought to develop a female parental line accepting pollen

from other lines (cross-pollination), without reproduction of its own line. This

can be achieved directly through emasculation, i.e., elimination of the pollen-

bearing organ, usually at the expense of large labor requirements. Other methods

can be used to induce male sterility.

Modifications in the characteristics of sunflower are obtained through crosses to

recombine genes from two sexually compatible parents. Both for self pollination

and for controlled crosses, it is important that heads be isolated before flowering

to avoid natural cross-pollination.

Emasculation of the female parent is used for the production of artificial hybrids.

Acid-induced male sterile plants pollinated without emasculation are also used.

These hybrids were produced by natural crossing in seed production fields (breed-

ing nursery), with the two parents planted in alternating groups of rows. The first

hybrid cultivars were introduced in Canada for commercial production in 1946 (4).

Cytoplasmic male sterility of sunflower was discovered in 1958, whereby one

factor in the cell cytoplasm leads to the male-sterility in all plants of the second

generation. However, as a result of the pollination of fertile ordinary lines, plants

will still bear some fertile progeny. Patrice Leclercq, in France, in 1969, reported on

cytoplasmic male sterility obtained in the progeny of a cross of Helianthus petio-

laris Nutt and Helianthus annuus. In 1970, fertility restorer lines were found. Two

years later, hybrid seeds produced by this system were made available to farmers. In

1976, 80% of the U.S. sunflower harvest had been produced on hybrid seed.

The production of single crosses or three-way hybrids using cytoplasmic male

sterility and nuclear fertility restorer system is widely used. Genic male sterility

was used for the production of hybrid seeds in the early 1970s in France and

Romania. The first hybrids produced in this way were introduced in the United

States in 1972 (4).

Various genetically different types of cultivar are commercially available. In

open-pollination varieties, each individual is genetically different from another
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among the population. This results in a high level of adaptation to different envir-

onment conditions on the one hand, but it may also cause handling difficulties

because of the lack of phenotypical uniformity. Open-pollination varieties may

be recovered yearly by the producer, the regular purchase of new seed being neces-

sary only for maintenance of purity and type.

Commercial hybrid cultivars include single and three-way hybrids. The former

type is produced by crossing two lines, resulting in genetically identical individuals;

the latter are developed by crossing a single hybrid with a homozygote line. Seed

must be procured yearly by the producer in both cases.

The production of high-quality hybrid seeds does not only depend on the use of

parental lines of superior class, but also on the degree of isolation of the cultivation

field from other sunflower plantations, including wild varieties. The isolation con-

ditions cannot be accurately established, in view of the role of insects as pollination

agent, and the long viability period of pollen; yet, recommendations have been

made.

Genetic variation occurring naturally within crop species is scarce. Additional

genetic modification strategies are required to generate ‘‘variants’’ of a certain fatty

acid profile. Such variants may be included in crossing programs for the develop-

ment of cutivars or strains of interest. Modifications in the fatty acid profile of an oil

may be achieved through techniques of mutagenesis, Stable genetic mutations may

be induced by use of chemical mutagens, such as ethyl methyl sulfonate. This pro-

cedure was used in the USSR to develop sunflower seeds of improved oleic acid

content.

4.1. Modification of the Saturated Fatty Acid Content

The consumption of fat of high saturated fatty acid content has been associated with

increased risk of coronary heart disease. Traditional sunflower oil contains around

11–12% saturated fatty acids, a considerably low value among vegetable oils.

Canola oil has 7% and safflower oil less than 10% of saturated fatty acids, both

being strong competitors of the edible oil market.

Since 1992, the National Sunflower Association (NSA) has supported a cultiva-

tion program developed by researchers of the USDA/ARS for a reduction of the

saturated content of sunflower oil. New germplasm stocks with reduced content

of palmitic and stearic acids were made available. They were developed through

continuous selection starting from a sunflower accession collected in Egypt around

1950. Several private companies have also carried out investigations aiming at

obtaining hybrids of low saturated fatty acid content (6% or lower). Cultivators

of Pioneer Hi-Bred International Incorporation managed to reduce the stearic

acid content to 1.5% for commercial products. SVO Enterprises and Triumph

Seed Company developed research lines aiming at reducing the saturated quantity

in high-oleic sunflower oil (33–34).

With a view to finding new industrial uses of vegetable oils, the saturated fatty

acid content may also be increased. Three high stearic acid sunflower mutants, hav-

ing as much as 28%, 15%, and 14% of stearic acid in the seed lipids have been
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biochemically characterized (35). An increased solid content of the oil could be

obtained in the oil without requiring hydrogenation, although such an increase

may not meet nutritional standpoints.

4.2. High-Oleic Sunflower

The typical sunflower oil composition is 66–72% linoleic acid, 12% saturated acids

(palmitic and stearic), 16–20% oleic acid, and less than 1% a-linolenic acid. An

increase in low-density lipoprotein cholesterol (LDL-C) and a decrease of high-

density lipoprotein cholesterol (HDL-C) are believed risk factors of coronary heart

disease (CHD). Diets rich in saturated fat increase plasma total and LDL-C. Tradi-

tional high-linoleic sunflower oil has always been regarded as healthy because of its

high content of polyunsaturated fatty acids (PUFA) and relatively low content in

saturated fatty acids.

The substitution of saturated fatty acids by PUFA in a diet leads to a reduction of

total cholesterol and LDL-C. It has been suggested that a high intake of polyunsa-

turated fatty acids leads to a decrease of HDL-C. Some authors have proved this

theory based on rather unrealistic high PUFA in the diet (PUFA/MUFA > 3). Others

have found statistically nonsignificant decrease values for HDL-C in more realistic

high PUFA diets. An increased intake of monounsaturated fatty acids (MUFA) also

leads to a decrease in total cholesterol and of LDL-C levels without reducing HDL-

C even with fairly high MUFA intake values. As oleic acid is more stable against

oxidation than linoleic acid, consumption of MUFA has further advantages over

PUFA. It is recommended to avoid foods containing peroxidized lipids, as these

might be initiators of pathologic processes. In view of the considerations above,

new genetic strategies were started toward a high-oleic sunflower oil (HOSO).

There is also controversy over the importance of MUFA over PUFA from the

metabolic viewpoint. Great emphasis is placed on the distinction between the n-3

PUFA and those of the n-6 family. An increased intake of n-3 and a reduced intake

of n-6 are recommended in light of the competitive metabolism of both families

of fatty acids. As linoleic acid is a n-6 parent, a reduction of its intake favors the

n-3/n-6 ratio; on the other hand, it is also an essential fatty acid.

High-oleic sunflower oil, with very low PUFA levels, may well suit the require-

ments of processors, but it does not support the work of nutritionists who recom-

mend n-6/n-3 ratios within the range 5 to 10. In addition, HOSO does not represent

an increased intake of family n-3 fatty acids as recommended by nutritionists, the

linolenic acid content being very low for all types of sunflower oil.

K. I. Soldatov, in Russia, developed high-oleic sunflower seeds through the treat-

ment of normal seed with a chemical mutagen (dimethyl sulfate). Through pro-

grams of selected breeding, a number of plants containing seed with as much as

80–90% oleic acid were obtained. L. N. Kharachenko, also in Russia, studied the

standard Peredovik progeny and the Pervenets progeny—obtained from treatment

of seeds of the former variety with a chemical mutagen. It seems that modifications

in the seed genotype of high-oleic Pervenets are responsible for an irreversible

blockage of the desaturating enzyme system. G. N. Fick developed progenies of
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cultivar Pervenets in plantations in the United States, Argentina, and Chile and

incorporated the dominant genes into hybrids that were suitable for commercial

production. High-oleic seeds were first grown commercially in the United States

in 1984 (36–37).

The Lubrizol Corporation obtained U.S. patents (granted to Sigco and inventor

Gerhardt N. Fick) for sunflower seeds and oils of oleic acid content of 80% or

higher and linoleic/oleic ratios lower than 0.09—Patent 4,627,192 for seed granted

on December 9, 1986, and Patent 4,743,402 for oils granted on May 10, 1988. SVO

Enterprises, a division of Agrigenetics Company, which is a part of The Lubrizol

Corporation, has produced high-oleic sunflower oil trademarked under the name

Trisun in the United States (33–34, 38).

High-oleic sunflower oil is sold in Australia under the name Sunola—a regis-

tered trademark of Meadow Lea Foods. The seed variety was bred by Australian

farmers through traditional selective breeding techniques. The first Sunola crop

was developed in Queensland. The oil’s fatty acid composition is 85% monounsa-

turated, 8% polyunsaturated, and 7% saturated. The composition of oil extracted

from Sunola seed in the first stages of ripening resembles that of regular sunflower

varieties. Only when the synthesis of oil has actually started (some three weeks

after flowering) does the oleic acid content start to increase considerably and the

linoleic content start to decrease rapidly (39).

A further approach to modified sunflower oils was made by the Agriculture

Canada Research Station in Saskatoon (Saskatchewan) from two different types

of dwarf early-ripening sunflower trademarked under the name Sunola (Western

Grower Seed Corp. was created for commercialization and further improvement

of Sunola). One of these types was regular high-linoleic Sunola, which was first

produced commercially in 1993. The hybrid was specially developed for farmers

in regions of the west of Canada where cultivation of sunflower was nonexistent

because of a short growing season. The fatty acid composition of this oil is 72–

74% linoleic acid (owing to the colder growth conditions), 14% oleic acid, and

12% saturated acids. The other hybrid is high-oleic Sunola sunflower, whose pro-

duction started in 1995. The ripening time of high-oleic Sunola is about 100 days

(three weeks shorter than for most sunflower crops). The fatty acid composition is

87% oleic acid, 5% linoleic acid, and 7–8% total saturated acids. Seeds of this type

are smaller than regular sunflower seeds, the hull being slightly lighter and bearing

a narrow stripe (33–34, 40).

As both Sunola crops are special, care must be taken against contamination with

traditional sunflower or canola. However, this is rarely the case, as Sunola is grown

in northern areas of the United States, where regular sunflower is not grown and in

areas of southern Canada that are too hot and dry for the development of canola

crops.

It is worth noting that the name Sunola for modified oils is used in Australia for

high-oleic sunflower oil, whereas, in Canada, it is a registered trademark of two oils

of different composition: one of higher linoleic acid content than traditional sun-

flower and another of high-oleic type. Care must be taken that this should not

lead to confusion. Canadian Western Grower Seed Corporation has also developed
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lines of Sunola with higher oleic acid content to be introduced in the cosmetics mar-

ket. One of these has as much as 88% oleic acid.

Purdy (37) reported on the fatty acid composition and other analytical character-

istics of high-oleic sunflower oil of the Pervenets variety cultivated in three regions

of the United States. The oil content of seeds ranged between 43.3% and 47.9%

(dry basis), the hull accounting for 24–33% of total seed weight. Table 7 shows

the fatty acid composition of high-oleic sunflower oil (37, 41– 43).

Table 8 shows the chemical and physical characteristics of crude high-oleic sun-

flower oil according to the Proposed Draft Amendment to the Codex Standard for

Named Vegetable Oils (Alinorm 01/17). The Active Oxygen Method (AOM) value

for refined oil extracted from seed of high-oleic Pervenets variety is 51–56 hours,

compared with 13 hours for regular oils (37). In another study, Purdy (36) extracted

oil from high-oleic Pervenets seed and from high-linoleic seed. The saturated fatty

acid content of these oils varies only slightly (8–11%); the main variation occurs in

the oleic/linoleic ratio. Table 9 shows AOM values for refined sunflower oils as a

TABLE 7. Fatty Acid Composition (%) of High-Oleic Sunflower Oil (37, 41, 43).

Fatty Acid Vermeersch (41) Krawczyk (43) Purdy (37)

16:0 3 6.7 2.7–4.2

18:0 5 3.4–5.0

18:1 83 80.0 80.5–86.7

18:2 9 12.0 4.0–8.5

TABLE 8. Chemical and Physical Characteristics

of Crude High-Oleic Sunflower Oil (Codex Alimen-

tarius, Alinorm 01/17).

Relative density (25�C/water at 20�C) 0.909–0.915

Refractive index (ND 25�C) 1.467–1.471

Saponification value (mg KOH/g oil) 182–194

Iodine value 78–90

Unsaponifiable matter (g/kg) <15

TABLE 9. AOM Time (hr) for Refined

Sunflower Oils of Different Oleic Acid

Content [based on (36)].

Oleic Acid AOM (hr)

26 % (regular) 11

51 % (regular) 18

79 % (high-oleic) 38

83 % (high-oleic) 60

89 % (high-oleic) 100
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function of the oleic acid content. Data presented show that the oxidative stability

of this oil is enhanced considerably with an increase in the oleic acid content. Table 10

shows the triacylglycerol composition of high-oleic oil (derived from Pervenets)

and of regular sunflower oil, with practically no occurrence of saturated fatty acids

in the sn-2 position for either oil (25).

Although the content of oleic acid is high in both high-oleic sunflower oil and

olive oil, there is a higher content of saturated acids in olive oil. Their MUFA con-

tents are similar, but the composition of triacylglycerols differs widely (Table 11).

Whereas the triacyglycerol OOO (O¼ oleic) is the main species in both oils, HOSO

has a higher content, olive oil, in contrast, having a higher proportion of POO

(P¼ palmitic). Further differences are in the fatty acids occupying those positions

other than sn-2, which is occupied by oleic acid in both oils. In addition, HOSO has

a higher proportion of linoleic acid in position sn-2, whereas olive oil has more a-

linolenic acid (44)

Another major difference between olive oil and HOSO is a most distinct flavor

of olive oil that characterizes it from HOSO and other oils. Extra virgin olive oil,

TABLE 10. Fatty Acid and Triacylglycerol Composition

(%) of Regular Sunflower Oil and of High-Oleic Sunflower

Oil [based on (25)].

Regular Oil High-Oleic Oil

Fatty Acid: % %

16:0 6.8 5.3

18:0 5.0 3.8

18:1 31.4 88.3

18:2 55.4 1.4

Triacylglycerol: % %

sn-1þ sn-3

16:0 9.2 5.1

18:0 6.1 5.8

18:1 34.0 87.4

18:2 50.7 1.6

sn-2

16:0 0.5 0.3

18:0 0.4

18:1 34.7 98.6

18:2 64.2 1.1

TABLE 11. Composition in Major Triacylglycerols (%) of Olive

Oil and High-Oleic Sunflower Oil (HOSO) [Based on (44)].

Major Triacylglycerols (%) Olive Oil HOSO

POO 30.5 12.1

OOO 49.9 65.1

OLL 0.3 3.1

O¼ oleic, P¼ palmitic, L¼ linoleic.
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being the preference of so many gourmets worldwide, is considered the finest

choice oil.

The similarity in the fatty acid composition of HOSO and olive oil may lead

to cases of adulteration or fraud, in view of the price difference between the

two oils. These adulterations may be difficult to detect through conventional analy-

tical methods. The nature of an oil can be traced through a study of its sterol

composition.

The sterol composition of both oils is compared in Table 12. Clearly, for HOSO,

b-sitosterol is the sterol with the highest occurrence (42–70% of total sterols), fol-

lowed by �7-stigmasterol (6.5–24%), campesterol (5–13%), and stigmasterol (4.5–

13%). Although there are differences in the sterol composition of both oils, they are

not large enough to enable easy analysis.

Several studies have been aimed at the detection of a fraudulent addition of

vegetable oils to olive oil. In particular, different analytical methods can be applied

to determine blends of regular and high-oleic sunflower oil with olive oil. The mini-

mum sunflower oil detection level depends on the analytical method used. For

example, a minimum detectable level of 0.7% of regular or high-oleic sunflower

oil may be achieved through methods of sterol analysis, and analysis of the fatty

acids will not enable detection of additions below 20% (45).

High-oleic sunflower oil is widely used as salad oil and cooking oil, because of

its composition, light flavor. A high content of oleic acid provides enhanced oxida-

tive stability in frying processes. In addition, it does not require partial hydrogena-

tion for an increase in product shelf-life, with the additional nutritional advantages.

The effect of trans-fatty acids generated as byproducts of hydrogenation processes

on the plasma lipoprotein profile is as adverse as that of saturated fatty acids, both

increasing the concentration of LDL-C and reducing that of HDL-C (44).

High-oleic sunflower oil is sprayed on cereals, crackers, and cookies to retain

freshness and crispness. It is also used in the manufacture of non-dairy creamers,

snack foods, and frozen desserts. Special properties of oleic acid make high-oleic

sunflower oil a choice ingredient for cosmetic formulations. The AOM value of

TABLE 12. Sterol Composition (as Percentage of Total Sterols)

of High-oleic Sunflower Oil (According to Codex Alimentarius,

Alinorm 01/17) and Olive Oil (20).

Sterol Composition High-Oleic Sunflower Oil (Codex) Olive Oil (20)

Campesterol (%) 5.0–13.0 �4.0

Stigmasterol (%) 4.5–13.0 <4.0

b-Sitosterol (%) 42.0–70 �75.0

�5-Avenasterol (%) 1.5–6.9 4–14

�7- Stigmasterol (%) 6.5–24.0 �0.5

�7-Avenasterol (%) ND–9.0

Others (%) 3.5–9.5

Total sterols (mg/kg) 1700–5200

ND¼ nondetectable, defined as <0.05%.

SUNFLOWER SEED OF MODIFIED FATTY ACID COMPOSITION 681



Florasun-90 (of International Flora Technologies Ltd.) is higher than 90 hours—a

high value compared with less than 40 hours for high-oleic rapeseed oil and about

20 for sesame oil. Research has indicated that the oil is not skin-irritating or sensi-

tizing. It may be used in suntanning products and cosmetics with a high content of

natural lipids, such as bath oils, massaging oils, skin-care products, lipstick, and

cosmetic cream bases (33, 34).

High-oleic sunflower oil is currently used in the manufacture of a lubricant for

diesel and gas motors. The product, denominated Hélianthe, is commercialized by

the Tecnol Society (France). It is composed of 70–80% high-oleic sunflower oil and

20–30% additives. Hélianthe is a formulation type 5W40, with a high viscosity

index and high fluidity at ignition (41).

4.3. Mid-Oleic Sunflower

The production of high-oleic sunflower oil with 80% or higher oleic acid content

was protected under patents. However, the patent holder agreed to license breeding

material for the development of mid-oleic sunflower seed. In July 1995, the NSA

decided to redirect efforts toward an increase in oleic acid. It was established that

mid-oleic sunflower should contain 65% oleic acid, no higher than 10% saturated

acids, and the rest being linoleic acid, a balance that, according to research, pro-

vides in-process functionality in frying.

Breeding a mid-oleic sunflower requires at least one oleic parent. The USDA/

ARS Northern Crop Science Laboratory in Fargo, North Dakota, provided private

companies with crossing lines of mid-oleic sunflower. Hybrid seeds were developed

by traditional crossing methods; no hybrids of transgenic sunflower were used. The

mid-oleic concentration appears to be controlled by a partially dominant major

gene and one or more dominant minor modifier genes (46, 47).

In a market accustomed to HOSO and traditional high-linoleic sunflower, the

name ‘‘NuSun’’ seemed suitable and was trademarked by the NSA. Seed and other

companies using the name NuSun in their commercial products should have author-

ization of the NSA. NuSun contains less than 10% saturated, 50–75% monounsa-

turated, and 30–32% polyunsaturated fatty acids, with less than 1% linolenic acid (46).

Harvests of NuSun were first commercialized in 1999. In 2000, Procter & Gam-

ble chose NuSun for the manufacture of Pringles chips in North America, part of

Europe, and Asia, finding a low rate of formation of polar compounds as compared

with other oils, an important factor for extending product shelf-life (46, 48).

Figure 12 shows the fatty acid composition (%) of regular, mid-oleic, and high-

oleic sunflower oils according to the Proposed Draft Amendments to the Standard

for Named Vegetable Oils (Report of the Eighteenth Session of the Codex Commit-

tee on Fats and Oils, London, 2003). Table 13 shows the composition in major tria-

cylglycerols of mid-oleic sunflower oil, compared with the composition of regular

sunflower oil (49). Clearly, there is a difference in the unsaturated triacylglycerol

composition of both oils: mid-oleic sunflower oil has a higher content of OOO, and

regular sunflower oil is richer in LLL and LLO (the addition of both contents

amounting to 60.3%).
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Figure 13 shows the composition in major triacylglycerols of mid-oleic sun-

flower oil (49), as compared with the calculated composition from a random distri-

bution. The triacylglycerol distribution does not fit the random model, the main

differences being in the levels of OOL and OOO, the main triacylglycerols. In con-

trast, as shown in Figure 6, the fatty acid distribution in regular sunflower oil TAG

differs only slightly from the random distribution. Table 14 shows the chemical and

physical characteristics of crude mid-oleic sunflower oil according to the Proposed

TABLE 13. Composition in Major Triacylglycerides (%) of

Mid-Oleic Sunflower Oil, as Compared with the Composition

of Regular Sunflower Oil [Based on (49)].

Triacylglycerols Mid-Oleic Regular

LLL 11.5 32.4

LLO 12.1 27.9

LLP 4.1 10.7

LOO 8.3 6.7

LLS 2.7 7.4

LOP 2.6 4.8

OOO 40.2 1.7

LOS 1.6 2.2

POO 5.7 0.6

SOO 5.4 0.4

L¼ linoleic, O¼ oleic, P¼ palmitic, S¼ stearic.

0

10

20

30

40

50

60

70

80

90

100

minimum maximum minimum maximum minimum maximum

regular mid-oleic high-oleic

P
er

ce
nt

ag
e

16:0 18:0

18:1 18:2

Figure 12. Fatty acid composition (%) for regular, mid-oleic, and high-oleic sunflower oil (based

on the Proposed Draft Amendments to the Standard for Named Vegetable Oils Committee on

Fats and Oils, 2003).
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Draft Amendments to the Standard for Named Vegetable Oils (Report of the Eight-

eenth Session of the Codex Committee on Fats and Oils, London, 2003).

Table 15 shows the sterol composition of mid-oleic sunflower oil according to

the Proposed Draft Amendments to the Standard for Named Vegetable Oils (Report

of the Eighteenth Session of the Codex Committee on Fats and Oils, London,

2003). Clearly, b-sitosterol is the sterol with the highest occurrence (56–58% of

total sterols), followed by campesterol (9.1–9.6%) and stigmasterol (9.0–9.3%).

b-sitosterol is the main sterol in all three types of sunflower oil (regular, mid-oleic,

and high-oleic).

4.4. Semi-Dwarf and Dwarf Sunflower

The search for sunflower varieties of defined characteristics was also aimed at a

reduction of plant size and adaptation to other climates. Short-stature cultivars in
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Figure 13. Triacylglycerol composition of mid-oleic sunflower oil as calculated from random

distribution and experimentally determined (49). (Key: Sat¼ saturated acid, O¼ oleic acid,

L¼ linoleic acid.)

TABLE 14. Chemical and Physical Characteristics

of Crude Mid-oleic Sunflower Oil (According to the

Proposed Draft Amendments to the Standard for

Named Vegetable Oils, 2003).

Relative density (25�C/water at 20�C) 0.914–0.916

Refractive index (ND 25�C) 1.461–1.471

Saponification value (mg KOH/ g oil) 190–191

Iodine value 94–122

Unsaponifiable matter (g/kg) <15
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sunflower are classified as semi-dwarf (typical 1.20 m to 1.50 m high) and dwarf

(typical 0.80 m to 1.20 m high) types. Dwarf cultivars were developed more

recently and include dwarf hybrids and dwarf open-pollinated cultivars.

Two types of hybrid denominated Sunola and Sunwheat were developed in

Canada to address the handling problems caused by traditional hybrids, requiring

special machinery adapted only to the long growing season areas in southeastern

Saskatchewan. These new hybrids are 25–35% shorter than regular sunflower

(hence the denomination miniature or dwarf), allowing use of the same machinery

as is used for cereal or canola production. Both early maturing types offer producers

in short-growing-season areas the opportunity to diversify rotations.

Sunola is a miniature type of sunflower developed by the Agriculture Canada

Research Station in Saskatoon as a sowing alternative for areas where growth of

traditional sunflower is not viable. It is the result of persistent selection of open-

pollinated varieties. Plant height is small (60–90 cm), and heads are 8–13 cm in

diameter. Ripening time is 99–103 days—three weeks shorter than for most sun-

flower varieties. Sunola has a high oil content (similar to that of the best hybrids)

and a higher content of linoleic acid (72–74%) than any other commercial

sunflower.

Sunwheat is a dwarf hybrid of sunflower, having leaves and heads of similar size

to other hybrids, but short (96–120 cm). Ripening time is 100–110 days, and the oil

content is slightly lower than that of Sunola. It is appropriate for cultivation in bar-

ren areas and has a higher resistance to extreme-heat summer periods.

5. EXTRACTION AND PROCESSING OF SUNFLOWER OIL

The procedures used for the extraction and processing of sunflower oil are broadly

the same as for other seed oils. Focus will be made on those operations or details

specific of the production of sunflower oil. Sunflower oil is usually extracted

through pressing of seed and later extraction by solvent. The crude oil is usually

subjected to traditional refining stages. Otherwise, cold-pressed sunflower oil is cur-

rently valued as a new extra virgin oil.

TABLE 15. Sterol Composition (as Percentage

of Total Sterols) of Mid-Oleic Sunflower Oil

(According to the Proposed Draft Amendments

to the Standard for Named Vegetable Oils, 2003).

Sterol Composition Mid-Oleic Sunflower Oil (%)

Campesterol 9.1–9.6

Stigmasterol 9.0–9.3

b-Sitosterol 56–58

�5-Avenasterol 4.8–5.3

�7- Stigmasterol 7.7–7.9

�7-Avenasterol 4.3–4.4

Others 5.4–5.8
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5.1. Preparation of Sunflower Seeds for Extraction

Figure 14 shows normal stages in the preparation of sunflower seed. Once har-

vested, sunflower seeds are cleaned, dried, and stored. Seeds must be dehulled prior

to pressing and oil extraction stages. Depending on processing plant, seeds may be

cracked before the dehulling stage to reduce seed size and help remove the hull.

Kernels may be further broken and subjected to two conditioning stages: cooking

and flaking. Thermal conditioning or cooking is directed to an adjustment of the

moisture content (generally to 3–4.5%) and the temperature (generally 100�C) of

meats. The last stage in the preparation of seed is the conversion of the cracked,

dehulled, and conditioned meat into a flake. As these stages are common to a num-

ber of oilseeds, only those aspects specific of sunflower seeds are considered,

namely, in the drying and dehulling stages.

Sunflower seed  

Cleaning 

Drying 

Storage 

Dehulling 

Conditioning 

Cracking 

Pre-treated seed to oil 

extraction 

Hull 

Cracking 

Figure 14. Preparatory treatment of sunflower seed for extraction.
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5.1.1. Drying of Sunflower Seeds The moisture content of sunflower seed

must be reduced to around 8–9% prior to storage. Different authors indicate slightly

varying levels: 15% (50), 9–10% (51), 8.5% (52), and 10.5% (5). In order to prevent

losses caused by unfavorable climatic conditions, seeds are usually harvested with

moisture contents above the recommended levels for storage.

When seed moisture is higher than the recommended value, enormous spoilage

of the seeds by microbiological attack is possible. Fungi may also grow explosively

over the surface of seeds, with the consequent increase in temperature caused by

biological activity. Such temperature increase leads to ideal life conditions for ther-

mophilic bacteria; their metabolism contributes further to a temperature increase.

Enzyme and mold activity reduces the quality and the yield of the extracted oil.

Seed moisture is normally expressed as weight percentage of the whole seed. As

water is insoluble in seed lipids, the moisture content is concentrated in the nonfatty

parts of the seed. The water content calculated on a nonfatty basis is defined as ‘‘cri-

tical moisture.’’ The critical moisture of sunflower seeds is 16%, although a max-

imum 15% is recommended for storage.

As the content of nonfatty materials in sunflower seeds decreases as the oil con-

tent increases, the moisture content corresponding to one critical moisture value is

inversely related to the oil content, as shown in Table 16 [based on Muller (50)]. For

critical moisture levels above 15%, the rate of respiration of seeds increases.

Respiration is accompanied by an exothermic transformation of organic substances

of seeds, creating conditions that may lead to spontaneous combustion (50).

Drying of seed may be performed at room temperature with no additional equip-

ment, or with hot-air dryer. The first stage of drying consists of the removal of

external moisture from the fresh seeds. Internal water diffuses outward, evaporating

in the external part of seeds. After a certain time, seeds reach a hygroscopic equili-

brium state at which the moisture content remains constant. The equilibrium

depends on ambient temperature and relative humidity of the surrounding air.

Figure 15 is a representation of these values for different temperatures: 10�C,

25�C, and 40�C [based on Mazza and Jayas (51)].

The equilibrium moisture of seeds is modified upon dehulling. Equilibrium

moisture values for undehulled sunflower seeds, hulls, and kernels are compared

as a function of the relative humidity of the surrounding air at 25�C (Figure 16).

The initial moisture content of all seeds was 5% (dry basis). Those samples stored

at a relative humidity below 33% reached the equilibrium by desorption, and those

at a relative humidity above 33% reached the equilibrium by adsorption (51).

TABLE 16. Critical Moisture of Sunflower Seeds with Different Oil and Moisture Content

[Based on (50)].

Oil Content (%) Nonfat Content (%) Moisture (%) Critical Moisture (%)

35 65 9.75 15

40 60 9.00 15

45 55 8.25 15

48 52 7.80 15
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5.1.2. Dehulling of Sunflower Seeds With approximately 30% of hull, sun-

flower seeds must be dehulled prior to processing. The high wax content of hulls,

which would otherwise be transferred to the oil during extraction, is one major

reason for dehulling. The wax content of an oil extracted from undehulled seed

is approximately five times higher than for oils extracted from dehulled seed.

However, a small fraction of hull (less than 15%) is left with the seed for easy

percolation during the process of extraction by solvent. Seed moisture is usually

reduced to values below 8% for hulls to turn more brittle and be easily removed.
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Figure 15. Equilibrium moisture (%) of sunflower seed with hull as a function of air relative

humidity (%) for three temperatures [based on (51)].
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of air relative humidity (%) at 25�C [based on (51)].

688 SUNFLOWER OIL



Genetic improvements of sunflower seeds have been aimed at increasing oil con-

tent, but also leading to a decrease in the amount of hull. The seed pericarp is thin-

ner and more firmly attached to the kernel in improved varieties. The ‘‘hullability’’

of improved seeds, i.e., the ease with which hulls can be cracked and removed from

the seed, is lower than that of seeds with hull of higher thickness.

Dehulling consists of mechanical removal of the pericarp (hull) of seeds. The

most widely used method consists of colliding of seeds at high speed against a

hard surface by centrifugal effect, leading to the cracking of seeds. Loose hull

bits are separated from partially dehulled seed. In addition to the size and shape

of seeds, the moisture content is a most relevant parameter in the dehulling process.

A decrease in moisture content facilitates hull removal, the effect being greater for

hybrids of higher oil content. However, a decrease in moisture also leads to an

increase in the amount and composition of fines. Therefore, it is necessary to deter-

mine the optimum value of seed moisture for maximum hullability and a reduction

in the amount of fines.

5.2. Sunflower Oil Extraction

Partially dehulled sunflower seed is generally used for oil extraction, with 8%

moisture and 10% residual hull content, approximately. The process employs

mechanical pressing followed by hexane extraction. Figure 17 represents a diagram

of the unit operations involved.

Pre-treated seed 

Hot pressing 

Pressed oil Expander 

Solvent extraction 

Desolventization 
Pelleting 

SUNFLOWER 
MEAL

Extracted oil 

CRUDE SUNFLOWER OIL 

Figure 17. Production of crude sunflower oil.
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Extraction of sunflower oil is generally carried out in two stages. The first stage

consists of mechanical extraction using screw-presses (expellers). The meal

obtained in the pressing stage, containing 15–20% of oil, is subjected to extraction

by solvent (normally hexane). The solvent must then be eliminated from both meal

and oil. Oils obtained through pressing are of better quality than those obtained by

solvent extraction. However, both are blended before storage. Pressed oils are

sometimes commercialized separately from solvent extracted oils. The solvent-

extracted meal is obtained as a byproduct of this stage.

5.3. Treatment of Crude Oil

Figure 18 shows a diagram of alkali refining and physical (steam) refining of sun-

flower oil. The traditional method, alkali refining, involves degumming, neutraliza-

tion with alkali, bleaching, dewaxing, and deodorization. A pre-dewaxing stage

may be performed after neutralization to reduce the wax content to 100–150

ppm, in addition to a stage of winterization after bleaching for removal of the

remaining waxes. Physical refining includes the following stages: degumming,

bleaching, dewaxing, and deodorization. Also for physical refining, a combined

stage of predewaxing and degumming makes post-dewaxing easier and less costly.

Crude sunflower oil

Degumming 

Bleaching 

Dewaxing 

Deodorization/ 
Deacidification 

Alkali refining  or 
neutralization 

Bleaching 

Dewaxing 

Deodorization 

FULLY  REFINED  SUNFLOWER  OIL

Predewaxing 

Predewaxing 

Figure 18. Refining of crude sunflower oil.
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Sunflower oil contains moderate quantities of carothenoids and xanthophylls, but

it does not contain chlorophylls. It may be easily bleached with less than 1%

bleaching earth. In physical refining, bleaching is carried out for the removal of

phosphatides and metals in addition to colored materials. The refining of crude sun-

flower oil is performed along the same stage sequence as for other oilseeds. Inclu-

sions of a degumming stage and a dewaxing stage are both worth considering

separately in detail. Details of physical refining of sunflower oil are also given

below.

5.3.1. Degumming Major phosphoacylglycerols of sunflower oil are phosphati-

dylcholine (PC), phosphatidylethanolamine (PE), phosphatidylinositol (PI), and

phosphatidic acid (PA). The phospholipid content of solvent-extracted oils is higher

than that of hot-pressed oils. Cold-pressed oils contain hardly any phospholipids.

Most of the phospholipids in sunflower oil are hydratable and may be removed

by water degumming. Figure 19 shows a comparison of the variation in the phos-

pholipid content of two crude sunflower oils, obtained by pressing and by solvent

extraction, respectively, and a degummed sunflower oil (53).

Nonhydratable phospholipids (mainly Ca and Mg salts of PA and lysoPA, gly-

cerophosphates, and inorganic phosphates) remain in the oil after water degum-

ming. As a result, a degummed oil may have a significantly higher percentage of

PA and a lower percentage of other phospholipids (particularly PC) than the

original crude oil—PC being almost fully hydratable and PA is nonhydratable

when complexed with Ca or Mg, PC and PI hydrating considerably faster than
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sunflower oils, obtained by pressing and by solvent extraction respectively, and in a degummed

oil [based on (53)].
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PE and PA (54). Figure 20 shows a comparison of the variation range of each phos-

pholipid in two crude sunflower oils, obtained by pressing and by solvent extrac-

tion, respectively, and a degummed sunflower oil (53). The hydratability of these

compounds may be increased with the addition of either phosphoric or citric acid,

leading to a more efficient degumming process. Nonhydratable phospholipids may

also be removed by enzymatic treatment through special biochemical reactions,

such as enzyme-catalyzed hydrolytic cleavage of the phospholipid molecules (53).

Smiles et al. (55) studied the effectiveness of six different degumming reagents

for crude sunflower oil: water, citric acid, phosphoric acid, oxalic acid, acetic anhy-

dride, and maleic anhydride. All reagents were significantly more effective than

water in removing phospholipids, with maleic anhydride and oxalic acid removing

95% and 90% of total phosphorous, respectively. No significant changes were found

in the composition of the phospholipids remaining in the oil.

Pan et al. (56) studied the influence of different operation variables (temperature,

contact time, type and concentration of degumming reagent, pH, calcium and

magnesium content) on both water and acid degumming efficiency for sunflower

oil. All degumming solutions (phosphoric acid, citric acid, and a 50:50 blend of

both solutions) had a 2.5% concentration. Optimum degumming conditions with

phosphoric acid were 60–70�C and addition of 10% of its solution. Optimum

degumming conditions with citric acid were 70�C and addition of 10% of its solu-

tion, whereas for the blend of both reagents, treatment at 60�C and 8% of the blend

was optimum.

5.3.2. Dewaxing Winterization is achieved by cooling an oil with the consequent

crystallization of high melting point fractions (waxes and/or triacylglycerols).
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These are responsible for the appearance of turbidity in some edible oils during sto-

rage at low temperature or even at room temperature.

Winterization of sunflower oil is usually referred to as ‘‘dewaxing.’’ Improved

techniques have emerged in recent years with the appearance of seed varieties of

high oil and additional wax contents. As the improvements in oil yield (higher

than 40% for these seeds) have been obtained at the expense of a reduction in

hull thickness, the concentration of seed protection substances (waxes) in the

hull has also been increased. The concentration of wax in hulls of improved hybrids

may be as high as 3–4%, compared with 1% in hulls of the traditional seeds.

Around 83% of the wax content is in the seed hull, 17% in the seedcoat and traces

are in the seed.

In order to facilitate oil extraction, either through pressing or by solvent extrac-

tion, it is necessary to leave a certain amount of hulls in the seed. The wax content

is thus considerably higher in these oils than in oils of traditional seed varieties.

Crude sunflower oils may contain 2000–3000 ppm of wax, depending on the

seed type and the oil extraction method employed.

5.3.2.1. Cold Stability of Refined Sunflower Oil Sunflower oil waxes are fatty

alcohol esters of fatty acids. Their melting point is around 75�C, and their solubility

in the oil is low, leading to the appearance of turbidity in the refined oil with

decreasing temperature. An oil’s cold stability is usually assessed by means of

the cold test (method AOCS Cc 7-25). Oils passing the cold test will remain

clear—without the appearance of turbidity—after 5.5 hours permanence at 0�C.

The solubility of waxes in sunflower oil is shown in Figure 21 as a function of
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Figure 21. Solubility of sunflower oil waxes (ppm) as a function of temperature ( �C) [based on

(57)].
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temperature [based on Bloch (57)]. The solubility of waxes is extremely low (in

the order of 0.1 ppm) at 0�C and increases to 12 ppm at 20�C. It is possible that

oils that are clear at room temperature may develop some cloudiness if stored in a

refrigerator.

Another problem concerning refined sunflower oil is that the wax precipitate

may appear several days upon elaboration, even for oils successfully passing quality

control checks carried out by means of the cold test. The precipitate, although not

affecting the nutritional or organoleptic properties of the oil, will be considered as

an impurity by the consumer and should be avoided for oils commercialized in

transparent bottles.

Consequently, other factors than the wax content influence the time required for

the appearance of turbidity. Figure 22 shows the time required for turbidity appear-

ance in sunflower oil stored at 0�C as a function of the wax content. All oils passed

the cold test, i.e., remained clear after 5.5 hours at 0�C, except the sample contain-

ing 80 ppm of wax (58, 59). Turbidity develops in an oil containing 6 ppm of

wax after 10 days, that is, a longer time period than that considered by the cold

test.

The phenomenon of turbidity appearance in sunflower oil is complex. The time

necessary for turbidity appearance for a given wax content depends on the temper-

ing temperature. Both the time necessary for the appearance of turbidity at tempera-

tures above 0�C and the minimum concentration causing turbidity may be expected

to increase with temperature. However, the wax crystallization rate is reported to be

the highest at 13�C, i.e., the time necessary for the appearance of visible turbidity in

an oil is the shortest at this temperature (58, 59). In view of the above difficulties,
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Figure 22. Time required for turbidity appearance in a sunflower oil stored at 0 �C as a function

of the wax content [based on (58, 59)].
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several analytical methods have been developed for predicting the appearance of

turbidity (60–62) or for determining the wax content in sunflower oil (53, 63, 64).

5.3.2.2. Content and Composition of Sunflower Oil Wax Both the wax content

and composition of sunflower oil depend on the method of oil extraction. According

to work carried out by Carelli et al. (53) with sunflower oils extracted from the same

seed lot, the crude industrial oil obtained by hexane extraction contained 1073 ppm,

the crude industrial oil obtained by hot pressing contained 947 ppm, and the cold-

pressed oil obtained in the laboratory had 771 ppm of wax. That is, the oil extracted

by hexane had the highest wax content, the hot-pressed oil having a higher content

than the cold-pressed oil.

Figure 23 shows the composition of wax esters according to total number of car-

bons, for the oils obtained by the three above methods. Waxes in the cold-pressed

oil were composed predominantly of esters below 42 carbons. Both hot-extracted

oils had a similar wax profile. Wax extractability appears to depend largely on tem-

perature, in particular for those waxes containing over 42 carbons, where reductions

of 70% can be achieved. Degumming did not lead to any significant reduction in the

wax content for either type of industrial oil. In short, the content and composition of

sunflower waxes are affected by the extraction method, although degumming does

not have a significant effect on the total wax content.

Carelli et al. (53) studied the wax content of crude sunflower oil (995 ppm) and

of three commercially refined edible oils (366–624 ppm), finding a high degree of

dependence of the wax content on the refining process conditions. The wax com-

position in the crude oil and in one of the refined oils is shown in Figure 24. Waxes

remaining after refining are richer in 40 and 41 carbon esters (less rich in esters of
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Figure 23. Influence of type of extraction on wax composition in sunflower oils [based on (53)].
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over 42 carbons) than the original waxes, indicating a clear tendency of waxes of

higher molecular weight (higher melting point) to crystallize during refining; i.e.,

the cooling stage produces a fractionation of the waxes. Figure 25 shows the com-

position of waxes precipitating in the dewaxing process of sunflower oil [based on
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Figure 24. Wax composition in a crude oil and in a commercial refined oil [based on (53)].
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Figure 25. Composition of precipitated waxes in the dewaxing process of sunflower oil [based

on (53)].

696 SUNFLOWER OIL



Carelli et al. (53)]. The predominance of esters of higher number of carbons (over

44) is clear, in accordance with the above.

Because the composition of the wax remaining in an oil differs markedly from

that precipitating from it, care must be taken against differences in the sunflower

wax profile as reported in the literature. The fatty acid composition and the fatty

alcohol composition of sunflower wax (53, 65) are compared in Figures 26 and 27.
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Figure 26. Fatty acid composition of sunflower wax (53, 65).
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Figure 27. Fatty alcohol composition of sunflower wax (53, 65).
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It is worth noting that Liu et al. (65) studied the wax removed from an oil that had

been stored at 0�C for 1 week, allowing enough time for crystallization and frac-

tionation to take place. The wax contained preferentially esters of a higher number

of carbons. Carelli et al. (53) extracted quantitatively all the waxes contained in a

crude sunflower oil.

5.3.2.3. Sunflower Dewaxing Procedures Several methods are used for wax

removal. Most widespread are those associated to the refining process, whereas

cold degumming and superdegumming, both related to the treatment of crude

oils, are scarcely used (57, 66).

Cold neutralization was developed for high-capacity plants and for the proces-

sing of oils of high wax content. The crude oil is neutralized at a low temperature,

and the wax is removed simultaneously with the soapstock. The processed oil is of

good quality, although losses may be considerable, especially with oils containing

over 1.5% free fatty acids.

Water dewaxing is the latest method of sunflower oil dewaxing. As the crystal-

lization process of waxes is inhibited or delayed by the phosphatides in the oil,

dewaxing is carried out after full degumming has been completed. The process

of dewaxing through hot neutralization followed by cold washing has gradually

replaced the traditional methods. After conventional hot neutralization is per-

formed, and the soapstock removed, the oil is cooled to 6–8�C and left to settle

for 8–10 hours. A small percentage of soda (NaOH) is added; time is allowed

for maturation; it is heated to 20–25�C and centrifuged. One final filtration step

must be performed on the cold oil to remove the remaining waxes.

Cold filtration may be performed before or after deodorization. Oil from the

bleacher or the deodorizer is cooled to 12–15�C, and after settling for 12 hours,

it is cold-filtrated with the addition of filter aid (perlite or diatoma) to prevent clog-

ging caused by the wax.

5.3.3. Physical Refining The success of the physical refining stage depends lar-

gely on the pretreatment of crude oil. Among other compounds, phosphatides must

be efficiently removed. The elimination of nonhydratable phosphatides (NHP),

mainly Ca and Mg salts of phosphatidic acid and lysophosphatidic acid, poses

one major difficulty to the pretreatment of oil for physical refining. NHP may be

removed from the oil with the addition of an acid, generally phosphoric or citric

acid, or complexation agents for Ca/Mg (preventing the precipitation of insoluble

salts). Treatment with these acids is the basis for several oil pretreatment processes

prior to physical refining.

The content and ratio of NHP in an oil differs significantly depending on the

method applied (Table 17). The NHP content is lower in extracted and mixed

oils (67). The NHP content of sunflower oil is low, and degumming may readily

be accomplished. Dimic et al. (67) studied a simplified process for pretreatment

of sunflower oil with the application of multiple acid degumming stages.

Part of the unsaponifiable matter (such as tocopherols, sterols, and sterolesters)

is distilled together with the free fatty acids during deodorization/deacidification, as
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well as volatile oxidation byproducts, and flavor components. Ideally, natural oil

components should remain in the oil in the highest possible amount. As much as

85% of tocopherols remain in a finished oil upon physical refining operations car-

ried out at temperatures below 240�C.

Sunflower oil processing byproducts depend on the kind of refining, whether

chemical or physical. The so-called ‘‘deodistillate’’ of chemical refining of sun-

flower oil can be used as feedstock for obtaining tocopherols and sterols. The toco-

pherol composition of sunflower oil (over 90% alpha-tocopherol and only a low

proportion of the beta and gamma isomers) makes deodistillates of great value

for industrial Vitamin E production. Increased importance has been placed on vege-

tal sterols because they were found to reduce the risk of cardiovascular disease. As

a result, the demand for tocopherols and sterols was increased as food additives.

Deodistillate originated in physical refining, diluted in free fatty acids, is not an

attractive feedstock for Vitamin E and sterol producers. Deodistillate originated in

chemical refining of sunflower oil may contain 5–7% of total tocopherols, com-

pared with only 1–2% for deodistillate of physical refining (68).

5.3.4. Deodorization There are no major differences between deodorization

procedures for sunflower oil and other vegetable oils. The loss of tocopherols in

the oil is worth noting for sunflower oil, though. The average tocopherol content

of sunflower oil is medium (440–1520 ppm, according to Codex-Stan 210-1999),

nearly all of which is alpha-tocopherol (403–935 ppm). Table 18 shows the reduc-

tion in the tocopherol content upon deodorization of sunflower oil (69). Tocopher-

ols may be recovered from the distillate of deodorization.

TABLE 17. Content of Total Phosphatides (TP) and Nonhydratable Phosphatides (NHP)

of Crude Sunflower Oil [Based on (67)].

Pressed Oil Extracted Oil Mixed Oil

TP (g/100 g oil) 0.24 1.32 0.70

NHP (g/100 g oil) 0.14 0.04 0.09

NHP*100/TP 59% 3% 13%

TABLE 18. Total Tocopherol Content (ppm)

of Sunflower Oil in Different Refining Stages

[Based on (69)].

Refining Stage Tocopherols (ppm)

Crude 823

Neutralized 815

Bleached 843

Dewaxed 903

Deodorized 510
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5.4. Cold-Pressed Sunflower Oil

Virgin oils currently available on the market are not restricted to virgin olive oil but

include other oils obtained by cold pressing of seed. These oils are appreciated

highly by consumers in view of their nutritional characteristics and flavor (particu-

larly those organoleptic notes that are lost in refined oils). The consumer appreci-

ates the ‘‘natural’’ characteristics of these oils, as they are not subjected to chemical

treatment. A relatively new market has developed for these oils in the U.K.,

Germany, France, Italy, and Switzerland, among other markets. Sunflower oil is

manufactured and commercialized as ‘‘cold-pressed’’ or ‘‘first cold-pressed’’ oil.

Cold-pressed sunflower oil is obtained through mechanical pressing at a low

temperature (30–35�C, for example). It has a clear appearance, an agreeable golden-

yellow color, and a typical light flavor. The visible spectrum of this oil indicates

a low content of chlorophylls and carotenoids, characteristic of unbleached oils.

It may be stored in dark containers at room temperature for 1 year without the

appearance of turbidity—characteristic of sunflower oil extracted with solvent

from undehulled seed. A high tocopherol content constitutes a natural protection

against oxidation, to a higher extent than antioxidants added to commercial oils

(70). De Panfilis et al. (71, 72) also analyzed regular cold-pressed sunflower oils

manufactured by different European countries. Relatively high acidity values

were found for these oils (0.65–1.59 %), characteristic of virgin oils (unrefined).

6. HYDROGENATION OF REGULAR SUNFLOWER OIL

Regular sunflower oil contains hardly any linolenic acid, a factor contributing to a

high oxidative stability. Light hydrogenation processes (low temperature) are there-

fore unnecessary to increase the stability of sunflower oil, as is the case for soybean

and rapeseed oil—aiming at the elimination of linolenic acid, while avoiding the

formation of considerable amounts of trans-isomers. Sunflower oil is hydrogenated

in producer countries for use in the manufacture of shortenings and margarines. It is

a good raw material for the production of hydrogenated fat of relatively flat melting

curve, with melting point in the range of 32–36�C. The behavior of sunflower oil in

the hydrogenation process is similar to that of soybean oil, and it does not require

particularly special or different reaction conditions. It does not contain compounds

that may interfere with the reaction, as is the case for rapeseed oil. Mention will be

made here only of those aspects that are specific to sunflower oil, without treatment

of the general conditions valid for hydrogenation of any vegetable oil. Process con-

trol parameters are the refractive index, melting point, iodine value, and solid fat

index.

Topallar et al. (73) studied the density and viscosity of hydrogenated regular

sunflower oil of iodine value up to 82.4. The density of hydrogenated sunflower

oil is slightly higher than that of its nonhydrogenated counterpart, varying linearly

with temperature. At a given temperature, oil viscosity was found to double upon

hydrogenation.
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Around 40% of trans-isomers are formed in the traditional hydrogenation pro-

cess. Figure 28 shows the amount of trans-isomers formed as a function of hydro-

genation temperature (120, 150, and 180�C) and the amount of nickel catalyst at

20% on silica (0.03, 0.05, and 0.10% nickel in the oil), for reactions taking

place in the laboratory at a pressure of 3 atm and an agitation rate of 1500 rpm (74).

Hydrogenation of vegetable oils at a low temperature (105–120�C) with a high

hydrogen concentration on the catalyst results in a minimum amount of trans-iso-

acid formation. Medium-temperature hydrogenation (150�C) may be unselective,

and high-temperature hydrogenation (180�C) generates the highest content of

trans-isomers, a value near equilibrium. Sunflower oil shows the expected behavior,

with a minimum of trans-isomers corresponding to the lowest temperature and the

least amount of catalyst, and a maximum at the highest temperature and the highest

amount of catalyst.

Variations of the hydrogen pressure and the amount of catalyst, keeping tem-

perature at a constant 180�C and the rate of agitation at 750 rpm, did not result

in significant modification in the trans-content. Figure 29 shows this effect (74).

The traditional hydrogenation process generates a high proportion of trans-

isomers. Having considerably higher melting points than their cis-isomers, trans-

isomers contribute to a large extent to an enhancement of product thermal behavior

and plasticity. On the other hand, from the nutritional viewpoint, it is recommended

to avoid intake of trans-isomers; thus, ways have been sought to reduce their con-

tent in margarines. One widely used procedure consists full hydrogenation of the oil

and later interesterification with nonhydrogenated oil. A new method consists

hydrogenation with solvent under supercritical conditions, leading to a reduction
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Figure 28. Content of trans-isomers in a hydrogenated regular sunflower oil at different

temperatures (120 �C, 150 �C, and 180 �C) with varying amounts of a nickel catalyst at 20% on

silica (0.03%, 0.05%, and 0.10% nickel in the oil) [based on (74)].

HYDROGENATION OF REGULAR SUNFLOWER OIL 701



in the trans-content below 5%. The rate of hydrogenation is some 1000 times

greater owing to an increased transfer of hydrogen toward the catalyst and the

lack of blockage of pores in the catalyst produced by stagnant oil (74).

Catalytic transfer hydrogenation (CTH) is one method currently being devel-

oped. This method differs from traditional hydrogenation with molecular hydrogen

in the use of a hydrogen donor (for example, sodium formate solution) in a catalytic

transfer reduction reaction. Naglic et al. (75) used this procedure to hydrogenate

regular sunflower oil, among other vegetable oils.

Hydrogenated sunflower oil may suffer from disadvantages for use in the man-

ufacture of margarine spreads. The appearance of sandiness in these products dur-

ing storage is because of a strong tendency of partially hydrogenated sunflower oil

to form b crystals. Under rapid cooling conditions, as used in the manufacture of

margarines, the a phase is the first to form, followed by its rapid transformation into

phase b’. This is the desirable crystalline form, because, under certain conditions, it

tends to form a fine three-dimensional network capable of immobilizing a large

amount of liquid oil. From a thermodynamic viewpoint, phase b is the stable

form of hydrogenated sunflower oil. Thus, the solid state transformation of b0

into b always takes place, leading to the formation of a coarse, sandy texture

detected during storage but not during product elaboration. The transformation of

b0 to b is slow. The time required for full transformation depends on temperature

and crystallization rate of the manufacturing process, as well as storage temperature

of the margarine (76–79).

Various procedures have been proposed to solve the problem of graininess of

margarines manufactured with hydrogenated sunflower oil. The hydrogenated oil
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Figure 29. Content of trans-isomers in a hydrogenated regular sunflower oil at different
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may be mixed with partially hydrogenated cottonseed oil with the consequent

increase of fatty acids of over 16 carbons. Cottonseed oil, crystallizing at a higher

temperature than hydrogenated sunflower oil, induces and stabilizes b0 crystalliza-

tion in the rest of the fatty material (76). Food emulsifiers provide another solution

to the problem. Addition of saturated and unsaturated fatty acid monoacylglycerols,

acting as modifiers of the crystalline structure, aids in preventing the undesired phe-

nomenon. Also, the addition of 0.3% of sorbitan tristearate inhibits the transition

from b0 to b in a margarine. The same is observed for sucrose polyesters (80).

7. STORAGE AND DETERIORATION OF SUNFLOWER OIL

Several general factors affect the oxidative stability of sunflower oil—as well as

most vegetable oils—during storage. One of these factors is the degree of unsatura-

tion, i.e., the relative content of oleic and linoleic acids. Product shelf-life is

affected by manufacturing conditions such as the type of extraction process (press-

ing, with solvent, with supercritical fluids), degree of purification (crude, refined,

deodorized, etc.), addition of antioxidants, and type of packaging (container mate-

rial, incorporation of inert atmosphere, etc.). Other major factors influencing the

oxidative stability are the particular storage conditions: time, temperature, and

light, among others.

7.1. Composition of the Refined Oil

Sunflower oil extracted from different types of hybrid may have different composi-

tions. It is expected that the degree of unsaturation will influence the oxidative sta-

bility of sunflower oil markedly. AOM time measurements were used to determine

the influence of oleic/linoleic ratio on the oxidative stability of sunflower oil (36).

Oil samples extracted (refined and deodorized) from three progenies of cultivar Per-

venets were analyzed, as well as other oil samples from different regions of the

United States. The oleic acid content thus ranged from 18% to 89%, and the linoleic

acid content decreased from 69% to 1%; the saturated fatty acid content was nearly

constant. AOM values increased from 11 hours for the oil containing the least

amount of oleic acid to 100 hours for that with the oleic acid highest content. These

results show the importance of monounsaturated fatty acid content on the oxidative

stability of sunflower oil.

Inherent stability of an oil may be calculated from the oil composition and the

relative rates of oxidation of oleic (defined as 1), linoleic (evaluated as 10), and

linolenic (evaluated as 25) acids. The higher this value, the more unstable or sus-

ceptible to oxidation an oil is. Values of 6.8 and 1.9 are obtained for regular and

high-oleic sunflower oils, respectively, taking into account their standard composi-

tions. The inherent stability of olive oil, calculated as 1.5, is slightly lower than that

of high-oleic sunflower oil, whereas even lower values are obtained for saturated

fatty materials like tallow (0.86), palm kernel (0.27), and coconut (0.24). The
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inherent stability of high-oleic sunflower oil is 3.5 times higher than that of high-

linoleic sunflower, and higher than the values for most vegetable oils (81).

7.2. Storage Conditions

Three major factors influence the storage conditions of oils: temperature, light, and

the presence of dissolved oxygen. The combined effect of temperature and light

exposure on the stability of a refined commercial high-linoleic sunflower oil was

studied (82). Oil bottled in PET (polyethylene terphthalate)—the head space being

filled with nitrogen—was stored at three different temperatures (35, 45, and 60�C),

both in a dark chamber and with 12-hour lighting per day (18-W fluorescent tube).

Lighting conditions were chosen considering bottles packed in cardboard boxes

(darkness), or displayed on supermarket shelves—exposed to artificial lighting.

The criterion for establishing oil deterioration was the rejection of an oil sample

by a panel of trained consumers. The corresponding shelf-lives were estimated for

the three temperatures (35, 45, and 60�C). These values were used to extrapolate

shelf-life at 20�C (taken as room temperature). Storage temperature was found to

have a marked influence on oil deterioration, even when bottled under inert nitrogen

atmosphere. For example, an oil stored in the absence of light at 45�C is rejected

by consumers after 102 days, compared with 1140 days estimated for oils stored

at 20�C.

Estimated shelf-lives for those samples stored under conditions of darkness were

considerably higher than for the corresponding samples exposed to light. Estimated

shelf-life at 20�C was 281 days for oil exposed to light and around 1140 days for oil

stored in dark chambers. This value is higher than the 2 years generally established

by manufacturers as useful life period of this kind of oil. Exposure to light must be

avoided to extend the life-span of sunflower oil, and it must be bottled in containers

that prevent the passage of light. PET bottles do not prove efficacious light filters in

preventing oil deterioration.

Other researchers (83) have studied the effect of light exposure on regular sun-

flower oil (iodine value¼ 132) and on partially hydrogenated sunflower oil (iodine

value¼ 82). Oil samples were stored in containers of glass, PET, and glass covered

by tin, and were exposed directly to solar radiation at atmospheric conditions for

30 days (no indication is given of either temperature or exposure time). As expected

for each type of container, the increase in the peroxide value was higher for the

nonhydrogenated oil than it was for its hydrogenated counterpart. A rapid increase

of the peroxide value was reported for those samples stored in glass containers,

whereas an intermediate value (yet high) was for PET containers, with practically

no deterioration of those samples in metal-covered containers. These results are in

accordance with the work of other authors (82).

Values denoting oxidative deterioration increase gradually during the shelf-life

of an oil. Determinations of induction times in rapid-aging tests also reflect the oxi-

dative stability of commercial refined oils. Grompone et al. (84) studied the stability

of commercial regular sunflower oils. The oil samples were stored at ambient con-

ditions in their original PET bottles for a one-year period. The OSI induction time

704 SUNFLOWER OIL



at 110�C was found to decrease from 4.6 hours (at the time of purchase of the oil) to

3.3 hours (one year later). A similar behavior was observed for two refined oils pro-

duced by the same manufacturer over a one-year time difference. The OSI times of

both oils were determined simultaneously: 3.9 hours for the oil procured that year

and 3.2 for the sample procured in a previous year (85).

7.3. Presence of Free Fatty Acids

The pro-oxidant effect of free fatty acids in vegetable oils is widely known. To

determine their influence (86), pure oleic acid was added (up to 3%) to a high-oleic

sunflower oil extracted by cold-pressing. The effect intensity was found to be

directly related with the concentration of free fatty acids.

7.4. Addition of Antioxidants

The effectiveness of antioxidants depends on the type of fatty material; tests are,

therefore, required for each case. Stabilization studies have been reported, for

example, of refined high-linoleic sunflower oil with the addition of three antioxi-

dants and blends of them (87). Butylated hydroxytoluene (BHT), propyl gallate

(PG), and tert-butylhydroxyquinone (TBHQ) were evaluated as antioxidants

through determinations of induction time by Rancimat method at 98�C and the

changes in the properties (acidity, peroxide value, anisidine value, polar compounds

content) of the oil samples during storage in glass jars without lid, in the dark, at

constant temperature: 30 days at 47�C and 30�C and 10 days at 67�C.

The stability of oils containing TBHQ and PG, measured by Rancimat induction

time, increased rapidly with increasing antioxidant concentration. An induction

time of 12.7 hours for the original oil was increased to 25.7 hours with the addition

of 50 ppm of TBHQ and to as much as 42.2 hours with the addition of 200 ppm. PG

had a lesser stabilizing effect, with induction times of 18.8 hours at 50 ppm and

32.3 hours at 200 ppm. BHT had a slight stabilizing effect with practically no mod-

ification of induction time: increasing only to 14.2 hours at 200 ppm. Thus, TBHQ

proved 1.7 times more effective than PG and 22 times more effective than BHT. No

cooperative interaction (synergism) was observed between antioxidants through

Rancimat method.

Different results were obtained with respect to the effectiveness of antioxidants

for oil stored at 47�C in the dark. Effectiveness was evaluated as the time required

for a sample to reach a peroxide value of 10 meq/kg, as estimated from curves of

peroxide value as a function of storage time. The estimated effectiveness of TBHQ

was approximately 9.6 times higher than that of GP and 51 times higher than for

BHT.

According to these results, the relative antioxidant effectiveness of BHT

increased with decreasing temperature, and it decreased for GP. The Rancimat

method underrated the stability of those samples containing BHT, perhaps because

of volatilization of antioxidants during Rancimat testing. The relative activity of
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antioxidants depends on both temperature and the conditions of the method used to

measure such activity.

Independent of the method and test conditions employed, TBHQ proved to be

the most effective of all three antioxidants, followed by PG, and BHT had little anti-

oxidant effect on the sunflower oil studied. Further research should focus on eva-

luation of antioxidant effectiveness through methods of oxidative experimentation

in conditions similar to those of storage.

7.5. Effect of Heating and Microwaves

Vegetable oils exposed to high temperature undergo rapid deterioration, as can be

evidenced both through chemical and sensory analysis. For example, a refined high-

linoleic sunflower oil kept at 60�C for one hour showed changes in its ultraviolet

absorption spectrum, with the appearance of a peak at 234 nm corresponding to the

formation of conjugated dienes generated in the oxidation of linoleic acid. Another

peak was observed at 268 nm for oil kept at 180�C for 1 hour, corresponding to

oxidation byproducts, especially ethylene diketones (84).

The development of rancidity in sunflower oil is accelerated with increased tem-

perature, the process being even more complex in microwave cooking. To deter-

mine the influence of combined factors (88), both a regular sunflower oil and a

high-oleic sunflower oil were exposed to different heating conditions: (1) micro-

wave heating at approximately 170�C for 120 min; (2) conventional electric heating

at 180�C for 120 min; (3) exposure to microwave radiation for 120 min at tempera-

tures lower than 40�C. Greater degrees of alteration were found for both oil types

when microwave-heated than if heated in a conventional oven, and exposure to

microwaves without heating did not produce significant alteration. Hence, the

increase in temperature was found to be the main deterioration factor for both oil

types.

7.6. Crude Sunflower Oil

Crude sunflower oils are produced via mechanical pressing or through extraction

with hexane, followed by water degumming. Most oils are stored for relatively

long periods prior to refining operations. Cold-pressed crude oils, of superior edible

quality, are commercialized as such. Whether unrefined or cold-pressed, the oil may

be subject to temperature fluctuations.

The influence of composition, storage temperature (30, 47, and 67�C), and oxy-

gen concentration (open and stoppered bottles containing different amounts of oil,

and under nitrogen atmosphere) was studied for degummed crude sunflower oils

obtained by pressing and by hexane extraction (89, 90). The oil obtained by solvent

extraction had a lower rate of oxidation than the cold-pressed oil, although initially

at a more advanced step of deterioration. Although all oils had equal amounts of

unsaturated fatty acids and the same concentration of natural tocopherols, the sol-

vent-extracted oil had a higher concentration of phosphorous related with the phos-

pholipid content. It appears that differences in oxidative stability may be attributed
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to the phospholipid concentration, having synergic activity and a metal scavenger

capacity.

OSI induction times were determined at 110�C for three virgin high-linoleic sun-

flower oils, corresponding to three different manufacturers (85). These OSI times,

ranging between 3.8 and 4.7 hours, were equal to or higher than the value obtained

for a refined sunflower oil of the same fabrication year (3.9 hours), yet lower than

the value for a virgin olive oil (8 hours). Virgin oils, which are not subjected to

physical or chemical processes, retain their natural antioxidants, a fact that might

explain the high oxidative stability of these oils.

7.7. Sunflower Oil Extracted by Supercritical Fluids

Although several studies have been made on the extraction of oil from seed by

supercritical fluids, few are about sunflower oil (91). Reports on supercritical car-

bon dioxide (SC-CO2) over a wide range of pressure (20–70 Mpa) and temperature

(40–80�C) show a maximum solubility of sunflower oil in supercritical CO2 at 80�C
and 70 Mpa, conditions similar to those obtained for other seed oils. Over 90% of

the oil content of seed can be removed under these conditions (92).

One disadvantage of oils obtained by this method is their low oxidative stability

(91). To determine the causes of such instability, one study was made of sunflower

oil extracted with SC-CO2, finding that, although the composition and organoleptic

properties of these oils were similar to those of hexane-extracted oils, their oxida-

tive deterioration rate was higher (93). The results of this study suggest that the

instability of oils extracted with SC-CO2 may be attributed to the oxygen contained

in the supercritical fluid, the tocopherols in the oil being inefficient in preventing

oxidation. Thus, the oxidative stability of sunflower oil decreased when re-extracted

with SC-CO2. Improvements may be obtained with the addition of traces of ascor-

bic acid.

8. USES OF SUNFLOWER OIL

8.1. Food Products

8.1.1. Regular Sunflower Oil In view of its light flavor, relatively high oxida-

tive stability, and light golden-yellow color, sunflower oil finds many applications

both in domestic and industrial levels. In countries where sunflower oil is a com-

mon oil, it is used mainly as a salad oil and as a cooking oil. Industrial applications

of sunflower oil include use as frying oil, as well as in the manufacture of mayon-

naise and oil-based dressings.

8.1.2. High-oleic Sunflower Oil Formulations A high oxidative stability is

required by non-dairy coffee creamer formulas for an extended shelf-life without

refrigeration. Both high-oleic sunflower oil and monoacylglycerols obtained from

it prove stable products for use in this kind of creamer. The oil may also be used in

fluid margarine, fluid spreads, dressings, and so on.
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8.1.3. Margarines Owing to the strong tendency of hydrogenated sunflower oil

to crystallize in the b form, precautions must be taken to avoid the problem of san-

diness. The addition of crystal-modifying agents delays the transformation from

unstable a phase to b phase, or stabilizes the intermediate meta-stable b0 phase.

For optimum creaminess conditions, it is generally recommended to add 5–15%

of b0-crystallizing hydrogenated oils to formulations of margarines and of some

shortenings (2). There are studies in the literature (76) about margarine formula-

tions with blends of partially hydrogenated cottonseed oil, partially hydrogenated

sunflower oil, and nonhydrogenated sunflower oil. Hydrogenated cottonseed oil,

having a strong tendency to crystallize in the b0 form, has a favorable influence

in the blend with sunflower oil.

There has been controversy over the consumption of foods rich in trans-isomers.

As partially hydrogenated oils contain high amounts of trans-components, alterna-

tive processes have been sought that do not lead to the formation of trans-isomers

as byproducts. One such alternative is total hydrogenation of an oil (which does not

form trans-isomers) and later blending with liquid nonhydrogenated oil. The oxi-

dative stability of the blend is determined by the instability of the nonhydrogenated

oil. High-oleic sunflower oil appears a most appropriate ingredient in view of its

low content in polyunsaturated fatty acids. Products of this kind are produced by

some manufacturing companies.

Soft nonhydrogenated margarines containing high-oleic sunflower oil and other

oils are available. Parmalat Canada, for example, produces a soft nonhydrogenated

margarine trademarked under the name Olivina, containing a blend of refined olive

oil, high-oleic and regular sunflower oil, and canola oil, as well as palm, and palm-

kernel oils (94).

Another alternative for increasing oxidative stability while improving margarine

texture consists in the interesterification of hydrogenated and nonhydrogenated oils.

As an example, an outstanding increase of crystals in the b0 form was observed

upon interesterification of a blend of sunflower oil and fully hydrogenated soybean

oil with a strong tendency to crystallize in the b form. This procedure leads to bases

for zero-trans-margarines of optimum texture (95).

8.1.4. Interesterified Tallow with Regular Sunflower Oil Countries rich in

livestock resources produce large amounts of tallow as a byproduct of the slaughter

industry. Tallow is used in the manufacture of food, mainly bakery products and

cookies. Among other reasons, a high hardness texture, and a melting point above

the mouth temperature, make foods manufactured with tallow of lower quality.

Interesterification of tallow with vegetable oils is an alternative for an improvement

in the behavior of tallow.

Studies have been published on chemical interesterification of tallow with reg-

ular sunflower oil (96–98). Changes in the proportion of sunflower oil in blends

with tallow produce little modification of the solid content or the melting point.

However, important modifications take place in the thermal properties of these

blends when they are subjected to a process of chemical interesterification. In addi-

tion, modifications occur in the crystalline structure. Solid beef tallow—composed
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of large spherulites responsible for a sandy mouthfeel—may be interesterified with

sunflower oil into a liquid blend (at process temperature), which solidifies in the

form of tiny crystals, giving the solid product enhanced consistency and texture.

Lipase catalysis constitutes an alternative to the method of interesterification

using chemical catalysts. Products of different physical properties may be obtained,

according to lipase specificity (99,100).

8.1.5. Frying with Regular and Modified Sunflower Oil Deep-fat frying, a

common cooking procedure, may be performed in a continuous or discontinuous

manner. In repeated discontinuous frying—either in the home or in restaurants—

the oil remains hot for long time periods, in contact with the surrounding air,

with occasional cooking. The process is carried out with a relatively low rate of

fresh-oil supply (turnover).

In continuous frying, generally performed in industrial facilities for processing

of fried and prefried foods, turnover is high because of the large amount of oil

removed by products during continuous cooking. Contact of the oil with oxygen

is limited in this case by the steam protection barrier generated in the cooking

process.

The deterioration of deep-frying oil depends on a large number of factors,

including frying frequency (discontinuous or continuous), turnover, the time the

oil is hot, and type of oil. Oil decomposition products absorbed by fried foods

together with the frying oil during the cooking process affect not only the sensory

and nutritional quality of these foods but also their shelf-life. They include polar

compounds, triacylglycerol polymers and dimers, diacylglycerols, peroxides, vola-

tile compounds, and so on. Storage time and characteristics depend on the type of

product. Crisps, for instance, are generally stored at room temperature, whereas

prefried french fries are stored in a freezer.

Frozen prefried foods are prepared before ingestion. Deep-fat frying is a most

common cooking method for the manufacture of prefried foods. These foods are

thus subjected to two different frying processes and a stage in a freezer prior to final

cooking and consumption. Several studies have been performed to evaluate the

oxidative resistance of sunflower oils when used in frying processes.

8.1.5.1. Regular Sunflower Oil High-linoleic sunflower oil is of customary use

for frying in strong producer countries, as is the case of Argentina and Uruguay.

In contrast, consumption and cooking use of olive oil has decreased in traditional

consumer countries mainly because of price reasons. In Spain, the consumption of

olive oil dropped from 55 g/capita/day in 1964 to 25 g/capita/day in 1987. Olive oil

has been replaced by seed oils, especially sunflower oil (101, 102).

Although several studies have been performed to determine the characteristics of

regular sunflower oil for use in frying, few were focused on the in situ stability of

an oil contained in fried foods. In one study, french fries fried in high-linoleic

sunflower oil and crushed to different sizes, were subjected to fast-aging in OSI

equipment at 110�C and the induction period was determined (84). The values

obtained differed from those for pure sunflower oil. This method is a more realistic
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representation of the deterioration phenomenon, as it enables the study of an oil’s

oxidative stability in the intact food matrix.

Recent publications are based on the simulation of frying operations without the

addition of food (103, 104). Others consider the process with the addition of food,

generally french fries. The deterioration of sunflower oil was determined in the fry-

ing oil during discontinuous frying processes (101, 105), or continuous processes

with different rates of turnover (106, 107), as well as in the oil extracted from fried

foods (101, 108, 109). Other studies are on the deterioration of a sunflower oil

absorbed in foods during storage in normal or fast-aging conditions.

Results show that regular sunflower oil rarely reaches a critical value of 25% of

polar compounds in continuous frying processes with frequent turnover, indicating

the suitability of sunflower oil for this use. However, use of this oil is recommended

only for frying of crisp-type foods with short commercialization periods, ensuring

their consumption before detectable levels of deterioration of the absorbed oil are

reached (109).

8.1.5.2. High-Oleic Sunflower Oil Studies on the use of high-oleic sunflower oil

in frying processes have similar characteristics to those performed on regular sun-

flower oil, and generally they include a comparison of both types (104, 109–119).

Several reports have been published on oil deterioration in deep-fat frying processes

carried out in intermittent manner (102, 114, 119) or continuously (110, 114, 119).

Some studies simulate the frying process (in the absence of food) using Rancimat

equipment without air bubbling at 180�C (104), or simply study oils heated in con-

vection oven and on a hot plate (113). Other studies are on oil extracted from fried

foods, generally potato crisps and french fries (111), and on the deterioration of oils

contained in fried foods during storage in normal and fast-aging conditions (109,

112, 115, 116, 119).

Márquez-Ruiz et al. (119) compared regular and high-oleic sunflower oils in

continuous and discontinuous potato frying processes. Oil deterioration was mon-

itored in the fryer as well as in the absorbed oil, during the time of cooking and

during 30 days’ storage at 60�C. Several conclusions may be reached: (1) high-oleic

sunflower oil deteriorated to a lesser extent than regular sunflower oil, in either con-

tinuous or discontinuous frying; (2) products fried in high-oleic sunflower oil and

stored at 60�C were more stable than those fried in regular sunflower oil; (3) anti-

oxidant protection was essential for fried products requiring storage prior to their

consumption.

High-oleic sunflower oil is the most appropriate type for industrial frying, as

determined through customary deterioration indices and sensory evaluation of final

fried products. Both high-oleic and regular sunflower oils are feasible alternatives

for processing of prefried products stored in freezer; i.e., no sensory differences

were found in frozen precooked french fries stored for 19 months at �18�C,

shelf-life for this kind of product being normally 2 years. However, for crisps stored

under ambient conditions, those fried in regular sunflower oil had developed detect-

able levels of rancidity after 4 months, the process evolution being both more rapid

and intense. Despite the above difference, the legal commercialization period for
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crisps is usually 3 months, making both oils suitable for manufacture of this kind of

product.

Studies have been made on the effect of additions of dimethyl polysiloxane

(DMPS; 2 mg/kg) on frying oil performance and the storage of fried potato as crisps

or french fries (109–114). DMPS is an antifoaming silicone forming a monolayer

over the oil surface, protecting against oxidation by air contact. The addition of

DMPS is inefficient for both regular and high-oleic sunflower oil in continuous fry-

ing, but it is useful in discontinuous frying where the oil surface is exposed to the

atmosphere for extended time periods.

8.1.5.3. Mid-Oleic Sunflower Oil With the relatively recent appearance of mid-

oleic sunflower oil, researchers have shown an interest in its use in frying processes.

Abidi and Warner (120) used the three types of sunflower oil (regular, high, and

mid-oleic) in the preparation of french fries, potato crisps, and fresh white corn tor-

tilla chips. However, no general conclusions may be drawn regarding inherent sta-

bility as there is no indication of antioxidant type and concentration in the different

oils.

Kleingartner and Warner (48) summarized several studies performed with mid-

oleic sunflower oil in frying. Mid-oleic sunflower oil was used successfully by sev-

eral potato chip manufacturing enterprises. In July 2000, Procter & Gamble

announced it would use mid-oleic sunflower oil in the production of Pringles potato

chips. The U.S. Department of Agriculture’s National Center for Agricultural Uti-

lization Research in Peoria also carried out performance evaluations in processes of

frying of tortilla chips and of french-fried potatoes. Oxidative stability was evalu-

ated through the appearance of polar compounds during intermittent frying and

through flavor evolution during storage. Three years’ research showed that mid-

oleic sunflower oil was of higher frying quality than other nonhydrogenated oils

(soybean, canola, corn, and cottonseed).

Pan-frying is a popular frying method at home and in many restaurants. The pan-

fry stabilities of two oils with similar iodine values—mid-oleic sunflower oil

(NuSun) and a commercial canola oil—were compared (121). Both oils have simi-

lar pan-fry stabilities, with few significant differences in the physicochemical prop-

erties during the heating process.

8.2. Industrial Products

8.2.1. Biodiesel The importance of biodiesel as a partial or total substitute for

petroleum-based fuels has increased in the last two decades. Already in the

1980s, studies had been made in the United States for the use of vegetable oils

(mustard, canola, corn, soybean, peanut) as fuel, sunflower being the preferred

oil. The North Dakota State University, Agriculture Engineering Department, con-

ducted a project to determine the effects of sunflower oil used in diesel engines. The

Iowa State University, College of Agriculture, also conducted studies on the use of

sunflower oil as fuel. Several short studies were carried out with a tractor by the

USDA-SEA-AR Subtropical Texas Area unit in Weslaco (Texas). Other studies
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were made outside the United States; for example, sunflower oil was tested on a

range of diesel engines in South Africa.

The use of vegetable oils as a substitute for petroleum-based diesel has been

replaced by use of their methyl or ethyl esters. These are produced in several coun-

tries for use in ignition engines, especially blended with petroleum diesel. Having a

high population density and serious pollution problems, the development of biodie-

sel has been stimulated in European countries. A large number of diesel vehicles

constitute a potential market for biodiesel production. In Germany, the first com-

mercial plant was built in 1995 with a capacity of 60,000 ton/year. In 2001,

Germany produced some 500,000 ton of biodiesel. Production of methyl ester

biodiesel in Italy was 200,000 ton in 2001. In France, several plants currently oper-

ate, especially for rapeseed methyl ester production, with a total biodiesel produc-

tion over 300,000 ton in 2001. Rapeseed and sunflower biodiesels are also produced

commercially in Austria.

Sunflower oil, either regular or high oleic, may be used in biocarburants in the

form of methyl esters. These products were already in use in Italy in 1998, pure or

in blends. In Austria, high-oleic sunflower was used as carburant for tractors. The

French oilseed sector launched an experimental program for the incorporation of

methyl esters of traditional sunflower in fuels, instead of rapeseed esters, as certain

regions of southern France are not suitable for rapeseed cultivation (41). Experi-

ences with sunflower-based biodiesel were carried out in Spain, Greece, and

Portugal, among others.

The optimization of biodiesel production by transesterification of sunflower oil

was studied (122). The best combination of process parameters was found to be

three stoichiometric doses of methanol, 0.28% w/w of KOH, and 70�C temperature.

Several reports have been published on the properties of biodiesel manufactured

with different fatty materials and on their performance in compression ignition

engines, including information about sunflower oil and its esters (30, 31, 41,

123). Table 19 shows major properties of sunflower oil and its methyl esters. The

physicochemical characteristics of these esters meet the norm specifications of dif-

ferent countries, even with improvements of some properties, such as the cetane

number.

Although the production of methyl esters is the easiest alternative, the produc-

tion of ethyl esters from ethanol obtained from renewable starch sources, e.g., corn,

poses a more interesting challenge. However, the production of ethyl esters through

TABLE 19. Properties of Sunflower Oil-Based Biodiesel (30, 41, 123).

Regular Oil (30)

Methyl Esters of

Regular Oil (41)

Methyl Esters of

Regular Oil (123)

Methyl Esters of

High-Oleic Oil (41)

Cetane number 37 54 49 55

Energy content 39,575 kJ/kg 39,687 MJ/kg 33.5 MJ/l 39,733 MJ/kg

Cloud point (�C) 7.2 1 1 4

Flash point (�C) 183 180 274 185

Density (kg/l) 0.9161 0.8866 0.860 0.8821
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basic catalysis is difficult to achieve because of the formation of stable emulsions.

Studies have been conducted with a view to finding solutions to the problems

associated with the production of ethyl esters of sunflower oil (124), opening

new alternatives for its use as biodiesel.

8.2.2. Lubricants Mineral-based lubricants lead the lubricant market. However,

with the advancement of the need for biodegradable products, vegetable oils have

become popular, because of they are also better lubricants. The fatty acid composi-

tion of vegetable oils, however, is one major disadvantage. Oils rich in saturated

fatty acids have poor low-temperature flow properties, and those rich in polyunsa-

turated fatty acids are of low oxidative resistance. Vegetable oils rich in monoun-

saturated fatty acids have optimum oxidative stability and low-temperature

properties (125).

In view of the higher oxidative stability of high-oleic sunflower oil, it is used as

diesel and gasoline engine lubricant. In France, for example, a product is commer-

cialized containing 70–80% of high-oleic sunflower oil and 20–30% other

additives. Several studies have been aimed at the production of polyol esters (propyl

glycol, pentaerytritol, trimethylpropane) from high-oleic sunflower oil (41).

8.2.3. Vegetable Oil-Based Printing Inks Lithography and letterpress pro-

cesses require paste inks. Printing inks that are conventionally used in these appli-

cations are multicomponent systems comprising a pigment, a hydrocarbon and/or

alkyd resin, a hydrocarbon solvent, and optional additives. Vegetable oil-based non-

petroleum inks have been formulated for various specialized applications. These

ink formulations cost even less than petroleum oil-based ink formulations. Sun-

flower oil is used for the manufacture of vegetable oil-based inks (126).

8.2.4. Other Applications Containing around 70% linoleic acid, sunflower oil is

a semidrying oil. Insofar as economically feasible, sunflower oil may replace soy-

bean oil in the manufacture of resins for paint and press-ink formulations. Through

epoxidation of sunflower oil, PVC stabilizers may be obtained, and dimerization

would yield products that could be used for lubricant manufacture (41).

Epoxides have received increased attention in view of their interest both as end-

products and as chemical intermediates. Epoxidized oils—mainly high-oleic sun-

flower oil—and their ester derivatives have found important applications as plasti-

cizers and additives for polyvinyl chloride (PVC). Epoxidized esters produced from

high-oleic sunflower methyl esters have hydroxyl values of 0, oxirane values of 5.2/

4.5, and iodine values of 1.7/1.5 (127)

9. WORLD PRODUCTION AND DISTRIBUTION
OF SUNFLOWER OIL

The world production of sunflower seed has grown steadily since 1950, at a lower

rate toward the last several years. Figure 30 shows the evolution since 1935 (5, 128,
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129). World production of sunflower seed in 2000–2001 was of 23.3 MMT, �8.9

MMT of sunflower oil and 10.2 MMT of sunflower meal.

World production of sunflower seed (7%) was third in the world production of

oilseeds in 2001–2002, after soybean (57%) and canola seeds (11%). Production of

soybean being by far the largest, sunflower seed production does not amount to

much of the world total oilseed production (129).

The evolution of the sunflower oil production (MMT) in the last few years is

shown in Figure 31 by country/region [based on Gunstone (129)]. The world
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Figure 30. World production of sunflower seed in million of metric tons (MMT) (5, 128, 129).
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Figure 31. Evolution of sunflower seed production (MMT) by country/region in the last years

compared with total world production [based on (129)].
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production of sunflower oil has changed (in both distribution and amount) in the last

decade because of economic and political reasons, such as the facts occurred in ex-

USSR and Central Europe. In Argentina, the largest world producer of sunflower oil

until 1999, the substitution of sunflower by more profitable crops since that year

resulted in a drop in sunflower seed production, making ex-USSR the largest world

producer (in this year, the production of sunflower seeds in ex-USSR also increased

markedly). In 2000/2001, EU-15 became the second largest producer. In view of the

amounts produced in Argentina, the decline in sunflower oil production in this

country was reflected in the total world production.

Sunflower oil production is determined by the production of sunflower seed.

Sunflower oil is fourth in importance among vegetable oils (including oils extracted

from fruits, as is the case of palm oil), as shown in Figure 32. World production of

sunflower oil is around 9 million metric tons, amounting to 8% of the total vege-

table oil production [based on Gunstone (129)]. Despite its fourth position in the

world production of vegetable oils, the participation of sunflower oil is fairly low.

Figure 33 shows the evolution of the world production of sunflower oil in the last

several years, compared with the total fat and oil world production (128, 130, 131);

including the projected value for 2008–2012, according to the literature (132). The

trend in sunflower oil production is for a steady value (declining slightly), and the

total fat and oil production tends to increase considerably.

Figure 34 shows the evolution of the sunflower oil production (MMT) by coun-

try/region in the last years, compared with the total sunflower oil production [based

on Gunstone (129–131)]. The leading position in the producer market varies accord-

ing to period, with fairly similar amounts for the European Union and Argentina

(major producer countries), except for a sharp drop in Argentina in 2000–2001

as a result of the decrease in seed production (showed in Figure 31). As for ex-

USSR, it became the world’s largest producer country as of 1999–2000. The

soybean
31%
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others
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Figure 32. Distribution of world production of vegetable oils in 2001–2002 [based on (129)].
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participation of sunflower oil in the world trade has declined in the last years, as

shown in Figures 31 and 33.

Soybeans have a strong participation in the world supply of oilseeds. The supply

being oriented mainly to the production of meals rich in protein, an oversupply of

soybean oil is commercialized at a lower relative price, a fact that is reflected in the

general composition of the vegetable oil trade.
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Figure 35 shows the participation (%) by country/region in the world production

of sunflower oil in 2000–2001 [based on Gunstone (129–131)]. The largest world

producer was ex-USSR for that period (27%), followed by the European Union

(23%), and Argentina (18%).

The production of sunflower oil may supply either the internal or external market

of a region or country. The world exports distribution does not follow the same pattern

as the distribution of production. The participation in sunflower oil exports is shown

by country/region in Figure 36 for 2000–2001 [based on Gunstone (129–131)].

EU-15
23%

exUSSR
27%Argentina

18%

Central Europe 
8%

United States
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15%

Figure 35. Participation by country/region in the world production of sunflower oil in 2001–2002

(based on (129–131)].
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Figure 36. Participation by country/region in world exports of sunflower oil in 2001–2002 [based

on (129–131)].
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For that period, the main exporter was Argentina (50%), with a participation

twice as large as ex-USSR (22%) in exports, whereas the latter was the largest pro-

ducer in the same period. The above figures show how a large proportion of the

Argentinean production (1.18 MMT) finds its way into the external market (out

of a total 1.60 MMT produced). Most of it is exported as bulk crude oil and as

bottled refined oil in a lesser proportion.

The amount of sunflower oil produced by ex-USSR (2.40 MMT) was far larger

than the exported amount (0.53 MMT), showing a large consumption (1.87 MMT)

in this country of the produced oil. It is exported primarily as processed oil,

mainly to the Middle East countries (Algeria, Egypt, Turkey, etc.) for later proces-

sing, demand for this type of oil being scarce in the European market. Figure 37

shows the participation by country/region in world imports of sunflower oil for

2000–2001 [based on Gunstone (129–131)]. A comparison of Figures 35 and 37

shows that major importer countries are generally not strong producers of sunflower

oil.

In the European Union, exports of sunflower oil (0.16 MMT) were balanced

by imports (0.17 MMT), whereas it was a net importer of sunflower seed for pro-

cessing (1.94 MMT). Likewise, Central Europe exported the same amount of

sunflower oil (0.10 MMT) as it imported (0.13 MMT), but it was an exporter of

sunflower seed (0.39 MMT). These relationships of the international European

market are reflected in the characteristics of the internal market. A number of vege-

table oils are available for consumption in the European Union, unlike the case of

Argentina. Production of canola oil—the main oil—is closely followed by sun-

flower, soybean, palm, and olive oils, with regional variations. Olive oil is more

important in the south of Europe (Greece, Italy, Spain, and Portugal), amounting

to 36% of the total vegetable oil consumption, sunflower oil also being important.

India 
19%

Algeria
10%

EU-15
7%

Central Europe
5%

Others
59%

Figure 37. Participation in sunflower oil imports by country/region in 2001–2002 [based on

(129–131)].)

718 SUNFLOWER OIL



Consumption in the north of Europe is more varied: the market is supplied by

regional oilseeds (especially canola), with sufficient sunflower production in

France. Soybean, sunflower, canola, and palm oils together constitute nearly 80%

of total vegetable oils in northern Europe (133).

In 2000–2001, Argentina produced 1.60 MMT of sunflower oil and exported

1.18 MMT (of that oil), with 0.42 MMT disappearance, 75% of which was destined

for direct consumption, whereas the rest was used in the manufacture of margarine

and mayonnaise. An analysis of internal demand by oil type in Argentina shows

sunflower oil with 70% of the trade, followed by soybean (26%), and low volumes

of corn and olive oils. Use of sunflower oil is widespread in this region.

Sunflower oil, as well as canola oil, is produced annually for sale of the oil pri-

marily, unlike the case of soybean oil, mainly related to the demand for its meal.

Sunflower oil accounts for 80% of the seed price, being six to seven times higher

than the price of meal pellets. The price of sunflower seed is determined by the

price of the extracted oil.

10. SUNFLOWER OIL EXTRACTION AND PROCESSING
BY-PRODUCTS

Two coproducts are originated in the sunflower-seed oil extraction process: meal

and hulls. Sodium soapstock is obtained as a byproduct of alkali refining of the

oil, and it may contain phosphatides, depending on process type. Sunflower lecithin

is obtained by treatment of the oil. Less important byproducts are waxes, tocopher-

ols, and so on.

10.1. Soapstock

Sodium soapstock obtained from alkali refining of sunflower oil may be used as an

ingredient in animal feed meals in view of its high caloric value, in addition to

being a good phosphorous source in the case of soapstock containing phosphatides.

Use of soapstock is local because of transportation costs and ready fermentation,

resulting from a high water content. Dehydration is often carried out prior to trans-

portation, storage, and incorporation of soapstock into other meals.

Sodium soapstock may also be subjected to treatment with mineral acids, freeing

the constituent fatty acids upon decomposition of the soaps. The product thus

obtained, having a very low water content, is called ‘‘acid oil.’’ Storage and trans-

portation requirements are the same as for crude oil.

Both acid oil and the free fatty acids obtained in the physical refining may be

incorporated in the manufacture of soap. In view of its high linoleic acid content

(in particular when originating in the refining of regular sunflower oil), soapstock

does not make a fatty material of good properties for the manufacture of toilet soap.

To this end, it is blended in relatively low proportions with other more appropriate

fatty materials. It is used in cattle producer countries also producing sunflower oil

as a means to reduce the titer of beef tallow or of the beef tallow/coconut oil blend.
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A high titer is one problem of beef tallow in Argentina and Uruguay, for example:

45.4�C mean value, although it may be as high as 48�C (134, 135). Sunflower oil,

having a titer of 16–20�C, may be added to this blend to obtain appropriate values

for soap manufacture, generally considered around 42�C.

10.2. Sunflower Lecithin

Responding to the recommendations of food and nutrition scientists, studies have

been made of new phosphoacylglyerols (phosphatides or phospholipid) sources.

Oilseeds and cereals are important sources of phospholipids. The phospholipid

(lecithin) content of crude sunflower oil ranges from 0.5% to 1.2% (53, 136–

138). Oils extracted by solvent generally have a higher phospholipid content than

those obtained by pressing. Major phosphoacylglyerols of sunflower oil are PC, PE,

PI, and PA. Most are hydratable and may be removed from the crude oil through a

water degumming process.

Most published research is into the content and composition of unremoved

phospholipids in sunflower oil after different degumming processes. Little

research has been done, however, of the separated lecithins. Some conclusions

may still be reached about efficiency of production method, as well as the possible

composition of these lecithins from the composition of the phospholipids remaining

in the oil.

The fact that the phospholipid composition of sunflower depends on the oil

extraction method and the degumming treatment used to remove them explains

the differences in the reported compositions in the literature. Phospholipid compo-

sitions of sunflower oil are shown by type in Table 20 (136, 139–141). The overall

fatty acid composition also varies widely for the same reason. Cherry and Kramer

(140) report composition ranges of 11.1–31.9% of palmitic acid, 3.0–7.9% stearic

acid, 13.3–17.3% oleic acid, and 42.8–68.7% linoleic acid.

Sunflower lecithin is not produced in considerable amounts worldwide. This is

mainly because of the low lecithin content of crude sunflower oil as compared with

2.9% for soybean, 1.9% for canola, 2.4% for cottonseed, and 2.0–2.7% for corn oil

(normalized at 70% of insolubles in acetone). Lecithin removal from sunflower oil

may be justified in strong sunflower producer countries. It may be used as a food

additive in view of its high phosphatidylcholine and essential fatty acid content.

Upon refining and fractioning stages, the quality of sunflower lecithin may be

improved for the manufacture of food products and cosmetics.

TABLE 20. Phosphoacylglycerol Composition (%) of Sunflower Oil (136, 139–141).

PC (%) PE (%) PI (%) PA (%)

Cherry/Kramer (140) 12.7–26.8; 42.2–64.2 9.9–29.4; 46.6 3.7–21.4; 24.0–36.6

Morrison (136) 52.0 19.7 26.0 2.2

Carelli et al. (141) 44–48 20–21 20–21 12–15

Chapman (139) 48.7 21.2 27.9 2.2
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Holló et al. (142) report on studies carried out in Hungary (where sunflower oil

represents 80% of the total vegetable oil production) about possible uses of sun-

flower lecithin. It may be added to sunflower meal by 2.5% or it may be dried,

representing an increase to 55–70% in the phospholipid content, prior to blending

with animal feed meals. Used in swine feed meals, it leads to an increase of body

weight and a shortened fattening period. It is also useful for an adjustment of the

energetic level of poultry feed meals, and it replaces the addition of synthetic cho-

line chloride, in view of the high natural choline content of sunflower lecithin. It is

also used in the food industry as emulsifier, and as a viscosity reducer agent in the

manufacture of chocolates.

10.3. Sunflower Meal

The remaining material from the pressing stage (expeller) of sunflower seed usually

contains 10–12% of oil. Sunflower meal is obtained as a byproduct of solvent

extraction from this material. In order to facilitate handling and transportation,

the meal is often compacted through pressure and temperature treatment, into the

shape of sunflower pellets. Sunflower pellets are the fourth important oleaginous

raw material used in animal feeds, after soybean, cottonseed, and canola pellets.

Production of sunflower pellets in Argentina, the main world producer and

exporter, is around 1,900,000 tons annually, 80–85% of which is exported to the

Rotterdam market mainly, and the remaining 300,000 tons are destined to the local

market (143).

The evolution of the world production of sunflower meal (MMT/year) in the

last years (harvests in 1996/1997 through 2000/2001) is indicated in Figure 38,
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Figure 38. World production of sunflower meal (MMT/year). (Key: Solid box¼ actual production.

Open box¼ estimated production) [based on (129)].
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including the estimated projection for the five-year periods 2006/2010 and 2016/

2020 [based on Gunstone (129)]. Figure 39 is a representation of the production

of sunflower meal (MMT/year) by major countries/regions involved. Argentina is

the largest world producer (16% of the world production), although certain

regions—as a group of countries—represent larger productions. Exports are usually

from Argentina (68%) and ex-USSR (19%), and most of them reach the EU-15

(66%). Soybean meal leads the world market of oleaginous meals, sunflower

meal representing only 6% (129).

The sunflower oil extraction industry produces three kinds of meal: meal pro-

duced from undehulled seeds, containing around 28% of protein and 25–28% fiber;

meal of partially dehulled seed, containing 35–37% protein and 18% fiber; and

meal obtained through a two-step dehulling process of seed, containing 40–42%

protein and 12–14% fiber. The meal composition thus depends on the efficiency

of the dehulling process of sunflower seeds. The oil content of sunflower meals

ranges between 1.5% and 2.5%, depending on oil extraction efficiency and raw

material (3, 144–146).

Undehulled sunflowerseed meals cannot match soybean meals in the meal mar-

ket, their use being limited to ruminant feeds. In addition, sunflower hulls contain a

large amount of raw fiber (60–65%) of practically no nutritional value, so that they

are almost exclusively used as ruminant feed.

The amino acid composition of sunflower meal is generally balanced. The

energy content of sunflower meal compares favorably with other oilseed meals.

The energy value of a sunflower meal increases with increasing residual oil content

and a reduction of the fiber content. Sunflower meal is also valuable as a calcium

and phosphorous source and a good source of hydrosoluble B complex vitamins,

EU-15
26%

Central Europe
9%

Ex-USSR
23%

Argentina
16%

Others
26%

Figure 39. Production of sunflower meal by major countries/regions in 2001–2002 [based on

(129)].
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mainly nicotinic acid, thiamine, pantothenic acid, riboflavin, and biotin (146).

Sunflower meal also contains chlorogenic acid, a polyphenolic compound. For

meals extracted in the conventional manner under alkaline conditions, chlorogenic

acid reacts with a certain protein fraction, giving the product a dark green color.

Several methods have been proposed for the production of protein concentrates

obtained from sunflower meal through extraction or inactivation of chlorogenic

acid (3, 146). Compared with soybean, cottonseed, and peanut meals, dehulled

sunflowerseed meals are substantially less rich in lysine, although richer in methio-

nine and cystine. Sunflower proteins are therefore a good complement for soybean

meals when both are blended in animal feeds. Supplementation with lysine must

generally be performed for sunflower meals to be used alone as swine and poultry

feeds (145).

Sunflower meal (blended with wheat flour) can be used for human nutrition.

Despite their dark color, sunflower protein concentrates are of excellent digestibil-

ity. A method was proposed (147) for obtaining sunflower protein concentrates

from defatted wholemeal sunflower flour, through extraction of these proteins

with a basic solution. The process yields a concentrate of 71% protein (dry basis),

rich in glutamic and aspartic acids. The supernatant liquid, rich in potassium and

phosphorous, can be used as agricultural fertilizer.

10.4. Hulls

Hulls are obtained as a byproduct of sunflower seed processing for oil extraction.

The amount of hull represents around 22–28% of seed weight. Hulls may be sepa-

rated either prior to or upon extraction of the oil. They may also remain in the meal,

making a wholemeal product. Hulls contain around 4% of crude protein, 5% of lipi-

dic matter (including waxes, hydrocarbons, fatty acids, sterols, and triterpenic acid),

50% carbohydrates (mainly cellulose and lignin), 26% reducing sugars (mainly

xylose), and 2% ash. The high fiber content (60–65%) and the low protein and

energy content of hulls reduce their nutritional value; they are used as roughage

in certain animal feeds (146).

Hulls may be used as ruminant feed when finely milled and blended with other

ingredients, composing the nondigestible part of the meal in view of the high con-

tent in cellulose and lignin. They may be used for an additional volume of concen-

trated meals and to absorb liquids such as molasses. Owing to the high content of

nondigestible fiber, the nutritional value of hulls as feed for farm animals is extre-

mely low, so that they are used as livestock or poultry litter.

Sunflower hulls are also used as fuel, with a caloric power of 19.2 MJ/kg, and the

caloric power of hull and meal is 23.6 MJ/kg, constituting an improved fuel. Hull

burning is an alternative to the use of more expensive fuels in some countries. The

resulting ashes are rich in potassium and may be used as fertilizers (146).

Sunflower hulls may also be pressed and shaped into fireplace logs, including

wood residues. In view of their high content in reducing sugars, sunflower hulls

can be used for the production of ethyl alcohol and furfural. Other minor uses

include building or insulation board.
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10.5. Waxes

Sunflower seed oil waxes are fatty alcohol esters of fatty acids. The fatty acids are

in the range of 14 to 30 carbons, with a predominance of linoleic (44.0%), oleic

(18.6%), behenic (9.7%), and palmitic (9.8%) acids. The fatty alcohols have

chain-lengths in the range 16 –32 carbons, with a predominance of octadecanol

(23.1%), nonadecanol (18.4%), and tetracosanol (11.9%). This fatty acid and alco-

hol profile leads to esters of 36 to 48 carbons, with a predominance of 41 carbons

(14.3%), 48 carbons (13.9%), 36 carbons (13.0%), 40 carbons (11.5%), 46 carbons

(11.2%), and 37 carbons (9.2%). Other authors report sunflower waxes to contain

fatty acids with 16–30 carbons (highest occurrence of 20 and 22) and fatty alcohols

in the range of 20–32 carbons (highest occurrence of 24 and 26). The saponification

value of these waxes is 85–90 and the iodine value of 8–12. The melting point is

70–80�C. They behave as nonpolar lipophilic compounds at temperatures below

40�C, and at higher temperatures, they adopt a crystalline state of weak hydrophilic

character (53, 57, 64).

These waxes are located mainly in the hull of sunflower seeds (1.5–3%). The

concentration will depend on the hybrid or seed variety, as well as on origin and

storage factors. They are incorporated in the oil during oil extraction operations.

The quantity of extracted wax will depend on the degree of dehulling of seeds,

the extraction method (pressing or extraction by solvent), and the temperature

and technology used. The wax content of crude sunflower oil is usually in the range

0.02–0.35%, although it may reach values as high as 1%; the wax content of refined

sunflower oil can be as high as 60 ppm (53, 64). Sunflower waxes have been used

successfully as ingredient in livestock feeds, mixed with grain, silage, and so on.
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10.6. Tocopherols

A low percentage of tocopherols is lost during operations of oil neutralization,

bleaching, and deodorization of sunflower oil. The tocopherols lost during deodor-

ization may be recovered together other volatile compounds, from the deodorizer

distillate. The distillate obtained from sunflower oil is also a good source of phy-

tosterols. Figure 40 shows typical tocopherol levels in deodorizer distillate obtained

from crude oils [based on Walsh et al. (148)].

The distillate obtained from sunflower oil may be sold to pharmaceutical com-

panies for tocopherol and sterol isolation. Tocopherols may be used as natural

antioxidants or may be converted to vitamin E by methylating the heterocyclic

ring. The interest in phytosterols is caused by the high potential of some of them

to inhibit intestinal cholesterol absorption.
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1. INTRODUCTION

The discovery of conjugated linoleic acid (CLA) dates back to 1933, when it was

found that treatment of polyunsaturated fatty acids with alkali increased the UV

absorbency (1–3). It was later found that the treatment produced a one to one

mixture of cis-9-, trans-11- (9,11-ct) and trans-10-, cis-12 (10,12-tc) CLA. In

1935, it was noted that UV absorbency at 230 nm of milkfats was higher in milk

from cows fed polyunsaturated fatty acids than cows fed saturated fats (4). This

phenomenon was shown to be a result of conjugation of the double bonds of the

polyunsaturated fatty acids (5). The predominant isomer in dairy products (milk,

cheese, butter) or meat is 9,11-ct CLA (6).

Since the time of their discovery, conjugated fatty acids have been the subject of

intense investigation. Spectroscopic analysis using ultraviolet light was the major

analytical instrument available to researchers in the 1930s. As a result of high absor-

bance of UV light at 230 nm or higher, conjugated fat became a useful research tool

for the study of fat metabolism. The first animal study used naturally conjugated

fats of tung oil, but it was poorly tolerated (7). During this period, essential fatty
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acids were discovered. Aaes-Jorgensen (8) studied the possibility of using CLA to

treat/prevent the symptoms of essential fatty acid-deficiency. They observed that in

essential fatty acid-deficient animals, CLA could not prevent deficiency but showed

toxicity. Synthetic conjugated fatty acids produced from linoleic acid (LA), usually

mixtures of 9,11-ct and 10,12-tc CLA, replaced the natural substances as a pre-

ferred biological marker.

Over the last two decades, the conjugated fats and, particularly, conjugated linoleic

acid (CLA) have been intensively studied for their biological activity. As a result

of the ease of synthesis, blends of two CLA isomers, namely 9,11-ct and 10,12-tc-

CLA, have been the focus of most research into biological activity. Recent research,

however, has been expanding to include pure or enriched isomer preparations.

2. METABOLISM

Early studies using a CLA mixture revealed that animals absorb and incorporate

some of the CLA in their tissues in phospholipid, glycolipid, and acylglycerol

fractions. In 1950, Reiser (9) observed faster and better absorption and incorpora-

tion of CLA when administered as triacylglycerol (TAG) versus free fatty acid.

Following administration of CLA as TAG, the maximal levels appear in blood,

liver, and organs at 16 hours compared with 24 hours for the free fatty acid

form. Incorporation was higher in mesentery fat followed by perirenal and subcu-

taneous fat (9). Barnes et al. (10), in 1941, reported the kinetics of CLA absorption

from the mixture. The absorption rate was highest in the first hour following admin-

istration and then gradually declined. Following a single oral dose, over 50% of

conjugated CLA was absorbed in neutral mucosal lipids in the first hour followed

by a decline, whereas in mucosal phospholipids, the incorporation was much

slower, reaching maximum at about 8 hours followed by decline. In 1951, it was

found that poultry incorporate CLA into egg lipids (5). Recent studies confirm

the earlier finding of preferential incorporation in neutral lipids followed by phos-

pholipids in liver (11) and mammary tissues (11, 12). Incorporation of CLA in tis-

sues is associated with a reduction in the amounts of arachidonic acid and linoleic

acid in neutral lipids (11) and in the liver TAG levels with an increase in the levels

of 18:0 (13). In pig heart lipids, 11,13-ct isomer was the major CLA isomer

followed by 9,11-ct isomer following an oral administration of CLA mixture

(14). CLA isomers compete with desaturases and elongases to produce desaturated

and elongated products maintaining the geometry of double bonds (15–17). CLA

has been shown to inhibit delta-9-desaturase enzyme in vitro (18) and in vivo

(19). CLA feeding also resulted in a decrease in arachidonic acid, and also

reduced the desaturation of linoleic acid without affecting the desaturation of

alpha-linolenic acid to any significant level. In rat, 9,11-ct isomer was preferen-

tially metabolized to conjugated C20:3, whereas 10,12-tc isomer was metabolized

to conjugated C16:2 and 18:3 compounds (19). The CLA mixture and its indivi-

dual isomers (9,11-ct and 10,12-tc) inhibited basal and calcium ionophore stimu-

lated production of prostaglandin from human sapheneous vein endothelial cells in
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a dose-dependent manner. The mixture of CLA isomers was reported to inhibit the pro-

duction of eicosanoids at all doses, whereas 10,12-tc isomer was shown to inhibit pro-

duction at lower dose but stimulate at higher dose (20).

3. PHYSIOLOGICAL ACTIONS OF CLA

3.1. Effect on Body Composition

While working with essential fatty acid deficient rats in 1951, Holman observed

that CLA-fed rats had significantly less total fat than control rats, and that they

lost weight (21). Subsequent studies demonstrated that CLA inhibited fat accumu-

lation and promoted lean muscle mass in growing animals, including pigs and mice

(22–24). The results on the effect of CLA on body fat composition in animals are

unequivocal, whereas studies in humans are providing mixed results. In a double

blind, randomized clinical trial on obese and overweight humans, Blankson et al.

(25) observed a clinically significant reduction in body fat mass in groups adminis-

tered various doses of CLA ranging from 1.7 g per day to 6.8 g per day. Reduction

in body fat mass was significant for groups administered 3.4 g CLA per day and 6.8 g

CLA per day. Interestingly, this study found that 3.4 g of CLA per day provided

maximum reduction in body fat mass; increasing the dose above this level provided

no additional effect (25). Lean body mass and body mass index were similar in all

the groups, although there was a slight increase in lean body mass in the CLA

group. The increase in lean body mass did not achieve significance compared

with a placebo group administered olive oil. Additionally, the CLA group presented

a significant reduction in total-, LDL-, and HDL-cholesterol (25). In another study,

Riserus et al. (26) observed a reduction in saggital abdominal diameter in abdom-

inally obese humans without affecting total body weight. A reduction in total fat

mass in healthy, nonobese, exercising males was observed when CLA was given

at a total daily dose of 1.8 g (divided in 3 doses) for 12 weeks. Body weight was

not affected in this double blind clinical trial (27). A recent study in type II diabetic

patients who were not on any medication found an inverse relationship between

plasma CLA levels and weight loss and serum leptin levels (28). The inverse rela-

tionship was significant for 10,12-tc isomer of CLA and not for 9,11-ct isomer. A

study in nonobese individuals using a mixture of CLA isomers containing about

20% each of 9,11-ct and 10,12-tc-CLA isomers, along with 20% to 25% other iso-

mers, did not observe a reduction in body fat mass (29). Another study investigated

the effect of CLA on weight regain after weight loss in overweight subjects (30).

This study observed no effect of CLA on weight gain after weight loss; however,

the weight gain in the CLA group was a result of an increase in fat free mass and

was independent of dose (30). Comparison between studies is difficult as these stu-

dies differed in the degree of obesity of the subjects, duration of treatment, dose,

and the isomer composition of the CLA preparation. Earlier commercial products

of CLA contained equal amounts of 9,11-ct and 10,12 –tc isomers with other iso-

mers in small amounts. The other isomers include all trans-isomers as well as other
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cis-, trans-isomers, including 11,13-ct, 11,13-tc, 8,10 ct,8,10-tc, etc. This illustrates

the need for research on specific isomers and standardized protocols.

These reported actions of CLA could be mediated through a number of physio-

logical mechanisms including increased fat oxidation (31) or inhibition of lipid

accumulation in fat cells. Recent studies have started to investigate the physiological

actions of individual isomers. It appears that the 10,12-tc isomer of CLA is mainly

responsible for the effect of CLA on adiposity (32–34).

It was demonstrated that 10,12-tc-CLA reduces leptin, a hormone involved in

regulation of fat deposition, in cultured fat cells (35), and in mice (36). In the lat-

ter study, feeding 10,12-tc-CLA to mice caused a comparatively small gain in

weight with no gain in adipose fat. The 10,12-tc isomer of CLA was also shown

to inhibit differentiation of preadipocytes in murine (3T3-L1) (37) and human

preadipocytes (38). This was associated with decreased accumulation of TAGs

in differentiating preadipocytes; inhibition of peroxisome proliferator-activated

receptor �g (PPAR-g) gene (38) and its downstream gene products including lipo-

protein lipase (LPL), GLUT-4 (glucose transporter gene 4), and inhibited expres-

sion of fatty acid synthase (FAS) gene. CLA isomer 9,11-ct, on the other hand,

increased accumulation of TAGs in adiposities and also stimulated GLUT-4 and

LPL. This suggests that isomer 10,12-tc may be responsible for inhibition of glu-

cose uptake and oxidation in the adipocytes, leading to decreased TAG accumula-

tion. These actions also underlie the effect of 10,12-tc isomer in inducing insulin

resistance leading to lipoatrophic diabetes observed in animal (39, 40) and human

studies (41).

3.2. Anticancer Properties

In 1985, Pariza and Hargrave discovered an antimutagenic fraction in cooked and

raw beef during their studies on identification of carcinogenic compounds present

in cooked beef (42). This fraction was identified to be a mixture of 4 isomers of

CLA (9,11-ct, 9,11-tt, 10,12-tc, and 10,12-tt) (43). Studies in animal models and

cell lines demonstrated the antimutagenic activity of a CLA mixture against known

chemical carcinogens (7,12-dimethylbenz[a]anthracene, DMBA, and benzo (a) pyr-

ene) (43–47). CLA has been shown to have anticancer effects against breast, colon,

and prostate cancer cell lines (48–50). In rat models of breast cancer, CLA was

reported to affect the breast structure when given during development stages. In

this study, dietary CLA reduced the proliferation of terminal end bud and lobuloal-

veolar bud structures, whereby breast tissue became resistant to neoplastic transfor-

mations associated with cancer at later stages in life (48–50).

The exact mechanism of anticancer effects of CLA is not clear, and several pos-

sible mechanisms could underlie the anticancer properties of CLA. These actions

may include its ability to interfere with the proliferation of cancer cells, increased

apoptotic cell death, inhibition of angiogenesis, or increased oxidative stress. In a

study comparing the effects of CLA on estrogen receptor positive human breast

cancer cells (MCF-7) and estrogen receptor negative (MDA-MB 231) cells, CLA

was shown to selectively inhibit proliferation of estrogen receptor positive cells.
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CLA-treated MCF-7 cells selectively remained in G0/G1 phase and the expression

of c-myc was inhibited. CLA had no effect on the growth of MDA-MB 231 cells.

This study suggests that CLA acts by interfering with the estrogen-mediated second

messenger system (51). CLA is also known to interfere with eicosanoids pathway

and inhibits production of prostaglandin E2 (PGE2) (50, 52). Reduced production of

PGE2 may play a role in anticancer actions of CLA. CLA is also shown to stimulate

apoptotic death of cancer cells (50, 53, 54). CLA isomers increased apoptosis

by stimulating the expression of caspase 3 and 9 activities and by reducing the

expression of Bcl-2, an apoptosis repressor gene. The 10,12-tc isomer of CLA

was found to be more potent in mediating these actions than either the 9,11-ct iso-

mer or a mixture of the two (54). The other possible mechanism for anticancer

properties of CLA is its ability to inhibit angiogenesis. In a mouse model of breast

cancer, both isomers inhibited angiogenesis in mammary fat pad and reduced

the concentration of vascular endothelium-derived growth factor (55). The CLA

isomer 10, 12-tc also inhibited secretion of leptin and induced apoptosis in white

and brown adipocytes, whereas 9,11-ct isomer was without effect on these para-

meters. CLA was also shown to reduce cell proliferation by reducing the expression

of proteins involved in cell cycle regulation (p16 and p27) and DNA synthesis (56).

The above discussion focused on the role of CLA as a chemoprotective agent.

Information regarding its effect on cancer treatment is limited. Feeding CLA for

four or eight weeks after carcinogen administration was reported to be ineffective in

preventing tumor formation, whereas continuous administration protected against

tumor development (12, 57). A recent case control study in Finnish women suggested

that dietary CLA may be protective against breast cancer (58). The role of CLA in

prevention or treatment of cancer in humans is not clear and requires more research.

3.3. Insulin Resistance and Diabetes

CLA has been shown to normalize impaired glucose tolerance and improve hyper-

insulinemia in prediabetic ZDF rats (59). These actions appeared to be mediated

through PPAR-g pathway as CLA treatment induced expression of mRNA for

aP2. Recently, it has been observed in Zucker diabetic rats that either a 50:50 mix-

ture of 9,11-ct-CLA and 10,12-tc-CLA isomers or a 90% 9,11-ct-CLA isomer sti-

mulated insulin action in fat and muscle cells (60). These observations suggest that

CLA can prevent or delay the onset of diabetes and that the 9,11-ct isomer may

contribute much of this activity. Recently, 10,12-tc isomer of CLA was shown to

induce insulin resistance and hyperinsulinemia in mice, whereas 9,11-ct isomer

had no effect (61). Both these isomers were shown to be equally efficient in stimu-

lating PPAR-a and g receptors, indicating that the hyperinsulinemia may not be

mediated through nuclear receptor pathway. In another study using either high

metabolic rate mice or low metabolic rate mice, Hargrave et al. (62) demonstrated

that CLA increased the insulin resistance in high metabolic rate mice only, whereas

in Zucker diabetic rat, CLA was shown to prevent a rise in insulin and glucose

levels that might have been mediated through an increased production of adiponec-

tin, a hormone released by adipose tissues (63). In pigs, dietary CLA had no effect
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on plasma glucose or insulin levels or on the ability of insulin to mobilize plasma

glucose (64). These studies indicate that the effect of CLA in diabetes is not clear

and the reported differences may be species specific. In human subjects, the effects

of CLA on insulin resistance and glucose homeostasis are not well studied. In one

clinical trial, the 10,12-tc isomer, but not a mixture of 9,11-ct and 10,12-tc isomers,

was shown to increase the insulin resistance and blood glucose levels in abdomin-

ally obese people (41), whereas another study on normolipidemic subjects failed to

observe any effect of either a 50:50 or 80:20 mixture of 9,11-ct and 10,12-tc iso-

mers on blood glucose or insulin levels (65). Belury et al. (28) observed a reduction

in fasting plasma glucose levels in type II diabetics when they were treated with

6.0 g of a mixture of CLA for eight weeks. This necessitates the need for controlled

studies in human to delineate the effect of CLA and its isomers on blood glucose

homeostasis and insulin resistance.

3.4. Cardiovascular Actions

An isomeric mixture of CLA was reported to inhibit the development of athero-

sclerosis in rabbits (66, 67) or hamsters (68) fed a high cholesterol diet. The CLA mix-

ture caused a regression of atherosclerosis in rabbits (67) and Apo E-/- mouse (69).

In hamsters, CLA was shown to lower the levels of total- and LDL-cholesterol and

TAG levels (33, 70). The reduction in plasma levels of cholesterol could be

mediated via an increase in LDL receptor expression in the liver leading to

increased clearance from the circulation (71). CLA has also been reported to reduce

secretion of apolipoprotein B in animals (72). The effect of CLA could be mediated

through induction of the PPAR-g pathway. CLA has been shown to inhibit cyclo-

oxygenase enzyme in vitro (69). Its anti-inflammatory actions might be playing a

role in prevention of atherosclerosis but does not appear to play a role in regression

of atherosclerosis in animals. The 9,11-ct, and 10,12-tc isomers of CLA and the

metabolite of 9,11-ct isomer (13-hydroxy-9c,11t- octadecadienoic acid) have

been reported to inhibit arachidonic acid and collagen-induced platelet aggregation

(73), which could have been mediated through inhibition of thromboxane A2 for-

mation from arachidonic acid. CLA was also shown to prevent the development of

hypertension in Zucker diabetic rats (63) that was associated with increased expres-

sion of mRNA for adiponectin, a hormone released by adipose tissues. Similar

results on prevention of hypertension were shown in Otsuka Long-Evans Tokush-

ima fatty (OLETF) rats (74). In this rat model, the 10,12-tc isomer of CLA was

shown to inhibit angiotensinogen production from adipose tissues. The effect of

CLA on plasma cholesterol levels and atherogenic potential in human is not clear.

In healthy, normocholesterolemic human subjects, Benito et al. (75) reported no

effect of CLA on cholesterol levels, platelet aggregation, or bleeding time, whereas

Noone et al. (65) reported a TAG lowering effect of 50:50 mixture of CLA isomers.

These differences could be due to differences in the composition of CLA, as Noone

et al. (65) used 50 : 50 or 80 : 20 mixtures of 9,11-ct and 10,12-tc isomers and

Benito et al.’s (75) preparation contained 11.4% 9,11-ct, 10.8% 8,10-tc, 15.3% 11,13-ct,

and 14.7% 10,12-tc, with 6.7% c,c and 5.9% tt isomers of CLA. To establish the effects
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of CLA on cardiovascular risk factors in humans, more research is needed using

pure isomers or standardized mixture of CLA isomers.

3.5. CLA and Immune Function

In animal studies, CLA was reported to enhance immune response and attenuate

allergic reactions (76, 77). CLA has also been shown to prevent age associated

reductions in immune function (78). In Guinea pigs, feeding CLA was shown to

reduce the release of histamine and PGE2 from isolated trachea challenged with

antigens (79), suggesting a strong antiallergic action. In mice, feeding CLA dose

dependently increased splenic lymphocyte proliferation in response to phytohemag-

glutinin but not to lipopolyssaccharide or conclavin A, suggesting that CLA has

selective actions on immune function. CLA stimulated IL-2 production (80) and

also increased the basal and mitogen stimulated natural killer cell activity of splenic

lymphocytes in mice that was associated with increased number of NK-cells but no

change in the ratio of NK-cells to total splenic lymphocytes (81). CLA has also

been shown to reduce the release of proinflammatory mediators, including PGE2,

IL-1, and IL-6, from macrophages stimulated by interferon gamma (IFN-g) (82).

These actions appeared to be mediated through stimulation of PPAR-g pathway.

When fed to pigs, CLA enhanced cellular immunity by modulating white blood

cell types that control adaptive and innate immunity (83, 84). Feeding CLA to preg-

nant and lactating pigs caused an increase in IgG levels of colostrums without

affecting the serum IgG levels (85). In the same study, feeding CLA to suckling

piglets resulted in increased serum levels of IgG and lysosomes. These results indi-

cate enhancement of immune function in piglets. Following the feeding of CLA to

young healthy women, no effects were observed on several measures of immune

function including delayed type hypersensitivity response and numbers of circulat-

ing white cells and antibodies to vaccine, although an increase in CLA content of

mononuclear cells was observed (86, 87). Differences in immune responses may be

due to the selection of a young healthy population with optimal immune function,

species differences, or dietary CLA isomer composition.

CLA has recently been studied for its actions on peroxisome proliferator-

activated receptors (PPARs), most notably of the PPARg. As PPARg plays a role

in macrophage activity, Yu et al. (82) observed a stimulation of PPARg in

RAW264.7 mouse macrophage (RAW) cells by various CLA isomers. CLA also

decreased the production of PGE2, TNF-a, nitric oxide (NO), IL-1b, and IL-6 in

RAW cells treated with interferon-g (IFNg) (82). The inhibition of production of

these inflammatory mediators was associated with a reduced expression of

mRNA for cyclo-oxygenase 2 (COX2), inducible NOS (iNOS), and tumor necrosis

factor alpha (TNF-a). Cheng et al. (88) observed similar inhibition of COX-2 and

NOS mRNA in lipopolysaccharide (LPS) stimulated macrophage cell, which was

associated with an inhibition of LPS-induced protein expression of the cytoplasmic

phosphorylated inhibitor kappaBalpha (IkBa) and nuclear p65 as well as NF-

kappaB nuclear protein-DNA binding affinity. This observation indicate a role of

NF-kappaB in regulation of anti-inflamaotry actions of CLA.
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4. STRATEGIES TO INCREASE DIETARY INTAKE OF CLA

As the interest in beneficial effects of CLA is increasing, so are the efforts to

increase its dietary intake. Various strategies are being employed, which include

increasing the content of CLA in eggs, milk, and meat. In 1951, hens were shown

to incorporate CLA into egg lipids following dietary administration (5), but the egg

production was significantly reduced. Recently, strategies to reduce the population

of problem birds, based on feeding CLA to the females to reduce the egg hatchabil-

ity, have been patented (89). Feeding 0.5% CLA in the diet of hens was shown to

increase the CLA content of egg lipids, which was associated with a significant

increase in saturated fatty acids and a reduction in monounsaturated fatty acids

in the egg lipids. These changes in the egg composition also changed the properties

of the egg yolk in that it became hard when stored at cool temperatures (refrigera-

tor). This observation suggests that feeding CLA to poultry may not be an attractive

strategy to increase the CLA content of eggs as poultry breeders cannot bear the

economic burden of significantly reduced fertility. Strategies are needed to

increase the content of CLA without affecting hatchability of eggs. Recently,

methods to increase the content of CLA in eggs have been patented (90, 91). These

strategies include incorporating CLA along with monounsaturated (91) or mono-

and polyunsaturated fatty acids (90) in the diet. Similarly, feeding CLA in a

diet to cattle increased CLA content in milk and meat and simultaneously reduced

total milkfat content (92) and increased milkfat saturated fatty acids. Other

strategies include feeding 11-trans-octadecaenoic (C18:1) acid (93) and other

sources of polyunsaturated fatty acids to cattle. Feeding either fresh forage or

supplementing the cattle diet with high linoleic acid meals/oils is another effective

way of increasing the content of CLA in milkfat (94–97) and muscle. Most

common sources of polyunsaturated fatty acids include sunflower oil, linseed

(flaxseed oil), safflower oil, fish oil, or marine algae (98–101). When CLA is fed

to cattle, it is better to protect it from rumen hydrogenation by converting to

calcium salts.

5. COMMERCIAL PRODUCTION OF CLA

Industrial conjugated linoleic acid (CLA) is a poorly defined blend of compounds

(102). Early commercial syntheses focused on maximizing total CLA content.

Many early products were rich in CLA but contained a number of positional iso-

mers. Market demand has now shifted for a product that contains two predominant

isomers, specifically 9,11-c,t-octadecadienoic acid and 10,12-tc-octadecadienoic

acid. It is not surprising that alkali isomerization produced some undesirable posi-

tional isomers of CLA. In 1970, Mounts and Dutton (103) had shown unequivocally

that when potassium t-butoxide was used, at least four positional isomers of CLA

were produced. It was not until 1997, after the use of CLA as a dietary supplement

8 CONJUGATED LINOLEIC ACID OILS



began, that Christie et al. (102) elegantly demonstrated that commercial CLA was a

blend of positional isomers. In response to this discovery, new commercial CLA

products have been introduced that have comparatively high levels of the preferred

isomers. In spite of the improvements, all current available commercial CLA

products contain some level of the less desirable isomers and other components,

which may or may not be desirable.

Commercial processes for the synthesis of any compound of economic value is

normally proprietary information and the commercial methods of CLA production

are no exception. The process by which each brand of commercial CLA is synthe-

sized is not known by the authors of this review. Therefore, this review is directed

at the patent literature on CLA synthesis, major problems encountered in CLA

synthesis, and analysis of CLA from commercial suppliers.

5.1. CLA Production Raw Materials

The raw material for CLA production must be a material that is rich in linoleic

acid. This product could be in the triacylglycerol form, fatty acids or fatty acid

esters. The concentration of CLA in the final product is directly dependent on

the level of linoleic acid in the starting material. The highest level of linoleic

acid available from botanical sources is not available in commercial products.

Extraction and refining equipment would be required to obtain oils with the highest

linoleic acid levels. Table 1 lists the commercial and noncommercial sources of oil

and fatty acids that are known to be rich in linoleic acid and their availability as

TAGs and fatty acids.

If commercial CLA is to be synthesized from a fatty acid, it must be recognized

that commercial fatty acids are generally not intended for use in the production of

CLA. Commercial fatty acids are usually produced by the reaction of water (steam)

and TAG oil at high temperatures in a continuous reaction (Reaction 1).

TABLE 1. Linoleic and Linolenic Acid Contents of Some Vegetable Oils (104).

% Linoleic % Linolenic Commercial Oil Commercial

Oil Source Acid Acid Available Fatty Acid Available

Corn 57 0 Yes

Cottonseed 53 0 Yes

Cucumber 72 0 No

Grapeseed 70 0 Yes

LinolaTMFlaxseed 72 3 Yes

Poppy 77 0 Yes

Safflower 75 0 Yes

Sunflower 64 0 Yes Yes

Soybean 51 8 Yes Yes

Squash (pumpkin) 60 0 Yes

Walnut 62 12 Yes
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Reaction 1: Alkali or acid hydrolysis of acylglycerols.

R O
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OH R O−
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This reaction is accelerated through the use of a solid phase acid catalyst, which

is readily separated from the fatty acid and glycerol products after hydrolysis (105).

The disadvantage of this hydrolysis process is that the reaction is reversible and

products generated by this process contain appreciable amounts of mono- and dia-

cylglycerols, which may have undesirable side reactions in CLA synthesis. Fatty

acids may also be produced by the hydrolysis of TAGs in a pressurized reactor

at 200 �C without the addition of a catalyst (105). This reaction may be catalyzed

at lower temperatures using zinc oxide in a batch reactor (105). The product of these

batch reactions also contains substantial amounts of mono- and diacylglycerols.

Hydrolysis of TAGs is possible using water and strong base to produce soaps

(Reaction 1). This reaction proceeds to completion and can be conducted at the

modest temperatures required to maintain the reaction mixture as a fluid. More

than three moles of potassium hydroxide or sodium hydroxide are required to

hydrolyze one mole of TAG oil. As the caustic alkali cannot catalyze the reverse

reaction, this process can produce soaps that are virtually free of acylglycerols in

a single step (105). The soaps from alkali hydrolysis of TAGs are readily converted

to fatty acids by acidification with the addition of citric acid or strong mineral acids,

which include HCl, H2SO4, or H3PO4. Regardless of the method chosen for produc-

tion of fatty acids, the acids should be dried under vacuum after washing with brine

or by a combination of other acceptable methods (105).

There are commercially available fatty acids suitable for use in CLA production.

For example, Henkel Corporation (106) sells a series of fat products including those

shown in Table 2. However, none of the products listed in Table 2 would be pre-

ferred as starting materials for CLA production for reasons that will be discussed.

5.2. Enrichment of Linoleic Acid

A commercial interest may wish to produce CLA at concentrations greater than can

be obtained by modifying high linoleic acid plant oils. Several methods exist that

will improve the starting material by increasing the concentration of linoleic acid,
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but only a few methods are used in industrial settings. Industrial separation of fatty

acids has been reviewed by others (104, 107). A limited discussion of these

methods will be presented.

Crystallization is used to separate saturated fats and oleic acid from linoleic acid.

If a highly concentrated product is required, the linoleic acid may be crystallized

once or repeatedly as the last step in purification. Crystallization is a mild procedure

but usually requires the use of a solvent (108) such as acetone or methanol. The use

of low boiling point and flammable solvents raises concerns over plant safety, gov-

ernment regulations on manufacturing, and market acceptance of the product.

Furthermore, the removal of oleic acid by crystallization in solvent is only possible

by lowering the temperature of the liquor to below �40 �C (108). To crystallize

linoleic acid, the temperature must be reduced to �75 �C.

Dry or solvent free crystallization is also possible; but these methods often

require the addition of crystal modifiers that become incorporated into the product

(108). Losses during crystallization can be very high as the crystals entrain large

amounts of fatty acid. However, these losses may be reduced by physically pressing

the crystals to remove the entrained solution (109). Linoleic acid-rich products of

dry crystallization would be preferred starting materials for CLA production over

those of solvent crystallized products; but the losses incurred in dry crystallization

may prohibit this method of manufacture. Crystal modifiers may be selected so that

they do not adversely affect the quality or acceptance of the final product.

Specific fatty acids may be concentrated by sequentially removing contaminat-

ing fatty acids as urea adducts and forming the urea adduct of the desired fatty acid.

This process requires dissolving the fatty acids or esters in urea and hot methanol

(or other alcohol) and cooling to effect adduct formation. The adduct is filtered

from the liquor and, if conditions are carefully controlled, the adducts can be

used to sequentially crystallize saturates, monounsaturates, diunsaturates, and triun-

saturates. A urea adduct rich in linoleic acid could be produced by first removing

adducts of saturates and monounsaturates from a suitable oil and then forming the

desired adduct. Once formed, the adduct may then be decomposed by the addition

of water to the solid phase. Enriched linoleic acid could be recovered by solvent

extraction of the urea : water solution with a nonpolar solvent such as hexane.

All problems associated with crystallization in solvent mentioned previously also

occur in formation of urea adducts, with the exception of the requirement for

TABLE 2. Henkel Products (106).

Product 14:0 (%) 16:0 (%) 18:0 (%) 16:1 (%) 18:1 (%) 18:2 (%) 18:3 (%)

Soya fatty acids 0.5 16 4 1 25.5 48 5

(Emersol 610)

Linoleic acid 0.5 3.5 0.5 Trace 19.5 65.5 10.5

(Emersol 315)

Methyl Linoleate 0.5 3.5 0.5 Trace 19.5 65.5 10.5

(Emery 2221)
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very low temperatures. Typically, urea adducts form between room temperature and

0oC (108).

Fatty acids may also be enriched by the use of various absorption media. Mole-

cular sieves can separate saturated fatty acids from unsaturated fatty acids dissolved

in acetone (110). Oleic acid and linoleic acid dissolved in blends of solvents,

including acetonitrile, tetrahydrofuran, water, and formamide, may be separated

using cross-linked polystyrene polymers such as AmberliteTM XAD-2 or XAD-4.

Selective extraction methods using two-phase solvent systems may also be used

to enrich fatty acids. Solvent systems such as dimethyl formamide, hexane, and

ethylene glycol can form a two-phase system that effectively partitions sunflower

oil TAGs rich in linoleic acid from those depleted in linoleic acid (111). TAGs

partitioned in this way may contain up to 84.7% linoleic acid. This method would

not likely be used in industry because the magnitude of the losses are usually

unacceptable.

5.3. Approaches to CLA Production

CLA has been produced by the reaction of soaps with strong alkali bases in alcohol,

ethylene glycol, and glycerol (112–114) (Reaction 2).

Reaction 2: Isomerization of cis,cis-9,12-octadecadienoyl soaps.

COO−

COO−

base

+

COO−

The CLA product is generated by acidification of the soap solution with a strong

acid (sulfuric or hydrochloric acid) and repeatedly washing the product with brine

or an aqueous CaCl2 solution.
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CLA has been synthesized from fatty acid and soap blends using SO2 in the

presence of a substoichiometric amount of soap forming base (115). This reaction

produced predominantly the all trans-configuration of CLA.

Of these methods, alkali isomerization of soaps is the least expensive process for

bulk preparation of CLA isomers; however, the use of either monohydric or poly-

hydric alcohols in alkali isomerization of CLA can be problematic. Lower alcohols

are readily removed from the CLA product, but they require that the production

facility be constructed to support the use of flammable solvents. Higher molecular

weight alcohols and polyhydric alcohols are considerably more difficult to remove

from the product and residual levels of these alcohols (e.g., ethylene glycol) may

not be acceptable in the CLA product.

Water may be substituted for the alcohols in the production of CLA by alkali

isomerization of soaps (116, 117). When water is used in this reaction, it is neces-

sary to perform the reaction in a pressure vessel, whether in a batch (116) or con-

tinuous mode of operation (117). The process for synthesis of CLA from soaps

dissolved in water still requires a complex series of reaction steps. Bradley and

Richardson (118) were able to produce CLA directly from TAGs by mixing sodium

hydroxide, water, and oil in a pressure vessel. Their method eliminated the need to

synthesize fatty acids followed by soap formation prior to the isomerization reac-

tion. However, the authors reported that they were able to produce an oil with only

40% CLA. Quantitative conversion of the linoleic acid in soybean oil to CLA would

have produced a fatty acid mixture with approximately 51% CLA.

5.4. Reaction Kinetics and Production of Positional Isomers

The kinetics of conversion of linoleyl soaps to conjugated linoleyl soaps has been

well described by first-order reaction kinetics (119). Total conjugation is readily

measured by simple methods such as increases of UV absorbance at 231.5 nm. In

industry, it is necessary to allow the reaction to proceed until most of the linolyl

soaps are conjugated but desirable to stop the reaction as soon as possible after

that point. The reaction is between 97% and 98.5% complete after 5 half-lives

and 6 half-lives respectively. There is little advantage in continuing the reaction

longer than this time and, as will be discussed below, undesired reactions may occur

with longer reaction times. The reaction constant is readily determined early in the

reaction when changes in the level of conjugation are large. The task of determining

the rate constant in a large reactor is complicated by the mass of the reactor and its

contents. A large batch reactor often requires several hours to reach the optimum

heat of reaction, at which time the reaction may be almost complete. Similarly,

cooling the contents of a large reactor as a means of stopping a reaction is usually

impractical. A reaction that nears 99% completion in 2 hours in a laboratory has a

half life of less than 20 minutes. Control of a batch reaction in a commercial opera-

tion may use analytical data from periodic sampling, but the analytical method must

be very rapid to be an effective tool for decision making.

The authors have found that the half-life of the reaction may vary by approxi-

mately 10% per 1 �C. It follows that precise reactor temperature control is essential
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to standardize quality control. A reaction planned to continue for 6 half-lives could

vary from 5 half-lives to 7 half-lives if the reactor temperature control is �2 �C.

The isomerization reaction that leads to the production of positional isomers

(Reaction 3) has similar first-order kinetics. Using this assumption, we have mod-

eled the sequential conversion of linoleyl soaps to a mixture of 9,11-cis-, trans-

octadecadienoyl and 10,12-trans-, cis-octadecadienoyl soaps (Reaction 2) and final-

ly, the conversion of these two soaps to 8,10-octadecadienoyl and 11,13-octadeca-

dienoyl soaps. Reaction 3 shows the mechanism of one of these two isomerization

processes.

Reaction 3: Isomerization of cis-,trans-9,11-octadecadienoyl soap to trans-,cis-

8,10-octadecadienoyl soap via sigmatropic rearrangement.

HR R1

119

R R1H R R1

10

8

H

R = (CH2)6COOH
R1 = (CH2)5CH3

In an earlier review of commercial CLA production, Reaney et al. (120) devel-

oped a model of the base catalyzed sequential conversion of unconjugated linoleic

acid to a mixture of two isomers, 9,11-c,t- and 10,12-t,c-CLA, by first-order

kinetics. After the formation of the two primary isomers, two additional isomers,

8,10-t,c-CLA and 11,13-c,t-CLA, were produced by a sequential reaction. It was

later reported by Saebo (121) that the second reaction producing the additional

isomers was actually a thermal sigmatropic rearrangement as shown in reaction 3.

The intramolecular rearrangement is independent of catalyst concentration and,

thus, the accumulation of additional isomers is a function of the reaction tempera-

ture and the duration of reaction. Saebo (121) reports that prolonged heating results

in the accumulation of isomers but that reaction solvent that allows for low-

temperature reactions may be used to prevent sigmatropic rearrangement and the

consequent formation of isomers.

5.5. Solvents Used in Production of CLA by Alkali Catalysts

Research reports describe the use of at least eight solvent systems for the produc-

tion of CLA using alkali catalysts (112–116) (Table 3). The choice of solvent

greatly affects the reaction conditions of CLA production. The choice of solvent

by the manufacturer is determined by a number of considerations. Many markets

will not accept low levels of ethylene glycol, ethylene glycol monomethylether,

t-butanol, dimethyl sulfoxide (DMSO), or dimethyl formamaide (DMF) in the final

product. This limitation could restrict the choice of solvents to only molten alkali,

glycerol, propylene glycol, water, and ethanol. The reaction in water and ethanol

only proceeds above the boiling temperature of these solvents and, therefore, a

pressure reactor would be required to operate using these solvents. Glycerol is
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expensive, but it could be recovered from a commercial operation that produces its

own fatty acids. The quality of glycerol necessary to produce high-quality CLA has

not been investigated, but refining this glycerol stream to remove the salt might

prove difficult to a small operation. Recovery would have to be very efficient as

fatty acid production only generates 10% of the weight of the oil as glycerol.

5.6. Catalyst Selection

Numerous catalysts have been used in the production of CLA. We have found that

hydroxides of lithium, sodium, and potassium are all capable of generating CLA in

various solvents. As fatty acids neutralize the catalyst, it is necessary to add at least

one mole of catalyst for every mole of fatty acid in the reaction to ensure soap is

generated. We have found that, on a molar basis, potassium hydroxide has proven to

be a more effective catalyst than sodium hydroxide, with lithium hydroxide the

least effective and not suited for industrial CLA production. On a weight basis,

sodium and potassium hydroxide have similar efficiency of conversion. Although

sodium hydroxide is much less expensive than potassium hydroxide, the disposal

costs for the waste neutralized alkali should also be considered. Potassium salts

are easily used as fertilizer and can be applied to fields, whereas sodium salts

cannot be disposed of in a similar fashion.

The effective form of the catalyst is not necessarily determined by the added

catalyst itself but rather by the solvent used. When water is used as the solvent

and sodium ethoxide is the catalyst, the effective form of the catalyst is likely

the hydroxide ion. If t-butanol is used as the solvent and sodium methoxide is added

TABLE 3. Summary of Solvents Used in CLA Production.

Solvent Mol B.P. B.P. Temp Time % Phase

(reference) wt. (760) (Vac) ( �C) (h) Reaction Sepn{ Color z Toxicity Other

Ethylene

glycol (148) 62.07 198.00 9313� 180 2.0 100.0 yes Poor yes

Glycerol (148) 92.11 290.00 18220 180 0.75 100.0 yes Good none viscous

Propylene

glycol (149) 76.11 189.00 9721 170 2.5 99.1 yes Good minimal

t-butyl

alcohol (103) 74.18 82.41 Low 90 4.0 98.5 no unknown yes High

Pressure

Water (118) 18 100.00 Low 225 2.5 40.0 yes Good none High

Pressure

DMSO (149) 78.14 189.00 8317 30 1.5 78.0 no unknown yes fp�� 95

DMF (149) 73.09 153.00 7639 no unknown yes fp�� 67

{Phase Separation¼ Yes if a two-phase system is formed after acidification of the soap.

zColor¼ As described in references.
�fp¼ flash point.
��Superscript numbers refer to Vacuum in mm of Hg.

DMF, Dimethylformamide; DMSO, Dimethylsulfoxide.
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to catalyze the reaction at 90 �C, the reaction mixture will quickly release methanol

vapours and t-butoxide ion will become the effective catalyst.

Water consumes alkoxide catalysts and, in industrial production, maintaining

alkoxide catalysts in a water-free environment is difficult. Water is produced by

the neutralization of fatty acids with alkali hydroxide. As many alkoxide catalysts

contain some alkali hydroxide, it is not uncommon for the catalyst to be consumed

by this reaction.

5.7. Reaction Vessels

Alkali isomerization of linoleyl soaps requires a containment vessel that is both tol-

erant of heat and caustic. When a low boiling point solvent such as ethanol or water

is used, the vessel must also be capable of maintaining the reaction under pressure.

There are a limited number of materials that will meet these criteria. Polytetrafluor-

oethylene and other fluoropolymers are capable of withstanding both the heat of the

reaction and the caustic environment, but they cannot withstand pressure and are

poor heat conductors (122). Fluoropolymer coated parts and nickel and nickel

alloys such as Monel may be used in the construction of reaction vessels for pro-

duction of CLA. The high cost of these materials rules out their use in construction

of large batch reactors. Furthermore, none of these materials has sufficient strength

for use in pressure reactors if a reaction in water or alcohol is planned. The pre-

ferred choice for reactor construction is nickel-plated steel, which has the desired

strength, heat transfer, and chemical properties for conducting reactions in strong

caustic solutions. A coated vessel of this design requires regular inspection, as a

flaw in the coating could lead to vessel failure.

5.8. Microbial Production of CLA

Pariza and Yang (123) have recently described the microbial production of 9,11-c,t-

CLA from linoleic acid using cultures of Lactobacillus sp. In their patented method,

early stationary phase Lactobacillus cultures were incubated with linoleic acid dis-

solved in propylene glycol. A total CLA level of 7 mg/g cells was produced, which

was over 96% 9,11-c,t-CLA. This type of conversion may lead to improved CLA

products in the future.

5.9. Synthesis of CLA by Dehydration of Ricinoleic Acid
(12-Hydroxy-cis-9-Octadecadienoic Acid)

The most attractive method for production of pure 9,11-c,t-CLA is through the

dehydration of ricinoleic acid. Synthesis from this relatively inexpensive starting

material has proven elusive as it is difficult to control the formation of dehydration

products (124). Synthesis of 9,11-c,t-CLA from ricinoleic acid has been reported

(125), which, although an efficient reaction, uses expensive elimination reagents

such as 1,8-diazobicyclo-(5,4,0)-undecene. For most applications, the high cost

of the elimination reagent increases the production cost beyond the level at which

commercial production of CLA is economically viable.
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5.10. The Quality of Commercial CLA Products

The fate of other fatty acids and minor components during processing has not been

investigated. The conditions used to conjugate linoleic acid have little or no effect

on either monounsaturated or saturated fatty acids, however, any polyunsaturated

fatty acids may be conjugated. The products of the reaction of alkali catalysts on

these fatty acids are more complex than that discussed for linoleic acid (Reaction 4)

and will not be discussed except to note that these reactions may produce undesir-

able products.

Reaction 4: Isomerization of cis-,cis-,cis-9,12,15-octadecatrienoyl soap to isomers.

COO−

COO−

COO−

COO−

COO−

base

+

+

+

+

cis-,cis-,cis-9,12,15

cis-,trans-,cis-9,11,15

trans-,cis-,cis-10,12,15

cis-,trans-,cis-9,13,15

cis-,cis-,trans-9,12,14

From our observations, glycerol does not form undesirable compounds under the

conditions of alkali isomerization of linoleic acid. However, we have found that a

number of commercial fatty acids and CLA preparations contain appreciable levels
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of monoacylglycerols (MAGs). MAGs themselves are not toxic, but it is possible

that toxic compounds (such as ethylene glycol) may be incorporated into the final

product through alcoholysis of the MAG by the low volatility alcohols used as a

reaction medium (Reaction 5).

Reaction 5: Alcoholysis of MAG with ethylene glycol.

O

OH
O

OH

OH

OH

O

O

HO

NMR and liquid chromatographic analysis of CLA samples from all sources

indicated that, although CLA was the predominant compound, CLA esters and other

unknown compounds may also have been formed.

The minor components of vegetable oil, such as tocopherol, sterol, or squalene,

are stable to heat a strong alkali. However, tocopherol and other components pre-

sent in vegetable oil readily react with oxygen in the presence of metals. Tocopherol

stabilizes vegetable oils against oxidation and tocopherol loss through processing or

high metal content may lead to a decreased shelf-life of the CLA product. Three

commercial CLA products were analyzed for metal content using ICP. The metal

contents are given in Table 4.

The CLA samples tested were free of potentially toxic metals at the levels tested,

with the exception of a trace level of barium in product C. Products A and B had

very low total metal contents, whereas product C had appreciable levels of calcium.

The soaps probably derived from a CaCl2 wash in a late stage of processing.
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Product C also contained iron and chromium suggesting the use of a stainless-steel

reactor for processing. Even these small levels of metals may contribute to rapid

oxidation of product C, and it probably has a shortened shelf-life when compared

with the other products.

Three commercial samples of CLA were subjected to a series of tests, which are

reported in Table 5. Viscosity was measured using ASTM test D445. It was pre-

sumed that increased viscosity might be related to increased oxidation if it had

occurred. Large differences in viscosity were not found. Color of the three samples

is reported, but it is only a subjective statement regarding the apparent quality of the

three materials. Included in the color analysis is the absorbance maximum observed

for CLA dissolved in hexane (1:1000 CLA:hexane) using a Cary UV/Vis spectro-

meter. The UV spectra indicated that conjugated dienes were the major source of

absorption of the oil samples.

Proton and carbon 13 NMR spectra were obtained from the three commercial

samples. A series of unknown spectral components were observed in product A

at 3.68 ppm, 3.98 ppm, 4.08 ppm, 4.15 ppm, 5.05 ppm, and 5.17 ppm. Comparison

of the unknown peaks with the spectra of MAGs indicated that most of the observed

peaks correlated with those present in the spectra of MAGs. An exact assignment of

the spectra was not attempted as many forms of MAGs are possible. Observation of

the spectral region of the olefinic protons revealed that the three samples were

TABLE 4. Metal Contents of Three Commercial CLA Products (ppm).

Sample Na K Fe Cr B P Ca Ba Mg Li Total

A 3 3 1 0 5 2 5 0 1 0 20

B 2 28 0 0 3 8 1 0 1 0 43

C 4 6 11 8 3 3 917 1 2 1 956

�Not detected Si, Pb, Cu, Sn, Al, Ni, Ag, Ti, Zn, Mo, V, Sb, Be.

TABLE 5. Summary of Analyses of Three Commercial CLA Products.

Viscosity 1H-NMR Size Isomer

Sample cSt (40 �C) Color (400 MHz) Exclusion RP-LC GC-FID Mix

A 28.9 Clear Acylglycerols Acylglycerols Polar Contamination Good

l¼ 231.5 contamination 95%

A¼ 0.720

B 27.9 Light No No Polar OK Poor

yellow acylglycerols acylglycerols contamination 70%

l¼ 231.5

A¼ 0.667

C 29.7 Brown No No Non-Polar OK Good

l¼ 231.5 acylglycerols acylglycerols contamination 90%

A¼ 0.676
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predominantly cis-, trans- or trans-, cis-fatty acids (126). We have found that a

convenient measure of the CLA content of an oil can be obtained by comparing

the integrated values of the protons at 6.0 ppm and 6.3 ppm with the integrated

value of alpha methylene group (adjacent to the carbonyl) at 2.3 ppm. The olefinic

protons were chosen as they do not overlap with oleic acid olefinic protons or

olefinic protons from conjugated linoleic acid with trans-, trans-configurations.

The ratio of cis-, trans-olefin to alpha methylene protons is a useful measure of

CLA purity.

Carbon-13 olefinic carbons were observed at 400 MHz. The carbon-13 spectrum

clearly demonstrates the formation of positional CLA isomers. As pure standards

were not available, it was not possible to unequivocally assign the spectra of

8,10- or 11,13- CLA, but it is clear that these isomers are predominantly cis-, trans-

or trans-, cis-fatty compounds.

Size exclusion chromatography was performed with a Waters GPC-StyragelTM

HR 0.5 column (7.8� 300 mm) at 35 �C using tetrahydrofuran as a solvent flowing

at 1.0 mL/min and detecting compounds with both UV absorbance and evaporative

light scattering detection (ELSD, 40 �C, 4.2 L/min gas flow). The goal of this ana-

lysis was to observe polymerization of the CLA products or the occurrence of acyl-

glycerols. Under these conditions, 18-carbon fatty acids had a retention time of 6.6

minutes and MAGs had a retention time of 5.9 minutes. All three samples had two

peaks observed by ELSD, one at the position expected for 18-carbon fatty acids and

the other as expected for their respective MAGs. Product A had the largest peak at

the position expected for MAGs. Observations made using UV absorbance at

233 nm reflected the observations made with the ELSD.

Reversed phase liquid chromatography was performed on a 150 mm� 3.0 mm

Waters SymmetryTM C-8 column at 30 �C and a flow rate of 1.0 mL/min. The

solvent phase was acetonitrile:tetrahydrofuran : 0.1% aqueous phosphoric acid

(50.4:21.6:28v/v/v). Under these operating conditions, most of the UV absorbance

occurred as a peak at 3.83 minutes for all samples. Chromatograms of all samples

had some small peaks (presumably the more polar compounds) eluting prior to the

major peak. Product C presented a small but significant UV absorbing peak that

eluted after the peak at 3.83 minutes.

5.11. Rapid Analytical Methods

Industrial CLA syntheses must be controlled to both maximize the content of

preferred isomers such as 9,11-cis-, trans-octadecadienoic acid and minimize the

formation of undesirable isomers. For the analysis to be useful, the results of the

analysis should be available online or as quickly as possible. The authors are not

aware of any existing online tests for the quality of CLA preparations, but several

methods may have promise for use offline.

The potential offline analytical methods include UV, FTIR, proton NMR, car-

bon-13 NMR, gas chromatography, and capillary electrophoresis. With the excep-

tion of capillary electrophoresis and UV absorbance, none of these methods can

20 CONJUGATED LINOLEIC ACID OILS



effectively analyze soap solutions and, therefore, for most analytical methods, neu-

tralization of soaps would be necessary.

A reaction medium that contains 40% soaps by weight can usually be dissolved

in ethanol. We have found that 100 mg of reaction mixture will totally dissolve in

10 mL of 95% ethanol when glycerol, water, or ethylene glycol are the reaction sol-

vent and alkali hydroxides are used as the catalyst. It is then possible to dilute the

reaction mixture solution 1000-fold to determine the UV absorbance at 231.5 nm.

When there is no other interfering UV absorbance, this method is an excellent indi-

cation of the total conjugated double bonds. This method is also sensitive to the

presence of conjugated linolenic acids derived from linolenic acid, which is indi-

cated by a UV absorbance at 268 nm. None of the samples observed show three

conjugated double bonds.

To obtain more detailed information regarding the composition of fatty acids

requires additional analytical methods, some of which require extensive and

time-consuming sample preparation. For these methods, we have found that it is

possible to rapidly prepare a free fatty acid fraction. Alkali soaps from most reac-

tion mixtures are readily dissolved in a mixture of hexane and ethanol (1 : 1v/v) or

ethanol alone. When the soaps are neutralized by the addition of hydrochloric acid

and water, a two-phase system is evolved. The fatty acids remain in the nonpolar

phase while the polar solvent used in the reaction medium dissolves in the water.

The solution of dissolved fatty acids can be directly injected onto a GC column

specifically designed for separation of free fatty acids, such as the DB-FFAP col-

umn, or a suitable nonpolar GC column, such as the HP-5 column. Analysis by

chromatography without derivitization affords the potential for rapid analytical

feedback. We have found that a 30 m, DB-FFAP column (0.32 mm id, 0.25 m
film thickness) gave baseline resolution of most fatty acids without derivitization

(program 50 �C for 1 min, 50–200 �C @ 25�C/min, 200–220 �C @ 2 �C/min,

hold 20 min, He carrier 3 ml/min). The nonpolar HP-5 column (0.32 ID, 0.25

film) gave poorer resolution of underivatized fatty acids with some tailing (program

50 �C for 1 min, 50–150 �C @ 25 �C/min, 150–290 �C @ 10 �C/min, hold 6 min, He

carrier 2 ml/min). Both columns also partially separated isomers of CLA. It was

possible to observe the formation of the all trans-isomers, but detailed analysis

of positional isomers was not possible without additional effort.

6. ANALYSIS OF CONJUGATED LINOLEIC ACIDS

An analyst needs to recognize three major variables before the selection of a sui-

table method of analysis of CLA. CLA preparations can differ in degree of conju-

gation, position of double bonds, and configuration of double bonds. The most basic

variable is the degree of conjugation of the double bonds. Not all of the isolated

double bonds may become conjugated either in biological or chemical conversions.

The second issue to be addressed is the position of the double bonds in conjugated

linoleic acids. Initially, in linoleic acid, the double bonds begin at the ninth and

twelfth carbon atoms. After alkali isomerization, the predominant positional isomers
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are 9,11 and 10,12 dienes. However, minor amounts of other positional isomers are

also reported (127). In biological samples, the number of positional isomers is more

varied with 16 isomers being separated by silver-ion chromatography (128). The

final consideration is the geometric isomers present in CLA. Whereas the double

bonds in linoleic acid are cis-, cis-, the isomerized product contains a predominance

of cis-, trans- and trans-, cis-isomers plus lesser amounts of cis-, cis- and trans-,

trans-isomers. Thus, the task for the analyst is to decide what information is

required and then select a method or methods that will provide that information.

6.1. Ultraviolet Spectroscopy

The early observation of an increase in the ultraviolet absorption (UV) near 233 nm

was recognition that the composition of milkfat was not consistent throughout the

year (129). This increase in absorption was not initially attributed to the increase in

conjugated dienes present in milk fatty acids; however, it is now accepted that this

is the case. There are subtle differences in the absorption maxima for the geometric

isomers. Czauderna (130) reported a maximum of 231.9 nm for the trans-, trans-

isomer, 234.3 nm for the cis-, trans- (or trans-, cis-) isomer and 235.4 nm for the

cis-, cis-isomer. These small differences would not likely be discernable in isomer

mixtures typically found in either biologically or chemically produced CLA. The

UV measurement provides no information on the position of the double bonds.

The advantage of using UV is the comparatively low cost of the spectrophotometer

and the fact that it can be performed on either intact acylglycerols, fatty acids, or

esters. In Figure 1, the UV spectra of linoleic acid and a commercial CLA product

are shown.
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Figure 1. The ultraviolet spectra of linoleic acid and conjugated linoleic acid (CLA).

22 CONJUGATED LINOLEIC ACID OILS



6.2. Infrared Spectroscopy

Infrared spectroscopy (IR) initially used double beam optics, photocells, and alkali

halide sample cells. These features at times tended to reduce the sensitivity of the

instrument and to decrease the signal to noise ratio. Newer instruments have

improved the signal to noise ratio by using Fourier Transform (FT) methodology

and modern electronics. The application of infrared spectroscopy to the problem

of identification of geometric isomers was first reported about 50 years ago. It

was recognized that cis-, trans- (or trans-, cis-) dienes had a characteristic doublet

at 948 cm�1 and 982 cm�1 (131). The corresponding trans-, trans-diene had a

strong absorption band at 988 cm�1. Using FTIR and a direct deposit interface,

Mossaba (132) reported the cis-, trans-doublet to occur at 949 cm�1 and

988 cm�1 and the trans-, trans-singlet at 993 cm�1 for 4,4-dimethyloxazoline

(DMOX) derivatives of CLA. An example of the spectra of linoleic acid and two

CLA positional isomers obtained with a FTIR using a synthetic sample disc are

shown in Figure 2A. In addition to these absorptions, there are other characteristic

frequencies attributed to carbon-hydrogen stretching. In one report of 4,4-

dimethyoxazoline derivatives (DMOX) of CLA isomers, it was possible to attribute

unique differences among geometric isomers (133). The cis-, trans-isomers had

characteristic bands at 3020 cm�1 and 3002 cm�1 (see Figure 2B); the cis-, cis-iso-

mers had bands at 3007 cm�1 and 3005 cm�1; and the trans-, trans-isomer had a

single band at 3017 cm�1. The use of these bands to determine geometric composi-

tion may be complicated by the much more intense absorption bands from other

carbon-hydrogen bands present in the same region of the spectrum. Although it

is theoretically possible to obtain a quantitative measurement of the amount of a

substance present by IR, it is not often done. In the case of CLA, the bands that

needed to be measured are minor bands compared with other bands, making the

determination imprecise and difficult.
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Figure 2. Infrared spectra of linoleic acid and 2 cis-, trans-, isomers of conjugated linoleic acid

(A) 1000 to 900 nm of the����C��H vibration band and, (B) 3050 to 2950 nm of the C��H stretching

bands.
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6.3. Thin Layer Chromatography

Thin layer chromatography (TLC) has proven very useful in the separation of a vast

array of chemicals both synthetic and naturally occurring. When it comes to separa-

tion of closely related diene isomers, it is a difficult task with unmodified adsor-

bents such as silica gel. Silver nitrate-modified thin layer chromatography (Agþ-

TLC) has been used to separate CLA isomers. Some cis-, trans-isomers of CLA

have been separated as their methyl esters using hexane/diethyl ether, benzene,

or toluene (102). The initial solvent mixture caused the cis-, trans-isomers to

migrate faster than the cis-monoenes. Either of the later solvents resulted in the

cis-, trans-isomer migrating between the cis- and trans-monoenes. Ackman (134)

reported that the cis-, trans-isomer had a relative retention (Rf) of 0. 61, whereas the

trans-, trans-isomer had a Rf of 0.65. Although the difference in the Rf values is not

great, it is possible to separate the isomers to either collect larger quantities or

investigate possible metabolites.

6.4. Gas Chromatography

Gas chromatography (GC), initially using packed columns and later using capillary

columns, provides another method for the analysis of fatty acids and esters or other

derivatives. As binding of the fatty acids to the column was problematic, fatty acid

methyl esters (FAME) were traditionally used. The method of forming the methyl

esters can be divided into three procedures: acid-catalyzed, base-catalyzed, and dia-

zomethane alkylation (135). No one method is suitable for all situations and all suf-

fer some deficiency.

Acid-catalyzed procedures typically are either boron trifluoride/methanol (BF3/

CH3OH) or hydrochloric acid/methanol (HCl/CH3OH). Many analysts use sulfuric

acid instead of hydrochloric acid. Acid-catalyzed procedures are used for free fatty

acids, phospholipids, or triacylglycerols, often at elevated temperatures. Although

the procedures are relatively efficient at production of methyl esters, there will be

some isomerization of some cis-, trans-isomers to the trans-/trans-isomers (136).

This isomerization can be reduced by using lower temperatures, for instance

60 �C, for HCl/CH3OH or room temperature for BF3/CH3OH (137). However,

under these milder conditions, some phospholipids may not be esterified (137). In addi-

tion, methoxy adducts may be formed and hydroxy fatty acids may produce artifacts.

A base, such as sodium methoxide (NaOCH3), is useful in esterifying lipids as

found in acylglycerols, sterol esters, and phospholipids (138). Free fatty acid and N-

acyl lipids in sphingolipids will not be methylated. The NaOCH3 method does not

apparently change the cis-, trans-isomer composition or form methoxy artifacts.

However, some artifacts that could interfere with shorter chain fatty acids were

observed.

Diazomethane is effective in esterifying free acids to their corresponding methyl

esters under mild conditions and is fast. It will not produce methyl esters from acyl-

glycerols, cholesterol esters, or phospholipids. Many researchers are concerned

about the potential hazard of the diazomethane, its precursors, and the actual
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preparation of the reagent. Trimethylsilyl diazomethane is commercially available

and can be used as a source of diazomethane. However, some artifacts (trimethyl-

silyl CLA esters) and other trimethylsilyl impurities may interfere with analysis

(139). As there are limitations to each method of making methyl esters, the

analyst will need to select reagents and conditions that are most appropriate for

the substrate. For intact acylglycerols, sterol esters, and phospholipids, the

NaOCH3 method would be appropriate. If only free fatty acids are present, the dia-

zomethane method would be appropriate, particularly if double bond isomerization

is of concern.

The earliest of GC analyses were performed on columns packed with a solid sup-

port coated with a nonvolatile liquid phase. Packed columns are not frequently used

today as they have been replaced by capillary columns where the liquid phase is

immobilized on the internal surface of the capillary. As there are numerous liquid

phases available, it is now possible to obtain commercial columns that will separate

not only the methyl esters but also the underivatized fatty acids. This advancement

obviates the need for derivatization and the associated problems. A typical chroma-

togram of free fatty acids is displayed in Figure 3. Individual isomers of CLA

are now available to aid in the identification of isomers in the chromatogram.

Gas chromatography can provide quantitative information on the degree of

conjugation, positional, and geometric isomer distribution when suitable standards

are available.

6.5. High-Performance Liquid Chromatography

High-performance liquid chromatography (or less common, high-pressure liquid

chromatography, HPLC) is a preferred method of analysis for many compounds

because it does not require the high temperatures used in gas chromatography.

Separations in HPLC can be based on either a size exclusion or on an adsorption

principle. The size exclusion mode is useful for separating fatty acids from
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acylglycerols and has been applied to CLA analysis. Reaney et al. (120) have used a

Waters GPC-StyragelHRTM column for the purpose of observing possible polymer-

ization of CLA or the presence of acylglycerols. In three commercial samples

of CLA, the 18-carbon fatty acids could be separated from the MAGs. Both UV

detection at 233 nm and evaporative light scattering detection (ELSD) were used.

There was no reported separation of individual fatty acids or CLA isomers. Use

of a reverse phase column (Waters C-8 SymmetryTM column) for separation of

commercial CLA resulted in a major peak being observed that would correspond

to the free fatty acids (120). As with the size exclusion column, there was no

separation of either isomeric conjugated fatty acids or acids of different chain

length. A preferred technique is silver ion-modified high-performance liquid

chromatography (Agþ-HPLC). Using this modification, several groups have

reported successful separation of both positional and geometric isomers of CLA

(14, 140).

6.6. Mass Spectrometry

Mass spectrometry (MS) is a method to determine the mass of either an intact

ionized molecule or an ionized fragment. When MS is combined with the separa-

tion power of gas or liquid chromatography, much valuable information can be

obtained for structural determination. Although GC-MS or HPLC-MS may seem

to be an ideal tool for CLA analysis, it suffers a major problem as originally prac-

ticed. In order to obtain a mass spectrum, it is necessary to produce an ionized spe-

cies. With CLA, as well as other molecules, some ionization conditions cause the

double bonds to migrate to new positions. If the double bonds migrate, it is only

possible to obtain information on chain length and number of double bonds. To

allow for less harsh ionization conditions, it is possible to make derivatives at either

the carboxylic acid (remote site) or at the site of the conjugated double bonds (on

site). The derivatives have been selected to allow for easier ionization. In the case of

the on-site derivatives, the position of the diene is fixed at one location. At the car-

boxylic acid site pyrrolidide, picolinyl ester and 4,4-dimethyloxazoline (DMOX)

derivatives are used. The fragmentation of the remote site derivative basically pro-

duces ions that are 14 mass units lighter than the previous ion for each methylene

(CH2) group. When a double bond is encountered, the decrease observed is 12 mass

units. A review on this subject has been compiled (141).

Two different approaches have been reported for on-site or double bond site deri-

vatization of fatty acids or other conjugated dienes. One method involves the com-

plete hydroxylation of the double bonds with osmium tetroxide (health caution)

followed by trimethylsilylation (142). The second method is based on the well

known Diels-Alder cyclo addition. MTAD (4-methyl-1,2,4-triazoline-3-5-dione)

has been shown to be a useful reagent for adduct formulation with FAME conju-

gated dienes. Fragmentation patterns of adducts are usually dominated by cleavage

fragments that include the ring formed during the cyclo addition plus either of the

residual carbon chains. In Figure 4 of the MTAD derivative of methyl cis-, trans-

9,11-octadecadienoate, these fragments occur at 322 m/z and 250 m/z, indicating
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that the starting FAME was a 9,11 diene (143). Methyl cis-, trans-9,11-octadeca-

dienoate and methyl trans-, trans-9-11-octacadienoate readily formed adducts with

similar mass spectra but with different retention times when analyzed by GC-MS

(143). Methyl cis-, cis-9,11-octadecadienoate reacted more slowly to produce two

products with similar fragmentation patterns but with different retention times.

Unfortunately, it was demonstrated that the cis-, cis- and cis-, trans-isomers pro-

duced the same adduct, limiting usefulness when studying geometric isomers of

CLA products.

6.7. Nuclear Magnetic Resonance

Nuclear magnetic resonance (NMR) is a powerful technique for CLA analysis

(144, 145). NMR spectroscopy can provide information on the environments of both

the proton (1H) and the carbon-13 (13C) atoms in CLA and also provide correlation

between the two atoms. In one of the most basic analyses, it is possible to observe

the disappearance of the signals as a result of the isolated olefinic protons

(5.35 ppm, Figure 5A) and the isolated methylene group (2.75 ppm) linoleic acid

as well as the appearance of new signals associated with the conjugated diene

(5.2–6.5 ppm, Figure 5B). Reaney et al. (120) reported that a convenient measure-

ment of CLA content can be obtaining by comparing the integrated areas of the

olefinic protons at 6.0 ppm and 6.3 ppm with the area of the methylene protons

adjacent to the carbonyl (2.3 ppm). The NMR 13C spectra for both linoleic and

cis-, trans-9,11-octadecadienoic acids are presented in Figure 5C and 5D, respec-

tively. The complete assignment for this and other isomers of CLA has been

reported (146, 147). A notable feature for CLA is the appearance of four well sepa-

rated signals between 129–135 ppm (Figure 5D) compared with the two pairs of
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narrowly separated doublets observed in linoleic acid spectrum (Figure 5C).

Detailed 1H and 13C and NMR spectroscopy have the potential to provide

information on both positional and geometric isomers of CLA and can provide

semiquantitative information on CLA concentration.
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Figure 5. (A) The 1H spectrum of linoleic acid; (B) the 1H spectrum of cis-, trans-9,11-

octadecadienoic acid; (C) the 13C spectrum of linoleic acid; and, (D) the 13C spectrum of cis,

trans-9,11-octadecadienoic acid.
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7. CONCLUSIONS

The research on CLA in growing animals is consistently showing effect on modu-

lation of body mass and fat, however, the effect in humans is not consistent. More

research is needed to delineate the effect of CLA and isomers on body composition

in humans. Major research emphasis, at present, is focused on the effects of CLA

and its isomers on body composition and carcinogenesis. Other areas that are

attracting attention include the effects of CLA and isomers on cardiovascular, meta-

bolic, and immune functions and the strategies to increase the content of CLA iso-

mers in meat and dairy products.

At the same time, research is still needed to improve the commercial production

of CLA. Although the content of desirable isomers in commercial CLA products

has improved, there is still a demand for highly enriched or pure 9,11-cis-, trans-

octadecadienoic acid products. The kinetic control of CLA synthesis will allow the

development of CLA products that are virtually free of isomers other than 9,11-ct

and 10,12-tc. Kinetic control of reactions requires exceedingly rapid analytical

techniques that can be applied inexpensively and online or virtually online.
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Diacylglycerols

Brent D. Flickinger1 and Noburo Matsuo2

1Archer Daniels Midland Company
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2Kao Corporation

Tochigi, Japan

1. INTRODUCTION

Diacylglycerols (DAG) are natural components of various edible oils (1, 2). Typi-

cally, the level of DAG in edible oils is below 5% of total oil; however, several

edible oils have levels above 5% (Table 1). Also, DAG have been used as emulsi-

fiers for use in food systems, particularly baked goods, and are approved as such

(3). Human consumption of DAG has been estimated at 3 g per day.

The traditional method of producing DAG is interesterification of triacyl-

glycerols (TAG) with glycerol in the presence of a chemical catalyst at elevated

temperatures (4). Preferred catalysts are alkali such as sodium/potassium hydro-

xide, sodium methoxide, or potassium acetate. Formation of monoacylglycerols

(MAG) and DAG can be controlled to a certain degree by the molar ratio of glycerol-

to-TAG in the initial reaction mixture. Nonetheless, the resulting DAG is part of a

mixture of glyceridic components that present difficulties in obtaining a high-purity

DAG fraction using standard industrial separation processes (i.e., chromatography,

distillation, or winterization) caused by similar chemical and physical properties of

these components.

DAG oil is prepared through the process of enzymatic esterification. Starting

with a blend of soybean and canola oils, fatty acids are prepared then mixed

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
Edited by Fereidoon Shahidi. Copyright # 2005 John Wiley & Sons, Inc.
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with glycerol. This mixture undergoes esterification using a 1,3-specific lipase from

Rhizomucor miehei, which has been immobilized on a resin bed. After several

finishing processes, including deodorization, the resulting edible oil is obtained.

This oil is bland in flavor and light in color making it suitable for use as a bottled

oil or oil ingredient for various food applications. For more information on DAG oil

manufacturing, physical properties, and food application uses, a book containing

chapters solely devoted to these issues of DAG oil has been published (5).

The nutritional characteristics of DAG oil (�80%) have been compared with

dietary TAG of similar fatty acid composition. In particular, the 1,3-DAG isoform

appears to have distinct metabolic characteristics that can impact postprandial lipid

metabolism and use of macronutrients for energy compared with TAG.

The rationale for anticipating metabolic differences is a result of the difference

in metabolism of the digestion product of 1,3-DAG. The body digests DAG oil

yielding monoacylglycerols (MAG) and free fatty acids (FFA) just as observed

with TAG oil. As a result of the significant content of 1,3-DAG, 1-monoacylglycer-

ol (1-MAG) is a major digestion product of DAG oil that is not observed in any

significant amount upon TAG oil digestion. The small intestine typically reassem-

bles digested monoacylglycerols and free fatty acids into TAG beginning with

2-MAG. Previous reports in the literature indicate that providing 1-MAG results

in lower amounts of fat-rich particles appearing in serum following consumption.

This difference in fat metabolism with DAG oil is apparent in fewer fat-rich parti-

cles appearing in the blood after a meal containing DAG oil. As a result, fatty acids

not appearing as chylomicron triacylglycerols must be excreted in the feces or used

by the gut or liver for energy or triacylglycerol storage.

The following review focuses on experimental data supporting different meta-

bolic characteristics of 1,3-DAG or DAG oil containing 1,3-DAG (Table 2). Rele-

vant areas of observed differences between 1,3-DAG/DAG oil and TAG/TAG oil

metabolism include postprandial lipid metabolism and use of macronutrient fuels.

Observations from animal and human experimental data are included.

TABLE 1. Glyceride Content of Various Edible Oils.1

% of Total Oil

————————————————————

Oil TAG DAG MAG Others

Cottonseed 87.0 9.5 0.2 3.3

Palm 93.1 5.8 0.0 1.1

Olive 93.3 5.5 0.2 2.3

Corn 95.8 2.8 0.0 1.4

Safflower 96.0 2.1 0.0 1.9

Lard 97.9 1.3 0.0 0.8

Soybean 97.9 1.0 0.0 1.1

Rapeseed 96.8 0.8 0.1 2.3

1Data sourced from (1) and (2).
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Differences caused by 1,3-DAG/DAG oil in the following discussion are made

under the assumption of being compared with TAG/TAG oil control of similar fatty

acid composition. DAG oil refers to an oil containing 80–90% DAG, 10–20% TAG,

with the DAG portion containing 70% 1,3-DAG, 30% 1,2-DAG (Figure 1). TAG oil

refers to a conventional edible oil.

2. COMPARISON OF DAG OIL VS. TAG OIL

2.1. Digestion Products

Digestion of 1,3- and 1,2-DAG (70%:30%, respectively, as diolein) results in the

preferential formation of 1(3)-MAG and FFA in rats (6). 1(3)-MAG is 65% of

the monoacylglycerol after 60 minutes of interaction with the small intestine.

This observation has been demonstrated also in mice using labeled fatty acids

incorporated into 1,3-DAG (7). After exposure of labeled 1,3-DAG to the small

intestine in mice, the percentage of 1(3)-MAG from total lipid content increased

to 14.2% compared with 1.5% (p < 0:001), 2-MG decreased to 7.2% compared

TABLE 2. General Differences in 1,3-DAG or DAG Oil Metabolism (vs. TAG).

Topic Animal Human

1. Digestion products 1(3)-MAG vs. 2-MAG.s —

2. Portal appearance of free

fatty acids

Observed change.t —

3. Lymph/serum appearance of

chylomicron triglycerides

Decreased amount and rates. Decreased amount and rate.s

4. Oxidation and synthesis of fat Chronic—Increased activities

of enzymes associated with

fat oxidation in liver,s

increased expression of

mRNA for genes asso-

ciated with fat oxidation in

small intestine,s decreased

respiratory quotient.s

Decreased activities of

enzymes associated with

fat synthesis in liver.s

Chronic—Decreased respira-

tory quotient over 36

hours.s

5. Energy expenditure Enhanced energy expendi-

ture.s
Acute—Enhanceds energy

expenditure.

Chronic—No change in

energy expenditure

observed.

6. Appetite suppression No observations of appetite

suppression.

Initial appetite suppression.s

7. Body weight and body fat Decreased body weight and

body fat.s
Greater losses of body weight

and body fat.s

sStatistically significant experimental observations.
tTrend in experimental observations.
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with 22.3% (p < 0:05), and FFA increased to 59.1% compared with 22.3%

(p < 0:001). This change was reflected to some degree in 1(3) and 1,3 in mucosa

of the small intestine (p < 0:001). Although no corresponding data exists in

humans with regard to discrete digestion products of DAG or DAG oil, fat digestion

is not believed to be significantly different between rodents and humans.

2.2. Portal Appearance of FFA

A mix of 1,3- and 1,2-DAG (70%:30%, respectively, as diolein) was administered

orally to rats followed by collection of blood from the portal vein at predetermined

time periods. Oleic acid tended to be elevated from 0.5 hour to 1 hour after admin-

istration compared with triolein (8).

2.3. Lymph/Serum Appearance of Chylomicrons

Rats were infused continuously with emulsions containing diacylglycerol (66% 1,3-

DAG, 33% 1,2-DAG) by stomach cannulation. DAG significantly retarded the rate

of chylomicron TG formation over a 5-hour period with the difference between

2–3 hours being significant (6). Using labeled fatty acids, the rate of appearance

of label from DAG in chylomicron triglycerides from lymph of rats was significantly

Figure 1. Glyceride composition, structure, and fatty acid profile of DAG oil. (This figure is

available in full color at http://www.mrw.interscience.wiley.com/biofp.)
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decreased during the initial 1 hour following administration by approximately 50%

(17% in DAG oil vs. 31%) (9).

Two human studies have focused on serum levels of triglycerides after consump-

tion of test emulsions. Using single doses of 10 g, 20 g, or 44 g of DAG oil, signifi-

cant differences (p < 0:05) were observed in the serum triglycerides for all doses at

6 hours after consumption (10). Additionally, the 44-g dose demonstrated a signif-

icant reduction (�23%, p < 0:05) in the rate of postprandial triglycerides, whereas

the 20-g dose showed a significant reduction in serum triglycerides at 4 hours

(��50%, p < 0:05). A decrease in VLDL level was also observed at 4 hours during

the adminstration of 20-g dose (p < 0:05). Using a single dose of 30 g/m2 of body

surface area (�55 g), significant differences (p < 0:05) were observed in the level

of change in postprandial serum TG at 2 hours, 3 hours, and 8 hours after consump-

tion of test emulsions (11). The suppression of the increase in serum TG after DAG

oil consumption was approximately 50% at hours two and three. A significant

decrease in VLDL was reported subsequently for this study at a recent scientific

meeting (12).

2.4. Oxidation and Synthesis of Fat

Significantly higher activities (p < 0:05) of enzymes involved in fat (or beta) oxi-

dation were observed in liver homogenates of rats fed diets containing varying

levels of DAG oil for 14 days (13). Correspondingly, a significant increase

( p < 0:05) in the oxidation rate of added palmitate was observed. At the same

time, significantly lower activities ( p < 0:05) involved in fatty acid synthesis

(including fatty acid synthase) were observed. In mice, mRNA for genes associated

with beta-oxidation and lipid metabolism as well as small intestinal beta-oxidation

were increased significantly after 10 days on DAG oil-containing diets (14). Signif-

icantly greater beta-oxidation (þ139%, p < 0:001) was observed by incubating

labeled fatty acid in homogenates of small intestine. Increased oxygen consumption

indicating increased energy expenditure, increased portal vein FFA, increased beta-

oxidation in the liver and small intestine, and increased mRNA expression of acyl

Co-A oxidase (ACO) and uncoupling protein-2 (UCP-2) in the small intestine after

1,3-DAG or DAG oil consumption has been shown in animal models (7, 8, 13, 14).

Enzymes involved in fatty acid oxidation in the liver [carnitine palmitoyltransfer-

ase, acyl-CoA dehydrogenase, acyl-CoA oxidase (ACO), enoyl-CoA hydratase,

3-hydroxyacyl-CoA dehydrogenase, 2,4-dienoyl-CoA reductase, and d3/d2-enoyl-

CoA isomerase] showed increased activity whereas enzymes related to fatty acid

synthesis correspondingly showed decreased activity after 14 days of DAG oil con-

sumption (13). Lower hepatic triacylglycerol content and lower serum cholesterol

were observed along with these differences in liver enzyme activities. Different fat-

digestion products in the gut corresponded with a tendency to use a greater amount

of oxygen after DAG oil consumption in animals (8). Using an animal model for

diet-induced obesity, significantly lower body weight during the lifespan of mice

(C57BL/6J) was observed during ad libitum DAG oil consumption in place of con-

ventional oil (7, 14). In mice fed DAG oil, ACO mRNA levels in the liver were
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increased also significantly, consistent with increased ACO activity, compared with

a conventional triacylglycerol oil (14). Enhanced beta-oxidation in the small intes-

tine has been reported in mice fed DAG oil compared with triacylglycerol oil (7).

Increased beta-oxidation in the small intestine caused by DAG oil consumption was

associated with increased expression of genes involved in beta-oxidation and lipid

metabolism, including ACO, medium-chain acyl-CoA dehydrogenase (MCAD),

liver-fatty acid binding protein (L-FABP), fatty acid transporter (FAT), and UCP-

2. These changes in beta-oxidation and mRNA expression are not apparently con-

sistent with regard to tissue specificity. In mice, these changes occurred solely in the

small intestine, whereas in rats, these changes occurred solely in the liver.

Indirect calorimetry provides the ability to measure the relative contribution of

macronutrients toward energy use. The measurements of expired carbon dioxide

and consumed oxygen are used to calculate respiratory quotient (RQ). An RQ of

1.0 indicates use of carbohydrate solely, an RQ of 0.7 indicates use of fat solely,

whereas an RQ of 0.85 indicates mixed use of macronutrients. Data in rats demon-

strates a significant increase in using fat as an energy substrate following DAG oil

infusion (gastric) as observed by a decreased respiratory quotient value between 3–

5 hours post-infusion (15).

In humans, a recently published study reported the influence of DAG oil versus

conventional oil on energy expenditure, energy substrate use, and subjective appe-

tite ratings during a 36-hour stay in a metabolic chamber (16). Using healthy

women (n¼ 12), each subject consumed a defined, eucaloric diet for 3 days prior

to each chamber. During the chamber stay, DAG oil or conventional oil with a simi-

lar fatty acid composition provided 40% of the fat consumed, which was as part of a

defined (55% en from carbohydrate, 15% en from protein, 40% en from fat) euca-

loric diet. For data analysis, differences over the entire 36-hour experimental period

were evaluated. A significant decrease in respiratory quotient (�0.006, p < 0:05)

and a significant increase in fat oxidation (þ4.9 g on day 1, p < 0:004; þ4 g on

day 2, p < 0:05) were observed following consumption of a eucaloric diet contain-

ing 12% of total energy from DAG (16% energy from DAG oil) over 36 hours com-

pared with TAG oil (Table 3).

TABLE 3. Summary of Substrate Utilization for Energy

and Fat Oxidation Data after DAG Oil Consumption.1

Parameter DAG Oil TAG Oil

RQ

Total, 36 h (8 A.M. to 8 P.M.) 0.849� 0.855

Day 1 (8 A.M. to 8 A.M.) 0.846� 0.853

Day 2 (8 P.M. to 8 P.M.) 0.851� 0.857

Fat oxidation2 (g/d)

Day 1 60.7�� 55.8

Day 2 64.6� 60.6

1Adapted from (14).
2Estimated from Figure 2 of (14).
�p < 0:05 vs. TAG oil.
��p ¼ 0:004 vs. TAG oil.
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Serum levels of ketones, as measured by beta-hydroxybutyrate, and free fatty

acids tended to be greater following DAG oil consumption with serum ketone levels

being significantly greater on day 2 (at first draw) after DAG oil consumption

( p < 0:05 vs. TAG oil using post-hoc analysis). Serum ketone levels after DAG

oil consumption remained substantially below the level of serum ketones observed

in ketogenic diets.

2.5. Energy Expenditure

Following ten days of DAG oil consumption, increased mRNA expression of

UCP-2, a protein reported to be involved in thermogenesis, was observed in mouse

small intestine (7). In an earlier rat study, oxygen consumption was observed to

increase, but no RQ or EE was determined (8). Additionally, energy expenditure

over 22 hours was significantly increased in rats on DAG oil diet after an acclima-

tion to DAG oil for 6 days (17). A pronounced difference was observed during the 4

hours after DAG ingestion during the nocturnal cycle.

In humans, the area of energy expenditure continues to be investigated. A sig-

nificant increase in energy expenditure ( p < 0:05) has been measured over the

course of 6 hours after the consumption of 20-g DAG oil (18). In the human study

involving a metabolic chamber, no change was observed in either overall energy

expenditure or individual components of energy expenditure (sleeping metabolic

rate, diet-induced thermogenesis, and activity-based energy expenditure) over the

36-hour experimental period (16).

2.6. Appetite Suppression

Subjective data suggested significant responses toward appetite suppression as esti-

mated by decreased feelings of hunger ( p < 0:01) and appetite (p < 0:05), estimate

of prospective food intake ( p < 0:01), and desire to eat (p < 0:05) over the final 12

hours during the 36-hour study (16). Significant differences were not observed after

day 1; however, these significant differences caused by DAG oil consumption

in cumulative day 2 ratings for hunger, appetite, estimate of prospective food

intake, and desire to eat were observed. Decreased cumulative scores inferred

that subjects felt less hunger, had less appetite, indicated lower estimate of pro-

spective food intake, and had less desire to eat after DAG oil consumption

compared with TAG oil. Similar tendencies have been observed after consumption

of medium-chain triacylglycerols with regard to fuel substrate shifts and potential

effects on appetite suppression (19–21).

2.7. Body Weight and Body Fat

In a long-term study using mice prone to diet-induced obesity, mice consuming a

DAG-oil diet for five months gained significantly less weight (p < 0:01) and had

significantly reduced-fat pad weight ( p < 0:01) (14). Levels of mRNA from liver

were greater for genes controlling enzymes used for beta-oxidation. This significant
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change in body weight ( p < 0:05) and fat pad weight (epididymal, p < 0:05 and

perirenal, p < 0:01) was observed also in a subsequent study conducted for 8

months (7). Using the same mouse model, 18:3(n-3)-rich DAG oil diets reduced

body weight significantly as well as certain regional areas of visceral fat (22).

Neither of these studies showed decreases in food intake as a result of consuming

DAG oil-containing diets.

Two well-controlled studies have been conducted in humans examining the

impact of DAG oil on body weight and body fat. In subjects consuming approxi-

mately 5% total calories from DAG oil for 16 weeks, significantly greater reduc-

tions in body weight ( p < 0:01) and body fat area ( p < 0:05) were observed

(23). In a larger study, overweight subjects consuming 15% of total energy from

DAG oil for 6 months as part of a mildly hypocaloric diet (�500–800 kcal/d)

observed a greater extent of body weight ( p < 0:025) and body fat loss

( p < 0:037) (24). In a larger study using overweight individuals consuming 15%

of total energy from test oils for 6 months as part of a diet with mild caloric restric-

tion (�500–800 kcal/d), subjects consuming DAG oil demonstrated a greater extent

of body weight ( p < 0:025) and body fat loss (p < 0:037) over the period of diet-

ary intervention when compared with subjects consuming a conventional triacylgly-

cerol oil (24) (Table 4). As importantly, DAG oil functioned as the oil ingredient for

food items that included mayonnaise, crackers, muffins, and instant soups. No

apparent decrease in subject compliance caused by product quality or flavor has

been reported.

3. SUMMARY

From digestion to body weight, differences are observed caused by pure 1,3-DAG,

mixed DAG (70:30 ratio for 1,3: 1,2) or DAG oil compared with TAG or TAG oil.

These differences demonstrate that 1,3-DAG follows a metabolic route resulting in

changes in fatty acid metabolism. Fatty acids appear to a greater extent in portal

circulation and chylomicron triacylglycerols are formed to a smaller extent after

DAG oil consumption. In supporting experiments, beta-oxidation is increased by

the small intestine and liver from animal experiments whereas fatty acid synthesis

is inhibited in the liver after extended consumption of dietary DAG oil diets. Ani-

mal experiments also demonstrate changes in respiratory quotient indicating a shift

TABLE 4. Change in Body Weight Caused by DAG Oil versus TAG Oil Consumption.1

% Change in body weight from baseline2

———————————————————————————————————————

1 month 2 months 4 months 6 months Overall Trend

DAG oil �2.0 �2.4 �3.3 �3.4 p < 0:025 vs. TAG

TAG oil 0.8 �1.5 �2.6 �2.4

1Adapted from (22).
2Estimated from Figure 1.
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toward greater fat use. Animal experiments demonstrate a smaller accumulation of

body weight and body fat over extended periods of consumption.

In humans, DAG oil consumption decreases serum triglycerides (postprandial

and fasting) and enables greater degrees of body fat and body weight loss compared

with conventional oil when used as a dietary aid as part of a healthy diet or caloric

management plan. Studies in Japanese individuals and overweight adult Americans

show similar apparent changes in body weight and body fat with greater differences

in both measures occurring in groups consuming DAG oil.

Relatively mild losses in body fat and body weight loss have occurred following

consumption of DAG oil over a period of several months with an approximate dif-

ference in daily caloric expenditure or intake between 50–100 calories. The differ-

ence in greater weight loss over six months observed between DAG oil and

conventional oil could be attributed to a daily caloric deficit of approximately 48

calories (24). Although the difference in weight loss over 4 months observed

between DAG oil and conventional oil could be attributed to a daily caloric deficit

of approximately 90 calories (23). Correspondingly, the data from the metabolic

chamber study did not indicate a significant change in daily energy expenditure

after DAG oil consumption compared with TAG oil in humans (16). Detecting

an energy expenditure difference of 50–100 calories over a 24–36-hour period

would be difficult in a metabolic chamber setting under the best of conditions.

These investigators also indicate a significant increase in fat oxidation of approxi-

mately 4–5 g on a daily basis, which corresponds to a shift in using approximately

35–45 calories from fat rather than other fuel sources. Apparently, this shift in sub-

strate use may affect overall energy intake (i.e., appetite) to a greater degree than

overall energy expenditure. Interestingly, individuals subjected to acute overfeeding

of 1-MAG did not show any differences with regard to energy intake and appetite

regulation compared with TAG (25, 26), whereas jejunal infusions of free fatty

acids have shown the ability to reduce food intake and body weight in rats (27).

These studies may indicate that the combination of 1-MAG and FFA, potentially

more so the FFA, caused by the digestion of 1,3-DAG results in observed differ-

ences in energy expenditure and appetite regulation.

From a mechanistic viewpoint, fatty acid oxidation as a metabolic control for

energy intake appears to be an important relationship (28–30). Products of fatty

acid oxidation have been implicated in playing a role in control of food intake.

Historically, ketones have received considerable attention, whereas glycerol and

free fatty acids have received less attention. Using ketogenic diets (defined as

severe CHO restriction) for weight loss has been long espoused with an underlying

assumption that elevated serum ketone levels provide a certain degree of appetite

suppression. This effect of appetite suppression by elevated serum ketones remains

to be conclusively documented.

Effects of compounds that inhibit enzymes of fat metabolism have been reported

in recent literature. Changes in fatty acid oxidation have been inversely correlated

to changes in food intake using rodent models as well as human subjects. After

administration of compounds that directly inhibit fatty acid oxidation or inhibit

fatty acid synthesis, significant increases or decreases in food intake, respectively,
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as well as changes in body weight over extended durations have been observed (31–

36). Etomoxir, a carnitine palmitoyl transferase I inhibitor, causes decreased mito-

chondrial oxidation of long-chain fatty acids and increases insulin resistance in

mice as a result of intramyocellular lipid accumulation over prolonged administra-

tion (37). Limited studies with acute administration of etomoxir in human subjects

show mixed evidence regarding an increase in food intake (38, 39). C75, a fatty

acid synthase inhibitor, results in decreased fatty acid synthesis and decreased

food intake and body weight in mice through its proposed modulation of hypotha-

lamic neuronal activity and neuropeptide Y levels (40, 41). Studies in human sub-

jects administered C75 have yet to appear in the scientific literature.

Use of fatty acids for energy during the postprandial period after DAG oil con-

sumption has been reported to occur in the liver or small intestine via beta-oxida-

tion based on rodent studies (13, 14, 42). Regulation of hepatic fat oxidation is

believed to be under the control of hepatic glucose metabolism, rather than dietary

fat intake, which implies that the status of glycogen stores and carbohydrate meta-

bolism may be more important parameters in controlling total energy balance and

fat mass than fat intake (43, 44). This mechanism suggests that increased postpran-

dial fatty acid oxidation may potentially lead to smaller glycogen stores, which

have been observed to correlate with lower body fat stores and decreased effort

to replenish the loss of body fat.
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1. INTRODUCTION

Citrus fruits are among the most popular fruits nowadays and have a very long his-

tory of production and use. However, within the past century, industrial technolo-

gies began to develop in order to convert citrus fruits into commercial products (1).

Each year, millions of tons of citrus fruits are delivered to factories for processing

and juice production. Historically, the oldest citrus product is the oil. In ancient

Sicily, where early Italian citrus industry had just been introduced, lemons were

primarily grown for production of lemon oil, and juice was treated as a waste pro-

duct until its later use for citric acid recovery. The early use of lemon and orange

oils was mainly in perfumery and pharmaceuticals (1). With rapid development of

science and technology, more areas of use of citrus oils were found, for which more

detailed information on chemical composition and properties were required. The

modern perfume and flavor industries have benefited from further research on citrus

peel oil and essence. Besides, the yield of citrus seed oil has increased since citrus

seeds were discovered as a new source of edible oil.

Citrus has proven to be a very good option for the oil and essence production.

The genus citrus, according to Tanaka’s system, has been divided into eight groups,

Papeda, Limonellus, Citruphorum, Cephalocitrus, Aurantium, Osmocitrus, Acrumen,

and Pseudofortunella, with a number of species within each group and a larger

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
Edited by Fereidoon Shahidi. Copyright # 2005 John Wiley & Sons, Inc.
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number of fine-quality hybrids as well (2). In this chapter, the chemical composi-

tion, properties, and uses of citrus oils and essences are provided.

2. OIL EXTRACTION

2.1. Extraction of Citrus Peel Oil

Citrus peel oils of very complex composition are contained in oval, balloon-shaped

oil sacs, or vesicles, located in the outer rind, or flavedo, of the fruit (3). The oil is

usually extracted by mechanical separation or hydrodistillation. The five main types

of citrus from which peel oils are recovered are orange, grapefruit, tangerine,

lemon, and lime (4). Mechanical separation, known as cold-pressing of peel oils,

does not use heat in order to avoid loss of volatile components. Swisher and

Swisher (1) described three general commercial methods that are widely used in

citrus industry to extract crude oils from fruit peels:

(1) Oil recovery from peel after juice extraction

(2) Simultaneous extraction of juice and oil emulsion from whole fruit

(3) Recovery of oil from the peel flavedo after removal from the whole fruit by

abrasion or shaving

Citrus peel oils for small-scale use may be obtained by hand-pressing. Fruits are

sliced, and mesocarp and albedo layers are peeled from the flavedo before hand-

pressing. Peel oils are collected in brine solution on ice, and oil extract is centri-

fuged at 4�C. Afterwards, the supernatant is dehydrated with anhydrous sodium

sulfate and filtered (5). The total final oil extract is about 1% of the flavedo by

weight (6).

Citrus peel oils other than cold-pressed oils have a lower price in the market-

place and are known as distilled oil, which is recovered from peels by steam dis-

tillation. This oil possesses an odor and flavor that is generally inferior to that of the

cold-pressed oil (1). The final oil extract is a liquid with its color varying depending

on the species of the fruit. For instance, bergamot oil is green to greenish-yellow,

grapefruit oil is greenish-yellow, lemon oil is pale yellow to pale greenish-yellow,

lime oil is colorless to pale yellow, mandarin oil is greenish-yellow to reddish-

orange, bitter orange oil is pale yellow to yellowish-brown, and sweet orange oil

is yellow to reddish-yellow (7). In addition, different citrus peel oils have different

physicochemical properties. Table 1 shows the comparison of physicochemical

properties of two grapefruit species.

2.2. Extraction of Citrus Seed Oils

Citrus seeds are regarded as a new source of edible oil, especially in some devel-

oping countries where nutritionists and food chemists have been searching for
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economical sources of material with oil of high industrial potential to alleviate the

shortage of oil (9). Citrus seeds contain about 36% oil, which can be recovered

from seeds by crushing and solvent extraction.

After juice extraction, seeds are separated from the waste product by a paddle-

type finisher. They are crushed after washing and drying, and the oil is extracted. In

some cases, a commercial solvent extraction of press-cake, using n-hexane or pet-

roleum ether, is used to improve oil recovery (1). Unrefined citrus seed oil is pale

to light yellow in color and may possess a bland or almond-like aroma (1). The

physicochemical characteristics of citrus seed oils, namely the refractive index,

specific gravity, melting point, color, and viscosity, vary slightly from each other

(Table 2) (9). Citrus seed oils can be used for cooking after refining. However, crude

oils are used for preparation of detergents and soaps.

TABLE 1. Average Values for Physical and Chemical Properties of Cold-pressed Red

and White Grapefruit Peel Oils.

White Grapefruit Oil Red Grapefruit Oil

Specific gravity, 25�C/25�C 0.8534 0.8522

Refractive index, n20D 1.4759 1.4766

Refractive index,10% distillate,n20D 1.4718 1.4718

Optical rotation, a[25D] þ92.67 þ91.07

Optical rotation, 10% distillate,a[25D] þ97.04 þ96.84

Evaporation residue,% 6.32 7.12

Aldehyde content,% 1.56 1.38

From Wolford et al., 1971 (8).

TABLE 2. Physicochemical Characteristics of Different Citrus Seed Oils.

Property Citron Orange Mandarin Mixed

Refractive index (25�C) 1.4681� 0.001 1.4684� 0.002 1.4672� 0.001 1.4682� 0.001

Density (25�C) [g/cm3] 0.884� 0.01 0.914� 0.06 0.962� 0.09 0.910� 0.08

Melting point [�C] 7 7 7 7

Viscosity [10�1Pa �s] 0.05 0.07 0.08 0.07

Color 2.6R 3.1R 7.4R/0.2B 4.0R

Acid value [mg KOH/g oil] 0.953� 0.08 0.673� 0.09 1.120� 0.09 0.762� 0.06

Saponification value 189.5� 1.41 190.2� 1.87 187.2� 1.73 188.3� 1.76

[mg KOH/g oil]

Ester value [mg KOH/g oil] 188.5� 1.40 189.5� 1.72 186.8� 1.70 187.5� 1.41

Peroxide value 5.95� 0.48 6.37� 0.51 5.90� 0.62 5.98� 0.57

[meq O2/kg oil]

Iodine value(Hanus) 96.23� 1.34 102.57� 1.57 91.54� 1.09 99.25� 1.07

[mg I2 /g oil]

From El-Adawy et al., 1999 (9).
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2.3. Extraction of Citrus Essences

Citrus essences are distilled aqueous solutions of the more volatile components

from the corresponding citrus juices, as defined by Shaw (10). Commercially,

they are added to concentrated citrus juices to impart fresh fruit flavor that may

be lost during the concentration process. Essence may be collected from fresh juice

either by partial distillation prior to juice evaporation or by condensation of vola-

tiles from the early stages of evaporation (11). Two phases, namely, aqueous

essence and essence oil, are obtained during recovery.

3. CHEMICAL COMPOSITION

3.1. Chemical Composition of Citrus Peel Oils

Different methods have been adopted to analyze the chemical composition of citrus

oils as well as their odor activities, including gas chromatography-mass spectrome-

try (GC-MS) (12, 13), gas chromatography-olfactometry (GCO) (6), nuclear mag-

netic resonance (NMR) (14), near infrared (NIR) (15), high-performance liquid

chromatography (HPLC) (16), thin layer chromatography (TLC) (9), and other

chromatographic procedures. Improvements in the available techniques has given

rise to more precise and detailed data for qualitative and quantitative determination

of citrus oils. Accordingly, 55 volatile components in lemon oil, 62 in lime oil (14),

79 in mandarin oil (17), 88 in tangerine oil (18), and some more components in

hybrid citrus oils have been identified (5).

Citrus peel oils are characterized by complex mixtures containing mostly ter-

penes as well as oxygen-containing compounds (19). Volatile components account

for more than 90% of the oil mass, whereas nonvolatile residues are present in very

small amounts. For most citrus fruits, peel oils consist almost exclusively in the

form of monoterpenes, sesquiterpenes, and other aliphatic hydrocarbons. The

hydrocarbon contents in Vietnamese pummelo, orange, tangerine, and lime, respec-

tively, exceeded 98.7%, 97.6%, 98.6%, and 95.4% (20). Among these, monoter-

penes were dominant. Limonene, a monoterpene often used as a functional index

of ripeness, was the major component of all citrus peel oils, followed by b-pinene in

lemon oil (21), g-terpenene in tangerine and lime oils (14), myrcene in sweet

orange oil, and p-cymene in mandarin oil (19). The compounds a-pinene, sabinene,

b-phellandrene, and terpenolene were present at lower levels. A few sesquiterpenes

were also found in very small amounts but made appreciable contributions to flavor

and odor; these included trans-b-farnesene, trans-a-bergamotene, trans-caryophyl-

lene, germacrene A to D, and b-bisobolene (14, 22).

Although terpene hydrocarbons, especially monoterpenes, are the most abundant

constituents of citrus peels oil, they serve only as a flavor carrier and contribute

little to flavor on their own (23). These terpenoid hydrocarbons are usually removed

by deterpenation in order to increase the concentration of flavor and fragrance com-

pounds. Furthermore, unsaturated hydrocarbons (terpenes) are unstable to heat and
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light, and may oxidize rapidly to produce undesirable off-flavor compounds that

adversely affect the desirable aroma of products (24). Therefore, concentrated

and deterpenated oils have become popular in the citrus oil market.

Oxygenated compounds, mainly oxygenated terpenes, rather than terpene hydro-

carbons, have been found to be responsible for the characteristic odor and flavor of

citrus fruits, although they occur in relatively small amounts. When the hydrocar-

bon fraction is removed from the oil, the oxygenated fraction becomes more odor-

ous due to a higher concentration (25). Characterized by quantitative abundance in

aldehydes and a relatively wide variety of alcohols, oxygenated fraction includes

aldehydes, alcohols, ketones, esters, oxides, acids, and trace amounts of fugenol

methyl ether (5). Geranial and neral are the major aldehydes, both of which account

for the fresh floral and citrus-like character of lemon and lime oils (21, 26). Citro-

nellal has a green-citrusy odor rather than a sweet and fruity odor (5). In addition,

many simple aliphatic aldehydes, such as octanal, decanal, and dodecanal, impart a

characteristic aroma to citrus peel oils (17, 26). Among alcohols, monoterpene

alcohols such as linalool, followed by octanol and a–terpeneol, are most predomi-

nant (5). Nerol and geraniol are also found in high levels. Among these, linalool and

octanol are regarded as the most odor-active compounds in such citrus as Hyuga-

natsu (Citrus tamurana) (27). Ketones, esters, oxides, and acids are less repre-

sented, but make appreciable contributions to flavor. Nootkatone is an important

flavor compound of grapefruit oils (28); neryl acetate, geranyl acetate, and bornyl

acetate have been used as sweeteners, and linalool oxide provides a powerful sweet

odor (5). Flavor dilution (FD) factor is employed to express the odor potency or

intensity of volatile components in citrus peel oils (Table 3). FD factor is defined

as the ratio of concentration of a compound in the initial concentration to that in the

most diluted concentration in which the odor could be detected by GCO (29).

Compositions of volatiles in different orange oils are shown in Tables 4 and 5. It

is evident that most of the constituents belong to the terpene family and may be

arranged into two groups, terpene hydrocarbons (terpenes and sesquiterpenes)

and oxygenated terpene products (21). Aside from the volatile components, there

are small amounts (2–15%) of nonvolatile residues in citrus peel oils that possess

antioxidative property; these include coumarins, psoralens, and polymethoxylated

flavones (30–34).

3.2. Chemical Composition of Citrus Seed Oils

Generally, lipids in citrus seed oil may be classified as nonpolar, nonionic polar, and

ionic polar. Nonplolar lipids are mainly composed of triacylglycerols; nonionic

polar lipids refer to sugar-containing lipids, including glycosylacylglycerols, sterol

glucosides, and sphingosine-containing lipids. Meanwhile, ionic polar lipids con-

tain phospho, sulfo, amino, or carboxyl reactive groups (35).

Analyzed by thin layer chromatography, crude citrus seed oils are reported to

have eight classes of chemical constituents: triacylglycerols, free fatty acids, diacyl-

glycerols, monoacylglycerols, sterols, phospholipids, alcohols, and hydrocarbons
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TABLE 3. Potent Odorants (FD� 2) Identified in the Peel Oil of Clementines

(Citrus Reticulata Blanco cv. Clementine)

No. Odorant Odor Quality FD Factor

1 a-pinene pinetree-like 1024

2 (Z)-hex-3-enal grassy 128

3 myrcene geranium leaf-like 1024

4 limonene mint-, citrus-like 512

5 octanal citrus-like, fresh 1024

6 oct-1-en-3-one mushroom-like 2

7 (Z)-octa-1,5-dien-3-one geranium-leaf-like 2

8 nonanal green, citrus-like 16

9 (Z)-non-6-enal green, fresh, cucumber 64

10 citronellal citrus-like, fresh 64

11 decanal green, fresh 256

12 (E)-non-2-enal fatty, green 128

13 (Z)-dec-4-enal green, musty 8

14 linalol flowery 16384

15 octan-1-ol citrus-like, soapy 8

16 unknown waxy 16

17 undecanal citrus-like, soapy 4

18 unknown metallic 16

19 (E,Z)-nona-2,4-dienal deep-fried 8

20 unknown flowery, citrus-like 16

21 (E,E)-nona-2,4-dienal deep-fried 512

22 dodecanal green coriander 16

23 carvone mint-like 256

24 (E)-undec-2-enal green coriander 16

25 unknown soapy 8

26 unknown flowery,soapy 64

27 unknown flowery 64

28 (E,E)-deca-2,4-dienal deep-fried 4096

29 (E)-dodec-2-enal green coriander 128

30 unknown fatty, cucumber-like 64

31 (E)-tridec-2-enal green, metallic 8

32 unknown fruity, pinetree-like 8

33 tr-4,5-epoxy-(E)-dec-2-enal metallic 128

34 unknown metallic 256

35 unknown fruity 8

36 unknown fruity 8

37 sotolone spicy 16

3a, 4, 5, 7a-tetrahydro-3,6-

38 dimethylbenzofuran-2(3H)-one sweet, cocos 4096

39 b-sinensal metallic, green, sweaty 64

40 unknown metallic 16

41 a-sinensal metallic, green, sweaty 64

42 vanillin vanilla-like 16

*FD factor (Flavor dilution factor): The ratio of concentration of a compound in the initial concentration to that in

the most diluted concentration in which the odor could be detected by GCO.

From Buettner et al., 2003 (29).
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(Table 6). Triacylglycerols are the major oil class in all citrus seed oils, followed by

free fatty acids and then diacylglycerols. The presence of partial acylglycerols and

free fatty acids is due to partial enzymatic hydrolysis of reserve triacylglycerols

during seed storage (9).

The composition of citrus seed oil varies with species and storage conditions.

For instance, Habib et al. (36) reported that mandarin seed oil is very high in its

triacylglycerol content whereas citron oil has a large amount of free fatty acids.

With respect to compositional patterns, lime seed oil is similar, in its degree of

unsaturation, to soybean oil, and orange oil is similar to cottonseed oil. In general,

citrus seed oil has a larger amount of volatile fatty acids than other edible oils (36).

Crude citrus seed oils need to be refined before use as edible oils. Only triacyl-

glycerols, diacylglycerols, and polar lipids remain after degumming, refining,

bleaching, and deodorization. However, trace amounts of phosphatides (lecithin)

and plant sterols may also remain in the oil (37).

Citrus seed oil, as a potential edible oil, serves as a good source for essential

fatty acids. More than 60 fatty acids have been found in various citrus seed

oils, among which unsaturated fatty acids are present in a high amount (>65%)

TABLE 4. Major Components of Cold-pressed Navel Orange Oil.

Compound Cold-Pressed Oil (%) Compound Cold-Pressed Oil (%)

monoterpenes 97.52 alcohols 0.58

limonene 94.74 linalool 0.4

b-myrcene 1.66 n-octanol 0.12

a-pinene 0.46 a-terpineol 0.06

sabinene 0.46 oxidized limonene 0.33

carene-3 0.09 limonene oxide (cis) 0.08

b-pinene 0.03 carvone 0.08

a-phellandrene 0.03 limonene oxide (trans) 0.05

ocimene 0.03 carveol (cis) 0.05

terpinolene 0.02 limonene oxide (trans) 0.05

a-thujene <0.01 dehydro carveol (iso) 0.01

a-terpene <0.01 esters 0.02

p-cymene <0.01 neryl acetate 0.01

g-terpinene <0.01 geranyl acetate 0.01

aliphatic aldehydes 0.75 sesquiterpenes 0.13

decanal 0.38 valencene 0.03

n-octanal 0.22 b-farnesene 0.02

dodecanal 0.11 a-farnesene 0.02

n-nonanal 0.04 d-cadinene 0.02

terpen aldehydes 0.23 a-copaene 0.01

perillaldehyde 0.06 b-cubebene 0.01

citronellal 0.05 b-caryophyllene 0.01

a-sinensal 0.04 germacrene-D 0.01

geranial 0.03

b-sinensal 0.03

neral 0.02

From Shen et al., 2002 (23).
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(35, 38). Linoleic (>30%), oleic (>18%), and linolenic (2–12%) acids are the most

predominant unsaturated fatty acids present (9). Lemon, lime, and citron oils con-

tain the highest amount of linolenic acid. In addition, very small amounts of myr-

istoleic acid (C14:1) in polar lipids fraction, myristoleic (C14:1) and palmitoleic

(C16:1) acids in diacylglycerols fraction, and myristoleic (C14:1) and eicosaenoic

(C20:1) acids in triacylglycerols fraction of citrus seed oil were also identified (39).

Saturated fatty acids were less abundant than their unsaturated counterparts in

citrus seed oils and consisted mainly of palmitic (C16:0) and stearic (C18:0) acids

TABLE 5. Composition of Oils from Five Different Orange Species.

% Total Area

——————————————————————————————————————————

Component Bergamot Bitter Orange Mandarin Sweet Orange Tangerine

limonene 36.54 93.42 68.8 96.1 88.15

b-pinene 8.63 0.91 2.15 0.52 0.86

p-cymene 7.24 1.66 16.06 0.06 2.75

g-terpinene 2.2 — 5.85 — 3.11

a-pinene 1.47 0.94 2.87 0.69 1.27

myrcene 0.95 2.05 1.66 1.77 1.78

a-bergamotene 0.39 — — — —

a-thujene 0.36 — 0.9 — 0.18

b-caryophyllene 0.29 0.05 0.03 0.03 0.01

terpinolene 0.27 — 0.51 0.01 0.08

linalool 8.6 0.1 0.06 0.18 0.57

neral 0.07 0.04 — 0.05 —

geranial 0.05 0.02 0.02 0.03 0.02

octanal — 0.03 — 0.06 0.04

linalyl acetate 31.73 0.16 — — —

geranyl acetate 0.52 0.11 — — —

sum of 16 compounds 99.3 99.5 98.9 99.5 98.8

% hydrocarbons 58.73 99.13 99.22 99.29 98.68

% oxygenated compounds 41.27 0.87 0.78 0.71 1.32

From Veriotti et al., 2002 (19).

TABLE 6. Composition of Different Citrus Seed Oils (%).

Oil Class Citron Orange Mandarin Mixed

Triacylglycerols 66.8 65.4 68.4 68.0

Free fatty acids 14.5 13.4 11.7 12.8

Diacylglycerols 12.1 12.0 10.5 11.3

Monoacylglycerols 2.49 1.97 2.97 2.51

Sterols 2.18 3.52 3.27 3.14

Phospholipids 1.96 3.66 2.64 2.23

Hydrocarbons Tr. Tr. Tr. Tr.

Alcohols Tr. Tr. Tr. Tr.

*Tr.¼ Traces.

From El-Adawy et al., 1999 (9).
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at 22–31% and 1–6%, respectively. Arachidic (C20:0), lauric (C12:0) and

myristic (C14:0) acids were found in trace amounts compared with other fatty acids

(9, 35, 40).

Table 7 shows the fatty acid composition of different citrus seed oils. The ratio of

unsaturated to saturated fatty acids is approximately 2:1 (9), although this ratio was

reported to be in the range of 3–5:1 by Nagy (35). Generally, different varieties,

cultivar, location, storage condition, and harvesting time of citrus fruit may lead

to this variation. Table 8 shows the content of the six major fatty acids in different

citrus seed oils; these are linoleic (C18:2), palmitic (C16:0), oleic (C18:1), linolenic

(C18:3), stearic (C18:0), and palmitoleic (C16:1) acids.

3.3. Chemical Composition of Citrus Essence

Distillation of citrus juices yields two volatile fractions, namely, aqueous essences

and essence oils that are separated from each other by condensation of the distillate

(7). Aqueous essence, the bottom layer of the condensate is comprised of organic

acids, alcohols, aldehydes, esters, hydrocarbons, ketones, hydrogen sulfide, and

oxides (10). Considering many components found in both cold-pressed peel oil and

aqueous essence, essence oil has a flavor similar to that of the combined peel oil

and aqueous essence (10). However, essence oil usually contains a larger amount of

TABLE 7. Fatty Acids Composition of Different Citrus Seed Oils.

Fatty Acid [%] Citron Orange Mandarin Mixed

Lauric (C12:0) 0.39 0.36 0.65 0.37

Myristic (C14:0) 0.43 0.44 0.61 0.46

Palmitic (C16:0) 29.52 24.73 28.12 28.54

Stearic (C18:0) 4.32 5.27 4.34 4.37

Oleic (C18:1) 22.25 26.00 24.89 24.53

Linoleic (C18:2) 33.21 38.44 38.26 38.25

Linolenic (C18:3) 9.56 4.58 2.58 3.11

Arachidic (C20:0) 0.32 0.18 0.55 0.37

Total saturates 34.98 30.98 34.27 34.11

Total unsaturates 65.02 69.02 65.73 65.89

Total essentical fatty acids 42.77 43.02 40.84 41.36

From El-Adawy et al., 1999 (9).

TABLE 8. Major Fatty Acids in Citrus Seed Oils (%).

Seed Type Palmitic Palmitoleic Stearic Oleic Linoleic Linolenic

Oranges 26–31 0.1 3–5 24–28 35–37 2–4

Grapefruit 26–36 0.1–0.3 1–4 18–25 32–41 3–6

Mandarins 22–30 0.1–1.0 2–5 20–25 37–45 3–5

Lemons 18–24 0.1–0.3 2–4 26–34 31–38 6–12

Limes 24–29 0.1–0.5 3–5 20–22 37–40 6–11

From, Nagy, 1977 (35).
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aliphatic ethyl esters (e.g., ethyl butyrate in orange essence oil) compared with the

peel oil (41). Thus, its aroma resembles that of the corresponding juice more than

that of the peel oil (7). In general, citrus flavor results from a complex mixture of

components in the appropriate proportions, as described by Monshonas et al. (42).

4. STORAGE OF CITRUS OILS

4.1. Changes of Composition During Storage

Citrus peel oils have been used widely in beverages, cosmetics, pharmaceuticals,

and perfumery industry, whereas seed oils are used in cooking and for treatment

of leather and textile. The quality, freshness, and uniqueness of citrus oils are major

considerations pertaining to their value and applications (43). However, large

amounts of volatile components, as well as unsaturated compounds, render the

oils unstable and prone to change with time and storage conditions.

Most of the qualitative changes of citrus peel oil during storage occur due to

evaporation, oxidation, polymerization, rearrangement, and cyclization of some

labile constituents in the presence of heat, light, oxygen, moisture, and catalysts

resulting in the loss of volatile components and formation of off-flavor artifacts

(43, 44). This major deterioration in citrus peel oil occurs when stored at 20�C,

with a notable decrease in monoterpenes and an increase in oxygenated compounds

(33). Monoterpenes may undergo oxidation and, hence, formation of oxygenated

terpenes, rearrangement and cyclization into sesquiterpenes, polymerization into

artifacts, and evaporation that causes loss of these components as well. As reported

by Njoroge (33), the total percentage of monoterpenes decreased progressively

from 98.0 to 66.4 in Daidai (Citrus aurantium) peel oil after 12 months of storage

at 20�C. The prominently decreased components were b-myrcene, g-terpinene, and

limonene. However, the concentration of p-cymene was increased, indicating loss

of freshness of the oils, which might be explained by dehydrogenation and rearran-

gement of a- and g-terpinene, and hydrogenation and double-bond rearrangement

of limonene as well (43, 45).

The content of oxygenated compounds increased considerably during storage

(43). Monoterpene alcohols, as oxidized products of monoterpenes, showed the

most significant increase. In contrast, linalool (both cis and trans) was found to

decrease at 20�C after 12 months of storage (44, 45). Esters, such as linalyl and

geranyl acetates, and most oxides also increased significantly. Besides, artifacts

were formed in citrus peel oil upon prolonged storage at higher temperatures in

the forms of alcohol, carbonyl compound, ester, epoxide, and hydrocarbon (33).

Sesquiterpene alcohols were the dominant artefacts formed, as found in Yuzu

(Citrus junos Tanaka) peel oil, with spathulenol being the main constituent. Spathu-

lenol could be produced directly from bicyclogermacrene on air oxidation, or

through isomerization of bicyclogermacrene to aromadendrene and allo-aromaden-

drene, and the subsequent oxidation of these isomeric tricyclic sesquiterpenes (43).

The relative compositional change of Yuzu is shown in Table 9.

58 CITRUS OILS AND ESSENCES



TABLE 9. Relative Compositional Changes in Yuzu (C. junos Tanaka) Cold-pressed Oil

During a 12-Day Storage in 20 C.

Relative Concentration (%)

——————————————————————————————————————————

Compound Fresh Oil 1 3 6 9 12

monoterpene hydrocarbons

a-pinene 1.84 1.95 1.94 1.61 1.45 0.66

b-pinene 0.69 0.74 0.74 0.75 0.59 0.3

sabinene 0.24 0.24 0.25 0.19 0.17 0.08

myrcene 2.14 2.02 1.84 1.36 1.05 0.56

a-terpinene 0.15 0.12 0.12 0.04 0.02 Tr.

limonene 78.13 77.06 76.54 66.7 51.87 31.49

g-terpinene 9.32 10.07 9.62 8.01 2.23 1.47

p-cymene 0.4 0.61 0.68 4.65 5.19 3.05

terpinolene 0.39 0.41 0.4 0.5 0.09 0.05

a-p-dimethylstyrene 0.04 0.04 0.04 0.08 0.16 0.06

þp-mentha-1,4,8-triene — — — — — —

total 93.34 93.26 92.17 83.89 62.82 37.72

monoterpene alcohols — — — — — —

linalool 1.79 1.95 1.97 5.43 7.08 3.67

a-terpineol 0.1 0.13 0.13 0.49 1.24 1.36

(Z)-carveol 0.07 0.06 0.06 0.24 0.36 0.63

nerol — — — 0.07 0.33 0.59

geraniol — — — 0.07 0.32 0.45

perillyl alcohol — — — 0.05 0.71 1.22

thymol 0.12 0.12 0.11 0.56 2.13 4.2

p-mentha-1,8-dien-10-ol — Tr. 0.01 0.05 0.97 1.04

total 2.08 2.26 2.27 6.72 10.81 9.86

oxides and epoxides

(Z)-limonene oxide Tr. Tr. 0.01 0.07 0.15 0.07

(E)-limonene oxide 0.01 0.03 0.03 0.03 0.09 0.06

(Z)-caryophyllene epoxide — 0.01 0.02 0.09 0.24 0.53

(E)-caryophyllene epoxide — 0.01 0.01 0.03 0.16 0.48

total 0.01 0.05 0.07 0.22 0.64 1.14

sesquiterpene hydrocarbons

d-elemene 0.09 0.08 0.06 0.09 0.16 0.23

a-copane 0.01 0.03 0.03 0.03 0.15 0.15

b-elemene 0.04 0.04 0.04 0.13 0.18 0.16

caryophyllene 0.17 0.16 0.17 0.17 0.2 0.26

aroma dendrene 0.01 0.01 0.01 0.01 0.01 0.02

g-elemene 0.02 0.02 0.01 0.05 0.05 0.3

allo-aroma dendrene 0.01 0.01 0.01 0.05 0.05 0.1

(E)-b-farnesene 0.45 0.6 0.63 2.13 2.78 2.51

a-humulene 0.04 0.03 0.04 0.06 0.19 0.2

d-muurolene — Tr. Tr. Tr. 0.05 0.06

germacrene D 0.2 0.19 0.17 0.19 0.16 0.16

a-muurolene 0.04 0.04 0.03 0.04 0.22 0.13

bicycloger-macrene 0.99 0.82 0.52 0.31 0.14 0.03

d-g-cadinene 0.04 0.04 0.04 0.07 0.15 0.32

sesquiphell-andrene 0.03 0.03 0.04 0.18 0.21 0.63

total 2.14 2.1 1.8 3.51 4.7 5.26
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These compositional changes usually negatively influence the odor and flavor of

citrus peel oils by generating off-flavor products. It has been shown that nonvolatile

residues of citrus peel oil contain some compounds that exhibit antioxidative activ-

ities, among which permethoxylated flavones, dehydroabietic acid (46), coumarins,

and psoralens have been identified (33). In this respect, cold-pressed citrus peel oil

is more stable than distilled oil and essence oil, in which most of the natural anti-

oxidants present are left behind when the oil is distilled (1).

Citrus seed oil, another byproduct in citrus industry, is required to have high sta-

bility for cooking purposes. Citrus seed oil is subject to oxidative changes because

of the presence of a high percentage of unsaturated fatty acids. The oil is readily

oxidized in the presence of air, generating hydroperoxides, alcohols, aldehydes,

ketones, hydrocarbons, and carboxylic acids as the primary, secondary, and tertiary

oxidized products, respectively.

4.2. Storage Conditions

One of the most important reactions involved in chemical changes in citrus oils is

certainly the oxidation reaction, due to the high content of terpenes in citrus peel oil

and unsaturated fatty acids in citrus seed oil (3). Usually, quality deterioration in

oils may occur under autoxidation, photo-oxidation, lipoxygenase-assisted oxida-

tion, or thermal oxidation, all of which should be controlled in order to protect

the oils from deterioration and off-flavor development (47). To maintain the original

quality of citrus oils, undue exposure to air and contact with metals such as iron and

copper, which act as pro-oxidants, should be avoided during processing and subse-

quent storage (1). In some cases, citrus oils are stored refrigerated (0–5�C) under an

TABLE 9. (Continued )

Relative Concentration (%)

——————————————————————————————————————————

Compound Fresh Oil 1 3 6 9 12

sesquiterpene alcohols

globulol 0.01 0.01 0.01 0.02 0.1 0.35

elemol — — Tr. 0.03 0.07 0.16

viridiflorol — — — Tr. 0.02 0.35

spathulenol — 0.03 0.26 2.64 14.05 28.25

a-cadinol — Tr. 0.02 0.13 0.24 1.88

T-cadinol — — — Tr. 0.21 0.52

b-eudesmol — Tr. 0.02 0.18 0.47 1.91

a-eudesmol — — — — Tr. 0.11

(Z,E)-farnesol — — — Tr. Tr. 2.55

total 0.01 0.04 0.31 3 15.16 36.08

total natural volatiles (%) 97.58 97.66 96.29 94.24 78.62 53.26

total artifact volatiles (%) — 0.05 0.34 6.32 17.79 40.04

From Njoroge et al., 1996 (43).

Tr.¼ Traces.
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inert gas (33). Meanwhile, the addition of antioxidants may help retard or control

oxidation of citrus oils. Tocopherols are present in citrus seed oil with a-tocopherol

predominating (1). They effectively protect the oil from oxidation, with phospho-

lipids remaining in the oil preventing their degradation (1, 47). Some phenolic anti-

oxidants, such as butylated hydroxyanisole (BHA), butylated hydroxytoluene

(BHT), propyl gallate (PG), and tert-butylhydroquinone (TBHQ), are also used

in limited dosage to inhibit the oxidation of edible oils such as citrus seed oil

(47). In addition, partial hydrogenation provides satisfactory shelf life to some

citrus seed oils, in which the high content of linolenic acid may pose stability pro-

blems (1). However, hydrogenation is not considered desirable as it leads to the loss

of essential fatty acids and may also affect the flavor quality of the product.

Unlike citrus seed oils, citrus peel oils are themselves very good antioxidants

capable of inhibiting free radical-mediated reactions (48). As reported by Song

et al. (49), abundant tocopherols were found in citrus peel oils, yet there was little

correlation between tocopherol content and antioxidative activity in the oils, sug-

gesting that the composition of terpenes present might be a major determinant of

the antioxidative status of citrus peel oils. The compounds b-pinene, myrcene,

a-terpinene, and g-terpinene were identified to have higher or similar antioxidative

activities compared with that of d-tocopherol. Encapsulation is a technique fre-

quently used in the storage of citrus peel oils and essences, which isolates the

oils from the atmospheric oxygen, moisture, temperature, and light, and hence

minimizes the oxidation of oil and reduces the release of volatile flavor compounds

(50). Citrus peel oil may be spray-dried and encapsulated in a double emulsion (50).

A water activity of 0.628 was found to result in good resistance to oxidation without

the occurence of caking or stickiness during the storage of spray-dried encapsulated

citrus peel oil (51).

5. APPLICATIONS OF CITRUS OILS AND ESSENCES

The applications of citrus oils are versatile and in many domains. As a result of

their freshness, lightness, and fine fruity aroma, citrus peel oils and essences are

widely used in the food and beverage industries as well as in some nonfood

applications (1).

The applications of cold-pressed peel oils in food and beverage are mainly in the

soft drinks, sherbet, confectionery, bakery, and household extracts (1). In addition,

they can act as reducing agents of peroxidase activity in leafy vegetables and anti-

oxidants for edible oils, such as olive oil, to improve their sensory properties

(52, 53). Moreover, they are effective inhibitors for the formation of N-nitrosodi-

methylamine (NDMA), a known carcinogen, that may occur during production and

storage of food (54). Citrus peel oils are also added as flavoring agents to pharma-

ceutical and drugs as well as herbal medicines in order to mask their unpleasant

tastes (14). Distilled peel oils, different from cold-pressed oils, have found their

place in the perfumery and cosmetic industries as well as in the manufacturing

of soap and paper (1).
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Citrus peel oils may also be used for their antioxidative, antitumor, and radical-

scavenging activities. The radical-scavenging ability of citrus peel oil may help pre-

vent free radical-induced and various chronic diseases (48, 55, 56). Monoterpenes

from volatile components and polymethoxylated flavones from nonvolatile residues

have been reported to be effective inhibitors of tumor cell growth, implicating that

citrus peel oils may be good cancer preventive food additives (57–59). Furthermore,

citrus peel oils are useful to alleviate pain from burnt skin (60). Demonstrating

anxiolytic and sedative effect, they could also be used in primary medical care

against insomnia, anxiety, and epilepsy (61).

The insecticidal property and antimicrobial activity of citrus peel oils have been

reported. The oil can repel moth, mosquito, cockroach, domestica, and housefly

(62–66). It also inhibits the growth of microbes such as fungi and salmonellae,

with monoterpenes being the major compounds that account for pathogen fungi

inhibition (46, 67, 68).

Unlike citrus peel oil, citrus seed oil is mainly used after refining as edible oil

and a source of essential fatty acids. Refined citrus seed oil is widely used in mar-

garines, shortenings, salad dressings, and salad and cooking oils. Meanwhile, crude

citrus seed oils are useful in the preparation of fatty acid derivatives, soap and

detergent, and for the treatment of leather and textile (1).

6. CHALLENGES

Despite increasing applications of citrus oils, certain challenges related to potential

health-damaging properties and contamination of citrus oils should not be

ignored.

Citrus peel oil, such as bergamot oil, has been reported to show potential health

hazards. Bergamot oil has a pleasant refreshing scent, and had been used widely in

cosmetics until it was restricted in most countries a few years ago because of certain

adverse effects, primarily phototoxicity and Berloque dermatitis (69). More

recently, there seems to be increasing application of bergamot oil in aromatherapy.

However, as reported by Kaddu et al. (69), bergamot oil possesses potential photo-

toxic and photomutagenic properties, indicating that special attention should be

paid in using of psoralen-containing aromatherapy oils such as bergamot oil.

Aside from potential adverse health effects, contamination is another problem

that should be considered in production and application of citrus oils. Citrus oils

may be contaminated with plastic materials employed in production process or sto-

rage. Chloroparaffins, phthalate esters, and phosphorylated plasticizers are the

major contaminants extracted from plastic components by citrus oils as the oil/

water emulsions pass through various production phases (70). Phthalate esters

have a wide range of activities and may be hepatotoxic, carcinogenic, and possibly

damaging to the gastrointestinal tract (71). Chloroparaffins, another class of plasti-

cizers, are toxic by ingestion and subcutaneous route and are classified as being

potentially carnogenic to humans (72). It is suggested that contamination of citrus

peel oils by plasicizers does not depend on the nature of the oil, but probably

62 CITRUS OILS AND ESSENCES



correlated with the procedures used during production cycle or storage of the oils

(70, 72).

Another contamination of citrus peel oils comes from chlorine-treated water

used in the oil recovery process and sanitizers used in postharvest handling and pro-

cess equipment cleaning, which serve as a potential source of hypochlorous acid

(HOCl) (73). HOCl can react with a variety of terpenes similar to d-limonene in

structure, including limonene, a-pinene, and a-terpineol, resulting in the formation

of terpene chlorohydrins. The contamination of terpene chlorohydrins could be

reduced through reduction of the chlorine levels in the treatment water (74).

Pesticide residues may contaminate citrus peel oils as well. Cultivation of citrus

crops commonly involves the use of chemicals such as fertilizers and pesticides.

Regulations are increasingly stricter in terms of residual levels of pesticides

because of the application of citrus oils in food, pharmaceutical, and cosmetic

industries (75). Citrus peel oils, extracted from citrus peels, contain a higher con-

centration of pesticide residues than the fruits, due to the direct contact of the peels

with pesticides. Organophosphorus and organochlorine pesticide residues in citrus

peel oils have shown a steady decrease in recent years (76).

7. CONCLUSIONS

There is considerable interest in the chemical composition and properties of citrus

oils and essences as well as the role they play in food and nonfood industries. Citrus

peel oils and essences possess a pleasant aroma, with oxygenated compounds being

the major constituents that account for their characteristic odor. Terpenes, the most

abundant components in cold-pressed citrus peel oil, are removed in concentrated

oil production, usually by use of adsorbant and supercritical carbon dioxide, to

increase the concentration of oxygenated compounds and to enhance the qualifica-

tion of the oil. Meanwhile, citrus seed oils are composed largely of triacylglycerols

and are rich in oleic and linoleic acids.

Citrus oils and essences are unstable to heat, light, oxygen, and metals. Thus,

they should be stored under appropriate conditions in order to avoid compositional

changes that lead to their quality deterioration. Citrus oils and essences are widely

used in food and nonfood industries. Applications in the health-related areas are

forthcoming.
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1. INTRODUCTION

Essential fatty acids (EFAs) can be defined by classic definition, which defines

EFAs as the fatty acids that are required for proper functioning of cells, but the

body cannot synthesize them and, therefore, must be supplied by diet. According

to this definition, there are only two EFAs: linolenic acid (LA, C18:2, n-6) and

alpha-linolenic acid (ALA, C18:3, n-3). The functional definition of EFAs includes

the fatty acids that can correct the symptoms produced by elimination of all EFAs

from the diet. According to this definition, LA, gamma linolenic acid (GLA, C18:3,

n-6), and arachidonic acid (AA, C20:4, n-6) are EFAs of n-6 family (1, 2).

Gamma linolenic acid (cis-6, cis-9, cis-12-octadecatrienoic acid) is an 18-carbon

polyunsaturated fatty acid containing three double bonds. It is produced in the body

from desaturation of LA by the reaction catalyzed by enzyme delta-6-desaturase

(D-6-D) (Figure 1). GLA is rapidly elongated to DGLA by elongase enzyme.

Cats do not have this enzyme; hence, they cannot synthesize GLA and subsequent

metabolites from LA (3). Therefore, cats must eat a meat-based diet to obtain longer

chain metabolites of LA (DGLA, AA). DGLA can be acetylated and incorporated

into membrane phospholipids. A small amount can be converted into AA, and this

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
Edited by Fereidoon Shahidi. Copyright # 2005 John Wiley & Sons, Inc.
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reaction is catalyzed by delta-5-desaturase enzyme. Different animal species and

different tissues differ in their capacity to convert DGLA to AA. Rat metabolizes

DGLA to AA in significant amounts, whereas humans and other species have lim-

ited capacity to form AA from DGLA.

The reaction catalyzed by delta-6-desaturase enzyme is the slowest reaction in

the metabolic pathway of LA and is considered as a rate-limiting step (4, 5). Acti-

vity of this enzyme further decreases with age and in people suffering from various

diseases, including arthritis, diabetes, hypertension, eczema, psoriasis, and so on.

Lifestyle factors like stress, smoking, excessive consumption of alcohol, linoleic

acid (6), saturated and trans-fatty acids and nutritional deficiencies of Vitamin

B6, zinc (7), and magnesium inhibit this desaturase. As a result of limitations in

in vivo production of GLA, supplementation with preformed GLA is becoming

important. This has led to interest in development and commercialization of the

sources of GLA.

2. SOURCES OF GLA

GLA is present in small amounts in many plants belonging to the families Acera-

ceae, Boraginaceae, Cannabinaceae, Liliaceae, Onagraceae, Ranunculaceae,

Figure 1. Metabolic pathway for linoleic acid. COX, Cycloozygenase, LOX, Lipoxygenase,

PGE1, Prostaglandin E1, PGE2 , Prostaglandin E2 , PGI2 , Prostaglandin I2 ,TXA2 , Thromboxane

A2 , 15-HETrE, 15-hydroxy eicosatrienoic acid, LTB4, Leukotriene B4.
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Saxifragaceae, and Scrophulariaceae. Kleiman et al. (8) investigated 29 species of

family Borageniceae for the presence of GLA and tetraenoic (stearidonic acid,

SDA) fatty acid. They observed 0–27% GLA, 0–56% ALA, and 0–17% SDA in

seed oils from different plants in Boraginaceae. Janick et al. (9) identified 32 plants

in which the content of GLA in seed oil can be more than 5% weight/weight (w/w)

of total fatty acids (Table 1). The important crops that have been commercialized as

sources of GLA-rich oils are discussed below.

TABLE 1. Selected Plant Species High in Gamma-Linolenic Acid.

Family Oil Content GLA Content (%)

Genus and Species of Seed (%) of Oil of Seed

Boraginaceae

Adelocaryum coelestinum 22.0 12.0 2.7

Alkanna orientalis 23.0 12.0 2.8

Anchusa azurea 21.0 13.0 2.7

Anchusa capensis 29.0 10.0 2.9

Anchusa hybrida 20.0 13.0 2.6

Borago offcinalis 28–38 17–25 5:0–8:4

Brunnera orientalis 27.0 15.0 4.2

Cerinthe minor 10.0 10.0 1.0

Cynoglossum amabile 23.0 11.0 2.5

Cynoglossum lanceolatum 25.0 13.0 3.3

Echium rubrum 15.0 14.0 2.1

Echium vulgare 22.0 11.0 2.4

Gastrocatyle hispida 28.0 16.0 4.5

Lithospermum arvense 17.0 14.0 2.4

Lithospermum purpureocaeruleum 14.0 18.0 2.5

Moltkia aurea 10.0 10.0 1.0

Moltkia coerules 10.0 11.0 1.1

Nonea macrosperma 39.0 13.0 5.1

Onosma sericeum 20.0 13.0 2.6

Onosmodium molle 17.0 20.0 3.4

Onosmodium occidentale 17.0 18.0 3.1

Paracarvum caelestinum 21.0 12.0 2.5

Pectocarva platycarpa 15.0 15.0 2.3

Symphaticum officinale 21.0 27.0 5.6

Cannabaceae

Cannabis sativa 38.0 3–6 1:1–2:3

Onagraceae

Oenothera biennis 17–25 7–10 1:2–2:5

Oenothera grandifolia 4.0 9.3 0.3

Saxifragaceae

Ribes alpinum 19.0 9.0 1.7

Ribes nigrum 30.0 15–19 4:6–5:8

Ribes rubrum 25.0 4–6 1:0–1:5

Ribes uva-crispa 18.0 10–12 1:8–2:2

Scrophulariaceae

Scrophularia marilandica 38.0 10.0 3.6
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2.1. Borage (Borago Officinalis L.)

Borage is also known as star flower because of the shape of its flowers. Borage is

the only member of the Boraginaceae family that is being grown commercially for

its seeds at present. It is an annual herb native to Europe, Asia Minor, and North

America. The morphology of this plant has been reviewed in many publications

(9–11). It is an erect, hispid plant that can grow up to 100 cm in height. It has inde-

terminate vegetative growth habits that pose a significant challenge in commercial

cultivation and harvesting of this plant. The plant has simple alternate leaves that

are obovate, ovate, or oblong with an obtuse apex and create margin. The upper

surface of leaves is dark-to-medium green, whereas the lower surface is light green.

The stem is cylindrical, hollow, succulent, and occasionally susceptible to lodging.

Stems, leaves, and calyx are covered with white, stiff, unicellular trichomes that can

cause contact dermatitis to susceptible people. Flowers are bright blue, violet, pink,

or white and are star shaped, hence, the other name for borage—star flower. Ovary

is four lobed, and as the flower matures, it develops into 3–4 ovoid or oblong seeds,

also known as nutlets. As they mature, they change color from green to brown to

black and abcise rapidly. Flowering continues over a long period of time, and at any

time, the plant bears the flowers and seeds in different stages of maturity. These

factors pose a significant challenge in commercial production and harvesting.

Borage is mainly grown in the United Kingdom, Holland, Canada, New Zealand,

and Poland, and it is estimated that about 95% of the world crop of borage is grown

in these five countries. Borage is still not a major crop as its cultivation is very labor

intensive. Most of the production of borage is under contract with oil producers

with buy-back arrangement for seeds, and the production data regarding tonnage

and acreage is not reported in any of the commercial publications. The acreage

for borage grew consistently between 1980 and 1999 from a few hundred acres

to about 7000 ha. There was an excellent harvest in 1999 in Canada, and the

demand flattened leading to an over supply. This situation led to very limited pro-

duction between 1999 and 2002 (unpublished information supplied by Bioriginal

Food & Science Corp.). In 2002, the cultivation of borage increased again, but

the severe drought in many of the borage-growing areas reduced the yield (unpub-

lished information, Bioriginal Food & Science Corp.). Foliage is not used commer-

cially any more, although in the folklore, it was used by early Europeans as a salad

or vegetable and as a decoction for the treatment of various disease conditions.

As a result of seed drop and the continuous and long period of flowering

and seed maturation, the seed yield is variable and a significant amount of potential

crop is lost. The yields vary between 100 and 300 kg/ha in Canada and New Zealand

and 300 and 500 kg/ha in the United Kingdom. The difference between Canada

and Europe is probably caused by climatic conditions as borage prefers cool, moist

conditions.

A limited amount of work has been done on optimization of cultivation, harvest-

ing conditions, and plant variety development for borage and is reviewed by Clough

(12) and Janik et al. (9) Because of the semiperennial nature of the crop and the

seed drop, swathing and combining is the preferred harvest method. Simpson
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(13) concluded from his studies that substantially higher yields could be obtained

by swathing borage than by desiccating it with diquat or glyphosate. El Hafid et al.

(14) studied the effect of seeding dates and nitrogen fertilization effects on borage

in Alberta, Canada. In this case, early planting resulted in significantly higher seed

yield and harvest index. Nitrogen fertility levels had no significant effect on the

seed yield. The major objectives of borage variety development are to improve

yield through development of varieties that are seed retentive on maturation and

mature evenly. Other traits of interest include high oil content and high GLA con-

tent and morphological and yield stability. There is significant variability between

the wild and cultivated borage accessions in terms of the amount of GLA and other

fatty acid components as a percentage of oil indicating the possibility of developing

lines with better quality parameters with additional breeding efforts (15). Hoffman

La Roche has registered two varieties of borage (Tyreman and Spruce), but neither

of these varieties are seed retentive. Bioriginal Food and Science Corp. has regis-

tered varieties of borage that have better seed retention compared with traditional

borage.

From studies done on the in vitro propagation and somatic embryology (16–18)

in borage, it appears that it is possible to produce GLA from cotyledonary somatic

embryos. However, the authors observed that the system needs to be adapted to

liquid media to facilitate large-scale production.

2.1.1. Chemistry The average weight of seed is between 16.1 and 24.5 mg (18).

The oil content varies between 28% and 37% (w/w) and consists chiefly of linoleic

(C18:2, 34–38%), GLA (C18:3, n-6; 16–27%), and oleic (C18:1, 14–18%) acids.

The variation in GLA content is a result of geographical location, length of light

period during growing season, average temperature, and diurnal temperature varia-

tions. There is no relationship between content of LA and GLA, although an inverse

relationship is reported for content of 18:1 and GLA.

The average fatty acid composition of several seed lots over years, as provided

by Bioriginal Food & Science Corp (unpublished data) and published information,

is reported in Table 2. It has been observed that geographical location only affects

the content of GLA and has no effect on the oil content of seeds, whereas plant

density has no effect on the content of GLA (19). Oil also contains minor compo-

nents that are characteristic of all vegetable oils and include sterols, tocopherols,

and pigments. Borage oil contains about 650 ppm of g- and 50 ppm of d-tocophe-

rols (20). The content of unsaponifiable fraction is dependent on the method of

extraction of oil and the degree of refining and varies between 0.8% and 1.5%.

The relative proportion of different sterols in borage oil is independent of the meth-

od of refining. The major proportion of sterols in borage oil belongs to 4-desmethyl-

sterols, although small amounts of 4-monomethyl and 4,4-dimethylsterols are also

present. Campsterol and sitosterol constitute more than 50% of 4-desmethylsterols

(21). Major sterols belonging to 4-monomethylsterol family include gramisterol,

obtusifoliol, and citrostadienol (21).

Like other members of the Boraginaceae family, the Borage plant also contains

pyrrolizidine alkaloids. Seven pyrrolizidine alkaloids have been identified so far in
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borage leaves, flowers, and seeds. Thesinine, a saturated pyrrolizidine alkaloid, is

the major alkaloid, and the six unsaturated pyrrolizidine alkaloids identified so far

include amabiline, supinine, lycopsamine, interemedine, acetyllycopsamine, and

acetylintermedine and are minor constituents. The total alkaloid content of the plant

was reported to be less than 0.001%, whereas mature seeds yield about 0.03% crude

alkaloids (22). Herrman et al. (23) reported the presence of thesinine as a glycoside

(Thesinine-40-O-b-D-glucoside) in seeds. As borage oil is an item of commerce for

its content of GLA, there is a concern about the content of pyrrolizidine alkaloids in

the oil. Published research to date could not detect the presence of pyrrolizidine

alkaloids in borage oil. Dodson and Stermitz (22) used a method with a detection

limit of 5 ppm, whereas Parvais and Stricht (24) employed a method with a detec-

tion limit of 0.1 ppm. These authors reported the absence of pyrrolizidine alkaloids

in the oil samples tested. Mierendroff et al. (25) developed a method of detection of

pyrrolizidine alkaloids at a limit of 4 ppb. Employing Mierendroff’s method at an

independent testing lab in Germany, Bioriginal tested several lots of borage oil over

several years and could never detect any traces of pyrrolizidine alkaloids at such a

low detection limit. The German Health Authority has limited the intake of unsa-

turated pyrrolizidne alkaloids to 1 mg per day. Based on the above results, and

assuming that borage oil contains PAs at a level of 4 ppb, one may have to consume

more than 250 capsules (1000 mg each) every day to get a total of 1-mg pyrrolizi-

dine alkaloids. Based on this analysis, there is no likelihood of toxicity from pyr-

rolizidine alkaloids from borage oil ingestion.

TABLE 2. Average Composition of Commercial Borage Crops.

Crop Year 2002 1999 1998 1997 1996

Sample size 17 87 71 53 43

Moisture (%) 10.39 10.54 8.90 9.80 8.80

Oil (%) 31.16 31.40 30.60 30.70 32.40

Free Fatty acid 1.23 1.34 1.70 2.40 1.50

Fatty Acid Profile

C16:0 9.9 10.6 10.2 10.3 10.4

C 16:1 0.3 0.3 0.2 0.2 0.2

C18:0 4.1 4.3 3.3 3.5 3.6

C18:1 17.7 17.6 14.8 14.7 14.3

C18:2 36.7 35.7 37.9 37.6 37.3

C18:3 (n-3) 0.3 0.2 0.2 0.2 0.2

C18:3 (n-6) 22.4 21.6 24.6 24.1 24.9

C18:4 0.2 0.2 0.2 0.1 0.2

C20:0 0.3 0.3 0.2 0.1 0.2

C20:1 4.1 4.1 3.9 3.9 3.9

C20:2 0.2 0.2 0.2 0.2 0.2

C22:0 0.2 0.2 0.1 0.1 0.1

C22:1 2.6 2.7 2.6 2.5 2.5

C24:1 1.7 1.7 1.5 1.5 1.5
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2.2. Evening Primrose (Oenothera biennis L.)

Evening primrose of commerce consists of three species of family Onagraceae:

Oenothera biennis, O. lamarckiana, and O. parviflora. It is native to North America

and is now commonly found in many temperate zones around the world.

Evening primrose thrives in open areas, especially in dunes and sandy soil.

Evening primrose is grown commercially for its seed oil. China has become the

major supplier of evening primrose seed and oil to world markets because it has

the lowest cost of production and is estimated to supply about 90% of world

supply of oil. Until 1985, it was mainly collected from wildly growing plants;

however, increase in demand justified the commercial production. In the wild,

seeds exhibit physiological dormancy, whereby they may cause problems in

cultivation as the plant density depends on the conditions after seeds are sown

into the ground, of which the farmer has no control. Seeds may lay dormant for

a long period of time (up to several years in the wild). Seeds can be forced by

cold stratification. Germination is equal in light and dark. Plant also flowers

over a period of 2–3 months, with 2–4 flowers at any time, and seed maturation

takes place in pods that split when ripe and shatters seeds on the ground. New vari-

eties of evening primrose have been developed over the last two decades that ger-

minate within 3 weeks under test conditions and retain pods intact on the plant.

Seeds are small, angular, and dark brown, and 1000 seeds may weigh between

0.2 and 0.6 g and each pod may contain up to 180 seeds. Each plant can have up

to 250 pods.

Some of the species of evening primrose plant, including O. biennis and

O. lamarckiana, are very unique and are challenging for their unique genetics.

They do not obey Mendelian genetics and have been a subject of study for over

100 years. These species differ from common plants in that, during meiosis,

the chromosomes do not pair up but form a circle by joining end to end. This

prevents reshuffling of genes through translocation. The plants are self-pollinating,

but inbreeding does not occur because of the presence of a set of lethal

genes.

2.2.1. Chemistry Evening primrose plant is cultivated for its seeds that

contain about 16% protein and 23–28% fat. The oil is rich in linoleic acid (70–

75%) and gamma-linolenic acid (8–14%). The average fatty acid content of

commercial evening primrose oils is given in Table 3. The varieties containing

up to 14% GLA have been developed (26) but not yet commercialized on a

large scale, as the majority of evening primrose oil in trade contains between

9% and 10.5% GLA. The oil contains about 98% triacylglycerols, small amounts

of other lipids (free fatty acids, diacylglycerols), and 1–2% unsaponifiable

matter consisting chiefly of sterols. Sterols contain about 90% b-sitosterol, 5%

citrastadienol, 1.5% gramisterol, and 1% obtusifoliol. It also contains traces of

a-, g-, and d-tocopherols (27). Evening primrose also contains traces of phenolic

compounds consisting of catechin, (-)-epicatechin, and gallic acid (28).
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2.3. Black Currant

Black currant (Ribes nigrum) belongs to the family Saxifragaceae. The seeds are

byproducts of the fruit processing industry that mainly uses black currant juice

for jam, jellies, and cordial. In the early 1900s, cultivation of any Ribes species

in the United States was prohibited by a federal ban, as they are the alternative

host of white pine blister rust, a problem for all five-needle pines and the lumber

industry. The ban was rescinded in 1966, but several states continue to ban the cul-

tivation of Ribes species. Limited commercial acreage, the short harvest season

(from mid-June until mid-July), and limited access to fruit for commercial process-

ing has prohibited widespread distribution in North American. For oil extraction,

seeds and pomace left as residue from food processing industry is used to extract

the oil. Black currant oil contains about 13–17% GLA, 10–14% ALA, and

2–4% SA. The average composition of black currant oil is given in Table 3.

2.4. Hemp

Hemp (Cannabis sativa L., family Cannabinaceae) is a fast-growing annual herbac-

eous plant that is well suited to the temperate climates. The largest supply of the

world hemp production comes from China and Eastern Europe. Hemp is mainly

used for fiber, although there is a long history of food use. As a source of GLA,

it has recently become popular. The hemp contains psychoactive substances

(cannabinoids), because of which its trade was restricted. Fiber hemp that is tradi-

tionally grown for fiber contains less than 0.3% delta-9 tetrahydrocannabinol

(THC) and is classified as low THC hemp. However, no THC is present in the

seed or seed oil. Seed contains 30–35% oil, of which 2.5% to 3.6% is gamma-

linolenic acid and 15–20% alpha-linolenic acid (29). The average composition of

the oil is given in Table 3.

TABLE 3. Average Fatty Acid Profile of Oils of Evening Primrose, Black Currant,

and Hemp.

Fatty Acid Evening Primrose Oil Black Currant Oil Hemp Oil

C16:0 5.98 7.10 5.60

C16:1 0.05 0.10 0.10

C18:0 1.84 1.50 2.60

C18:1 7.20 10.90 11.50

C18:2 73.87 45.20 56.60

C18:3 (n-3) 0.28 13.20 18.50

C18:3 (n-6) 9.74 16.90 1.60

C18:4 0.07 3.30 0.50

C20:0 0.30 0.10 0.90

C20:1 0.19 0.80 0.60

C22:0 0.10 0.10 0.30

C22:1 0.20

C24:0 0.04 0.10
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When grown as a seed crop, a considerably lower seeding rate of 15–30 kg/ha is

used as compared with a fiber crop. As hemp is a dioecious crop with male and

female plants, for adequate seed set, approximately 3–5% of the plants should be

male to ensure pollination (30). A few popular French monoecious varieties are also

available in the market. Seed yields can vary greatly depending on the variety used

and growing conditions but averages around 500 kg/ha and can be as high as

1200 kg/ha. In the northern climates, soil temperature should be above 10�C
when planting. Although, the once growing vigorously hemp is a good competitor

and will suppress most weeds, early establishment is a must to reduce weed pres-

sure. Pesticides are generally considered not necessary to grow hemp. Crop length

is between 3 and 4 months, depending on variety. Breeding and development work

on this crop has been limited, and the movement of certified seed is highly regulated

and expensive. Traditional breeding has concentrated on developing varieties with

superior fiber yield. Thus, there is potential to improve seed yields domestically

through breeding programs.

2.5. Echium

Echium has not been commercialized to any significant level because of regulatory

requirements for registration. The genus Echium contains about 30 species distri-

buted across Europe, the Mediterranean region, Madeira, the Canaries, and the

Azores. The plants grow in the wild and are cultivated in home gardens as flowering

plants. Echium plantagineum L. has been discovered to contain significant amounts

of GLA, ALA, and stearidonic acid in seed lipids. Echium plantagineum is also

known by the common names of Purple Vipers Bugloss, Paterson’s Curse, and

Salvation Jane. Agricultural production of this species is largely limited to Eastern

and parts of Western Europe at present. Trials with Echium production in Canada

have had reasonable success.

Echium plantagineum is an erect biennial 20–60 cm high, softly hairy, with one

or many flowering stems. The basal leaves are ovate with prominent lateral veins

and soft appressed setae. The cauline leaves are oblong to lanceolate, the uppermost

being more or less cordate at the base. Inflorescence is usually branched. Calyx is

7–10 mm at anthesis, and up to 15 mm in fruit. Corolla is 18–30 mm long, infun-

dibuliform is blue becoming pink through purple, and is hairy on veins and margins

only. Two stamens are exserted from corolla tube, the remaining stamens are

included or only slightly exserted, and the stigmae are distinctly bifid.

As a crop, echium is a spring-sown annual with crop duration of 3 to 3.5 months.

It requires warm, sunny conditions for quick establishment, which helps in terms of

early weed competition. The best oil quality is maintained when crop-growing tem-

peratures are around 25�C. Well-worked medium-textured soils are preferable with

adequate moisture. Seed bed should be prepared to a firm, fine, moist tilth, and the

seed should be planted 1–2 cm deep at the seeding rate of 3–5 kg/ha. Weed control

is an issue, and as a minor crop, no herbicides are currently registered for this crop.

Pre-emergence weed control might be necessary in weedy fields to reduce the weed

pressure during establishment. No significant problems have been reported on this
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crop yet. Yields are highly variable, however, and usually average 300 kg/ha. Very

little breeding work has been done to date on this crop, and no varietal information

is available at this time.

Echium plantagineum occurs over significant areas of farmland in Australia (31).

The young growth is eaten readily by livestock. The plant is considered a weed in

good pastures, whereas on the poor land, it is considered a reserve fodder (32). The

level of pyrrolizidine alkaloids is normally between 0.1% and 0.3% of the dry

weight of the whole plant, but levels as high as 0.9% have been reported (33). Field

evidence strongly indicates that horses, pigs, and, to a lesser extent, sheep are all

affected. They are mainly cultivated as ornamental flowers. However, John K.

Kings and Sons, Ltd. and Croda started a program on commercial cultivation of

E. platigenium because of the presence of GLA and stearidonic acid (SA) in the

seeds (unpublished information).

Echium oil is mainly composed of a-linolenic (30–33%), linoleic (14–18%),

g-linolenic (10–13%), stearidonic (13–15%), oleic (14–17%), and palmitic (6–7%)

acids. Like other vegetable oils, echium oil contains between 0.6% and 1.8% unsa-

ponifiable matter. The oil samples analyzed by Bioriginal Food & Science Corp.

showed an average content of 0.91% total unsaponifiable matter, campesterol

was 15.71%, beta-sitosterol was 12.53%, stigmasterol was 0.55%, and others

were 33.52%. Tocopherols constituted 8.37% of total unsaponifiable matter and

consisted of alpha- (0.53%), gamma- (6.92%), and delta-(0.92%) tocopherols.

The fatty acid profile of echium oil is given in Table 3.

Echium seeds, like other members of family boraginaceae, contain pyrrolizidine

alkaloids. The seeds contain echimidine as a major alkaloid and many minor

alkaloids, including retronecine, lycopsamine, 7-acetyllycopsamine, and their

derivatives.

3. EXTRACTION OF OIL

Of the above discussed sources of GLA, the commercial oils are mainly produced

from borage and evening primrose. Black currant oil is limited as a result of avail-

ability of seeds for oil production, whereas hemp is still subject to trade restrictions

in many countries because of the potential tetrahydrocannabinoid (THC) content.

Echium is a new crop and has not been commercialized to any significant extent

so far. All of these seeds are processed following general methods of oil extraction

common in the vegetable oil industry as discussed here.

Borage, hemp, and black currant seeds have oil content in the range of 26–40%

(on 8% moisture basis); they are best suited to mechanical pressing followed by

solvent extraction. In North America, mechanically expressed borage oil is a major

item of commerce, constituting about 80–90% of total sales of borage oil, whereas

in Europe, solvent-extracted oil is the major item of commerce. Mechanically

expressed oil is sold to a limited extent in the European markets, although it is gain-

ing popularity. Evening primrose seeds are small and hard and contain 18–20% oil.

Therefore, they are difficult to expeller press. Black currant seeds, being a byproduct
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of the food industry, are usually associated with pomace and must be separated. The

separation of pomace and seed can be done either by washing with alcohol or spe-

cial cleaning processes. Washing with alcohol is not very common because of cost

and environmental regulations.

3.1. Seed Cleaning

Seed cleaning is essential to protect the quality of the oil because seeds, as obtained

from the farm, are contaminated with weed seeds, other grain seeds, and extraneous

matter. These contaminating weed seeds may impart undesirable flavors and may

negatively affect the stability of the oil. Seeds can be cleaned on the farm, but com-

mercial seed-cleaning plants are used by most oil producers. The seed cleaning

process involves aspiration of dust and lighter materials, followed by two-stage

screening to remove larger and smaller sized particles. Cleaning is done to reduce

the extraneous matter to less than 1.0%.

3.2. Expeller Pressing

The clean seed is stored in silos from where it is either conveyed to the screw-press

or to a cooker, where they are conditioned by heating to about 50–90�C. The con-

ditioning helps by improving the oil yield and inactivates the enzymes (lipase) that

can affect the quality of the oil. Preheated seeds are conveyed to a continuous

screw-press where they are crushed between a stationary cage (barrel) and rotating

screw as they move forward. The pressure built up during their forward move

causes oil to be released. The screw-press is similar to those used for other seeds,

including canola and soybeans. The major manufacturers of these screw-presses

include Anderson International, French Oil Mills, Krupp, and DeSmet. There are

many smaller manufacturers of screw-presses whose equipment is better suited

for small output plants common for GLA-containing oils. The oil is pumped to sto-

rage tanks and contains between 4% and 8% fines coming from the seed. The oil is

clarified either by decantation or filtration. The press-cake so obtained contains

between 12% and 18% oil and is either used as animal feed or subjected to solvent

extraction to recover the remaining oil.

3.3. Solvent Extraction

The majority of evening primrose, black currant, and some borage seeds are extrac-

ted using this method. Prior to solvent extraction, the seed must be crushed or

flaked to rupture the cell walls, enabling better extraction efficiency at a lower

energy cost. The combination of expeller pressing and solvent extraction is a com-

mon practice for GLA-rich oils. The press-cake obtained from expeller press may

be extruded or used as is. Flaking is commonly done for evening primrose seeds

using a smooth roller mill. Food-grade hexane is the solvent of choice, although

some work has been done replacing hexane with alcohol. Alcohol contains about

5% water. During the desolventization process, alcohol is removed first, leaving
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water in the oil. Removal of water from the oil adds to the energy cost and adds

additional steps in the processing, further complicating the process. The majority

of the GLA oil producers are small and low-volume entities. They often use a batch

process employing either percolation or immersion. Continuous process is also used

but poses processing challenges in that the plant has to be optimized to produce

different oils, as processing one type of seed will not be able to sustain the plant

because of low-volume requirements. In either process, the cake or flaked seeds

first come in contact with a solvent rich in oil (miscella) followed by an oil-poor

solvent and the last stage, with a pure solvent.

3.4. Supercritical Extraction

Supercritical extraction using carbon dioxide under high pressure is also becoming

popular for GLA-rich oils; however, it is not being used to any major extent because

of the high cost of the plant and the oil obtained by this technology. Some work is

being done on optimization with respect to operating conditions (34). Major

emphasis is on the flow rate of carbon dioxide, pressure, and temperature to opti-

mize the yield. The particle size of the seed pieces and the moisture content also

play a role in extraction efficiency. It is reported that the lower the moisture content,

the better the yield. The supercritical extraction usually results in an oil with similar

fatty acid composition when compared with solvent extracted oil, but the oil is low

in sterol content and may be more prone to oxidation. The biggest advantage of

supercritical extraction is that it eliminates the need for further processing of oil

such as distillation for desolventization, degumming, and so on.

3.5. Desolventization

The oil-solvent mixture and the meal is stripped of the solvent to recover solvent-

free oil and meal. The solvent-enriched meal is conveyed to vertical desolventizer

where heat and vacuum facilitate removal of solvent vapors. Desolventizer contains

trays with sweeping arms to agitate the meal for improved efficiency. Some plants

purge the cake with steam to remove the solvent, whereas others use hot air,

although application of vacuum is most common. The solvent oil miscella are

stripped of solvent in a three-stage evaporator. The hexane is reused for the extrac-

tion of oil.

3.6. Further Processing

The desolventized as well as expeller-pressed oil is further processed to reduce/

remove the pigments and phosphatides (gums). Crude oils may contain 1–2% phos-

phatides, which are removed by the degumming process. The degumming process

is similar to that employed in the vegetable oil industry and uses water, citric acid,

phosphoric acid or a combination of acid, and water. After the oil is contacted with

these agents, the phosphatides settle as sludge and are removed by either filtration

or centrifugation.
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The water degumming process involves addition of about 2% water to the oil,

intensive mixing under vacuum at 80�C for 10–30 min, and filtration/centrifugation.

Water degumming removes most of the hydratable phosphatides, leaving behind

between 50 and 200 mg/kg of phosphorous depending on the extraction conditions

employed. Acid degumming using a combination of citric acid or phosphoric acid

with water also removes nonhydratable phosphatides. In this process, oil is heated

to 60–80�C, and 0.1–0.4% citric acid or phosphoric acid is added with intense mix-

ing for 1–5 min. To this mixture, 2% water is added and mixing is continued for 30–

60 min. After contact with water, the oil is clarified of the precipitated gums by

centrifugation or filtration using clays.

Degummed oil is further purified by physical or chemical refining. Alkali refin-

ing is rarely used in oil for the health food/dietary supplement industry, although it

may be used for oil for cosmetic/pharmaceutical applications. In processing of oil

for the health food/dietary supplement industry, water degumming and bleaching

processes may be combined when the oil is heated with water and citric or phos-

phoric acid with activated bleaching clay to 80�C in a vacuum reactor. The mixture

is intensely agitated under vacuum for 30–60 min. During this time, the gums are

precipitated and are adsorbed onto the bleaching clay along with pigments and

chloroplasts. The oil mixture is cooled and filtered to remove gums, and pigments.

The resulting bleached oil has a lighter color and a phosphorous content of less than

50 ppm. As these oils also contain wax esters and other compounds that may settle

with time at room temperature and are collectively called waxes, they are subjected

to the winterization process where they are chilled to 4�C and filtered to remove the

waxes. The oil for the dietary supplement industry is not winterized. Finally, the oil

may be subjected to steam stripping (deodorization). In this process, the oil is steam

distilled to remove free fatty acids and other volatile impurities. This is the last pro-

cess in the refining of oils, and the oil is then packed in drums or totes under nitro-

gen atmosphere. The oil must be stored in a cool dry place, tightly packed in the

container under nitrogen atmosphere to protect against oxidation.

3.7. Quality Control

The GLA-containing oils are used for nutritional and health-promoting or disease-

preventive actions. They must be of high quality and free from contaminants. The

quality of oil is dependent on many factors, including seed quality and purity, herbi-

cide and pesticide residues in seed, processing and storage conditions for seed and

oil, and so on. Improper storage and drying of seeds can raise the free fatty acid

levels in seed that can result in off flavors in the oil. Being a polyunsaturated fatty

acid, GLA is prone to oxidation. The oxidation process for GLA-rich oils involves

addition of an oxygen atom at the double bond in unsaturated fatty acids leading to

formation of hydroperoxides. These hydroperoxides are unstable and decompose

to form aldehydes and ketones. These oxidation products not only impart off flavors

to the oil, making it unacceptable organoleptically, but also may have adverse

health effects. The quality of the oil is tested by checking for peroxide value, an

indicator of primary oxidation product. Oil with a peroxide value of less than
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10 milliequivalent of KOH/kg oil is considered good for consumption. Peroxide

value alone is not a good indicator of oxidative stability of oil as it measures the

primary oxidation products, which degrade to secondary oxidation product, includ-

ing aldehydes and ketones. These secondary oxidation products can be measured by

several methods, including conjugated dienes, anisidine value, and so on. In addi-

tion to oxidative stability indices, the oils are tested for fatty acid profile to ensure

the quality and purity of the oil. The presence of free fatty acids is tested by acid

value. The free fatty acid content of the oil should be as low as possible. These oils

are also tested for heavy metal contamination. The total content of heavy metal

should be less than 10 ppm. The oils should be free of any herbicide or pesticide

residues and the solvent used in extraction of oil. The quality parameters for these

oils are listed in Table 4.

4. METABOLISM OF GLA

When GLA-rich oils are taken orally, GLA is rapidly absorbed. It first appears in

serum phospholipids, and with continuous administration, it is distributed in other

phospholipid fractions. Part of absorbed GLA is oxidized, and the rest is taken up

by various tissues/cells and is rapidly elongated to dihomogammalinolenic acid

(DGLA) (Figure 1). The oxidation rate of GLA was found to be 28% of that for

TABLE 4. General Specifications of GLA-Rich Oils.

Parameter Units Value

Peroxide Value meq/kg <5

Anisidine Value <15

Acid Value (unrefined oils) mg KOH/g <4

Acid Value (refined oils) mg KOH/g <0.7

Unsaponifiable matter % <2

Pesticides/Herbicides mg/kg <0.05

Solvent residues ppm <1.0

Color (Lovibond 1 inch) <3 red

Heavy metals ppm <10

Lead ppm <0.1

Mercury ppm <0.1

Cadmium ppm <0.1

Arsenic ppm <0.1

Evening

Major Fatty Acid (% of total fatty acids) Primrose Oil Borage Oil Black Currant Oil

Oleic acid (C18:1) 6–9% 14–22% 9–15%

Linoleic acid (C18:2) 70–77% 32–38% 40–50%

Gamma Linilenic acid (C18:3, n-6) 8–12% 18–25% 15–19%

Alpha Linolenic acid (C18:3, n-3) 0.1–1.0% 0.1–2.0% 12–15%

Stearidonic acid (C18:4) 0.1–0.3% 0.1–0.3% 2–5%
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LA (35). DGLA can be acetylated and incorporated into membrane phospholipids,

or it can be desaturated to AA by delta-5-desaturase. DGLA competes with AA for

cyclooxygenase (COX) and lipoxygenase (LOX) enzymes. DGLA produced pros-

taglandins of series 1 (PGE1) and thromboxane A1 (TxA1) by the action of COX.

These products of COX action exert anti-inflammatory, vasodilatory, and anti-

aggregatory actions. DGLA produces 15-hydroxyeicosatrienoic acid (15-HETrE)

by the action of 15-lipoxygenase. 15-HETrE is a strong inhibitor of 5-lipoxygenase,

whereby it inhibits production of leukotriene B4 (LTB4) from inflammatory cells,

including neutrophils (36).

Hassam et al. (37) were the first to study the absorption and metabolism of GLA

using 14C-labeled GLA in rats. They observed accumulation of labeled DGLA and

AA in brain and liver after 22 hours of administration, suggesting that GLA is

rapidly metabolized to DGLA and AA. Leyton et al. (35) reported that DGLA is

preferentially incorporated in liver phosphoacylglycerols, mainly in choline and

inositol phosphoacylglycerols. Feeding a GLA-rich diet to rats caused accumula-

tion of DGLA in milk (38) and a rise in DGLA and AA in aorta and platelets

(39) and in immune cells, including macrophages, kupfer cells, and endothelial

cells (40, 41). Barre et al. (42) observed a rise in GLA and DGLA with no change

in AA levels in different platelet phospholipid fractions in human volunteers fol-

lowing daily administration of 5.23-g GLA from borage oil for 42 days. There

was a differential distribution of DGLA in various phospholipid fractions with

phosphatidylcholine had maximal (67.6%) followed by phosphatidylethanolamine

(16.7%), phosphatidylserine (12.9%), and phosphatidylinositol (2.6%). There was

no change in sphingomyelin. In all phospholipid fractions, the ratio of DGLA/

AA decreased significantly. In a later study, they observed a rise in GLA and

DGLA levels in phosphatidylcholine fraction of plasma HDL and cholesteryl

esters. AA levels increased only in phosphatidylcholine fraction of HDL (43). In

these studies, the dose of GLA employed is much higher than used in any of the

clinical trials. The difference in the observed rise in platelet AA levels after feeding

of GLA sources in above studies is caused by species difference. Rat platelets have

delta-5-desaturase enzyme required for conversion of DGLA to AA, whereas

human platelets lack this enzyme and obtain preformed AA from the circulation.

In one study on six healthy volunteers, time of administration of GLA-rich oil

was found to affect the peak serum levels of GLA (44). Administration of evening

primrose oil (equivalent to 240-mg GLA) in the evening caused a rapid peak in

serum levels (2.7� 1.2 hours) compared with administration in the morning

(4.4� 1.9 hours). There was a small but insignificant increase in serum DGLA

and AA levels. In this study, the second dose of evening primrose oil was given

12 hours after the morning dose. This might have contributed to the observed rapid

rise in peak serum GLA levels, or this could reflect faster absorption of GLA in the

evening. A rapid rise in plasma triacylglycerols level after the second meal has been

observed. Manku et al. (45) studied the effect of feeding evening primrose oil (con-

taining GLA) for a period of 10 days to 12 weeks on plasma fatty acid levels. In this

study, they collected the blood samples of 392 individuals who were part of 20 dif-

ferent studies. In all of these studies, DGLA levels in plasma phospholipids were
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increased significantly. In 17 of these studies, there was a small but significant rise

in phospholipid AA levels, whereas in 3 studies, there was no rise, and in 2 of these

studies, there was a fall in AA levels. In these 3 studies, EPO was administered for

10 days only. In all of the studies, the ratio of AA/DGLA fell, suggesting a greater

rise in DGLA levels. These results indicate that, in humans, DGLA is slowly de-

saturated to AA. Feeding borage oil for 7 weeks to normotensive (WKY) and spon-

taneously hypertensive (SHR) rats resulted in an increase in GLA and DGLA levels

in plasma, liver, aorta, and renal artery in both strains of rats, although AA was

increased only in plasma and liver (46). These observations indicate that there is

a tissue-specific rise in AA after administration of GLA.

From the above discussion, it is clear that GLA is rapidly absorbed and elonga-

ted to DGLA. DGLA levels increase in most of the tissues after GLA administra-

tion, but the levels of AA rise to a smaller extent mainly in the liver. The capacity of

other tissues to desaturate DGLA is limited and depends on the species. Chilton

et al. (47) studied the effect of in-vivo administration of GLA and in vitro incuba-

tion of human neutrophils with GLA on metabolism of GLA. They observed that

in vivo administration of GLA to humans caused an increase in DGLA in the

neutrophils and no GLA was detected. Incubation of neutrophils with GLA resulted

in a rise in the DGLA concentration of neutrophils. Stimulation of these neutrophils

with ionophore A23187 caused a release of AA and DGLA from neutrophil phos-

pholipids. DGLA was metabolized to 15-HETrE that inhibited LTB4 production

with an IC50 of 5 mM.

4.1. Effect of Triacylglycerol Structure on Bioavailability of GLA

Major sources of GLA include borage oil, evening primrose oil, and fungal oils.

GLA is mainly distributed at sn-2 position in triacylglycerols in borage oil, at

sn-3 position in black currant and evening primrose oils, and at sn-1 and sn-3 posi-

tions in fungal oils (48). Evening primrose oil was reported to provide higher levels

of GLA compared with borage oil in rats, although the latter oil contains a higher

amount of GLA/g. This was a surprising finding and attributed to positional differ-

ences for GLA in the triacylglycerol structure and the inability of gastric and pan-

creatic lipases to hydrolyze fatty acids at sn-2 position. The fatty acid in the sn-2

position of triacylglycerols is preferentially absorbed as the 2-monoacylglycerol

and serves as the template for re-esterification by intestinal cells to reform triacyl-

glycerols. The sn-2 fatty acids are also preferentially preserved as components of

chylomicrons and very-low-density lipoprotein particles for ultimate incorporation

in tissue membranes. Subsequently, Raederstroff and Moser (49) repeated the stu-

dies in rats and failed to reproduce similar results. They observed that the levels of

GLA and DGLA in liver, aortic, and erythrocyte phospholipids reflected the amount

of GLA present in the source oil. This indicated that different oils were well

absorbed and that the amount of GLA absorbed was dose dependent, and the source

of GLA did not matter. To further resolve this matter, Chung et al. (50) studied the

efficacy of borage oil, evening primrose oil, or a combination of borage oil with
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safflower oil to match the GLA content to evening primrose oil in reversing the epi-

dermal hyperproliferation induced by essential fatty acid deficient diets. In this

study, they observed that GLA-rich diets reversed epidermal hyperproliferation

caused by essential fatty acid deficiency and the potency order was borage oil great-

er than borage–safflower oil combination, greater than evening primrose oil. Final-

ly, two diets had similar amounts of GLA, but they differed in the structural

location of GLA on triacylglycerol molecule. There were higher levels of DGLA

in epidermal phospholipids and ceramides on the borage oil or the borage oil and

safflower oil diet than from the evening primrose oil diet. They proposed that

borage oil, being richest in GLA at sn-2 position, is more bioavailable; hence,

borage oil was more potent. Higher bioavailability of GLA at sn-2 position is

also supported by data from other laboratories studying the effect of triacylglycerol

structure on fat digestion and absorption. During digestion, gastric and pancreatic

lipases hydrolyze fatty acids at sn-1 and sn-3 position forming free fatty acids and

sn-2 monoacylglycerols. The absorption of free fatty acids is reduced in the pre-

sence of divalent ions (calcium and magnesium) because of soap formation,

whereas sn-2 monoacylglycerols are favorably absorbed. The differences in the

results obtained by these two groups [Chung et al. (50) and Raederstroff and Moser

(49)] could be caused by species differences, or by a difference in study design, as

Chung et al. (50) performed the studies in the essential-fatty-acid-deficient guinea

pigs, or by tissue differences.

5. CARDIOVASCULAR EFFECTS

Cardiovascular disease is a major cause of mortality and morbidity in industrialized

countries. Several risk factors have been linked to incidence of cardiovascular dis-

ease and include hypertension, lipid abnormalities (high plasma cholesterol and

triacylglycerol levels), atherosclerosis, obesity, diabetes, smoking, stress, heredity,

and diet. Dietary GLA affects many of these parameters and is discussed below.

5.1. Effect on Blood Pressure

Arterial blood pressure is regulated by the interaction of cardiac output and peri-

pheral vascular resistance. Several factors can influence these interactions, and

they can include renin-angiotensin system, local metabolic factors, stress hormones,

and so on. Interventions that interfere with these modulators can affect the blood

pressure regulation. In 1975, Rose et al. (51) observed a biphasic response of

intravenously administered DGLA on systemic arterial pressure in dogs that was

characterized by an initial fall in blood pressure followed by a sustained fall and

an increase in myocardial contractility. Only the sustained fall in blood pressure

was blocked by cyclooxygenase inhibition, whereas the early fall in blood pressure

and positive inotropic effects were not affected, suggesting that DGLA causes a

blood pressure-lowering effect directly and through PGE1 pathways. In 1982, even-

ing primrose oil was shown to inhibit the blood pressure-increasing activity of
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intravenously administered renin and angiotensin II in rats given evening primrose

oil for 3 months (52). This observation suggested that GLA-rich oils may reduce the

blood pressure by interfering with the renin-angiotensin system in the body. GLA-

inhibited isolation (psychological) stress-induced rise in blood pressure in rats

when administered at a dose of 0.018 or 0.04 mg/hour via an osmotic pump

(53). In the unstressed rats, there was no effect of GLA on blood pressure. No effect

on heart rate, heart weight, or adrenal weight was observed in any animal. Mills

et al. (54) repeated the experiments on humans to observe if GLA has similar

actions on stress reactivity and performance. They selected 30 normotensive

male university students for the study and divided into various groups. One group

ðn ¼ 10Þ received olive oil capsules for 28 days, and another group received borage

oil capsules ðn ¼ 10Þ providing 1.3-g GLA per day. These volunteers were given

Stroop color word conflict test before commencement of supplement therapy and

after 28 days of supplementation. Borage oil supplementation significantly reduced

the stress-induced rise in systolic blood pressure and heart rate and did not affect

diastolic blood pressure or plasma norepinephrine levels. Borage oil treatment

increased the skin temperature and the performance as compared by number of cor-

rect responses. These data confirm the observations obtained earlier in rats and indi-

cate increased tissue perfusion by borage oil treatment. Leng et al. (55) also

observed a blood pressure-lowering effect in patients with peripheral arterial dis-

eases. In their study, they used a combination of GLA with EPA, so the probable

contribution of EPA to blood pressure-lowering effect cannot be entirely ruled out.

The exact mechanism of blood pressure-lowering effect is not very clear, and

GLA-rich oils appear to act via several mechanisms. Borage (56) and evening prim-

rose oils (57) were shown to reduce in vivo pressor responses to angiotensin-II and

norepinephrine without affecting in vitro contractile response of aorta to potassium

chloride and serotonin in rats. These observations suggest that GLA may be inter-

fering with agonist-receptor interactions without affecting the contractility of vas-

cular smooth muscles. Subsequent studies in spontaneously hypertensive rats

demonstrated the blood pressure-lowering effect of borage oil (58) without affect-

ing the pressor response to angiotensin and norepinephrine, suggesting the role of

other mechanisms. These findings suggest that there may be a species difference in

responsiveness to angiotensin II and norepinephrine, although the blood pressure-

lowering effect was similar in magnitude. GLA was shown to prevent development

of hypertension in SHR rats (59), which could have been mediated via the cyclo-

oxygenase pathway as an increase in aortic levels of 6-keto PGF1a was observed. In

hypertensive rats, GLA was shown to significantly reduce the ratio of plasma aldos-

terone to renin that was caused by a insignificant decrease in plasma aldosterone

levels and a small increase in plasma renin activity (60). There was no effect of

borage oil treatment on plasma cortisol levels compared with rats fed control

diet free of GLA. Borage oil treatments also reduced angiotensin receptor number

and affinity in SHR rats, suggesting a reduction in the responsiveness of adrenal

glomerulosa cells to angiotensin and interference with the renin–angiotensin–aldos-

terone axis might contribute to the hypotensive effects. These studies cannot alie-

nate the exact mechanism by which borage oil interferes with angiotensin receptors.
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Mills et al. (61) studied the effects of dietary borage oil on baroreflexes in normo-

tensive, healthy males. These males were subjected to lower body negative pressure

of �10 and �40 mm Hg. A negative pressure of �10 mm Hg unloads cardiopul-

monary baroreceptors, whereas the negative pressure of �40 mm Hg unloads both

cardiopulmonary and arterial baroreceptors. They observed that borage oil treat-

ment augmented the baroreflex response to �40 mm Hg without affecting the

response to �10-mm Hg negative pressure, suggesting that GLA may be affecting

only high-pressure arterial baroreflex responses. This could be mediated either

by altering the sensitivity of baroreceptor stimulus-response relationship or by shift-

ing the operating point of the reflex to a much steeper point on the baroreceptor

stimulus-response relationship curve. In human hypertension, baroreceptor res-

ponses are decreased, which may be contributing to structural changes in hyperten-

sive patients.

5.2. Platelet Function and Plasma Lipids

Increased levels of plasma triacylglycerols and cholesterol and platelet dysfunction

(increased aggregation) are independent risk factors for cardiovascular disease.

The effects of GLA on blood lipids and platelet function are controversial.

Chaintreuil et al. observed a fall in serum triacylglycerols and cholesterol levels

in insulin-dependent diabetic patients administered 2 g/day GLA, but not with

500 mg daily dose for 6 weeks (62, 63). In hypertriglyceridemic patients, GLA

had no effect on plasma triacylglycerol levels or platelet function, although there

was an increase in GLA and DGLA levels in plasma and platelet phospholipids

(64). Viikari et al. (65) also failed to observe the lipid-lowering effect of evening

primrose oil in hyperlipidemic subjects in an open study. They continued adminis-

tration of evening primrose oil for 3 months but changed the dose every month from

2.4 ml (first month) to 7.2 ml (third month). They observed a rise in GLA levels in

serum cholesteryl esters, phospholipids, and triacylglycerols. The differences in the

results of above studies could be attributed to dose differences. Guivernau et al. (66)

fed GLA at a dose of 240 mg/day for 12 weeks to 12 hypertriacylglycerolmic pati-

ents and 12 rats. They observed a significant decrease in plasma triacylglycerols,

total cholesterol, and LDL cholesterol and an increase in HDL-cholesterol. Reac-

tivity of platelets to low doses of adenosine diphosphate and epinephrine was sig-

nificantly reduced. A reduction in plasma thromboxane B2 levels was also observed

in humans. In rats, a rise in plasma 6-keto-PGF1a levels was observed, suggesting

an increase in PGE1 production by GLA administration. Changes in eicosanoids

may contribute to the observed effects of GLA on platelet aggregation as throm-

boxane B2 is a potent platelet aggregator. GLA is rapidly metabolized to DGLA,

and DGLA has been shown to inhibit platelet aggregation in in vitro (67) and

in vivo studies (68, 69).

Ishikawa et al. (70), in a double-blind, cross-over trial in hypercholesterolemic

patients, demonstrated that GLA lowered low-density lipoprotein cholesterol

and apolipoprotein B in plasma and increased HDLC levels without affecting

the levels of total cholesterol. Jantti et al. (71) observed a decrease in plasma
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apolipoprotein B concentrations in rheumatoid arthritis patients given evening

primrose oil at a dose of 20 ml (about 1.8 g GLA) per day for 12 weeks. In this

trial, no effect on plasma triacylglycerols or total or high-density lipoprotein

cholesterol was observed. Horrobin and Manku (72) found that evening primrose

oil exerted cholesterol-lowering effects in people with plasma cholesterol levels

above 5 mmol/l but had no effect in people having plasma cholesterol levels lower

than 5 mmol/l. Fukushima et al. (73) fed conventional diets enriched with 10%

borage oil, palm oil, perilla oil, evening primrose oil or mixed oils, and 0.5%

cholesterol for 15-week to 8-week-old rats. GLA-rich diets lowered plasma total

cholesterol and the sum of LDL, IDL, and VLDL cholesterol. Cholesterol-lowering

effects of a GLA-rich diet could be mediated by changes in membrane lipid com-

position affecting absorption of cholesterol. This observation is confirmed by Koba

et al. (74) in Cacao cells. When these cells were incubated with GLA, the absorp-

tion of cholesterol from the growth medium was attenuated and the cell membranes

were enriched with GLA, DGLA, and AA.

5.3. Atherosclerosis

Atherosclerosis is the most common cause of morbidity and mortality in pati-

ents with cardiovascular diseases. The exact cause of atherosclerosis is not clear.

Atherosclerosis is a culmination of several events, including vascular dysfunction,

which may be caused by an injury to vasculature, recruitment of inflammatory cells

including monocytes and neutrophils, activation of macrophages, vascular smooth

muscle cell proliferation, deposition of lipids, and synthesis of extracellular matrix.

Oxidized low-density lipoprotein cholesterol plays a role in initiation of atherogen-

esis. It stimulates monocytes with the resultant formation of foam cells. These cells

release mediators that stimulate expression of adhesion molecules like cadherin,

vcams, and so on. Macrophages, on stimulation, release eicosanoids and cytokines

that may stimulate proliferation of vascular smooth muscle cells. Proliferation of

vascular smooth muscle cells appears to be a central event in atherogenesis. Essen-

tial fatty acids are substrate for the production of eicosanoids, and the membrane

composition of inflammatory cells reflects dietary intake of various fatty acids. It

appears that dietary manipulation of the composition of cell membranes is the

easiest target to control atherogenesis. Renaud et al. (75) demonstrated that dietary

polyunsaturated fatty acids, including GLA, reduced severity of atherosclerotic

lesion in rabbits compared with saturated-fatty-acid-rich diets. In Japanese quail,

dietary primrose oil was shown to inhibit atherogenesis (76). Fan et al. (77) observ-

ed inhibitory action of dietary evening primrose oil either alone and in combination

with fish oil on aortic smooth muscle cell proliferative action of peritoneal macro-

phages from mice. The inhibitory action appeared to be mediated through cyclo-

oxygenase pathway as indomethacin (cyclooxygenase inhibitor)-inhibited PGE1

release and antiproliferative actions. Addition of 5-lipoxygenase inhibitor to the

culture medium had no effect on antiproliferative or DNA synthesis inhibitory

actions of primrose oil. In vitro incubation of endothelial cells with PUFAs,

including GLA, AA, ALA, EPA, or DHA, stimulated the oxidation of LDL and
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metabolism of oxidized LDL by macrophages (78). These interventions also

increased the release of superoxide anions by endothelial cells. These observations

suggest pro-atherosclerotic actions of PUFAs in humans. In apolipoprotein E

knockout mice, evening primrose oil inhibited aortic smooth muscle cell prolifera-

tion and reduced the aortic vessel wall medial layer thickness and the size of ather-

osclerotic lesion (79). This study confirms the beneficial effects of GLA in lowering

cardiovascular risks by inhibiting atherosclerotic plaque development.

5.4. Cardiac Arrhythmia

Several studies have demonstrated that LA (present in vegetable oils) exert antiar-

rhythmic activity in several models, including ischemic-reperfusion injury and

catechol-induced arrhythmias. Li et al. (80) observed that PGE1 and PGI2 exert

antiarrhythmic activity in cultured, spontaneously beating neonatal rat cardiac myo-

cytes, while PGD2, PGE2, PGF2a, and TXA2 exert proarrhtymic activity. Charnock

et al. (81) studied the effects of evening primrose oil and black currant oil on ven-

tricular fibrillation in rats induced by ischemia. They compared the effects of these

two oils to sunflower oil (a source of LA) and sheep fat (saturated fat). They

observed that, compared with the saturated fat group, all other dietary treatments

significantly reduced the number of premature ventricular beats, however, there

was no difference between the three PUFA groups. The effect on duration of ven-

tricular fibrillation was dependent on diet with saturated fat showing the longest

duration that was significantly reduced by the other three oils and the potency order

of these three oils was sunflower oil hevening primrose oilhblack currant oil. Eve-

ning primrose oil contains similar amounts of LA but additional amounts of GLA,

suggesting GLA might have been playing an additional protective role. As black

currant oil contains twice the amount of GLA and additional ALA, it is difficult

to assess from this study if additional protection provided by black currant oil

was caused by high amounts of GLA or synergistic action of GLA and ALA.

6. CANCER

Cancer is a collective term that defines a group of conditions caused by excessive

growth of cells in any organ/tissue. It can occur in any part of the body. It is a com-

plex phenomenon, the etiology of which is not very well understood. Risk of cancer

increases with age, and about 77% of cancers are diagnosed in people after 55 years

of age. Risk factors for cancer include lifestyle factors (diet, tobacco, excessive

alcohol use, and physical inactivity), radiations, chemicals, infections, heredity

(inherited mutations), immune conditions, obesity, and hormones. Heredity

increases the predisposition to cancer but in itself is not responsible for initiation

of cancer and requires interaction with other factors. About 5–10% of total cancers

are hereditary because of inheritance of mutated gene. According to the American

Cancer Society (http://www.cancer.org/downloads/PRO/12), about 1.37 million

new cases of cancer are expected to be diagnosed in 2004. This estimate excludes
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basal and squamous cell carcinoma of skin and carcinoma in situ of any site except

urinary bladder. About 563,700 people are expected to die from cancer in the

United States in 2004. Of these deaths, 170,000 deaths will be related to tobacco,

and a similar number of deaths will be caused by nutrition, obesity, physical

inactivity, and other lifestyle factors.

Basic treatment for cancer includes chemotherapy, radiations, and surgery.

Strategies for prevention include modification of lifestyle factors and dietary

interventions. The role of dietary fat in cancer is controversial. Many prospective

studies found an increase in cancer risk (82–84), whereas others reported no

association between fat intake and cancer (85–87).

GLA has been studied in several studies for its effects on various cancer cell

lines in vitro. It has been observed to exert cytotoxic activities against several tumor

cell lines in vitro and tumor implants in experimental animal models. There are

limited studies on the effect of GLA on tumors in humans. In cell lines, the effect

of GLA appears to depend on the cell line, dose, and incubation time. In a study by

Dippenaar et al. (88), GLA caused significant (up to 70%) growth inhibitory effects

on mouse BL6 melanoma cells in vitro at a dose of 20 mg/ml. At this dose, GLA did

not affect the growth of normal bovine kidney epithelial MDBK cells, suggesting

that GLA acts as an anticancer agent and inhibits the growth of cancer cells without

affecting the normal cells. Human hepatoma cell lines differ in sensitivity to GLA

as they require continuous presence of GLA in culture media for 4 days to observe

growth inhibitory effects (88); withdrawal of GLA from the growth media after

5-day treatment suppressed the growth for 5 more days (89). This observation

suggests that cancer cells may lack delta-6-desaturase and, hence, cannot make

GLA and, subsequently, DGLA. Cancer cells incorporate GLA and DGLA in their

cell membranes and DGLA may be acting via a cyclooxygenase pathway in inhi-

biting cancer cell growth as PGE1 stimulates cyclic-AMP formation and induces

cell death in cancer cell lines (90). In 1985, Begin et al. (91) confirmed that

GLA has growth inhibitory actions against human prostate, breast, and lung cancer

cells with no effect on normal cells.

Experiments were conducted to study the effects of GLA treatment on

carcinogen-induced cancers in animals. Lee and Sugano (92) failed to observe

any tumor inhibitory action of evening primrose oil in pathogen-free female Spra-

gue Dawley rats in whom the tumor was induced by intragastric administration of

10 mg of 7,12-dimethylbenz(a)anthracene (DMBA) one week after animals were on

experimental diets containing 5% evening primrose oil, sunflower oil, or palm oil.

In another study, 50-day old female rats (Sprague Dawley) were given either 5 mg

or 10 mg 7,12-dimethylbenz(a)anthracene (DMBA) intragastrically to induce

mammary tumors (93). On 14-(5 mg DMBA rats) or 21-(10 mg DMBA rats) day

post-DMBA adminstration, rats were divided into two groups and were fed a high-

fat diet containing either 20% evening primrose oil or 20% corn oil (93). The group

of rats on the evening primrose oil diet had significantly lower number of rats bear-

ing tumors, and malignant tumors. Linoleic acid content of the primrose oil diet

was higher than that of corn oil diet and linoleic acid has been linked to promote

mammary tumorigenesis in rats and mice. The two diets differ in GLA only, which
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suggests that GLA may be responsible for the tumor-inhibiting effects of the even-

ing primrose oil diet. The different results of the above two studies (92, 93) can be

due to differences in the dose of GLA given to rats. The other difference could be in

the immune status of the rats, as Lee and Sugano conducted their studies on patho-

gen-free rats. Gonzalez et al. (94) performed a case controlled study in 4 regions of

Spain investigating the association of dietary factors and risk of gastric cancer.

Zaragova is an area in Spain where people eat borage leaves and stem, usually

cooked by boiling in water. After adjusting for intake of fruits and vegetables

and caloric intake, a strong negative association was observed between risk of gas-

tric cancer and borage intake. The negative association showed a strong dose-

response effect, when the population was subdivided into quartiles. On analysis,

they found that boiled borage leaves contained about 4.4% GLA, while boiled

stems contained 14.6% GLA. This is the first study on association between dietary

borage consumption and risk of gastric cancer. As very few populations are habitual

borage eaters, it is difficult to repeat the studies and also this study cannot definitely

link GLA as an anticancer agent in borage leaves and stems.

To confirm if the cytotoxic effects of GLA are, in fact, mediated by prostaglan-

din pathway, Botha et al. (95) cultured human breast carcinoma cell line NUB1

with 50 ml GLA or DGLA and studied the effects on prostaglandin production

and cell growth. They observed that GLA had inhibitory actions on NUB1 cell

growth that were accompanied by an increase in production of prostaglandin

E and F. On the other hand, DGLA caused a significantly higher increase in the

level of these prostaglandins but had no effect on cell growth, indicating GLA

exerts cancer-cell growth-inhibitory actions by some other mechanisms. Kenny

et al. (96) co-administered 2.8 g GLA with 20 mg tamoxifen to 38 breast cancer

patients. The control group consisted of 47 breast cancer patients on 20 mg tamox-

ifen only. They observed that GLA acted synergistically with tamoxifen in reducing

the expression of estrogen receptors in tumor cells and enhanced the efficacy of

tamoxifen. GLAþ tamoxifen group of patients showed early response to therapy

and had significantly better quality of life by 6 weeks on therapy. GLA treatment

was well tolerated with 42% of patients reporting no side effect and a general

feeling of well being, 34% of patients reported alterations in the bowel habits

with a tendency towards loose stool (many elderly patients found this beneficial).

In early responders, the GLA group had a much higher reduction in expression of

estrogen receptors (ER) than tamoxifen alone. The GLA group also had downregu-

lation of expression of bcl-2 gene at 6 weeks, compared with no effect or transient

increase in bcl-2 protein in the tamoxifen group. As bcl-2 plays a role in prevention

of apoptotic cell death, this observation suggests that, by reducing the expression of

antiapoptotic protein, GLA stimulates apoptotic cell death in cancer cells, which

may have contributed to faster response at 6 weeks.

GLA has been shown in experimental model of cancer to inhibit metastasis of

cancer. Urokinase concentration is increased in malignant cancer cells, and it is

reported to play a role in invasiveness and metastasis of cancer. du Toit et al.

(97) studied the effect of GLA on urokinase activity. They observed that GLA is

a competitive inhibitor of urokinase activity with a Ki value of 120 mM. In a
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subsequent study, they observed that GLA inhibited production of urokinase activ-

ity in human prostate tumor (DU-145) cells (98). These observations suggest that

GLA, by inhibiting urokinase activity, may be playing a role in preventing metas-

tasis of cancers. Jiang et al. (99) studied the effect of GLA on motility and invasive-

ness of three colon cancer cell lines (HT115, HT29, and HRT18) induced by

hepatocyte growth factor. They observed GLA and its lithium salt reduced metas-

tasis and invasiveness of all the cancer cell lines by upregulating expression of

E-cadherin and inhibiting attachment of cancer cells to fibronectin without affecting

fibronectin receptors. Dissociation of tumor cells from the main tumor is the first

requirement for metastasis. By increasing the expression of E-cadherin, GLA

increases the adhesiveness of tumor cells, so the incidence of metastasis is reduced.

In subsequent studies, they further demonstrated reduced metastasis and increased

adhesion of tumor cells that are E-cadherin negative (HT115 and MDA-MB 231)

suggesting that other mechanisms play a role in reducing the invasiveness of cancer

cells. They reported increased formation of desmosomes by increasing the expres-

sion of desmoglein. As desmosomes play a role in cell–cell adhesion, this observa-

tion indicates a role of GLA in preventing metastasis by increasing the adhesiveness

of tumor cells so they fail to dissociate and, hence, metastasize. At the same time,

GLA inhibits cell-matrix interaction and the exact mechanism is not clear. Integrins

play a major role in cell-matrix interactions. GLA has been shown to inhibit this

interaction at several stages by inhibiting focal adhesion kinase activation and paxi-

lin activation. Both of these molecules are activated by tyrosine phosphorylation,

which is inhibited by GLA in tumor cells. GLA also upregulates expression of

metastasis suppressor nm-23 gene (100). A reduction in the level of nm-23 gene

expression has been reported in various cancers, including colorectal, breast, liver,

ovarian, and bladdeer cancers. These studies indicate that GLA may act on different

targets at the gene level to reduce metastasis and invasiveness of cancers. Jiang et al.

(101) demonstrated that GLA may be acting through activation of peroxisome

proliferator activated receptor-gamma (PPAR-g) through increased phosphorylation

of these receptors. On phosphorylation, these receptors are translocated to the

nuclear membranes and regulate the expression of various genes. They demon-

strated that removal of PPAR-g with antisens oligos abolished the effect of GLA

on expression of adhesion molecules and tumor-suppressor genes.

6.1. Prostate Cancer

GLA has been shown to inhibit 5a-reductase activity in androgen-sensitive

(LNCaP) and androgen-insensitive (PC3) human-prostate cancer-cell lines (102).

This observation may suggest that GLA could be acting as an anticancer agent

against androgen-dependent prostate and skin cancers.

6.2. Glioma

Patient suffering from malignant cerebral glioma are treated aggressively with radi-

ation, chemotherapy, and surgery, although surgery is the first option combined with
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the other two treatments. The median survival time after aggressive treatment is

about one year (103, 104). Naidu et al. (105) treated six patients suffering from

histochemically confirmed malignant glioma with GLA. Of these patients, four

patients received 1 mg GLA daily for 10 days, whereas the other two patients

were treated only on alternate days. Treatment started 10 days after surgery; all

these patients demonstrated marked necrosis of tumor immediately after the ther-

apy. Of these six patients, three were alive after two years, whereas two were lost to

follow-up and one died. No side effect of therapy was observed during or after

treatment. During subsequent follow-up, authors did not observe any increase in

size of residual tumor or recurrence of tumor. Based on the results of this study,

authors extended the treatment to 15 more patients and found increased survival

by one and one-half to two years. This study also confirmed necrosis of tumor cells

and safety of GLA. They also injected GLA to normal dogs intracerebrally and

found no cytotoxic effects (106). These studies demonstrated that GLA injected

directly into tumor mass may potentially be useful treatment for malignant glioma.

6.3. Liver Cancer

Merve et al. (107) conducted a double-blind placebo-controlled trial of evening

primrose oil in patients suffering from primary liver cancer, a fatal disease. The pati-

ents were randomly assigned to the GLA or placebo group. The GLA group patients

received 36 capsules per day supplying 18 g evening primrose oil containing 1.44 g

GLA. The control group received the same amount of olive oil. They observed a

mean survival time of 58 days in the treatment group compared with 42 days in

the placebo group, although the difference was not statistically significant. Gamma

glutamyl transaminase enzyme activity was decreased in seven patients in the treat-

ment group compared with two patients in the placebo group. This difference was

statistically significant, suggesting that evening primrose oil may have some effect

on tumor. In this study, patients had up to 3-kg tumor weight, suggesting an

advanced stage of cancer. Probably, the dose of GLA was not sufficient to obtain

a statistically significant effect on survival time. A major finding was that the qua-

lity of life was better for the evening primrose oil group as indicated by the patients

self assessment. Falconer et al. (108) studied the effect of lithium salt of GLA on

pancreatic cancer in 18 patients who had unresectable pancreatic cancer and had

undergone either surgical bypass or had pancreas endoscopically stented. These

patients were administered GLA intravenously for 10 days and then were switched

to oral GLA therapy. During the infusion period, the dose of GLA was gradually

increased for the first five days and then continued at maximal tolerated dose for

a subsequent 5 days. Patients received a mean dose of 5.7g lithium GLA for the

last 5 days and mean oral dose of 3 g afterwards. They observed a median survival

of 8 months and 4 patients were still alive compared with normal life expectancy of

3–6 months for these patients. GLA treatment increased T-cell function and reduced

TNF production. In this report, the study design was not well defined; therefore, it

was difficult to assess if the protocol had any beneficial effect on patient survival,

though the treatment was reported to be well tolerated.
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6.4. Mechanism of Anticancer Effects of GLA

The exact mechanism of anticancer effects of GLA is not very clear and may

depend on the cancer type. Many cancer cells have been shown to lack phospho-

lipase A2 (PLA2) activity and delta-6-desaturase activity. PLA2 is essential in

releasing free fatty acids from the membrane phospholipids. Released free fatty

acids, like DGLA, AA, EPA, etc, act as a substrate for cyclooxygenase and lipoxy-

genase enzyme to produce prostaglandins and leukotrienes. Delta-6-desaturase is

essential for the conversion of dietary LA to GLA. Therefore, administration of

GLA can bypass these metabolic steps and show anticancer effects. GLA, being

a polyunsaturated fatty acid, can increase lipid peroxidation in the cancer cells.

Free radicals have been implicated in cytotoxic actions of several anticancer drugs.

It is possible that GLA may be showing its anticancer effects through oxidative

mechanisms (109). Leaver et al. (110) analyzed the effect of GLA and AA on

free radical production and cell death by necrosis and apoptosis in 30 human glioma

types. The brain samples were obtained from patients undergoing surgery. Patients

had grade 1 to grade 4 tumors. They observed that tumor cells in general produced

less free radicals than normal cells and amongst the tumor cells, total free radical

production was higher for advanced tumors (Grade 4). GLA and AA, both increas-

ed the production of free radicals in normal and tumor cells; however, tumor cells

responded with a much higher increase in the production of free radicals and GLA

was more potent than AA in increasing the free radical production in glioma cells.

In this study, the necrotic cells produced less free radicals than nonnecrotic tumor

cells and they showed a lower degree of rise in free radical production when incu-

bated with GLA or AA. As necrotic cells are rich in phagocytic cells, this observa-

tion suggests that GLA or AA increase the production of free radicals in tumor cells

mainly and the phagocytic cells are not the major source of free radical in gliomas

incubated with GLA or AA. This observation also indicates that GLA is free from

toxic effects on healthy cells in contrast to cancer therapeutics probably because it

does not promote formation of free radicals from phagocytic cells that may release

free radicals at several sites and damage healthy cells.

GLA could show its cancer-cell growth-inhibitory action by inhibiting cell proli-

feration or by increasing apoptotic cell death. de Kock et al. (111) demonstrated

that GLA acts differently on human osteogenic sarcoma cells (MG-63 cells) and

human epithelial cervix carcinoma cells (HeLa cells). In MG-63 cells, GLA-

induced inhibition of mitosis was associated with abnormal metaphase cell spindle

formation and inhibition of protein synthesis in G1 and S-phase. HeLa cells respond

differently, showing increased hypercondensation of chromosome, suggesting

increased apoptotic cell death that was associated with increased protein synthesis

for all of the G1 proteins and selective S-phase proteins. In a subsequent study on

HeLa cells, they further demonstrated that GLA inhibits MAP-kinase pathway and

c-Jun expression. As c-jun is the transcription factor involved in cell proliferation

and is activated by MAP-kinases, GLA is interfering with nuclear processes in in-

ducing apoptosis in HeLa cells (112). Jiang et al. (113) observed a decrease in phos-

phorylation of p27kip1 and p57kip2 that are inhibitors of cyclin-dependent kinases
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and play a role in progression of mitotic growth (progression from G1 to S phase).

Decreased phosphorylation resulted in increased binding of these proteins to

cyclin-dependent kinases including CDK4, cyclin E, and CDC2. Seegars et al.

(114) studied the involvement of p53 protein in apoptotic cell death induction by

GLA and AA in skin fibroblasts and lymphoblast cells containing wild type and

mutant p53. They confirmed the earlier observations that normal cells are not

affected by GLA to any appreciable extent. They also observed that AA was

more toxic to normal cells than GLA, as GLA at much higher doses induced

apoptosis in normal cells. Transformed cells were more susceptible to apoptotic

cell death induction by GLA. The p53 does not appear to play a role in apoptosis

induction by GLA as transformed cells containing wild type and mutant p53

responded to apoptosis induction by GLA.

7. IMMUNE FUNCTION AND AUTOIMMUNE DISEASES

Immune function is a very complex function that involves interplay of several cell

types and humoral and cellular factors. Immune cells, including lymphocytes, poly-

morphonuclear leukocytes, monocytes, splenocytes, kuppfer cells, etc, have a high

content of polyunsaturated fatty acids in their membrane phospholipids. The com-

position of PUFAs in membrane phospholipids can be altered by dietary interven-

tions. GLA is taken up by inflammatory cells and is rapidly elongated to DGLA. In

some species, it can be desaturated to AA but, in human immune cells, it is not

desaturated probably because of, very limited to no delta-5-desaturase in immune

cells. By the action of enzyme phospholipase A2, free DGLA is released from the

membrane phospholipids and competes with AA for cyclooxygenases and lipoxy-

genases. DGLA produces PGE1 and thromboxane A1 (TxA1). The actions of PGE1

have been reviewed in detail by Horrobin (115). It mainly exerts anti-inflammatory

and vasodilatory properties. DGLA produces 15-hydroxyeicosatrienoic acid (15-

HETrE) by the action of 15-lipoxygenase. This metabolite of DGLA is a strong

inhibitor of 5-lipoxygenase whereby it inhibits production of leukotriene B4

(LTB4) from neutrophils (116). LTB4 has a diverse array of inflammatory actions:

It is a very potent chemotactic factor that attracts neutrophils at the site of inflam-

mation, increases adherence of leukocytes to endothelial cells, enhances migration

of T-lymphocytes in vitro stimulates release of interferon gamma and IL-2 produc-

tion by T cells, and promotes the biosynthesis of IL-1 from monocytes. Thus,

dietary administration of GLA-rich oils has a potential in modulating immune

function. Several in vitro and in vivo studies have investigated the effect of GLA

on immune functions.

Ziboh and Fletcher (117) observed a dose-dependent inhibition of calcium iono-

phore stimulated release of LTB4 by human neutrophils obtained from healthy

human volunteers fed either 0.48 or 1.5 g GLA per day for 6 weeks from borage

oil. A linear relationship between rise in polymorphonuclear neutrophil (PMN)

phospholipid DGLA and inhibition of LTB4 production was not observed. Kaku

et al. (118) observed inhibitory effects of dietary GLA on LTB4 production by
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rat peritoneal exudates cells. They also reported stimulation of immunoglobin

production from mesenteric lymph node leukocytes by GLA. This action may

suggest that GLA may strengthen gut immune responses and may prevent allergic

reactions.

Santoli and Zurier (119) studied the effect DGLA, AA, and EPA on mitogen-

induced production of interleukin 2 (IL-2) by human peripheral blood mononuclear

cells (PBMCs). They observed inhibition of IL-2 production by AA or DGLA in a

dose-dependent manner. EPA showed inhibitory action in some donors only. Indo-

methacin, a cyclooxygenase inhibitor, caused an increase in IL-2 release and sup-

pressed PGE release from PBMCs. It inhibited PGE release from fatty-acid-

incubated PBMCs but did not attenuate IL-2 inhibitory action of fatty acids, sug-

gesting that the suppressive effect of AA and DGLA on IL-2 release is not mediated

through prostaglandin pathway. The inhibition of IL-2 release could be mediated by

the effect of GLA and DGLA on early response genes, as both these fatty acids

have been shown to reduce a rise in c-fos and a fall in c-myc oncogenes in T cells

(120). DeMarco et al. (121) observed a reduction in IL-2-dependent proliferation of

T-lymphocytes isolated from synovial tissue and synovial fluid from arthritic

patients. Rotondo et al. (122) studied the effect of GLA, DGLA, AA, and EPA

on IL-1-induced proliferation of thymic lymphocytes and observed that GLA was

less potent than DGLA in inhibiting the IL-1-induced proliferation of lymphocytes.

The actions of these fatty acids were not mediated through the prostaglandin path-

way, as cyclooxygenase inhibitors had no effect on the actions of these fatty acids,

which might exert a direct effect on lymphocytes. Rothman et al. (123) observed

stimulation of production of IL-1b in human peripheral mononuclear cells by

DGLA. Incubation with LPS further stimulated the production of IL-1b. Intracel-

lular IL-1b was entirely pro-IL-1b. Incubation with DGLA also stimulated release

of pro-IL-1b and small amounts of mature IL-1b. LPS failed to stimulate the further

release of IL-1b from PBMC. This could be due to the maturation of monocytes to

macrophages during 16 hours of incubation. Mature macrophages are reported to

release decreased amounts of IL-1b in response to LPS stimulation. The observa-

tions of Rothman et al. (123) are contrary to expectations, as GLA and DGLA exert

anti-inflammatory actions, one would expect a decrease in production and a release

of IL-1b. It could be caused by experimental design as they incubated the cells for

24 hours followed by incubation with LPS for 16 hours. DeLuca et al. (124) stimu-

lated the PBMCs for 30 minutes followed by stimulation with LPS for 16 hours.

They observed a dose-dependent decrease in LPS-induced release of IL-1b and

TNFa by GLA and DGLA. EPA also inhibited mediator release but required twice

the amount. They observed a similar reduction in the release of these mediators

when 2.4 g GLA was administered to human volunteers as a single dose.

A recent study by Furse et al. (125) demonstrated that LPS-stimulated IL-1b
release is further increased by IL-1, and this process is known as auto-induction.

GLA inhibits IL-1b release from LPS-stimulated monocytes mainly by inhibiting

the auto-induction process. This information may suggest that GLA may be inhibit-

ing excessive release of IL-1b to prevent inflammation but may not interfere with

basal release of IL-1b, which plays a role in host defense.
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GLA and DGLA inhibit protein kinase C (PKC) activity in PMA-stimulated

T-lymphocytes. However, only GLA inhibited basal PKC activity. Both fatty acids

stimulated translocation of PKC from cytosol to membrane (126). GLA and DGLA

inhibited anti-CD3 monoclonal antibody induced early and late rise in intracellular

calcium in T cells and also inhibited a rise in inositol-1,4,5-triphosphate (IP3) pro-

duction (127). Stimulation of T cells resulted in the formation of IP3 and diacyl

glycerol (DAG). IP3 stimulates the early rise in intracellular calcium by releasing

the calcium ions from intracellular stores (SR). DAG was found to stimulate the

formation of PKC, which phosphorylates several proteins in the cells and plays a

role in late rise in intracellular calcium. GLA and DGLA promote translocation of

PKC to cellular membranes, whereby they may be inhibiting phosphatidylinositol

turnover. These studies provide a strong support to the hypothesis that GLA and

DGLA interfere with signal transduction pathways and exert antiproliferative

actions on T cells, and these actions may mediate immune modulating and anti-

inflammatory actions of these fatty acids.

Wu et al. (128) studied the effect of supplementation of black currant oil on

immune function in healthy elderly volunteers. They isolated the mononuclear

lymphocytes pre- and post-supplementation and studied the release of IL-1b,

IL-2, and PGE2, and proliferation of lymphocytes in response to mitogens, includ-

ing conclavin A and phytohemoagglutinin A (PHA). No effect of black currant oil

administration was observed on lymphocyte proliferation in response to conclavin

A, but it increased in response to PHA. There was no effect on the release of IL-1b
and IL-2, while PGE2 release was significantly decreased. Black currant oil supple-

mentation also increased delayed type hypersensitivity (DTH) response as shown

by the increase in the total diameter of induration at 24 hours and response to speci-

fic antigens (tetanus toxoid and T. mentagrophides). DTH response is depressed in

aged populations and may contribute to increased mortality and morbidity. In this

study, volunteers consumed 675-mg GLA and 653-mg ALA per day for 2 months.

Therefore, it was not possible to ascribe the results to GLA only. Nerad et al. (129)

demonstrated that administration of 2 g GLA for 12 weeks from borage oil to

healthy volunteers caused an increase in total score of indurations, suggesting

that the increase in induration observed by Wu et al. (128) may be contributed

by GLA content of black currant oil. Immune enhancing activity observed in these

studies could be contributed by a reduction in PGE2, as it is well known inhibitor of

lymphocyte proliferation and T-cell function. Zurier et al. (130) observed in vitro

suppression of T-lymphocytes proliferation by GLA, DGLA, AA, and EPA. Of all

fatty acids examined, GLA and DGLA were more potent than AA and EPA. In this

study, preincubation of lymphocytes with fatty acids was required, but the contin-

uous presence of GLA or DGLA was not needed for inhibition of proliferation sug-

gesting that these fatty acids are incorporated in the membrane phospholipids of the

cells and exert inhibitory actions on proliferation. Addition of these fatty acids

along or after the addition of a stimulant has no effect on T-cell proliferation indi-

cating that they interact at earlier stages of signal transduction, which leads to inhi-

bition of proliferation. Thus, the fatty acids tested may reduce the stimulant-

induced rise in cytosolic calcium that is required for proliferation.
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7.1. Rheumatoid Arthritis

Rheumatoid arthritis is an autoimmune disease characterized by inflammation of

the joints and cartilage destruction. Several studies discussed above have demon-

strated anti-inflammatory potential of GLA-containing oils. These studies suggest

that GLA-rich oils can be used to treat inflammatory conditions.

Tate et al. (131) demonstrated in rats that a GLA-rich diet can reduce the inflam-

mation induced by injection of monosodium urate. GLA inhibited polymorpho-

nuclear leukocyte recruitment, crystal phagocytosis, and lysosomal enzyme

release. In a subsequent study, the authors demonstrated anti-inflammatory effects

of GLA in Freund’s adjuvant induced arthritis in rats (132). The anti-inflammatory

effect of GLA was associated with inhibition of proliferation of pouch-lining cells

and maintenance of architecture of these cells. Hansen et al. (133) administered 4 g

of evening primrose oil supplying 360-mg GLA per day along with zinc, ascorbic

acid, niacin, and pyridoxine to a group of 20 arthritis patients for 12 weeks. They

did not observe any effect of treatment on several parameters of arthritis (number of

tender and swollen joints, pain, erythrocyte sedimentation rate, and duration of

morning stiffness). The failure of GLA to exert any beneficial effect could be

caused by low dosage short duration of treatment. Belch et al. (134) studied the

effect of 540-mg GLA or 450-mg GLA and 240-mg EPA per day on symptoms

of arthritis and NSAID requirement. They continued the treatment for 12 months

and observed that a significant number of patients had reduced requirements for

NSAIDs at the end of 12 months. After 12 months, the treatment with GLA was

stopped and three months after stopping the treatment, all the patients needed a

full dose of NSAIDs, indicating that GLA or EPA had NSAID sparing effects

and were not disease-modifying agents. In an open label clinical study, 1.1-g

GLA given for 12 weeks reduced inflammation in arthritic patients and also

reduced release of PGE2, LTB4, and LTC4 (135). Laventhal et al. (136), in a rando-

mized, placebo-controlled trial, observed that 1.4-g GLA given as borage oil for

6 months resulted in significant reduction in swollen joint count and score, tender

joint count and score, and platelet counts. They also observed a 33% reduction in

duration of morning stiffness. The only side effects of GLA treatment were belch-

ing, flatulence, and soft stools. Zurier et al. (137) repeated the trial by increasing the

dose to 2.8 g of GLA. In this trial, the patients were randomized to receive either

2.8-g GLA/day from borage oil or placebo for 6 months and, after 6 months, all the

patients were switched to GLA arm. Patients on GLA group at the end of 6 months

showed reductions in swollen joint count and score, morning stiffness, and tender

joint count and score. At the end of 12 months, the patients who started with GLA

from the beginning continued to show improvement in their symptoms. Patients

who started GLA after 6 months on placebo also started to improve. None of the

patients in the GLA group experienced deterioration of condition in first 6 months,

but, at the end of 12 months, two patients (out of 21) reported deterioration in con-

dition. Seven of these 21 patients required a reduction in the dosage of nonsteroidal

anti-inflammatory drugs or prednisone. Three months after stopping the treatment

with borage oil, most of the patients showed exacerbation of disease condition sug-

gesting that borage oil must be continued for relief of symptoms.
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Overall, research with GLA-containing oils has shown that GLA provides bene-

fit in the reduction of morning stiffness by about 73 minutes and exerts a NSAID-

sparing effect. However, the dosage of GLA required for the treatment of arthritis is

not well established as, in various studies, from 340-mg to 2.8-g GLA per day has

been used.

7.2. Acute Respiratory Distress Syndrome

Acute respiratory distress syndrome (ARDS) is an acute, severe injury to the lungs.

Patients with ARDS suffer from severe shortness of breath, requiring mechanical

ventilation. It is associated with increased pulmonary capillary permeability, pul-

monary edema, increased pulmonary vascular resistance, and progressive hypoxe-

mia. ARDS can also lead to damage and failure of other organs. The exact cause of

ARDS is not known but several factors can contribute, including chest trauma,

sepsis, bacterial infections, and so on. At the cellular level, oxygen-free radicals,

cytokines, and prostaglandins can play a role. Recent research is focused on dietary

manipulations that help in reducing the inflammation and generation of pro-

inflammatory mediators. Oxidative metabolism of AA results in the formation of

pro-inflammatory mediators, including PGE2, TXB2, LTB4, etc. LTB4 is a potent

chemotactic factor and attracts neutrophils and exacerbates the damage to tissues.

GLA and its metabolic product DGLA counter the effects of AA by forming anti-

inflammatory mediators, such as PGE1 and 15-HETrE, and reduce the formation of

AA-derived inflammatory mediators. Kumar et al. (138) observed a significant

reduction in plasma phospholipid levels of GLA, DGLA, ALA, and EPA in patients

at risk of developing ARDS while patients with established ARDS additionally had

lower amounts of AA. This study suggests that treatment with GLA and EPA is

warranted in these patients. Gadek et al. (139) conducted a multicenter double-

blind, placebo-controlled clinical trial on patients with ARDS. The treatment

group (51 patients) was administered a mixture of borage oil, fish oil (providing

5.8� 0.3-g GLA, 6.9� 0.3-g EPA, and 2.9� 0.1-g DHA per day), and antioxidants

via gastric or jejunal tube. They observed a significant reduction in the number of

total cells and neutrophils in brachioalveolar fluid by day 4 compared with the fluid

obtained from the control group. This was associated with improved arterial oxy-

genation. Patients in the treatment group had a lesser requirement for ventilator

support, supplemental oxygen, and lower number of days of stay in ICU compared

with patients in the control group. Significantly fewer patients in the treatment

group developed new organ failure, and there was about a 17% reduction in the total

number of infections in the treatment group. As this study used a combination of

EPA and GLA with antioxidants, it is difficult to differentiate the effects of GLA

alone, although this study provides a strong support for using a combination of

EPA and GLA. Murray et al. (140) studied the effect of fish oil alone or in combi-

nation with borage oil on cardiac function in pigs during acute lung injury induced

by infusion of E.coli endotoxin. They observed that fish oil or a fish oil and borage

oil combination attenuated lung injury induced depression of cardiac function. A

combination of fish oil and borage oil acted synergistically compared with fish
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oil alone in attenuating the cardiac depression (Figure 2, Upper panel). A fish oil

and borage oil combination had lower pulmonary vascular resistance during the

4-hour experiment duration than either the control group or the group given fish

oil alone (Figure 2, Lower panel). The other interesting finding of this study was

that GLA in combination with EPA prevented the loss of platelets from circulation,

whereas EPA alone did not exert this effect. This observation indicates that GLA

decreased the aggregatory and adhesive properties of platelets in vivo. A significant
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Figure 2. Effect of various treatments on cardiac index (upper panel) and pulmonary vascular

resistance (lower panel). Data adapted from (140).

98 GAMMA LINOLENIC ACID OILS



reduction in the amount of TXB2 (EPA, and EPAþGLA groups) and 6-keto pros-

taglandin F1a in the alveolar fluid in EPAþGLA group was also observed,

suggesting that the beneficial effects of the treatment may be mediated by a reduc-

tion in the formation of pro-inflammatory and vasoconstrictor metabolites of AA. In

a subsequent study, the administration of EPA or EPAþGLA to pigs altered the

composition of pulmonary surfactant by reducing the concentration of oleic acid

and increasing the concentration of DGLA, EPA, and DHA. However, there was

no effect on the pulmonary compliance or surfactant function. Mancuso et al.

(141) observed that a combination of fish oil and borage oil attenuated endotoxin

induced rise in pulmonary microvascular protein permeability in rats, which was

associated with a decrease in LTB4, TxA2, and PGE2 production by pulmonary

alveolar macrophages. Additionally, this treatment also attenuated endotoxin

induced early and late hypotension.

8. SKIN CONDITIONS

Skin is the largest organ of the body and provides a barrier function, whereby it

protects the inner organs from environmental toxins and bacteria. It also plays an

important role in temperature regulation, sensory perception, and excretion. It

undergoes constant renewal. Burr and Burr (142) observed that rats on a fat-free

diet developed dried, scaly skin suggesting the role of fats in normal physiology

of skin. Subsequent studies have demonstrated that skin contains essential fatty

acids and is metabolically an active organ. It has the capability to elongate the

fatty acids but lacks the capacity to desaturate. This information suggests that der-

mal cells take up preformed long-chain metabolites of LA (GLA, DGLA, and AA)

and ALA (EPA, DPA, and DHA).

During EFA deficiency, the levels of LA, DGLA, and AA are reduced in the skin

and may contribute to dry and scaly appearance of the skin, with the increase in

epidermal water loss. In studies with EFA-deficient rats, mice, and guinea pigs, it

has been demonstrated that skin undergoes hyperproliferation (acanthosis, hyper-

granulosis, and hyperkeratosis) with increased DNA synthesis. LA levels were sig-

nificantly decreased with an increase in mead acid (20:3 n-9, abnormal fatty acid

characteristic of EFA deficiency). Supplementing diets with a large dose of saf-

flower oil (rich in LA) or much smaller dose of evening primrose oil (rich in LA

and GLA) reversed the signs of EFA deficiency on skin, whereas fish oil failed to

reverse these symptoms (143). In this study, a rise in EPA, DPA, and DHA levels in

skin phospholipids was observed, but the levels of LA did not increase. This study

also confirmed, by labeled fatty acid incubation, that skin lacks delta-6 and delta-5

desaturase activities, indicating that skin cannot metabolize LA or ALA.

8.1. Atopic Dermatitis

Atopic dermatitis, or eczema, is a skin disorder characterized by dry, itchy, and

hypersensitive skin. It is common in children but can occur at any time and age.
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The exact cause of eczema is not well understood and it can be hereditary. Soon

after the discovery of essential fatty acids, it was observed that infant patients suf-

fering from atopic eczema had low levels of LA and AA (144) and responded well

to supplemental lard containing LA and AA (144). Very high doses of LA (20–50 g)

provided partial relief from symptoms of eczema but failed to raise the levels of

metabolites of LA in the blood. Later on, it was confirmed that the plasma phos-

pholipids of adults suffering from atopic dermatitis had higher concentrations of

LA and a lower concentration of GLA, DGLA, and AA (145), suggesting that ato-

pic patients may suffer from defective delta-6-desaturation. These patients also

failed to show flushing response to topically applied niacin, suggesting that they

have defects in prostaglandin pathways and fail to produce vasodilatory prostaglan-

dins. Subsequent studies have shown lower levels of DGLA in breast milk of atopic

mothers than in the normal mothers (146, 147). As the breast-fed infants get their

nutrient requirements from breast milk, they do not receive sufficient quantities of

DGLA and may be prone to dermatitis.

Based on these observations, it seems logical that dietary GLA or DGLA should

help prevent/treat atopic dermatitis. Wright and Burton (148) conducted a double-

blind, placebo-controlled clinical trial of evening primrose oil. They recruited

60 adults and 39 children suffering from moderate to severe atopic dermatitis in

the study. Adult patient groups received 4, 8, or 12 capsules daily, whereas children

were given 2 or 4 capsules daily providing 45 mg GLA per capsule, and the placebo

was liquid paraffin. Treatment was continued for 12 weeks. All of the patients had

moderate to severe eczema. They observed that the lower dose of GLA only pro-

vided relief from itch, while the other two groups of adult patients on higher doses

of GLA showed better improvements in itch, scaling, and the general impression of

severity as assessed by the physician and the patient. Children in this study did not

perform as well as the adults, possibly caused by either insufficient dose of GLA or

high placebo effects in children. Manku et al. (149) analyzed the blood samples of

adult patients from the above study for plasma phospholipid fatty acids. They

observed that LA levels were higher in the atopic patients, and the scatter of values

for LA was also very high. Levels of DGLA and AA were lower in these patients.

Treatment with 4 capsules per day did not affect blood GLA or DGLA or plasma

PGE1 levels, whereas 8 and 12 capsules per day caused a significant elevation in the

levels of DGLA and PGE1. Schafer and Kragballe (150) observed that neutrophils

and epidermis of atopic dermatitis patients have high levels of monounsaturated

fatty acids (MUFAs), which correlated positively with the severity of disease,

and lower ratios of n-6 PUFAs/MUFA. Feeding 6 g of evening primrose oil for

10 weeks increased the ratio of n-6 PUFA/MUFA and increased the levels of

DGLA in neutrophils and epidermal phospholipids. They did not evaluate the effect

of the treatment on dermatitis as the patients were allowed to use emollients; this

study cannot shed any light on the efficacy of GLA in dermatitis. In another large

multicenter study, 179 patients with eczema were treated with 4.0 g of evening

primrose oil per day, and they demonstrated clinical improvements as evaluated

by a dermatologist. Scarff and Lloyd (151) studied the effect of treatment with

evening primrose oil in dogs suffering from dermatitis. In this study, the dogs
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were on olive oil placebo for 3 weeks followed by either olive oil or evening prim-

rose oil for 9 weeks. At the end of 9 weeks, the treatments were switched over with-

out any wash out period. They observed a deterioration in condition during first

3 weeks on olive oil in all of the dogs; however, during the first treatment period,

all dogs showed improvement that could be ascribed to placebo effect in the olive

oil group. In the second treatment period, dogs on olive oil worsened, whereas those

on evening primrose oil improved. They observed an interaction in the order of

treatment with the evening primrose oil that could be caused by a change in treat-

ment between active and placebo without any washout period. Fiocchi et al. (152)

evaluated safety and efficacy in children suffering from atopic eczema. They treat-

ed these children (average age 11.4 months) with 3.0 g/day of GLA for 28 days.

None of the children showed complete recovery, although gradual improvement

in erythema, excoriations, and lichenification was reported. They also reported a

significant reduction in itching and the use of antihistamines without observing

any side effect because of the treatment. Borrek et al. (153) compared the effect

of borage oil with corn oil in 24 subjects suffering from atopic eczema in

a double-blind cross-over trial. The subjects were between 3 and 17 years old

and received 360-mg GLA daily for 10–14 weeks. They did not observe any differ-

ence between the two groups, and the placebo treatment also showed improve-

ments. In this study, 10 patients on borage oil treatment showed improvements

but they did not differ from nonresponders in any of the characteristics (age, sex,

symptom severity, etc.). As there was a large placebo effect, the effectiveness of

borage oil may have been masked due to a small number of subjects in this study.

Eczematous skin also has high transepidermal water loss compared with normal

skin. Hartop and Protty (154) observed that application of pure GLA triacylglycerol

to rats with dry skin due to essential fatty acid deficiency reduced the transepider-

mal water loss. In essential fatty acid deficiency, there was a loss of LA, ALA, and

their long-chain metabolites in plasma and other organs. However, the eczema dif-

fered from essential fatty acid deficiency in which there is usually an excess of LA

with imbalance of longer chain metabolites. Tollesson and Frithz (155) studied the

effects of topically applied borage oil on the transepidermal water loss from the

skin of infants suffering from seborrhoeic dermatitis. They observed that topically

applied borage oil relieved the symptoms of dermatitis within 3–4 weeks and also

normalized the elevated transepidermal water loss. Topically applied borage oil also

caused a rise in serum LA content, suggesting transdermal absorption of LA from

borage oil. The site of application of borage oil was not important as borage oil in

the napkin area of the infants also relieved the symptoms at other sites.

Henz et al. (156) evaluated the efficacy of borage oil in the treatment of atopic

dermatitis in a double-blind, placebo-controlled, multicenter clinical trial. In this

study, 160 patients with moderate eczema (Costa score between 20 and 36 points)

were divided into two groups. The active group received 3.0 g borage oil (690 mg

GLA) daily for 24 weeks and the placebo group received migliol, an oil containing

no GLA. Patients were allowed to use a steroid cream during the trial. Some

patients did not follow the guidelines and violated the conditions of protocol and

included poor compliance (less than 70% of dose consumed; 7 patients on placebo,
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6 on borage oil), excessive use of steroid cream (three times above median dose;

1 patient on placebo and 4 on borage oil), and less than 11 weeks of treatment

(6 patients on each treatment), and patients with unstable disease (Costa score of

less than 18 at week 2; 32 patients on placebo and 21 on borage). When all the

patients, including those who did not follow the protocol, were included in the

data analysis, no significant differences in Costa scores between the two groups

was observed, although borage oil treatment improved erythema, vesiculation,

crusting, excoriation, lichenification, and insomnia scores over placebo group. A

marked reduction in serum IgE levels was observed, but the difference was statis-

tically insignificant due to large intersubject variations. Borage oil treatment also

increased plasma and erythrocyte levels of GLA and DGLA in the majority of

patients. When the subgroup of patients who did not follow the protocol was

excluded from the analysis, the borage oil treatment showed significant improve-

ment on the reduction of steroid cream use. Borage oil was well tolerated with

minor side effects (headache, nausea, vomiting, and diarrhea). The frequency of

side effects was not different from that observed with the placebo treatment.

Takwale et al. (157) conducted a single-center, double-blind clinical trial to study

the efficacy and tolerability of borage oil in the treatment of atopic eczema in chil-

dren and adults. Adult patients were given 8 capsules of borage oil (supplying 920-

mg GLA) and children were given 4 capsules (supplying 460 mg of GLA) daily for

12 weeks. Patients were allowed to continue using a steroid ointment for sympto-

matic relief. The efficacy of the treatment was evaluated from the change in total

symptom score measured with the six-area, six-sign, atopic dermatitis (SASSAD)

score as the primary endpoint. Secondary end points included symptom score

assessment on visual analogue scales, topical corticosteroid requirement, and global

assessment of response by participants. This study failed to observe any effect of

borage oil treatment on eczema, although the treatment was safe, well tolerated, and

was free from major side effects. This study suffers from several major limitations.

They recruited 151 patients, of which 11 were lost at week two of the 12-week

study. An additional 16 participants withdrew during the trial, leaving only 124 sub-

jects who completed the trial. However, they analyzed the data for 140 patients,

including those who did not complete the protocol. Good clinical trial demands

inclusion of data only from those patients that follow the protocol. Noncompliance

with the treatment protocol is the single most important reason for failure of treat-

ment in dermatological practice and was evident in the study by Henz et al. (158).

They used two different placebo treatments: Liquid paraffin for adults and olive oil

for children. Liquid paraffin is an inert material for its effect on atopic dermatitis,

whereas olive oil is not as inert because it can modify the cellular fatty acid profile.

It has been reported to increase tissue levels of DGLA (159, 160). By increasing

tissue levels of DGLA, olive oil may increase the dermal levels of lipoxygenase

and cyclooxygenase metabolites of DGLA that are reported to exert anti-inflamma-

tory actions (161, 162). Therefore, olive oil may show some beneficial effects

because of the above-mentioned biochemical pathways, and hence, may not be a

true placebo and dampen the effect of treatment. Therefore, separate analysis in

adults and children was highly desirable to avoid the potential variations in
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outcome induced by different placebo. The scoring system (SASSAD) used in this

study as a primary outcome parameter is reported to have a very high interobserver

variation (7–30, median 15.5, out of a possible score of 108) (163).

8.2. Other Skin Conditions

Radiation-induced damage: Skin is sensitive to radiations. Hopewell et al. (164)

studied the effect of GLA or GLA and EPA combinations on radiation-induced

skin damage in pigs. They treated female pigs for 4 weeks prior to and 10–16 weeks

after irradiation of skin. Control pigs were treated with a placebo oil devoid of GLA

and EPA. The pigs were irradiated with a single or fractionated (20 F/28 days) dose

of b-rays. They observed that prior administration of GLA or GLAþ EPA had no

protective effect, while given before and after irradiation, both of these interventions

reduced the development of early (bright red erythema or moist desquamation) and

late (dusky/mauve erythema and dermal necrosis) reactions of radiations. This

observation suggests that GLA alone or in combination with EPA may help im-

prove the efficacy of radiation treatment by reducing the side effects.

9. DIABETES

Diabetes is a metabolic syndrome resulting in disturbed glucose homeostasis. This

can be mediated because of decreased production of insulin (because of damage to

insulin-producing pancreatic b-cells), as in type 1 diabetes, or increase in tissue

resistance to the action of insulin (type 2 diabetes). According to the American Dia-

betes Association, approximately 17 million people in the United States, or 6.2% of

the population, have diabetes. Although an estimated 11.1 million have been

diagnosed, unfortunately, 5.9 million people (or one-third) are unaware that they

have the disease. It affects people of all ages and races, although it is more common

in African Americans, Latinos, Native Americans, Asian Americans, and Pacific

Islanders. Incidence of diabetes increases with age in all populations. Diabetics

are also at high risk of other complications, including cardiovascular (atherosclero-

sis, heart attack, stroke, peripheral vascular disease), neurological (neuropathies),

renal failure, skin diseases (dry, itchy skin, skin infections, dermopathy), slow

wound healing, retinopathy, and impotence. A combination of neuropathy and vas-

cular disease in diabetics leads to more amputations. The mechanism of complica-

tions of diabetes is not well understood. High blood-glucose levels may be

contributing to various complications, although several pathways, including increa-

sed oxidative stress, modification of proteins by glucosylation, reduction in produc-

tion of vasodilator mediators including nitric oxide, prostacyclin, altered cytokine

production, and so on, may be involved. Reduced tissue perfusion and resulting

cellular damage contribute to several pathophysiological situations. The manage-

ment of diabetes involves controlling the blood-glucose levels by diet, exercise,

or drugs.

DIABETES 103



Several studies have confirmed that diabetes inhibits the activity of delta-6-desa-

turase (165–167), which is the first enzyme in the metabolism of LA and ALA. As a

result of inhibition of this enzyme, diabetics have a lower content of DGLA and AA

in various tissues (168). This may lead to imbalance in different eicosanoids in dia-

betics and may contribute to various complications common in diabetics. Based on

these observations, it was hypothesized that GLA may help correct many of the

complications of diabetes. To test this hypothesis, many studies were conducted

in animals and humans. Some of these studies are discussed here.

Diabetic patients and animals show reduced nerve conduction velocity. Julu

(169) from the University College of London performed a detailed study investigat-

ing the effect of GLA alone or in combination with EPA on nerve conduction velo-

city. During diabetes, nerve conduction velocity was reduced. Rats made diabetic

by injection of streptozotocin (a pancreatic toxin) suffered about a 20% decline in

motor nerve-fiber conduction velocity. Supplementation with GLA alone signi-

ficantly attenuated the diabetes-induced deficit in nerve conduction velocity. Com-

bined treatment with GLA and EPA completely prevented diabetes-induced

reduction in motor nerve conduction velocity. In this study, they observed no effect

of GLA or EPA on diabetes-induced weight loss, increase in blood-glucose, and

glycosylated hemoglobin levels. In the subsequent study, Julu and Mutamba

(170) studied the comparative effect of GLA and insulin for 3 or 5 days of treatment

after induction of diabetes with streptozotocin in rats. They again observed a reduc-

tion in conduction velocity in myelinated sensory and motor nerve fibers. Unmye-

linated sensory fiber also showed a trend for reduction in conduction velocity, but

because of high intersubject variability, the fall could not reach statistical signi-

ficance. Treatment with insulin for 3 days partially corrected the deficit in sen-

sory-nerve conduction velocity, whereas motor-nerve conduction velocity was

brought back to normal levels. Treatment for 5 days with insulin returned the

motor-nerve conduction velocity to normal levels. GLA treatment for 3 days

overcorrected the sensory-nerve conduction velocity, whereas the motor-nerve con-

duction velocity was brought back to normal levels. Treatment with GLA for 5 days

brought sensory-nerve conduction velocity to normal levels. The overcorrection in

sensory-nerve conduction velocity by three-day treatment with GLA cannot be

explained. GLA treatment had no effect on blood-glucose levels or diabetes-

induced weight loss, whereas insulin corrected both of these parameters. Cameron

et al. (171) studied the effect of GLA alone or in combination with fish oil on dia-

betes-induced reduction in nerve conduction velocity and resistance to conduction

block and found that diabetes increased the resistance of nerves to hypoxic conduc-

tion block and reduced the nerve conduction velocity. Treatment with GLA pre-

vented these changes, whereas a combination with fish oil was less effective.

Their results on conduction velocity are different from those reported by Julu

and Mutamba (170) who observed better efficacy of GLA and fish oil combination.

This difference is difficult to explain except for the sex differences in the rats in the

two studies. Julu and Mutamba (170) used female rats, whereas Cameron’s (171)

group used male rats. The role of female sex hormones in differential observation of

two groups cannot be discounted as the polyol pathway is differentially affected in
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males and females. This pathway may be mediating a greater role in conduction

velocity reduction in males than in females because of reduction of perfusion of

vasa nervosum. In addition, Cameron et al. (171) observed that GLA treatment

reduced the resistance to ischemic conduction block that was increased by diabetes.

This may be caused by improved perfusion of vasa nervosum. During diabetes, the

perfusion to vasa nervosum is reduced, which may cause ischemic preconditioning

of nerves leading to increased resistance to subsequent ischemic conduction block.

They also demonstrated increased capillary density in the sciatic nerve of GLA-

treated diabetic rats leading to improved perfusion. The fatigue index of skeletal

muscle was increased in diabetes, which increase was attenuated significantly by

GLA treatment. This was also associated with increased capillary vascularization

of muscle. In the subsequent study, Cameron and Cotter (172) observed that strep-

tozotocin-induced diabetes reduced endoneural blood flow and oxygen tension that

may be causing the hypoxic injury to the nerve cells leading to reduced nerve con-

duction and neuropathy. Treatment with evening primrose oil prevented the

decrease in endoneural blood flow that was primarily caused by increased perfusion

through capillaries leading to normal endoneural oxygen tension. However, in non-

diabetic rats, evening primrose oil treatment increased the bulk flow (flow through

major arteries, arteriols, veins, and arterio-venous shunts) without affecting capil-

lary blood flow. The chronic increased blood flow through major vessels may be a

stimulus to increased angiogenesis observed in an earlier study. Treatment with

vasodilator drugs similarly caused an increase in blood flow and stimulated angio-

genesis. After confirming the beneficial effects of GLA treatment in amelioration of

diabetic nerve-conduction deficit, Cameron and Cotter (173) studied the effect of

GLA and antioxidant treatment on nerve conduction velocity in diabetes. They

selected a dose of GLA that would only correct the nerve conduction velocity

reduction by about 20%. When the diabetic rats were given 20 mg/kg/day of

GLA alone or in combination with an antioxidant (BM15.0639), the combination

had a synergistic effect in improving the velocity. This synergistic effect on

nerve conduction velocity was mediated by synergistic improvement in sciatic nerve

capillary endoneural blood flow by the combined treatment. Several later studies

confirmed the beneficial effects of antioxidants and GLA given in combination or

as conjugates. In these studies, investigators studied the effects of GLA conjugates

with ascorbic acid or a-lipoic acid or in combination with various antioxidants,

including Vitamin E, ascorbic acid, a-lipoic acid, n-acetylcystein, butylated hydr-

oxyltoluene, and so on. These observations confirm previously reported observa-

tions that diabetic complications may be mediated by a combination of increased

oxidative stress and abnormalities in essential fatty acid metabolism.

Jamal and Carmichael (174) conducted a double-blind, placebo-controlled trial

of evening primrose oil in patients with type 1 and 2 diabetes with established neu-

ropathy for at least 6 months. The patients were given 380 mg of GLA per day for

6 months and were evaluated before and after the treatment for neurological symp-

toms (pain, parasthesia, numbness, weakness, and abnormal sensation to heat and

cold) as well as nerve conduction. At the end of the 6-month treatment, a significant

improvement in 9 out of 12 variables was observed on GLA treatment. Treatment
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with GLA also increased plasma phospholipid content of GLA, DGLA, and AA

that are reduced in diabetes. The GLA treatment had no effect on glycosylated

hemoglobin levels. These observations indicate that GLA-induced improvements

may be mediated by improved perfusion of nerves rather than correction in meta-

bolic derangements. By improving the tissue perfusion, treatment may have pre-

vented hypoxic insult and related injury to the nerves, whereby improving the

nerve conduction and reducing the associated pain and numbness. Keen et al.

(175) conducted a double-blind, placebo-controlled, multicenter clinical trial of

GLA in 111 diabetic patients with mild neuropathy. They studied the effect of treat-

ment over 1 year on 13 symptoms, including motor-nerve conduction velocity, mus-

cle strength, hot and cold thresholds, sensation, and tendon reflexes. GLA treatment

at a dose of 480 mg per day was demonstrated to render benefits on functions,

and the effects were more pronounced in well-controlled diabetics than in poorly

controlled subjects. Keen et al. (175) used a higher dose of GLA than Jamal

(174), and the study was of longer duration.

Diabetes is also known to impair immune response in humans (176) and animals,

which may contribute to slow wound healing in diabetics. In streptozocin-induced

diabetes in rats, a number of circulating T and B lymphocytes decreased with no

effect on the number of circulating monocytes and neutrophils. In a study by

Oon et al. (177), it was demonstrated that feeding evening primrose oil prevents

a diabetes-induced fall in lymphocyte number that may have been mediated by

increased production of PGE1 in this group.

10. PREMENSTRUAL SYNDROME (PMS)

Premenstrual syndrome (PMS) is a recurrent cyclic disorder associated with the

cyclic hormonal rhythms of the menstrual cycle. A large number of symptoms

have been associated with PMS that are divided into physical, behavioral, and emo-

tional symptoms. PMS may be associated with dysmenorrhea and other menstrual

irregularities. Physical symptoms include bloating, abdominal and back cramps and

discomfort, change in appetite, weight gain, breast tenderness and pain, and head-

ache. Behavioral changes include anxiety, depression, lethargy, hypersomnia or

insomnia, moodiness, irritability, anger, and social withdrawal. These symptoms

vary in intensity from mild to severe and affect up to 90% of women some time

in their child-bearing age. About 40% of women in industrialized countries suffer

from mild to moderate symptoms of PMS, whereas about 10% of North American

women suffer from moderate to severe symptoms affecting their daily life activities

(178).

The objective of treatment is to prevent the symptoms of PMS. Several therapeu-

tic agents are available to control the symptoms of PMS, but none of the agents are

effective in controlling more than a few symptoms. In a study on 42 women suffer-

ing from PMS, a deficiency of long-chain metabolites of LA was reported with

above-normal LA levels in plasma phospholipids, suggesting inhibition of delta-

6-desaturase enzyme (179). As prostaglandins play an important role in regulation
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of reproductive function, it was suggested that an imbalance between different pros-

taglandins may contribute to the symptoms of PMS. GLA, being the only natural

source of DGLA that can be supplemented, may benefit these women by improving

the ratio of prostaglandins of series 1 and 2. Puolakka et al. (180) performed a

placebo-controlled trial of evening primrose oil in 30 women suffering from severe

PMS. They observed that evening primrose oil treatment reduced the symptoms of

PMS, although it was more effective in reducing depression. Treatment with even-

ing primrose oil also reduced the production of thromboxane B2 by the platelets

during clotting. The effectiveness of GLA oils in treatment of PMS is not equivo-

cally proven. Some studies reported no effect of evening primrose oil treatment

over placebo (181).

11. INFANT NUTRITION AND DEVELOPMENT

The role of GLA in infant nutrition and development as such is not very clear. The

body weight of infants at birth was positively associated with the proportions of AA

and DGLA in plasma triacylglycerols and choline phosphoacylglycerols in prema-

ture infants (182) and infants born at full term (182, 183). The positive association

of DGLA with birth weight is more consistent than that observed for AA or DHA.

This information suggests that DGLA is playing an important role in fetal develop-

ment. The exact role, however, is not clear. Careful analysis of breast milk compo-

sition from women of different geographical areas revealed that women who had a

higher amount of DHA in their breast milk lipids also had a higher amounts of

DGLA (Figure 3) (184). The role of DHA is well established in infant development,
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Figure 3. Breast milk fatty acid composition from Japanese, Chinese, and Canadian women.

Data adapted from (184).
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while the role of GLA and DGLA is not clear. This observation suggests that

DGLA may play an important role in infant development. Earlier discussion in

this chapter revealed that GLA and DGLA may be playing a role in atopy in infants

as the breast milk of mothers of atopic children had lower GLA and DGLA levels in

breast milk. Recently popularized, the Barker hypothesis (185) (the fetal origins

hypothesis) states that, during fetal development, the environmental exposures set

the limit to metabolic capacity. When this capacity is exceeded later in life, it sets as

an overt disease. According to this theory, the effect of nutrient deficiency may be

more marked than that during later life and may cause predisposition to many

chronic diseases, such as heart disease, diabetes, metabolic syndrome, etc. (186,

187). In support of this hypothesis, it was observed that children who had higher

levels of GLA in umbilical cord plasma phospholipids at birth did not develop insu-

lin resistance at the age of 7 years, while those with lower levels of DGLA had

increased insulin resistance, body fat, insulin, proinsulin, and leptin concentrations

(188). The exact mechanism of how DGLA in infancy and fetal development can

affect the health conditions in later life is not clear. It may be possible that GLA, as

a ligand for peroxisome proliferator activated receptors (PPARs), affects the tran-

scriptional regulation of glucose and lipid homeostasis.

12. DRUG/NUTRIENT INTERACTIONS

GLA modulates the second messengers at the cellular levels. Many drugs act by

interfering with these second messengers. This suggests that GLA may interact

with drugs to affect their actions. These actions could include alterations in the ther-

apeutic potential or side effect profiles. Cyclosporin is a potent immunosuppressant

drug that is commonly used in the prevention of graft rejection in transplant reci-

pients and in the treatment of severe psoriasis. The major side effects of cyclosporin

include hypertension and renal toxicity (189, 190). In borderline hypertensive rats,

GLA was shown to inhibit hypertensive and glomerular filtration-rate-reducing

actions of cyclosporin (191). In Wistar rats, GLA was shown to attenuate nephro-

toxic effects of cyclosporin (192). These actions could be mediated by increased

production of PGE1, as demonstrated by the increased ratio of 6-keto-PGF1a/

TXB2. GLA has been shown to enhance the sensitivity of 36B10 astrocytoma cells

to radiation (193). The enhanced sensitivity could be mediated by increased free

radical production as it was blocked by Vitamin E. GLA has been shown in vitro

to enhance the cytotoxicity of paclitaxel to various breast cancer cell lines, includ-

ing MDA-MB-231, MCF-7, SK Br3, and T47D (194). In this study, the authors

observed the synergistic action of GLA when the cells were co-incubated with

paclitaxel, whereas preincubation of cancer cell lines with GLA, followed by treat-

ment with paclitaxel, resulted in only additive effects. These actions of GLA were

only partly inhibited by Vitamin E, suggesting that increased oxidative stress may

partly be contributing to the cytotoxic actions of GLA against breast cancer cell

lines. Thus, GLA was found to be most potent in enhancing cytotoxic actions of

paclitaxel followed by ALA, EPA, DHA, and OA, whereas LA had no effect.
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Similar results were obtained for vinorelbine and GLA in breast cancer cells

(MDA-MB-231, T47D, and SK-Br3) (195).

Recently, it was shown that GLA acts synergistically with tamoxifen in enhanc-

ing the antitumor activity (196). This study was conducted in nude mice implanted

with estrogen receptor positive breast cancer cells (MCF-7 B1M). GLA acted

synergistically with tamoxifen in inhibiting tumor growth and expression of estro-

gen receptors.

Ikushima et al. (197) studied the interaction of GLA on cytotoxicity of various

anticancer drugs in human nueroblastoma cell lines in culture. They observed that

GLA enhanced absorption and cytotoxicity of vinca alkaloids (vincristine, vinblas-

tin, and vindesine) 2–2.5-fold. This was associated with increased lipid peroxida-

tion of cancer cells. In the same cell lines, GLA inhibited the cytotoxic action of

platinating agents like cisplatin and carboplatin. This study suggests that GLA may

react differently with various anticancer drugs. Liu and Tan (198) observed that

GLA and DHA increase the absorption of doxorubicin into doxorubicin-sensitive

and-resistant lymphoma cancer cells. The resistant cells became sensitive to doxo-

rubicin toxicity, which was associated with increased superoxide dismutase activity

with no effect on catalase activity and p-glycoprotein levels. This observation sug-

gests that GLA has no effect on p-glycoprotein, which plays a role in multidrug

resistance development. However, by increasing the levels of only superoxide dis-

mutase and not catalase activity, GLA may stimulate the formation of hydrogen

peroxide in the cancer cells, which may contribute to oxidative toxicity of doxo-

rubicin. Hydrogen peroxide can form hydroxyl radicals, which are highly toxic

to adjacent molecules.

Kaku et al. (199) studied the interaction of GLA with soy protein and casein in

mediating immune response and LTB4 production by rat peritoneal exudates cells.

They observed that dietary borage oil reduced production of LTB4 from the perito-

neal exudates cells and the effect was stimulated by soy protein but not by casein.

This study suggests that soy protein, but not casein, may stimulate anti-inflamma-

tory action of GLA-rich oils.

13. SAFETY OF GLA-CONTAINING OILS

GLA-containing oils have been studied in several clinical trials on humans, in addi-

tion to laboratory animal studies. All of these studies have revealed that these oils

are safe and are devoid of serious side effects. The more commonly observed side

effects with these oils include gastric upsets (nausea, vomiting, diarrhea, belching),

and headache. Evening primrose oil was associated with reducing sensitivity to sei-

zure threshold in patients suffering from temporal lobe epilepsy (200). Although

similar effects with borage or black currant oils have not been reported, it is advi-

sable to observe caution when giving these oils to epileptic patients. Potential of

hepatotoxicity from pyrrolizidine alkaloids in borage is nonexistent (as discussed

in section 2.1.1) as the content of pyrrolizidine alkaloids in borage oil is less
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than 4 ppb. At this level, one may have to consume more than 250 g of oil per day to

expose to toxic levels of alkaloids.

14. CURRENT RESEARCH FOCUS

Current focus of research is on increasing the concentration of GLA in oils and to

find new sources of GLA for commercial use. The strategies include genetic mani-

pulations, variety development, and concentrations of existing GLA-rich oils like

borage and evening primrose. GLA-containing oils can be concentrated to higher

GLA levels by employing common techniques such as hydrolysis of oil to form

free fatty acids followed by urea complexation to remove saturated and monounsa-

turated fatty acids (201). Employing this technique, the oil can be concentrated to

40–80% GLA (202, 203). The resultant oil contains GLA as a free fatty acid or can

be converted to ethyl ester or triacylglycerol form by chemical/enzymatic esteri-

fication. The triacylglycerol form produced in this way contains about 50–70% tri-

acylglycerols, 10–25% diacylglycerols, and 5–10% monoacylglycerols (Bioriginal

Food and Science Corp). The enzymatic process involves the use of microbial

lipases (from Pseudomonas sp.). Other areas of research include increasing the con-

tent of GLA in foods and alternative crops by genetic engineering. Cook et al. (204)

inserted the delta-6-desaturase gene from borage into tomato. This strategy resulted

in an increase in the content of GLA in tomato fruit along with a reduction in LA

content. Although this variety has not been commercialized, there is a potential in

optimizing the variety. Similar efforts have been made on other plants, including

tobacco (205, 206) and canola (207). GLA levels in tobacco plants could be in-

creased to about 14% of total fatty acids. At this level, it is not an economical

source for production of GLA. Recently, Ross Labs has been successful in produc-

ing a transgenic variety of canola plant that contains up to 40% GLA in its seed oil

(207). The transgenic canola oil containing GLA was compared with borage oil for

its pharmacological actions and was found to be similar to borage oil, demonstrat-

ing that the transgenic canola oil could become an economically viable source of

GLA.

Another area of current research is development of structured lipids where GLA

is combined with a fatty acid of omega-3 family, preferably EPA or DHA, into

one triacylglycerol molecule. Structured lipids can be produced by interesterifying

a mixture of conventional fats and oils of interest using chemical or enzymatic

methods. Chemical methods provide random distribution of different fatty acids

on the glycerol backbone, whereas enzymatic reactions could be position specific,

affording controlled production of triacylglycerols with desired configuration (208).

Interesterification using the chemical method usually involves a reaction between

two oils using metal alkoxide (sodium methoxide) as a catalyst. The unreacted fatty

acids are removed by vacuum distillation. The alternative and more researched pro-

cess involves acidolysis using lipases. In this process, either pure fatty acid is reac-

ted with a triacylglycerol molecule or relatively rich fraction of fatty acid of interest

is taken/prepared before acidolysis reaction.
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The structured lipids have unique chemical, physical, or physiologic properties

that are not observed by simply blending mixtures of the starting fats and oils (209).

At present, the enzymatic process is under development but has not been widely

commercialized so far due to the economy of the process. Laboratory research is

in progress with the objective to develop a process that can be economically scaled

up. The current emphasis is on optimization of lipases, reaction conditions includ-

ing water activity of the reaction mixture, mole ratios of fatty acids to triacylgly-

cerol, amount of enzyme, reaction temperature, and duration. The nonspecific

lipases can be obtained from Candida rugosa, Pseudomonas sp, while 1, 3-position

specific lipase are obtained from Aspergillus niger, Mucor javanicus, Rhizomucor

miehei, Rhizopus sp., Geotrichum candidum, Candida cylindracea, Candida para-

lipolytica, Rhizopus delemar, etc. One can utilize either pure EPA or DHA as free

acid or ethyl esters for incorporation into borage or evening primrose oil or GLA

can be added to fish oils containing EPA and DHA. In these approaches, a struc-

tured lipid containing EPA, DHA, and GLA in one triacylglycerol molecule is pro-

duced. Spurvey et al. (210) studied the effect of reaction conditions on the

incorporation of GLA into menhaden and seal blubber oils. They observed that

the best conditions include a mole ratio of 3:1 for GLA to triacylglycerol, enzyme

concentration of 500 units/g of oil, reaction temperature of 40�C, and time of

24 hours for incorporation of GLA into fish oils. They utilized concentrated

GLA from borage oil for acidolytic reaction. The GLA of 91% concentration

was prepared by chemical hydrolysis followed by urea complexation (201). This

concentrate was reacted with fish oils using lipase from Pseudomonas sp (non-

specific enzyme) and Mucor miehei (sn 1,3-specific enzyme). Lipase form

Pseudomonas sp. gave higher incorporation of GLA into fish oil. Using a similar

approach, production of EPA-rich borage oil and evening primrose oil has been

produced (208).
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1. GENERAL INTRODUCTION AND BACKGROUND
INFORMATION

As this chapter is the only one in this new edition that is solely devoted to the poten-

tial use of microorganisms as sources of oils and fats, we have felt it appropriate to

preface our review by including a brief outline of the importance of microbial bio-

technology in general so that the extent to which microorganisms can now be grown

and the amounts of products that are produced can be appreciated by the general

reader who may not be familiar with the field of microbial biotechnology.

1.1. Microorganisms and Biotechnology

Microorganisms range from bacteria, which are known as the prokaryotic microbes

as they do not contain a defined nucleus, although they do, of course, contain DNA,

to the eukaryotic microorganisms that do have a nucleus and range from the simple

yeasts to fungi, which may show more complex structural variations and be capable

of some limited differentiation. Some fungi can differentiate into macromolecular

forms and give rise to, for example, the mushrooms and toadstools. There are also a

range of microorganisms in the aquatic environments, and these will include both
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prokaryotic and eukaryotic forms. Many of these will only grow in the presence of

light (phototrophs), although a few will grow in the dark if some form of fixed car-

bon (e.g., sugar) is supplied (i.e., they will grow heterotrophically like other micro-

organsisms). Thus, the term ‘‘microbe’’ applies to a very wide range of living cells,

although all would be regarded, at least in the first instance, as being unicellular

and, as such, could only be seen as individual cells when examined down a micro-

scope.

The advantages of microorganisms, which are used extensively in biotechnology

systems, are as follows:

� The range of products that they can produce—from simple molecules like

ethanol and citric acid, to complex proteins, carbohydrates, etc.

� They can be grown phenomenally fast: some bacteria can divide once every

10 minutes, although yeasts and fungi may take several hours to accomplish

this doubling of cell numbers;

� They can be randomly mutated, by chemicals and other mutagens, so that

products can be produced in vastly increased quantities. Penicillin, for

example, when first produced, was at a few milligrams per liter; now the

current mutated strains will produce up to 100-g penicillin/L.

� Microorganisms can also be modified by genetic manipulation where genes

(that is, specific sections of DNA coding for the synthesis of particular

proteins) taken from other living cells, i.e., other microorganisms, plants, or

even animals cells, can be easily incorporated into a microorganism so that it

will now produce not only its own proteins, but also the foreign protein.

Microorganisms can therefore produce, at least in theory, any product that we

currently can identify in any living cell. They will produce them faster, more safely

(you do not need to spray them with pesticides, herbicides, etc.) than any other

system. Moreover, the products can be produced to a guaranteed quality on a

year-round basis as productions do not depend on the vagaries of the weather or

climate. They are the ultimate controlled living system. This, then, is the world

of microbial biotechnology (1). The scale of cultivation can be in small fermenters

(about 1–5 m3) for production of very high–value, low–volume materials, such as

some of the current healthcare products, up to fermenters of 100–500 m3, which can

be used to produce bulk materials such as citric acid, ethanol, and even whole cells

destined for animal or human food—the so-called single cell proteins.

1.2. Microbial Oils

Microorganisms, like every other living cell system, produce lipids. All cells are

surrounded by membranes that require the synthesis of fatty acids (except in the

case of the most ancient of bacteria—the Archaea—where long-chain, branched

terpenoid structures are used), which are then attached to glycerol 3-phosphate giv-

ing rise to the phospholipids and triacylglycerols. This system of fatty acid and lipid
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biosynthesis is then used, in some cases, for the overproduction of triacylglycerols

that then serve as reserve storage materials within the microbial cell (see Figure 1).

These are the so-called oleaginous species, and the oils are then not only useful to

the microorgansism to reuse during any subsequent period of starvation, but also

may be considered as sources of these commodities. The oils are referred to as

single cell oils (SCO), which is a euphemism similar to the term ‘‘single cell pro-

tein’’ used to indicate protein derived from microbial (single) cells. ‘‘Single cell oils’’

is now a generally accepted term and is used in preference to ‘‘microbial oil,’’ which

may often create an undesirable impression with an otherwise unappreciative public.

Microorganisms have been considered as potential sources of oils since the early

decades of the twentieth century when scientists, particularly in Germany, began to

explore them as an alternative to plant oils, which were increasingly in short supply

because of the advent of two world wars. Indeed, during the Second World War,

Figure 1. (a) Cells of an oleaginous yeast, Cryptococcus curvatus (formerly Candida curvata), in

which the lipid droplets constituting about 70% of the cell weight of the cells can be clearly seen.

(b) Electron micrograph of extracted oil from the same yeast shows a possible boundary layer

around the oil droplets. The oil is virtually pure triacylglycerol. (This figure is available in full color

at http://www.mrw.interscience.wiley.com/biofp.)
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processes had been developed that produced small amounts of the oils and fats,

although, because of the lack of large-scale fermentation technology, this never pro-

ceeded beyond a demonstration scale (2, 3). None of the microbial fat seems to

have been used for human consumption, however. Nevertheless, there was consid-

erable interest in microbial oils and fats and in exploring their potential as alterna-

tives to plant seed oils, which were poorly developed at this time.

Work on understanding which were the best oil-producing strains of microorgan-

ism to use and how they had to be cultivated to induce the highest possible lipid

contents was carried out during both war-time and peace-time in the first half of

the twentieth century, so that by the late 1950s, a shrewd understanding of the range

of oils that could be produced had been gained as well as knowing how these organ-

isms had to be grown to produce the highest yields (2). However, the economic

value of the microbial oils was always the Achilles heel to their commercialization.

Advances in agriculture, particularly after the end of the Second World War in

1945, meant that all agricultural commodities, and not just oils and fats, became

cheaper and more plentiful than ever before. As the microorganisms being consid-

ered for oil production had to be grown on sugar, which was an agricultural product,

it was clear that it was nonsensical to grow one field of sugar cane (or sugar beet)

for it to be converted at the ratio of 5 tons of sugar to 1 ton of oil in an expensive

bioreactor (i.e., the fermenter) to produce oil that could be produced just as easily

using the self-same field to grow a plant oilseed crop.

Thus, by the 1960s, there seemed to be no arguable case in favor of microbial

oils being an economic proposition. And yet today, in the first decade of the twenty-

first century, we have at least four microbial oils that are, or have been, in full-scale

production, with the prospect that others may soon follow.

This change in attitude toward microbial oils has originated mainly, but not

exclusively, by the appreciation of the need for specific polyunsaturated fatty acids

(PUFAs) to be included in our diets, both for our infants and babies as well as our-

selves in later life. Such polyunsaturated fatty acids, which have been known to

exist in microorganisms for many years, are now in demand. They cannot be easily

produced by plants and, in some cases, cannot be produced at all by plants. The

sources of these PUFAs then are from animals and, in particular, fish. Fish, though,

are a dwindling resource and the oils, which are mainly obtained from their livers

or the bodies of fatty fish, can be contaminated with various pollutants, including

organo-mercury compounds, dioxanes, and other materials that we would do best to

avoid in our own diets. Thus, the commercial exploitation of microbial oils has

originated by them being destined for human consumption and by them not being

readily available from traditional sources, either plants or animals.

Coupled with the realization that microorganisms can be a unique source of cer-

tain desirable oils, has been the advent of large-scale fermentation technology

throughout the latter half of the last century. This has culminated in the ability to

design, build, and operate purpose-designed fermenters in excess of 1,000,000-L

capacity for the production of microorganisms to provide a variety of products. A

simple calculation tells us that a 1000-m3 fermenter that produces 100-g cells/L in 4

days would yield a 100 tons of biomass with, perhaps, 40 tons of oil: an annual

124 OILS FROM MICROORGANISMS



yield of over 3000 tons of oil. In agriculture, about 4 square miles (9 km2) of land

would need to be sown with sunflowers or oilseed rape to give the same yield of oil.

A typical large-scale process for the production of SCO is shown diagrammatically

in Figure 2. This would be typical of the current fermentation processes being used

for these types of products.

In this review, we aim to provide details of microbial oils that have been con-

sidered of commercial potential and to describe in more detail those microbial sys-

tems that are in commercial operation to provide key fatty acids for the expanding

nutraceuticals industry.

1.3. Microbial Lipid Production Systems

Microorganisms that accumulate more than 20% of their biomass are known as the

oleaginous species. This value, though, is arbitrary and has no precise numerical

definition. There are probably far more nonoleaginous species than oleaginous

ones; that is, most microorganisms will accumulate, even under the most propitious

conditions, only a few percent of their biomass as lipid. The lipid that is produced in

the oleaginous species is usually in the form of triacylglycerols (see Figure 1) and is

an intracellular reserve supply of both carbon and energy (and perhaps water) to

be used in times of nutrient starvation. The extent of lipid accumulation may range

from the lower limit of about 20% up to 70% of the cell weight being extractable

oil. The range of oil contents of a selected range of microorganisms is given in

Table 1 together with a profile of the constituent fatty acids. More detailed lists

Acid Base Antifoam

To All Fermentors

cryovial

125 ml

1 L

20 L 200 L
2,000 L 12,000 L 120,000 L

PACKAGING
DRY BIOMASS

SPRAY
DRYER

Waste
CENTRIFUGE

Figure 2. A diagrammatic presentation of a fermentation system for the production of a single

cell oil. The main fermenter is inoculated from a smaller vessel at about 10% (v/v). Additional

nutrients, including glucose, may be added to the microbial culture within the fermenter during

growth. The process operates in a batch mode so that when the cells reach their highest lipid

contents (see Figure 3), the fermenter is emptied, the cells are removed from the broth, and then

finally they are spray-dried. In this form, the oil within the cells is stable and can be extracted by

solvents whenever, and wherever, is convenient. (From 50, with kind permission of the author,

Dr. David J. Kyle, and the publishers.)
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TABLE 1. Lipid Contents and Fatty Acid Profiles of Selected Oleaginous Microorganisms (Compiled from Lists Given in (4)–(6), Which

Should be Consulted, if Needed, for Further Information).

Major Fatty Acyl Residues

(Relative % w/w)

Lipid

Content 14:0 16:0 16:1 18:0 18:1 18:2 18:3 18:3 20:4 20:5 22:6

Organism (% w/w) (n-7) (n-9) (n-6) (n-3) (n-6) (n-6) (n-3) (n-3) Others (%)

A. Yeasts

Candida sp. 107 42 Trace 44 5 8 31 9 1 — — — — —

Cryptococcus albidus 65 Trace 12 1 3 73 12 — — — — — —

C. curvatus D1 58 Trace 32 — 15 44 8 — — — — — —

Waltomyces lipofer2 64 Trace 37 4 7 48 3 — — — — — —

Lipomyces starkeyi 63 Trace 34 6 5 51 3 — — — — — —

Rhodosporidium toruloides 66 Trace 18 3 3 66 — — — — — — 23:0 (3%)

24:0 (6%)

Rhodotorula glutinis 72 Trace 37 1 3 47 8 — — — — — —

Trichosporon beigelii 45 Trace 12 — 22 50 12 — — — — — —

Yarrowia lipolytica 36 Trace 11 6 1 28 51 1 — — — — —

B. Fungi

Zygomycetes

Conidiobolus nanodes 26 1 23 — 15 25 1 — 4 4 20:1 (13%)

22:1 (8%)

Entomophthora coronata 43 31 9 — 2 14 2 — 1 — — — 12:0 (40%)

Cunninghamella japonica 60 Trace 16 — 14 48 14 — 8 — — — —

Notes : Mortierella isabellina 86 1 29 — 3 55 3 — 3 — — — —

Rhizopus arrhizus 57 19 18 — 6 22 10 — 12 — — — —

Mucor alpine-peyron 38 10 15 — 7 30 9 — 1 5 — — 20:0 (8%)

20:3 (6%)

Ascomycetes

Aspergillus terreus 57 2 23 — Trace 14 40 21 — — — — —

Fusarium oxysporum 34 Trace 17 — 8 20 46 5 — — — — —

Pellicularia practicolo 39 Trace 8 — 2 11 72 2 — — — — —



Hyphomycetes

Cladosporium herbarum 49 Trace 31 — 12 35 18 1 — — — — —

Clavicipitaceae

Claviceps purpurea 60 Trace 23 — 2 19 8 — — — — — 12-HO-

18:1 (42%)

C. Microalgae and thraustochytrids3

Continued

Prokaryota

Spirulina maxima 22 8 63 2 — 4 9 — 12 — — — —

Spirulina platensis 25 1 26 5 — 23 10 — 21 — — — —

Eukaryota —

Chlorella minutissima 28 12 13 21 — 1 2 — — 3 45 — —

Chlorella vulgaris 52 — 16 2 — 58 9 14 — — — — —

Crypthecodium cohnii 3 50 16 16 1 — 21 1 — — — — 40 —

Isochrysis galbana 23 12 10 11 — 3 2 — — <1 25 11 18:4 (11%)

Monodus subterraneus 20 — 19 10 — 5 2 — <1 14 34 — —

Nannochloropsis oculata 45 4 15 22 — 3 1 — — 4 38 — 14:1 (13%)

Phaeodactylum tricornutum 24 — 10 21 — 1 4 — 1 1 33 4 —

Porphyridium cruentum 5 — 30 5 — <1 5 — 1 16 38 — —

Thraustochytrids

Schizochytrium sp.3 40 17 32 8 — 5 — — — — 1 28 22.5 (n-5)

(8%)

Thraustochytrium aureum3 25 3 8 — — 16 2 — 2 3 — 52 —

1. This yeast was initially known as Candida curvata, then was renamed Apiotrichum curvatum, and now is regarded as Cryptococcus curvatus.

2. Formerly known as Lipomyces lipofer.

3. Microalgae cultivated phototrophically except for C. cohnii, Schizochytridium sp., and T. aureum, which are nonphotosynthetic and are grown heterotrophically.



are provided in other reviews (4–6) and in an earlier comprehensive monograph on

microbial lipids (7).

As SCO are usually triacylglycerols that can account for over 90% of the total

lipid in the microbial cell, this makes them potential substitutes for plant oils and

animal fats, although clearly their economic potential will rest on their intrinsic

value. It is to be emphasized, however, that an SCO will only complete with other

commercial sources if it can be shown to be better in some respect or cheaper than

the traditional source.

The biochemical procedure by which microorganisms accumulate lipid is now

understood in some detail and has been recently described (8). Readers wishing

more detailed information should consult this article. In brief, oleaginicity, which

is not shared by all microorganisms, depends on the presence of just a few key

enzymes.

The process of lipid accumulation begins by the cells being grown in a culture

medium in which the supply of a nutrient; usually it is nitrogen in the form of an

ammonium salt, becoming exhausted (this is shown schematically in Figure 3). At

the same time, there remains in the medium a surfeit of carbon, usually glucose or

some other assimilatable carbon source. The cells, as a consequence of this nutrient

exhaustion, can no longer grow and multiply, but they do continue to take up the

sugar present in the medium. It is this surplus sugar that then becomes the source of

carbon for lipid biosynthesis.

Figure 3. Stylistic presentation of the course of lipid accumulation by an oleaginous

microorganism. The concentration of nitrogen (NH3) in the medium is adjusted so that it

becomes exhausted after the first 24 hours growth; after this point, the cells enter the lipid

accumulation phase in which the excess carbon (e.g., glucose) continues to be assimilated by

the cells, and because there is no new cell synthesis because of the lack of nitrogen, the surplus

carbon is converted into lipid, which functions as a reserve of carbon and energy for the cells.
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Under the conditions of nitrogen-limited growth, the first requirement is for the

cells to cease generating energy (i.e., ATP), which is no longer needed for the

synthesis of new macromolecules, (e.g., proteins and nucleic acids) as the cells

are unable to grow and divide because of the lack of nitrogen (required for protein

biosynthesis). A key enzyme in the citric acid cycle (Krebs’ cycle or tricarboxylic

acid cycle), isocitrate dehydrogenase, becomes inactive immediately following the

depletion of nitrogen. This leads to isocitrate not being metabolized, and conse-

quently, both it and citric acid, with which it is in equilibrium, rapidly accumulate.

This event occurs in the mitochondria of the cells, but the citrate is quickly trans-

ported out of this compartment into the cytoplasm of the oleaginous cell and is

immediately cleaved by an enzyme known as ATP:citrate lyase (1):

Citrateþ ATPþ coenzyme A! acetyl-coenzyme Aþ oxaloacetateþ ADP

þ inorganic phosphate . . . . . . . . . . . . . . . ð1Þ

This is a key reaction as it generates the C2 building unit (acetyl-CoA) for fatty acid

biosynthesis. Without this enzyme being present, there would be no abundant sup-

ply of the acetyl-CoA units and, indeed, many if not all of the nonoleaginous yeasts

do not possess this enzyme. The oxaloacetate generated in this cleavage reaction is

immediately converted to malate by malate dehydrogenase and then the malate, in

turn, is converted to pyruvate by the action of malic enzyme (2).

Malateþ NADPþ�!pyruvate þ CO2 þ NADPH . . . . . . . . . . . . ð2Þ

This is the second key enzyme needed to produce high amounts of lipid as the reac-

tion catalysed simultaneously produces the necessary reducing equivalent, NADPH,

by which the growing long acyl chain, derived from acetyl-coenzyme A (see

above), is reduced to the final long-chain fatty acid. Fatty acid biosynthesis, and

consequently lipid accumulation, requires both a continous supply of acetyl-CoA

and reducing power (NADPH), and these are provided by the key reactions men-

tioned above.

How the oleaginous microorganism then produces variable amounts of lipid (see

Table 1) lies with the activity of malic enzyme rather than in ATP:citrate lyase.

Malic enzyme activity is controlled by the genetic makeup of the cell: in cells

that accumulate considerable amounts of lipid (up to and even above 70%), the

gene that controls the synthesis of the malic enzyme is kept switched on all the

time, whereas in the low-lipid cells, the gene is switched off shortly after nitrogen

exhaustion. When this happens, malic enzyme activity quickly disappears and, con-

comitantly, lipid accumulation ceases. Thus, it is now possible to explain not only

the reason why some microorganisms are able to accumulate lipid and other cannot,

but also why the amount of lipid accumulated can vary considerably within the

lipid-accumulating organisms (8). This biochemical information is now leading to

the identification of the key genetic elements that are involved in lipid biosynthesis.

From this will then come the opportunity to genetically modify microorganisms
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to give them increased quantities of lipid and, simultaneously, to produce more of

the desired fatty acids.

2. COMMERCIAL MICROBIAL OILS

2.1. Initial Ventures Into Single Cell Oil Production

2.1.1. Fungal Oils Rich in Gamma-Linolenic Acid Although microbial lipids,

SCO, were considered as possible commercial sources of oils and fats for almost

all of the last century, no industrial production of a microbial oil took place

simply because no economically attractive target had been identified. However,

by the late 1970s, certain polyunsaturated fatty acids were being used medicinally as

over-the-counter treatments for a variety of disorders, chief among which was the

use of evening primrose oil (9) as a possible treatment for multiple sclerosis.

Evening primrose oil contains the relatively unusual fatty acid, gamma-linolenic

acid, 18:3n-6. (GLA) (see Table 2). Claims for the efficacy of this oil in the treat-

ment of many disorders, including atopic eczema (10, 11), which go back many

centuries in a historical context, are then attributed to the presence of this fatty

acid, which does not occur in most other plant seed oils. Other claims for the effi-

cacy of GLA-rich oils include the treatment of premenstrual tension, which is the

main selling point of this oil in the United Kingdom, as well as for various cancers

(9, 12). These have added impetus to identifying a cheaper and perhaps more reli-

able source of GLA as the cultivation of evening primrose is not easy, with it being

a biennial crop and which produces very tiny seeds requiring careful harvesting and

processing (13). As it was known that GLA is also present in a large number of

simple fungi, known as the lower fungi or Zygomycetes since the 1940s, a fungal

route to its production was recognized as a feasible alternative to evening primrose

TABLE 2. Fatty Acid Profiles of GLA-SCOs—Microbial Oils Rich in Gamma-Linolenic

Acid (18:3 n-6)—in Comparison with Plant Sources of GLA [Adapted from (4) and 6)].

Relative% (w/w) of Major Fatty Acids

Oil

Content 16:0 16:1 18:0 18:1 18:2 18:3 18:3 20:1 22:1

(% w/w) (n-6) (n-6) (n-3)

Mucor circinelloides1 25 22 1 6 40 11 18 — — —

Mortierella isabellina2 ND 27 1 6 44 12 8 — 0.4 —

Mortierella ramanniana �40 24 — 5 51 10 10 — — —

Mucor hiemalis 30 25 1 10 32 12 15 — — —

Evening primrose 16 6 — 2 8 75 8 0.2 0.2 —

Borage 30 10 — 4 16 40 22 0.5 4.5 2.5

Blackcurrant 30 6 — 1 10 48 17 13 — —

1 Production organism used by J & E Sturge Ltd., Selby, N. Yorks., UK.
2 Production organism used by Idemitzu Ltd., Japan.

ND—Not disclosed but believed to be 40% to 50%.
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oil. Work was carried out in the authors’’ laboratory at the University of Hull begin-

ning in 1976 by screening a large number of these fungi for their potential to pro-

duce an oil rich in this fatty acid. This led to Mucor circinelloides (formerly known

as Mucor javanicus) being identified as the most productive organism (3): although

this fungus was not the highest producer of GLA, there were three important and

interdependent variables that had to be satisfied:

� The organism had to be able to grow quickly and to a high cell density. A

working target was for an organism to achieve more than 50-g dry cell per

liter of fermenter in a time not to exceed 4 days.

� The organism had to have more than 20% oil content; otherwise extraction

would be difficult, and the costs of oil production would be increased. Equally,

the extracted oil should be at least 90% as a triacylglycerol so that subsequent

refinement and encapsulation would be relatively easy to accomplish.

� The content of GLA in the oil had to be considerably higher than that in

evening primrose oil, which was only about 10%; a working target of 20%

was therefore chosen.

� A fourth preference was for the chosen organism to be already recognized as

being safe to use for food purposes: the so-called Generally Recognised As

Safe (GRAS) category. However, this was not regarded as absolutely essential

as the product would be an extracted, purified oil. It would then be the quality

and safety of this that would be assessed rather than the safety of the whole

organism. Nevertheless, one would not want to use a microorganism that had

any association with any disease for very obvious reasons. Also, the chosen

organism should not be a plant pathogen because of possible environmental

risks when growing the organism on a large scale. (All organisms being used

in large-scale cultivations have to be intrinsically safe to handle and even

organisms that could cause allergic reactions in factory operatives are best

avoided.)

The finally chosen production organism, Mucor circinelloides, satisfied all of the

above criteria, including it being a GRAS-status organism as it has a historically

long association with tempe, a well-known oriental food material. The profile of

its fatty acids is given in Table 2 along with its lipid content.

In Japan, Idemitzu Co. Ltd. adopted a slightly different strategy to isolate GLA-

producing organisms. They opted to go primarily for organisms producing high oil

contents and, seemingly, hoped that the GLA also would be high in such organisms.

In the event, although high oil-producing species were found, none produced more

than 10% of the total fatty acids as GLA (see Table 2). For a reason not yet under-

stood, but possibly related to the limited capacity of the cells to generate NADPH

that is used both in fatty acid synthesis and in fatty acid desaturation (see Section

1.3), there is an inverse relationship between oil content and GLA formation. The

higher the oil content of the cells, the lower is the GLA content (see Table 2). The

Idemitzu oil from Mortierella isabellina, therefore, had only half the GLA content
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of the U.K. organism, Mucor circinelloides, although the Japanese organism had

twice the oil content of the U.K. organism. Commercially, however, the higher

the GLA content of an oil, the greater its value, and an oil with 20% GLA is prob-

ably more than twice as valuable as an oil with only 10% GLA, so it is more cost-

effective to produce more GLA at the expense of producing less oil.

The GLA-SCO was produced in the United Kingdom by John & E. Sturge,

Selby, North Yorkshire, using Mucor circinelloides. It was first offered for sale in

1985 under the name of Oil of Javanicus, which took account of the oriental origins

of the organism and its original name, Mucor javanicus. The oil was sold com-

mercially throughout the United Kingdom between 1985 and 1990. Production

was at about 10–15 tons of oil per year. The fermenters used were 220,000 L

and were normally used for the production of citric acid using Aspergillus

niger. The overall fermentation configuration was similar to that shown in

Figure 1. To grow M. circinelloides for oil production, rather than A. niger for citric

acid, all that had to be done was to reformulate the growth medium so that it

now contained an insufficient supply of nitrogen and so that cell proliferation

would cease after about 36–40 hours and lipid accumulation would then begin

(see Figure 2).

The Oil of Javanicus was of high purity and passed all toxicity tests: It was

superior in safety evaluations to conventional plant oils, which always contain

very small residual amounts of pesticides, insecticides, and herbicides from the var-

ious sprays that are used on such crops. These levels, though, are always below the

recommended threshold values laid down by regulatory authorities. Being culti-

vated in fermenters, M. circinelloides does not, of course, need to be sprayed

with any chemical pesticide, herbicide, or fungicide.

The arrival of this novel oil on the market resulted in a sharp decline in the price

that evening primrose oil was being offered for sale. Competition between it and

Oil of Javanicus was much fiercer than had been anticipated. Although for all

intents and purposes, the fungal oil was superior to the plant oil, in that it contained

twice the GLA content of the evening primrose oil, nevertheless, and perhaps not

surprisingly, there was a certain reluctance on behalf of the general public, who

were buying these oils to switch to an oil of fungal origin. However, the marketing

of the oil carefully eschewed specific mention of the word ‘‘microorganism’’ or

‘‘fungus,’’ but nevertheless there was a reluctance on the behalf of major purcha-

sers, the health-food stores, over-the-counter medicine shops, and so on, to pur-

chase the oil in spite of its technical superiority. Although interest in this GLA-

rich oil was high, it quickly became apparent that it was being outcompeted by eve-

ning primrose oil in terms of price. Unfortunately, within the European Union, agri-

cultural crops not designated as food crops could be financially subsidized from the

Common Agricultural Policy. This meant that growers of evening primrose oil

received cash benefits directly from the EU for growing this plant, which was desig-

nated as a non-food crop. At the same time, the fermentation process was being

financially penalized by the sugar used as the feedstock had to be bought within

the EU at EU prices and not at world prices, which were less than half this cost.

Sugar within the EU has a tariff placed on it so that farmers in the EU can receive
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adequate remuneration for growing this crop. Thus, the Oil of Javanicus was doubly

disadvantaged by its commercial rival, evening subsidized primrose oil, which was

subsidized by the EU, and at the same time the cost of production was increased by

the artificially high price of the fermentation feedstock.

The final blow to the production of the fungal oil came with the introduction of

borage oil (Borago officinalis) as a superior source of GLA. This new oil had a

GLA content of 20–22% (see Table 2) and, although it was technically just as dif-

ficult to grow and process as evening primrose oil, it was considered superior and

was, of course, cheaper, than both the evening primrose oil and the fungal oil.

Again, growing this borage crop still enjoyed the financial benefits that had accrued

from the EU Common Agriculture Policy for evening primrose cultivation.

In 1990, and against this background of increasing erosion of the profit for the

microbial SCO, production of Oil of Javanicus ceased. The 6 years in which the oil

had been in production, though, established a number of important points. First,

microbial oils could be produced on the very largest of scales, up to 220 m3 in

this case. The oil was intrinsically safe, posed no safety problems, and passed all

toxicity trials to which it was subjected. It was well accepted by all people who

consumed it, and no adverse reactions to it were ever recorded. There were no

particular difficulties in extracting the oil (a process using hexane was used), and

the oil could be easily purified using conventional procedures of the oils and fats

industry. The oil was also remarkably stable from oxidation, presumably because of

the presence of endogenous natural antioxidants. Thus, the way was now open for

other microbial oils to enter the market even though Oil of Javanicus was no longer

in commercial production.

In Japan, the GLA-SCO from the Idemitzu Co. Ltd process using Mort. isabel-

lina appears also to have ceased production, and GLA, when needed, is derived

either from evening primrose oil or borage oil.

2.1.2. Cocoa-Butter Equivalent Yeast Fat The initial interest in producing

high-value microbial oils in the late 1970s quickly led to serious consideration

being given to the prospects of producing a facsimile oil to cocoa butter, i.e., cocoa

butter equivalent fat or CBE (14–16). The price of cocoa butter, which is used

extensively in chocolate manufacture, is very variable, but in the early 1980s, its

price was exceeding $8000 per ton. CBEs are traditionally made by palm oil frac-

tionation to give an oil containing a high content (approximately 30–35%) of stearic

acid (see Table 3) with equal proportions of oleic acid and palmitic acid (17) and

command a price that is usually fixed at about 50% to 60% of the price of cocoa

butter. CBEs can be added into cocoa butter at up to 5% in various countries,

including the United Kingdom, without invalidating the claim for the product to

be called ‘‘chocolate.’’ In other countries, such mixtures can only be used in con-

fectionery chocolate.

The high price of cocoa butter at this time then made it an attractive target to

emulate. A sufficient margin of profit was considered possible if a microbial oil

could be produced that mimicked the fatty acid profile of cocoa butter and, most

importantly, had the same melting profile as cocoa butter. This manifests itself
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by the fat being solid at ambient temperature (up to about 25�C) but then melting

completely at 30–32�C. As most microbial oils contain less than 10% of the total

fatty acids as stearic acid (18:0), the task was then to increase the content of stearate

and, simultaneously, to ensure that the resulting triacylglycerol had the correct fatty

acid distribution (i.e., was a sn-1 palmitoyl, sn-2 oleoyl, sn-3 stearoyl glycerol) so

that the ensuing oil would meet the very stringent requirement for its inclusion in

chocolate.

The most attractive production organisms appeared to be yeasts, which do not

usually contain high amounts of 18:2 or other polyunsaturated fatty acids and there-

fore were immediately attractive for this reason. They also could be grown extre-

mely rapidly and to high cell densities with high lipid contents. Attempts in the

early 1980s had been made by several groups to increase the amount of stearic

acid in a yeast by growing the yeast on stearic acid, or esters of stearic acid, as feed-

stocks (5). Not surprising, such yeasts then contained high amounts of this acid, but

as no cheap source of the stearic acid existed at this time, this did not represent an

economic route to an SCO-CBE product.

An alternative strategy was developed by Cadbury-Schweppes plc, the large

U.K.-based, multinational chocolate and food company, to inhibit the conversion

of stearic acid to oleic acid, which is mediated by fatty acid delta-9 desaturase,

using sterculic acid, cis-9,10-methyleneoctadecenoic acid (18, 19). This inhibitor,

which can be derived from sterculia and kapok oils (18), increased the stearic acid

content of several oleaginous yeasts up to nearly 50% of the total fatty acids when

they were grown on glucose. However, the selectivity of the inhibitor was such that

the yeast still contained too much linoleic acid, and consequently, another inhibitor

of the delta-12 desaturase (converting oleic acid to linoleic acid) was needed.

This was cis-12,13-methyleneoctadecenoic acid, which had to be synthesized

TABLE 3. Fatty Acid Profiles of CBE-SCOs—Microbial Oils for use as a Cocoa Butter

Equivalent—in Comparison with Cocoa Butter.

Relative % (w/w) of Major Fatty Acids

16:0 18:0 18:1 18:2 18:3 24:0 Ref

(n-3)

Cryptococcus curvatus WTa 30 15 45 5 0.5 2 27

C. curvatus NZ 18 24 48 3 1 2 28

C. curvatus R26-20 15 47 25 8 2 — 21, 23

C. curvatus R25-75 33 25 33 7 1 — 21, 23

C. curvatus F33.10 24 31 30 6 — 4 22, 23

Trichosporon cutaneum DRL-D221 30 13 47 7 — 24

T. cutaneum DRL-ole� 26 38 16  14 — 24

Yeast isolate K7-2 26 25 38 6 1 1 29

Cocoa butter 23-30 32-37 30-37 2-4 — — —

WTa¼wild type.
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chemically. In the presence of both inhibitors at about 100 mg/L, one yeast,

Rhodosporidium toruloides, now produced a SCO-CBE product that was close

to the required fatty acid profile (5, 19). The costs of the fatty acid desaturase

inhibitors unfortunately proved to be too high for the process to be sustained,

and there was also clear unease at using metabolic inhibitors that might find their

way into the final product. Consequently, this interesting and novel approach was

abandoned.

Nevertheless, the clear conclusion was reached from the work with sterculic acid

that an SCO-CBE was possible if the activity of the delta-9 (and the delta-12) desa-

turase could be diminished. This was then the concept behind the subsequent muta-

tion program that was developed by several groups but most notably by a group at

the Free University of Amsterdam, The Netherlands. The yeast chosen for this

mutational work was Candida curvata (also known as Apiotrichum curvatum and

now renamed Cryptococcus curvatus). Using conventional mutational procedures,

various mutants were produced that had lost the ability to synthesize oleic acid and

now needed this fatty acid to be included in the growth medium (20–23) (see also

Table 3). Clearly the gene coding for the delta-9 desaturase had been affected by the

mutations.

By judicious selection of the various mutants and adjustment of the mutational

makeup, it was possible to select mutants that had a low activity of the delta-9 desa-

turase and no longer needed oleic acid to be added as a supplement to the growth

medium. The composition of the fatty acids of two of these mutants, R26-20 and

R25-75, are shown in Table 3. The best results were, obtained though, using a

hydrid of two mutants, F33.10, which gave an almost ideal fatty acid profile for

an SCO-CBE (see Table 3). Similar mutational programs were carried out by other

research groups (24–26), although with no greater success than the Dutch group

(23).

One factor that is a prerequisite for using mutated strains of micro-organisms is

their long-term genetic stability and, in particular, their stability when grown in

large-scale fermenters where they have to undergo many generations to reach the

required cell densities. Also, it is important that the mutants should grow as rapidly

as the original parent organism. During the growth of the mutants from small cul-

tures (say, 200 mL) up to the final level at perhaps 100,000 L or higher (see Figure 3),

there has to be complete genetic stability; otherwise the organism reverts to its ori-

ginal constitution and the desired product is no longer produced. For these reasons,

the mutants of the yeast used for SCO-CBE production were not entirely depend-

able when used in large-scale growth trials and yields of the required CBE were

below expectation. This is probably attributed to there being other mutational

changes to the DNA, besides the alteration in the oleic acid desaturase gene, which

then affect the long-term performance of the organism. Today, current molecular

techniques would allow one to identify the key genes that needed to be changed

and then these could be individually manipulated in such a way that the remainder

of the DNA would not be affected. Thus, in principle, specifically, genetically mod-

ified yeasts could now be produced that would yield a very high-quality SCO-CBE

even when grown in large-scale fermenters. However, in the 1980s, before this
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current technology was available, further efforts to produce a yeast oil CBE focused

on controlling the production of oleic acid using a restricted supply of oxygen to

the cells.

As the conversion of stearic acid to oleic acid (and indeed all desaturase reac-

tions) requires the active participation of O2 in the reaction, it was attractive to con-

sider that the content of stearic acid in the yeast oil could be increased by restricting

the supply of air to the growing cultures. This, in fact, was achieved by Davies et al.

(28) using the yeast, C. curvatus. To achieve the necessary low levels of oxygen

within the fermenter, a 500-L system had to be employed. With smaller fermenters,

it was not feasible to restrict the oxygen supply sufficiently to cause the desired

effects. The fatty acid profile of the yeast when grown under such conditions is

shown in Table 3 and was considered to be a reasonable approximation to that

needed for the oil to be considered as a suitable CBE (27).

Extensive large-scale cultivation of various yeasts, but principally C. curvatus,

for the production of SCO-CBE was carried out by Davies et al. in New Zealand

from the early 1980s until the 1990s. The concept behind this work was the use of

cheese creamery waste, which in New Zealand—the location of Davies’s labora-

tory—was a major waste resource. As whey contains 4% to 5%(w/v) lactose,

this could be used as an appropriate substrate for yeast growth. The yeasts chosen

by Davies (see 29), therefore, were all lactose-users, including C. curvatus, which

had originally been isolated by Earl Hammond et al. from dairy waste-processing

areas (30). By virtue of the extensive work carried out on this process, Davies et al.

was able to calculate the likely costs of production of an SCO-CBE (27, 29).

Davies, writing in 1992 (27), calculated that the manufacturing cost of producing

1 ton of refined yeast oil would be $800–$1000. This was based on a process

that would use 200,000 m3 of whey per year and that would be available at a single

location in New Zealand. These costs, though, did not include plant depreciation,

the interest payable on the capital investment needed, nor the manufacturing over-

heads. Collectively, these costs could then double the original estimate. At this time

(late 2003), cocoa butter had slumped in world prices from its all-time high of

$8000/ton in the early 1980s to $3500/ton. As a CBE could only command about

two-thirds of this price, this meant that the yeast CBE would only be valued at

$2000–$2500/ton. The margin of profit, therefore, was not great enough to warrant

the large investment of capital that would be needed to establish the process.

Consequently, after huge efforts by many groups around the world, it was generally

agreed that this approach was not economically viable. As far as the present authors

are aware, no further commercial interest has been shown in developing a

yeast-based process for the production of a CBE. Even if the economics of cocoa

butter production were to change in the next decade, there are now sufficiently

good alternative systems, including the use of immobilized lipase technology, to

produce CBE material more cost-effectively than the microbial route of manufac-

ture (17, 31). It is worth pointing out, however, that the cost-calculations of Davies

for the bioengineering aspects of SCO-CBE production could form the basis for

future calculations of such processes aimed at the production of other microbial

oils.
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3. SCOS IN CURRENT (2003) PRODUCTION

As already discussed, the cost of SCO manufacture is high because of the high capi-

tal costs involved in the construction of large fermenters and associated machinery

as well as in the costs of operation. If a microbial oil is to be exploited commer-

cially, then the SCO must command a premium price (32, 33). In reality, this means

that microbial sources for oils can only be a commercial reality if the SCO pro-

duced is (1) destined for human consumption and (2) not readily available from

traditional sources, either plant or animal.

Such opportunities exist in terms of long-chain polyunsaturated fatty acid (LC-

PUFA) rich oils that have well-defined and publicly recognized benefits for human

health. Currently, >95% of the global SCO production are oils rich in two distinct

fatty acids:: arachidonic acid (ARA, 20:4 n-6) and docosahexanoic acid (DHA,

22:6 n-3). Both are being produced either directly by, or under contract, for Martek

Biosciences Corporation, MD. The production of SCOs is no longer a small-scale

operation. The blend of SCO produced by Martek as a neonate nutritional supple-

ment (for inclusion in infant formula) has established itself worldwide in the past

few years, to the extent that current production is measured in the ‘‘hundreds’’ of

tons annually. An estimate has been made that for 2003, about 560 tons of SCOs

will be produced, the majority of which will be SCOs rich in either ARA or DHA.

For 2004, this amount is predicted to double and possibly double again in 2005.

ARA and DHA are LC-PUFA, having a carbon chain of greater than 18 carbons

and are not available from plant sources. Agricultural plants usually produce

only 18 carbon (or shorter) fatty acids, and hence, the most unsaturated fatty acids

they produce are 18:3 of the n-3 or n-6 type. Although some plants, though, do pro-

duce C20þ fatty acids, these are monounsaturated such as erucic acid (22:1, n-9) or

nervonic acid (24:1, n-9) and do not possess the beneficial physiological effects of

ARA and DHA. Animals (including fish) are potential sources of a multitude of

polyunsaturated fatty acids with carbon chains as long as 22 and as many as six

double bonds. However, these animal oils have potential problems of generally

low LC-PUFA content and complex fatty acid profiles, as well as acceptability pro-

blems to various sectors of the community based on religion or lifestyle (34).

Furthermore, there are increasing concerns about the presence of viruses and prions

in materials of animal origin, and with fish, there are worries concerning their long-

term availability as a cheap resource. More recently, reports of the possible accu-

mulation of toxic pollutants, including heavy metals, from the marine environment

into fish livers have added another dimension to the argument against the use of fish

oils. Fish livers, together with whole fish bodies, are, of course, the current major

source of LC-PUFAs.

SCOs have the advantage over these traditional sources for the provision of LC-

PUFA for the very reason that they are produced by fermentation. The quality and

supply of SCO can be closely controlled and guaranteed on a yearly basis (32, 33).

Such guarantees are hard to provide for plant-or animal-derived oils because of

environmental conditions and variations that are outside of the producers’ control.

Weather, diet (for animal oils), and environmental pollution (including the spraying
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of almost all commercially grown crops with mixtures of herbicides, pesticides, and

fungicidal chemicals) have a considerable impact on the supply and quality of oils

from traditional sources. Also, the growth of micro-organisms is very rapid in com-

parison with agricultural crops and animals; usually fermentation times are 4 to 10

days. As a result, the supply of SCO can far more easily be matched to the market

requirement, avoiding oversupply or shortage problems that can be an issue with

traditional oils.

Initially, public reluctance to consume a microbe-derived oil in preference to

those from plant or animal sources was a considerable problem, contributing to

the decline of ‘‘Oil of Javanicus’’ (the first commercially produced SCO); see Sec-

tion 2.1.1. However, a mixture of more astute marketing, ‘‘rebranding’’ of SCO as

either ‘‘fermented oils,’’ ‘‘designer oils,’’ or even ‘‘vegetarian oils’’ when in com-

petition with animal oils, and the improved public acceptance of ‘‘microbial’’

foods, as exemplified by the success of the mycoprotein (SCP) product, QuornTM,

in the United Kingdom and Europe, has helped establish PUFA-SCOs as acceptable

products.

3.1. Archidonic Acid

After the success (at least temporarily) of ‘‘Oil of Javanicus,’’ the next fatty acid to

be developed on a commercial basis was ARA. The early development occurred in

the Far East, with two Japanese companies, Lion Corp. and Suntory. Both compa-

nies developed processes for producing arachidonic acid using fungal sources. It is

interesting to note that the interest of Lion Corp. in an arachidonic acid-rich oil was

not for nutritional applications but as the basis of cosmetic creams, another area that

can withstand commodities with a premium price. This development resulted in

patents being awarded to these two companies in the late 1980s covering the pro-

duction of arachidonic acid from Mortierella alpina (35, 36).

ARA-rich SCO continues to be produced commercially in the Far East by Sun-

tory and is produced in Europe by Dutch State Mines (DSM), formerly Gist-

brocades. DSM produces ARASCOTM (an oil produced from the fungus Mortierella

alpina and containing >40% w/w ARA) under contract for Martek Biosciences

(USA) for inclusion in the neonate ‘‘Formulaid1’’ nutritional supplement, which

is used in infant formulas and baby foods in 60 countries worldwide (including

the United States since February 2002). Currently, infant formula is, by far, the

most important market for SCO. Over 95% of global sales of SCO is made up

by a single product, Martek’s Formulaid1 (Figure 4).

The astonishing success of this product is evidenced by the fact that although it

was introduced into infant formula in the United States in February 2002 (and the

formula containing this supplement commands a premium price), by the time of

writing (September 2003), the market share of infant formula containing Formu-

laid1 in the United States has reached 30%. The ARA-rich SCO produced by Sun-

tory, which is similarly used in infant formula, is mainly for export as the Japanese

market for such products is still being developed. However, the oil is available with-

in Japan as a health supplement. In China, the Wuhan Alking Bioengineering Co.
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Ltd., located in Wuhan City, has been producing arachidonic acid using Mort. alpi-

na since 2001 (see www.alking.com.cn). Production appears to be at the 50,000-L

level although larger fermenters may be under commission. The oil is thought to be

used in infant milk powder but also may be exported to unknown destinations.

As Mort alpina, unlike Mucor circinelloides (also known as Mucor javanicus),

did not, prior to the production of ARA-rich SCO, have any definite historical asso-

ciation to any food product, extensive toxicological studies were performed to con-

firm the safety of ARASCO (37–40). This requirement for toxicological screening

is a hurdle that must be overcome for any SCO that cannot claim GRAS status by

association with a preexisting human food. Obtaining this toxicological data

ab initio can be a costly and time-consuming process.

Many micro-organisms have been examined for the ability to produce substantial

amounts of ARA, but the overwhelming consensus is that fungi of the genus

Mortierella (and in particular the subgenus of Mortierella Mortierella) are the organ-

isms of choice (41– 43). Although a number of species of Mortierella have been

suggested, and even perhaps developed, as production organisms (44), the commer-

cial production of ARASCOTM is currently carried out using Mortierella alpina.

The major culture collections ATCC (14 strains), IMI (4 strains), CBS (19 strains),

and so on, contain multiple isolates of Mortierella alpina, which have been exhaus-

tively examined for their commercial viability. The most productive strain will

depend to a large degree on the process developed as strain selection, and process

development must occur in parallel. The interdependence of the strain/process com-

plicates the isolation/selection of new improved strains once a process is established.

Figure 4. The production and uses of commercial SCO over the past 20 years and comparison

with current estimated production and use (Dr. David J. Kyle, personal communication). (This

figure is available in full color at http://www.mrw.interscience.wiley.com/biofp.)
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The most productive strain in the ‘‘open access’’ culture collections appears to

be ATCC 32222 (45, 46). However, the group of Shimizu working in collaboration

with Suntory in Japan have isolated a very high ARA-producing environmental

strain that has been designated Mortierella alpina 1S-4 (32, 36, 41). This strain

has several unusual and advantageous characteristics (ease of sporulation amongst

them). Much experimental data pertaining to this strain exist in the literature (32,

47– 49). However, because of the proprietary nature of this strain, little of this pub-

lished data has had the opportunity to be corroborated by other workers in the field.

Although relatively high-producing strains of Mortierella alpina are available

‘‘off the shelf’’ from culture collections, it is inevitable that commercial production

will use proprietary ‘‘improved’’ strains. The processes used to obtain these strains

involve a certain amount of ‘‘lore’’ because of the difficulties obtaining spores of

the organism, which are a prerequisite for carrying out a successful mutation

program. Also, as increased ARA/oil production within a mutant organism confers

no easily recognizable trait in a mutant strain, considerable effort must be expended

to screen many thousands of potential mutants to isolate one new strain that over-

produces ARA.

3.1.1. Commercial Production The commercial production of ARA-rich SCO

starts with the thawing of a cryovial of a certified stock culture of the production

strain of Mort. alpina. The thawed cryovial is used to inoculate a series of shake-

flask cultures and seed fermenters of increasing volume to maintain a 5–10% inocu-

lum for each successive stage of the seed train. Final production scale is typically

50 to 200 m3 (see Figure 2) (50).

Media used for ARA-rich SCO production vary depending on the process/strain

used; however, they tend to be relatively simple complex media composed of a base

of yeast extract and glucose (51), although the ion composition is known to be cru-

cial for optimal productivity as well as the carbon to nitrogen ratio in the medium

(48, 52, 53).

Unlike ‘‘classic’’ fungal fermentations, such as for the production of penicillin,

citric acid, and gibberellic acid (1), the desired product in the case of ARA-rich

SCO is an intracellular product and this leads to the ARA-rich SCO process having

some distinctive features. Although in the other processes fungal biomass is, in

effect, an unwanted byproduct and can be minimized, in the ARA-rich SCO pro-

cess, a very high cell density must be achieved. Cell densities as high as 50–60 g/lL

dry weight have been reported (48), and this creates problems in terms of culture

mixing and mass transfer as LC-PUFA biosynthesis is an arobic process caused by

the O2-requirement of the fatty acid desaturases.

In order to obtain maximal ARA-rich SCO productivity, the fungus must be cul-

tivated in the correct morphological form. Mort. alpina can grow as either dispersed

hyphal filaments or as pellets (of varying sizes; depending on conditions). Although

‘‘feather-like’’ hyphal filaments yield the optimal ARA production at low cell den-

sities, because of the ready access of nutrients and ease of gas exchange between

the hyphae and the medium (54), this morphology is not suitable for cultivation at

high cell densities. Under intensive cultivation conditions, hyphal growth causes the
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viscosity of the culture to increase and agitation of the culture to be difficult (48).

Under these conditions, gas exchange and nutrients become limited, thereby dele-

teriously affecting ARASCO production. For large-scale industrial ARA-rich SCO

production, the optimal morphology is pellets, which causes a decrease in the visc-

osity of the culture and promotes mixing. When pellets form, however, the culture

becomes heterogeneous as the biomass in the interior of the pellet can experience

nutrient limitation (49). Depending on the size of the pellets, the ARA-rich SCO

production when the fungus changes from hyphal to pellets can be decreased by

as much as 50% (45). Therefore, achieving the optimum morphology for ARA-

rich SCO production is not a trivial matter. It appears small pellets < 2 mm in dia-

meter are optimal to decrease culture viscosity, while maintaining adequate nutrient

and oxygen transfer to the pellet interior (48, 55).

The ARA-rich SCO fermentation operates under nitrogen-limiting conditions to

promote cell lipid accumulation. A glucose-fed batch system is employed to allow

high levels of carbon to be used without the toxic effects of very high initial glucose

concentrations. Once the biomass has accumulated a suitable amount of lipid and

ARA (approximately 200 mg ARA/g dry weight), the fungal biomass must be

removed from the culture medium, either by continuous centrifugation or filter

pressing, and dried before the oil can be extracted and purified using techniques

essentially identical to those used for vegetable oil production. The resulting oil is

a pale yellow brilliant oil with a relatively bland flavor that is remarkably resistant to

oxidation. The fatty acid profile of the commercial oil is given in Table 4 (55).

3.2. Docosahexaenoic Acid

The most unsaturated fatty acid found in significant quantities in nature (some algal

lipids contain trace amounts of fatty acids with as many as eight double bonds) is

DHA. This fatty acid is known to be especially important in the neural development

in animals; indeed, DHA alongside ARA are the predominant PUFA in neural

tissue (56). A deficiency in DHA in has been linked to impaired brain and visual

development in neonates (56).

Once the physiological role of DHA had been realized, this fatty acid became an

obvious candidate for commercial microbial production as no ‘‘traditional’’ lipid

source rich in this LC-PUFA alone was known. As mentioned above, plants gener-

ally do not synthesize fatty acids longer than 18 carbons and no plant makes any

DHA. DHA is found in animal-derived oils, particularly fish oils; however, the use

of fish oil as a DHA supplement is problematic. Fish, like all animals, possess fatty

acid profiles that, to a large extent, reflect their dietary intake rather than metabolic

ability to synthesize fatty acids. As a result, the fatty acid profiles of fish oil are

complex and contain a host of other PUFA as well as DHA. The presence of another

LC-PUFA, eicosapentaenoic acid (EPA, 20:5 n-3), is a particular problem asso-

ciated with fish oil if the intended use is neonate nutrition. EPA, a precursor of

important signal molecules (prostaglandins and eicosanoids), is thought to act

antagonistically to the beneficial effects of ARA-rich SCO supplementation of

infant formula and is associated with growth retardation in neonates (57).
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TABLE 4. Fatty Acid Profiles of Microbial Oils Rich in Arachidonic Acid and Docosahexaenoic Acid that are Produced Commercially (from 55).

Fatty Acid Composition (Rel. % w/w)

12:0 14:0 16:0 16:1 18:0 18:1 18:2 18:3 18:3 20:3 20:4 22:5 22:6 24:0

Oil (n-6) (n-6) (n-3) (n-6) (n-6) (n-6) (n-3)

ARASCOa — 0.4 8 0 11 14 7 4 — 4 49 — 0 1

DHASCOb 4 20 18 2 0.4 15 0.6 — — — — — 39 —

Schizo-SCOc — 13 29 12 1 1 2 — 3 1 — 12 25 —

a Production organism: Mortierella alpina (see 55).
b Production organism: Crypthecodinium cohnii (see 55).
c Production organism: Schizochytrium sp. (see 55).

NB: ARASCO and DHASCO are registered tradenames of Martek Corp. Inc.



Other problems associated with the administration of fish oil to the general popu-

lation, and in particular to neonates, is the potential for the presence of environmen-

tal toxins in fish oils. As the fish from which the oils are derived are free living in

the world’s oceans, they are prone to contamination with pesticide residues and

industrial wastes (including heavy metals) that are all too frequently released

into the marine environment. Although the levels of these chemicals are usually

low, they are of sufficient amounts to cause concern that the British Government

commissioned a report that has highlighted the extent of contamination of fish

stocks (58). In particular, the presence in fish oils of dioxins and polychlorinated

biphenyls (PCBs) was noted and the report recommended that ‘‘oily fish’’ should

not be eaten more than once a week. More recently, the specter of mercury in

fish oils has led to the recommendation by the Food and Drug Administration

(FDA) and the Environmental Protection Agency in America (59) that pregnant

women should restrict their oily fish intake. Furthermore, a recent study has deter-

mined that the mercury content of fish oil diminishes the cardiovascular benefits of

these oils (60). Any inclusion of the oils from such fish, mainly derived from liver,

an organ that often concentrates ingested toxins in infant formula, even if the levels

of contaminants is low and less than safety limits, must be seen as foolhardy. Alter-

native sources of DHA that would be outside the current supplies are clearly

needed, and such sources may then be expected to command a premium price

far in excess of that of fish oils.

3.2.1. Microbial Sources of DHA It has been recognized for over 30 years that

certain marine microorganisms have the ability to synthesize DHA de novo and to

accumulate significant amounts of this fatty acid in their cellular lipid in a relatively

pure form (61). Indeed, it is these microbes at the base of the food chain that

synthesize the DHA that eventually appears in fish oil (62). Two microalgal

sources, in particular one dinoflagellate (Crypthecodinium cohnii) and one chytrid

(Schizochytrium), have been found to synthesize sufficient quantities of DHA (in an

oil devoid of EPA) to become commercially viable. Although both organisms pro-

duce a DHA-rich SCO, important differences exist in the fatty acid profiles of the

resultant oils that have significant impact on their potential use. Although C. cohnii

oil contains DHA as >99% of the PUFA (and >40% of the total fatty acids), the oil

from Schizochytrium contains a significant amount of another PUFA docosapentae-

noic acid (DPA n-6; 22:5n-6). The presence of DPA in the chytrid oil was initially a

cause for sufficient concern that this oil was not considered suitable for neonate

nutritional applications. However, the DPA appears to be completely benign and

has, moreover, been recognized as a natural component of the phospholipids of

human blood platelets (63, 64). Studies of DPA metabolism in rat hepatocytes

(65) have further indicated that DPA is retroconverted to ARA if the ARA content

of the diet is low, but when ARA is administered along with a mixture of DPA and

DHA, then the DPA serves to maintain the DHA at a high circulating concentration.

Thus, there may be positive benefits of including DPA in a dietary supplement of

ARAþDHA, and this would occur by using the Schizochytrium oil along with the

ARA-SCO.
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Initially, the two organisms were developed as competing processes by two pio-

neering U.S. firms, Martek (using C. cohnii to produce DHASCOTM, an oil contain-

ing >40% DHA) and OmegaTech (using Schizochytrium to produce Sea GoldTM,

now known as DHAGoldTM, an DHA-rich SCO also containing DPA n-6). In April

2002, Martek acquired OmegaTech to combine the expertise of the two companies.

Currently, the DHA-rich SCO produced by Martek is almost exclusively DHAS-

COTM and is destined for infant formula as part of the SCO blend Formulaid1.

The production of the Schizochytrium oil continues at a low level and is aimed

more directly at food applications. Several other companies, Norferm in Norway

and Celanese in Germany, have developed competing processes to some level at

least, and indeed Celanese, through their subsidiary company Nutrinova, Frankfurt,

Germany, have recently expressed their intent to launch a chytrid-derived DHA-rich

oil, to be known as DHActiveTM. To date, however, no DHA-rich SCO other than

Martek’s DHASCOTM has reached a large-scale market. In Japan, Nagase-Suntory

are thought to be producing small amounts of DHA-SCO to be used as a dietary

supplement, although it is uncertain to what extent production is taking place.

Both C. cohnii and Schizochytrium were selected for both their capacity to accu-

mulate large amounts of DHA containing oil (cells contain >30% oil containing

>40% DHA) and ease of cultivation in conventional stirred tank fermenters.

Although both C. cohnii and Schizochytrium are microalgae, they are heterotrophic

and therefore do not need light as a prerequisite for growth. As a result, both can be

grown in fermenters using similar technologies used for other microbial fermenta-

tions. One peculiarity of these organisms, however, is a consequence of their marine

heritage: Both organisms require the growth medium to contain a substantial con-

centration of salt (NaCl) in order to grow. Seawater contains 18–19,000-ppm Cl�,

which is not a problem in glass vessels, such as laboratory bench fermenters; how-

ever, it is a major problem at industrial scale where stainless steel vessels are the

norm. The ‘‘standard’’ grade of stainless steel, S 30400 (more normally referred to

as simply 304), which is relatively inexpensive and is used for a large percentage of

applications (approximately 50% of all stainless steel used is 304) from household

pans and cutlery to industrial plants. A total of 304 can withstand high Cl� condi-

tions for short periods of time, assuming thorough washing in between, but is sus-

ceptible to crevice corrosion at above 200-ppm Cl� if contact is prolonged. The

higher grade of stainless steel 316 is also used for industrial plants, although less

often because of increased expense and can withstand Cl� concentration up to 1000

ppm, still insufficient for cultivation of microorganisms in media with salt concen-

trations similar to seawater. As a result, specific media have been developed (66),

and strains of both organisms that are capable of growth in ‘‘low’’ salt conditions

have been identified.

As with the ARASCO process, the organism is cultivated in sequentially larger

vessels to ensure sufficient inocula size, to final production vessels up to 200 m3

(see Figure 2). The development of the culture is followed to ensure optimal con-

ditions, and once sufficient biomass and oil have accumulated, the biomass is har-

vested by centrifugation, spray dried, and then hexane extracted using technology

essentially identical to that used for vegetable oils (50, 67). The resulting oil is a
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transparent orange oil that is bland in taste and odor. Despite its high DHA content,

DHA-rich SCO and in particular DHASCOTM is very stable, far more stable than

fish oils (67–69), to the extent that microbial oils have to be relatively badly abused

before they take on the taste/odor characteristics of even the most refined fish oils.

4. PROSPECTS FOR PRODUCTION OF OTHER PUFAS
BY MICROORGANISMS

4.1. Eicosapentaenoic Acid (20:5, n-3)

The markets for ARA and DHA are now well established in Europe and the United

Stated and are clearly being developed in Japan as well as in China. The next PUFA

that appears likely to be produced is EPA, which could be used as a nutraceutical

for over-the-counter sales or, more likely, as a possible pharmaceutical, as there

have been numerous reports of its benefits for the treatment of various diseases

and disorders. Such conditions as atherosclerosis, cancer, rheumatoid arthritis, psor-

iasis, bipolar disorder, schizophrenia, and Alzheimer’s disease have all been said to

have been improved or relieved by the oral administration of EPA, sometimes on its

own, although sometimes with DHA (34, 70–72). EPA and DHA, of course, occur

together in many fish oils, and when treatment with both these PUFAs is advocated,

then the use of fish oils would seem to be the appropriate recommendation.

EPA has long been recognized as having anti-inflammatory properties and there-

fore has potential uses against autoimmune diseases such as arthritis. However,

inflammation is now being recognized as a major factor in the progression of heart

disease (73). Thus, the cardioprotective activity of EPA may be associated with its

anti-inflammatory properties. There is also some evidence that growth of some

mouse tumors can be decreased by oral administration of large doses of EPA

(74–76). The EPA may work by affecting fatty acid uptake by the tumor cells

and, in particular, by inhibiting linoleic acid uptake, which is converted into the

13-hydroxy derivative that is a positive promoter of tumor growth (77).

Opportunities for producing EPA, besides purifying it from fish oils, which will

always leave some DHA behind, using micro-organisms are currently somewhat

limited. Mortierella alpina strain 1S-4, which is used commercially to produce ara-

chidonic acid (see above) can produce EPA if it is grown during the lipid accumu-

lation stages at 12�C rather than at the normal 28�C (78, 79). Also, EPA can be

produced in increased quantities if alpha-linolenic acid (18:3, n-3) is fed to this par-

ticular strain of M. alpina (80). Up to 42-mg EPA/g cells has been achieved. How-

ever, ARA is still present in all of these oils. Some species of the fungus, Pythium,

has also been shown to produce EPA at up to 34-mg/g cells (81–83), but other

PUFAs, including arachidonic acid, are also synthesized simultaneously, making

production of an EPA-rich oil, devoid of ARA, somewhat difficult.

The best current sources of EPA would appear to be the photosynthetic micro-

algae, of which Porphyridium cruentum, Isochrysis galbana, Nannochloropsis ocu-

lata, and Phaeodactylum tricornutum appear to be the prime candidates (84–87).

All produce oils with EPA between 25% and 38% of the total fatty acids (see
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Table 1), but in each case, there is always some ARA or DHA, or even both, that is

present. The oil content of these algae is also not very encouraging as it is generally

less than 20% of the cell mass. The oil is not high in triacylglycerols, which is the

desirable form for it, but it is a variety of complex lipids involved in the photosyn-

thetic apparatus of the cells.

Thus, there is as yet no equivalent oil to the DHASCO from Crypthecodinium

cohnii, in which EPA is the sole PUFA that is present and moreover is present prin-

cipally as its triacylglycerol. Some researchers, though, have advocated the use of

genetically engineered microorganisms to produce EPA by taking appropriate genes

from bacteria (a few of which can also produce EPA) and cloning them into more

amenable species, but this is far from an easy task if one also needs to increase the

total oil content of the species. There is considerable effort currently being placed

into finding suitable micro-organisms for the production of EPA-rich oils, and it is

not inconceivable that within the next 2 to 3 years, such organisms will be found,

but at the present time, no microbial source of EPA is in production.

4.2. Other PUFAs

Prospects of producing a variety of other PUFAs using microorganisms exist,

although whether any of these will reach commercial fruitition will depend on

the demand for such materials. In many cases, these unusual fatty acids can be pro-

duced using Mortierella alpina, which normally produces arachidonic acid (see

above). However, Shimizu et al. have shown (32, 88) that it is possible to mutate

this fungus so that the normal sequence of desaturation and elongation of the C18

PUFAs can be disrupted at various key points. Thus, mutants of this organism have

been created, which can accumulate:

� Stearidonic acid (18:4, n-3) [here the elongation of gamma-linolenic acid

(18:3, n-6) to 20:3, n-6, had been prevented by a mutation that knocked out

the gene coding for this elongase enzyme activity; the GLA was now

desaturated with an existing delta-15 desaturase]. The production of this

PUFA has, however, also been demonstrated in transgenic crop plants by

Monsanto, so the potential for this PUFA as the basis of a SCO is limited.

� Dihomolinolenic acid (DHGLA; 20:3, n-6) (where the final desaturation of

this fatty acid to arachidonic acid by a delta-5 desaturase had been either

deleted by mutation or blocked by the presence of a specific inhibitor of the

desaturase).

� Eicosatrienoic acid (ETA; 20:3, n-9: Mead acid) (here a double mutant of the

parent fungus was produced that lacked both delta-12 and delta-15 desaturase

activities so that oleic acid, 18:1,n-9, could only be desaturated between its

existing double bond and the carboxylate head group).

� Eicosatetraenoic acid (EteA; 20:4, n-3) [where the mutant that had accu-

mulated DHGLA (see above) was now grown with linseed oil (as a source of

alpha-linolenic acid, 18:3, n-6) instead of the normal glucose; this fatty acid

was then channeled down the n-3 route of metabolism].
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In all cases, the amounts of the various PUFA were relatively low, although for

DHGLA, the amount reached 23% of the total fatty acids. Some of the above

PUFAs also occur in small amounts in various marine microalgae, although no

routes to optimize their commercial productions have been indicated.

The unusual PUFA, docasopentaenoic acid (22:5, n-6), which occurs at about

12% of the total fatty acids of the Schizochytrium sp. used for DHA production (see

Table 4), is thought to be produced in Japan by Nagase-Suntory, possibly as a

byproduct from the purification of the DHA-rich oil that this organism produces,

although the exact means of production are not certain. The direct applications

of DPA are uncertain, although as discussed in Section 3.2.1, there may be some

benefits of including DPA along with both DHA and ARA as it may serve to main-

tain DHA at a higher circulating level (65).

5. THE FUTURE OF MICROBIAL OILS

The past two decades have seen the commercial productions of several single cell

oils: oils rich in gamma-linolenic acid, arachidonic acid, and docosahexaenoic acid.

Although gamma-linolenic acid rich-SCO was in production for only about 6 years

in the United Kingdom during the 1980s and is no longer considered an economic

reality, the production of DHA-and ARA-rich-SCOs has demonstrated the potential

of this technology, in dramatic style. These SCOs are enjoying a period of enor-

mous growth in demand, to the point where the market is supply- rather than

demand-limited. The main global supplier of SCO, Martek Bioscience Corporation

(>95% of the global market in SCO are ‘‘Martek-oils’’) is doubling its production

capacity every year for at least the next two years (2004 and 2005). As a conse-

quence, Martek has become a major fermentation company with millions of Liters

of fermentation capacity solely dedicated to SCO production.

Against this background, it is more than likely that an SCO rich in eicosapen-

taenoic acid will also become commercially viable within the next few years as the

demands for improved supplies of this fatty acid are now beginning to accelerate.

Stearidonic acid could well be the next one after that, although in this particular

case, this PUFA can be produced using selected species of plants known as Echium,

and transgenic crop plants producing this fatty acid have been produced by Monsanto.

The microbial route to production will, however, always be expensive, and thus,

only the most expensive of the PUFAs will justify being produced by this means.

Fermentation technology is never going to be a cheap alternative to agriculture. The

logical progression, therefore, is to see the next phase of PUFA production moving

from micro-organisms toward the use of plants. This can, though, only take place

by genetic manipulation as no plants are known that produce ARA, EPA, or DHA

and it is these three PUFAs that are the major targets for production because of the

potential size (both in volume and in price) of the markets for each of them.

To design a plant that will produce these oils, it is necessary to clone into the

plant of choice (probably sunflower or rapeseed—canola) genes that will code

for one or two elongating enzymes (to convert C18 fatty acids into C20 fatty acids
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and then to elongate the C20 fatty acids into C22 fatty acids) and a number of desa-

turases that will then convert a diunsaturated fatty acid (i.e., 18:2, which is the

major fatty acid of these plants) into, eventually, a hexa-unsaturated fatty acid. Thus,

to produce DHA (via a ‘‘classic’’ fatty acid route), a minimum of six different genes

will be needed and possibly more to ensure that these genes will function correctly.

The expression of the introduced genes must also be carefully controlled so that

the proteins (i.e., enzymes that they are coding for) will be specifically targeted

(both spatially and temporally) to ensure that the LC-PUFA are produced only in

seed tissue and only during the oil accumulation phase. Although this targeting is

not a major technical obstacle, the apparent innate inability of plants to metaboli-

cally process LC-PUFA could be a considerable challenge. Although the introduc-

tion of fatty acid desaturase genes (even those not usually fond in plants) leads to an

appreciable build-up in new unsaturated fatty acids, the introduction of an fatty acid

elongase has not yet engendered a significant accumulation of C20 or C22 PUFAs

(to the authors’ knowledge). It is possible that this failure to produce C20 PUFA is

not caused by a lack of elongase activity per se, but it is associated with the inabil-

ity of plant acyltransferases to efficiently transport C20 fatty acids. The acyltrans-

ferases are enzymes involved in the ‘‘shuttling’’ of fatty acids into cellular

membranes for their final desaturation and then incorporation into triacylglycerols

(TAG). If this is the case, then several more genes (for LC-PUFA acyltransferases)

may need to be introduced into plants to facilitate LC-PUFA accumulation, and this

would add enormously to the complexity of producing a satisfactory GM plant for

LC-PUFA production.

Some of the problems associated with the transgenic production of LC-PUFA in

plants (although not the problems associated with fatty acid transport) may be

solved by harnessing the newly discovered ‘‘PKS-like’’ route for LC-PUFA bio-

synthesis. This route, completely separate from ‘‘classic’’ fatty acid biosynthesis,

is catalysed by a single enzyme complex, and not using fatty acid desaturases or

discrete elongases appears to operate in certain marine prokaryotes and in Schizo-

chytrium (89). The ‘‘PKS-like’’ enzymatic machinery is encoded by three or four

open reading frames, decreasing the number of genes that would be required to be

transformed into a potential plant host. However, the very large size of these genes

could introduce problems of their own as it becomes increasingly more difficult to

clone genes as their size increases.

A further, and as yet unresolved, problem develops as to how the necessary redu-

cing power that is needed in each of the elongating and desaturating reactions will

be generated. The plant of choice for genetic manipulation is already in metabolic

balance: It produces what it needs, no more, no less. When an increased metabolic

burden is then placed on a plant to produce products that require additional

resources from the central metabolic pathways, it is not clear how these resources

will be achieved. An increased demand for reducing power in one part of the plant

means that metabolic economies will have to take place elsewhere. Plants do not

have the capacity to increase their metabolic capacity at the whim of genetic

engineers. They are governed by the availability of light and of CO2. Thus, how

the plants that are being designed to produce high contents of PUFAs, particularly
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DHA, will be able to achieve this is, at least to the present authors, far from clear. It

is not beyond the bounds of possibility that such genetically modified plants may

produce much less oil than the normal plant as the energy and reducing power

needed (by the desaturase and elongase reactions) to produce the PUFAs must

come from the same sources that are being used to synthesize the ‘‘normal’’ fatty

acids. The situation in plants may parallel what was found with the production of

GLA in Mucor spp. (see Section 2.2.1): You can either find strains that produce a lot

of oil but have little GLA, or you can find strains that produce a lot of GLA but have

little oil, but you cannot have both occurring simultaneously. It may then take addi-

tional genetic manipulations to correct this imbalance, but distortion of one meta-

bolic pathway can only be achieved at the expense of another so this is not likely to

be a trivial task.

Thus, although the GM plant route to PUFA formation is attractive, it is by no

means going to be as simple a task as the molecular biologists would appear to con-

sider. One can expect that it will take the labors of many people many years to

achieve these objectives, but, given the high rewards that are at stake, it may

seem to many people just a question of time before the genetic manipulators are

successful. The question then that microbial oil producers have to decide is just

how long they have before the GM plant people achieve their goals, for when

that happens, it will be the end of SCO productions. They will simply be too expen-

sive to compete. The pessimists would suggest no more than 10 years; the optimists

might suggest 20 or even 30 years.

But there is one final question that no one can yet resolve. Will GM plants be

accepted for the production of PUFAs? The public opinion of GM crops is, at

present, very much against their use in Europe. A survey conducted in the

United Kingdom during 2003 has indicated that over 80% of the population is

opposed to the introdution and use of GM crops, with only about 7% of the popula-

tion being willing to consume any such GM product (90). The view against the use

of GM plants, which has no scientific basis but is wholly based on irrational fears,

now appears to be spreading to the United States and the rest of the world. If there

should be a moratorium against the use of GM crops in general, then it may be

that the industrial companies who are currently funding much of this work will

pull out these endeavors. If this should happen, no matter how regrettable this might

be scientifically, then this would spell the end of GM plant PUFAs. If this should

happen, the only way in which the demand for these desirable oils is going to be

met will be by the microbial route. Single cell oils could then have a long and dis-

tinguished future ahead of them.
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Transgenic Oils
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1. INTRODUCTION

Most commodity seed oils consist of triacylglycerols containing varying per-

centages of palmitic, stearic, oleic, linoleic, and linolenic acids esterified to the

glycerol backbone. These oils and the fatty acids derived from them are used pri-

marily for food and feed; yet they have important industrial applications as well.

They provide precursors for soaps and other surfactants, derivatives used in produc-

tion of certain plastics and polyamides, applications in low volatile organic carbon

(VOC) coatings, cosmetics, as well as lubricant and grease compounds. The useful-

ness of an oil for food use lies in caloric value and the presence of essential fatty

acids, specifically, those fatty acids that are not produced by humans, linoleic acids,

and a-linolenic acids. In many cases, the usefulness of a seed oil to industry derives

from a high proportion of a specific fatty acid in the oil; for example, the high

linolenate content of linseed oil results in its good properties as a drying oil.

This article will briefly cover progress in developing new oils, examine the state

of the art, and describe industrial oilseed crops projected to be developed for

commercial use.

Oils containing high levels of oleic acid are considered to be beneficial for

human health consequences. Such oils are stable to oxidation compared with oils

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
Edited by Fereidoon Shahidi. Copyright # 2005 John Wiley & Sons, Inc.
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containing polyunsaturated fatty acids (PUFAs) and contain low levels of saturated

fatty acids. Olive oil (70% oleate) is generally considered to have a beneficial com-

position for oleate content. It should be noted that continued research is adding

information for fatty acid requirements and benefits. Linoleic and a-linolenic acids

have been known for decades to be essential fatty acids. More recently, the need for

eicosapentaeneoic and docosahexaenoic acids as part of the diet, especially for the

developing fetus, and even g-linolenic, underlie the need for intake of oils and fats

from multiple sources that can supply what seems to be an expanding list of nutri-

titionally important fatty acids.

Although oils containing PUFAs can be converted to high monounsaturate con-

tent by partial hydrogenation, the process results in the production of trans-

fatty acids. There is a negative perception of trans-fatty acids, which are thought

to behave physiologically as saturated fatty acids. These acids are considered to

increase arterial plaque formation and may contribute to the development of type II

diabetes. Thus, a considerable research-and-development effort has been put into

designing food oils with a high content of oleic acid. However, for commercial

use, the market for food-grade oils is often driven by price, with quality traits pro-

viding premium value.

Most vegetable oil that is produced is consumed as food. These food oils also

have important industrial uses. For example, approximately 15% of soybean oil

is used for industrial products, including inks, plasticizers, coatings, and composite

materials. Other commodity oils are useful industrially because they contain un-

common fatty acids. Castor oil is 90% ricinoleate (12-hydroxy-octadec-9-enoate),

and the hydroxy group imparts dramatically different physical and chemical proper-

ties that make castor oil an important industrial feedstock. Rapeseed oil contains

up to 60% erucate (docosa-13-enoate), which is used in several lubricant appli-

cations. Tung oil contains up to 80% eleostearate (octadeca-9c,11t,13t-trienoate),

a conjugated fatty acid that makes tung oil a prized drying oil because it does

not yellow during the drying process. Palm-kernel oil and coconut oil both contain

high levels of the medium-chain saturated fatty acids laurate (C12) and myristate

(C14), which have excellent foaming properties for production of soaps and other

surfactants. Thus, several features of a vegetable oil can impart industrial chemical

value. Chemical functionality can alter physical properties or provide reactive sites

that allow useful derivatives to be made. Another industrially useful feature is the

presence of a highly enriched single component. Some oils also have unique uses as

a result of their composition; e.g., cocoa butter is unique in its melting character-

istics, which makes it an excellent component of cosmetics in addition to its food

uses. Consistent composition is also important for industry, and this is usually

closely tied to a high content of a desired component. The goal of developing oil-

seeds for industrial use is to introduce one or more of these desirable characteristics

into the oil of an agronomically suitable crop.

Seed oils also contain potentially useful fatty acids that have not been introduced

into commerce because the plant has not yet been adapted to large-scale planting.

Examples of such plants include Vernonia anthelmintica and Euphorbia lagascae,
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which produce oils high in vernolate (octadeca-12,13-epoxy, 9-enoate); Cuphea sp.,

many of which produce oils containing medium-chain fatty acids from caprylate

(C8) to myristate at levels up to 95% of a single fatty acid; Lesquerella sp., which

contain up to 55% lesquerolate (eicosa-14-hydroxy-9-enoate) that can replace

ricinoleate in some applications. Each crop has been the target of ‘‘New Crops’’

research, which is aimed at breeding out undesirable agronomic characteristics

and introducing desirable traits, such as higher yield or indehiscence. Although

considerable progress has been made in each crop, the problem encountered is

a ‘‘Catch 22’’: It is hard to get farmers to grow the crop because there is not yet

a significant market for the product, and it is hard to develop a market for the crop,

because no reliable source exists.

Breeding programs have expanded the potential uses of vegetable oils over the

years. Canola, high oleic safflower, high-oleic sunflower, and low-saturate soybean

oil are all the result of extensive traditional breeding programs, based on crossing

available crop germplasm. The introduction of mutagenesis provided a new tool

to breeders, and it is most often useful in eliminating an undesirable trait. The intro-

duction of genetic engineering greatly expanded the ability of the breeder to

introduce desired traits, with genes from incompatible crops, microorganisms,

insects, animals, or any other organism being added to the breeders’ toolbox.

Moreover, genomic sequencing efforts have revealed the extent of synteny among

plants. Synteny refers to a correspondence in genomic arrangement, and this has

allowed identification of specific genes associated with agronomically useful traits,

e.g., dwarfing. By comparing genomes, useful traits across species and genera can

be identified and selected for directly rather than through extensive breeding

programs.

Crop genetic engineering holds great promise as a means for developing oilseed

crops with unique characteristics that add both commercial and nutritive value,

increase utilization, and benefit the environment. Currently, the four genetically

engineered (transgenic) crops that have been adopted are all oilseed crops: soy, corn,

cotton, and canola. They are a commercial success and account for 99% of trans-

genic crops planted worldwide. Over 70% of the soy, 50% of the corn, and 70% of

the cotton grown in the United States are genetically engineered. Canola is a rela-

tively small crop in the United States, but approximately 60% of the canola planted

in the United States is transgenic. Most canola grown in Canada, a leading pro-

ducer, is transgenic. An increasing number of countries have adopted the techno-

logy. The United States, Argentina, Canada, Brazil, China, and South Africa account

for 99% of the transgenic crops produced, with an additional 12 countries adopting

the technology (1). The growth in planting of transgenic crops is remarkable in that

it has all occurred in the last 8 years, from the time the first transgenic crops were

introduced in 1996. At this time, each crop has been modified for ‘‘input’’ traits,

reducing or eliminating the need for chemical applications by the introduction of

genes encoding herbicide tolerance (soy, canola), insect resistance (corn, cotton),

or both (cotton). Currently, cotton is the only crop with a significant share of the

crop carrying both (stacked) traits. The introduction of genes for input traits is
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required for maintenance of ‘‘substantial equivalence’’ in the crop. Table 1 displays

data for soybean oil, cottonseed oil, and corn oil from plants lacking or including a

gene for glyphosate tolerance, and it indicates that the introduced gene has had

essentially no effect on composition, especially given the variability that is observed

in varietal and climate-related differences in fatty acid composition.

Developments affecting ‘‘output’’ traits, the product of interest in the case of this

article being oil, have not yet achieved commercial success. In addition to oilseed

crops derived from breeding and mutagenesis, this article will describe the two

transgenic oilseeds that have been commercially introduced, briefly describing the

biochemical basis of their development and the problems faced in their commercia-

lization. That discussion will be followed by a description of other oils that have

been proposed for development through transgenic technology. Finally, the article

will discuss issues related to acceptance of transgenic crops.

2. TECHNOLOGY FOR ALTERING FATTY ACID COMPOSITION

Several approaches lead to oilseed crops with altered fatty acid composition. The

most ancient is evolution, which is a long-term, seemingly random process.

Although it is not a practical means for purposefully altering fatty acid composi-

tion, especially in a brief time span, evolution has, in fact, yielded a broad range

of oilseeds with differing characteristic fatty acid compositions. In the same species

and genera, these differences usually consist of varying percentages of the same

fatty acids. In some plant families and genera, considerable variation exists as well

in the types of fatty acid made in seed oil. These differences provide the variants

needed for successfully breeding varieties with altered fatty acid composition.

Breeding programs have successfully used available germplasm to develop major

TABLE 1. Composition of Transgenic Oilseeds (%).

Crop 16:0 16:1 18:0 18:1 18:2 18:3 20:0 20:1 22:0 22:1 Xa

Cotton-ctrl 27.7 0.6 2.7 15.3 43.2 — 0.2 — 0.2 — 2.3

Cotton-GM 26.8 0.7 2.7 15.5 45.9 — 0.3 — 0.2 — 1.7

Corn-ctrl 9.9 — 1.9 27.4 58.7 1.1 0.4 0.3 0.2 — —

Corn-GM 9.9 — 1.9 27.5 58.6 1.1 0.4 0.3 0.2 — —

Soybean-ctrl 11.2 — 4.1 19.7 52.5 8.0 0.4 0.2 0.5 — —

Soybean GM 11.2 — 4.1 19.7 52.3 8.2 0.4 0.2 0.5 — —

Canola-ctrl 4.6 0.3 1.6 57.5 19.4 13.8 0.6 1.4 0.3 — —

Canola-12:0 3.3 0.2 1.1 35.1 14.6 8.8 0.3 0.7 0.2 — 35.5

Xa: uncommon fatty acid content; for cotton, malvalic, sterculic, and dihydrosterculic; Canola-12:0, 31.3% 12:0

and 4.2% 14:0.

Cotton control is Coker 312; Cotton GM is glyphosate tolerant, selection 1445 (Monsanto), from (2); Corn

control is GA21 segregant lacking the gene for glyphosate tolerance; GM variety is GA21 segregant carrying

glyphosate tolerance gene, from (3); Soybean control is A5403, and Soybean GM is GTS 40-3-2, derived from

particle-bombardment of A5403 with genetic material containing the CP4 ESPS gene for glyphosate tolerance

(4); Canola, control (Westar) compared to canola seed with gene for acyl-ACP thioesterase from California

Bay laurel (5).
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crops soy, corn, rapeseed (Canola), and sunflower that have a more desirable oil

content or fatty acid composition. Where evolution may not have provided suitable

germplasm, approaches also can be taken to alter fatty acid composition. Random

mutagenesis followed by screening and breeding has produced varieties with altered

fatty acid composition in oil (6). As the mutagenic approach is geared to eliminat-

ing genes, usually this approach has reduced levels of undesirable fatty acid compo-

nents or increased levels of a desired fatty acid. A recent innovation in this approach

is ‘‘targeting induced local lesions in genomes’’ (TILLING), which uses a

mutagenic approach but introduces high throughput screening of the M2 generation

(second-generation, mutated lines that have been self-pollinated) to identify specific

genes that have been altered or inactivated by mutagenic events (7). Plant selections

carrying these mutated genes can then be screened directly for desired characteris-

tics. The TILLING process thus moves most of the screening effort into the labo-

ratory, which considerably reduces the population that would otherwise have to be

grown in the field for later screening.

The ability to manipulate fatty acid composition in oilseeds by genetic engineering

has resulted from a combination of three approaches. Biochemical characterization

has identified most steps in fatty acid biosynthesis (8, 9). Genetic identification

and chemical characterization of fatty acid biosynthetic mutants in mutagenized

Arabidopsis thaliana has provided an extensive genetic map of fatty acid and lipid

biosynthetic steps during plant growth and development (10). Identification, char-

acterization, and cloning of enzyme activities in plants that produce nutritionally

useful fatty acids, such as g-linolenic acid, or uncommon, industrially useful fatty

acids, such as vernolic acid (12,13-epoxy oleate), have provided the additional in-

formation needed to broaden the spectrum of fatty acids available from commodity

oilseeds (11). Hundreds of other fatty acids with unusual chemical functionalities

are produced by one or more oilseed plants. A considerable amount of research has

gone into elucidating the biosynthetic process by which such fatty acids are made,

and much enzymology underlying the introduction of unsaturation, conjugated

unsaturation, hydroxyl, acetylenic, and epoxy functionality is now understood. The

enzymes that carry out each reaction are interrelated, can be interconverted by

engineering appropriate amino acid residues, and to a limited extent, can have their

specificity for chain length and positional-selectivity altered in a predictable

manner (12). The specificity of the chemistry carried out on what is essentially a

straight hydrocarbon chain is unprecedented for traditional bench chemistry, and

in the future, it may represent the development of green chemistry carried out in

plants to produce desired chemical precursors.

3. CANOLA FROM TRADITIONAL BREEDING OF OILSEED CROPS

Rapeseed has long been a source of cooking oil and has important industrial uses

such as lubricants for high-temperature applications, especially those leading to

environmental release of the lubricant; antislip agents in plastics manufacturing;

fabric softeners; and additional oleochemical applications. However, the erucic acid
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component has been considered a potential health problem, and as a result, a

low-erucic acid rapeseed (LEAR) was desired to meet food, feed, and export needs.

An intensive breeding program was initiated in the 1950s by R.K. Downey of Agri-

culture Canada in Saskatoon (13) and B.R. Stefansson (14) of the University of

Manitoba to reduce the content of erucic acid and eliminate glucosinolates from

the seed, as these were feeding deterrents and impeded use of rapeseed meal for

animal feed. Each researcher identified lines of rapeseed with very low erucic acid,

based on crossing out Brassica napus with B. juncea. The low-erucic varieties

developed had less than 2% erucic, compared with 55% in rapeseed. The low-erucic,

low-glucosinolate ‘‘double-low’’ varieties derived from this research were renamed

‘‘Canola’’ in 1979 by the Western Canadian Oilseed Crushers but are also known as

LEAR. Although Canola is a minor crop in the United States, it is the major oilseed

grown in Canada and Northern Europe. Although the oil is used primarily for food,

its high-oleate content (60%) makes it useful for industrial processes requiring an

oxidatively stable oil. Its high yield of oil (per hectare) has resulted in its use as a

major source of biodiesel in Europe. Other changes have been bred in Canola

selections; these include low linolenate and lower saturate content. Other high-

oleate oils have been obtained through traditional breeding in sunflower, safflower,

and corn, whereas peanut and olive oil, among others, have a naturally high oleate

content.

4. HIGH-OLEIC SUNFLOWER FROM MUTAGENESIS
OF OILSEED CROPS

When available germplasm with desired characteristics is limited, mutagenesis can

help to provide additional germplasm. Chemical and radiation mutagenesis have

been used in breeding programs to obtain suitable germplasm for generating novel

traits. Sunflower has been mutagenized with and screened for fatty acid composi-

tion (15). The normal composition of sunflower oil is high in linoleate (60–75%),

but some mutagenized lines were found that had higher oleate (>80%). In back-

crosses, the high oleate trait remained stable, which indicates a nonrevertible muta-

tion had resulted in the high-oleate phenotype. Later research demonstrated that

the mutation is in the oleate desaturase gene (16), a single copy gene in sunflower.

Biochemically, this process would block conversion of oleate to linoleate and allow

oleate to accumulate in the seed (Figure 1). Mutagenesis has altered fatty acid

composition of oils derived from other crops, including soybean, cotton, flax, and

canola (15).

5. APPLICATIONS OF HIGH-OLEATE OILS

High-oleate oils are highly desirable for food use. They are stable to oxidation and

therefore good for frying and can be stored without spoilage for a longer time than

oils with high polyunsaturate content. Oleate is the prevalent fatty acid in the

160 TRANSGENIC OILS



‘‘Mediterranean’’ diet based on olive oil and popularly thought to be the ‘‘best’’ fat

to consume for long-range health benefits. The oxidative stability of high-oleate oils

also meets industrial needs (17). Such oils are useful in cosmetic applications

as they are established to be safe for consumption. They are useful as sources of
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oleate, as they can reduce or eliminate the need for purification from other fatty acid

components, which adds significant expense to the cost of obtaining pure oleate. As

they remain liquid at room temperature and below, and have high-oxidative stabilty,

they are useful in applications such as hydraulic fluids and oil-based insulators.

Although problems are associated with using seed oil in these latter applications,

the oil has the benefit of being biodegradeable and nontoxic in case of a spill (17).

6. ALTERED POLYUNSATURATE CONTENT
THROUGH MUTAGENESIS

Linseed oil from the flax plant (Linum usitatissimum L.) has a high content of

a-linolenic acid, an essential fatty acid for the human diet. Although present in

many seed oils at levels from near 0% to 15%, it makes up 55% of the fatty acid

content of linseed oil. It is this high content of the oxygen-sensitive linolenate that

imparts excellent drying oil qualities to linseed oil, which makes it useful for

production of coatings and compound materials such as linoleum. As a source of

o-3 fatty acid, it provides an essential fatty acid for the human diet and thus can

play an important role in many physiological processes. However, linseed oil is

highly susceptible to air oxidation, turning rancid and developing objectionable

odors on exposure to air. Because the meal from the flaxseed has been found to con-

tain valuable nutritive components, such as the lignans, it is desirable to have both

linseed oil and flax meal that are more stable to air oxidation. To this end, a research

group led by Allan Green developed low linolenate strains of flax by mutagenesis of

flaxseed followed by screening for low linolenate and high oil content (18). The

resulting isolates are high in linoleic acid and less susceptible to rancidity than

linseed oil. The normal composition of linseed oil is approximately 13% linoleic

and 49% linolenic, whereas the oil derived from these plants, designated ‘‘Linola’’

or ‘‘solin,’’ is up to 70% linoleic and 2% or less linolenic (19).

7. IMPROVED OIL COMPOSITION OF A TRANSGENIC SOYBEAN

Soybean oil linolenic acid content normally ranges from 5% to 12%, with most in

the 8% range, which makes the oil susceptible to oxidation and spoilage. As a

result, soy oil is often partially hydrogenated to stabilize the oil by reducing the

linolenate content. However, the hydrogenation process introduces trans-fatty

acids, which are considered undesirable dietary components. It has been shown

that reducing the content of linolenic acid in soy oil would significantly stabilize the

oil, which makes it useful for frying and other high-temperature cooking operations

without the need for hydrogenation (20). A recent introduction, the Vistive soybean,

has been bred to contain less than 2% a-linolenic acid, thereby producing an oil that

does not need to be hydrogenated for food use. Interestingly, the low linolenate trait

was introduced by traditional breeding into a soybean line genetically engineered
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to carry the gene for glyphosate resistance. It is thus a hybrid of traditional and

transgenic technology. Vistive will be commercialized in 2005 (21).

8. IMPROVED INDUSTRIAL USE FROM GENETICALLY
ENGINEERING OILSEED CROPS

8.1. Laurate Canola

The first commercial oilseed genetically modified for industrial use is laurate

canola, altered to produce lauric acid (22). Laurate oils produce soaps and other

surfactants because of the excellent foaming properties of the medium-chain fatty

acid, and no temperate climate crop produces laurate. Because the price of laurate

oils, derived from coconut and palm kernel, is subject to considerable fluctuation,

it was thought that development of a stable, temperate climate crop that could

produce laurate would provide a valuable renewable resource to meet a significant

domestic need. Moreover, the higher temperature melting properties of laurate oils

make them useful in baking and confections where a melting temperature similar to

butter or cocoa is desired.

In the usual fatty acid biosynthetic pathway (Figure 1), the major product is

oleate with varying amounts of palmitate and stearate produced, depending in

part on the relative activities of the acyl-ACP (acyl carrier protein) thioesterases,

stearoyl-ACP desaturase, and keto-acyl-ACP synthase II (KAS II). Certain plants

that produce uncommon fatty acids have different enzyme(s) present that result

in alterations of this pathway. Researchers at Calgene (Davis, CA) identified an

enzyme in California Bay laurel seed, which produces oil containing approximately

60% laurate. The enzyme, a lauroyl-ACP thioesterase (FATB gene), specifically

releases laurate during the course of fatty acid biosynthesis, which prevents the fatty

acid chain from being further elongated and makes the laurate available for incorpo-

ration into the triacylglycerol fraction (22). By introducing the gene for this enzyme

into Canola, and driving the expression of the gene with a promoter for napin, a

seed storage protein that is highly expressed in Brassica sp., laurate-producing

cultivars averaging 40%, and some up to 60% (on a mole basis), laurate were

obtained (Table 1, reference 23). The triacylglycerols in the oil were acylated with

laurate in the sn-1 and sn-3 positions. Because coconut oil contains laurate in all

3 sn- positions, the coconut lysophosphatidic acid acyltransferase (LPAAT) was

purified and was shown to specifically incorporate laurate into the sn-2 position.

The gene for the enzyme was cloned, expressed in laurate canola, and resulted in

cultivars with a laurate content averaging over 50% (molar basis) (24). Despite the

overwhelming scientific success of this approach, and the development of what is

logically a valuable industrial crop, the commercialization of laurate canola has not

yet been successful. The crop has reduced yields compared with normal canola

(25), requires special handling to keep it separate from other canola, has added

cost to recoup the research and development of the crop, and includes a premium

paid to contracted growers. Given these cost items and the coinciding low price of
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laurate oils from tropical sources, laurate canola could not achieve commercial

success as a replacement for palm-kernel and coconut oils.

8.2. High-Oleate Soybean

High-oleate soybean oil, which contains over 80% oleic acid, was developed and

commercialized by the DuPont Corporation (Delaware) (26). The presence of high

levels of linoleate in a food oil is undesirable, as the presence of two methylene-

interrupted double bonds in a fatty acid makes it more sensitive to oxidation than

those high in oleate, which reduces its applicability in certain long-term uses. As

linoleate is further desaturated to a-linolenate in soy, this make the oil even more

sensitive to oxidation. Moreover, oleate is generally considered a more desirable

fatty acid for dietary intake. Linoleate is derived from the action of the oleoyl-

desaturase; thus, if the oleoyl desaturase activity could be suppressed in soybean,

the oil composition should be primarily oleate, which is ideal for food use and some

industrial uses mentioned above. Although antisense technology (in which a gene

is introduced to be transcribed in the reverse, or antisense, direction) often blocks

gene expression, the DuPont group used ‘‘gene suppression,’’ which results in

stable reduction of gene expression when the gene is inserted in the sense (same)

direction. The cultivars obtained produced oil containing up to 80% oleate, with

concomitant reduction in the amount of linoleate, some reduction in the amount

of linolenate, and little difference in levels of palmitate and stearate. However,

the expense of the seed, the availability of other oilseed crops that can also produce

high oleate, and the expense of identity preservation (IP) to keep the seeds separate

from normal soybean have inhibited commercial success for the high-oleic trans-

genic soybean as well (27).

9. FUTURE DIRECTIONS FOR TRANSGENIC OILSEEDS

Research efforts are geared to developing oils that meet changing food, feed, and

chemical feedstock needs. Hundreds of fatty acids are produced in plant sources,

and hundreds more are produced in organisms from microbes to mammals. Some

of these would be of great value if they were available in suitable amounts from a

crop source. The two general transgenic approaches used to develop such sources

are as follows:

� Transgenic crops genetically modified to produce the desired fatty acid

� Transgenic modification of a source plant to make it agronomically suitable

Research groups are pursuing one or both courses to enhance the value and uses of

vegetable oil for food and to expand industrial crop production and develop renew-

able resources that can replace products derived from petroleum. Although none of

these have been commercialized yet, the following examples present anticipated

new oils.
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10. POTENTIAL NEW OILS FOR FOOD, FEED,
AND INDUSTRUIAL USE

10.1. New Polyunsaturated Fatty Acid Components

In addition to the essential fatty acids linoleate and a-linolenate, it is becoming

clear that dietary intake of other polyunsaturated fatty acids has important benefits

for proper development and health. Eicosapentaenoic acid (20:5�5,8,11,14,17) (EPA)

and docosahexaenoic acid (22:6�4,7,10,13,16,19) (DHA) are known to play an impor-

tant role in fetal neurological development (28), and they are also associated with

reduction of chronic inflammatory diseases and improved psychological mood (29).

These o-3 fatty acids are derived from fish oils in the human diet, with algae and

phytoplankton providing the original source of the fatty acids for fish. Both EPA

and DHA can be produced by humans, via successive elongation and desaturation

of a-linolenate. Linoleate is also subject to the same set of elongation reactions,

which leads to production of arachidonic acid (20:4�5,8,11,14) (AA). EPA and

DHA lead to formation of the o-3 eicosanoids, which tend to be anti-inflammatory,

whereas AA leads to the formation of o-6 eicosanoids, which tend to promote

inflammation (29). The two types, thus, counterbalance each other. However, the

modern diet tends to be richer in linoleate, so there is considerable interest in

expanding the availability of EPA and DHA in the diet.

Numerous biosynthetic routes to EPA and DHA exist across the spectrum of

organisms that synthesize them (29). One research group (30) has combined genes

encoding enzymes from a marine microalgae (Isochrysis galbana), from Euglena

gracilis, and from the oleaginous fungus Mortierella alpina to introduce the bio-

synthetic steps for EPA biosynthesis into Arabidopsis thaliana. The resulting triple-

transformed plant produced 3% EPA in its leaf tissue and 6.6% arachidonic acid.

This successful engineering feat can be followed up to provide seed oil containing

AA, EPA, and DHA as a more concentrated product of these fatty acids (31).

An alternative route to EPA and DHA can come from elongation and further

desaturation of stearidonic acid (18:4�6,9,12,15). Certain plants, including black-

berry, borage, and evening primrose, contain up to 25% of g-linolenic acid

(18:3�6,9,12) in their seed oil, with considerably smaller amounts of stearidonic

acid. The g-linolenate arises from the action of a �6-desaturase on linoleate. Small

amounts of o-3-desaturase present in these seeds account for the stearidonate

produced. When �6-desaturase from borage was introduced into soy, plants produ-

cing up to 29% g-linolenate (precursor to arachidonate), with up to 4% stearidonate

in oil, resulted (32). Further desaturation to stearidonate could be promoted with

high expression of an o-3-desaturase.

10.2. Oils Containing Hydroxy Fatty Acids for Industrial Use

Castor (Ricinus communis) is a model industrial crop. The seed is up to 60% oil,

which is composed of 90% ricinoleic acid (12-hydroxy oleate), a fatty acid that

produces literally hundreds of products, which include lithium grease, low VOC
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coatings, plasticizers, Nylon 11, and cosmetics, among others. The laxative effect

of the oil proscribes use of castor as a food crop, and it seems to be a monotypic

genus. Thus, many concerns expressed for genetic modification of food crops do not

apply to castor. However, the presence of a potent allergen and the toxic protein

ricin in the seed complicate utilization of the seed meal remaining after oil extrac-

tion and prevent widespread cultivation of castor as a crop (33). Initial research

efforts were aimed at producing a castor oil substitute in an alternative crop.

The gene for the enzyme that made ricinoleate, the oleoyl-12-hydroxylase, was

cloned (34) and expressed in plants including Arabidopsis and canola (35). How-

ever, these transgenic plants never made oil containing more than 20% hydroxy

fatty acid. It became apparent that in addition to the oleoyl hydroxylase, other

enzymes involved in the biosynthetic pathway for high ricinoleate oil may also

have evolved with the pathway, and developed substrate specificities not present

in alternative crop plants. This result seem to be the case for the diacylglycerol

acyltransferase (DGAT), the terminal step in triacylglycerol biosynthesis. The

enzyme from castor displays preference for substrates containing ricinoleate

when compared with a DGAT from Arabidopsis (36). The biochemical elucidation

of castor oil biosynthesis should eventually provide the molecular tools necessary

to engineer synthesis of a high-ricinoleate oil in an agronomically suitable crop

(37, 38).

As the toxin and allergen are both proteins and have previously been identified

and cloned, it is possible to use transgenic technology to block their expression.

This approach is being pursued, and has resulted in the development of a transfor-

mation system for castor, a plant that had proven to be recalcitrant to transformation

and regeneration of intact plants (39).

10.3. Oils Containing Novel Monounsaturated Fatty Acids

The fatty acid petroselenic acid (octadeca-cis-6-enoate) is produced in Umbellifereae

plants such as coriander, with levels approaching 90% in the oil. Unlike oils with

high oleate, oils high in petroselenate are solid at room temperature and are a

precursor of adipic acid for Nylon 6,6. Although first postulated as arising from

a simple variant of the stearoyl-ACP desaturase that produces oleate, its production

in plants is more complicated. The biosynthesis of the fatty acid occurs by desatura-

tion of palmitoyl-ACP at the C-4 position, followed by elongation to petroselenate

(40). Although biochemically analogous to stearoyl desaturation, the protein

factors, such as ACP and ferredoxin, involved in the reaction appear specific for

the petroselenate pathway. It is now thought that, in general, when a plant produces

an unusual fatty acid, it may require an entire complement of additional genes to

effectively produce the fatty acid (41, 42).

Numerous fatty acids have considerable commercial potential if they can be

produced in suitable crops at a high level (42). Some of these are included in

Table 2. With perhaps the exception of medium-chain fatty acids, there is not yet

a major success in producing commercially useful levels of any uncommon fatty

acid in a transgenic crop plant.
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11. ISSUES RELATED TO TRANSGENIC OILSEEDS

One inhibiting factor in commercial development of transgenic oilseeds with novel

traits is public acceptance. The primary principle upon which approval has been

based is known as ‘‘substantial equivalence,’’ which means that aside from any

introduced changes, the composition of the plant or seed remains essentially

unchanged. However, the concept of ‘‘unintended consequences’’ expands the

scope of substantial equivalence, which establishes criteria that must be examined

and met. Satisfying the concern for unintended consequences broadened the con-

cept of substantial equivalence to include transcripts, the proteome, metabolome,

and even genome sameness (43). In the approval process for a transgenic plant,

these issues become a key part of the risk assessment both for food crops (44)

and for industrial crops (45).

Most transgenic oilseeds with altered fatty acid composition remain research

subjects, with commercial introduction limited to two crops, neither of which have

yet achieved success in the marketplace. The expected benefits from transgenic

crops with altered fatty acid composition include improved stability properties;

enhanced nutritive value; expanded use of renewable resources to replace petroleum

derived materials; replacement of chemical processes, such as epoxidation of fatty

acid double bonds; and gradual expansion of agriculture as a chemical industry, a

concept long ago known as ‘‘chemurgy.’’ It is possible to predict some issues that

TABLE 2. Industrially Useful Fatty Acids for Transgenic Plant Production.

Fatty Acid (type) Source Use

Eleostearic (conjugated)

Octadeca-9c,11t,13t-trienoic

Tung, Bitter Melon Drying oil

Erucic (very long chain)

Docosa -13c-enoic

Rapeseed, Crambe Lubricants,

Anti-slip agent

g-Linolenic

Octadeca-6c,9c,12c-trienoic

Borage, Blackberry Nutraceutical

Medium chain (saturated)

6 to 14 carbons

Cuphea, Coconut,

Bay Laurel

Detergents

Oleic

Octadeca-9c-enoic

Many Hydraulic oil,

Oleochemicals

Petroselenic (isomer)

Octadeca-6c-enoic

Coriander Nylon 6,6

Ricinoleic (hydroxylated)

Octadeca-9c,12-OH-enoic

Castor Lubricants,

Polymers

Vernolic (epoxy)

Octadeca-9c,12,13-O-enoic

Vernonia, Euphorbia lagascae Coatings, plasticizer

Very long chain

polyunsaturated VLCPUFA

Algae nutraceutical
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will arise from commercialization and widespread planting of these crops. It is

noteworthy that the major commercially successful transgenic crops are all oil-

seeds, and some understanding of issues and effects of transgenic oilseeds can be

drawn from these crops.

The major transgenic crops grown in the United States and elsewhere are

soybean, cotton, maize, and canola. Considerable effort has gone into and continues

in optimizing these crops for food use. Industrial applications serve as a supplemen-

tal market for vegetable oils. The key to converting oilseeds to enhance food value

or expand their use as an industrial feedstock lies in predictable alterations of bio-

synthetic pathways that will lead to production of the desired product. In the case

of these four commercial crops, they have been engineered for the input traits,

herbicide tolerance and insect resistance. Studies presenting long-range predictions

on profitability of transgenic crops done in the 1980s, before any crops were near

commercialization, indicated that sales of seeds for transgenic crops would be the

major source of profit. Thus, several manufacturers of agricultural chemicals

acquired seed companies and developed research programs that addressed financial

and environmental concerns. Some seeds developed under these programs relied on

application of a product from the company, thus providing a secure market for the

seed and the agrochemical. At the same time, the transgenic crops required consid-

erably less pesticide or herbicide applied, which provided benefit to the farmer via

lower capital outlay, an increase in yield, and considerably lower amounts of agro-

chemicals applied to crops and released into the environment. The secure market for

herbicides also provided an economic incentive for carrying out the mandated regis-

tration of agrochemicals for each crop.

Although the benefits of transgenic crops to consumers are somewhat abstract, as

the level of agrochemical residues on crops is already very low, the benefits to farm-

ers include higher profitability as a result of reduced chemical input and reduced

toxic exposure. For example, farmers in some nations experienced a 75% reduction

in exposure to the toxic effects of agrochemicals when growing transgenic cotton

(46). Reductions in chemical exposure are clearly beneficial to the farmer, farm

workers, and wildlife.

Although oilseed crops may be engineered for industrial use, areas of concern

relate to the food supply. The introduction of allergens in the form of new proteins

is a concern, highlighted by the Starlink episode (47). As yet, no human case of an

allergic reaction related to Starlink has been identified. However, any food crop

modified to produce a toxic, noxious, or bioactive compound can present a potential

health hazard. These hazards would include oilseeds expressing ricinoleate, which

is a laxative; vernolate, which might be an irritant; and other fatty acids with

unwanted physiological effects. Such crops and components of the crop must be

isolated from the food supply by using a sound IP system.

Any process that causes comingling or cross contamination of food and non-food

crops is a concern. Cross-pollination with food crops is a particular concern, and

several strategies for preventing it have been described (48). For example, crops

producing oils for use in industry and containing a non-food fatty acid should

not comingle or cross with related food crops. Such crops would have to be grown
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in limited areas and surrounded by a buffer crop to block cross-pollination (or

low-probability revertants if male-sterile) (48, 49), a particular concern for canola,

which must be buffered from HEAR when grown. An additional concern for

nonsterile crops is seed drop during harvesting, which can result in germination

and growth of the crop among the crop planted in the next growing season.

Recently, some corn seed grown to produce a pharmaceutical protein in one grow-

ing season was left in a field and germinated among a crop of soybeans. As a result,

the soybeans had to be recovered and destroyed. The end result of this incident was

increased regulatory oversight of non-food and industrial transgenic crops to pre-

vent such incidents in the future.

Industrial oilseed crops are beneficial because they are renewable resources,

yield biodegradeable products, and are environmentally benign. To the extent they

supplant products derived from petroleum, they are clearly ‘‘green’’ alternatives

to synthetic chemicals and inherently benefit human health by reducing exposure to

atmospheric and aqueous emissions from petroleum processing plants. As much

controversy about genetic modification is concerned with the safety of food derived

from genetically modified plants, genetic modification of industrial crops should

be relatively free of controversy. This situation is not the case, for several reasons.

Many byproducts of industrial crop processing enter the food supply. For example,

after oilseeds, such as industrial rapeseed, have been processed to remove the oil,

the remaining meal is protein rich and processed for use as animal feed. In some

cases, the meal may produce foods for human consumption; for example, flax meal

from linseed oil processing provides nutritional benefit in the form of lignans and

omega-3 oil residue (50). Additionally, many crops have dual uses. Soybean is pri-

marily a food crop, but soybean oil and soybean protein are also used for non-food

applications, such as inks, coatings, and adhesives. The Starlink maize incident has

made it clear that approving a food crop for strictly non-human use (animal feed) is

not sufficient to prevent it from entering the human food supply. No genuinely

harmful consequences of the Starlink corn to human health were found, only to

positive perception of the transgenic crop industry (47). The case described above

involving comingling of transgenic corn carrying a therapeutic protein underlines

the need for a sound (IP) system and appropriate quarantine (both space and time),

if food crops are to produce potentially noxious products, and if food crops are to be

planted at a later date in the same field. In the case of Starlink, with animal feed

being an inherently cheaper end-use than human food, no economic motivation

existed to maintain it separately from other maize. In the case of the transgenic

corn, the product would be much higher value than any food use but extremely dif-

ficult to prevent some seed from remaining in the harvested field.

For transgenic crop approval in the United States, the action and approval

of three Federal agencies is required. The Food and Drug Administration evalu-

ates the crop for direct and indirect food use, the Environmental Protection Agency

registers the crop for potential environmental effects, and the U.S. Department of

Agriculture, Animal and Plant Health Inspection Service (USDA-APHIS) evaluates

genetically modified crops for their potential to disrupt the growth habit of domestic

plants. Canada and Australia have similar oversight, and it is likely that this
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multipartite regulatory process has engendered consumer confidence in the safety

of transgenic crops (44).

IP is the means by which a crop is maintained separately during storage, ship-

ping, and processing, and it has been in practice for several specialty crops that

have added value, for example, low-saturated soybean. Insofar as comingling a

transgenic industrial crop with other crops could result in health problems, it is

essential to segregate transgenic crops from other crops, in the field and postharvest.

The concept of IP and crop isolation is also important for market perception.

Currently, those persons opposed to eating food from transgenic crops require IP

of the nontransgenic crops. The estimated cost of IP is in the range of 5–10% of

the crop’s value (45). If a given transgenic crop delivers higher value to the end

user, at least an economic incentive exists to keep it from contaminating a lower

value crop.

11.1. Risk Assessment

The genetic engineering of oilseed crops to make them better suited for food and

industrial purposes necessitates an evaluation of their potential for hazard. The

primary consideration is currently whether the modification to the crop alters it

unpredictably; i.e., does the introduced gene maintain the crop as substantially

equivalent, or are unintended consequences associated with the introduced gene?

In every case, the designed crop, by definition, will produce the desired product.

Based on existing toxicological data, it is likely that either the chemical product

or related compounds will provide the means to develop a toxicological profile

and determine any potential harm arising from production. A procedure based on

close comparison of a nontransgenic control with the transgenic has been described

(51). A novel product in the plant will require an independent toxicological assess-

ment. The crop residue remaining after extraction of the product will also need to

be evaluated for the remaining product, as well as changes in the crop residue that

result from the alterations required to make the product. Changes in metabolism

brought about to enhance production of a single product can be predicted based

on knowledge of biosynthetic pathways affected by the alteration, but a broad-based

approach is required to identify unintended changes (51). Regulatory agencies

require a demonstration of substantial equivalence depending on the intended

uses of the product or the crop residue remaining (47). Finally, migration of the

transgene(s) into other crops must be evaluated from the standpoint of potential

for harm and the likelihood that it will actually occur. Knowledge of agronomic

habit allows assessment of the latter, and toxicological analysis provides the needed

information for the former. Any potentially toxic or noxious product can be

restricted to sterile strains. Although pollen release from transgenic oilseeds,

such as the Brassica sp., is a common scenario for concern, a more significant

problem may arise from comingling as a result of seed drop during harvest. It

is inevitable that crops that are not controlled to prevent gene release will

ultimately not be permitted (52). Transgenic technology holds out great promise

for expanding the use of renewable resources in production of industrial products.
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Accordingly, it is essential that such a benefit be implemented in a way to prevent

any harmful effects.

11.2. Allergenicity

It is expected that beyond the different product in an ‘‘engineered’’ transgenic oil-

seed, the crop will retain substantial equivalence to the nontransgenic crop. The

genes for given characteristics have been cloned and sequenced; perhaps quantities

of the protein have been isolated after being expressed in bacteria or yeast. In many

instances, the activity of the native protein has only been demonstrated by the

change brought about in planta. Therefore, its potential for becoming a problem

allergen remains unknown. In the case of oils, where the primary product is free

of the transgenic crop protein, the allergenicity of the protein is not a food health

issue. However, because most oilseed meals are used as food or animal feed, then

protein allergenicity clearly becomes a consideration. In plants that have undergone

‘‘metabolic engineering,’’ the introduced gene(s) is (are) often overexpressed to

redirect the flow of metabolites to the desired product, which leads to a relatively

high level in the plant (23). Altered timing for expression may also be implemented.

Promoter technology is still in a relatively primitive state. In oilseeds, it is common

to use promoters that drive the synthesis of storage proteins and to restrict expres-

sion of the introduced gene to the seed (23). As storage protein promoters are

geared to produce a high level of protein, high levels of the expressed protein

can accumulate, and as storage proteins are expressed late into seed development,

proteins produced to alter metabolism of the immature seed may persist to a high

degree in the harvested seed, whereas they would not normally be present. Methods

for demonstrating potential allergenicity exist, for example, model pepsin digestion

reactions (47, 51) and a ‘‘decision-tree’’ for assessing allergenicity have been

described, with linear epitope analysis and partial sequence identity to allergens

as indicators (51). Animal models for allergenicity have also been proposed to sup-

plement the decision-tree. In cases where the protein is not available in isolation,

theoretical models to predict allergenicity from the protein sequence are essential to

ensure the safety of associated byproducts, such as seed meal.

11.3. Pollen Transfer

Ecological concern exists about transmission of pollen from some types of plant,

such as the Brassicas and tree crops, either into weedy relatives or into crops grown

at some distance. This problem is not limited to transgenic plants. Canola, a rape-

seed cultivar bred to produce low glucosinolates and low erucic acid, must be

planted in isolation from industrial rapeseed, as each crop will result in seed with

altered composition from the ideal: that is, excessive erucic acid in the canola

and less erucic acid in the industrial rapeseed. Because the products of industrial

crops are not intended for consumption, and may even be noxious, risk manage-

ment and containment, including the prevention of intercrop cross-pollination, is
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essential. The approaches described (53) can address the problem of out-crossing

from transgenic crops.

11.4. Economics

A major argument for promoting transgenic technology has been the need to pro-

vide more food. Some industrial applications use surplus products, for example,

soybean oil, and provide a buffer against surplus crops, to prevent a decline in

farm profitability. However, if industrial transgenic farming expands, it is not clear

to what extent agriculture may be diverted away from food production, which will

result in increased food costs, if industrial crops are grown in higher volume and

have a higher value than food crops.

If the success of transgenic industrial oilseeds is to be measured on the basis of

their commercial success (see (54) for an economic analysis of genetically modified

industrial crop profitability), then the success of such crops can affect the prosperity

of the industries they replace, such as chemical manufacturing. Although the over-

all benefit will be great, as renewable resources replace potentially limited resour-

ces, industries and workers may be displaced.

Several developing nations produce specialty crops that meet current industrial

needs, such as castor oil, rubber, and lauric acid, all of which are products from

Southeast Asia. If these products were to be replaced by transgenic crops grown

in temperate regions, economic displacement of the less wealthy countries could

occur. However, because transgenic products may also be produced more cheaply

in these countries, they should ultimately benefit from the same new technologies.

Where new uses, such as biodiesel fuel and fuel additives produced from castor oil

and laurate (45), will greatly expand demand, economic disruptions may be offset.

Many countries already have research programs in transgenic crop technology. The

impact of transgenic technologies in industrial agriculture on the world economy

remains to be seen.

Transgenic technology remains a powerful tool for developing a broad range of

useful food and industrial oils. To date, attempts to use this technology have been

limited to crop input traits, but in the long term, novel crops with altered output

traits will fill important niches in the food supply and will help to shift the petro-

leum economy to renewable resources.

REFERENCES

1. C. James. Global Status of Commercialized Transgenic Crops: 2003 Executive Summary

International Service for the Acquisition of Agri-Biotech Applications. (2004). Available:

http://www.isaaa.org.

2. D. L. Nida, S. Patzer, P. Harvey, R. Stipanovic, R. Wood and R. L. Fuchs, J. Agric. Food

Chem., 44, 1967–1974 (1996).

3. R. S. Sidhu, B. G. Hammond, R. L. Fuchs, J. N. Mutz, L. R. Holden, B. George, and

T. Olson, J. Agric. Food Chem., 48, 2305–2312 (2000).

172 TRANSGENIC OILS



4. S. R. Padgette, N. B. Taylor, D. L. Nida, M. R. Bailey, J. MacDonald, L. R. Holden, and

R. L. Fuchs, J. Nutr., 126, 702–716 (1995).

5. W. E. Neff, T. L. Mounts, and W. M. Rinsch, Lebensrm. Wiss. u.-Technol., 30, 793–799

(1997).

6. P. F. Knowles, in G. Robbelen, R. K. Downey and A. Ashri, eds., Oil Crops of the World,

McGraw-Hill, New York, 1985, pp. 260–282.

7. S. Henikoff and L. Comai, Annu Rev. Plant Biol., 54, 375–401 (2003).

8. J. L. Harwood, Biochim. Biophys. Acta, 1301, 7–56 (1996).

9. T. Voelker and A. J. Kinney, Annu. Rev. Plant Physiol. Mol. Biol., 52, 335–3361 (2001).

10. J. Browse and C. Somerville, Annu. Plant Physiol. Plant Mol. Biol., 42, 467–506

(1991).

11. J. J. Thelen and J. B. Ohlrogge, Metabol. Eng., 4, 12–21 (2002).

12. J. Jaworski and E. B. Cahoon, Curr. Opin. Plant Biol., 6, 178–184 (2003).

13. R. K. Downey, Can. J. Plant Sci., 44, 499–504 (1964).

14. B. R. Stefansson, F. W. Hougen, and R. K. Downey, Can. J. Plant Sci., 41, 218–219 (1961).

15. L. Velasco and J. M. Fernandez-Martinez, J. Crop Prod., 5, 309–344 (2002).

16. S. Lacombe and A. Berville, Mol. Breeding, 8, 129–137 (2001).

17. S. Erhan and S. Asadauskas, Ind. Crops Prod., 11, 277–282 (2000).

18. A. G. Green, Can. J. Plant Sci., 66, 499–503 (1986).

19. A. Green, Aus. New Crops Newsl. 3(1). (1995). Available: http://www.newcrops.uq.edu.

au/newslett/ncnl3-92.htm.

20. T. L. Mounts, K. Warner, G. R. List, W. E. Neff and R. F. Wilson, JAOCS, 71, 495–499

(1994).

21. Monsanto Press Release. (2004). Available: http://www.monsanto.com/monsanto/layout/

media/04/09–01-04.asp.

22. T. A. Voelker, A. C. Worrell, L. Anderson, J. Bleibaum, C. Fan, D. J. Hawkins, S. E. Radke,

and H. M. Davies, Science, 257, 72–74 (1992).

23. T. A. Voelker, T. R. Hayes, A. M. Cranmer, J. C. Turner, and H. M. Davies, Plant J., 9,

229–241 (1996).

24. D. S. Knutzon, T. R. Hayes, A. Wyrick, H. Xiong, H. M. Davies, and T. A. Voelker, Plant

Physiol., 120, 739–746 (1999).

25. A. E. McCoy, M. Pippin, and R. D. MacNeill IV. Laurate Canola Variety Trial. (1998).

Available: http://www.griffin.peachnet.edu/swvt/1998/rp981rat.htm.

26. A. J. Kinney, in J. P. Williams, M. U. Khan and N. W. Lem, eds., Physiology, Biochemistry

and Molecular Biology of Plant Lipids, Kluwer Academic, Dordrecht, the Netherlands,

1997, pp. 298–300.

27. R. Frerichs. (2003). Available: http://web.aces.uiuc.edu/value/factsheets/soy/fact-oleic-

soy.htm.

28. A. Rodriguez, D. Raederstorff, P. Sarda, C. Lauret, F. Mendy, and B. Descomps, Eur. J.

Clin. Nutr., 57, 727–734 (2003).

29. O. V. Sayanova and J. A. Napier, Phytochemistry, 65, 147–158 (2004).

30. B. Qi, T. Fraser, S. Mugford, G. Dobson, O. Sayanova, J. Butler, J. A. Napier, A. K.

Stobart, and C. M. Lazarus, Nature Biotech., 22, 739–745 (2004).

31. A. G. Green, Nature Biotech., 22, 680–682 (2004).

REFERENCES 173



32. S. Sato, A. Xing, X. Ye, B. Schweiger, A. Kinney, G. Graef, and T. Clemente, Crop Sci.,

44, 646–652 (2004).

33. D. L. Auld, R. D. Rolfe, and T. A. McKeon,. J. New Seeds, 3, 61–69 (2001).

34. F. J. van de Loo, P. Broun, S. Turner, and C. Somerville, Proc. Nat. Acad. Sci. (USA), 92,

6743–6747 (1995).

35. P. Broun and C. Somerville, Plant Physiol., 113, 933–942 (1997).

36. X. He, C. Turner, G. Q. Chen, J. T. Lin, and McKeon, Lipids, 39, 311–318 (2004).

37. T. A. McKeon and J. T. Lin, in T. M. Kuo and H. W. Gardner, eds., Lipid Biotechnology,

Marcel Dekker, New York, 2001, pp. 129–139.

38. M. Smith, H. Moon, G. Chowrira, and L. Kunst, Planta, 217, 507–516 (2003).

39. T. A. McKeon and G. Q. Chen, U. S. Patent 6,620,986 B1, 2003.

40. E. B. Cahoon and J. B. Ohlrogge, Plant Physiol., 104, 827–837 (1994).

41. M. C. Suh, D. J. Schultz, and J. B. Ohlrogge, Planta, 215, 584–595 (2002).

42. H. Drexler, P. Spiekermann, A. Meyer, F. Domergue, T. Zank, P. Sperling, A. Abbadi, and

E. Heinz, J. Plant Physiol., 160, 779–802 (2003).

43. F. Cellini, A. Chesson, I. Colquhoun, A. Constable, H. V. Davies, K. H. Engel, A. M. R.

Gatehouse, S. Karenlampi, E. J. Kok, J.-J. Leguay, S. Lehesranta, H. P. J. M. Noteborn,

J. Pedersen, and M. Smith, Food Chem. Toxicol., 42, 1089–1125 (2004).

44. J. Thomson, Trends Food Sci. Technol., 14, 210–228 (2003).

45. T. A. McKeon, Trends Food Sci. Technol., 14, 229–241 (2003).

46. J. Huang, S. Rozelle, C. Pray, and Q. Wang, Science, 295, 674–677 (2002).

47. H. A. Kuiper, G. A. Kleter, H. P. J. M. Noteborn, and E. J. Kok, Plant J., 27, 503–528

(2001).

48. H. Daniell, S. J. Streatfield, and K. Wycoff, Trends Plant Sci., 6, 219–226 (2001).

49. P. J. Dale, B. Clarke, and E. M. G. Fonte, Nature Biotech., 20, 567–574 (2002).

50. B. D. Oomah, J. Sci. Food Agric., 81, 883–888 (2001).

51. A. Konig, A. Cockburn, R. W. R. Crevel, E. Debruyne, R. Grafstroem, U. Hammerling,

I. Kimber, I. Knudsen, H. A. Kuiper, A. A. C. M. Peijnenburg, A. H. Penninks, M. Poulsen,

M. Schauzu, and J. M. Wal, Food Chem. Toxicol., 42, 1047–1088 (2004).

52. S. Smyth, G. G. Khachatourians, and P. W. Phillips, Nature Biotech., 20, 537–541 (2002).

53. G. van den Eede, H. Aarts, H.-J. Buhk, G. Corthier, H. J. Flint, W. Hammes, B. Jacobsen,

T. Midtvedt, J. van der Vossen, A. von Wright, W. Wackernagel, and A. Wilcks, Food

Chem. Toxicol., 42, 1127–1156 (2004).

54. B. Hitz, Curr. Opin. Plant Biol., 2, 135–138 (1999).

174 TRANSGENIC OILS



7
Tree Nut Oils

Fereidoon Shahidi and Homan Miraliakbari

Memorial University of Newfoundland

St. John’s, Newfoundland, Canada

1. INTRODUCTION

Tree nut oils are primarily composed of triacylglycerols, but also contain diacylgly-

cerols, monoacylglycerols, free fatty acids, and other minor components, including

natural antioxidants and fat-soluble vitamins. The chemical composition of edible

fats and oils largely determines their stability, quality, nutritional value, sensory

properties, and potential health effects. Tree nuts, in many cases, provide rich

sources of food lipids; up to 75% lipid on a weight basis (1). With a few exceptions,

tree nut lipids exist as oils at room temperature. Generally, tree nuts are rich in

monounsaturated fatty acids, predominantly oleic acid, but contain much lower

amounts of polyunsaturated fatty acids, predominantly linoleic acid and small

amounts of saturated lipids (1). In many parts of the world, such as the Middle

East and Asia, tree nuts are cultivated for use as oil crops and are important sources

of energy and essential dietary nutrients as well as phytochemicals (2). Tree nut oils

are also used as components of some skin moisturizers and cosmetic products (3).

Tree nuts, tree nut oils, and tree nut byproducts (defatted meals and hulls) are

known to contain several bioactive and health-promoting components. Epidemio-

logical evidence indicates that the consumption of tree nuts may exert several car-

dioprotective effects, which are speculated to derive from their lipid component that

includes unsaturated fatty acids, phytosterols, and tocols (4). Recent investigations

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
Edited by Fereidoon Shahidi. Copyright # 2005 John Wiley & Sons, Inc.

175



have also shown that dietary consumption of tree nut oils may exert even more ben-

eficial effects than consumption of whole tree nuts, possibly due to the replacement

of dietary carbohydrate with unsaturated lipids or other components present in the

oil extracts (5). Tree nut byproducts are used as sources of dietary protein and as

health-promoting phytochemicals such as natural antioxidants. This chapter sum-

marizes the characteristics and potential health effects of several tree nut oils and

their byproducts, including almond oil, hazelnut oil, pecan oil, walnut oil, pistachio

oil, Brazil nut oil, pine nut oil, and macadamia nut oil, among others. Protein

compositions of tree nut byproducts are also discussed collectively at the end of

this chapter, with emphasis on the completeness of these proteins based on their

amino acid compositions.

2. ALMOND

The almond tree (Prunus delcis and Prunus amara) and its fruit (containing the

almond kernel or ‘‘almond’’) have long been recognized as commercially valuable

and nutritionally important. California and Italy are the major almond-producing

regions of the world, however, other parts of Europe, Asia, and Australia also con-

tribute to a lower level of production (6). The only other economically important

product of almond trees is the almond hull, which is traditionally used in animal

feed preparations. Several studies have reported that almond consumption may

improve blood lipid profiles by lowering low-density lipoprotein (LDL) cholesterol

and raising plasma high-density lipoprotein (HDL) cholesterol levels. Thus, there is

much current interest in almond oil as a health-promoting edible oil (7).

The proximate composition of almond includes 50.6% lipid, 21.3% protein,

19.7% carbohydrate, 5.3% water, and 3.1% ash (w/w) (1). The most common meth-

od for producing almond oil is hexane extraction that affords high oil yields, how-

ever, cold pressing is another commercially used procedure for almond oil

production (8). Shi et al. (8) assessed the fatty acid composition of almond oil;

oleic acid was major fatty acid present (68%), followed by linoleic acid (25%),

palmitic acid (4.7%), and small amounts (<2.3%) of palmitoleic, stearic, and ara-

chidic acids (Table 1). Almond oil is also a rich source of a-tocopherol (around

390 mg/kg) and contains trace amounts of other tocopherol isomers as well as phyl-

loquinone (70 mg/kg) (1). Almond oil contains 2.6 g/kg phytosterols, mainly b-

sitosterol, with trace amounts of stigmasterol and campesterol (1).

Sattar et al. (9) examined peroxide formation during light-induced oxidation of

several tree nut oils, including almond oil, pine nut oil, and walnut oil. The oils

were oxidized for a 7-week period under four different conditions: (1) by direct

exposure to light (540 lux), (2) exposure to light in clear glass containers, (3) expo-

sure to light in amber-colored glass containers, and (4) unexposed oils, which were

used as controls. The initial peroxide value (PV) of the almond oil was 2.8 meq

oxygen/kg oil, which was second only to pine nut oil (9). Results for almond oil

peroxidation rate under each condition were expressed as increase in PV/day

(�PV/day); the oxidation rate was highest in almond oil directly exposed to light
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(0.82 �PV/day), followed by almond oil stored in glass containers (0.43 �PV/day),

then almond oil stored in amber-colored containers (0.15 �PV/day), and lowest

in unexposed almond oil (0.11 �PV/day). Under all four oxidative conditions,

almond oils showed greater oxidative stability than pine nut oil and walnut oil, pos-

sibly due to a higher content of tocopherols in almond oil (9). Salvo et al. (10) stu-

died the peroxidation rate and compositional changes of almond oil over a 3-year

period at 4�C and ambient temperature. The almond oils used were extracted from

sweet (P. delcis) and bitter almonds (P. amara). The initial composition of the two

almond oils were similar, having identical fatty acid compositions and total toco-

pherol contents; however, sweet almond oil contained only a-tocopherol (458 mg/kg),

whereas bitter almond oil contained 345 mg/kg a-tocopherol and 113 mg/kg

g-tocopherol. No changes in fatty acid composition were observed during the 3-

year storage period; however, the total tocopherol content fell to 245 mg/kg in

sweet almond oil and 121 mg/kg in bitter almond oil after one year, and became

totally depleted after three years when stored at 4�C (10). Both sweet and bitter

almond oils showed similar peroxide formation rates; the initial PV was 9.6 meq

oxygen/kg oil and rose to 21.3 after 1 year, 29.6 after 2 years, and 129.5 after 3

years of storage at 4�C. A similar, but faster, trend was observed in almond oils

stored at ambient temperatures. Thus, oxidative stability of almond oil (9, 10)

depended on the presence of tocopherols and possibly other substances contributing

to the stabilization of the oil.

The compositional characteristics of almond oil show that it is rich in several

health-promoting nutrients, many of which may be responsible for the observed

beneficial effects of dietary almond consumption in cardiovascular diseases (11)

and in weight management (12), however, few investigations have explored this

topic. Hyson et al. (13) conducted a dietary intervention study to determine whether

the consumption of whole almonds or almond oil for 6 weeks would result in simi-

lar or different effects on plasma lipids and ex vivo LDL oxidation. Both groups

consumed diets with identical almond oil and total fat levels. This study showed

that both whole almond and almond oil consumption caused similar reductions

in plasma cholesterol and LDL (4% and 6%, respectively) as well as a 14%

TABLE 1. Fatty Acid Composition

of Almond Oil.a

Fatty Acid (%)

16:0 4.7

16:1 <1

18:0 <1

18:1 (n-9) 68.0

18:2 (n-6) 25.0

18:3 (n-3) <1

24:0 <1

aAdapted from Shi et al. (8).
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decrease in fasting plasma triacylglycerols. These findings indicate that the lipid

component of almond is responsible for its cardioprotective effects and warrants

further investigation (13).

The defatted meals and hulls of almonds contain several antioxidative com-

pounds as well as other health-promoting substances. Senter et al. (14) performed

a comparative analysis of phenolic acids in selected tree nut meals including

almond. The results of this study showed that gallic acid was the predominant phe-

nolic compound in all tree nut meals except pine nut (caffeic acid), almond, and

hazelnut (protocatechuric acid). Other phenolic compounds identified included

p-hydroxybenzoic, p-hydroxyphenylacetic, vanillic, syringic, and ferulic acids

(Table 2) (14). The antiradical activity of ethanolic extracts of almond and almond

byproducts, including brown skins and hulls, have been reported (15). The Trolox

equivalent antioxidant activity of brown skins and hulls were 13 and 10 times great-

er than that of the whole almond extracts. At a concentration of 200 ppm, ethanolic

extracts of almond skins and hulls had strong scavenging activities against super-

oxide radical (95% and 99%, respectively), hydrogen peroxide (91%), hydroxyl

radical (100% and 56%, respectively), and 2,2-diphenyl-1-picrylhydrazyl (DPPH)

(100%) (15). Sang et al. (16) isolated nine phenolic compounds from almond skins

and assessed DPPH scavenging activity of each compound; catechin and protoca-

techuic acid had the greatest antioxidant activity, followed by 30-O-methylquercetin

3-O-b-D-galactopyranoside, then 30-O-methylquercetin 3-O-b-D-glucopyranoside,

and 30-O-methylquercetin 3-O-a-L-rhamnopyranosyl-(1!6)-b-D-glucopyranoside

as well as vanillic and p-hydroxybenzoic acids, naringenin 7-O-b-D-glucopyrano-

side, and, finally, kaempferol 3-O-a-L-rhamnopyranosyl-(1! 6)-b-D-glucopyr-

anoside (16). Frison-Norrie and Sporns (17) quantitatively assessed the flavonol

glycoside composition of blanched almond skins using matrix-assisted laser deso-

rption/ionization time-of-flight mass spectrometry (MALDI-TOF MS), showing the

presence of isorhamnetin rutinoside (51 mg/g), isorhamnetin glucoside (18 mg/g),

kaempferol rutinoside (18 mg/g), and kaempferol glucoside (6 mg/g). More recently,

Pinelo et al. (18) examined the total phenolics content and DPPH scavenging

TABLE 2. Phenolic Acid Constituents (mg/g) of Selected Tree Nut Meals.a

Phenolic Acid Almond Hazelnut Chestnutb Pine Nut Walnut

p-Hydroxybenzoic 0.30 <0.01 0 – 0.44 0.16 0.06

Phenyl acetic 0 0 <0.01 <0.01 0–0.02

Vanillic 0.07 <0.01 0 0.14 0.09

Proto-catechuric 0.70 0.36 0.3 – 0.46 0.28 0.02

Syringic 0 0 0 – 0.06 0.23 0.02

Gallic <0.01 <0.01 0.7– 4.21 0.08 0.02

Caffeic 0 <0.01 0.16 – 0.30 0.48 0.10

Ferulic 0 0 0 – 0.01 <0.01 <0.01

Total 1.08 0.36 1.65 – 4.97 1.37 0.51

aAdapted from Senter et al. (14).
bRange of values accounts for three chestnut varieties (American, Chinese, and Hybrid chestnut).
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activity of almond hull ethanolic extracts and reported values of 3.74 mg/g and

58%, respectively. Sang et al. (19) have also isolated potential health-promoting

sterols, nucleotides, and one sphingolipid, namely 1-O-b-D-glucopyranosyl-

(2S,3R,4E,8Z)-2-[(2R)-2-hydroxyhexadecanoylamino]-4,8-octadecadiene-1,3-diol

(Figure 1), from defatted almond meals. In light of this data showing that tree nuts,

tree nut oils, and tree nut byproducts contain heath-promoting phytochemicals,

Davis and Iwashi (20) examined the effects of dietary consumption of whole

almonds, almond oil, and almond meal on aberrant crypt foci development in a

rat model of colon carcinogenesis. This landmark study showed that both almond

oil and almond meal reduced aberrant crypt foci development, but whole almonds

showed a significantly stronger anticancer effect in this model, implying a synergis-

tic anticancer activity between the lipidic and nonlipidic constituents of almonds

(20).

3. HAZELNUT

Hazelnuts or filberts (Corylus sp.) are a rich source of energy with a 61–63% lipid

content (w/w) (1, 21). Other components of hazelnuts are carbohydrate (15.3%),

protein (13.0%), water (5.4%), and ash (3.6%) (1). Turkey is the world’s largest

producer of hazelnuts, accounting for approximately 75% of total hazelnut produc-

tion, followed by Italy, which accounts for 10% of total global production. In the

United States, the state of Oregon is the largest producer and in Canada, southwes-

tern British Columbia produces a small amount of hazelnuts. North America

contributes less than 5% to the total world hazelnut production, which is about

850,000 metric tons (unshelled basis) (22).

The fatty acid composition of hazelnut oil is as follows: 78–83% oleic acid,

9–10% linoleic acid, 4–5% palmitic acid, and 2–3% stearic acid as well as other

minor fatty acids (Table 3) (1, 22). Parcerisa et al. (23) examined lipid class com-

position of hazelnut oil, showing that triacylglycerols constituted 98.4% of total

lipids, glycolipids comprised 1.4% of total lipids, and trace amounts (<0.2%) of

phosphatidylcholine and phosphatidylinositol were also present. Hazelnut oil

contains 1.2–1.14 g/kg of phytosterols primarily in the form of b-sitosterol and is

a very good source of a-tocopherol (382–472 mg/kg) (1, 22). The main odorant in
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Figure 1. 1-O-b-D-Glucopyranosyl-(2S,3R,4E,8Z)-2-[(2R)-2-hydroxyhexadecanoylamino]-4,8-

octadecadiene-1,3-diol.

HAZELNUT 179



hazelnut oil responsible for its characteristic flavor is 5-methyl- (E)-2-hepen-4-one

or filbertone, which can produce intense hazelnut oil-like aroma at the very low

odor threshold of 5-ng/kg oil (24). The oil from unroasted hazelnuts typically con-

tains about 6-mg filbertone/kg oil, whereas the oil from roasted hazelnuts contains

over 315-mg filbertone/kg oil (24). The level of filbertone in hazelnut oil serves as a

useful index for assessing possible adulteration of other oils with hazelnut oil and

the extent of adulteration (25). Bernardo-Gil et al. (26) studied the composition and

oxidative characteristics of hazelnut oils obtained by hexane and supercritical

carbon dioxide fluid extraction. Under optimal supercritical fluid extraction condi-

tions (CO2 density: 880 kg/m3, superficial velocity: 0.000642 m/s, time: 240 min,

temperature range: 308–321 K, pressure range: 18–23.4 MPa), the total yield and

fatty acid compositions of the resultant hazelnut oils did not differ significantly

for the two extraction methods; however, the supercritical fluid extract was clearer

than the hexane extract, implying some degree of purification by the supercritical

fluid (SCF) extraction process (26). Interestingly, the SCF extract contained 17%

more tocopherols (458.7 mg/kg) than the hexane extract (382.8 mg/kg). The oxida-

tive stability of both hazelnut oils were assessed using the Rancimat apparatus at

110�C; the SCF extract was more resistant to oxidation (induction periods: 6.7 h

and 8.7 h, respectively) (26). Ozdemir et al. (27) studied the oxidative stability of

several commercial and experimental hazelnut oils using the stability index calcu-

lation ([mg/100-g a-tocopherol] x [% saturated fatty acids/% unsaturated fatty

acid]), showing stability index values between 5.4 and 6.3. Similar findings have

been reported by other research groups (22, 28, 29). The oxidative stabilities of

both stripped and nonstripped hazelnut oil in oil-in-water emulsion and bulk-oil

systems have been reported (28). In these systems, oxygen uptake, peroxide value,

2-thiobarituric acid reactive substances (TBARS), and depletion of a-tocopherol

TABLE 3. Fatty Acid Composition of Hazel-

nut Oil.a

Fatty Acid (%)

14:0 0.03

15:0 0.02

16:0 4.85

16:1 0.16

17:0 0.04

17:1 0.07

18:0 2.73

18:1 (n-3) 82.7

18:2 (n-6) 8.89

18:3 (n-3) 0.10

20:0 0.14

20:1 (n-9) 0.16

24:0 0.01

24:1 (n-9) 0.02

aAdapted from Alasavar et al. (22).
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levels during a 21-day oxidation cycle at 60�C were assessed. Nonstripped oils

were more stable than stripped oils, and both stripped and nonstripped oils were

more stable as bulk oils than as oil-in-water emulsions (28). More recently, Romero

et al. (29) studied the oxidative stability of stripped and nonstripped hazelnut oils

using the Rancimat method at 100�C; the effects of antioxidants in these systems

were also evaluated. These researchers studied lipid oxidation in five different

hazelnut oil systems: (1) nonstripped cold-pressed hazelnut oil, (2) stripped cold-

pressed hazelnut oil, (3) stripped cold-pressed hazelnut oil with 150-mg/kg

a-tocopherol added, (4) stripped cold-pressed hazelnut oil with 140-mg/kg a-

tocotrienol added, and (5) stripped cold-pressed hazelnut oil with 70 mg/kg of a-

tocopherol and 70-mg/kg a-tocotrienol added (29). The Rancimat studies showed

that a-tocotrienol prolonged the induction period to the greatest extent in the

stripped oil system (37.6 h), followed by the mixture of a-tocopherol and a-

tocotrienol (35.3 h), and finally a-tocopherol (32.6 h). The induction period in the

nonstripped hazelnut oil system (30.8 h) was less than all stripped oils with added

antioxidants, and better than the plain stripped oil system (3.5 h). These results

collectively show that a-tocotrienol exhibits a greater antioxidant activity than

a-tocopherol in this system; both a-tocotrienol and a-tocopherol exhibited greater

antioxidant activities than the minor constituents present naturally in the non-

stripped hazelnut oil (29). This research group also assessed the stability of the

hazelnut oil systems at 180�C by measuring the formation of polar components

and decomposition of tocols in all four antioxidant-containing oil systems over

an 18 h period; under these extreme conditions a-tocopherol was the most effective

antioxidant (29).

Several reports have shown that hazelnut is a health-promoting food and a con-

tributing factor for the beneficial health effects of the Mediterranean style diet (30);

however, few studies have investigated the health effects of hazelnut oil. Balkan

et al. (31) examined the effects of hazelnut oil administration on plasma peroxide

levels, plasma lipid profiles, plasma LDL and VLDL levels, and atherosclerotic pla-

que development in male New Zealand white rabbits. In this study, animals were

fed either control diets, control diets rich in cholesterol (0.5% w/w), control diets

rich in cholesterol (0.5% w/w) with hazelnut oil supplementation (5% w/w), or a

control diet with hazelnut oil supplementation (5% w/w) for 14 weeks. The results

showed that when supplemented in control diets, hazelnut oil reduced plasma cho-

lesterol and apoB-100 containing lipoprotein levels by an insignificant level. No

differences were observed in the high-cholesterol-diet group supplemented with

hazelnut oil, which implies that hazelnut oil may be an effective health-promoting

agent in diets with normal lipid intake, but cannot reverse the effects of high

cholesterol intake (31).

Some researchers have investigated the potential of hazelnuts as a source of

natural antioxidants. Yurttas et al. (32) assessed the phenolic composition of metha-

nolic extracts of hazelnuts, showing that gallic acid, p-hydroxl benzoic acid, caffeic

acid, and sinapic acid were the predominant phenolic acids reported. In addition,

quercetin and epicatechins were present. The composition of phenolic acid consti-

tuents in hazelnut meal has also been assessed by Senter et al. (14) (Table 2).
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4. PECAN

Pecan tree (Carya illinoinensis) is native to the United States but has also been

naturalized for commercial pecan production throughout the world, including

Australia, South Africa, and several middle eastern and South America countries

(33). Fat is the predominant constituent in all pecan varieties, ranging from 65%

to 75% (w/w) (1, 33, 34). Other constituents include 13.9% carbohydrate, 9.1%

protein, 3.5% water, and 1.5% ash (w/w) (1). The predominant fatty acids present

in pecan oil are oleic (55%), linoleic (33%), linolenic (2%), palmitic (7%), and

stearic (2%) acids (Table 4) (34). The most predominant tocol in pecan oil was

g-tocopherol (176 mg/kg), followed by a-tocopherol (10 mg/kg), and then d- and

b-tocopherols (6.2 mg/kg) (1). Pecan oil also contains 0.73 g/kg phytosterols that

exist primarily as b-sitosterol (around 90%) (1).

Early studies have shown that pecan oil is a very stable food oil despite its high

content of unsaturated fatty acids, thus making it an excellent dietary oil (35).

Demir and Cetin (36) examined the total yields, compositions, and oxidative stabi-

lities of expeller-pressed and hexane-extracted pecan oils. Total yields were higher

for solvent-extracted batches (67–79%, w/w) than pressed batches (36). The expel-

ler-pressed pecan oil had a significantly higher total tocopherol content when com-

pared with hexane-extracted oil (260 mg/kg and 23 mg/kg, respectively); however,

the solvent-extracted oil exhibited a greater oxidative stability with an induction

period of 6 h at 100�C, as compared with 5.5 h for pressed oil. These findings

may imply that antioxidative constituents, aside from tocopherol, may be contribut-

ing to the enhanced oxidative stability of the hexane-extracted oils, however, pre-

vious publications (33, 34), using similar solvent-extraction methods, have shown

much higher concentrations of tocopherols in pecan oils and thus contradict the

findings of Demir and Cetin (36). Toro-Vasquez and Perez-Briceno (37) studied

the oxidative stabilities of solvent-extracted pecan oils from 22 Mexican pecan

varieties; all varieties tested had high oxidative stability index values (8.5–10.8 h

at 110�C).

TABLE 4. Fatty Acid Composition of Pecan

Oil.a

Fatty Acid (%)

12:0 0.01

14:0 0.05 – 0.06

14:1 0.02 –0.03

16:0 6.49 – 6.71

16:1 0.20 – 0.21

18:0 2.23 – 2.80

18:1 (n-9) 51.1– 62.1

18:2 (n-6) 27.2 – 36.9

18:3 (n-3) 1.52 –1.94

20:0 0.12

20:4 0.03

aAdapted from Wakeling et al. (34).
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Epidemiological findings show that pecan-enriched diets can favorably alter

serum lipid profiles in humans and thus reduce cardiovascular disease risk (38);

however, the effects of pecan oil intake on human blood lipid profiles have not

been reported.

5. WALNUT

Walnut (nux juglandes) is harvested from walnut tree (Juglans regia) and is the

most popular nut ingredient in North American cooking. Over 30 varieties of wal-

nut trees are currently harvested that have been developed for various characteris-

tics including pest tolerance, early/late harvest, and shell thickness. The major

walnut-producing nations are the United States (California), China, Turkey, India,

France, Italy, and Chile (39).

Walnuts contain about 65% lipids, however, considerable differences exist

among varieties (range: 52–70%, w/w) (1, 40). Walnuts also contain 15.8% protein,

13.7% carbohydrate, 4.1% water, and 1.8% ash (w/w) (1). The fatty acid composi-

tion of walnut oil is unique compared with other tree nut oils for two reasons;

walnut oil contains predominantly linoleic acid (49–63%) and a considerable

amount of a-linolenic acid (8–15.5%). Other fatty acids present include oleic

acid (13.8–26.1%), palmitic acid (6.7–8.7%), and stearic acid (1.4–2.5%)

(Table 5) (40). The tocopherol content of walnut oil varies among different cultivars

and extraction procedures and ranges between 268 mg/kg and 436 mg/kg. The pre-

dominant tocol isomer is g-tocopherol (>90%), followed by a-tocopherol (6%),

and then b- and d-tocopherols (41). Nonpolar lipids have been shown to constitute

96.9% of total lipids in walnut oil, whereas polar lipids account for 3.1%. The polar

lipid fraction consisted of 73.4% sphingolipids (ceramides and galactosylcera-

mides) and 26.6% phospholipids (predominantly phosphatidylethanolamine) (42).

Walnut oil contains approximately 1.8 g/kg phytosterols (1), primarily b-sitosterol

(85%), followed by �-5-avenasterol (7.3%), campesterol (4.6%), and, finally,

cholesterol (1.1%) (42).

Several research groups have investigated the oxidative stability of walnut oil

and have shown that it is readily oxidizable. Demir and Cetin (36) investigated

the oxidative stability of expeller-pressed and hexane-extracted walnut oil at

TABLE 5. Fatty Acid Composition of Walnut

Oil.a

Fatty Acid (%)

16:0 6.7–8.7

18:0 1.4–2.5

18:1 (n-9) 14–26

18:2 (n-6) 49–63

18:3 (n-3) 8–16

aAdapted from Zwarts et al. (40).
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100�C by monitoring changes in peroxide value, showing that the induction period

of expeller-pressed walnut oil was 3.5 h compared with 4.5 h for hexane-extracted

oil. The induction period of different walnut oils was 1.5–2.0 h shorter than values

for pecan oil, as expected considering the existing difference in unsaturation

between the two oils (36). Savage et al. (41) examined the oxidative stability of

walnut oils from 13 different cultivars using the Rancimat method at 100�C; the

induction periods were 3.9–7.8 h. One notable trend in this study was that the var-

iation of induction period for various walnut oils was inversely correlated with the

levels of linoleic acid and the ratio of total unsaturation to total tocopherol contents

(41). Similar findings were reported by Oliveira et al. (43) using walnut oil obtained

by supercritical fluid extraction with compressed carbon dioxide. More recently,

Amaral et al. (44) examined the oxidative stability of oils from six walnut cultivars

obtained by petroleum ether extraction. In one set of experiments, these researchers

evaluated oil stabilities using the Rancimat method and showed induction periods

between 2.7 h and 3.3 h for walnut oils used. In another set of experiments, the

change in peroxide value after one year of storage was assessed; no obvious trends

were observed among the various oils (44). Findings from stability studies collec-

tively show that walnut oil has low oxidative stability when compared with other

common nut oils, which can be ascribed to its high content of polyunsaturated fatty

acids, mostly a-linolenic acid (44).

Evidence from epidemiologic and intervention studies as well as clinical trials

shows that walnut consumption has favorable effects on serum lipid levels in

humans, such as lowering LDL, raising HDL, and reducing total serum triacylgly-

cerol levels, all of which reduce the likelihood of suffering from a cardiovascular

event (45–47). Many of the beneficial findings associated with walnut consumption

have previously been attributed to the polyunsaturated fatty acid intake and have

prompted health researchers to investigate which of these effects, if any, can be

attributed to the lipid component of walnuts. Lavedrine et al. (48) conducted a

cross-sectional study to assess the association between whole walnut and walnut

oil consumption and blood lipid levels. This study included 933 men and women

aged 18–65 years living in Dauphine, France (a major walnut-producing area). Fac-

tors used to assess cardiovascular disease risk included a one-year dietary recall

questionnaire and serum levels of HDL, LDL, total cholesterol, and levels of the

apolipoproteins apoA1 and apoB. Results from this study showed that higher levels

of HDL cholesterol and apoA1 were associated with higher amounts of walnut oil

and kernel consumption, with a positive trend existing between the various degrees

of walnut oil/kernel consumption in this cohort. Other blood lipids did not show any

significant association with walnut consumption; the nature of the cohort group

made it impossible to separate the effects of whole walnut and walnut oil consump-

tion (48). More recently, Zibaeenezhad et al. (49) examined the effects of walnut oil

consumption on plasma triacylglycerol levels in hyperlipidemic men and women.

In this trial, 29 patients were given 3g/day walnut oil (six 500-mg capsules per day)

for 45 days, 31 patients were given placebo and were used as controls. Supplemen-

tation of walnut oil reduced serum levels of LDL, triacylglycerol, and total choles-

terol while increasing serum HDL levels, however, only the decrease in serum
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triacylglycerol reached significance (49). The fatty acid composition of walnut oil

has been suggested as being responsible for its cardioprotective feature, but results

from studies, such as that of Espin et al. (50), show that the antioxidative compo-

nents of walnut oil have significant antiradical properties that may exert a protective

effect against the oxidation of biomacromolecules such as LDL, a known risk factor

for atheroma development and, thus, heart disease. Therefore, more studies are

needed to clarify the putative cardioprotective effects of walnut oil consumption

before a casual relationship between the two can be established. The defatted meals

of walnuts provide for an excellent source of natural antioxidants at a level of

0.51 mg/g phenolic acids (14) (Table 2).

6. PISTACHIO

The pistachio tree (Pistacia vera) is native to the Middle Eastern region and has

been naturalized in many parts of the world. The world’s largest producer of pista-

chio nuts is Iran (Kerman Province), with an annual output of 300,000 tons. Other

major producers are Turkey, the United States (California), and Syria (51). Pista-

chio contains 44% lipid, 28% carbohydrate, 21% protein, 4% water, and 3% ash

(w/w) (1). Other research groups have reported that pistachio nuts contain between

45% and 72% oil, depending on the variety and stage of harvest (52, 53). The main

uses of pistachio oil are in the cosmetics and condiment industries. The predomi-

nant fatty acid of pistachio oil is oleic acid (56 – 64%), followed by linoleic acid

(23–31%), palmitic acid (9–13%), and small amounts of other fatty acids

(Table 6) (54). Pistachio oil contains large amounts of phytosterols (5 g/kg, 85%

b-sitosterol) (55), 270 mg/kg of tocopherols (1, 56), and has an acid value higher

(2.32-mg KOH/g oil) than other tree nut oils (52, 57). Evidence from several

epidemiologic studies suggests that pistachio consumption can reverse several

adverse blood lipid parameters such as hypercholesterolemia (58), however, inves-

tigations on the health effects of pistachio oil consumption are not readily available

or have not been conducted.

TABLE 6. Fatty Acid Composition

of Pistachio Oila

Fatty Acid (%)

16:0 9–13

16:1 <1

18:0 6.0

18:1 (n-9) 56–64

18:2 (n-6) 23–31

20:0 <1

24:0 <1

aAdapted from Kamangar et al. (54).
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7. BRAZIL NUT

Brazil nuts (Bertholletia excelsa) are widely consumed but are produced mainly in

South America, with total world production estimated to be about 20,000 metric

tons. Bolivia, Brazil, and Peru are the main Brazil-nut-producing nations (59).

Brazil nuts are traded mainly in the form of kernels (i.e., shelled) and are used

in confectionery, bakery, and health foods. Brazil nuts contain 66–69% lipid,

14.3% protein, 12.2% carbohydrate, 3.5% ash, and 3.5% water (w/w) (1, 60). Brazil

nut oil is used in the areas it is produced as cooking oil and is being promoted on

the export market (59). As the export value of shelled Brazil nuts is so high, usually

only defective Brazil nuts (cracked and partially oxidized) are extracted for their

oils that can result in oils with acid values and peroxide values as high as

5.9-mg KOH/g oil and 7.6-meq oxygen/kg oil, respectively (61). The fatty acid

composition of Brazil nut oil includes 29–48% oleic acid, 30–61% linoleic acid,

14–15% palmitic acid, 6–8% stearic acid, and 0.5% myristic acid (60, 62) (Table 7).

8. PINE NUT

Pine nuts (pinon or pignolia) are the edible seeds within the pine cone of several

varieties of pine trees (Pinus sp.) but most commonly Pinus pinea or ‘‘stone pine’’.

Pine nuts are harvested all over the world, most notably in Russia, China,

North Korea, Spain, Italy, and Turkey, among others. Pine nuts contain 48–61%

lipids by weight (1, 60). Other constituents of pine nut include carbohydrate

(19.3%), protein (11.6%), water (5.9%), and ash (2.2%) (1). Pine nut oil contains

predominantly linoleic acid (46.4%) and oleic acid (38.1%). Maritime pine nut

(Pinus pinaster) oil also contains two fatty acids that are unique among tree nut

oils; pinoleic acid and sciadonic acid (Figure 2), which exist at 7% each in pine

nut oil and may have antiatherogenic effects (Table 8) (63). The phenolic acid com-

position of defatted pine nut meal is given in Table 2 and shows that caffeic acid is

the predominant phenolic compound (14).

TABLE 7. Fatty Acid Composition of Brazil

Nut Oil.a

Fatty Acid (%)

16:0 14

16:1 0.3

18:0 8.6

18:1 (n-9) 29

18:2 (n-6) 47

20:0 <1

24:0 <1

aAdapted from Beuchat and Worthington (60).
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9. MACADAMIA NUT

Macadamia trees (Macadamia sp.) were originally cultivated in Australia, but the

United States (Hawaii) is currently the world’s largest producer of macadamia nuts.

Edible macadamia nuts are from two species; Macadamia integrifolia (smooth-shell

type) and Macadamia tetraphylla (rough-shell type). The macadamia nut industry

in Hawaii, Australia, and many other producing areas, is based primarily on the

smooth-shell type (64). Oil yields from macadamia nuts range from 59% to 78%

(w/w) (1, 65, 66). Macadamia nuts also contain 13.8% carbohydrate, 7.9% protein,

1.4% water, and 1.1% ash (w/w) (1). Compositional studies of macadamia nut oil

shows that it is rich in oleic and palmitoleic acids (Table 9) (67), has 18–54 mg/kg

tocol isomers (predominatly a-tocotrienol), and up to 1.5 g/kg phytosterols (predo-

minatly campesterol) (66). Macadamia nut oil has been shown to have a relatively

high smoke point of 198�C. The Rancimat method has been used to assess the

oxidative stability of several varieties of macadamia nut oil, resulting in induction

periods of between 3.6 h and 19.8 h (66).

H3C COOH

Pinoleic Acid (∆5,9,12-18:3)

H3C COOH

Sciadonic Acid (∆5,11,14-20:3)

Figure 2. Chemical structures of sciadonic and pinoleic acids.

TABLE 8. Fatty Acid Composition of Pine Nut Oils.a

Fatty Acid Pine Nut Oil (%) Maritime Pine Nut Oil (%)

16:0 5.8 3.6

16:1 0.3 0.2

18:0 3.8 2.4

18:1 (n-9) 38.1 18.1

18:2 (n-6) 46.4 55.9

18:3 (n-3) 0.8 1.3

20:0 0.7 NDb

20:1 0.9 0.8

�5,9-18:2 ND 0.7

�5,9,12-18:3 ND 7.1

�5,11-20:2 ND 0.8

�5,11,14-20:3 ND 7.1

aAdapted from Beuchat and Worthington (60) and Asset et al. (63).
bNone Detected.
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10. CASHEW NUT

The cashew (Anacardium occidentale L.) is an evergreen species native to tropical

America and contains 47% oil (w/w) (1, 68). Other components of cashew nuts

include carbohydrate (27.1%), protein (18.2%), water (5.2%), and ash (2.5%) The

predominant fatty acid in cashew nut oil is oleic acid (57.3–65.1%), followed

by linoleic (15.6–18.6%), and palmitic (9.0–14.2%) acids (Table 10) (68). Cashew

nut oil contains 1.4% unsaponifiable matter (w/w), of which 76.2–82.7% is

b-sitosterol. Other sterols present in cashew nut oil include �5-avenasterol,

campesterol, fucosterol, cholesterol, and stigmasterol (68). Cashew nut oil con-

tains 45.3–83.5 mg/100 g g-tocopherol; other tocopherols present are a-tocopherol

(2.8–8.2 mg/100g) and d-tocopherol (2.0–5.9 mg/100 g) (68).

11. USE OF DEFATTED TREE NUT MEALS AND OTHER
BYPRODUCTS AS PROTEIN SOURCES

Defatted tree nut meals and hulls are traditionally used as animal feeds due to their

low cost and the high nutritional value of their proteins and other constituents (69).

Tree nut byproducts have many food (70) and biochemical applications (71). Tree

TABLE 9. Fatty Acid Composition of Maca-

damia Nut oil.a

Fatty Acid (%)

16:0 7.9

16:1 17

18:0 3.3

18:1 (n-9) 57.7

18:2 (n-6) 1.7

20:0 <1

24:0 <1

aAdapted from Macfarlane et al. (67).

TABLE 10. Fatty Acid Composition

of Cashew Nut Oil.a

Fatty Acid (%)

16:0 9 –14.2

16:1 0.3 – 0.4

18:0 6.3 –11.6

18:1 (n-9) 57.3 – 65.1

18:2 (n-6) 15.6 –18.1

20:0 0.3 – 0.8

aAdapted from Toschi et al. (68).
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TABLE 11. Amino Acid Profiles (%) of Tree Nut Proteins.a

Amino Acid Almond Hazelnut Pecan Walnut Pistachio Brazil Nut Pine Nut Macadamia Nut Cashew

Alanine 4.54 4.67 4.46 4.41 4.59 3.71 7.24 3.73 4.18

Arginine 11.2 14.2 13.2 14.4 10.1 13.8 26.9 13.5 10.6

Aspartic Acid 12.4 10.5 10.4 11.6 9.06 8.67 12.6 10.5 8.96

Cystine 1.28 1.51 1.70 1.31 1.78 2.36 2.51 0.05 1.96

Glutamic Acid 23.5 23.3 20.5 17.8 19.1 20.3 23.5 21.8 22.5

Glycine 6.67 4.65 5.09 5.17 4.75 4.62 7.05 4.37 4.68

Histidine 2.69 2.16 2.94 2.48 2.52 2.48 3.31 1.87 2.27

Isoleucine 3.14 3.75 3.77 3.96 4.49 3.32 5.38 3.02 3.94

Leucine 6.68 7.26 6.72 7.42 7.75 7.44 9.98 5.79 7.35

Lysine 2.73 2.63 3.22 2.68 5.74 3.17 5.19 0.17 4.63

Methionine 0.85 1.07 2.05 1.49 1.68 6.49 2.47 0.22 1.80

Phenylalanine 5.22 4.53 4.78 4.50 5.29 4.06 5.30 6.40 4.75

Proline 4.40 3.36 4.08 4.47 4.05 4.23 7.44 4.50 4.05

Serine 4.57 4.41 5.32 5.92 6.11 4.40 5.87 4.03 5.38

Threonine 3.08 2.95 3.44 3.78 3.35 2.33 4.39 3.56 3.44

Tryptophan 0.87 1.42 1.04 1.07 1.36 0.90 1.74 0.64 1.43

Tyrosine 2.41 2.99 2.41 2.57 2.07 2.70 5.07 4.92 2.53

Valine 3.63 4.37 4.61 4.77 6.18 4.87 7.15 3.49 5.46

aValues adapted from USDA Nutrient Database for Standard Reference (1).



nut meals are rich in several antioxidative compounds and other health-promoting

substances. This has led researchers to investigate their potential as functional food

ingredients and as possible sources of nutraceutical extracts (70). The predominant

nutritional component of tree nut meals is protein, constituting around 40% of total

weight (70). The protein component is of high quality with a reasonably balanced

composition of essential amino acids (1). As an example, cashew nut meal contains

42% crude protein and, compared with soybean meal, it has been shown to enhance

livestock weight-gain curves and a higher protein score (97 vs. 93, respectively)

(72). Similar findings have also been reported for walnut meal (73). The amino

acid compositions of proteins from tree nut meals are summarized in Table 11

and show that, in most cases, glutamic acid, arginine, and aspartic acid account

for about 40% of the amino acids in these proteins, whereas tryptophan is a limiting

amino acid in all tree nut proteins examined in this chapter, except macadamia nut

protein, which contains only trace amounts of cystine. Thus, defatted meals of tree

nuts serve as excellent sources of high-quality proteins.

12. CONCLUDING REMARKS

Several tree nut varieties serve as valuable oil crops due to their high oil yield,

unique flavors, and healthful lipid composition. Byproducts of tree nuts also have

several uses including functional food ingredients and as sources of nutraceutical

extracts and dietary protein. Compared with most other vegetable oils, tree nut

oils show high oxidative stability, which is due to high levels of monounsaturated

fatty acids rather than polyunsaturated fatty acids and high concentrations of minor

components with antioxidant activity. The use of tree nut oils and byproducts in

every day cooking is very common in some parts of the world and is becoming

more widespread due to increased consumer demand for alternative and health-

promoting foods. The consumption of high-fat tree nuts and their oils has been

shown to have antiatherogenic effects, which may be related to the known positive

cardiovascular health effects of unsaturated fatty acids, phytosterols, and tocol

isomers. Other minor phytochemicals present in tree nut oils may also contribute

to their observed health effects. Less information is available regarding the health

effects of tree nut byproducts.
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(2001).

39. Walnut Industry Fact Sheet. (2004). Available: www.walnut.org/pdfs/walnuts_fact-

sheet.pdf.

40. L. Zwarts, G. P. Savage, and D. L. McNeil, Int. J. Food Sci. Nutr., 50, 189–194

(1999).

41. G. P. Savage, P. C. Dutta, and D. L. McNeil, J. Amer. Oil Chem. Soc., 1999, 76, 1059–1065.

42. G. Tsamouris, S. Hatzinantoniou, and C. Demetzos, J. Biosciences, 57, 51–56 (2002).

43. R. Oliveira, M. Fatima Rodrigues, and M. G. Bernardo-Gil, J. Amer. Oil Chem. Soc., 79,

225–231 (2002).

44. J. S. Amaral, S. Casal, J. A. Pereira, R. M. Seabra, and B. P. P. Oliveira, J. Agric. Food

Chem., 51, 7698–7702 (2003).

45. M. Abbey, M. Noakes, G. B. Belling, and P. J. Nestel, Amer. J. Clin. Nutr., 59, 995–999

(1994).

46. D. Zambon, J. Sabate, S. Munoz, B. Campero, E. Casals, M. Merlos, J. C. Laguna, and

E. Ros, Ann. Intern. Med., 132, 538–546 (2000).

47. J. Sabate, G. E. Fraser, K. Burke, S. F. Knutsen, H. Bennet, and K. D. Lindsted, N. Engl.

J. Med., 328, 603–607 (1993).

48. F. Lavedrine, D. Zmirou, A. Ravel, F. Balducci, and J. Alary, Preventive Med., 28, 333–

341 (1999).

49. M. J. Zibaeenezhad, M. Rezaiezadeh, A. Mawla, S. M. Ayatollahi, and M. R. Panjahshahin,

Angiology, 54, 411– 414 (2003).

50. J. C. Espin, C. Soler-Rivas, and H. J. Wichers, J. Agric. Food Chem., 48, 648–657 (2000).

51. Global Pistachio Production and Marketing Challenges. (2004). Available: http://eco-

nomics.ca/2003/papers/0460.pdf.

52. M. Yousfi, B. Nedjmi, R. Bellal, D. B. Bertal, and G. Palla, J. Amer. Oil Chem. Soc., 79,

1049–1050 (2002).

53. M. Aslan, I. Orhan, and B. S˛ ener, Int. J. Food Sci. Nutr., 37, 333–335 (2002).

54. T. Kamangar, F. Farrahi, and M. Mehran, J. Amer. Oil Chem. Soc., 52, 512–513 (1975).
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1. INTRODUCTION

Commercial plant germ oils are mainly obtained from cereal grains, such as corn,

wheat, and rice. In most cases, the endosperm of the grain is the part of interest for

the industrial use of cereals. Starch and proteins are the major components of the

endosperm. Endosperm represents 75–85% of the grain and protects the embryo,

which is also referred to as germ.

The germ of a cereal constitutes about 2–3% of the grain and can be separated in

a fairly pure form during the milling operation. Although lipids are present in rela-

tively small quantities in grains, they play an important role in cereal processing

and nature of the products by affecting the properties of protein and starch. Most

of the oil present in the grain is found in the germ fraction of the cereal. For some

cereals such as rice, corn, and wheat, oil has economic significance. Some cereals,

such as oats, contain a considerable amount of lipid in the endosperm. Lipid content

of the germ varies with the grain type, and it can be as high as 60%. Even though a

small amount of germ oil is commercially extracted from other grains, such as oats

and barley, the most important commercial germ oils are rice, corn, and wheat germ

oil (WGO).

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
Edited by Fereidoon Shahidi. Copyright # 2005 John Wiley & Sons, Inc.
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Several reviews have been published on wheat (1, 2) corn (3–7), and rice bran

oils (8–10) over the years. Therefore, this chapter, with sufficient background

information, will emphasize the latest literature on composition, nutritional charac-

teristics, and processing methods of plant germ oils.

2. WHEAT GERM

2.1. Production and Use

Wheat is one of the leading grain crops produced, consumed, and traded worldwide.

About 590 million metric tons of wheat is produced globally each year. China, the

United States, and Canada are among the largest wheat growers (Table 1) (11).

Statistical data on wheat germ production is not readily available. However it

can be estimated that about 10 million tons of wheat germ could be obtained

from wheat milling operations worldwide based on the fact that germ constitutes

about 2% of the whole wheat grain. Although wheat varieties differ in oil content,

in general, the whole kernel contains about 2–4% lipids. Lipid content of endo-

sperm is usually less than 2%. Wheat germ contains about 8–14%, (w/w) oil (12).

Typical proximate composition of commercial wheat germ is shown in Table 2

(2). Wheat germ has great potential as a highly nutritious food supplement. Wheat

germ provides three times as much protein, seven times as much fat, 15 times

as much sugars, and six times as much mineral content as wheat flour (13). The

TABLE 1. World Wheat Production.1

Production

(x106 Metric Tons)

Year 2001 2002 2003

Canada 21 16 24

China, Mainland 94 90 86

India 70 73 65

USA 53 44 64

World 591 574 556

1FAOSTAT Database (http://apps.fao.org) (11).

TABLE 2. Wheat Germ Proximate Composition.1

Compound % (w/w)

Protein 26

Crude Fiber 3

Starch 20

Sugars 16

Oil 10

Moisture 6

Ash 4

1Adapted from Barnes (2).
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protein content of wheat germ is about 30% (w/w). Although of plant origin, germ

protein has similar nutritive value as animal protein (14). All these properties make

wheat germ very attractive for enrichment or supplementation of various processed

food products.

Wheat germ oil has a number of nutritional and health benefits, such as reducing

plasma and liver cholesterol levels, improving physical endurance/fitness, and

delaying aging (15). These effects are attributed to the high concentration of bioac-

tive compounds present in the germ. Wheat germ is one of the richest natural

sources of a-tocopherol, which possesses Vitamin E activity (16). The wheat

germ market is mainly based on its high Vitamin E content, and WGO is marketed

in bottles or in capsules as a dietary supplement. Wheat germ oil is also added to

lecithin and cod liver oil. Wheat germ oil has been reported to improve human phy-

sical fitness, and this effect is attributed to its high polycosanol (PC), specifically to

its high octacosanol (OC) content (15). There is a growing interest in wheat germ

octacosanol as a potential nutraceutical and functional food ingredient.

Wheat germ oil is used in products such as foods, biological insect control

agents, pharmaceuticals, and cosmetic formulations (15). Wheat oil betaine, ami-

doaminelactate, sulfosuccinate, and amidopropylamine oxide are some of the

WGO-based surfactants used in cosmetics (17, 18). Wheat germ oil and its volatile

components, such as C13–C16 saturated and unsaturated hydrocarbons, branched

hexylbenzene, octanoic acid, g-nanolactone, substituted naphthalenes, and cyclic

branched ketones, have been reported to have activities as biological insect control

agents (19, 20). Wheat germ products are also marketed as dietary supplements for

farm animals, racehorses, pets, and mink.

2.2. Grain Structure

A sketch of the longitudinal and histological section of a wheat grain is shown in

Figure 1 (22). The wheat caryopsis (the fruit of the cereal) contains a single seed.

The outermost layer of a seed is the pericarp, which forms a tough protective layer

at maturity. The tissue directly surrounding the seed is referred to as testa or seed

coat. The whole grain consists of two parts, namely the embryo and the endosperm.

The starchy endosperm is the major portion of the seed at maturity and serves as a

food reserve to be used by the embryo at germination. The aleurone layer is the

outermost layer of the endosperm. The embryo or germ is formed of thin-walled

cells and consists of embryo axis and scutellum. The embryo axis develops into

the first roots and shoots of the new plant. The scutellum is a tissue layer located

between the embryo and the endosperm, and it plays a role in the translocation of

hydrolyzed sugars from endosperm to the embryo during germination. Depending

on the variety of cereal, either the germ is surrounded by the endosperm or placed

laterally and produces a slight protuberance from the grain.

2.3. Germ Recovery

Wheat germ is separated from the endosperm during the milling operation. The

basic principles of modern wheat milling technology are used worldwide, whereas
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slight variations are observed regionally. In general, wheat is transferred from ele-

vator to screen room to separate out chaff, dust, stones, mud balls, glass, nonferrous

metal, and grains other than wheat (oats, barley, etc.). Magnets placed at various

positions throughout the mill remove ferrous metals. Most mills use dry rather

than wet systems to clean wheat before tempering. Tempering is the controlled

addition of moisture to wheat to achieve the following objectives: (1) to toughen

the skin to resist powdering during milling; (2) to facilitate the physical separation

of endosperm and bran; and (3) condition the endosperm for easy size reduction and

sieving for flour production. Tempered wheat is then milled. The milling process

involves grinding of the grain and separation of the fractions. Milling breaks

open the grain and scrapes off as much endosperm from the bran skin as possible.

A basic milling operation consists of the following systems: (1) a series of break

rolls; (2) grading; (3) purification; (4) sizing (scratch); (5) size reduction; (6) flour

dressing; and (7) millfeed (byproducts of wheat flour milling).

Figure 1. Structure of wheat grain (21).

198 GERM OILS FROM DIFFERENT SOURCES



In a conventional mill, wheat germ stock occurs primarily in the chop (ground

material leaving a break roll from the first two breaks). Germ recovery is completed

in a germ separator. The separation and purification of the germ is achieved by tak-

ing advantage of two physical characteristics of germ. Germ tends to fragment into

particles coarser than bran and endosperm particles because of its plasticity, which

is due to its high oil content. Germ also tends to flatten, rather than crush like endo-

sperm. These properties facilitate germ separation by size. The density of germ is

greater than that of the other wheat fractions. Thus, wheat germ can also be isolated

based on specific gravity differences. In some mills, which are designed to maxi-

mize germ recovery, wheat grain is first passed through an impact machine that

releases practically the entire germ along with a small quantity of fines. Broken

wheat is then sent to the first break rolls after sifting out the fines. Then germ is

separated and purified in a germ separator based on the above described principles.

After separation, germ is passed through smooth reduction rolls to produce flakes.

Flat, thin, and large flakes characterize good-quality wheat germ.

Scutellum is relatively friable and difficult to separate from the other milling

fractions. Separation of the embryo axis is easier. After size reduction, the embryo

axis goes on to the reduction rolls with coarse middlings where it is flaked and can

be separated by sieving. Thus, commercial wheat germ consists predominantly of

the embryo axis. The bran and endosperm content of commercial germ may vary

with the extent and sophistication of the milling operations. During the flaking pro-

cess, some oil is pressed out of the germ and transferred to the flour. Hence, the

lipid content of the commercial WGO is different than that of the original embryo

axis. In mills with no special germ-separation equipment, germ recovery yields are

usually very low, about 0.5% for food-grade germ. Yields can be as high as 1.5–2%

in mills with advanced germ-recovery systems.

2.4. Oil Content

The oil content of wheat germ varies with variety, purity of germ, and extraction

method. Pure germ fractions prepared in the laboratory (dissected by hand) contain

a much higher amount of oil (�15%) than commercially flaked wheat germ

(7–11%), because some oil is lost by expression and transferred to flour during

the commercial operations (23). In general, dissected germ contains both embryo

and scutellum. It has been reported that scutellum contains about two times more

oil than does the embryo (24). The higher oil content in scutellum explains higher

oil content of laboratory-dissected germ. Higher oil yields (25–30%) were obtained

when total acyl lipid content of wheat germ was determined by acid hydrolysis,

which releases oil from the germ matrix (25).

2.5. Oil Properties and Lipid Composition

Physicochemical properties of WGO are summarized in Table 3 (26). The specific

gravity of WGO varies from 0.925 to 0.938. Typical refractive index of WGO is in

the range of 1.469 to 1.483. Iodine and saponification values of the oil are 115–128
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and 179–190, respectively. Free fatty acid content of WGO is usually less than 6%;

however, it can be as high as 25% if the germ separation, storage, and oil-extraction

conditions are not controlled properly. Solvent-extracted crude oil usually has a

lower FFA content than that of the mechanically expelled oil. Free fatty acids

are not desirable in the oil as a result of their contribution to a bitter and soapy fla-

vor in food products; hence, they have to be removed during the edible oil-refining

process. Unsaponifiable matter content of WGO is higher, 1.5–8%, than that of the

most other edible oils. Composition of the unsaponifiable content of WGO is

discussed later in this chapter.

2.5.1. Fatty Acid Composition The fatty acid composition of commercial and

laboratory-extracted wheat germ oil has been reviewed by Barnes (2). Significant

variations were observed in the fatty acid composition of commercial WGO. These

variations were attributed to differences in varieties of wheat, growth conditions,

storage conditions of the germ, method of lipid extraction and analysis, adulteration

with other vegetable oils, and post extraction treatments such as removal of fatty

acids. However, fatty acid compositions of laboratory-extracted oils (hexane

extracts) obtained from wheat germ processed at different milling operations

were similar (2).

Hexane-extracted wheat germ consisted of about 56% linoleic acid (18:2 n6),

which is an essential fatty acid (Table 4) (27). Total unsaturated and polyunsatu-

TABLE 3. Physicochemical Properties of Wheat Germ Oil.1

Property

Specific Gravity 0.928–0.938

(15.5/15.5�C)

0.925–0.933

(25/25�C)

Refractive Index 1.474–1.483 (25�C)

1.469–1.478 (40�C)

Iodine Value 115–128

Saponification Value 179–190

Unsaponifiable (%) 2–5

1Adapted from Firestone (26).

TABLE 4. Comparison of Fatty Acid Composition1of Wheat Germ Oil Extracted

with SC-CO2
2 and Soxhlet3 Methods.

Fatty Acid 16:0 18:0 18:1n-9 18:2n-6 18:3n-3 20:0 20:1n-9 20:2n-6 22:1n-9 24:1n-9

SC-CO2
2 16.4 0.6 14.0 56.2 6.1 0.2 1.6 0.2 0.5 0.1

Soxhlet3 16.7 0.7 14.6 56.5 6.2 0.2 1.5 0.2 0.4 0.2

1GC area percentage.
2Extracted at 550 Bar and 40�C.
3Extracted with hexane.
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rated fatty acid (PUFA) content of wheat germ oil was about 81% and 64%, respec-

tively. It has been well documented that unsaturated fatty acid, especially PUFA,

intake reduces coronary hearth disease (CHD) (28). Several scientific studies

have shown that n-3 fatty acids have health benefits, such as lowering CHD risk

(29). It has been also suggested that n-6/n-3 ratio of ten or less results in reduction

in fatal CHD risk (29). The n-6/n-3 recommendations of the World Health Organi-

zation, Sweden, and Japan are 5–10/1, 5/1, and 2/1, respectively. Wheat germ oil

has very high unsaturated and polyunsaturated fatty acid content and an excellent

n-6/n-3 fatty acid ratio (9/1). A high concentration of PUFA is a positive attribute in

the functional foods and nutraceutical market. However, a high content of C18:3

fatty acid makes the oil susceptible to oxidative rancidity.

Research findings of Dunford and Zhang (27) also demonstrated that there was

no significant change in fatty acid composition of the oils extracted with various

organic solvents (hexane, ethanol, isopropanol, and acetone) even though the

extract yield was affected considerably by the solvent type.

Wang and Johnson (30) have reported that neutralized WGO had higher palmi-

tic, stearic, and oleic acids content and lower linoleic and linolenic acids content as

compared with crude and degummed oils. This phenomenon was attributed to two

reasons: (1) selective hydrolysis of triacylglycerols (TAG) during germ separation

and oil extraction, and (2) removal of phospholipids, which usually contain more

PUFA as compared with the neutral oil during the deacidification process.

2.5.2. Acyl Lipids The composition of nonpolar acyl lipids in WGO was

reported by Barnes (2). Triacylglycerols are the major lipid class in WGO

(Table 5). According to Nelson et al. (31), about 30% of the TAG consists of

1-palmito-2,3-dilinolein. Trilinolein (�16%) and 1-palmito-2-linoleo-3-olein

(�12%) are the two other major TAGs present in WGO. Details on distribution

of specific fatty acids in the TAG of WGO are discussed by Barnes (2) and

Nelson et al. (31).

Diacylglycerols (DAGs) content of commercial oils varies from 2% to 11% (2).

Monoacylglycerols (MAGs) content of WGO (0.1–1.0%) is usually lower than the

DAG content. It had been also reported that fatty acid composition of MAG was

significantly different than that of the other acyl lipids (32). Linoleic acid content

of MAG was significantly lower than that of the other acyl lipids.

TABLE 5. Nonpolar Acyl Lipid Composition

of Laboratory Extracted Wheat Germ Oil.1

Lipid Class Composition (%)

Triacylglicerols 63.9–88.5

Diacylglicerols 1.8–6.9

Monoacylglycerols 0.3–1.1

Free Fatty Acids 0.6–22.0

Phytosterol Fatty Acid Esters 5.1–5.8

1Adapted from Barnes (1).
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Wheat germ oil also contains polar lipids. Reported values for WGO polar lipids

vary considerably with the extraction method and solvent used for lipid recovery.

Hargin and Morrison (33) reported over 20% polar lipids in dissected wheat germ

chlorform-methanol extracts. Commercial oils produced by pressure expelling

contain 0.2–1.8% (expressed as of total acyl lipids) polar lipids. Commercially

solvent-extracted crude WGO consists 0.3–10% polar lipids as of the total acyl

lipids (32). Analytical data on WGO phospholipids (PL) is scarce. In dissected

wheat germ, phosphatidylcholine (PC) represents about 40–60% of total PL and

phosphatidylethanolamine (PE) (9–15%), and phosphatidylinositol (PI) (13–20%)

are also present in large amounts (33). The effect of processing on the phosphorous

content of the oil was examined by Wang and Johnson (Table 6) (30). Wheat germ

oil degumming was very difficult as a result of the presence of a large amount of non-

hydratable PL caused by the phospholipase D activity during wheat milling (30).

2.5.3. Unsaponifiable Components Wheat germ oil is quite rich in unsaponi-

fiable compounds, in particular phytosterols and tocopherols (Table 7). Small quan-

tities of triterpenols, n-alkanols, carotenoids, and hydrocarbons are also present

in the unsaponifiable fraction of the oil. Tocopherols and n-alkanols are commer-

cially the most important unsaponifiable components in WGO.

2.5.3.1. Tocols Tocopherols constitute about 18% of the unsaponifiable fraction

of WGO (Table 7). Wheat germ oil is one of the richest natural sources of

TABLE 6. Effect of Processing on the Phosphorous

Content of Wheat Germ Oil.1

Oil Type Phosphorous (ppm)

Crude 1428

Degummed 1082

Neutralized 99

Bleached 22

Cold-processed 786

Cold pressed 74

1Adapted from Wang and Johnson (30).

TABLE 7. Unsaponifiable Content of Wheat

Germ Oil.1

Compounds % of Unsaponifiables

Tocopherols 18

Hydrocarbons 7

n-alkanolsþ Triterpenols 9

Methylsterols 17

Phytosterols 35

Others 14

1Adapted from Barnes (2).
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a-tocopherols. Synthetic Vitamin E, which is a dl-a-tocopherol, is commercially

available. The natural isomer of a-tocopherol occurs in the d-form and posseses

greater biological activity than that of the synthetic product. Tocopherols, particu-

larly a-tocopherol, are also known to have antioxidant activity (34). The composi-

tion of tocopherol isomers in WGO oil is shown in Table 8. Wheat germ oil is rich

in both a- and b-tocopherols. Bran and endosperm contain less tocopherol than that

of the germ; hence, their presence reduces tocopherol content in the WGO extracted

from germ contaminated with nongerm fractions. It is interesting to note that oil

from fresh wheat germ contained similar amounts of tocopherol as the oil from ran-

cid germ (32) indicating that conditions causing lipid deterioration did not have any

significant adverse effect on the tocopherols. A commercial form of Vitamin E

(a-tocopherol acetate) was detected in some commercial WGO (2). This might

be caused by synthetic Vitamin E fortification of these commercial oils because

no significant amount of a-tocopherol acetate has been detected either in any plant

lipid extracts or laboratory-extracted WGO (2). A very small amount of tocotrienols

was also detected in the WGO extracted in our laboratories (Table 8). According to

Barnes (1), only a- and b-tocopherols are present in the pure dissected wheat germ.

The presence of tocotrienols in the germ oil is attributed to the contaminations from

endosperm and bran.

2.5.3.2. n-Alkanols n-Alkanols are a group of high-molecular-weight primary

fatty alcohols present in many plants. Information on the composition of n-alkanols

in WGO is scarce. The major component of wheat wax is octacosanol, which is an

n-alkanol with chemical formula CH3(CH2)26CH2OH and molecular weight of

410.8 (35, 36). Barnes (1) reported that unrefined, unadulterated, solvent-extracted

wheat germ oil contains 80 mg/kg of octacosanol. A U.S. patent, which has expired,

describes separation of a mixture of octacosanol and triacontanol from a wheat

germ oil unsaponifiable fraction (37).

2.5.3.3. Sterols Phytosterols constitute a major fraction of the WGO unsaponi-

fiables (about 35%) (Table 7). According to Itoh et al. (38), WGO contains a

TABLE 8. Tocol Content of Wheat Germ Oil.

SC-CO2 Extraction (550 Bar, 80�C) Soxhlet Extraction (Hexane)

Extraction time (min) 15 30 45 60

a- Tocopherol (ppm) 1353 1320 1365 1176 1377

a-Tocotrienol (ppm) n.d.1 9 n.d.1 n.d.1 n.d.1

b- Tocopherol (ppm) 1005 945 998 1277 1209

b-Tocotrienolþ
g-Tocopherol (ppm) 23 19 24 31 48

g- Tocotrienol (ppm) n.d.1 n.d.1 n.d.1 47 n.d.1

d- Tocopherol (ppm) 4 5 5 16 5

d- Tocotrienol (ppm) n.d.1 n.d.1 n.d.1 12 7

1Not detected.
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significantly higher amount of phytosterols than do the other common commercial

oils. Sitosterol (60–70%) and campesterol (20–30%) are the two major phytosterols

present in WGO (38–40). The majority of the phytosterols in WGO are present in

an esterified form (41). According to Kiosseoglou and Boskou (41), the total

phytosterol content of WGO is about 3–4%. Esterified sterols constitute 2–3% of

the oil. The free to esterified phytosterol ratio in the WGO varies between 0.3

and 0.5.

2.5.3.4. Other Unaponifiable Compounds Cycloartenol, b-amyrin, and 24-

methylene cycloartanol are the major triterpenols, which constitute less than 1%

of WGO. Hydrocarbons are minor components in the WGO unsaponifiable fraction

(Table 7). According to Kuksis (42), 50% of the hydrocarbons was squalene and

the reminder consisted of n-C29 alkanes. The presence of lutein and cryptoxanthin

in WGO were first reported in 1935 and 1940, respectively (43, 44). Recently,

Panfili et al. (45), reported that petroleum-ether-extracted WGO contained

�25 ppm lutein, �23 ppm zeaxanthin, and �8 ppm b-carotene.

2.6. Oil Production

Wheat germ oil can be extracted by mechanical expelling, organic solvent extrac-

tion, and supercritical fluid extraction. Mechanical expression and organic solvent

extraction are both being used for commercial extraction of wheat germ oil. To our

knowledge, supercritical fluid technology has not been commercialized for WGO

processing.

Hexane is commonly used for WGO extraction (46). Ethanol and 1,2-dichlor-

oethane are also used to a lesser extent for commercial WGO extraction (1).

Although hot solvents are preferred for vegetable oil extraction, it has been reported

that at least one company performs solvent extraction at temperatures around 38�C
for WGO recovery (1).

Solvent extraction is more efficient than mechanical pressing of wheat germ oil.

The residual oil content of solvent-defatted wheat germ can be as low as 1%, (w/w).

Solvent-extracted wheat germ is more stable than the mechanically expressed

wheat germ because of its lower lipid content. Pressing recovers only 50%,

(w/w) of the wheat germ oil, and residual wheat germ requires further stabilization

to avoid rancidity and shelf life extension. Mechanical pressing of wheat germ oil

can be successful only when the bran contamination is minimized during the

milling operation because the oil content of bran is much lower than that of the

germ fraction. Pressed wheat germ is perceived as ‘‘natural’’ and usually preferred

by consumers.

Barnes (2) reviewed the literature on wheat germ extract yields using various

solvents. Hexane and light petroleum ether extraction resulted in yields ranging

from 5–15% (w/w). This wide range of variation in oil yield was explained by

the degree of contamination of germ by bran, which contains only 5% oil. Diethyl
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ether, which is expected to extract more polar components, yielded 7–15% oil.

Acetone gave 1.9% more oil yield than light petroleum ether did.

Although most edible oils are refined to remove PL, free fatty acids (FFA), color

compounds, and volatile components, WGO is often used in the crude form. Phos-

phatidylcholine, color, and flavor are desired attributes for the products marketed as

‘‘natural’’ in the health food stores. However, refining improves the stability of the

oil. The FFA content of crude WGO can be high, 5–25%, depending on the germ

separation conditions, storage, and oil-extraction method. Free fatty acids contri-

bute to bitter and soapy flavors in the product; hence, they are removed from

WGO by alkali treatment. However, the alkali deacidification process results in sig-

nificant losses in oil and more importantly in tocopherols. Wang and Johnson (30)

examined the effect of conventional oil-refining processes on the WGO quality.

According to this study, tocopherol content of WGO did not change significantly

during degumming, neutralization, and bleaching processes. However, deodoriza-

tion conditions reduced the tocopherol content of WGO significantly. Lower tem-

perature and longer residence time were effective in reducing FFA, peroxide value,

and color while retaining tocopherols in WGO during deodorization. Although

degumming did not reduce phosphorous content of the crude oil effectively, phos-

phorous concentration was reduced at every stage of WGO refining. Wang and

Johnson (30) have suggested that WGO refining should include acid degumming

at high temperatures and high shear for an extended time, as compared with that

for the typical vegetable oils, to maximize PL hydration. Although PL, specifically

PC, has beneficial health effects for humans, they are removed from the crude oil

during the degumming process. Phospholipids tend to precipitate out in the oil dur-

ing storage and have adverse effects on frying operations due to their emulsification

properties. Neutralization of FFA may need excess alkali treatment. Wheat germ

oil bleaching requires more bleaching earth than that of the typical vegetable oil

refining.

An expired U.S. patent describes molecular distillation of WGO (47). Initially,

WGO was degummed by using phosphoric acid and water. Bleaching was carried

out with activated clay followed by distillation using a centrifugal molecular distil-

lation unit. Free fatty acids were removed at 140–200�C and below 50 mTorr. It was

claimed in the same patent that a Vitamin E concentrate was prepared from purified

WGO by a second-stage molecular distillation process carried out at 220–300�C
and pressures less than 25 mTorr (47).

Supercritical fluid-extraction technology is an alternative method to conven-

tional hexane extraction. Supercritical fluid extraction of WGO has been reported

by several research groups (45, 48–50). Wheat germ oil solubility in SC-CO2 at

40�C and 200 bar was 0.35% (w/w) (48). Oil extracted with SC-CO2 has a lighter

color and contains less phosphorus than that of the hexane-extracted oil. Although

oil extraction rates from the ground and flaked wheat germ were not significantly

different, use of flaked wheat germ is recommended for large-scale SC-CO2 extrac-

tion. Ground wheat germ particles can be difficult to handle because of dusting.

Furthermore, channeling of SC-CO2 flow through the ground wheat germ in
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the extraction vessel because of compaction may reduce the mass transfer.

According to Dunford and Martinez (50) and Taniguchi et al. (48), the a- and

b-tocopherols content of SC-CO2-extracted oil were similar to those of hexane-

extracted oil. However, Gomez and Ossa (49) reported higher tocopherol content

in the SC-CO2-extracted WGO as compared with that of the hexane-extracted

oil.

Panfili et al. (45) characterized the composition of SC-CO2-extracted WGO and

defatted cake. According to this study, FFA content and PV of the oils collected

during the initial stages of SC-CO2 extraction (during the first 45 min) were higher

than that of the oil fractions collected at the later stages of the process. Similarly,

more tocopherols were detected in the oils collected during the first 75 min of 3 h

SC-CO2 extraction. Experiments also indicated that WGO collected during the

initial stages of SC-CO2 extraction had a higher tocopherol content (50). The

most abundant carotenoid in SC-CO2-extracted WGO was lutein, followed by

zeaxanthin and b-carotene. A larger amount of carotenoids was extracted toward

the end of SC-CO2 extraction (45).

Studies carried out with liquid and SC-CO2 (50–400 bar) at relatively low tem-

peratures (10–60�C) indicated that pressure had a significant effect on the oil yields,

whereas the effect of temperature was insignificant (48). Hence, the effect of pres-

sure and temperature on the SC-CO2-extraction yields and WGO composition was

studied in the range of 100–550 bar and 40–80�C (50). Yields of SC-CO2 extracts

[(weight loss from the sample during the extraction/initial weight of wheat germ

used for extraction)�100] varied significantly with temperature and pressure in

the 2% to 20% (w/w) range. The wheat germ oil yield was 11% (w/w) when hot

hexane (Soxhlet) was used for extraction. The higher SC-CO2-extraction yield

(>11%) indicates that SC-CO2 at high pressures extracted some of the wheat

germ components, which are not soluble in hexane. Moisture in the wheat germ

might be one of the compounds coextracted with oil resulting in higher extraction

yields. The highest SC-CO2-extraction yield was obtained at the highest pressure

used (550 bar). The temperature dependence of the extract yield was more pro-

nounced at higher temperatures (60�C and 80�C) and the lowest pressure examined

in this study (100 bar). This is a result of the significant change in SC-CO2 density

under those conditions.

The fatty acid composition of the extracts was not affected by temperature,

pressure, and the extraction method (Table 4). Supercritical carbon-dioxide-

extracted oil samples had similar fatty acid composition to that of the Soxhlet-

extracted oil (Table 4). All of the wheat germ extracts consisted of about 56%

linoleic acid (18:2 n-6), which is an essential fatty acid (Table 4). The total unsa-

turated and polyunsaturated fatty acid (PUFA) content of the wheat germ oil was

about 81% and 64%, respectively. The SC-CO2 extraction of wheat germ resulted in

extracts with similar tocopherol and tocotrienol compositions to those of the Soxh-

let extracts (Table 8) (50). These results indicate that SC-CO2 technology can be

used for extraction and fractionation of WGO components to obtain products

with high quality.
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3. CORN GERM OIL

3.1. Production and Use

Corn, also referred to as maize (Zea mays L.), is one of the most important cereal

grains that is a commercial source of vegetable oil. Maize originated in the

Americas and was introduced into Europe in 1492. About 600 million tons of maize

is produced annually worldwide (Table 9) (11). The United States is by far the

largest corn producer in the world followed by Mainland China.

Corn grown in the United States contains about 65% starch and 3–4% oil (5).

The corn germ contains 85% of the oil and 80% of the minerals present in the whole

grain (6). A large fraction of the maize crop is used as livestock feed. However, in

many developing countries, corn is used only for human consumption. Maize is also

used for numerous industrial products, in distillation and fermentation industries,

and for the production of starch and corn syrup. Corn oil is a byproduct of the

corn milling industry and accounts for a relatively small portion of the economic

value of the whole plant. Corn germ contains 50–60% oil. Corn oil is used as salad

and cooking oil and in margarines.

3.2. Grain Structure

Like the grain of other cereals, corn grain is a caryopsis. The maize grain is a one-

seeded fruit and fairly large with an average mass of 285 mg (51). The most impor-

tant variety of maize is Dent Maize or Indian Corn (Zea mays var. Indentata

Bailey). ‘‘Dent’’ refers to both tooth-like structure and indentation at the end of

the grain (Figure 2). Structure of a corn grain is quite similar to any other cereal

grain. The endosperm consists of an aleurone layer and horny and floury

endosperm. The embryo or germ consists of scutellum and embryonic axis. The

plumule, mesocotyl, and the radicle form the embryonic axis. In corn, the germ

is located inside the endosperm and a cap that is visible externally protects its

end.

TABLE 9. Corn (Maize) Production.1

Production (x106 Metric Tons)

Year 2001 2002 2003

China, Mainland 114 122 114

USA 242 229 257

India 13 11 15

Canada 8 9 10

World 615 604 638

1FAOSTAT Database (http://apps.fao.org) (11).

CORN GERM OIL 207



3.3. Germ Separation

Maize milling process has been reviewed by several authors (5, 51, 52). Maize

milling can be done by semiwet (20–23% moisture), wet (45% moisture), or dry

(�17% moisture) milling operations. Semiwet and dry milling operations require

a tempering step, which refers to controlled addition of moisture to the grain before

the dehulling and degerming operation. The dry milling process is very similar to

the wheat degermination process described earlier in this chapter. The recovered

germ contains about 20–25% oil.

The wet milling operation entails a steeping step that involves soaking of

cleaned corn in water containing 0.1–0.2% sulfur dioxide at 52�C (5). Then, the

whole grain is ground in roller mills. The ground product contains all components

of the grain; bran, hulls, starch, gluten, and germ. Various components of ground

corn are separated by screening, centrifugation/floatation, and filtration operations.

The germ fraction is separated from the other ground grain components either by

Figure 2. Structure of corn grain (21).
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centrifugation or floatation operations. Centrifugal separation has replaced the

flotation method because it provides improved separation efficiency, cleaner

germ, higher operation capacity, and more sanitary conditions. Overflow from the

centrifugation process carries lighter weight germ and the underflow contains

heavier components such as starch, gluten, and hulls. The germ is then washed,

dewatered, and dried. The objective of the degerming operation is to obtain grits

with 1% fatty matter. The wet corn milling operation produces germ with

50–60% oil.

3.4. Oil Content

An examination of the data on oil content of corn grown between the years 1917

and 1972 showed fairly small variations (4.0% to 4.9%) (53). Since then, plant

breeders and genetic engineers altered the starch, protein, and oil content of corn

significantly. In 1982, after 82 generation of selection for high and low oil content

corn, Illinois High and Low Oil varieties, which contained 19% and 0.3% oil,

respectively, were developed (6). A disadvantage of Illinois High Oil Corn was

its lower yield than its traditional counterparts. More effective breeding later

resulted in 6–8% oil and yields similar to those of a traditional corn crop. Waxy,

high amylose, high oil, and high lysine corn have been created to meet the needs

of livestock feeders, the food industry, and other industrial users of corn. High oil

corn contains 7–8% oil, which is a 2–3% increase over traditional corn. High amy-

lose corn, which was developed to meet the needs of the wet milling industry,

contains higher than 50% amylose. This variety also contains a higher amount of

oil. Germ of this variety is larger and contains higher quality protein than that of the

traditional varieties. High lysine corn contains higher levels of essential amino

acids lysine and tryptophane. These varieties are not grown as widely as traditional

dent type corn.

There are several agronomic factors, such as drought, leaf blight, and fertilizer

application, that affect oil content in the crop (54–56). For example, fertilizer appli-

cation was shown to improve oil content of the corn grain only slightly. However,

an increase in the total grain yield was significant, consequently increasing the oil

produced per acre (57). Drought also increased protein content of the grain while

decreasing oil content (54). An epidemic of southern maize leaf blight did not affect

the starch and protein content of the grain, but the oil content was decreased

significantly (55).

Germ is particularly susceptible to mechanical damage, which causes oil dete-

rioration by enzymatically catalyzed fatty acid oxidation and TAG hydrolysis. Fun-

gi are the main factor responsible for the production of FFA in stored grains (6).

Damaged pericarp makes the grain susceptible to fungal invasion. Fungi grow

preferentially on the germ causing oil depletion. High drying temperatures have

been linked to difficult and incomplete grinding, poor germ separation leading to

inefficient oil recovery, and high FFA content in the oil (56, 58). When maize is

harvested at a moisture content of over 25%, it should be dried at temperatures

below 60�C to avoid adverse affects on the oil (59).
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3.5. Oil Properties and Lipid Composition

Physicochemical properties of maize oil are summarized in Table 10. Specific

gravity of maize oil varies between 0.917 and 0.925 at ambient temperature

(20�C/20�C). Unsaponifiable content of corn oil is lower (1–3%) than that of the

WGO.

3.5.1. Fatty Acid Composition Corn oil fatty acid composition can vary

depending on the seed type and the climatic conditions. Oil obtained from maize

grown in the northern hemisphere had higher iodine value than that of the maize oil

grown in the southern hemisphere. U.S. grown corn had higher linoleic acid and

lower oleic acid content as compared with South African corn (Table 11) (60).

The fatty acid compositions of various grain fractions also show differences

(Table 12). Corn germ oil contains more linoleic and oleic acids and a lower

amount of palmitic acid than those of the endosperm oil (61). There is a wide varia-

bility in fatty acid composition of maize oil. It was found that oleic and linoleic

acids content of 788 maize varieties ranged from 14% to 64% and from 19% to

TABLE 10. Physicochemical Properties of Maize

Germ Oil.1

Property

Specific Gravity 0.917–0.925 (20�/20�C)

Refractive Index 1.470–1.473 (25�C)

1.465–1.468 (40�C)

Iodine Value 107–135

Saponification value 187–195

Unsaponifiable (%) 1–3

1Adapted from Firestone (26).

TABLE 11. Fatty Acid Composition of Maize Oil.1

Fatty Acid South Africa (%) U.S.A. (%)

12:0 0.4 0.1

14:0 0.2 0.2

16:0 11.5 11.0

16:1 0.1 —

18:0 2.0 2.0

18:1 38.7 24.1

18:2 44.3 61.9

18:3 1.1 0.7

20:0 0.6

22:0 0.1 1.7

22.1 0.3

24.0 0.3

1Adapted from Leibovitz and Ruckenstein (60).
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71%, respectively (62). Polyunsaturation of maize oil fatty acids increased 5–8%

over the past 20 years (63). Weber discussed the effect of breeding and genetic

modifications on the fatty acid composition of maize (6, 64). Maize, high oleic,

and low saturate corn oil fatty acid compositions are shown in Table 13 to illustrate

the potential of biotechnology for modification of oil composition in plants.

3.5.2. Acyl Lipids Acyl lipid composition of maize oil is shown in Table 14.

Triacylglycerols are the main components of maize oil (about 90%). Traditional

TABLE 12. Fatty Acid Composition of Corn Grain Fractions.1

Grain Fraction Fatty Acid Composition (%, w/w)

16:0 18:0 18:1 18:2 18:3

Germ 11 1 24 63 1

Endosperm

(Non-starch lipidsþ aleurone lipids) 17 2 19 58 4

1Adapted from Tan and Morrison (61).

TABLE 13. Fatty Acid Composition of Different Corn Varieties.1

Fatty Acid High Oleic Maize Low Saturate

12:0 — 0–0.3 —

14:0 — 0–0.3 —

16:0 10–16 9.2–16.5 6–8

16:1 — 0–0.4 —

18:0 2 0–3.3 1

18:1 44–64 20–42.2 25–31

18:2 20–38 39.4–65.6 58–64

18:3 0.8–1.0 0.5–1.5 0.8–0.9

20:0 1 0.3–0.7 0.5

20:1 — 0–0.4 —

20:2 — 0–0.1 —

22:0 — 0–0.5 —

22:1 — 0–0.1 —

24:0 — 0–0.4 —

1Adapted from Weber (64).

TABLE 14. Acyl Lipid Composition of Maize Oil.1

Lipid Type % of Total Acyl Lipid

Sterol Fatty Esters 2

Triacylglycerols 89

Free Fatty Acids 1

Glycolipids 2

Phospholipids 4

1Adapted from Weber (63).
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maize germ oil contains approximately 58% triunsaturated followed by about 40%

diunsaturated TAG’s (60). The majority of the TAG species were PLL (palmitic-

linoleic-linoleic) (20%), POL (palmitic-oleic-linoleic) (15%), LLL (linoleic-lino-

leic-linoleic) (26%), OLL (oleic-linoleic-linoleic) (27%), and OOL (oleic-oleic-

linoleic (14%) (65).

Although FFA content of the oil varies considerably depending on the preharvest

and postharvest conditions, it is usually in the range of 1–1.5% of the total acyl

lipids. Wet milled corn germ oil contains higher FFA content than that of the dry

milled oil, 1.5–4% and about 2%, respectively (7, 66). The PL content of corn germ

oil varies with the extraction process. Expelled oil contains about 120 ppm PL as

compared with 670 ppm in hexane prepress commercial products (66).

3.5.3. Unsaponifiable Content The unsaponifiable content of maize oil ranges

from 1% to 3% of the crude oil. Tocopherols and sterols are the main components

of the corn oil unsaponifiables (Table 15). Worthington (67) examined the sterol

and hydrocarbon content of two commercial corn oils (Table 14). Squalene was

the major hydrocarbon found in the corn oil unsaponifiable fraction (35–60%).

Weber (68) reported that 2–4% of the carotenoids present in corn kernel are loca-

lized in the germ. Lutein and zeaxanthin are the most abundant carotenoids in corn

kernels. The levels of carotenoids in corn germ oil are relatively low as a result of

low concentrations in the germ and losses during the oil bleaching process.

3.5.3.1. Tocols The tocol content of maize oil varies from 26 ppm to 102 ppm of

grain (6). Traditionally, g-tocopherol has been considered the predominant tocol in

maize oil. However, some varieties contain a-tocopherol as a main isomer. Weber

(6) reported that g-tocopherol content of maize inbreds ranged from 36% to 88%

(as a percent of total tocols), whereas a-tocopherol content varied from 2.1% to

45%. Milling is known to have a significant effect on the tocopherol content of

corn germ oil. Oil from wet milled corn germ contained only 18% of the tocopherol

present in whole grain; however, 73% of the tocopherols was recovered from the

dry milled corn germ (69).

3.5.3.2. Sterols The total phytosterol content (free and esterified phytosterols) of

corn germ oil is higher than in most of the other vegetable oils (3, 70). Corn germ

oil contains about 1.1% (w/w) phytosterol esters (70). Sitosterol is the major sterol

TABLE 15. Unsaponifiable Composition

of Commercial Corn Oils.1

Mazola Kroger

Hydrocarbons 0.039 0.039

Sterols 1.42 0.95

Sterol esters 0.37 0.32

1Adapted from Worthington (67).
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in corn germ oil. Sitosterol, campesterol, stigmasterol, and �5-avenasterol consist

of 90–95% of all corn oil sterols (6, 71). Itoh et al. identified a new sterol,

24-methyl-E-23-dehydrolophenol, in maize germ oil. The effect of corn oil refining

process on the free, esterified, and total sterols is shown in Table 16 (72).

3.6. Oil Processing

Corn germ oil processing is similar to that for other vegetable oils. Dry germ is

initially subjected to high pressure in an expeller that breaks down the cell structure

and releases the oil. The expelling operation reduces the oil content of the corn

from about 50% to 15%. The residue ‘‘germ cake’’ is flaked then hexane extracted.

These processes reduce the oil content of the germ to less than 1.5%. The meal

(defatted germ) is used as animal feed. Solvent is removed from the miscella by

distillation. The oil is then filtered to remove suspended solid material. Recently,

extrusion of corn germ has been employed as a preparation step for solvent extrac-

tion to produce a crude corn oil of high quality and high yield (73). Germ quality

significantly affects the oil recovery. As an example, blight infection decreased oil

recovery from 53% in the uninfected corn to less than 30% in infected corn (74).

Also, FFA content of blight-infected crude oil was very high, about 12%, which

caused higher refining losses.

According to Mounts and Anderson (5), a few processors use water degumming,

otherwise PL are removed during alkali refining. The conventional caustic soda

refining has been used by the majority of refiners in the United States for neutrali-

zation of crude corn oil. Physical or steam refining can also be used for crude corn

oil neutralization. Physical refining is recommended only for high-quality oil,

otherwise the oil becomes dark during the physical refining process. A degumming

process should precede physical refining. Free fatty acids can also be removed by

liquid-liquid extraction or by a new method, which involves solvent extraction in a

perforated rotating disc column (75). Undesirable odor and flavor components of

TABLE 16. Effect of Processing on Phytosterol Content of Corn Germ Oil.1

(mg/g)

————————————————————————

Esterified Sterols Free Sterols Total Sterols

Crude corn oil 548 439 976

Physical refining

Degummed 480 448 910

Bleached 460 461 898

Deodorized 491 257 743

Chemical refining

Degummed 461 488 930

Neutralized 473 390 869

Bleached 447 388 845

Deodorized 455 336 793

1Adapted from Verleyen et al. (72).
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corn oil are removed during the deodorization process at temperatures above 200�C
and under 2–10 mm Hg vacuum. The deodorization process removes a significant

amount of tocopherol (Table 17) and phytosterols (Table 16) from the oil (3). Pig-

ments are usually removed by treating the oil with acid-activated bleaching clay (4).

Dewaxing or winterization is usually carried out at 5–10�C. Wax precipitate that

forms during the winterization process is removed by filtration (60). Effect of refin-

ing process on the tocol, FFA, iron, and phosphorous content is summarized in

Table 17.

A process to extract whole flaked corn using ethanol was reported in 1992 (76,

77). This sequential extraction process (SEP) involved the following steps: (1)

extraction of crude oil and removal of water from ethanol and (2) extraction of

food-grade protein using an alkali-alcohol mixture. Corn was extracted with 95%

ethanol at 76�C in a countercurrent mode while simultaneously dehydrating the

ethanol. A small amount of zein was coextracted along with oil (76). The oil

extracted using the above explained SEP contained a higher concentration of

FFA, DAG, PL, and carotenoids and a smaller amount of TAG and had darker

red color than the hexane-extracted corn oil. A modified SEP used a 30% hexane

and 70% ethanol mixture at 56�C for corn extraction (77). The modified SEP

resulted in products with smaller amounts of FFA, DAG, and PL and larger concen-

tration of TAG and carotenoids than the original SEP oil. However, refining losses

for SEP oil was higher than that of the hexane-extracted oil. A U.S. patent also

describes recovery of oil and zein by ethanol extraction of dry milled corn followed

by a membrane process to fractionate oil and zein (78).

Karlovic et al. (79) examined the aqueous enzymatic extraction of corn germ oil.

Hydrothermal pretreatment, grinding, and enzymatic treatment of corn germ

improved extraction efficiency. Although the energy cost for enzymatic corn

germ oil extraction was lower than that of the conventional extraction, the enzyme

cost made the process more expensive (79).

TABLE 17. Effect of Processing on the Tocopherol, Phosphorous (P), Iron (Fe), and FFA

content of Corn Germ Oil.1

Tocopherols (ppm)

a g d Total P (ppm) Fe (ppm) FFA (%)

Crude corn oil 266 1009 54 1329 110 0.9 1.3

Physical refining

Degummed 261 968 52 1281 1 <0.1 1

Bleached 262 963 50 1275 0.3 <0.1 1

Deodorized 142 506 23 671 0.3 <0.1 0.08

Chemical refining

Degummed 219 842 47 1108 7.5 0.2 0.3

Neutralized 217 811 45 1073 0.6 <0.1 0.2

Bleached 198 798 42 1039 0.1 <0.1 0.1

Deodorized 83 458 19 560 0.1 <0.1 0.09

1Adapted from Verleyen et al. (72).
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Supercritical fluid extraction of corn germ oil has been also reported (66, 80, 81).

Refining losses and FFA content of dry milled corn germ oil extracted with super-

critical carbon dioxide (SC-CO2) at 5000–8000 psi and 50�C oil was lower and it

had a lighter color than those of the commercial expeller-milled crude oil (80).

Total unsaponifiable and tocopherol contents were similar for both oils. Wet and

dry milled corn germs were also extracted with SC-CO2 at higher temperatures

and pressures 50–90�C and 8000–12000 psi (66). Experimental data indicated

that increasing extraction temperature and pressure did not adversely affect the

oil quality, i.e., FFA, color, phosphorus refining loss, and unsaponifiable matter con-

tent of the extracts did not increase significantly. Although tocopherol content of

dry milled corn oil decreased with increasing SC-CO2 temperature, it was similar

to that of the expeller oil. Supercritical carbon-dioxide-extracted wet milled corn oil

contained less tocopherol than commercial prepress hexane-extracted oil. Unsapo-

nifiable content of SC-CO2 extracted wet and dry milled corn germ oil was similar

to that of the commercial corn oil, 1.2–1.4%. The SC-CO2 extraction process yields

more TAG in the oil (98.4–99%) than commercially extracted corn germ oil (95.8%

and 97.2% for wet and dry milled corn germ oil, respectively) as a result of very

low PL content of SC-CO2-extracted corn germ oil (1–5 ppm) (66). It was also

reported that SC-CO2-extracted wet milled corn germ oil had better flavor profile

than commercially extracted corn germ oil.

4. RICE BRAN OIL

4.1. Production and Use

China is the largest producer of rice grain, followed by India, Japan, and the United

States. About 600 million metric tons of rice is grown worldwide annually

(Table 18). The main consumers of rice bran oil (RBO) are Asian countries, such

as Japan, Korea, China, Taiwan, Thailand, Pakistan, and India (82). In the United

States RBO production started in the 1950s but was discontinued in 1980s because

it appeared uneconomic (8). Interest in RBO was renewed in 1990s due to export

opportunities and its nutritional benefits. Rice bran oil has been commercially

produced for food use in the United States since 1994.

TABLE 18. Rice (Paddy) Production.1

Production

(x106 Metric Tons)

Year 2001 2002 2003

China, Mainland 179 176 166

India 140 108 132

Japan 11 11 10

USA 10 10 9

World 598 570 589

1FAOSTAT Database (11).
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Rice bran oil has several unique properties that make it very appealing as a spe-

cialty oil in niche markets. It has a nut-like flavor and is quite stable after extrac-

tion. Rice bran oil contains high levels of bioactive components, such as

phytosterols, tocopherols, and tocotrienols, which have nutraceutical value.

Although RBO can be used virtually in any application to replace other vegetable

oils, it is well suited for use where both functionality and health benefits are impor-

tant. For example, RBO exhibits excellent frying performance because of its good

storage stability and fry life and contributes a pleasant flavor to the fried foods. Rice

bran oil is also used in margarines. Its natural tendency to form stable b0 crystals

and its high palmitic acid content results in a good balance of plasticity, creaminess,

and spreading properties. Rice bran oil processed to retain high levels of tocols may

be used as a natural antioxidant source and can be used as coatings for a wide range

of products and snacks such as crackers and nuts. Rice bran oil can be blended with

other oils to improve their stability (83). Rice bran oil is an attractive ingredient,

which can be incorporated into functional foods and nutraceuticals to provide

health benefits. Industrial uses of RBO include an additive to animal feed, glycer-

ine, and soap production. Rice wax can be used in confectionery products,

cosmetics, shoe polish, and auto wax (84).

4.2. Grain Structure

Rice grain structure is similar to that of most of the other cereal grains. The grain

consists of the edible portion, caryopsis or brown rice, and the hull (Figure 3).

Removal of the hull from the rice grain by dehulling exposes the caryopsis. Peri-

carp, seed coat, nucellus, and embryo comprise the bran portion of the rice grain.

The bran portion is 5–8% of the brown rice weight (85). The embryo alone is 1–2%

of the weight of brown rice. Commercial rice germ includes the outer layers enclos-

ing the embryo and represents about 3% of the grain. Commercial bran usually

includes the germ. Thus, commercial RBO contains both bran and germ oil. The

lipids are present in the grain in the form of lipid bodies or spherosomes (86).

The lipid bodies are very small, �0.7 mm in all tissues of the embryo. The lipid

content of rice germ is higher (34–37%) than the bran fraction (19–26%).

4.3. Grain Processing

The purpose of rice milling is to produce an edible, polished product (white rice)

from rough rice. Rice bran is a byproduct of rice milling industry. Huller type rice

mills, where dehulling and milling is a single processing step, produces ‘‘rice mill

feed,’’ whereas ‘‘raw rice bran’’ is produced during a process (cone-type mills)

where dehulling is a separate process, which separates germ and bran. Germ con-

tains about four times more oil than the rice mill feed (�4%) (10). The total amount

of rice bran available from rice milling operations throughout the world is estimated

to be 30 million tons (10).

The rough rice or paddy undergoes a precleaning process prior to milling. For-

eign materials, such as stones, mud balls, straw, and weed, are separated with the

use of screens, aspirators, and gravity separators. Cleaned rough rice is then
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dehulled. Most modern rice mills use rubber roll shellers to remove the hull from

the kernel so that brown rice is obtained (87). Unshelled kernels are separated by

density from the brown rice stream in the paddy separators prior to bran separation.

In the United States, rice bran consists of pericarp, aleurone, subaleurone layer,

germ or embryo, and a small amount of endosperm. The germ can be removed

from the kernel as a relatively intact particle and typically large enough to be

retained on a U.S. 18 mesh screen (87). However, germ separation from the bran

is not a common practice in the United States Bran is removed from the milling

chamber by air suction and collected in cyclone separators and secondary cloth fil-

ters. Then bran is screened through 16–18 mesh to remove fine particles. The

amount of lipids present in the bran is inversely proportional to the degree of

milling.

Ideally, bran should be stabilized within a few minutes after removal from the

kernel. Stabilization process inactivates enzyme lipase that causes rapid hydrolysis

of TAG. Three methods developed for brown rice stabilization are: (1) heat dena-

turation and inactivation of lipases, (2) extraction with an organic solvent to remove

Figure 3. Structure of rice grain (85).

RICE BRAN OIL 217



oil that serves as a substrate for lipase, and (3) ethanolic denaturation and inactiva-

tion of lipases and lipase-producing bacteria and mold. The rice bran stabilization

process has been discussed in detail by Champagne (88).

4.4. Oil Content

A typical proximate analysis for rice bran is shown in Table 19. Rice bran typically

contains 16–32% oil. However, the oil content of the rice kernel and bran might

vary for several reasons. An early or late cropping season, crop variety, and degree

of milling are some of the factors affecting oil content of rice kernel and the bran

(9). Rao et al. (89) examined the oil content of rice bran from four varieties of

brown rice grown in India and polished to different degrees (1–10% of its weight

as bran). The oil content of bran did not change significantly up to 6% polishing,

after which there was a gradual decrease. This phenomenon was explained by the

presence of higher amounts of endosperm and inner aleurone material in the bran

after more polishing. Recently, 204 genetically diverse rice cultivars were evaluated

for oil content in the bran fraction (90). Genotype and environment had a significant

effect on the lipid content of rice bran. The variations suggest that breeding material

is available for modifying oil content and composition in rice bran (90).

4.5. Oil Properties and Lipid Composition

The typical compositions of crude rice bran and germ are shown in Table 20. Bran

and germ oil compositions are very similar. Crude rice oil tends to contain higher

levels of non-TAG components, which causes higher oil refining losses than for

other vegetable oils. Physical properties of RBO are summarized in Table 21. In

the United States, characteristics of quality RBO are described as: maximum

0.1% FFA, maximum peroxide value 1 meq/kg, 0.05% moisture, iodine value

95–110, saponification value 180–195, and Lovibond color value of 3.5R (91).

Japanese standards for refined RBO are similar to those in the United States: cloud

point, �15�C; unsaponifiable matter, �5%; saponification value, 180–195; iodine

TABLE 19. Rice Bran Proximate Composition.1

Compound % (w/w)

Protein 15

Oil 18

Carbohydrates 50

Ash 7

Crude fiber 7

Total dietary fiber

Soluble 2

Insoluble 26

1Adopted from Orthoefer (8).
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value, 92–115; specific gravity (25�C/25�C), 0.913–0919; refractive index, 1.470–

1.473; and cold test at 0�C for 1 h (9).

4.5.1. Acyl Lipids The lipids of rice bran and germ are quite similar and mainly

consist of TAG, FFA, ASG, PE, and PC (Table 22). TAGs are the main components

of the RBO (Table 23). The monoacylglycerol content of RBO is higher than in

other vegetable oils (6–7%). The wax content of RBO varies significantly with

the variety. Waxy varieties can produce an RBO that contains up to 8% wax.

The amount of wax in the RBO can be reduced to 0.5% by adjusting the extraction

conditions (i.e., low-temperature extraction) (92). Rice bran oil waxes are esters

of C16–C26 fatty acids and saturated C24–C30 fatty alcohols. Rice waxes are

TABLE 21. Physicochemical Properties of Rice Bran

Oil.1

Property

Specific Gravity 0.916–0.921 (25�C/25�C)

Refractive Index 1.470–1.473 (25�C)

1.465–1.468 (40�C)

Iodine Value 92–108

Saponification value 181–189

Unsaponifiable (%) 3–5

Smoke Point 231�C
Fire Point 352�C
Cloud Index 17�C

1Adapted from Firestone (26).

TABLE 22. Lipid Composition of Rice Germ and Bran.1

Lipid composition (%) Germ Bran

NL 91–92 88–90

GL 2–3 4–5

PL 6–7 7–8

Lipid classes (% of total)

TAG 77–79 75–76

FFA 4 4–5

ASG 1 2

SG <1 <1

PE 3–4 3

PC 3–4 3–4

LPE <1 <1

Others 8–9 8–9

1Neutral lipids (NL), Glycolipids (GL), Phospholipids (PL), Triacylgly-

cerols (TAG), Free fatty acids (FFA), Acylsterylglycosides (ASG),

Sterylglycosides (SG), Phosphatidylethanolamine (PE), Phosphatidyl-

choline (PC), Lysophosphatidylethanolamine (LPE). Adapted from

Juliano (9).
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classified as soft and hard waxes based on their melting points, 75�C and 80�C,

respectively. Two thirds of the waxes are present in polymeric form with the

remainder in monomeric form (92). Waxes are separated from the crude oil during

the refining process as a result of their adverse effects during frying and opaque

appearance in the oil.

4.5.2. Fatty Acid Composition The fatty acid content of RBO is mainly palmi-

tic, oleic, and linoleic acid (Table 24). The low linolenic acid content of RBO

makes it stable to oxidation. Several studies reported variations in fatty acid com-

position of RBO (90, 95–96). Goffman et al. (90) studied the fatty acid composition

of 204 rice varieties. Genotype and environment significantly affected stearic, oleic,

linoleic, and linolenic acids but not palmitic acid content of the RBO. The ratio of

saturated to unsaturated acid ratio (S/U) was correlated to the palmitic acid content

of the oil. Japonica lines had low palmitic acid content and S/U ratio, whereas

Indica lines were characterized by high palmitic acid content and high S/U ratio

(90).

TABLE 23. Lipids Classes of Rice Bran Oil.1

Lipid Class Composition (%)

Triacylglicerols 88–89

Diacylglicerols 3–4

Monoacylglycerols 6–7

Free Fatty Acids 2–4

Waxes 3–4

Glycolipids 6–7

Phospholipids 4–5

1Adapted from Juliano (9).

TABLE 24. Fatty Acid Composition of Rice

Bran Oil.1

Fatty Acid (%)

14:0 0.5–0.7

16:0 16–28

16:1 0.5

18:0 2– 4

18:1 38– 48

18:2 16–36

18:3 0.2–2.2

20:0 0.5–0.8

20:1 0.3–0.5

22:0 0.1–0.5

24:0 0–0.5

1Adapted from Juliano (9).
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4.5.3. Unsaponifiables Rice oil has a significantly higher concentration of

unsaponifiables compared with other vegetable oils (Table 25). The bioactive

components of rice bran are associated with the oil fraction (97) and concentrated

in the unsaponifiable fraction of the oil (8).

4.5.3.1. Tocols Along with the protein and edible oil, rice bran is also a rich

source of tocopherols (500 ppm-4% bran oil). About 30% of the total tocopherols

in RBO are a-tocopherols. Over 95% of the total tocopherols is contained in the

rice germ. The tocopherol content of commercially available rice bran varies

significantly (98). In general, increasing degree of brown rice milling resulted in

higher tocopherol content in the bran (98).

Rice bran oil and palm oil are the only readily available oils that contain signif-

icant levels (about 1000 ppm) tocotrienols (99). Tocotrienols belong to the Vitamin

E family and have similar chemical structures. According to Tomeo et al. (100),

tocotrienols are powerful antioxidants. Commercially available RBO may contain

980 ppm g-tocotrienol (101).

4.5.3.2. Sterols The unsaponifiable content of RBO is mainly phytosterols

(Table 25). These include free sterols, sterol esters, sterylglycosides, and acylster-

ylglycosides. b-Sitosterol is the main sterol present in RBO. Other sterols present in

the RBO include 4-desmethylsterol, 4-monomethylsterol, and 4,4-dimethylsterol

(10). Crude RBO contains about 1.5% oryzanol (102). Oryzanol, a major compo-

nent of rice unsaponifiables, is a group of compounds containing ferulate (4-hydro-

xy-3-methoxycinnamic acid) esters of triterpene alcohols and plant sterols.

Cycloartenol, 24-methylene cycloartenol, campesterol, and b-sitosterol are present

as ferulate esters in the RBO. Oryzanol was reported to contribute to the hypocho-

lesterolemic activity of RBO in rats (103) and hamsters (104). Studies carried out

with human subjects also support hypocholesterolemic activity of RBO (105). The

oryzanol content of the RBO varies with the technique used for oil refining. Crude

oil contains �2% oryzanol. The degumming process reduces the oryzanol content

to 1.7%. Physically refined oil contains 1.0–1.5% and alkaline refined oil has 0.1%

oryzanol (8).

TABLE 25. Unsaponifiable Composition

of Rice Bran Oil.1

Component %

Hydrocarbons 18

Phytosterols 43

Sterol esters 10

Triterpene alcohols 28

Tocopherols 1

1Adopted from Orthoefer (8).
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4.6. Oil Production

A major problem with rice bran oil extraction is the high lipase activity, which

results in FFA formation within a few days of milling particularly at high tempera-

ture and humidity. Free fatty acid content in rice bran increases during storage, i.e.,

2–4% in a fresh crop, 5–8% in 1-year grain, and >10% in a 2-year-old crop (105).

Thus, lipase is inactivated to stabilize rice bran prior to oil extraction (88). Heat-

stabilized bran may be stored up to three months. However, oil extraction should be

carried out within the first month to obtain better efficiency and higher quality oil.

Mechanical expression of rice bran yields less oil, 10–12%, than solvent extrac-

tion, 16–18%. Rice bran is treated with steam and dried prior to pressure expres-

sion. Prepressing is usually carried out at 70 kg/cm2 followed by oil expulsion at

105–316 kg/cm2 (9). As a result of the low yield of oil from mechanical extraction,

residual oil in the bran is recovered with hexane. Hexane extraction can be per-

formed by batch or a continuous operation. Continuous operation uses countercur-

rent flow to improve mass transfer. Solvent extraction at high temperatures results

in higher crude oil yield, but the crude oil is of lower quality. A new oil-extraction

process, which involves premolding of rice bran at 14% moisture content and

�40�C followed by hexane extraction at �15�C, was reported to yield a light-

colored crude oil with no wax (9).

Rice bran oil refining involves very similar unit operations as for other vegetable

oils. Alkali refining is widely used for neutralization of RBO. However, some refi-

ners use molecular distillation at high temperature and low pressures. Rice bran oil

refining usually involves wax removal, which is usually achieved by gradual cool-

ing of the crude oil in settling tanks followed by filtration or centrifugation of the

sludge at low temperature (84). Water is used for phospholipid removal. Colored

compounds are removed by using either activated carbon or bleaching earth.

Although a common practice for oil deodorization has been steam stripping,

modern refiners use steam-vacuum deodorization. According to Orthoefer (8), total

losses for crude RBO refining might be as high as 18–22%.

There have been several studies of SC-CO2 extraction of RBO. Taniguchi et al.

(107) noted the presence of oryzanol in SC-CO2-extracted RBO, which had a light-

er color and was less phosphorous than hexane-extracted oil. Zhao et al. (108)

showed that fractions obtained at high extraction pressures contained low FFA,

waxes, and unsaponifiables. Ramsay et al. (109), comparing yields and sterol con-

tent of the hexane- and SC-CO2-extracted RBO, showed that total sterol content of

the SC-CO2-extracted RBO was less than that found in the hexane-extracted

oil. Pilot scale SC-CO2 extraction of RBO was examined by Shen et al. (110).

The same research group also determined the apparent partition coefficients of

oil components between the oil and CO2 phases. A two-stage SC-CO2 process

that involved extraction of RBO in the first stage, followed by continuously feeding

the initial extract to a second stage expansion column to achieve further fractiona-

tion of the oil components, was also reported by the same group (110). The rate of

RBO extraction with SC-CO2 has been correlated with dimensionless Sherwood,

Schmidt, and Reynolds numbers by Kim et al. (111).
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Dunford and King (102, 112, 114) developed a phytosterol-enrichment process

using supercritical fluid fractionation (SFF) technology. Enrichment of the phytos-

terol esters was achieved during oil processing rather than by isolation from the

byproducts and readdition to the oil. Using a high-pressure-packed fractionation

column, the researchers were able to obtain RBO fractions with a similar phytos-

terol ester content to that in commercially available phytosterol-enriched margar-

ines. Commercial phytosterol-enriched margarines contain mainly fatty acid

esters of phytosterols. However, the SFF product contained both fatty acid esters

of phytosterols and oryzanol. Higher oryzanol content of the SFF-processed oil

is an additional feature of the SFF process. Hexane-extracted RBO was used for

this study; however, oil extracted with SC-CO2 can also be used as a starting

material.

5. OAT AND BARLEY OIL

The annual productions of barley and oats average about 141 and 25 million metric

tons in the world (11), respectively. Like corn, most barley and oat grain is used for

animal feed (about 70% of world production) (115). Today, the use of oat and bar-

ley in human foods is very limited. However, recent interests in oat- and barley-

derived dietary fibers enriched in b-glucan create a great potential for functional

foods, nutraceuticals, and other value-added product development from these

grains.

5.1. Grain Processing

The barley kernel is comprised of the caryopsis and the enclosing hull or husk. Bar-

ley hull is strongly attached to the pericarp. Thus, it is very difficult to dehull,

instead barley is usually pearled. The caryopsis consists of the pericarp, integu-

ments, aleurone layer, endosperm, and germ or embryo (116). The embryo is

located at the attachment end of the caryopsis on its dorsal side. Barley is milled

to make blocked barley, pearl barley, barley groats, barley flakes, and barley flour.

A barley milling operation consists of the following operations: cleaning, condi-

tioning, bleaching (used in some countries), blocking (shelling), aspiration (husk

removal), sifting, cutting (on groat cutter), and pearling (rounding). Barley flakes

are made from groats or pearl barley on flaking rolls. Barley flour is produced in

a roller mill. Jadhav et al. (117) reported a processing scheme that is used for barley

processing by one manufacturer in the United States. This process involved the

following steps: carter disc separators, flat stone mill (removes hull tips that makes

up 5% of the grain), decorticator I (removes hulls and bran, which is 25% of the

grain), decorticator 2 (removes bran and germ), roller milling (grinding and sifting

to remove crease, 10% of the grain), and decorticator 3 (removes crease bran, aleur-

one, and outer endosperm, 10% of the grain). Commercially available barley

products are pot and pearled barley, grits, flakes, and malt flour (117).
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The oat grain consists of the groat (actual caryopsis of the oat) and a surrounding

hull or husk. The use of whole, unmilled oats is limited due to the high cellulose

content in the hulls. Thus, the hull is separated and removed by dehulling (shelling)

(118). The oat groat contains an active lipase, which has to be inactivated before

milling to avoid lipid hydrolysis. A stabilization step to inactivate the enzyme is

an essential operation in an oat milling operation. There are two oat milling systems

(118). The traditional, or dry-shelling, system consists of the following steps: width

grading, stabilization, kiln-drying, length grading, and shelling on stones. The mod-

ern green-shelling system involves the following unit operations: width grading,

shelling by impact, stabilization, kiln-drying, and length grading. Both milling sys-

tems also employ cutting, grinding (for oatmeal, oat flour, and oat bran), steaming,

and flaking (for rolled oats). Steel-cut groats, old-fashioned flakes, quick flakes,

instant flakes, and flour are all common forms of commercial oat products (119).

Based on the American Association of Cereal Chemists’ definition, oat bran can be

up to 50% of the groat. The FDA also adopted this oat bran definition by some mod-

ifications: Oat bran can be up to 50% of the groat, but it has to provide at least 5%

b-glucan and 16% total dietary fiber (119).

5.2. Lipids

5.2.1. Barley The data on barley and oat lipids is very limited in the literature.

Barley differs in chemical characteristics, because of genotype and environment

and the interaction between the two. Large variations in chemical composition of

barley have been reported (120). Oil is a minor component of barley and constitutes

2–7% (w/w, based on dry matter) of the grain weight. The barley varieties Risoj 1580

and Hiproly contain more lipids than the average barley (117).

Ko et al. (121) reported the fractional proportions of barley grain as follows:

germ 0.3%, endosperm 72.2%, pearling flour 4.1%, bran 12.6%, and hull 10.1%

(w/w). Based on this fractionation, the oil content of germ, endosperm, pearling

flour, bran, and hull were 13%, 0.7%, 10.7%, 5.6%, and 2.6%, respectively. Similar

oil content in barley fractions (bran: 4.6–5.3%, germ: 14.7%) were also reported by

Seog et al. (122). However, the oil content of milled barley products may vary

depending on the milling system used. The oil contents of milled barley products

are shown in Table 26. Barley bran had the highest oil content among the milled

TABLE 26. Oil Content of Milled Barley Products.1

Oil Content

Products (% w/w, on dry matter basis)

Pearl barley 1.1

Barley flour 1.9

Barley husk 0.3

Barley bran 4.0

Barley dust 2.5

1Adapted from Kent and Evers (118).
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barley products (118). Wang et al. (123) used a Miag Multomat 8 roller dry mill and

a laboratory-type pearler to fractionate Waxbar (two-rowed) and Azhul (six-rowed)

waxy hulless barley cultivars. Fractions from the first break flour through the fourth

middling were combined, mixed, and designated as flour for the roller mill pro-

ducts. The six roller mill fractions obtained were flour, fifth middling, red dog,

reduction shorts, break shorts, and bran. Fifth middling (4.5%, w/w), followed by

red dog (3.8%), had the highest oil contents among the fractions obtained from the

roller mill. Pearling flour contained a substantially larger amount of oil (8.2%, w/w)

as compared with that of the whole grain (2.8%, w/w).

The greatest portion of the lipids in barley kernel is nonpolar lipids (67–78%).

The compositions of lipids in the embryonic axis, bran endosperm, and hull

fractions of hulless barley caryopses were determined by Price and Parsons (124)

(Table 27). Neutral lipids were predominant in all fractions. Phospholipid

content of barley hull was lower than that of the bran endosperm and embryonic

axis. The hull fraction contained the highest glycolipid amount among the grain

fractions.

Linoleic acid (C18:2) was the predominant component of barley neutral lipids

(Table 28). Oleic (18:1) and palmitic acid (16:0) were the other major fatty acids

in all the barley fractions. A significant amount of polyunsaturated acid, linolenic

(18:3), was also detected in all the barley fractions. Arachidic acid (C20:0) was pre-

sent in measurable amounts in hull fraction of barley.

5.2.2. Oats The geographical location and weather can alter the total lipids of

oats, although the effect of environment is small compared with that of the varietal

effect (125). In general, the oil content of oats ranges from 2% to 11% (125). The

higher oil content is associated with Avena species other than Avena sativa. Oat

embryo contains significantly higher oil than that of bran endoperm and hull

(Table 27). Oat hull has relatively lower oil content. Practically all the lipid is in

TABLE 27. Lipid Content and Composition in Grain Fractions

of Barley and Oats.1

Lipid Composition (% of total lipid)

Grain Fraction/Lipid Type Barley Oats

Embryo axis NL 75.8 87.4

GL 6.4 3.8

PL 17.8 8.8

Bran-endosperm NL 64.4 56.9

GL 12.5 21.4

PL 23.1 21.7

Hull NL 75.9 66.9

GL 18.2 27.6

PL 5.9 5.5

1Adapted from Price and Parsons (124).

NL: Neutral lipids, GL: Glycolipids, PL: Phospholipids.
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the dehulled grain. Although the oil content of the oat milling products varies with

the milling system used, a typical range is as follows: oatmeal, 7.5%; rolled oats,

7.6%; oat flour; 7.9%; oat husk; 0.4%; oat dust; 5.0%; meal seeds; 3.8%; and oat

feed meal; 1.5% (w/w) (118).

Oat lipids may contain 55–90% neutral lipids depending on the grain fraction

(Table 27). Oat bran endosperm contains significantly higher amounts of both

glycolipids and phospholipids. The phospholipid content of oat hull is lower than

that of the other fractions. There is considerable variation in the reported propor-

tions of individual lipid classes, but the major component of the neutral lipids is

TAG (35–85%) (125). The free fatty acid content of oat lipids is in the range of

2–11%.

The fatty acid composition of oat lipids is similar to that of the barley oil

(Table 28). Linoleic acid is the major fatty acid in all the grain fractions. Oat lipids

are also rich in oleic acid. Palmitic acid is the third major fatty acid in oat oil.

5.3. Lipophilic Bioactive Components

5.3.1. Barley Barley oil is a good source of tocols. All eight tocol isomers were

detected in barley germ (134 ppm), endosperm (12 ppm), bran (117 ppm), and hull

(34 ppm) (121). Tocols were uniformly distributed in the grain. Although the level

of total tocols was highest in the pearling flour (240 ppm), g- and d-tocopherols

and tocotrienols were not detected in this fraction. Wang et al. (123) also reported

that the barley pearling flour contained the highest amount of tocopherols and

tocotrienols. a-Tocopherol was the predominant isomer in the barley germ

(92 ppm) and pearling flour (170 ppm), whereas a-tocotrienol was the most abun-

dant isomer in endosperm, bran, and hulls (121). Peterson (126) could not detect

any a-tocotrienol in the barley germ; however, Ko et al. (121) reported a presence

of a-tocotrienol in the barley germ (8 ppm). The disparity was attributed to different

genotypes of barley and different milling processes used for these studies.

TABLE 28. Fatty Acid Composition of Neutral Lipids of Barley and Oats.1

Barley Oats

Fatty Acid Embryonic Axis Bran-endosperm Hull Embryonic Axis Bran-endosperm Hull

C12:0 — — 1.7 — — 0.6

C14:0 0.2 0.2 5.3 0.1 0.3 3.4

C16:0 19.5 20.6 26.1 17.1 16.4 32.4

C16:1 — 0.1 2.0 0.6 0.1 1.7

C18:0 0.6 1.3 5.4 0.6 1.5 4.7

C18:1 20.4 16.6 21.5 32.1 36.1 18.2

C18:2 49.7 56.8 30.6 45.8 43.9 27.6

C18:3 9.6 4.4 5.0 3.7 1.7 8.8

C20:0 — — 2.4 — — 2.6

1Adapted from Price and Parsons (124).
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The data on phytosterols in barley oil is not available in the literature. The most

recent data on phytosterols in barley grain was reported by Piironen et al. (127).

Total phytosterol content of barley varies between 40–80 mg/100 g grain. Sitosterol

consists about 50% of the total sterols.

5.3.2. Oats Oat grain and oat oil contain both tocopherols and tocotrienols. The

major tocols are a-tocopherol and a-tocotrienol. Significant variations occur in

tocol composition of oat oil due to the oat variety and milling process used for

the study. Total tocol content of oat oil varies from 175 ppm to 640 ppm (125).

a-Tocopherol (20–82% of the total tocols), a-tocotrienol (16–51% of total tocols),

d-tocotrienols (0–12% of total tocols), and g-tocopherol (0–36% of total tocols) are

the predominant tocol isomers reported in the oat oil.

Presence of phytosterols in oat oil was first reported by Idler et al. in 1953 (128).

Oat grain contains 35–60 mg phytosterols/100 g grain (127). Phytosterol content of

oat oil varies between 0.19% to 0.32% (125). b-Sitosterol (40–70% of total sterols)

is the major phytosterol in oats. �5- and �7-Avenasterol are the two other phytos-

terols that present in significant quantities in oats. Campesterol, stigmasterol, �7-

stigmasten-3b-ol, �7-cholesten-3b-ol, and cholesterol were also present in oat

grain.

6. CONCLUSIONS

Plant germ oils of high nutritional quality can be obtained from cereal grains. Germ

oil processing presents a challenge because of the high content of biologically

active heat labile components. Physical refining methods improve retention of these

compounds in the final product. Currently plant germ oils, except corn germ oil, are

produced for specialty markets in the United States. However, increasing consumer

demand for healthy food products may change the market trends in the future.
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1. INTRODUCTION

Edible seed oils are important common food ingredients. Fatty acids are primary

nutritional components found in edible seed oils. Growing evidence has suggested

that individual fatty acids may play different roles in human health. Diets rich in a

specific fatty acid may provide potential prevention of a number of health problems

or diseases. For instance, o3 (n-3) unsaturated fatty acids may have health benefits

including the prevention of cancer, heart disease, hypertension, and autoimmune

disorders. Currently, consumer’s growing interest in improving their dietary nutri-

tion is driving the development of novel seed oils having unique fatty acid profiles

and other beneficial components, including phytosterols and natural antioxidants. It

is the purpose of this chapter to summarize the edible fruit, spice, or herb seed oils

with unique fatty acid profiles. Physicochemical properties and other beneficial

components of these oils, such as phytosterols and tocopherols, may also be

included. The seed oils are presented according to their primary or distinguishing

fatty acid (s), including oleic, linoleic, a-linolenic, and g-linolenic acids. Seed oils

containing only small amounts of beneficial fatty acids but significant quantities of

other valuable components (natural antioxidants) are also included.

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
Edited by Fereidoon Shahidi. Copyright # 2005 John Wiley & Sons, Inc.
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2. EDIBLE SEED OILS RICH IN a-LINOLENIC ACID (18:3n3)

Alpha-linolenic acid (18:3n-3) is an 18-carbon fatty acid with three double bonds at

carbons 9, 12, and 15. It is an essential n-3 fatty acid that is a required nutrient for

human beings and can be obtained through diets including both plant and animal

sources. Alpha-linolenic acid can be converted by elongases and desaturases to

other beneficial n-3 fatty acids, such as eicosapentaenoic acid (EPA) and docosa-

hexaenoic acid (DHA), which are implicated in normal brain development, normal

vision, and a decreased risk of heart disease. Novel dietary sources of n-3 fatty

acids are desired for those who do not consume adequate amounts of fish or fish-

based food products rich in long-chain n-3 fatty acids. This section summarized

fruit, spice, and herb seed oils rich in a-linolenic acid (18:3n-3). These include

black raspberry, red raspberry, boysenberry, marionberry, blueberry, cranberry,

sea buckthorn, basil, and hemp seed oils.

2.1. Black Raspberry Seed Oil (Rubus occidentalis L., cv Jewel)

Black raspberry is a member of the genus Rubus from the Roseacea family, which is

also known as caneberries. The majority of black raspberry crops are located in the

Northwest region of the United States, predominantly in Oregon. The annual

harvests for black raspberries in Oregon in 2002 and 2003 were 3.02 million pounds

and 2.70 million pounds, respectively. Nearly 99.5% of the total crop goes into

postharvest production (http://www.nass.usda.gov/or/berries03.pdf), and seeds are

a major byproduct thereof.

The fatty acid profile of two cold-pressed black raspberry seed oils demonstrated

high concentrations of both n-3 and total unsaturated fatty acids. The concentration

of a-linolenic acid (18:3n-3) was 35% of total fats, and unsaturated fatty acids com-

prised 98–99% (Table 1). Linoleic acid was the predominant fatty acid (Table 1);

however, the ratios of n-6 to n-3 fatty acids were very low at 1.6:1. The other mea-

surable fatty acids included oleic (18:1n-9) and palmitic (16:0) acids (Table 1). The

overall fatty acid composition of black raspberry seed oil was very similar to red

raspberry seed oil (1) (Table 1).

2.2. Red Raspberry Seed Oil (Rubus ideaus)

Red Raspberry is a production crop grown throughout the world, and the

total worldwide annual production is typically around 250,000 metric tons

(http://www.oregon-berries.com). The majority of commercial raspberries are

grown in Eastern Europe, followed by Northern and Western Europe, the

United States, and Chile. Like black raspberries, red raspberries are also grown

in the Northwest region of the United States, and total production in the years

2002 and 2003 was 42.2 metric tons (MT) and 38 MT, respectively (http://

www.nass.usda.gov/or/berries03.pdf).

Red raspberry seed oils, extracted by either hexane (2) or cold-pressing (3), were

examined for their fatty acid compositions. Both methods detected very similar
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TABLE 1. Fatty Acid Compositions (g Fatty Acid/100-g Oil) of Fruit Seed Oils Relatively High in a-Linolenic Acid (18:3n-3).*

Black Red Buckthorn(6) Buckthorn(6) Buckthorn(7)

Fatty Acid Raspberry(1) Raspberry(2, 3) Boysenberry(3) Marionberry(3) Blueberry(3) Cranberry(3–5) sinensis rhamnoides mongolica

16:0 1.2–1.6 1.2–2.7 4.2 3.3 5.7 3.0–7.8 7.7–9.6 6.7–8.2 8.6

18:0 trace 1.0 4.5 3.1 2.8 0.2–1.9 2.1–3.3 2.3–4.1 3.3

18:1 6.2–7.7 12.0–12.4 17.9 15.1 22.8 20.0–27.8 12.9–26.1 13.7–20.0 17.9

18:2n-6 55.9–57.9 53.0–54.5 53.8 62.8 43.5 35.0–44.31 38.2–43.6 36.7–43.0 38.6

18:3n-3 35.2–35.3 29.1–32.4 19.5 15.7 25.1 22.3–35.0 20.2–36.3 25.4–36.0 29.1

others nd nd nd nd nd 2.58 1.9–2.5 1.8–3.8 2.1

n-6/n-3 1.59–1.63 1.64–1.87 2.75 3.99 1.73 1.16–2.0 1.07–2.00 1.02–1.62 1.33

*Black raspberry, Red raspberry, Boysenberry, Marionberry, Blueberry, Cranberry, Buckthorn sinesis, Buckthorn rhamnoides, and Buckthorn mongolica, stand for black raspberry,

red raspberry, boysenberry, marionberry, blueberry, cranberry, buckthorn sinesis, buckthorn rhamnoides, and buckthorn mongolica seed oil, respectively. Numbers correspond to

the references cited. ‘‘nd’’ stands for not detected.



fatty acid profiles and high concentrations of a-linolenic acid, an n-3 fatty acid

(Table 1). The crude oil from the hexane extract contained 29.1% a-linolenic

acid and the extra virgin cold-pressed seed oil had 32.4% a-linolenic acid. Both

of these samples were also very comparable in their fatty acid compositions

compared with the black raspberry seed oil discussed above (Table 1). In addition

to its a-linolenic acid content, red raspberry seed oil may contain a significant

level of tocopherols and other natural antioxidants (2, 3). Total tocopherol was

97-mg/100-g oil and 61-mg/100-g oil in the hexane-extracted and the cold-pressed

oils, respectively (2, 3), whereas the antioxidant activity, measured as the oxygen

radical absorbing capacity (ORAC), was 48.8-mmoles trolox equivalents per gram

of oil (3). Trolox, 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid, is a

water-soluble analog of a-tocopherol and widely used as a standard antioxidant

compound.

2.3. Boysenberry Seed Oil (Rubus hybrid)

Like the other caneberries (black raspberry, red raspberry, marionberry), boysenberry

also prefers the growing conditions found in the Northwest region of the United

States. However, aside from Oregon, boysenberry is also grown in Northern

California as a production crop. In 2002 and 2003, the total boysenberry production

in the United States was 2665 tons and 2350 tons, respectively.

Also, like the other cold-pressed caneberry seed oils, boysenberry seed oil had a

high percentage (19.5%) of n-3 a-linolenic acid and a low n-6 to n-3 ratio of 2.8:1.

Total unsaturated fatty acids constituted over 91% of the seed oil and polyunsatu-

rated fatty acids (PUFA) were very high at 73.3%, but stearic, palmitic, and total

saturated fatty acids were higher than all other caneberry seed oils (Table 1). Inter-

estingly, the boysenberry seed oil demonstrated the best antioxidative potential

using the oxygen radical scavenging capacity (ORAC) test compared with eight

other seed oil samples, including blueberry, black raspberry, and red raspberry

seed oils, which are known to be rich in antioxidants (3).

2.4. Marionberry (Rubus hybrid) Seed Oil

Marionberry is a blackberry hybrid. It is another member of the caneberry

family and is also grown in the Northwest United States, specifically in Oregon.

The production in 2002 was 15,000 MT and in 2003 it was 12,910 MT. Marionberry

comprises almost one-half of the total caneberry production in Oregon.

In 2004, Parry et al. (3) examined the chemical composition and physico-

chemical properties of cold-pressed marionberry seed oil. The oil was shown to

contain a relatively high percentage of n-3 fatty acids in the form of a-linolenic

acid (15.7%) (Table 1). This amount was lower than that of other caneberry seed

oils, including black raspberry, red raspberry, and boysenberry seed oils, tested

under the same conditions. The n-6 to n-3 fatty acid ratio was 4:1, which was

the highest among the tested caneberry group.
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2.5. Blueberry Seed Oil (Vaccinium corymbosum)

Blueberries are grown in temperate climates throughout the world; however, the lar-

gest producers are the United States and Canada. Approximately 42,000 MT are pro-

duced annually outside of the United States and Canada. In 2002 and 2003, the United

States harvested 87.3 MT and 86.200 MT, respectively. (http://usda.mannlib.cornell.

edu/reports/nassr/fruit/pnf-bb/ncit0104.pdf, http://www.ushbc.org/blueberry.htm).

The cold-pressed blueberry seed oil investigated by Parry and Yu. (3) demonstrated a

high concentration of n-3 fatty acids. Alpha linolenic acid was the sole source of the n-3

and comprised 25.1% of the total fatty acids (Table 1). The ratio of n-6 to n-3 fatty acids

was 1.7:1. Linoleic acid (18:2n-6) was the most prevalent fatty acid in the blueberry

seed oil followed by a-linolenic, oleic, palmitic (16:0), and stearic (18:0) acids

(Table 1). The blueberry seed oil also showed a significantly higher antioxidant capacity

compared with marionberry, black raspberry, cranberry, and pumpkin seed oils using

the oxygen radical absorbance capacity (ORAC) test. Therefore, blueberry seed oil may

serve as an excellent dietary source of n-3 fatty acids and natural antioxidants.

2.6. Cranberry (Vaccinum macrocarpon) Seed Oil

The North American cranberry, Vaccinum macrocarpon, is best adapted to grow at

higher latitudes and in bog terrains. It is grown for production in Wisconsin, Maine,

New Jersey, Oregon, and Washington in the United States, and British Columbia

and Quebec in Canada. Cranberries are also grown in Europe, but are a different

species of Vaccinum. The total production in the United States for the year 2002

was 284,200 tons and was projected to be 291,500 tons in 2003 (http://usda.mann-

lib.cornell.edu/reports/nassr/fruit/zcr-bb/cran0803.pdf).

Several studies have confirmed that the seed oil from the North American variety of

cranberry contains significant levels of a-linolenic acid. In a U.S. patent, Heeg et al.

(4) reported the a-linolenic acid content of cranberry seed oil to be between 30% and

35% of total fatty acids. In 2003, Parker et al. (5) found 22.3% a-linolenic acid in the

cold-pressed cranberry seed oil, and in 2004, Parry et al. (3) determined the oil to

contain 32.0% a-linolenic acid from two different lots of the seed oil. The ratios of

n-6 to n-3 fatty acids in all were low from 1.2:1 to 2:1. Also, all of the studies docu-

mented similar ratios among the rest of the common fatty acids found in cranberry

seed oil, including, in order of higher amount present: linoleic, oleic, palmitic, stearic,

and eicosadienoic (20:2) acids (Table 1). In addition to a-linolenic acid, cranberry

seed oil is rich in natural antioxidants (8). These antioxidants may directly react

with free radicals and prevent lipid oxidation in human low-density lipoprotein.

2.7. Sea Buckthorn (Hippophae rhamnoides L.) Seed Oil

Sea buckthorn is native to Asia and Europe. It is a hardy plant that is also being

considered as a major commercial crop in Canada. It has been used in Tibetan,

Mongolian, and Chinese traditional medicine for more than 1000 years, and

has demonstrated many beneficial health attributes (6). The fruit has a good

flavor and is rich in nutrients. The whole berries contain a higher concentration of
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Vitamin C than strawberry, kiwi, orange, and tomato, and the fruit also contains a

higher concentration of Vitamin E than wheat embryo, safflower, maize, and

soybean (9).

In 2001, Yang and Kallio (9) investigated the lipid compositions of two sub-

species of Hippophae rhamnoides L. The subspecies were H. rhamnoides L.

‘‘sinensis’’ and H. rhamnoides L. ‘‘rhamnoides’’. Twelve samples of sinensis and

nine samples of rhamnoides were grown at different locations in China and Finland,

respectively. Among the twenty-one samples there was some variation in the

compositions of the seed oils; however, they all had relatively high percentages

of a-linolenic acid, g-linolenic acid (18:3n-6), and oleic acid (18:1n-9). All seed

oil samples also had an n-6 to n-3 fatty acid ratio under 2:1 (Table 1). Other

constituent fatty acids included palmitic, stearic, and vaccinic (18:1n-7) acids.

Kallio et al. (7) examined the fatty acid composition of the subspecies sinensis,

and mongolica of Hippophae rhamnoides L. Both displayed fatty acid profiles

very similar to those found in the previous study. The fatty acid composition of

Hippophae rhamnoides L. mongolica is shown in Table 1.

2.8. Basil (Ocimum sp.) Seed Oil

Basil is a popular herb grown throughout the world and is an ingredient in many

recipes. There are more than 50 species, but sweet basil, Ocimum basilicum, is

the most common variety (10).

In 1996, Angers et al. (10) investigated the fatty acid composition of the seed

oils of four species of basil, including Ocimum basilicum, Ocimum canum, Ocimum

gratissimum, and Ocimum sanctum. Also, four total different varieties of Ocimum

basilicum were tested. All samples were compared with flaxseed oil and had similar

fatty acid profiles in regard to a-linolenic, palmitic, and stearic acids. The flaxseed

oil had 52% a-linolenic acid, and the basil seed oils had 57.4–62.5% a-linolenic

acid (Table 2). The n-6 to n-3 fatty acid ratio of the flaxseed oil was 1:3.2, and

TABLE 2. Fatty Acid Compositions (g Fatty Acid/100-g

Oil) of Herb Seed Oils and Other Oils with Relatively High

Concentrations of a-Linolenic Acid (18:3 n-3).*

Fatty Acid O. Basilicum (basil)(10) Hemp(5, 11, 12)

16:0 6.8–8.8 5.8–6.7

16:1 0.2–0.3 0–0.2

18:0 2.0–2.8 2.6–3.2

18:1 8.7–11.6 9.9–15.6

18:2 18.3–21.7 53.4–60.0

18:3 n-3 57.4–62.5 15.1–19.4

18:3 n-6 0.1–0.3 0–3.6

20:0 < 0.2 0.8–1.0

20:1 trace nd

others trace 0–1.8

n-6/n-3 0.3–0.4 2.8–3.5

*O.basilicum (basil) and Hemp stand for O.basilicum (basil) and hemp

seed oil, respectively. Numbers correspond to the references cited.

‘‘nd’’ stands for not detected.
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the basil seed oils were 1:1.6–1:3.6. Complete fatty acid profiles are shown in

Table 2.

2.9. Hemp (Cannabis sativa) Seed Oil

Hemp is an ancient crop that is still cultivated by many societies and has many

different uses. The fiber from hemp has been used to make rope, paper, and

clothing; hemp is used for medicinal purposes, and its seed oil is commercially

available (11).

Recent investigations of hemp seed oil (5, 11, 12) reported similar findings in

fatty acid compositions. The n-3 fatty acid, a-linolenic acid, was determined to

constitute between 15.1% and 19.4% of total fat (Table 2). Gamma-linolenic acid

(18:3n-6) was also detected in two of the studies, and comprised up to 3.6% of total

fatty acids (11, 12) (Table 2). The most prevalent fatty acid was linoleic in all of the

studies, which was between 53.4% and 60.0% of total fatty acids and was followed

by a-linolenic, oleic, palmitic, g-linolenic, and stearic acids. Eicosadienoic, arachi-

dic (20:0), and behenic (22:0) acids were also detected in small quantities.

3. EDIBLE SEED OILS RICH IN c-LINOLENIC ACID (18:3n6)

Gamma-linolenic acid (18:3n-6) is an important unsaturated fatty acid. It is the

precursor for biosynthesis of arachidonic acid that is a precursor for prostaglandin

formation. Recently, g-linolenic acid has been recognized for its potential health

benefits in prevention and treatment of cardiovascular disorders, premenstrual

syndrome, atopic eczema, rheumatic arthritis, and alcoholism (13, 14). Seed oils

of blackcurrant and other Ribes species, as well as evening primrose seed oils,

are rich sources of natural g-linolenic acid.

3.1. Black Currant and Other Ribes Seed Oils

Blackcurrant (Ribes nigrum) is cultivated for the production of its berries (15).

It is rich in ascorbic acid and exhibited high levels of antioxidant activity (16).

Blackcurrant is mainly consumed in the form of juice and the seeds are the

byproduct of juice production. Blackcurrant seed oils were analyzed for fatty

acid composition, tocopherols, and their prostaglandin E2 production reduction

potential (15, 17–19). Blackcurrant seed oil is an excellent dietary source of

both g-linolenic (18:3n-6) and a-linolenic (18:3n-3) acids. Gamma-linolenic acid

constituted 12–25% of the total fatty acids, whereas a-linolenic acid comprised

the other 10–13% (Table 3). The fatty acid composition was dependent on genotype

and growing conditions. The seed oils also had significant levels of tocopherols

(18). The total tocopherol content was 1.2–2.5-mg/g oil, with a mean value of

1.7-mg/g oil for ten oil samples. The major tocopherol in the blackcurrant seed

oil was g-tocopherol, but b-tocopherol was not detected in the blackcurrant seed

oil. In 1999, Wu et al. (17) investigated the effect of dietary supplementation

with blackcurrant seed oil on the immune response of healthy elderly subjects.
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TABLE 3. Fatty Acid Composition (g Fatty Acid/100-g Oil) of Seed Oils Relatively High in g-Linolenic Acid.*

Evening primrose Evening primrose Evening primrose

Fatty Acid Blackcurrant(21) Blackcurrant(19) (Oenothera Spp.)(20) (Oenothera biennis)(14) (Oenothera lamarckiana)(13)

16:0 5.3 6.0–6.3 7–10 9.1 5.8–7.2

18:0 1.5 1.3–1.6 1.5–3.5 3.1 1.5–3.1

18:1 14.7 8.9–9.6 6–11 17.7 9.2–20.1

18:2n-6 47.0 42.7–43.5 65–80 64.3 62.0–74.6

18:3n-6 12.2 22.0–24.6 8–14 4.9 5.5–9.6

18:3n-3 13.2 10.0–11.5 nd trace nd

n-6/n-3 4.5 5.7–6.8 N/A N/A N/A

*Blackcurrant and Evening primrose stand for Blackcurrant and Evening primrose seed oil, respectively. Numbers correspond to the references cited. ‘‘nd’’ stands for not

detected, whereas ‘‘N/A’’ stands for not applicable.



The seed oil moderately enhanced immune function through reducing the produc-

tion of prostaglandin E2, suggesting that blackcurrant seed oil may have potential in

preventing cancer, cardiovascular disease, and other health problems.

Other Ribes species, including R. grossularia (red-black gooseberries), R.

grossularia (yellow gooseberries), R. nigrum (blackcurrants), R. rubrum (red

currants), and R. nigrum � R. hirtellum ( jostaberries), were also examined for

g-linolenic acid concentration and tocopherol content in the seed oils. Among

the tested samples, blackcurrant seed oil had greatest level of g-linolenic acid,

and all three species of currant had of total concentration of tocopherols over

1.0 mg/g oil (18).

3.2. Evening Primrose Seed Oil

Evening primrose (Oenothera spp.) belongs to the Onagraceae family and produces

a large number of highly fertile seeds. The roots of evening primrose are used in

human diet, whereas its bark, leaves, and essential oil are used for medicinal pur-

poses (http://botanical.com/botanical/mgmh/p/primro70.html) (13, 20). Evening

primrose seed oil is a natural source of g-linolenic acid (18:3n-6). Hudson (20)

evaluated 192 evening primrose (Oenothera spp.) seed oil samples for their fatty

acid compositions. The normal range of g-linolenic acid concentration was 8–

14% and the extreme range was 2–20% of total fatty acids, with a median of

10.4% (Table 3) (20). Linoleic acid normally accounted for 65–80% of total fatty

acids and the median was 73%, which was as high as that of any known vegetable

oil. Another study showed that common evening primrose (Oenothera biennis)

seed oil contained 4.9% of g-linolenic acid, along with 64% linoleic acid (14). In

addition, the growing conditions were found to alter the g-linolenic acid content in

the seed oil. The concentration of g-linolenic acid ranged from 5.5–9.6% of total

fatty acids (Table 3) (13). Ratnayake et al. (14) reported that evening primrose seed

oil from Canada contained 64.3% of linoleic acid and 4.9% of g-linolenic acid

(Table 3). These previous studies indicate that evening primrose (Oenothera spp.)

seed oil contains a significant level of natural g-linolenic and oleic acids, and

linoleic acid is the predominant fatty acid. This topic is discussed in another chapter

in this series.

4. EDIBLE SEED OILS RICH IN LINOLEIC ACID (18:2n6)

Linoleic acid (18:2n-6) is an essential fatty acid that must be obtained through

diets. In this section, fruit, spice, and herb seed oils rich in linoleic acids are

summarized. These seed oils include watermelon, melon (Cucumis melo and

Colocynthis citrullus), goldenberry, grape, rose fruit, paprika, red pepper, onion,

black cumin, and Onagraceae seed oils. Several seed oils may be listed in other

sections if they contain significant level of a special fatty acid. For example, pump-

kin seed oils rich in both oleic acid and linoleic acid, are listed under the section

named, ‘‘Edible seed oils rich in oleic acid (18:1n-9).’’
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4.1. Watermelon (Citrullus vulgaris) Seed Oil

Watermelon (Citrullus vulgaris) is taxonomically classified as a member of the Cur-

cubitaceae family, which is also known as the gourd family. Other gourds include

pumpkins, cucumbers, squash, and other melons. It prefers warm climate growing

conditions and is produced worldwide where conditions permit. Over 1200 varieties

have been cultivated and about 250 varieties are grown in North America, http://

www.watermelon.org/index.asp?a¼dsp&htype¼about&pid¼39. The world’s pro-

duction of watermelons in 2002 was over 81 million metric tons (MMT) and

approximately 71% of that was grown in China. The U.S. production in both

2002 and 2003 was over 1.7 MMT (http://usda.mannlib.cornell.edu/reports/nassr/

fruit/pvg-bban/vgan0104.txt). Watermelon seeds are consumed as snack food world-

wide and are used to prepare edible oil in some countries.

Watermelon seed oil was prepared and evaluated for its physicochemical pro-

perties (22, 23). The seed oil consisted of 59.6% linoleic acid (18:2n-6) and

78.4% total unsaturated fatty acids (Table 4). The predominant fatty acid in the

oil was linoleic acid, which was followed by oleic, palmitic, and stearic acids.

Linolenic, palmitoleic, and myristic acids were minor constituents. The refractive

index, acid value, peroxide value, and free fatty acids of watermelon seed oil were

determined to be 1.4696 (25�C), 2.82 (mg KOH/g oil), 3.40 (mequiv oxygen/kg oil), and

1.41 (% as oleic acid), respectively. The saponification value of watermelon seed oil

was 201 (mg KOH/g oil), and its iodine value was 115 (g iodine/100-g oil), which

was significantly higher than pumpkin at 109 (g iodine/100-g oil) (22, 23).

4.2. Melon (Cucumis melo) Seed Oil

Melon, Cucumis melo, is a member of the Cucurbitaceae family and grows best in

tropical regions. The pulp of the fruit has pleasant flavor and taste, and the seeds are

generally treated as waste; however, medicinal effects have been reported for

the seeds (24, 25). Hexane-extracted seed oil of Cucumis melo hybrid AF-522

was determined to contain 64 g of linoleic acid per 100 g of total fatty acids

(Table 4) (24). Significant amounts of oleic, palmitic, and stearic acids were also

detected in the melon seed oil. The specific gravity (28�C), refractive index

(28�C), and iodine value of the seed oil were 0.9000, 1.4820, and 112, respectively,

under the experimental conditions (24). Earlier in 1986, Lazos (25) extracted the

oil from Cucumis melo seeds and examined its physicochemical properties (25).

Linoleic acid was the primary fatty acid and accounted for 64.6% of the total fat

(w/w), along with 20.1% oleic acid, and 14.7% total saturated fatty acids (Table 4).

Iodine value and refractive index (40�) of the seed oil were 124.5 and 1.4662,

respectively.

4.3. Melon (Colocynthis citrullus L.) Seed Oil

Colocynthis citrullus L (melon) is a tropical vine that is native to West Africa. The

flesh from the fruit of this melon is bitter and inedible; the edible part of the fruit

is the seed (33). Nwokolo and Sim (26) examined the fatty acid composition of
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TABLE 4. Fatty Acid Composition (g Fatty Acid/100-g Oil) of Fruit Seed Oils Relatively High in Linoleic Acid.*

Melon Melon

Fatty Acid Watermelon(22, 23) (cucumis melo)(24, 25) (Colocynthis citrullus L.)(26, 27) Goldenberry(28) Grape(29, 30) Rose(31) Paprika(22, 23, 32)

16:0 11.3 9.0–9.5 11.8–12.1 7.3 5.8–14.2 1.7–3.1 11.2–13.8

18:0 10.2 4.9–5.6 9.0–10.7 2.5 � 8.6 1.7–2.5 3.2–3.7

18:1 18.1 19.4–20.1 13.5–14.5 11.7 13.7–31.9 14.7–18.4 9.8–14.6

18:2n-6 59.6 64.1–64.6 57.7–65.4 76.4 50.1–77.8 48.6–54.4 67.8–74.4

18:3n-3 0.4 0.2–0.3 � 2.1 0.3 � 5.0 16.4–18.4 nd

Total saturated 21.5 14.7–15.2 21.1–25.3 11.9 8.4–14.4 11.6–18.1 15.0–17.6

Total unsaturated 78.4 84.4–85.1 74.6–77.5 88.1 85.5–91.5 81.8–88.3 82.5–84.9

* Watermelon, Melon (Cucumis melo), Melon (Colocynthis citrullus L.), Goldenberry, Grape, Rose, and Paprika stand for Watermelon, Melon (Cucumis melo), Melon (Colocynthis

citrullus L.), goldenberry, grape, rose, and paprika seed oil, respectively. Numbers correspond to the references cited. ‘‘nd’’ stands for not detected.



Colocynthis citrullus seed oil and found that it contained a relatively high percen-

tage of linoleic acid that accounted for 57.7% of total fatty acids (Table 4) (26).

Oleic acid was the second major fatty acid (14.5%). The seed oil contained

about 25.3% saturated fatty acids (Table 4). Moussata and Akoh (27) also reported

a similar fatty acid profile of Colocynthis citrullus L. seed oil. The primary

fatty acid was linoleic acid, contributing 65.4% of total fats. The other significant

fatty acids included oleic (13.5%), palmitic (12.1%), and stearic (9.0%) acids

(Table 4).

4.4. Goldenberry (Physalis peruviana L.) Seed Oil

Goldenberry, (Physalis peruviana L.), also known as cape gooseberry, is a perennial

native to the Andes. It is also cultivated in the United States, South Africa, East

Africa, India, New Zealand, Australia, and Great Britain (34). It is related to

both tomatoes and chile peppers and prefers growing in well draining soils like

tomatoes. Goldenberry has a pleasant flavor that is similar to tomatoes and is eaten

in many ways, including in salads, cooked dishes, chocolate covered desserts, jams,

preserves, and natural snacks (28). The fruit is an excellent source of Vitamins A

and C as well as minerals. Goldenberry seed oil was prepared by extracting lyophi-

lized ground seed meal with chloroform-methanol and was characterized for fatty

acid composition (28). The fatty acid composition of the seed oil is shown in Table

4. Linoleic acid was the predominant fatty acid and constituted 76.1% of total fat.

Combined monounsaturated fatty acids were 12.2%, linolenic acid was 0.33%, and

total polyunsaturated fatty acids were 76.1%. These data suggest that goldenberry

seed oil may serve as an excellent dietary source for linoleic acid, the essential n-6

fatty acid, and may be a good choice for consumers seeking a greater intake of total

unsaturated fatty acids.

The fat-soluble Vitamins E and K, carotene, and phytosterols were also detected

in the goldenberry seed oil (28). Total tocopherols were 29.7 mg/g oil, including

0.9-mg a-, 11.3-mg b-, 9.1-mg g-, and 8.4-mg d-tocopherols. The total Vitamin K

content was 0.12-mg/g oil, and the b-carotene concentration was 1.30-mg/g

oil. In addition, significant levels of phytosterols were also detected. The major

phytosterol in the goldenberry seed oil was campesterol, having a concentration

of 6.5-mg/g oil. Other phytosterols, including ergosterol, stigmasterol, lanosterol,

b-sitosterol, �5-avenosterol, and �7-avenosterol, were also detected in the seed

oil.

4.5. Grape Seed Oil (Vitis spp.)

World grape production was 61.2 million tons in 2001 (http://www.winetitles.

com.au/awol.overview/world.asp). Grape seeds are byproducts from the manufac-

turing of grape juice, jam, jelly, and wine. In 1998, Abou Rayan et al. (29) inves-

tigated the characteristics and composition of Egyptian-grown Cabarina red grape

seed oil. Crude grape seed oil was extracted with hexane at room temperature.

Linoleic acid was the major fatty acid detected and comprised more than 50% of
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the total fatty acids (Table 4) (29). Oleic acid was the second major fatty acid in the

seed oil, along with significant levels of palmitic and stearic acids. This finding is

consistent with a previous observation in which linoleic acid accounted for 62% of

the total fatty acids in grape seed oil (Table 4) (30). Iodine value (IV) and peroxide

value (PV) were also determined according to the methods described in AOCS,

1983. The measured IV was 130-g iodine/100-g oil, and the PV was determined

to be 2.92-mequiv peroxide/kg oil.

4.6. Rose Fruit (Rosa canina L.) Seed Oil

Rose, Rosa canina L., also known as dogberry or hop fruit, is in the Rosaceae

family. The fruit of this particular species of rose is generally used to prepare a

stew. The seeds from Rosa canina L. were investigated for their chemical compo-

sition and nutritional values for medicinal purposes. Seed oils were prepared from

fruits grown at three locations in Turkey and evaluated for their fatty acid composi-

tion (31). Linoleic acid was the primary fatty acid detected, which ranged from

48.6–54.4% of total fatty acids, followed by a-linolenic acid (16.4–18.4%) and

oleic acid (14.7–18.4%) (Table 4). The seed oil contained approximately 85% total

unsaturated fatty acids, indicating that Rosa canina L. seed oil may be an excellent

source for unsaturated and essential fatty acids.

4.7. Paprika (Capsicum annuum) Seed Oil

Paprika (Capsicum annuum) is a commonly used flavor enhancer, and following

production, the seeds are treated as waste. Paprika seed oils have been evaluated for

their physicochemical properties (22, 23, 32). Paprika seed oil contained more

than 82% of total unsaturated fatty acids, with polyunsaturated fatty acids com-

prising 67.8% of total fatty acids (Table 4) (22, 23). Oleic acid was the second

major fatty acid at approximately 15% of the total. This fatty acid profile was

consistent with a previous observation by Domokos et al. (32) on the fatty acid

profile of Hungarian paprika seed oils. Linoleic acid comprised 74.4% of the total

fat, whereas oleic and palmitic acid made up 9.8% and 11.2% of total fat, respec-

tively (32). The paprika seed oil was determined to contain 870 mg/kg oil total

tocopherols, 380 mg/kg oil carotenoids, and 0.92% phytosterols (32).

4.8. Apple Seed Oil

In 1997, the production of apples was 44.7 MMT worldwide, and 84% of that was

processed (http://www.geocities.com/perfectapple/prod.html). In 2000–2001, the

worldwide apple production reached a record high of 48 MMT (http://www.fas.usda.

gov/htp/circular/2003/3-7-03%2520Web%2520Art.%Updates//World%2520Apple%

2520Situation%25202002-03.pdf). Apple seeds are a byproduct of processing. In

1971, Morice et al. (35) investigated the seed oils from three different varieties
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of apples: Granny Smith, Sturmer, and Dougherty, and compared them with the

seed oils prepared from other apple varieties. The results showed similarities in

the fatty acid profiles among the varieties (Table 5). Oleic and linoleic acids con-

sisted of 85–95% of the total fatty acids in all tested samples (35). The investigators

also examined other physicochemical properties of apple seed oils. The Granny

Smith apple seed oil had an iodine value of 127-g iodine/100-g oil; the Sturmer

had an IV of 122.4-g iodine/100-g oil, and the Dougherty’s IV was 119-g iodine/

100-g oil. Apple seed oils may be useful as a dietary source for linoleic and oleic

acids.

4.9. Red Pepper Seed Oil

Chili peppers, Capsicum sp. are members of the Solanaceae family. They originated

in South America but are now grown worldwide. They are eaten in many dishes

throughout the world and provide the feeling of ‘‘hotness’’ when eaten. There is

a very large range of hotness among the Capsicum species, which depends on their

concentration of capsaicin. Some selected peppers ranging from lowest in concen-

tration of capsaicin include bell, Anaheim, jalapeno, Hungarian wax, serrano,

cayenne, and habanero. Red pepper seeds are byproducts from the production of

red pepper powder. For centuries in South America, peppers have been used to treat

such ailments as gastrointestinal disorders, and it is also thought to benefit those

suffering from circulatory diseases. Capsaicin, the spicy chemical in peppers, has

also been shown to be a potent anti-inflammatory in vivo (36).

The roasted red pepper seed oil contained an extremely high concentration of

linoleic acid, approximately 74%, and a high total unsaturated fat level (Table 6)

(37). The fatty acid profile was very similar to that of both goldenberry seed

(Physalis peruviana L.) and safflower oils (36). The iodine value of roasted red

pepper seed oil was determined to be 137-g iodine/100-g oil.This shows that there

is a high degree of unsaturation in the oil. Oxidative stabilities of the roasted red

TABLE 5. Fatty Acid Composition (g/100-g Fatty Acids) of Apple Seed Oils.*(35)

Fatty Acid Granny Smith Sturmer Dougherty Golden Delicious

16:0 6.8–7.1 4.8–6.4 5.7–6.8 8.5

16:1 0.1–0.2 0.1 0.1–0.2 0.5

18:0 1.0–2.1 1.5–2.5 1.3–2.1 nd

18:1 24.4–27.4 32.8–36.6 34.6–42.1 31

18:2 62.1–64.1 52.1–58.3 48.2–56.1 59

18:3 0.2–0.4 � 0.5 � 0.6 0.5

20:0 0.6–1.1 0.7–1.7 0.6–0.9 0.5

20:1 0.2–0.3 0.2–0.4 0.2–0.3 nd

20:2 0.1–0.7 0.1–0.7 0.0–0.3 nd

22:0 0.1–0.2 0.1–0.3 0.1 trace

*Granny Smith, Sturmer, Dougherty, and Golden Delicious stand for seed oil of four varieties of apple.

Numbers correspond to the references cited. ‘‘nd’’ stands for not detected.
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pepper seed oil were tested at different roasting times. As roasting time increased,

the oxidative stability of the oil increased significantly.

4.10. Onion Seed Oil

Onion (Allium cepa) seeds contained about 23.6% crude fat. The seed oil was ana-

lyzed for its chemical composition. The onion seed oil contained 44.6% linoleic

acid and 34.3% oleic acid (Table 6) (38). The total unsaturated fatty acids com-

prised of 79% of the oil. A greater concentration of linoleic acid was determined

in the cold-pressed onion seed oil obtained from Botanical Oil Co. (Spooner, WI).

Linoleic acid accounted for 63.7% of total fatty acids, and oleic acid ranged

from 26.7–30.1%. The total unsaturated fatty acids were about 90% (3). In summary,

onion seed oil may serve as a dietary source of essential n-6 fatty acid and oleic

acid.

4.11. Black Cumin (Nigella sativa L.) Seed Oil

Black cumin (Nigella sativa) is an annual spicy herb. It has been used for many

years as a food preservative and a traditional medicine for protection against and

a therapeutic remedy against a number of health disorders (41). Black cumin

seed and its oil have also been used for medicinal purposes (39). According to

Ramadan and Mörsel (39), the seed contained about 28–35% oil. Black cumin

seed oil contained a relatively high level of unsaturated fatty acids (� 84%) of

the total fatty acids (Table 6). The major fatty acid in the seed oil was linoleic

acid, which accounted for about 57% of the total fatty acids, followed by oleic

acid from 23.9–24.1%, along with a small amount of palmitic and stearic acids.

However, the iodine value of the seed oil was only 48.4-g iodine/100-g oil, which

is much lower than the expected value relating to the level of unsaturation.

4.12. Seed Oils of Some Onagraceae Rich in Linoleic Acid

Onagraceae contains about 36 genera and 300 species; it can grow in mud, sand,

rocks, or on grassy plains and occurs chiefly in the temperate zone of the New

TABLE 6. Fatty Acid Composition (g Fatty Acid/100-g Oil) of Herb Seed Oils Relatively

High in Linoleic Acid.*

Fatty Acid Red Pepper(37) Onion(38) Onion(3) Black Cumin(39) Onagraceae(40)

16:0 13.4 9.1 5.6–6.2 13.0–13.1 8.0–10.9

18:0 2.1 4.4 0.6–3.5 3.2 2.4–3.5

18:1 10.2 34.3 26.7–30.1 24.0 8.7–13.1

18:2n-6 73.9 44.6 63.7 57.0–57.3 71.5–80.0

18:3n-3 0.4 0.3 nd nd nd

*Red pepper, Onion, Black cumin, and Onagraceae stand for red pepper, onion, black cumin, and Onagraceae

seed oil. Numbers correspond to the references cited. ‘‘nd’’ stands for not detected.
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World, primarily on the Pacific coast. Family members include evening primrose,

fushia, suncups, willowherb, and clarkia (http://1.1911encyclopedia.org/O/ON/

ONAGRACEAE.htm).

The seeds of selected Onagraceae, including Oenothera picensis, O. indecora,

Ludwigia longifolia, and O. L. peruviana were analyzed for their physicochemical

characteristics (40). Linoleic acid was the predominant fatty acid in all tested seed

oils, comprising 71.5–80.0% of the total fatty acids (Table 6) (40). These

Onagraceae seed oils may be excellent dietary sources of the essential n-6 fatty

acid (18:2n-6).

5. EDIBLE SEED OILS RICH IN OLEIC ACID (18:1n-9)

Oleic acid is an n-9 monounsaturated fatty acid (MUFA). Growing evidence

suggests that diets rich in oleic acid may serve as an alternative choice to a low-fat

blood cholesterol reducing diet, modulate immune function, and may delay the

development of atherosclerosis (42–44). Oleic acid is the predominant fatty acid

in olive, canola, peanut, and specially produced sunflower seed oils. Oleic acid is

not an essential fatty acid; it is synthesized in vivo through the desaturation of

stearic acid (18:0). Oleic acid is also rich in a number of other edible oils, including

mango, cherry, date, pumpkin, naked seed squash, fluted pumpkin, carob bean

germ, American gingseng, Khaya senegalensis, and Moringa oleifera seed oils.

5.1. Mango Seed Kernel Oil

Mango seed kernels contain about 4–12% total fat (45–47). Mango seed kernel oil

is rich in oleic acid (Table 7), and exhibited 42% (47), 34–59% (45), and 41–44% of

total fatty acids (46). Stearic acid is the other major fatty acid in mango seed kernel

TABLE 7. Fatty Acid Composition (g/100-g Fatty Acids) of Fruit Seed Oils Rich in Oleic

Acid.*

Fluted Carob Bean

Fatty Acid Mango(45–47) Cherry(48) Date(49) Pumpkin(26) Germ(50)

12:0 nd nd 16.9–17.8 nd nd

14:0 nd nd 10.8–12.1 0.6 < 0.1

16:0 6–18 6.8–9.4 10.2–10.4 17.1 7.8–14.2

16:1 nd 0.4–0.6 0.2 nd nd

18:0 26–57 1.6–2.1 2.8–2.8 15.0 3.0–10.0

18:1 34–59 23.9–37.5 43.5–45.0 35.4 20.4–38.5

18:2n-6 1–13 40.0–48.9 8.7–8.2 27.1 43.6–59.2

18:3n-3 nd < 1 0.6 1.2 0.3–1.3

20:0 < 4 < 1.3 0.5–0.6 1.7 nd

Other FA nd 10.3–13.3 3.6–4.1 nd nd

*Mango, Cherry, Date, and Fluted pumpkin stand for mango, cherry, date, and fluted pumpkin seed oil,

respectively. Carob bean germ stands for carob bean germ oil. Numbers correspond to the references cited.

‘‘nd’’ stands for not detected.
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oil and may account for up to 57% of the total fat. In addition, palmitic and linoleic

acids were detected in the oil along with trace amounts of a-linolenic acid (45, 47).

5.2. Cherry Seed Oil

The cherry tree (Prunus avium L.) is a member of the Rosaceae family. Cherry seed

contains about 18% oil on a dry weight basis (48). Significant levels of oleic acid

were detected in the cherry seed oils prepared by hexane extraction using a Soxhlet

apparatus. Oleic acid comprised 24–38% of the total fatty acids from three different

varieties of cherry fruits (Table 7) (48). Linoleic acid was the major fatty acid in

the cherry seed oil, and ranged 40–49% in the seed oil, along with a-eleostearic

(18:n-5), palmitic, stearic, arachidonic, and a-linolenic acids (Table 7). alpha-

eleostearic acid (�9c,11t,13t), comprising 10–13% of cherry seed oil, is a conjugated

isomer of a-linolenic acid (�9c,12c,15c). alpha-eleostearic acid was not detected in

other previously studied seed oils from prunoids including peach, apricot, and plum

seed oils.

5.3. Date Seed Oil

Dates (Phoenix dactylifera L.) are popular in most Middle Eastern countries and

serve as a major source of food and nutrients (51, 52). Oil contents and fatty

acid profiles of date seeds may vary among individual varieties. Date seeds con-

tained 20–24% total fat (49). Oleic acid was the primary fatty acid in the date

seed oil and had a concentration of 43.5–45% of total fatty acids. This was followed

by lauric (12:0), myristic (14:0), palmitic (16:0), linoleic (18:2n6), capric (10:0),

and stearic (18:0) acids along with trace amounts of other fatty acids (Table 7).

Date seed oil may serve as an excellent dietary source of oleic acid with a minor

amount of linoleic acid.

5.4. Fluted Pumpkin (Telfaria occidentalis) Seed Oil

The fluted pumpkin (Telfaria occidentalis) is a tropical gourd native to West Africa.

It is taxonomically classified as a member of the Curcubitaceae family. The fruits

are very large and weigh up to 13 kg, but only the seeds are edible (33). The seeds

are very rich in both protein and fat, containing approximately 28% and 55%,

respectively, from whole oven-dried fluted pumpkin seeds (26). The fatty acid

profile of fluted pumpkin seeds demonstrated a high oleic acid content of 35.4%

and a total saturated fatty acid concentration over 34% (Table 7) (26). Significant

level of linoleic acid (18:2n-6) was also detected in the seed oil.

5.5. Carob Bean Germ Seed Oil

Carob (Ceratonia siliqua L), a tree in the Leguminosae family, is widely cultivated

in the south and east of the Mediterranean region. The pulp tastes sweet and is

used as a food source (50). The seed germ contains about 5% oil. Oleic acid
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contributed to 20–39% of the total fatty acids, but only a small portion of that was

on the sn-2 position of the triacylglycerol. Linoleic acid ranged 44–59%, whereas

palmitic and stearic acids accounted for 8–14% and 3–10% of the total fatty acids,

respectively, along with minor amount of linolenic and myristic acids (Table 7). In

addition, b-sitosterol was the primary sterol compound and contributed to 74% of

the total sterols. Other sterol compounds included stigmasterol (17% of total sterol),

campesterol (6%), and cholesterol (4.4%).

5.6. Pumpkin (Curcubita sp.) Seed Oil

Pumpkin, Curcubita sp., is a member of the gourd family, Curcubitaceae, that also

includes melons, cucumbers, squash, and gac. In 2003, the United States’ produc-

tion of pumpkins was approximately 335,000 MT (http://usda.mannlib.cornell.edu/

reports/nassr/fruit/pvg-bban/vgan0104.txt). In some mid-eastern African countries,

dried pumpkin seeds have been used to treat tapeworm when eaten on an empty

stomach (53). Also, for many years in Europe, pumpkin seeds have been used as

a remedy for micturition. Pumpkin seed oil has also shown possible beneficial

affects in retarding the progression of hypertension (54), potential anti-inflamma-

tory activity in arthritis (55), and may be effective in reducing the risk of blad-

der-stone disease (56).

The fatty acid compositions of the seed oils prepared from a combination of two

different pumpkin species (pepo and mixta) are shown in Table 8 (25). The seed oil

contained 37.8% oleic acid and 43.1% linoleic acid and was fairly high in unsatu-

rated fats (81%). Among the four pumpkin seed oil samples analyzed by Spangen-

berg and Orgrinc (57), oleic acid content was consistent and ranged 30.2–33.9% of

total fatty acids (57), along with 24.5–47.9% linoleic acid (Table 8). In addition, the

oil of unroasted pumpkin seed kernel (Cucurbita mixta) contained 21.4% oleic acid

and 58.9% linoleic acid (58). A recent study of pumpkin seed oil detected 55.6%

linoelic acid and 20.4% oleic acid in the total fatty acids, with a total unsaturated

fatty acid concentration of 76.5% (22, 23). The iodine value for the pumpkin seed

oil was 103-g iodine/100-g oil (25), and the refractive index was 1.4616 (40�C)

(25), 1.4706 (25�C) (22, 23), and 1.4615 (60�C) (58). The ORAC value of roasted

pumpkin seed oil was determined to be 1.1-mmoles TE/g oil, and was the lowest in

comparison with six other fruit seed oils tested that included blueberry, red raspber-

ry, black raspberry, boysenberry, and cranberry seed oils (3). Phytosterols were also

detected in pumpkin seed oil (22, 23).

The seed oils from African pumpkin (squash) (Cucurbita pepo L.) were evalu-

ated for their fatty acid profiles and the presence of other phytochemicals (53). The

seed oils contained 28–36% oleic acid. The primary fatty acid was linoleic acid,

along with palmitic and stearic acids, with a total unsaturated fatty acid concentra-

tion of 77–83%. Alpha-tocopherol was determined at a concentration up to 3.0 mg/

100 g. These data suggest that pumpkin seed oil may be a better choice for consu-

mers who prefer high unsaturation, or both linoleic and oleic acids. Seed oils from

species of Cucurbita with minimal pericarp, called ‘‘naked seed squash,’’ are dis-

cussed below.
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TABLE 8. Fatty Acid Composition (g Fatty Acid/100-g Oil) of Cucurbita Seed Oils Relatively High Oleic Acid.*

Pumpkin Pumpkin African

Fatty Acid Pumpkin(25) (C. Pepo)(57) Pumpkin(58) (Cucurbita sp)(22, 23) Pumpkin(53) Pumpkin(3) Squash(60) Squash(59)

16:0 12.7 13.6–49.2 13.8 13.4 11.1–14.0 6.6 6.6–24.4 12.8–15.8

18:0 5.4 4.8–11.2 5.9 10.0 4.8–8.2 3.5 1.2–10.2 5.2–8.3

18:1 37.8 30.2–33.9 21.4 20.4 28.3–35.5 42.0 10–31.6 46.6–60.4

18:2n-6 43.1 24.5–47.9 58.9 55.6 43.0–51.9 47.8 39.3–77.2 9.6–27.9

18:3n-3 0.3 0.4–0.9 nd nd 0.3 nd nd 0.1–0.8

*Pumpkin and Squash stand for pumpkin and squash seed oil, respectively. Numbers correspond to the references cited. ‘‘nd’’ stands for not detected.



5.7. Naked Seed Squash (Curcubita pepo L.) Seed Oil

Squash (Curcubita foetidissima, C. pepo, and C. lagenaria) has been consumed

worldwide for thousands of years. The fruits are used as vegetables and desserts,

and seeds are consumed as nuts or used to prepare edible oils (61). Normally,

each plant produces 1–9 fruits weighing 0.47–12.67 kg, and each fruit may have

16–393 seeds (59). The weight of the individual naked seeds ranged from 46–

223 mg. Seeds of the naked seed squash varieties are preferred for direct consump-

tion and further processing. In 1996, Idouraine et al. (59) reported that the crude oil

content in the nine selected naked seed squash lines (C. pepo L.) ranged 34–44% on

a dry weight basis. The seed oil of the selected naked seed squash was rich in oleic

acid, which made up 47–60% of the total fatty acids. Other major fatty acids were

linoleic, palmitic, and stearic acids, along with a small amount of other long-chain

fatty acids. The total unsaturated fatty acids ranged from 70–79% for the nine tested

seed oils (59). These were in consistent with earlier observations that oleic acid was

the major fatty acid and constituted 46–50% of the seed oils for all progeny lines

(62, 63). In summary, the seed oil of Curcubita pepo may serve as edible oil rich in

unsaturated fatty acid and oleic acid.

In addition, other studies reported that linoleic acid was the predominant fatty

acid in the seed oils of squash varieties (Curcubita foetidissima) with a range of

39–77%, whereas the level of oleic acid was 10–32% (25, 60, 64). Interestingly,

a significant level of conjugated dienoic acids was detected in the seed oils of

Curcubita foetidissima. It is widely accepted that conjugated linoleic acids may

have a number of health benefits, such as anticarcinogenesis, reducing body

weight, antiatherosclerotic activity, and antioxidant activity (65). Future research

is required to further confirm the presence of the conjugated dienoic acids in the

seed oils of Curcubita foetidissima and identify their chemical structures. In

summary, seed oil of Curcubita foetidissima may serve as edible oil rich in unsa-

turated fatty acid and linoleic acid.

5.8. American Ginseng Seed Oil

American ginseng (Panax quinquefolium L.), native to North America, is one of

the most widely used medicinal herbs. American ginseng seed oil prepared by

hexane or methylene chloride extraction at ambient temperature was analyzed

for fatty acid profile and phytosterol content (66). The seed oils contained about

86.8–87.5% oleic acid, 10.0–10.5% linoleic acid, and 2.6% total saturated fatty

acids (Table 9). Significant levels of phytosterols were observed in the American

ginseng seed oils prepared with hexane and CH2Cl2 (66). Squalene was the major

phytosterol compound with a concentration of 502–514-mg/100-g oil, followed

by b-sitosterol and stigmasterol at levels of 164–177-mg/100-g oil and

93–95-mg/100-g oil, respectively. Phytosterols are thought to benefit human health

through lowering cholesterol and increasing antioxidant activity (71, 72). American

ginseng seed oil would therefore be a desirable dietary source for oleic acid,

squalene, and total phytosterols.
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5.9. Khaya senegalensis Seed Oil

Khaya senegalensis is a dry land mahogany that grows to about 30 m in height and 3

m in girth; it is widely distributed in the savanna region of Nigeria. The seed of

Khaya senegalensis contains about 53% oil. The seed oil has been used to treat cer-

tain local ailments. Oleic acid was the predominant fatty acid in the seed oil and

accounted for 65% of the total fatty acid, along with 21% palmitic and 10% stearic

acids (Table 9) (67). The seed oil had a saponification value of 186-mg KOH/100-g

oil, a density of 0.962, a refractive index of 1.4690 (20�C), and an iodine value of

68.0-g iodine/100-g oil (67).

5.10. Moringa oleifera Seed Oil

Moringa oleifera, native to the western and sub-Himalayam tracts of India and

other countries in Asia, Africa, the Middle East, Central America, and the

Caribbean islands, is the most common and broadly distributed species of the

Moringaceae family (73). The leaves, flowers, fruits, and roots of the tree are

used as vegetables (70). Each fruit generally contains about 20 seeds, which

have an average weight of 0.3 g, with the kernel responsible for 70–75% of the

weight. The seed oils of Moringa oleifera were extracted and analyzed for chemical

compositions (68, 69). The seed oil was a rich source of monounsaturated fatty

acid, especially 18:1 that contributed to 74.4–76.0% of the total fatty acids

(Table 9) (68, 69). A significant amount of phytosterols was detected in the seed

oil (68). The major sterols were b-sitosterol (46.65% of total sterol), stigmasterol

(19%), campesterol (16%), and �5-avenasterol (10.7%), along with a number of

others.

The seeds of M. oleifera variety Mbololo yielded 26%, 31%, and 36% crude oil

by cold-pressing, hexane extraction, and chloroform-methanol extraction (1:1, v/v),

respectively (70). The seed oil was rich in total monounsaturated fatty acids

and contained 74–75% oleic acid (Table 9). The total saturated fatty acids were

TABLE 9. Fatty Acid Composition (g/100-g Fatty Acids) of Seed Oils Rich in Oleic Acid.*

Fatty Acid American Ginsengo(66) K. Senegalensis(67) M. Oleifera(68, 69) M. Oleifera Mbololo(70)

14:0 nd nd < 0.1 0.1

16:0 2.2–2.3 21.4 5.9–6.5 5.7–6.0

16:1 nd nd 1.0–1.8 0.1

18:0 0.3–0.4 10.4 5.7–7.2 1.42–1.57

18:1n-9 86.8–87.5 64.6 66.9–76.0 73.6–75.4

18:2n-6 9.95–10.5 nd 0.6–1.3 0.7

18:3n-3 nd nd < 0.2 0.2

20:0 nd nd 3.0–4.0 2.5–2.7

*American ginsengo, K. senegalensis, M. Oleifera, and M. oleifera Mbololo stand for American ginsengo,

K. senegalensis, M. oleifera Mbololo, and M. Oleifera seed oil, respectively. Numbers correspond to the

references cited. ‘‘nd’’ stands for not detected.
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19–21% in the seed oil, with small amounts of linoleic and a-linolenic acids. The

density of the seed oils prepared by solvent extraction and cold-pressing ranged

from 0.8809–0.9182 g/mL at 24�C, which is similar to that of olive oil at 0.915 g/

mL at the same temperature. The refractive index (ND40�C) was 1.4549–1.4591

and the smoke point was 198–202�C for the seed oils. The seed oil prepared by

cold-pressing had a greater viscosity of 103 mPa �s, whereas the oil prepared by

solvent extraction exhibited a viscosity of 57–66 mPa �s, which is more comparable

with that of olive oil (74 mPa �s) (70). In addition, the seed oil of M. oleifera variety

Mbololo contained greater concentrations of total sterols and tocopherols than olive

oil. The primary sterol in the Mbololo seed oil was b-sitosterol with significant

levels of stigmasterol, campesterol, and �5-avenasterol, as well as small amounts

of other sterol compounds (70). Thus, seed oil of M. oleifera may serve as a dietary

source of oleic acid, sterols, and tocopherols.

6. OTHER SPECIAL SEED OILS OF FRUIT, SPICE, AND HERB

6.1. Gac (Momordica cochinchinensis)

Gac (Momordica cochinchinensis Spreng) is another member of the gourd family

(Curcubitaceae). The gac fruit is round and about 18–22 cm in diameter. It is native

to Asia and is both consumed as food and used in traditional medicine. The seeds

comprise about 16% of the total fresh weight of the fruit.

Ishida et al. (74) examined gac seed oil for its fatty acid composition. The oil

was determined to contain an average of 60.5% stearic acid. Palmitic and arachidic

acids were two other saturated fats found in the gac seed oil, and the total percent of

saturated fatty acids ranged from 60.5% to 79.2%. The most prevalent unsaturated

fatty acid was linoleic acid at 20.3%, with an interesting variety of others including

palmitoleic (16:1), oleic (18:1n-9), cis-vaccenic (18:1n-11), a-linolenic acid

(18:3n-3), eicosa-11-enoic acid (20:1n-11), and eicosa-13-enoic acid (20:1n-13)

(Table 10).

TABLE 10. Fatty Acid Composition (g/100-g Fatty Acids)

of Gac and Pomegranate Seed Oils.*

Fatty Acid Pomegranate(75) Gac(74)

16:0 4.8 5.2–6.2

18:0 2.3 54.5–71.7

18:1 6.3 4.8–11.2

18:2n-6 6.6 11.2–25.0

18:3n-3 nd 0.4–0.6

18:3n-5 65.3 nd

others nd 3.0–4.1

*Pomegranate and Gac stand for pomegranate and gac seed oil,

respectively. Numbers correspond to the references cited. ‘‘nd’’ stands

for not detected.
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6.2. Pomegranate Seed Oil

Pomegranate (Punica granatum), of the Punicaceae family, is a small tree grown

in Iran, India, and the United States, as well as in most Near and Far East countries

(75). Pomegranate is used as a table fruit and is also processed into juice. Pomegra-

nate preparations, including the juice of the fruit, the dried pericarp, the bark, and

the roots, have been used in folk medicines to treat colic, colitis, dysentery, diar-

rhea, menorrhagia, oxyuriasis, parasis, headache, vermifugal, carminative, antispas-

modic, taenicidal, and emmenagogue (75). Seeds are byproducts form the juice

manufacture. Cold-pressed pomegranate seed oil was prepared and analyzed for

fatty acid composition, inhibitory effects against both cyclo-oxygenase and lipox-

ygenase, antioxidant properties, and total phenolic content (75). The major fatty

acid was punicic acid (18:3n-5), which comprised 65% of total fatty acids, along

with linoleic, oleic, palmitic, and stearic acids (Table 10). The seed oil contained

about 150 ppm total phenolics on an oil weight basis. The oil extract, at a concen-

tration of 5 mg/mL total phenolics, exhibited 37% inhibition of the sheep

cyclo-oxygenase activity under experimental conditions (75). On a same weight

concentration basis, the oil extract resulted in 75% inhibition of the soybean lipox-

ygenase activity, whereas butylated hydroxy anisole (BHA) had a 92% inhibition

under the same experimental conditions. The oil extract also showed strong antiox-

idant activity in the coupled oxidation system of carotene and linoleic acid, and the

antioxidant capacity was comparable with that of BHA and green tea extract on the

same weight concentration basis (75). These data suggest the potential application

of pomegranate seed oil as anti-inflammatory agent and for general health promotion.

7. SUMMARY

There is an increasing demand for edible oils with special fatty acid profiles

and other beneficial components for improving nutritional status. A number of

studies have been conducted to screen for and evaluate the chemical composition

and potential nutraceutical applications of fruit, spice, and herb seed oils. Among

the discussed edible seed oils, some have unique fatty acid compositions, such

as black raspberry and hemp seed oils rich in a-linolenic acid and date and naked

seed squash seed oils rich in oleic acid, whereas blackcurrant seed oil is rich in

g-linolenic acid. The oils of selected fruit, spice, and herb seeds may also contain

significant levels of phytosterols, tocopherols, carotenoids, and natural antioxidants.

The chemical composition of edible seed oil determines the potential health

benefit and applications for the oil. Individual edible seed oils may be preferred

by special groups of consumers for preventing and treating a selected health

problem or for general health promotion. Great opportunities are available in the

research and development of specialty seed oils and the oil-based nutraceutical

products from fruit, spice, and herb seeds for improving human health. More

research is required to screen and characterize the fatty acids and bioactive

components in the fruit, spice, and herb seeds to develop novel edible seed oils

for optimum human nutrition.
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1. INTRODUCTION

Marine oils are obtained from the flesh of fatty fish, liver of lean white fish, and

blubber of marine mammals. Although lipids from marine fish have been used as

food and medicine, traditional uses of blubber lipids of marine mammals were

mostly industrially oriented, except for Innus and Eskimos. Marine mammal oils

were lubricants or ‘‘train’’ oils as well as fuel and used for lighting (1). However,

recent research findings on the importance of long-chain polyunsaturated fatty acids

(LC PUFA) in human health have opened new channels for their value-added use in

food and pharmaceutical industries (2). During the last three decades, it has been

established that Greenland Eskimos living on their traditional diet have a lower

incidence of coronary heart disease than do Danes living on a western-style diet

(3, 4). It has been recognized that polyunsaturated fatty acids could be useful in

controlling serum triacylglycerols, but the fatty acids provided by the food industry

were often of the o6 family (1).

Lipids from marine mammals such as seal, whale, and walrus are primarily

stored as subcutaneous fat or blubber. Seal blubber comprises 29% of the carcass
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weight and is considered a valuable component of it (5). Blubber lipids are mobi-

lized in times of energy need and replenished when food is in excess (2). Although

the blubber is the major site of lipid in the body of marine mammals, lipid is also

found in the muscles, liver, kidney, heart, lung, brain, and other organs. Lipid con-

tent of different tissues in different species of seals varies (Table 1) (6). In addition,

milk contains a high content of fat. A study carried out on hooded seals showed that

females may secrete up to 10 kg of milk on a daily basis, which contains 60% fat

(7). The milkfat of marine mammals resembles the composition of the depot fats

of these animals (8). The mobilization of maternal fat reserves and transfer of milk-

fat from mother to pup occurs at very high rates (9). Lipids in marine mammals

function as a source of energy, structural components of cells and tissues, and pro-

vide buoyancy (10). The blubber of marine mammals, especially harp seal, because

of its economic importance, has been the subject of numerous studies on marine

oils (6).

2. LIPID CLASSES

The oils from marine mammals are of very different composition. In the character-

ization of marine oils, many chromatographic techniques have been employed.

These techniques include thin layer chromatography (TLC), gas chromatography

(GC), high-performance liquid chromatography (HPLC), and supercritical fluid

chromatography (SFC). These techniques have advantages and disadvantages

depending on the goal of the analysis. TLC has been an excellent tool for qualitative

analysis of components present in marine oils (11).

The various lipid classes of marine mammals include triacylglycerols, diacylgly-

cerols, monoacylglycerols, free fatty acids, wax esters, cholesterol, cholesterol

esters, hydrocarbons, vitamins, and ether lipids. Some marine oils are very simple,

containing almost exclusively triacylglycerols (TAGs), whereas others contain a

variety of lipid classes (11), as shown in Table 2. Seal blubber, the depot lipid, is

mostly composed of neutral lipids (98.9%), in contrast to intramuscular lipids

(78.8% neutral and 21.1% polar lipids) (13). TAGs are the predominant components

of seal blubber, whereas organ lipids include both TAGs and phospholipids, and

TABLE 1. Lipid Content (g/100 g tissue) of Selected Tissues from Four Species of Seals.1

Tissue Harp Gray Ringed Hooded

Blubber 93.88� 1.64 91.93� 1.07 93.55� 1.98 89.43� 1.82

Muscle 1.92� 0.03 1.82� 0.03 1.85� 0.53 2.36� 0.74

Brain 8.10� 0.32 10.25� 0.10 6.86� 1.01 7.40� 0.79

Kidney 2.97� 0.18 3.42� 0.04 3.58� 0.07 3.14� 0.05

Heart 2.19� 0.31 1.81� 0.38 2.32� 0.01 2.04� 0.01

Liver 3.83� 0.19 5.60� 0.94 3.71� 0.07 3.66� 0.03

Lung 2.24� 0.46 2.04� 0.03 2.05� 0.07 1.76� 0.01

1Data from Ref. (6).
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TABLE 2. Composition of Arterial Lipid, as wt% of Total, for Three Species of Whales.1

Species Tissues Hydrocarbons

Wax and Sterol

Ester Triacylglycerol

Wax Alcohol

and Sterol Monoacylglycerol Phosphatide

Free Fatty

Acid

Sperm whale Aortic lesions — 16.5 6.4 13.8 — 57.8 5.5

Aortic intima — 13.1 4.4 13.0 0.4 66.1 2.7

Aortic media — 3.3 2.8 14.8 0.3 76.9 1.9

Killer whale Fibrous aortic atheroma — 17.3 11.4 12.6 — 58.7 —

Aortic intima 0.3 7.4 29.5 17.0 0.2 45.5 —

Aortic media 0.6 4.2 23.9 16.4 0.6 54.3 —

Fatty coronary atheroma — 56.4 20.9 4.1 — 18.6 —

Coronary intima media 0.7 1.7 50.4 17.3 0.9 25.8 —

Pilot whale Aortic lesions 2.8 17.1 9.2 28.6 0.4 35.9 6.0

Aortic intima media 0.4 13.5 4.6 20.5 0.6 57.5 3.1

1From Ref. (12).



differences exist that originate from their varying proportions in different tissues. In

marine mammals such as whales and seals that have enormous layers of fat under

skin, TAGs serve as insulating material, which permits survival even in the cold

waters of the Arctic and the Antarctic (14).

In addition to TAGs, wax esters (long-chain alcohols esterified to fatty acids) are

another important group of neutral lipids found in marine mammals. Most species

of marine mammals have C32, C34, C36, and C38 (total of alcohol plus acid) as

major components (15). Whale oils are especially interesting because some contain

fatty acids that are largely in the form of wax esters (16). The oils from the blubber

of the Physeteridae may consist mainly of wax esters. The sperm whale blubber oil

consists of a mixture of about 79% wax esters and 21% TAGs (17). The dwarf

sperm whale (K. simus) blubber oils consist of 42% wax esters and 58% TAGs

(18). The blubber fat of beaked whales (Berardius, Hyperoodon, and Ziphius) is

composed almost entirely of wax esters (94–99%) along with low levels of TAGs

(2–6%) (19). Several of possible functions for wax esters in marine mammals has

been proposed; these functions include their role as a reserve energy store, buoy-

ancy, metabolic water, thermal insulation, and biosonar (20–22).

Among unsaponifiable matters, hydrocarbons, especially long-chain hydrocar-

bons, are found in detectable amounts in marine mammal oils. Some marine oils

contain less than 0.1% hydrocarbons, whereas others contain as much as 90%

(23). In the liver of the seal, Arctocephalus (Pinnipedia), liver squalene was

0.50% of the oil (24). High squalene contents (90%, 91%, and 92.8%) occur in

shark liver oils (23–25). The 16:0, 16:1, and pristine were found in the bottlenose

whale (Berardius bairdi); (26) pristine is a highly unsaturated long-chain hydrocar-

bon (C49) occurring in the liver oil of sei whale (Balaenoptera borealis) (27) and

sperm whale (Physeter catodon) (28). In the blubber of the sei whales, pristine was

present at 11.3% and squalene at 13.1% of the total unsaponifiable fraction (29).

Total hydrocarbons were present at 0.3% of dry matter weight of the blubber,

1.6% in liver, and 1.3% in the muscle (30). Among cetaceans, limited data for

two dolphins have been published: In Delphinus longirostris liver, very long-chain

hydrocarbons (C44) were detected (31), and zamene was present in Langenor-

ynchus acutus (32).

3. FATTY ACID COMPOSITION

The fatty acid composition of marine lipids varies significantly, especially when

compared with vegetable oils. The fatty acid composition of blubber oil of marine

mammals is generally similar to fish oils as it contains a large proportion of long-

chain highly unsaturated fatty acids. However, the proportion of fatty acids in fish

and marine mammals varies considerably (2).

A marine oil typically contains some 40 different fatty acids, with carbon num-

bers varying from 10 to 24, which results in many different TAGs with the same

carbon number, but with different levels of unsaturation (11). The fatty acids
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present in marine mammal oils can be classified as saturated and unsaturated fatty

acids. The fatty acids C12:0, C14:0, C16:0, and C18:0 are among the common satu-

rated fatty acids. In addition, marine oils usually contain detectable (�0.2%)

amounts of C20:0, and sometimes recognizable C24:0, but very little C22:0; the

total is normally 0.5% or less for these three fatty acids (33). Even�numbered car-

bon fatty acids make up about 97% of the total fatty acids, with a few notable

exceptions (17). Some fatty acids with odd-numbered carbon chain such as

C15:0 and C17:0, along with traces of C13:0 and C19:0, have also been found in

marine oils (33). Besides, monomethyl branched fatty acids have been isolated

from marine oils, such as 3-methyldodecanoic acid from blubber of the sperm

whale physeter catodon (34).

In contrast to relatively small amounts of saturated fatty acids, marine mammal

oils have been characterized by high amounts of monounsaturated fatty acids

(MUFAs) and o3 polyunsaturated fatty acids (PUFAs) (35, 36). For instance, the

content of MUFAs in neutral and polar lipids in seal blubber is more than 60%

and 46%, respectively (37). Most fatty acids are long-chain with 20 to 22 carbon

atoms and have o3 configurations. Ackman et al. (38) have pointed out that the

total C20 and C22 monounsaturated and polyunsaturated fatty acids in each layer

of whale blubber is nearly constant, but the ratios of the monounsaturated to poly-

unsaturated fatty acids change significantly. The most common long-chain PUFAs

in marine lipids are eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)

as well as a smaller amount of docosapentaenoic acid (DPA), all of which belong to

the o3 family (10). The high content of o3 fatty acids in marine lipids is suggested

TABLE 3. Fatty Acid Composition (g/100 g) of Blubber of Various Species of Seal.1

Fatty Acid Bearded Gray Harbor Harp Hooded Ringed

14:0 3.05 3.83� 0.03 4.52� 0.13 4.66� 0.49 4.40� 0.38 3.36� 0.66

16:0 DMA ND ND ND ND ND ND

16:0 10.14 6.61� 0.08 8.03� 0.38 6.24� 0.44 9.81� 1.57 4.82� 2.07

16:1 o7 17.77 12.77� 0.09 19.26� 0.53 14.93� 0.46 10.09� 0.35 23.12� 0.18

18:0 DMA ND ND NNND ND ND ND

18:1 o9 DMA ND ND ND ND ND ND

18:1 o7 DMA ND 0.45� 0.01 ND 0.46� 0.00 ND ND

18:0 2.15 0.94� 0.02 0.85� 0.02 0.95� 0.03 1.83� 0.31 0.42� 0.19

18:1 o9 16.76 24.50� 0.44 18.61� 0.55 18.59� 1.01 22.77� 2.66 19.72� 1.33

18:1 o7 9.49 4.95� 0.09 5.16� 0.44 3.57� 0.36 3.75� 0.47 5.03� 0.46

18:2 o6 2.30 1.28� 0.00 1.27� 0.04 1.36� 0.20 1.63� 0.20 2.58� 0.02

20:1 o9 5.08 12.50� 0.43 9.06� 0.33 12.56� 2.92 13.00� 1.86 6.71� 2.17

20:4 o6 0.94 0.51� 0.00 0.44� 0.00 0.36� 0.96 0.31� 0.03 0.30� 0.02

20:5 o3 8.28 4.85� 0.13 9.31� 0.21 6.82� 0.69 5.21� 1.65 8.72� 1.06

22:0 0.63 <0.3 1.19� 0.02 <0.3 <0.3 0.75� 0.67

22:1 o11 0.27 0.62� 0.03 0.31� 0.01 0.77� 0.61 0.86� 0.33 0.34� 0.01

22:5 o3 4.26 5.06� 0.05 4.22� 0.14 4.78� 0.25 2.29� 0.08 5.46� 0.47

22:6 o3 7.22 8.91� 0.29 7.76� 0.98 10.48� 1.98 9.56� 2.36 9.45� 1.74

DMA: dimethyl acetal.

ND: not detected.
1From Refs. (6) and (40).
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TABLE 4. Fatty Acids Composition of Blubber Expressed as a Percentage by Weight

of Fatty Acids Present from both Sexes of Four Species of Phocid Seals.1

P. vitulina largha P. fasciata P. hispida P. barbatus

———————— ——————— ———————— ————————

Fatty Acids Male Female Male Female Male Female Male Female

12:0 0.03 0.04 0.02 0.02 0.03 0.02 0.06 0.05

12:1 tr tr tr tr 0.01 tr tr 0.01

13:0 tr 0.01 0.01 0.01 0.01 0.01 0.01 0.01

13:1 o9 tr tr tr tr tr tr tr tr

14:0 1.89 2.45 2.34 3.00 3.36 1.68 1.77 2.76

14:1 0.38 0.42 0.43 0.39 0.83 0.56 0.29 0.26

15:0 0.31 0.41 0.33 0.33 0.25 0.22 0.39 0.40

15:1 o6 0.07 0.05 0.06 tr 0.01 0.01 0.06 0.05

16:0 6.82 7.96 5.38 7.67 5.25 3.23 7.27 9.96

16:1 o7 10.96 10.63 9.26 8.51 19.04 9.52 12.46 14.05

16:2 o4 0.24 0.39 0.33 0.36 0.45 0.32 0.32 0.44

16:3 o6 — — — — 0.06 0.04 — tr

16:3 o3 0.11 tr 0.16 — 0.25 — 0.13 –

17:0 0.54 0.47 0.42 0.35 0.47 0.41 1.88 0.80

17:1 o8 0.39 0.32 0.25 0.27 0.39 0.27 0.57 0.33

18:0 0.93 1.10 1.05 1.75 0.66 0.73 1.66 2.30

18:1 o9 29.75 24.15 21.31 20.91 15.79 16.21 21.25 21.69

18:2 o6 0.89 1.10 0.82 1.07 0.81 0.59 0.62 0.82

18:2 o4 0.21 0.22 0.23 0.16 0.20 0.17 0.21 0.16

18:3 o6 tr 0.05 tr — 0.27 0.07 tr 0.11

18:3 o3 0.13 0.32 0.30 0.88 0.52 0.22 0.11 0.21

18:4 o3 0.52 0.83 0.80 0.73 1.03 0.75 0.72 0.93

19:0 tr 0.27 0.26 tr 0.73 0.35 0.35 0.52

19:1 0.02 0.07 0.15 0.11 0.10 0.08 0.41 0.32

20:0 0.06 0.09 tr 0.36 tr 0.07 tr 0.23

20:1 — — — — — — 3.75 —

20:1 o9 13.83 8.94 14.99 13.58 5.01 8.17 3.94 8.99

20:2 o6 0.15 0.16 0.20 0.29 0.13 0.13 0.24 0.24

20:2 o4 0.11 tr tr tr 0.04 0.10 0.08 0.12

20:3 o6 tr tr tr 0.09 0.08 0.06 0.11 0.11

20:3 o3 tr tr tr tr tr tr tr tr

20:4 o6 0.54 0.57 0.63 1.21 0.33 0.39 1.31 0.76

20:4 o3 0.26 0.37 0.56 0.68 0.34 0.37 0.38 0.51

20:5 o3 6.54 10.56 8.47 8.24 11.96 10.57 14.01 9.27

21:0 0.08 — tr tr — — 0.32 0.29

21:5 o3 — — — 0.06 0 0.21 0.58 0.51

22:0 — — — — — 0.05 — —

22:1 o11 2.69 2.42 5.07 6.49 0.68 1.57 0.82 3.26

22:2 o6 — — — — 0.16 0.20 — —

22:4 o6 0.68 0.81 0.81 0.64 — 1.16 1.44 0.83

22:4 o3 — — — 0.21 0.22 — — —

22:5 o3 7.81 7.67 7.74 6.51 11.62 14.55 9.82 4.76

22:6 o3 12.62 16.66 17.06 14.54 17.79 26.19 12.05 13.38

24:1 0.42 0.43 0.59 0.57 1.12 0.76 0.59 0.56

1From Ref. (44).
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TABLE 5. Fatty Acid Composition of Lipids (g/100-g lipid) from Different Tissues of Harp Seal.1

Fatty Acid Blubber Muscle Brain Kidney Heart Lung Liver

14:0 4.66� 0.49 2.46� 0.71 0.48� 0.07 1.15� 0.88 0.91� 0.03 2.40� 0.06 1.21� 0.20

16:0 DMA ND 1.86� 0.15 1.66� 0.19 3.09� 0.67 3.74� 0.10 1.93� 0.02 0.15� 0.01

16:0 6.24� 0.44 12.29� 0.91 15.45� 0.64 12.71� 0.19 10.56� 0.81 24.45� 0.67 13.63� 0.76

16:1 o7 14.93� 0.46 7.30� 0.79 1.33� 0.22 4.05� 0.09 4.32� 0.12 2.54� 0.08 5.34� 0.13

18:0 DMA ND 0.78� 0.08 4.38� 0.43 1.65� 0.28 2.69� 0.33 1.68� 0.08 0.16� 0.04

18:1 o9 DMA ND 0.84� 0.09 1.82� 0.08 0.74� 0.06 2.58� 0.05 0.92� 0.02 0.19� 0.06

18:1 o7 DMA 0.46� 0.00 0.97� 0.11 2.69� 0.18 0.79� 0.07 1.74� 0.03 1.01� 0.00 0.13� 0.04

18:0 0.95� 0.03 5.93� 0.19 18.08� 0.69 12.30� 0.59 11.09� 0.34 8.72� 0.26 19.55� 0.87

18:1 o9 18.59� 1.01 18.48� 0.68 14.02� 0.89 12.52� 0.45 16.09� 0.17 13.41� 0.28 11.80� 1.45

18:1 o7 3.57� 0.36 4.88� 1.39 4.60� 0.28 5.50� 0.35 4.56� 0.25 3.96� 0.27 6.10� 0.84

18:2 o6 1.36� 0.20 1.54� 0.12 0.15� 0.09 3.33� 0.03 3.86� 0.08 1.14� 0.02 2.04� 0.38

20:1 o9 12.56� 2.92 11.75� 1.58 1.83� 0.24 2.20� 0.57 4.51� 0.05 2.68� 0.62 3.40� 0.58

20:4 o6 0.36� 0.96 3.87� 0.63 5.29� 0.22 10.11� 1.08 9.90� 0.13 5.81� 0.14 9.50� 0.57

20:5 o3 6.82� 0.69 5.56� 0.60 0.70� 0.60 9.86� 0.53 9.74� 0.13 4.86� 0.31 8.07� 1.74

22:0 <0.3 1.81� 0.32 0.25� 0.09 0.99� 0.67 0.58� 0.32 0.56� 0.27 0.58� 0.04

22:1 o11 0.77� 0.61 0.93� 0.23 0.21� 0.13 0.21� 0.04 ND 0.81� 0.00 0.23� 0.13

22:5 o3 4.78� 0.25 2.21� 0.32 2.92� 0.26 2.13� 0.05 1.17� 0.06 2.35� 0.04 2.16� 0.05

22:6 o3 10.48� 1.98 6.73� 1.30 15.56� 0.64 3.29� 0.83 4.11� 0.59 5.80� 1.07 8.17� 1.83

DMA: dimethyl acetal.

ND: not detected.
1From Refs. (6) and (40).



as a consequence of cold temperature adaptation, because at lower habitat tempera-

tures, o3 PUFA remain liquid and oppose any tendency to crystallize (33). Most

long-chain PUFAs are formed in unicellular phytoplankton and multicellular sea

algae and eventually pass through the food web and become incorporated into

the body of fish and other higher marine species, including marine mammals, which

often eat fish (39). The fatty acid composition of oils from most species of marine

mammals has been summarized (1). Seal oils, because of the increasing interest in

seal fishery and product development, have been in focus and frequently studied by

researchers. The fatty acid composition of oils from different species of seal has

been reviewed (2). Table 3 shows the fatty acids and their contents in blubber lipid

from six species of seals.

The fatty acid composition of blubber of marine mammals such as seals is regu-

lated by the diet (41), location (42), season, as well as physiological conditions such

as age (43) and sex (44) of the animal. Table 4 presents the fatty acid compositions

of seals of different species and sexes. In some marine mammals, the depot fats are

largely dietary fatty acids laid down with a minimum change, but the fatty acids of

the lipids of the essential organs have terrestrial characteristics (1). Fatty acid com-

position also depends on tissue and species of the animal. However, differences are

most apparent among tissues (Table 5). Seal blubber, for example, had a high con-

tent of monounsaturated fatty acids, but it was low in arachidonic acid, dimethyl

acetals, and DHA. Lung tissue lipids were high in palmitic acid, and heart tissue

lipids had a higher content of linoleic acid. The proportions and fatty acid consti-

tuents in defferent tissues are different, most probably because of their varying

functional requirements (6). The lipids of vital organs of seals and whales contain

high proportions of fatty acids of the o6 family, similar to those of terrestrial ani-

mals. The distinction between the fatty acids of functional organs such as liver,

heart, and other organs with depot fat has been discussed (6, 45).

The fatty acid distribution in the TAG molecules in blubber oil of marine mam-

mals is different from that of fish oils. The o3 fatty acids (EPA, DPA, DHA) in

blubber oil of marine mammals tend to be located primarily in the sn-1 and sn-3

TABLE 6. Positional Distribution of Fatty Acids in Triacylglycerols from Blubber Fat

of Marine Mammals.1

Fatty Acids (mol %)

Position 14:0 16:0 16:1 18:0 18:1 18:2 20:1 22:1 20:5 22:5 22:6 18:4 20:4

Harbor seal 1 4 11 15 1 29 1 18 8 3 2 3 — —

2 11 13 30 1 30 3 3 1 1 1 1 — —

3 1 4 14 1 26 1 16 7 8 6 10 — —

Harp seal 1 1 7 9 1 27 1 17 4 6 4 15 — —

2 6 9 27 2 36 5 4 1 2 1 3 — —

3 1 5 11 1 20 2 7 1 12 11 26 — —

Sei whale 1 3 13 3 4 14 1 33 10 3 1 6 1 5

2 12 6 12 1 29 5 10 2 5 1 3 4 6

3 4 6 2 2 7 1 28 16 6 3 16 1 3

1From Ref. (14).
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positions of TAGs (Tables 6 and 7), whereas in fish oils, they are located abundantly

in the sn-2 position of TAGs (46). In harp seal oil, as measured by 13C NMR, only

3.2% of DHA and 4.6% of EPA were esterified to the sn-2 position of the TAG (47).

During digestion, the fatty acids are liberated from sn-1 and sn-3 positions of the

TAG by a position-specific enzyme such as pancreatic lipase, whereas the fatty

acids attached to the sn-2 position are distributed in the body in the form of chy-

lomicron (2).

4. OXIDATIVE STABILITY

Marine oils, like other highly unsaturated oils, are susceptible to oxidation and are

more sensitive to oxidative deterioration than vegetable oils. Furthermore, they con-

tain only insignificant amounts of natural antioxidants, such as tocophorols (48).

The long-chain PUFAs (EPA, DPA, DHA) contain five or six double bonds that ren-

der them prone to atmospheric oxidation accompanied by the development of a

fishy taste and smell (49). The secondary products of oxidation may give rise to

unacceptable flavors and odors in the oil, impair digestibility of the oil, and can

damage or destroy the body’s cells, as a result of free radical attack (48). Although

antioxidants are generally available for prevention of lipid oxidation in foods, nat-

ural antioxidants, such as tocopherols, unfortunately are not effective in inhibiting

oxidation of marine oils (50). The autoxidation rate of PUFA depends on the type

and structures of fatty acids in lipids (51). For instance, seal oil is more stable than

fish oil and less vulnerable to the natural process of oxidation because of its fatty

acid composition and distribution and location of fatty acids in the triacylglycerol

molecules as well as because of its minor components (48). Removal of minor com-

ponents from oil may result in lower oxidative stability of oils (52–55). Interester-

ification may change the oxidative stability of marine oils. Oxidative stability of

minke whale blubber oil was reduced after redistribution of fatty acids with lipase

or NaOCH3 (50). The lower oxidative stability of interesterified whale oil seemed to

TABLE 7. Fatty Acid Distribution in Different Positions of Triacylglycerols of Harp Seal

Blubber Oil.1

Fatty Acid sn-1 sn-2 sn-3

Total saturates 6.34 25.56 4.32

Total unsaturates 90.51 73.25 94.32

Total monounsaturates 62.91 65.98 51.09

Total polyunsaturates 27.60 7.27 43.23

Eicosapentaenoic acid (EPA) 8.36 1.60 11.21

Docosapentaenoic acid (DPA) 3.99 0.79 8.21

Docosahexaenoic acid (DHA) 10.52 2.27 17.91

Total omega–3 25.65 5.56 38.87

Total omega–6 0.75 1.58 3.34

1From Ref. (2).
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be caused by displacement of PUFAs located at the sn-1 and sn-3 positions in TAG

to the sn-2 position. PUFAs located at the sn-1 and sn-3 positions in whale oil might

become more susceptible to free radical oxidation when they are transferred to 1,2-

or 2,3-positions (50). Furthermore, overprocessing of marine oils may adversely

affect their keeping quality by the removal of their endogenous natural antioxidants

(Table 8), and it is recommended that processing be minimized or that important

minor components with antioxidant activity be returned to the oil to improve their

quality (56).

Control of autoxidation of unsaturated fatty acids is vital to preserve integrity,

nutritional value, and functionalities of marine oils. Several reports in the literature

have reviewed these matters in detail. Controlling of the availability of essential

reactants in the oxidation process, such as oxygen, light, and other factors, may pro-

vide a means of retarding autoxidation. The level of available oxygen for reactions

can be controlled by reducing the partial pressure of oxygen (57, 58) or replacing

the headspace of the container with a nonreactive gas such as nitrogen. Proper

packaging of lipid is also necessary to prevent contact of oxygen with unsaturated

fatty acids. Microencapsulation that has been practiced as a packaging technique

for oils can coat oil droplets and prevent their contact with atmospheric oxygen

(59). In addition, hydrogenation controls autoxidation by reducing the reactivity

of lipid molecule, but at the cost of reducing or eliminating PUFA and compromis-

ing the nutritive value of the oil. Moreover, antioxidants may be added at very low

concentrations to control oxidation without changing the color and flavor to pre-

serve the nutritive value of oils (2).

5. PROCESSING

The basic processing steps for the manufacturing of marine oils for human con-

sumption involve cooking or rendering to release the oil followed by possible

degumming, alkali refining, bleaching, and finally deodorization as well as possible

TABLE 8. Changes of Tocopherol and Acid Value of Seal Blubber Oil during

Processing.1

Acid Value (mg KOH/g oil)

Sample a-Tocopherol (mg/100g) (as % Oleic Acid)

Crude 2.8� 0.18 2.72� 0.10

(1.367%)

Alkali–refined 3.20� 0.11 0.08� 0.00

(0.040%)

Refined–bleached (RB) 3.1� 0.12 0.03� 0.01

(0.015%)

Refined–bleached and deodorized (RBD) 2.4� 0.09 0.04� 0.01

(0.020%)

1From Ref. (56).
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addition of antioxidants (2). During these processing steps, free fatty acids, mono-

and diacylglycerols, phospholipids, sterols, vitamins, hydrocarbons, pigments, pro-

teins and their degradation products, suspended mucilaginous and colloid-like mat-

ter, and oxidation products of fatty acids are removed from the oil (60). Processing

steps of marine oils are similar to those for vegetable oils; however, the quality of

crude marine oils is less uniform than that for crude vegetable oils. To obtain high-

quality crude marine oils, proper handling and chilling of raw material to minimize

oxidative damage after landing is vital (2).

The rendered, crude oil from blubber of marine mammals can also be treated

with silica at low temperature under vacuum followed by bleaching and deodoriza-

tion, as described by Mag (48). The resulting oil, which is completely bland, is

essentially free of proteinaceous materials, phosphatides and mucilage, and proox-

idant metals and very low in colored compounds, peroxides, and secondary oxida-

tion products. This method avoids the use of acids and bases that are required in

conventional degumming and alkali refining of marine oils, thus eliminating the

risk of contamination as well as reducing the number of processing steps. The

method is also environmentally friendly because it does not require soapstock

and waste water processing (48). Another approach for preparing and stabilizing

food-grade marine oil has been proposed by Kendrick and Macfarlane (49). This

method includes treating the oil with silica, optionally in the presence of carbon,

and with vacuum steam deodorization at 140–210�C in the presence of antioxidants

(49). Regardless of the processing method employed, the resultant product must be

stabilized by addition of food-grade antioxidants, particularly mixed tocopherols.

6. PRODUCTION OF x3 FATTY ACID CONCENTRATES

Supplementaion of o3 fatty acids has been recommended in addition to making

attempts to substitute saturated fatty acids with PUFA in dietary lipids. Marine

oils serve as a rich source of o3 fatty acids and may be used as the raw material

for preparation of o3 fatty acid concentrates. It has been suggested that PUFA con-

centrates devoid of more saturated fatty acids are much better than marine oils

because they allow keeping the daily intake of total lipids as low as possible

(61). Enriched fatty acids or esters can be produced by fractional vacuum distilla-

tion (62), low-temperature crystallization (63), chromatographic separation, includ-

ing HPLC (64–66), silver resin chromatography (67), supercritical fluid extraction

(68), urea complexation (69, 70), and enzyme hydrolysis (71), among others.

Fractional vacuum distillation takes advantage of differences in the boiling

points of fatty acids under vacuum. This method is a an old one and requires

high temperature. The fractionation of marine oil esters is difficult because

separation of such components becomes less effective with increasing molecular

weight (72).

Low-temperature crystallization is based on the fact that the melting point of

fatty acids changes considerably with the type and degree of unsaturation (73).

At low temperatures, long-chain saturated fatty acids that have higher melting
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points crystallize out and PUFAs remain in the liquid form. Briefly, the process con-

sists of cooling the oil or fatty acids in a solvent, which holds for a specified period

of time, and of removing the crystallized fraction by filtration. This method requires

the least amount of equipment and the simplest apparatus and has been an indispen-

sable method for preparing pure fatty acids (74, 75).

Fatty acids could also be separated according to their carbon number or degree

of unsaturation with appropriate adsorbents (63). Chromatographic techniques such

as HPLC and silver resin chromatography have been successfully employed to pre-

pare o3 fatty acid concentrates. However, these methods have certain shortcom-

ings, including use of organic solvents, loss of resolution of the column upon

repeated use, and difficulties in scaling up the process for commercial production

(76).

Supercritical fluid extraction (SFE) is a method that circumvents some problems

associated with conventional separation techniques. Carbon dioxide, as an inert,

inexpensive, nonflammable, and environmentally acceptable gas is the solvent of

choice because of its moderate critical temperature and pressure (76). SFE has

been used effectively to refine marine oils and remove cholesterol, polychlorinated

biphenyls (PCB), Vitamin E, and other components (77). The disadvantages of this

process include the use of extremely high pressures and the high capital cost.

The simplest and most efficient technique for obtaining o3 PUFA concentrates

in the form of free fatty acids is urea complexation. This technique is well estab-

lished for elimination of saturated and monounsaturated fatty acids (70). In this

method, the saturated and monounsaturated fatty acids can easily complex with

urea after hydrolysis of TAG with alkaline, and crystallize out on cooling and

may subsequently be removed by filtration (70). This method is favored by many

researchers because complexation depends on the configuration of the fatty acid

moieties because of the presence of multiple double bonds, rather than of pure phy-

sical properties such as melting point or solubility (10).

It is generally considered that PUFA in the acylglycerol form is nutritionally

more favorable than the corresponding methyl or ethyl esters as impaired intestinal

absorption of alkyl esters of o3 fatty acids has been observed in laboratory animals

(78–81). Although most methods produce PUFA concentrates in the form of free

fatty acids or their corresponding alkyl esters, enzyme hydrolysis is a technique

proposed to produce o3 fatty acids concentrates in the form of acyglycerols by

hydrolyzing the TAG with lipase. Saturated and monounsaturated fatty acids can

be easily hydrolyzed because they do not present any barriers to lipases such as

the commercial microbial lipases (71).

Commercial marine mammal oils, such as seal blubber oil products, are avail-

able in form of soft gel capsules as nutritional supplements (82). The quality para-

meters of three commercial seal oil capsules are listed in Table 9.

Marine mammal oils or their o3 concentrates can also be modified for different

applications. Modifications include the changing of the fatty acid composition and/

or their location in the glycerol backbone. Structured lipids containing both o3

long-chain PUFAs, possibly from seal blubber oil, or their o3 concentrates, and

medium-chain fatty acids (MCFAs), which are saturated fatty acids with 6–12
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carbon atoms, have been produced. Enzyme-catalyzed synthesis of structured lipids

has been proposed, with commercial lipase preparations (83). The final products,

with reduced calorie, exhibit the combined health benefits of long-chain PUFAs

and MCFAs, which are believed to possess many unique nutritional and metabolic

characteristics (83).

7. APPLICATIONS

Marine oils have been widely used in food and pharmaceutical industries as well as

in nonedible applications. The nonedible uses of marine oils primarily exploit their

highly unsaturated nature. In leather manufacturing, sulfated marine oils are used to

treat leather to prevent its brittleness and dryness. Oleochemicals (fatty acids, fatty

alcohols, esters of methyl and other alcohols, nitrogen derivatives) derived from

marine oils find a wide range of industrial applications, including use in lubricants,

corrosion inhibitors, plastic and rubber compounding, floatation agents, personal

care products, cleaners, textile and paper additives, asphalt additives, and tableting,

among others. In addition, marine oils have long been used as an alternative fuel to

petroleum-based products (2). Other industrial uses of marine oils are in the man-

ufacturing of polyurethane resins, cutting oils, caulks and sealants, printing ink for-

mulations, insecticides, and buffing compounds (84). Refined marine oils have also

been used in skin and hair care products. Marine oils may be used in the manufac-

turing of animal and poultry feed. Traditionally, marine oils have been used as an

economic source of calories to stimulate growth of farmed animals. However, cur-

rent knowledge about successful inclusion of EPA and DHA to mitochondria,

microsomes, and lipoprotein membranes of chicken by feeding marine oil supple-

mented diets has provided novel uses for marine oils in the animal feed industry (2).

It has been demonstrated that chicken has a natural predisposition to accumulate

EPA and DHA from the precursor C18:3 (o3) (85). Thus, inclusion of fish meal

in chicken diet enhanced the accumulation of EPA and DHA in chicken flesh

TABLE 9. Quality Comparison of x3 Seal Oil Capsules (Laboratory Analysis).1

Quality Indicators Brand A Brand B

EPA w/w % 6.89� 0.07 6.43� 0.07

DPA w/w % 4.11� 0.02 3.76� 0.00

DHA w/w % 8.16� 0.01 8.50� 0.10

18:3 o3 w/w % 0.48� 0.01 0.48� 0.00

18:4 o3 w/w % 1.10� 0.04 1.35� 0.06

Tocopherols mg/100 g Up to 400 Up to 1400

Acid value mg KOH/g oil 3.21� 0.05 1.69� 0.03

Conjugated dienes 5.80� 0.25 7.63� 0.13

TBARS value mmol/g oil 4.20� 0.05 4.50� 0.15

1From Ref. (56).
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(85). Feeding seal blubber oil at 1.25% to hens was found to increase long-chain o3

PUFA and decrease arachidonic acid in the egg yolk lipids without any detriment to

their sensory properties (82). This result is not surprising because deodorized oil

was used in this study and the level of inclusion of seal oil was modest. In the

food industry, the major global use of marine oils has been in the manufacturing

of margarine and other edible oil products. In this, hydrogenated marine oils

were a low-priced alternative to vegetable oils. However, hydrogenation reduces

the unsaturation of fatty acids and negates the potential health benefits of PUFA;

if not fully hydrogenated, introduction of trans-fats to product formulation is also

of concern. Therefore, incorporation of long-chain fatty acids into the diet con-

tinues to be a topic of interest for food manufacturers, scientists, and consumers (2).

8. HEALTH BENEFITS AND DISEASE PREVENTION

Recognition of the health benefits associated with consumption of seafoods (o3

fatty acids) is one of the most promising developments in human nutrition and dis-

ease prevention research in the past three decades. According to our current knowl-

edge, long-chain o3 PUFAs play an important role in the prevention and treatment

of coronary artery disease (86), hypertension (87), diabetes (88), arthritis and other

inflammatory (89), autoimmune disorders (90), as well as cancer (91, 92) and are

essential for normal growth and development, especially for brain and retina (93).

The most direct and complete source of o3 oils is found in the blubber of certain

marine mammals, especially in the harp seal. Among its advantages is that the

body’s absorption of o3 fatty acids from marine mammal blubber may be faster

and more thorough than is the case with flaxseed and fish oils (48). As marine mam-

mal oils contain a high concentration of MUFAs, it is possible that some of their

beneficial effects may be ascribed to their MUFAs or to the combined effect of

MUFA and o3 PUFA (94). A pilot study indicated that a low dose of seal oil sup-

plementation can reduce atherogenic risk indices in young healthy persons, and the

effects are strongly dependent on the integrated o3 fatty acids dose (95,96). The

essential fatty acids found in seal oil include a high level of DPA (up to ten times

that of fish oils). There is growing evidence that DPA is the most important fatty

acid that keeps artery walls soft and plaque free (48). Marine oils are also attractive

from a nutritional point of view because they are thought to provide specific phy-

siological functions against thrombsis, cholesterol buildup, and allergies (50). Oils

from the blubbers of seal and whale have beneficial effects on selected parameters

that play a role in cardiovascular disease; it has been hypothesized that the effect of

whale oil is not mediated by its o3 fatty acids alone (97). The difference in the

beneficial effects of whale and seal oils on cardiovascular disease may argue against

the distribution of o3 fatty acids in TAG as being relevant to the superiority of

whale oil, because the o3 fatty acids are mainly in the sn-1 and sn-3 positions of

both oils. The effect of whale oil is probably not mediated by o3 fatty acids alone

as the content of these fatty acids is relatively low in whale oil. Thus, in addition to

272 MARINE MAMMAL OILS



o3 fatty acids, other dietary factors may play a role in the protective effects against

atherosclerosis and thrombosis in Greenland Eskimos (97).

The beneficial effects of PUFA have also been ascribed to their ability to lower

serum TAG, to increase membrane fluidity, and to reduce thrombosis by conversion

to eicosanoids (98). Both EPA and DHA induced increases in the serum concentra-

tions of the corresponding fatty acids as well as in their relative contents in platelets

(99). However, distribution of o3 PUFA in TAG molecules influences glycerolipid

metabolism and arachidonic acid contents of serum and liver phospholipids as well

as thromboxane (TX) A2 production. In rats that were fed marine oils, for instance,

plasma and liver TAG concentrations were more effectively reduced by dietary seal

oil than by fish oil. Furthermore, dietary seal oil reduced arachidonic acid content

in liver phosphatidylcholine and phosphatidylethanolamine and serum phos-

phatidylcholine more effectively than fish oil. Activities of fatty acid synthase

(FAS), glucose-6-phosphate dehydrogenase (G6PDH), and the malic enzyme

were significantly lowered when hamsters were fed seal oil (100). The predominant

effect of seal oil was caused by the suppression of fatty acid synthesis in the liver

(101). In addition, reduction of TX A2 production of platelets and whole blood

platelet aggregation by seal oil has been observed (102, 103).

9. HEALTH EFFECTS OF DPA

Docosapentaenoic acid (DPA) is an elongation product of EPA. Unlike other o3

fatty acids, DPA has not been studied in any detail. Because of its availability,

DPA is present in a much lower concentration compared with that of EPA and

DHA in marine oils, and because of the difficulty in purifying it from mixtures con-

taining EPA and DHA with similar physicochemical properties (104). Although

only less than 1% DPA can be found in most fish oils, it is relatively more abundant

in seal oil. Harp seal oil contains 4–6% of DPA. DPA is almost as important as

either EPA or DHA. About one-third of the long-chain o3 fatty acids circulating

in human blood are attributed to DPA as the effective agent (105). DPA may

have pharmacological effects different from those of EPAs and DHAs, and it has

recently appeared as a focus topic (104).

It has been demonstrated that angiogenic activity in endothelial cells induced by

vascular endothelial growth factor (VEGF) can be suppressed by o3 PUFA treat-

ment. Among LC PUFA, DPA was the most potent inhibitor of angiogenesis; the

inhibitory activity by DPA pretreatment was approximately six-fold in comparison

with that of EPA and DHA, which indicates that DPA could be developed as a novel

drug or supplement against angiogenesis-related diseases (106). Angiogenesis plays

a major role in tumor growth and metastasis, and blocking angiogenesis can restrict

tumor growth. In addition, the stimulative effect of EPA on endothelial cells migra-

tion may be caused by DPA. In vitro studies have revealed that the activity of DPA

to stimulate endothelial cell migration is ten times higher than EPA (107). There-

fore, it is possible that the antiarteriosclerotic function of seal oil is mainly caused

by DPA rather than by EPA and DHA (104). Evidence suggests that DPA is the
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most important fatty acid in keeping artery walls soft and plaque-free (105). A

recent study published by Tokyo Medical and Dental University indicates that

DPA can be more than ten times as effective as EPA in helping to heal damaged

blood vessels (105). Moreover, arachidonic acid-stimulated blood platelet aggrega-

tion was inhibited by o3 fatty acids in a dose-dependent manner, among which

DPA was the most potent inhibitor (105). DPA exhibits considerable activity for

interfering with the cyclooxygenase pathways, thus inhibiting platelet aggregation

most effectively (108). In addition, it has been suggested that the DPA concentra-

tion in platelet is inversely associated with coronary artery disease in women (109),

and a high proportion of DPA in serum is associated with a decreased risk of acute

coronary events in middle-aged men (110).

10. COMPARISON OF FISH OIL AND MARINE MAMMAL OIL

Fish oils and marine mammal oils are generally characterized by a large group of

saturated and unsaturated fatty acids, which are commonly associated with their

mix of TAGs (16). However, differences exist between the oils from fish and marine

mammal sources.

Fish oils may generally be described as flesh oil, liver oil, or oil of the whole fish

(111). The livers of white lean fish are known to be high in oil content. The fish

livers of cod, halibut, and shark contain approximately 50% oil and serve as an

important source of Vitamin A and Vitamin D (112). TAG is the major component

of depot fats of fish. Ether lipids, however, are restricted to the liver oils of deep sea

sharks (113). Like marine mammal oils, fish oils are rich in MUFA and PUFA, and

they are good sources of o3 PUFA such as EPA and DHA. However, DPA, which is

abundant in blubber of marine mammals, especially seals, is found in much lower

level or is absent in fish oils. Furthermore, the molecular configurations of EPA and

DHA in fish oil vary slightly from that found in marine mammal oils (48). Research

has shown that seal oil may be more beneficial than fish oil in reducing the risk of

heart disease and diabetes, Which is likely because of the relative absence of DPA

in fish oil and possibly the slower rate at which the body can use EPA and DHA

from fish oil (105). Fish oils vary considerably in the type and level of their fatty

acids depending on the particular species and their diets. For example, fish species

raised by aquaculture often have a lower level of o3 fatty acids than those in the

wild (48), and freshwater fish contain higher levels of the o6 fatty acids than do

marine fish (112). The fatty acid distribution in TAG of fish oil is also different

from that of marine mammal oil. In fish oil, PUFAs occupy the sn-2 position of

TAG, saturated and MUFAs the sn-1 position, and MUFAs the sn-3 position. In

marine mammals, however, the sn-1 and sn-3 positions are occupied by LC

PUFA such as EPA and DHA, and especially the sn-3 position, as noted earlier.

The sn-2 position is esterified to saturated fatty acids and especially to C16 and

C18 MUFAs (14, 112). The different distribution of fatty acids might be a factor

for lower oxidative stability of fish oils compared with seal oil (48).
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1. INTRODUCTION

At one time ‘‘fish oils’’ were low-cost industrial materials for the paint and lino-

leum industries. After World War II (WWII), these industries switched to chemicals

and plastics, and therefore, much information in older books became obsolete by

1960. Hydrogenation of fats to produce margarines and shortenings, starting about

1900, led to improved oil refining and better quality and included whale oils when

these animals were still plentiful. Two factors have recently impacted negatively on

large-scale and continued use of marine oils in our food supply.

Because of one of the earliest media-stimulated public health panics in the

late 1970s, that of the erucic acid (22:1) of rapeseed and mustard oils, alleged to

damage hearts, food use of partially hydrogenated fish oils in that form petered out

because of their content of both natural and artifact 22:1 isomeric fatty acids, as

described in Barlow and Stansby (1). As millions of healthy Germans and Poles

had thrived on rapeseed, and the fish-eating Scandinavians were universally healthy,

this fear was based on scanty evidence. The major result of this scare against

sources of very long-chain monoethylenic fatty acids was acceleration of develop-

ment of low-erucic-acid rapeseed oils such as canola (2). The desirable physical

properties of partially hydrogenated fish oils in some margarines and in shortening

for baking purposes continued but depended primarily on conversion of most of the

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
Edited by Fereidoon Shahidi. Copyright # 2005 John Wiley & Sons, Inc.
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natural cis-ethylenic bonds of the fatty acids to trans-ethylenic bond configurations,

rather than to saturated fatty acids (3). Recently, a media storm against trans-acids

followed initial scientific research on the health aspects of small changes in serum

cholesterol, despite long-term human exposure (4), and again partially hydroge-

nated fish oil use was condemned. Despite the adverse image, the baking industry

was conservative and this usage persisted in technically advanced countries such as

Denmark until recently (5). Dairy products and ruminant meat products continue to

include ‘‘natural’’ trans-acids (6).

In a positive turn of fate, by 1980, the observations of Dyerberg and Bang (7) on

the excellent cardiac health of the Eskimo population of Greenland, who had a high

intake of dietary omega-3 (n-3) fatty acids from seal and fish fats, were also noted

in the media. This publication in 1979 created an astounding public interest in fish

oils as nutrition supplements, usually taken in capsules. In 1985, another positive

media bombshell exploded when a long-term study in Zutphen in the Netherlands

showed that a large male population group had reduced their cardiovascular mor-

tality rate by eating fish regularly (8). Obviously, fish omega-3 (n-3) fatty acids

were beneficial.

By 1994, the United Kingdom had followed up on such reports and released an

official government medical report recommending that people eat fish at least twice

a week, one meal being of fatty fish (9). Belatedly the American Heart Association

released a ‘‘Scientific Statement’’ in 2002, with a similar recommendation (10).

Through this exciting period the dietary intake of fish in western society had

declined as other modern foods were easier to produce, store, and distribute. Fish

were also beginning to be more scarce as fisheries were overexploited and fish

populations diminished or were even wiped out.

In this review, only fish ‘‘oils’’ can be considered. The fat in edible parts of fish

ranges from about 16% down to 0.7%, the latter being almost exclusively the basic

muscle phospholipids (Figure 1). These lipids are an excellent source of the highly

unsaturated C20 and C22 omega-3 fatty acids of medical interest, and the content of

omega-3 fatty acids is stable at roughly 0.5-g/100-g muscle. However, it is the mus-

cle triacylglycerols that are variable for quantity and quality. This subject is conve-

niently reviewed for the food industry in one medium-length paper (11) in a journal

available in most major libraries, being a part of a whole issue (No. 4) on seafood.

A chapter on marine fatty acids in a reference book associating all types of fatty

acids with specific health problems could also be useful (12). As for the actual

health benefits of the omega-3 fatty acids, a special supplement issue of the

American Journal of Clinical Nutrition (13) is also highly recommended as it draws

together the thoughts and facts from several dozen distinguished authors active in

the field of omega-3 fatty acids.

It must be noted that the promotional bandwagon for fish oils and seafood

omega-3 fatty acids has been neatly hijacked by those oilseed companies offering

a vegetable oil omega-3 fatty acid, alpha-linolenic acid (18:3n-3). Only about

10% of this fatty acid in the diet survives immediate catabolism and is needed

for ‘‘essential’’ roles in the skin and elsewhere (14). Whether enough survives to

be elongated and to enrich brain and retinal tissues and thus to perform the vital
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functions of the fish DHA or docosahexaenoic acid (22:6n-3) and EPA or eicosa-

pentaenoic acid (20:5n-3) is not known, but the distinction by chain lengths should

always be made. The term ‘‘conditionally dispensable’’ coined by one expert (15) is

perhaps suitable for 18:3n-3 at this time and in this context of recommending mar-

ine oils rich in long-chain n-3 fatty acids. Only human trials can be trusted to be

definitive, and modest doses of vegetable (C18) or fish (C20 þ C22) fatty acids for

12 weeks, although informative (16), cannot accurately predict the life expectancy
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and good health desired by the public. These trials are often linked to modifications

in diet, for example, reduction in intake of n-6 fatty acids. Critical reexamination of

published results is highly desirable and useful (17, 18).

Throughout the last 250 years, cod liver oil has steadily maintained a health role

well known to be inclusive of vitamins A and D. Our aging population is increas-

ingly faced with osteoporosis and mobilization of calcium intake to strengthen

bones, now a high priority in the adult population that requires Vitamin D, whereas

formerly the benefit target was rapidly growing children. Cod liver oil remains a

nutritional supplement staple for vitamins, but it also contains omega-3 fatty acids

(19). However, it is a specific staple outside the scope of this book except for a brief

mention on oil production and refining.

2. WHY DO WE STILL HAVE FISH OILS?

Fish oils are a byproduct of the production of fish meal. Both commodities are sub-

ject to price fluctuations that are only indirectly related. The meal has been histori-

cally used for terrestrial animal feedstuffs. The production process can be

condensed to apply to two basic functions: take fish or fish waste, cook it, and

squeeze it (Figure 2). Subsequent steps are varied for each commodity, but they

essentially are well described by Young (20), whereas the desirable properties of

fish meal are concisely described by Bimbo and Crowther (21). Similar summaries,

especially on sources and production, are provided by various chapter authors in a

book on pelagic fish (22), because most fish caught for meal and oil are pelagic

(migratory) and subject to seasonal exploitation. The principal competition to

fish meal is soybean meal and other oilseed meals (23).

Fish

Fish
Meal

Crude Fish Oil

Grind and Cook

Press

Centrifuge

Fish Oil Manufacture

Oil  +  Stickwater Press Cake

H2O

H2O

Evaporator
Solids

Drying

Figure 2. A simplified diagram of the fish meal manufacturing process. Shading denotes the

principle products.
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The gloomy chronology in Section 1 for food and health aspects of fish oils

since WWII would have ruined most basic industries, but as a byproduct of fish

meal production, that of oil has continued. The human (and pet) nutritional

supplement markets would absorb only a small amount of the total world pro-

duction, which has remained at approximately 1.2–1.4 million tons for the last

decade (23).

Aquaculture has provided part of the solution, which is particularly true for sal-

monids, and to trout farmed in freshwater, a very large amount of the former indus-

trial grade (unrefined) production of fish oil goes to Atlantic salmon (Salmo salar)

production in places as far away from their origin in the North Atlantic as New

Zealand and Chile. Other species are now coming into aquaculture production,

usually higher priced fish such as Atlantic halibut, grouper, sea bass, tilapia, and

so on. Fish oil is not just a cheap fat, as most of the fish will grow on diets of

fish meal plus other fats, but around 1–2% of the total dietary fatty acids should

be the long-chain polyunsaturated fatty acids (20:5n-3 and 22:6n-3) that are basic

to the functional membranes of new cells when combined with the protein of the

fish meal. Fish meal usually contains approximately 8–10% of fat, and it is often a

good source of this minimum requirement of omega-3 fatty acids. Excessive fat in

fish diets is thought to spare protein degradation for energy, which results in more

growth, and the 20% of total dietary fat for the salmon diets common a decade ago

is now frequently replaced with a total of 26–28%, the so-called high-energy diets.

Peru has been a major producer of industrial grade fish oil for the aquaculture

industry, but the anchovy fished there fails to return to the coast occasionally for

Pacific Ocean and climate reasons (an EI Nin̄o event), and reduced production

can drive the world price of fish oil to above $500 (US)/tons compared with

more normal prices of $250–$400/ton (23).

The new factor in the fish oil industry is as a built-in supplement in the human

diet instead of a separate food additive. It is in the form (usually) of highly refined

fish oil added in a microencapsulated format. The oils used must be highly refined

to meet Food and Drug Administration (FDA) standards, especially in the United

States, where menhaden oil was the first oil approved for this purpose. There, the

intake of the oil must not exceed 3 g/day of the two fatty acids 20:5n-3 and 22:6n-3

in a designated list of typical foodstuffs. Although ethyl esters and concentrates of

oils and esters will eventually be approved, it is almost certain that the starting

materials will be those fish oils essentially very low in 20:1 and 22:1. As will be

discussed below, these oils typically have 20:5n-3 > 22:6n-3, i.e., EPA > DHA in

the popular terminology. The initial omega-3 publicity in the 1980s favored EPA

for superior blood vessel function, but gradually this public image has changed

to favor DHA as superior for heart muscle function and neural problems. Infant

nutrition is yet another popular field for debate on omega-3 fatty acids, and it

should be noted that the Martek Biosciences Corp., Columbia, nw, was the first

to develop algal (i.e., vegetarian) sources of 22:6n-3 and 20:4n-6 (arachidonic

acid) as preformed long-chain fatty acids representative of human breast milk

when added to enriched infant formulas. Revenues for this company were forecast

to exceed $100 million in 2003.
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3. FISH OIL FATTY ACIDS AND GAS-LIQUID
CHROMATOGRAPHY

Fish oils mostly contain triacylglycerols of fatty acids (Figure 1), recovered by

fairly simple technology (Figure 2) from the whole bodies of fish, often from spe-

cies considered inedible in contemporary Western society. In fact, many exceptions

to these generalizations exist, because in addition to the triacylglycerols, there can

be wax esters (1/2 fatty alcohols), diacylglyceryl ethers (2 fatty acids, Figure 1),

cholesterol and cholesteryl esters (Figure 3), and even the hydrocarbon squalene

(Figure 4). Also, the marine mammals are to be considered. The depot fats of

baleen whales and seals yield oils similar to the above general description of fish

oil including fatty acid composition, but the triacylglycerols differ in fatty acid

molecular arrangements and warrant a separate discussion. The depot fats of the

toothed whales can include wax esters (sperm whales), or even triacylglycerols

and wax esters incorporating short-chain fatty acids such as isovaleric (the dolphins

and similar small species). These topics are covered elsewhere (24). Marine inver-

tebrates also will have to be excluded from this discussion as there is no large-scale

or industrial use of their triacylglycerols. ‘‘Krill’’ oil produced from small Antarctic

crustacea such as Euphausia superba is now offered in small amounts for the nutri-

tional health product market, but the investment prospects are daunting (25). The

two volumes of Marine Biogenic Lipids, Fats and Oils offer lipid class and lipid
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Figure 3. Lipids that may be found in marine oils. Free fatty acids are artifacts of postmortem

processes in fish bodies and may range up to 5% or even 10% of oils. Cholesterol and its esters

are usually in the 0.5–1.0% range, but wax esters may be major oil components in oils from

certain fish.

284 FISH OILS



component composition information on these topics from resource and biochemical

points of view (24).

Although traditional quality factors such as iodine value, free fatty acids

(Figure 3) and unsaponifiable content (Figures 3 and 4) are still important in trading

fish oils, the fatty acid composition determined by gas-liquid chromatography

(GLC) of methyl esters is now frequently required. Figure 5 is a typical example

of what is desirable, and it may help to explain the fatty acids to be expected. This

analysis is on a special class of liquid phases based on polyglycols (e.g., SUPEL-

COWAX-10, DURA-WAX, Stabilwax, Omegawax-320, etc.), which limits even

chain length overlaps to two C24 fatty acids and 22:6n-3. These chain lengths

are marked accordingly.

Figure 6 is an extensive list of the fatty acids typical of the triacylglycerols of

fish oils and includes one baleen whale oil. These were all of interest to industrial

and food fats and oils companies two decades ago (1), but even later were of limited

interest in human nutrition (26). For practical purposes, marine oils can be defined

by 12 fatty acids that add to about 90% of the array of peaks in Figure 5 and deter-

mine the properties of a given oil. These are (in a shorthand giving the chain-length,

HO

CH3 CH3 CH3 CH3

Phytol

CH3 CH3 CH3 CH3

Phytane

CH3 CH3 CH3 CH3

Pristane

CH3

CH3 CH3 CH3

CH3 CH3 CH3

CH3

Squalene

Neutral Fish Oil Compound

Figure 4. Phytol and phytol-related hydrocarbons, pristane and phytane, are associated and

may be found in some fish oils. Phytanic, pristanic, and 4,8,12-trimethyltridecanoic acids are

common fish oil components derived from phytol. Squalene is usually of animal origin and a

feature of some shark liver oils.
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number of cis-methylene-interrupted ethylenic bonds, and position of the ethylenic

bond nearest the methyl end of the chain):

14:0 16:1n-7 18:2n-6
16:0 18:1n-9 18:3n-3
18:0 20:1 18:4n-3

22:1 20:5n-3
22:6n-3

After considering the many analyses of fish oils available, the author concluded that

there was only one ‘‘basic’’ fatty acid composition of fish oils from coldwater or

from northern latitudes (27). Generally this is typified by menhaden oil, a species

that feeds exclusively by filtering phytoplankton out of the ocean water in the Gulf

of Mexico or in the Atlantic Ocean off the east coast of the United States or the

Figure 5. Analysis of menhaden (fish) oil on an Omegawax-320 capillary column. Equipment:

Varian 3400 GLC, splitless injection helium carrier gas. Initial temperature 69 �C for 1.4 min;

ramp to 170 �C at 50 �C/min; hold for 8 min at 170 �C; ramp to 220 �C at 3 �C/min; hold 15 min;

total time 43 min. Note FAME chain lengths below baseline. Peaks identified are as follows:

1¼ 14:0; 2¼ 15:0;3¼ 16:0; 4¼ 16:1n-7; 5¼ 16:16:2n-4; 6¼ 16:3n-4; 7¼ 16:4n-1; 8¼ 18:0;

9¼ 18:1n-9; 10¼ 18:1n-7; 11¼ 18:2n-6; 12¼ 18:3n-3; (followed by 18:3n-1); 13¼ 18:4n-3

(followed by 18:4n-1); 14¼ 20:0; 15¼ 20:1n-9 (followed by 20:1n-7); 16¼ 20:4n-6; 17¼ 20:4n-

3; 18¼ 20:5n-3; 19¼ 22:1 group; 20¼ 21:5n-3; 21¼ 22:5n-3; 22¼ 22:6n-3 (with 24:0 pre-

ceding and 24:1n-9 following). Analysis time, 30 min. Reproduced by permission of Anal.

Chem.Acta.
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anchovy oil from Peru (Figure 6), which also feeds close to the plant base of the

food chain.

Menhaden oil has a fatty acid composition that provides a good example of the

‘‘basic’’ marine fish oil fatty acid system. For example, it is characterized (Figure 6)

by low values of 20:1 and particularly 22:1. The origin of these two fatty acids has

been discussed in reviews of freshwater lipids (28) as well as of marine lipids (29,

30). In principle the extension by one acetate unit of the plentiful 18:1n-9 and

18:1n-7 will give 20:1n-9 and 20:1n-7, and a second step leads to some 22:1n-9

and 22:1n-7. Generally the process stops there, and only small amounts of these

are found relative to 22:1n-13 and especially 22:1n-11. In addition to a little

24:0, a more obvious peak for 24:1 is found, which accounts for that in Figure 6.

The marine 24:1n-9 includes nervonic acid, functional in various organs of animals,

and may accumulate from food fatty acids. Other isomers are possible. The 22:1

peak is actually resolved by efficient open-tubular GLC into four distinct peaks

(Figure 7), of which the major peak is primarily 22:1n-11 but also includes some

22:1n-13, followed by 22:1n-9, 22:1n-7, and 22:1n-5. Similarly the 20:1 array

(Figure 7) includes a frontal shoulder of 20:1n-11, sometimes difficult to see on

the dominant 20:1n-9 peak, which is followed by 20:1n-7 and 20:1n-5 and some

other peaks of non-methylene-interrupted dienoic (NMID) acids that might occur

as discussed below.

The origin of the unexpected 22:1n-13 and 22:1n-11 fatty acid isomers (Table 1)

is now not a mystery (29, 30). The pioneering work of many scientists some dec-

ades ago on marine lipids led to those of a group of tiny marine crustaceans called

copepods. They found that one major lipid class in several species known to be

important as food for fish in the North Atlantic was wax esters (31). In fact, lipids

of a copepod sample examined in Halifax contained 61.2% wax esters and only

31.6% triacylglycerols (29). The distribution of ethylenic bond positions in the

copepod lipid wax ester fatty alcohols is compared with the alcohols recovered

from the body depot fats of several regional fish species known to feed directly

on copepods in Table 1. It is believed that the copepod fatty alcohols are converted

directly by the fish to the corresponding fatty acids, which accounts for the very

high proportion of 22:1 usually observed in fish feeding at this trophic level

(Table 1). However, it is fair to point out that the copepod fatty acids of both the

triacylglycerols and the wax esters had modest contents of the same isomers (29).

The dominance of the unusual 22:1 wax ester isomer n-11 in the copepod is not

readily explained, but it may be based on physical properties such as melting point,

specific gravity, and so on.

It will be noticed that in most tables of fish oil, fatty acid compositions 20:1

and 22:1 are simply listed as such and do not include isomer details. They are

perfectly acceptable in diets for aquaculture fish (32). As reviewed earlier, their

presence in fish oils did contribute to false alarms about 22:1 fatty acids and alleged

heart damage in animals consuming rapeseed oil or fish oils, the latter usually

being in partially hydrogenated form for margarines and shortening. This was inde-

pendent of the much more recent possibilities of trans-fatty acids of any origin

leading to cholesterol and atheroma problems in the human population (33, 34).
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Herring
North
Sea

Anchovy

Fatty acid composition of six samples of fish oil and one whale oil in commercial trade. Unpublished data
reproduced by courtesy of W. Schokker and H. Boerma, Unilever Research, Vlaardingen.

Peru
Whale
Antarctic

Pilchard
South
Africa

Sardine Menhaden
U.S.APortugal

Pilchard
?

12 0.10 0.10 0.20 0.20 0.10 0.15 0.10
14 6.10 7.45 7.45 7.75 6.70 7.30 7.30
14:1 0.15 − 0.75 0.15 − −   −
16:Branched 0.40 0.40 0.40 0.40 0.50 0.45 0.55
15:0 0.40 0.60 0.65 0.40 0.75 0.65 0.60
16:0 10.75 17.45 13.40 15.65 17.80 19.00 15.60
16:1 7.30 9.00 10.50 8.50 6.00 9.05 9.00
16:2 ω 7 0.20 0.20 0.20 0.55 0.40 0.50 0.40

16:2 ω 4 0.40 1.00 0.65 1.45 0.65 1.25 1.55

16:3 ω 4 6.70 2.05 0.10 2.00 0.40 1.45 1.70

16:3 ω 3 − − 0.20 − 0.20 0.20 0.15

16:4 ω 4 0.10 − − − 0.10 0.15 0.20

16:4 ω 1 1.20 2.45 0.95 3.20 1.60 2.30 2.60
17:Br 0.30 0.35 0.25 0.25 0.20 0.20 0.15
17:0 0.35 0.55 0.95 0.80 0.80 0.90 0.85
17:1 0.30 − 0.25 − 0.30 − −
18:Br 0.80 0.70 1.10 0.60 0.60 0.45 1.00
18:0 1.40 4.00 2.70 3.65 3.60 4.20 3.45
18:1 10.30 11.55 27.60 9.25 13.00 13.20 10.40
18:2 ω 9 tr. 0.10 0.10 0.15 0.15 0.30 0.20

18:2 ω 6 0.95 1.20 1.90 0.80 1.20 1.30 1.30

18:2 ω 4 0.10 0.60 0.20 0.50 0.30 0.40 0.50

18:3 ω 6 0.05 0.30 0.20 0.35 0.20 0.25 0.30
18:3 tr. 0.20 0.10 0.30 0.10 0.30 0.20
18:3 ω 3 2.00 0.75 0.85 0.45 1.00 1.30 0.65

18:4 ω 3 3.15 3.05 1.05 2.05 3.15 2.75 2.65
18:4 0.15 0.20 0.20 0.15 0.10 0.15 0.20
19:Br − 0.10 − − 0.20 0.20 −
19:0 0.20 0.10 0.60 0.20 0.40 0.40 0.10
19:1 0.10 − 0.40 − − − −
20:0 0.10 0.30 0.20 0.60 0.40 0.35 0.30
20:1 13.40 1.55 6.75 2.50 4.30 2.00 1.45
20:2 ω 9 − 0.30 0.10 0.40 0.15 0.45 0.15

20:2 ω 6 0.15 0.35 0.15 0.25 0.20 0.35 0.30

20:3 ω 6 0.10 0.10 0.20 0.30 0.10 0.15 0.20

20:3 ω 3 0.30 1.10 0.60 1.35 0.85 0.80 1.00

20:4 ω 6 tr. 0.10 0.25 0.10 0.10 0.15 0.15

20:4 ω 3 0.75 0.70 1.30 0.70 1.05 1.35 0.80

20:5 ω 3 7.45 17.00 4.70 19.30 11.00 11.00 18.30
21:0 0.10 tr. 0.05 0.15 0.10 0.05 0.10
21:5 ω 2 0.25 0.70 0.15 0.90 0.50 0.60 0.90
22:0 0.05 0.05 0.10 0.20 0.20 0.20 0.15
22:1 21.25 1.15 2.40 3.10 3.80 0.55 1.55
22:2 0.20 0.10 0.05 0.05 0.10 0.20 0.10
22:3 ω 3 − 0.15 0.25 0.15 0.15 0.15 0.20

22:4 ω 3 0.25 0.55 0.20 0.40 0.70 0.50 0.60

22:5 ω 3 0.75 1.60 2.40 2.35 1.30 1.90 1.80

22:6 ω 3 6.75 8.75 5.70 6.45 13.00 9.10 9.60
23:0 0.10 0.05 0.05 0.10 0.10 0.10 0.15
24:0 0.15 0.05 tr. 0.15 0.10 0.15 0.10
24:1 0.75 0.50 0.30 0.50 0.60 0.35 0.70
Wijs I.V. 135.7 181.0 121.7 182.0 169.7 162.1 189.4
GLC- I.V. 138.0 181.5 122.1 183.9 170.0 161.5 190.7

Figure 6. Reproduction of a personal communication to R. G. Ackman from scientists of

Unilever Research, Vlaardingen, the Netherlands, as published in (1). Reproduced by

permission of Academic Press.
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As of the time of writing (mid-2003), the FDA has announced that trans-acid

contents of foods will soon be required on food composition labels. Fish oils,

now omega-3 nutritional supplements in some foods, are essentially excluded

from such considerations because they contain almost exclusively cis-ethylenic

bonds.

Figure 7. Part of gas-liquid chromatographic analysis of methyl esters of cod liver oil on an

Omegawax-320 column, 0 :32 � 30 � 0:25. Temperature 160 �C for 8 min, 3 �C/min to 220 �C,

hold. Peaks identified are as follows: 1¼ 18:4n-3; 2¼ 18:4n-1, unmarked probably 18:5n-3;

3¼ 20:0; 4¼ 20:1n-9 with frontal shoulder of 20:1n-11 after peak 3; 5¼ 20:1n-7; 6¼ 20:1n-5;

unknown; 7¼ 20:2n-6; unknown; 8¼ 20:3n-6; 9¼ 20:4n-6; 10¼ 20:3n-3; 11¼ 20:4n-3;

12¼ 20:5n-3; small peak for 22:0; 13 - 22:1n-13þ 22:1n¼ 11; 14¼ 22:1n-9; 15¼ 22:1n-7;

16¼ 22:1n-5 (Ackman, unpublished).
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4. SATURATED, ISOMERIC MONOENOIC, AND UNUSUAL
FATTY ACIDS

The ‘‘basic’’ fish oil (27) also included a generous amount of saturated fatty acids.

As can be seen from Figure 5 and Table 1, the saturated fatty acids are dominated

by the 16:0 (palmitic acid), usually accompanied by about half as much or less of

14:0 (myristic acid) and much less of 18:0 (stearic acid). Usually the saturated fatty

acid totals are at least 20%, especially as the odd chain (15:0, 17:0) and methyl-

branched (iso, anteiso, pristanic, phytanic) fatty acids (compare Figure 4) are satu-

rated and will total around 2–3%. An unsaturated peak that is often observed is

17:1n-8, which is roughly equal to 17:0. The details of these peaks are discussed

in other publications, but those researchers attempting modern open-tubular gas

chromatography analyses should be aware of their presence and influence on

peak identification and quantitation. As can be seen from Figure 6, there is an

TABLE 1. Principal n-3 Fatty Acids, Saturated, and Monoethylenic Fatty Acid Isomers

(w/w%) in Triacylglycerols and Wax Esters of Copepods and Commercial Oils of Pelagic

Species of North Atlantic Fish Likely to be Consuming Copepods.

Commercial Oils

Copepod Capelin Mackerel Herring

Triacylglycerol Wax Esters Total Acids Wax Esters Total Acids Total Acids

14:0 19.84 38.42 7.85 5.23 7.81 8.77

16:0 28.98 11.15 8.81 8.36 15.93 14.84

18:0 1.04 0.35 0.72 1.03 1.73 0.97

16:1n-9 0.05 0.35 0.03 1.58 0.29 ND

16:1n-7 8.89 12.33 15.42 18.16 8.20 7.22

16:1n-5 0.73 1.04 0.73 0.12 0.54 0.52

18:1n-9 3.14 3.46 4.40 5.95 8.61 12.27

18:1n-7 0.91 0.56 3.43 1.69 3.78 3.66

18:1n-5 0.41 0.15 0.62 0.65 0.54 0.64

18:2n-6 0.97 0.83 0.78 0.86 1.28 0.78

18:3n-3 1.08 1.00 0.20 0.36 0.99 0.39

18:4n-3 3.23 5.63 1.36 1.87 2.47 0.93

20:1n-11 0.33 0.36 1.20 0.46 0.24 0.50

20:1n-9 4.12 4.37 14.53 9.34 10.59 14.37

20:1n-7 0.34 0.55 1.84 0.92 1.13 0.94

20:1n-5 0.02 0.01 0.23 0.10 0.09 0.19

20:4n-6 0.29 0.19 0.29 0.60 0.36 0.24

20:5n-3 8.38 5.81 9.35 22.38 7.84 2.85

22:1n-11(13) 5.16 4.59 17.45 5.90 12.74 20.92

22:1n-9 0.34 0.65 1.70 0.92 1.00 1.36

22:1n-7 0.11 0.11 0.42 0.19 0.19 0.33

22:5n-3 0.60 0.23 0.60 0.74 0.57 0.37

22:6n-3 4.90 0.64 2.70 5.32 7.66 2.70

24:1 0.49 0.24 0.59 0.13 0.69 0.52

ND¼ not detected.

From Ratnayake and Ackman (30).
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inverse relation among classes of fatty acids, so oils rich in 20:1 and 22:1 generally

have lower levels of saturated fatty acids.

The peaks for C14 monounsaturated fatty acids follow 14:0 and are usually a

jumble of peaks for 14:1 isomers, mixed up with those for iso and anteiso 15:0

and the isoprenoid 4,8,12-trimethyltridecanoic acid, followed reasonably clearly

by that for 15:0 (Table 2). Little interest exists in these details, and the only obvious

next peak before 16:0 should be iso-16:0, and sometimes another isoprenoid acid,

pristanic or 2,6,10,14-tetramethylpentadecanoic, is found just ahead of 16:0.

TABLE 2. Fatty Acid Composition (w/w%), with Relative Retention Times, for Japanese

Sardine Oil (36), Compared with That of Triacylglycerols of Cultured Cells of the Marine

Diatom Phaeodactylum tricornutum (39).

Peak No. Fatty Acid RRT Sardine P. tricornutum

1 10:0 0.057 0.02 –

2 12:0 0.119 0.11 0.4

3 iso-13:0 0.144 – –

4 13:0 0.166 0.02 1.1

5 iso-14:0 0.208 – –

6 14:0 0.245 7.25 6.9

7 14:1 (n-9) 0.260 0.25 –

8 14:1 (n-7) 0.275 0.06 –

9 14:1 (n-5) 0.287 0.07 –

10 iso-15:0 0.296 0.15 –

11 anteiso-15:0 0.313 0.08 –

12 15:0 0.348 0.31 2.0

13 iso-16:0 0.421 – –

14 anteiso-16:0 0.437 0.08 –

15 16:0 0.502 19.42 21.2

16 16:1 (n-11) 0.529 0.84 –

17 16:1 (n-9) 0.541 – 4.4

18 16:1 (n-7) 0.564 8.64 23.0

19 iso-17:0 0.600 0.07 –

20 anteiso-17:0 0.631 0.32 –

21 16:2 (n-7) 0.643 0.05 –

22 16:2 (n-4) 0.686 1.23 3.4

23 17:0 0.704 0.33 –

24 17:1 (n-10) 0.732 0.52 –

25 16:3 (n-4) 0.762 1.57 3.3

26 17:1 (n-8) 0.785 0.13 0.4

27 17:1 (n-6) 0.830 0.05 –

28 iso-18:0 0.844 0.09 –

29 anteiso-18:0 0.875 0.03 –

30 16:4 (n-1) 0.892 2.55 0.2

31 18:0 1.000 2.62 2.3

32 18:1 (n-13) 1.041 0.11 –

33 18:1 (n-9) 1.110 6.38 6.5

34 18:1 (n-7) 1.131 3.04 0.8

35 18:1 (n-5) 1.169 0.23 1.2

(Continued)
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The C16 polyunsaturated fatty acids are often confusing because two series can

coexist and overlap in GLC analyses, basically the familiar n-3 and n-6 series with

16:2n-6, 16:3n-3, and 16:4n-3. Superimposed on these acids are members of an n-1,

n-4, and n-7 series. The latter are well documented (35), and they may be prominent

in fish lipids where algal fatty acids are deposited more or less directly, for example,

in Japanese sardine oil (Table 2). All should be included in extensive tabulations of

marine fatty acids, and their methyl ester peak relative retention times for the low-

polarity GLC phase SILAR-5CP (36) are included in Table 2, which will clarify

their positions after 16:1n-7 for similar GLC columns, but on higher polarity

GLC columns they will overlap with C18 fatty acids. In default of GC-MS, older

techniques of plotting or separation factors may help in identifications (37, 38),

although these require an isothermal GLC analysis. To illustrate how the n-1, n-

4, and n-7 fatty acids can be transferred to fish oils, the fatty acids in the triacylgly-

cerols of a well-known unicellular alga, Phaeodactylum tricornutum, are included

in Table 2, because it is a basic diatom in that geographic location (39). It may be

noted that 16:4n-1 is a minor fatty acid presumably because very little 18:4n-3

exists. The 16:4n-1 would be generated in algae by the enzymatic process that pro-

duces 18:4n-3, but acting on a C16 chain length instead of a C18 chain length.

36 iso-19:0 1.222 – –

37 18:2 (n-6) 1.291 0.85 2.5

38 18:3 (n-6) 1.371 0.47 0.3

39 19:0 1.415 0.14 –

40 19:1 (n-8) 1.515 0.11 –

41 18:3 (n-3) 1.575 0.40 1.3

42 18:4 (n-3) 1.730 2.06 0.2

43 18:4 (n-1) 1.768 0.22 –

44 20:0 1.995 0.11 0.1

45 20:1 (n-11) 2.142 2.37 –

46 20:1 (n-9) 2.176 1.33 –

47 20:1 (n-7) 2.235 – –

48 20:2,5,11 2.403 – –

49 20:2 (n-6) 2.783 – 0.4

50 20:4 (n-6) 2.928 1.26 0.3

51 20:4 (n-3) 3.396 0.74 0.4

52 20:5 (n-3) 3.608 17.01 8.7

53 22:1 (n-11þ 13) 4.205 2.09 –

54 22:1 (n-9) 4.288 0.27 –

55 22:2,7,11 4.902 – –

56 22:2,7,13 4.985 – –

57 21:5 (n-3) 5.158 0.60 –

58 22:5 (n-3) 7.150 2.17 0.9

59 22:6 (n-3) 7.510 10.09 2.3

60 24:1 (n-9) 8.408 1.09 –

TABLE 2. (Continued )

Peak No. Fatty Acid RRT Sardine P. tricornutum
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Other sources must provide the amount obvious in the sardine oil, and similar or

lesser contents are common in other fish oils.

Curiously, in fish oils, 18:4n-1 is frequently clearly visible after the peak for

18:4n-3 (No. 12) in Figure 5 and is usually about one-quarter of its size. Another

unusual fatty acid of algal origin is 18:5n-3 (40). It is known from GLC analyses of

both phytoplankton and zooplankton lipids. In Figure 7, it is probably the small

sharp peak between peak 2 (18:4n-1) and peak 3 (20:0), approximately as for the

moderately polar SILAR-5CP liquid phase of (40). All unusual fatty acids should

be neatly handled by the mammalian body degradation process and even by those

in fish, and they are seldom reported in fish oils. Incidentally, peak 3 is wider than

expected, a characteristic of methyl esters of saturated fatty acids in such analy-

ses. Of the other unusual fatty acids in fish oils, the 21:5n-3 (20 in Figure 5) is

common and well documented (41). It is of interest if 23:0 (tricosanoic acid methyl

ester) is used as an internal standard in GLC (42). The latter may coincide with

21:5n-3, and the Omegawax-320 was a slight modification of SUPELCOWAX-10

to avoid this problem. On the other hand, the NMID referred to earlier (both C20

and C22) appear in mollusc lipids, possibly in physical imitation of the polyunsa-

turated fatty acids of membranes (43), and they are not apt to be observed in indus-

trial pelagic fish oils. On tropical reefs or among fish-consuming molluscks, they

should be considered as likely if the normal resolution among the later-eluting

C20 and C22 monoethylenic isomers (n-7, n-5) is obscured on polyglycol capillary

columns.

5. POLYUNSATURATED FATTY ACIDS

The C18 polyunsaturated fatty acids include the familiar terrestrial fatty acids

18:2n-6 and 18:3n-3, along with some 18:3n-6, but in most marine fish oils, these

are �2% of each (Figure 6, Table 1). The amount of 18:4n-3 is in the 2–4% range.

Among the C20 polyunsaturates, there will be found very small proportions of

20:2n-6, 20:3n-6, 20:3n-3, and 20:4n-3. The 20:4n-6 (arachidonic acid) peak is gen-

erally the same size as these except in tropical fish lipids, where it can be more

important. The latter are, however, not usually commercial fish oil sources.

Although of nutritional importance in mammals, 20:4n-6 is usually grossly over-

shadowed by the C20 and C22 omega-3 polyunsaturated fatty acids in marine

lipids. One reason for avoiding higher polarity gas-liquid chromatographic columns

is that with the chain length overlap, this usually puts 22:1 and 20:4n-6 in juxtapo-

sition or coincidence.

The polyunsaturated fatty acids were intimately associated with early (ca. 1960)

attempts to lower serum cholesterol with varying degrees of success (44). In that

particular study, with ethyl ester concentrates given to provide up to 4 g/day n-3

PUFA, a side effect of ‘‘an increased feeling of well-being coupled with improved

cerebration’’ was reported only for the group receiving omega-3 fatty acids. About

the same time, up to 26 mL/day of seal oil with a content of about 5 g of omega-3

fatty acids was fed for cholesterol-lowering effect without ill effects (45). Today
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this simplistic dietary approach to one cardiac risk factor, cholesterol, is no longer

acceptable in some circles because of the multiplicity of risk factors for ‘‘heart dis-

ease’’ (46). Essentially this recent review rules out arachidonic acid (20:4n-6) as

having little effect, and it considers EPA (20:5n-3) as being more effective than

DHA (22:6n-3) in the lowering of serum triacylglycerols, another independent

risk factor (47). Another study also suggested that EPA was more effective than

DHA in lowering blood pressure (48).

Tables 1 and 2 and Figures 5 and 6 show a third long-chain omega-3 fatty acid,

7,10,13,16,19-docosapentaenoic acid (or 22:5n-3), one of two DPA isomers. The

other is the n-6 isomer, 22:5n-6, eluting just before 22:5n-3 on GLC. In Figure 5,

the 22:5n-3 is peak 21 and a 22:4n-3 may be present after peak 20. In 1996, two

papers (49,50) gave this 22:5n-3 fatty acid considerable potency in respect to

endothelial cells. Considering that the related 20:5n-3 was originally considered

to keep the blood vessel walls elastic through providing a prostaglandin (51),

this could well be a beneficial role for EPA and even DPA in circulation separate

from the heart, but research on the relative roles of the three omega-3 fatty acids in

the aortic endothelium seems to have fallen into abeyance, perhaps because they are

often said to be freely interconverted (52). This statement is not necessarily true,

but the conversion of EPA to n-3 DPA and the reverse process, by one acetate

unit, is generally accepted. The critical step, the conversion of 22:5n-3 to 22:6n-

3, is not so easy, involving elongation to 24:6n-3 and peroxisomal shortening to

22:6n-3, and some biochemists now think that exogenous supplies of DHA are

the preferable route to increasing the amount available in the body, especially in

late pregnancy and lactation. This digression into the biochemistry of the logical

beneficiaries of fish oils, humans, cannot cover the maternal/infant problems dis-

cussed at length by various authors in Ref. 13, a topic not without controversy

(53, 54).

More emphasis has been placed on the loss of heart function taking place

through arryhthmia (55), and it is possible that DHA is the more functional ome-

ga-3 fatty acid in the heart muscle. Unfortunately, the available fish oils divide into

the menhaden/anchovy type, richer in EPA, an omnivorous group such as cod with

EPA� DHA, and the tuna oils, both body and orbital, with 20–25% DHA. In fact,

the first research on the beneficial aspects of omega-3 fatty acids in arrhythmia was

conducted in Australia (56), conveniently near an Asian source of tuna oil rich in

DHA, which lead to misunderstandings over a role for this omega-3 fatty acid in

particular for preventing arrhythmia.

The health and welfare interest in long-chain omega-3 fatty acids inevitably

raises the question of ‘‘where do they come from’’ and ‘‘are they safe.’’ The latter

question applies to oils and will be addressed in a production and quality section,

but in reality, most fatty acids are of plant origin and perfectly safe.

The phytoplankton produce toxins dangerous even to fish, usually observed as

‘‘red tides’’ (57). These are fish kills in the oceans and near the shores, and fish

oils are not made from fish found dead. A different issue is shellfish toxins where

the digestive assimilation of unstable algal toxins does not kill the host (58), but fish

oils are not made from such filter-feeding animals.
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Each new discovery of unusual fatty acids in marine organisms leads to concerns

that eventually dissipate. An example is the furanoid fatty acids that were once well

documented as common in most oils (26). More recent papers and books on omega-

3 fatty acids simply ignore the subject.

Figure 8 is a simplification of much work by many scientists over decades. The

phytoplankton in the ocean produce all fatty acids necessary for fish oil and with

somewhat similar compositions in places as remote as Australia and Scotland. Spe-

cific differences exist among them, but broadly the fatty acid patterns are related to

colors familiar to people who see the macrophytes growing on the edges of the sea:

red, green, and brown. However, even the accumulation of the amount of triacyl-

glycerols is controlled by the available nutrients, especially nitrogen, and light

intensity (59). The 22:6n-3 is not universal in phytoplankton, but it is found all

over the world in benthic algae (60) or phytoplankton (61,62). For unknown rea-

sons, fatty acid phytoplanton biosynthesis often stops at 20:5n-3, which was pre-

sumably the reason for the original (ca. 1980) ratio of 18:12 for 20:5n-3 and

22:6n-3 in oil from the filter-feeding menhaden fish (Figure 5), repeated on hun-

dreds of labels for bottles of fish oil capsules, and repeated again in most concen-

trates prepared from it or from anchovy oil (Fig. 6). Actually the production of

18:2n-6 and 18:3n-3 is limited in a total lipid context for brown and red macrophyte

EPA > DHA Phytoplankton

TG
EPA > DHA

PL
DHA > EPA

18:2n-6  18:3n-3

Shellfish
Crustacea

Shellfish
Crustacea

Fish

Energy

Diet

DHA

Neurological systems?
Retina?
Cell membrane?

EPA
circulatory

system

TXA3 PGI3

Prostaglandin Group 3

Human Seals Seabirds

Origin of Marine Fatty Acids

Figure 8. Origin of unsaturated fatty acids in phytoplankton, followed by discrimination

by invertebrates leading to accumulation of EPA and DHA in oils and eventually in higher

animals.
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algae, but it is more common in the green, Ulva pertusa being a familiar and much

studied example (60).

As already remarked, various invertebrates feed on the phytoplankton, and smal-

ler carnivorous fish feed on those vegetarian species as well as on carnivorous inter-

mediate invertebrates. Available 22:6n-3, with its neural and visual implications, is

probably conserved at these lower levels and is vital in fish muscle phospholipids

(30–40% of fatty acids). In oils, 18:4n-3 and 18:4n-1 are preserved as shown in Fig-

ures 5 and 6. Recent progress in the lipid biochemistry of fish shows that the rain-

bow trout can perform biosynthesis of 22:6n-3 (DHA) from 18:3n-3 (alpha-

linolenic acid). Only a small part of that provided is converted to DHA (63), and

surprisingly this was substantially converted by the pyloric cecum as well as by the

liver (64), which raises an interesting point about adaption of fish biochemistry to

circumstances. The marine fish ingest preformed EPA and DHA, but there was a

curious change in diet for North American freshwater fish such as the rainbow trout.

The recent glaciations should have wiped out the resident invertebrates, and after

salmonids returned from the ocean, recolonization of food species for freshwater

fish would have been based on insect life introduced from Central America. Thus,

deprived of an excess of marine long-chain omega-3 fatty acids, adaption to elongate

the available insect C18 fatty acids would have been necessary once the returning

salmonids penetrated waters remote from the ocean. A similar situation for insect

lipids and fatty acids is known to come from Britain (65). These sources could pro-

vide EPA but not DHA for freshwater fish. Freshwater fish, although beneficial in

most respects among our sources of both n-3 and n-6 fatty acids (12,66,67), are not

apt to produce large volumes of fish oils of distinctive character. An exception is the

U.S. farmed catfish industry, which is subject to an excess of n-6 dietary fatty acids

from local aquaculture diets. The production of the visceral oil has been described,

in 2003 in JAOCS but with confusion in published fatty acids. The northern lakes of

Canada support fisheries with more potential for accumulating longer-chain omega-

3 fatty acids in the oils (67) or muscle. In four oils, the longer chain omega-3 fatty

acids (including 18:4n-3) totaled 9.6%, 13.3%, 17:0%, and 18:6% of total fatty

acids. The corresponding totals for the longer chain n-6 fatty acids arachidonic

acid (20:4n-6), 22:4n-6, and 22:5n-6 were 3.3%, 2.5%, 3.7%, and 4.2%, mostly

of 20:4n-6. Thus, a generally higher level of n-6 fatty acids over marine oils

is found, but overall a favorable balance exists between preformed C20 and C22

n-3 and n-6 longer chain PUFA contents in the oil. The fatty acids of the edible

muscle, widely eaten locally and also exported, are similarly skewed in favor of

omega-3 fatty acids, but with the additional n-6 fatty acids already mentioned

(R.G. Ackman, unpublished).

6. FISH OIL PRODUCTION AND QUALITY

A paramount concern in maintaining oil (and meal) quality is speedy processing

after catch. As 100 tons or more could be involved, chilling is not always practical,

but fish pumps can transfer the catch quickly from boats to the processing plant.
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Even there delays must be avoided. Preferably no more than 24–30 hours should

elapse, depending on temperature before fish reduction. The fish enzymes, both

of muscle tissue and of digestive tissue, and those of gut bacteria, combine to break

down protein. The oil degradation is basically from lipolytic enzymes, but some of

the oil-soluble free fatty acids may come from partially digested food and phospho-

lipids and not necessarily from triacylglycerols. The free fatty acids, abbreviated to

FFA, are one of the oldest and simplest guides to fish oil quality. In one detailed

review (68), it is pointed out that the oil stored in fat cells (adipocytes) illustrated

for salmon by Zhou et al. (69) will be set free by 50 �C, although cooking with

steam usually reaches 95 �C. Separation of the oil is achieved with presses and

with very expensive and very efficient centrifuges. Once cooled, the oils are stable,

provided no protein particulates are carried over from the first separations of oil. A

second ‘‘polishing’’ centrifuge can handle this matter. The oil should be cooled

before storage in clean, dry tanks. These tanks should be filled as full as possible

and provided with provision for drainage of any sediments and water (foots).

Complex flow diagrams are provided by various authors (20,23,26,70). They are

complex because the thermodynamics, mainly for water removal, dictate costs.

References 20, 23, 26, and 70 provide additional detailed diagrams for those inter-

ested. Subsequent technology leading to consumer products is summarized in

Figure 9.

The basic crude fish oils are exemplified by the quality details of Table 3. Ranges

are given because these are specifications for crude oils, produced at the level of

over a million tons per year. The first six properties are traditional wet chemistry

assays and the American Oil Chemists’ Society (AOCS) Official and Tentative

Crude Fish Oil

Neutralization

Bleaching

Winterization
Molecular
Ditillation

Finished Oil
Product

Vacuum Distilled
Fish Oil

Packaging, Microencapsulation,
Soft Gelatin Capsules, Bottles

D
eodorizer

Ester
Fatty Acid

Concentrate
Purified Fatty Acid

Purified Ester
Mono-Diglyceride

Production

Figure 9. Production of pharmaceutical-grade fish oil or nutritional supplements. Reproduced

from (70) by permission of the American Oil Chemist’s Society.
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Methods, Champaign, IL, or the Association of Official Analytical Chemists

(AOAC), Gaithersburg, MD, are the usual sources for North America to access

recognized, standardized, and detailed analytical methods. Traditionally, even dif-

ferent staff members in one laboratory can get somewhat different results. Techni-

cal spectral methods are now becoming useful, but the search for some exact and

rapid replacement fish oil technology goes on. Some problems are discussed in

Appendix 1, courtesy of Codex Alimentarius. A problem peculiar to the peroxide

value, the anisidine number, and hence the totox value is that it is a moving target.

Figure 10 shows that oxidation of highly unsaturated fatty acids proceeds, but at the

TABLE 3. Crude Fish Oil Quality Guidelines and Physical

Characteristics.

Quality Guidelines

Moisture and impurities, % usual basis 0.5 up to 1% maximum

Free fatty acids, % oleic range 1–7% but usually 2–5%

Peroxide value, meq/kg 3–20

Anisidine number 4–60

Totox value 10–60

Iodine value

Capelin 95–160

Herring 115–160

Menhaden 120–200

Sardine 160–200

Anchovy 180–200

Jack mackerel 160–190

Sand Eel 150–190

Color, Gardner scale up to 14

Iron, ppm 0.5–7.0

Copper, ppm less than 0.3

Phosphorus, ppm5-100

Physical characteristics

Specific heat, cal/g 0.5–0.55

Heat of fusion, cal/g about 54

Caloric value, cal/g about 9,500

Slip melting point, �C 10–15

Flash point, �C
As triglycerides about 360

As fatty acid about 220

Boiling point, �C greater than 250

Specific gravity

At 15 �C about 0.92

At 30 �C about 0.91

At 45 �C about 0.90

Viscosity, cp

At 20 �C 60–90

At 50 �C 20–30

At 90 �C about 10

From A. P. Bimbo (70).
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same time degradation of the peroxides can also proceed, with degradation to alde-

hydes producing the familiar ‘‘fishy’’ flavor of both oils and fish muscle lipids

undergoing development of rancidity. Many candidate molecules are offered for

consideration (26), some being unstable themselves. The acids produced can be

volatile, and one ending to a peroxide free radical’s career can be to lead to poly-

merization, either within a triacylglycerol or between triacylglycerols. The splitting

of an oxidized fatty acid chain can take place anywhere, but one-half of the pro-

duct(s) will still be attached to the glycerol molecule. Thus, removal of free volatile

aldehydes, for example, reduces the aroma from rancidity, but after their removal,

refining can leave the anisidine value for the remaining glycerol-bound aldehydes

as a real number of 5 or more. Addition of antioxidants depends on the value of the

raw material and of the final product, so it is not likely to be added to crude fish oils.

These already include the natural antioxidant benefit of natural alpha-tocopherol.

Sometimes cheaper vegetable oil deodorization mixtures of tocopherols may be

added after refining because the alpha-tocopherol may be lost in that step. The pro-

ducts of oxidation of oils protected by mixed tocopherols may then differ some-

what, but they have recently been studied in detail (71).

As already mentioned, the iodine value has been largely replaced by exact fatty

acid composition from gas-liquid chromatography of the methyl esters of the single

fatty acids. In addition to the AOCS Ce 1b-89 and AOAC 991.39 methods,

European Pharmacopeia 4 method 01/02/1352 includes their standards for ‘‘ome-

ga-3 acidorum triglycerida’’ and the GLC analysis for EPA and DHA in triacylgly-

cerols and an associated method for ethyl ester products (see below), as does the

Voluntary Monograph (October 2002) on Omega-3, DHA, EPA and DHAþ EPA

of the Council for Responsible Nutrition of Washington. This body also gives
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Figure 10. Time relationship among peroxides and their degradation products after oxidation of

marine oils. No quantitative relationship is implied. Described in text as a ‘‘moving target’’ for

analytical methods.
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recommended maxima for heavy metals, dioxins and PCBs, and wet chemistry

value maxima (Table 4).

New regulations require new technology, which is especially true for food use.

Bleaching with activated clays has been a long-established practice to remove

chlorophyll green or a brownish tint acquired from heating oils in the presence

of other materials, and the objective of a clear yellow oil is usually possible.

Recently, the purification target has been extended to removal of organochlorine

materials, polyaromatic hydrocarbons, and most recently dioxins in particular. Acti-

vated carbon is recommended for dioxins, typically at 0.5–1.5% carbon for 20–45

minutes at 80–100 �C. Some operators add this to the bleaching earth to reduce

handling steps. Various associated matters, such as disposal of the oil-coated

clay, develop that should be considered, and all are dealt with in a recent conference

report (72).

Occasionally, a highly purified fish oil is required for research purposes. Such

oils can be prepared by large-scale chromatography (73) for use in studying oxida-

tion products. The recent paper based on such technology is instructive in illustrat-

ing the variety of products produced from oxidation of even purified fish oil (71).

Modern technology is beginning to investigate such materials in situ (74).

For crude fish oil, deodorization has changed considerably, with new technology

designed to reduce temperature and/or exposure times. In 1990, a review chapter in

a book (75) described classic batch tray technology with gravity cascade transfer of

the oil and steam sparging to carry away volatiles. This process was satisfactory for

hydrogenated fish oils, but thermal damage to one of the highly unsaturated fatty

acids of vegetable oil had been recognized nearly 20 years earlier (76). A critical

temperature of about 185 �C was observed, and at 230 �C, severe isomerization of

ethylenic bonds (cis to trans) was observed in 18:3n-3 with prolonged heating.

These isomers were also found in retail oil samples and so were produced by

TABLE 4. Council for Responsible Nutrition Quality Standards for Nutraceutical Grade

Fish Oils in the United States.

CRN Quality Standards for Nutraceutical Grade Fish Oils

Measures of Oxidation

Peroxide Value (PV), meq/kg 5 Max

Anisidine Value (AV) 20 Max

TOTOX ((2� PV)þAV) 26 Max

Purity

Dioxins (PCDDs, PCDFs) 2 pg/g WHO-TEQ Max

PCB’s <0.09 mg/kg (ppm)

Lead <0.10 mg/kg (ppm)

Cadmium <0.10 mg/kg (ppm)

Mercury <0.10 mg/kg (ppm)

Arsenic <0.10 mg/kg (ppm)

Omega 3 Fatty Acids Expressed on a weight/weight basis (mg/g)

Acid Value 3 mg KOH/g Max
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standard deodorizers of the type mentioned and illustrated in a chapter in a book on

fish oils (75). A thin-film design, the Campro unit is designed for a very short resi-

dence time, and with oil transfer as a thin film by gravity and by high-velocity

sparge steam, and it is described as suitable for fish oil refining at 210 �C. In

fact, this is satisfactory for fish oils based on recent experience with this unit for

seal oil (private communication). Designs for throughputs of up to 300 tons/day

are available. The damage done to fish oil fatty acids at 220 �C was investigated

in depth with open-tubular gas-liquid chromatography (77), and it illustrated the

problems of prolonged heat exposure (Figure 11). This case is a time-temperature

relationship, so operating flexibility is desirable.

A true molecular still ejects a low-molecular-weight molecule from a less vola-

tile liquid surface. If a very good vacuum exists (� 10�3 mm), this molecule may

bounce around with a few residual air molecules but eventually will either fall back

or attach to a cold condenser. Sometimes this is described as short-path distillation,

which is not usually an efficient separation process as shown by a comparison of

removal of DDT from cod liver oil and concurrent losses of Vitamin A (78). The

term molecular still has now become attached to units of a different design applied

to fish oils, for example, from the Pope Company of Menomonee Falls, WI, or the

Pfaudler company of Rochester, NY. The Pope model of molecular still illustrated

(75, 79) shows this wiped-wall concept. There is an outer cylindrical shell with heat

applied on the outside. An interior centered post is actually a cold condenser, and

wiper blades rotate continuously against the inner walls of the outer shell as the oil

is fed in at the top, spreading the oil as a film of <1 mm thickness. The constant

agitation of the film moves fresh volatile oil materials to the surface, and they pass

into the evacuated space. The desired vacuum is sufficient to cause the volatiles,

especially organochlorine materials (MW� 358), but even cholesterol (MW

386), to pass over to the condenser at moderate (ca. 200 �C) temperatures. Also

removed are squalene (MW 410) and most of the volatile fatty acid oxidation pro-

ducts such as 2,4-decadienal (MW 152) and other lower molecular weight mole-

cules contributing to objectionable flavors (73,74). Unfortunately, the natural

alpha-tocopherol present (MW 430) may suffer the same fate. The antioxidant

value of it and of squalene (80) may be lost. That these materials are effectively

removed from triacylglycerol oils with molecular weights in the 800–1000 range

is a result of the repeated turnover and mixing of the oil during its descent of several

meters in very large units. The low viscosity at high temperatures helps refining by

such units, and very large surface areas permit flowthroughs of tons of fish oil per

hour.

As desirable products have similar molecular weights (ethyl docosahexaenoate

is 356, and ethyl eicosapentaenoate is 330), it is clear that this type of fish oil pro-

duct cleanup is best done at the oil stage to avoid losses at the same time as con-

taminant removal, which is carried out as described above. However, dimers and/or

other polymeric and/or colored materials may be left behind if wiped wall equip-

ment is used in its capacity of a simple and inefficient short-path still for the ethyl

esters only. This process will produce a water-white distillate product. Regrettably,

it is not an efficient way to separate ethyl-EPA from ethyl-DHA.
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Figure 11. The GLC C20 region of a menhaden omega-3 PUFA concentrate (ethyl ester): (a)

before and (b) after heat treatment at 220 �C, and (c) the 20:5 region of an artifact concentrate

isolated by AgNO3 column chromatography. Peaks A–E refer to artifacts formed after heat

treatment. Analysis on a SUPELCOWAX-10 fused-silica capillary column operated isothermally

at 195 �C. Note that components B–E fall into the region where several 22:1 isomers may be

found (cf. Figs. 5 and 7). From (77).
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7. CONCENTRATES OF FISH OIL OMEGA-3 PRODUCTS

Table 5 shows the marketing and label strategies for some current marine omega-3

products sold in Halifax, Canada. Obviously samples No. 1 and No. 6 are natural

oils. Perhaps No. 5 is simply winterized oil, a process demonstrated in Table 6 for

menhaden oil, which follows from the tendency for DHA to be in the 2-position of

fish oil triacylglycerols (81). EPA is reputed to be somewhat less specific. In the

absence of 20:1 and 22:1, the outer 1- and 3-positions may, in some molecules, pre-

sent two saturated fatty acids from 14:0, 16:0, and 18:0 in one triacylglycerol mole-

cule, which leads to the stearine composition of Table 6.

Simple biochemical rules are made more complex by other factors, and in fish

oil triacylglycerols, the 20:1 and 22:1 fatty acids of a high melting point confuse the

issue (82). The traditional enzymatic approach to fatty acid distribution will soon

be replaced by nondestructive instrumental methods, particularly nuclear magnetic

resonance (NMR). It can distinguish the proportion of DHA between the 1,3- and

2-positions (74) and otherwise provide the details shown in Table 7 for a few oils,

which shows verification of the method through an international exchange (83). A

TABLE 5. Some Recent Omega-3 Product Retail Labels in Canada.

Label Content in mg Capsule size or liquid intake

No Description EPA DHA (1000 mg basis)

1 Wild Sockeye (Total 90) 1000

2 Wild Harvested Pacific Salmon 180 111 1000

3 O3mega 400 200 1065

4 Natural Sea* 775 500 1500

(517) (333) (1000)

5 Holista Premium Fish Oil** 180 120 1000

6 Omega Gold (liquid) 900 (180) 600 (120) 5000 (1000)

*Other (undefined) 225 mg.

**Each capsule is said to be equivalent in omega-3 content to 2.5 oz (70 g) portion of cooked salmon.

TABLE 6. Fatty Acid Composition (w/w%) of Menhaden Oil with

Olein and Stearine Fractions.

Menhaden Oil Olein Fraction Stearine Fraction

14:0 9 8 11

16:0 21 18 31

16:1 11 12 9

18:0 3 3 5

18:1 12 12 10

20:1 2 2 2

20:5 14 15 11

22:5 2 2 1

22:6 10 11 7

From A. P. Bimbo (26).
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recent enzymatic examination of tuna oil (EPA 6.69%, DHA 26.4%) showed 8.7%

EPA and 56.3% DHA in the 2-position (84).

Retail product No. 1 of Table 5 is likely to be simply salmon waste oil, the fish

name conferring an elite status. Our research (Ackman, unpublished) suggests that

many ‘‘salmon oil’’ encapsulated oils are unrelated to any salmon oil in fatty acid

composition. In 1989, our analysis showed many products of this type to be exag-

gerated as to omega-3 fatty acid content (85), and a more recent European survey in

1998 gave comparable results and reported on quality (86).

In the menhaden oil winterization of Table 6, the increase in polyunsaturated

fatty acids is modest in the olein fraction, and the commercial objective may

have been the stearine fraction, 50% richer in saturated acids of commercial inter-

est. As already remarked for polyunsaturated fatty acids, 18/12 (in implied percents) or

180/120 (in mg/g) were obtained as triacylglycerols from menhaden and/or anchovy oils

with minimal trouble and technology. Retail product No. 2 is also a product like No. 5.

Winterization also would prevent either capsules or oil turning cloudy if refrigerated.

Strangely, hardly anybody challenges label claims as to chemical nature, although the

word oil may be carelessly used because concentrates are almost always ethyl esters, but

numbers should always be expressed in the free acid form.

Among the various laboratory procedures used for studying fatty acids, concen-

trations by chromatography on silver nitrate impregnated silica gel, or equivalent

(87), are too expensive to scale up; although effective for fish oils (88), they and

mercuric adducts (89) would not be acceptable for health and safety reasons.

Before 1980, there was a now forgotten industrial technology for concentrating

fish and vegetable oils called the Solexol process. It can be described as the first

large-scale use of supercritical gases, in this case, propane. A report with much con-

venient detail based on iodine values was published in 1949, but as a historical

record (90), because several large plants were closed during the war and the prime

TABLE 7. Comparison of DHA Content from the Interlaboratory 1H NMR Analysis

Between Japan and Norway Together with GC Data. Ethylene Glycol Dimethyl Ether was

Used as Internal Standard (1H NMR Analysis with 30s Pulse Repetition Time).

DHA Proportion Proportion (mol%)

DHA Content (mg/g) (mol%) n-3 Fatty Acids

Sample Oil Data Norway Japan GC Norway Japan GC Norway Japan GC

No. 1 Average 248.17 276.1 267.6 27.03 27.5 24.5 32.05 32.1 33.6

Bonito CV 0.64 1.33 1.67 0.78 0.46 2.49 0.08 0 2.03

No. 2 Average 123.79 122.6 123.4 11.93 12 11 22.56 22.2 21.6

Tuna CV 4.01 1.38 0.73 2.98 0.43 1.71 0.85 0.4 1.35

No. 3 Average 214.51 208.3 215.7 20.65 20.7 20.2 29.08 28.8 29.9

Tuna CV 2.72 0.91 0.2 0.66 2.02 1.43 0.05 0.73 0.89

No. 4 Average 217.97 206.7 215.4 21.18 20.8 19.7 32.22 31.8 32.1

Tuna CV 3.84 0.07 0.72 1.59 0.47 1.35 0.23 0.34 1.07

No. 5 Average 111.07 111.1 106 10.65 10.8 10.2 28.03 28.1 28.6

Salmon CV 3.27 0.95 1.47 0.88 0.32 1.15 0.32 0.33 0.74

From S. Wada (74).
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markets such as paints, linoleum, and oil cloth disappeared after the war. Two dec-

ades later supercritical carbon dioxide was to be the panacea in this field, but early

promises, including fish oil fractionation, were seldom realized (91, 92).

Much research was conducted to prepare concentrates when the U.S. National

Marine Fisheries Service provided funds for exploring most existing technologies

for concentrating fish oil fatty acids. This exploration would provide omega-3 con-

centrates for the medical research sponsored by the National Institutes of Health

and included supercritical fractionation of esters. Unlike commercial research,

results were available to all interested parties. A book chapter by authors located

in the Charleston, Seattle, and Gloucester NMFS laboratories, and in the Hormel

Institute, Austin, Minnesota (93), provides detail on all methods considered for frac-

tionating methyl or ethyl esters, because menhaden oil was clearly intractable. For

supercritical CO2, the differences in factors such as the influence of chain length

(i.e., molecular weight) and unsaturation, including explanations of results achieved

by others, are helpful in explaining why this fractionation process has not been

commercially developed. The final total enrichment process is described below.

Urea complexing was demonstrated for fractionation of fatty acids of a marine oil

(as methyl esters) as early as 1963 (94), and laboratory-scale tests in Halifax, Canada

(95) were followed by further tests on a scale of 40 kg of crude oil. At that time, 50%

omega-3 ethyl esters was considered a good possible result and doubling the omega-3

content made the product more acceptable on a retail basis by 1989 (79, 85).

A flow chart, courtesy of H. Breivik of Norway, is provided as Figure 12, the

work of Norsk Hydro, Porsgrunn, Norway, and dating to 1990. The molecular

weight of ethyl myristate (14:0, 256), palmitate (16:0, 284), palmitoleate (16:1,

282), and even oleate (18:1, 310) are sufficiently different from those of the ethyl

esters of C20 and C22 polyunsaturated acids (330 and 356) to allow removal of

most of the shorter chain fatty acids by short-path distillation. From Figures 5

and 6, it can be seen that 30–50% of the ethyl esters in question are available to

be distilled off, with 18:4n-3 as the omega-3 fatty acid of interest that may be lost.

By eliminating these fatty acids as a first step with the simple operation of short-path

distillation, the subsequent urea complexing step is much more economically carried

out, which led to the very successful Provnova Biocare product of 85% EPAþDHA

as ethyl esters. Under the trade name EPAX, a variety of triacylglycerol and ethyl

ester products are now offered by this firm, with different proportions of EPA and

DHA, which is evidence of further process development since 1990.

At about the same time, the Charleston Laboratory of the U.S. National Marine

Fisheries Service prepared menhaden oil omega-3 fatty acid ethyl ester concen-

trates on a large scale for participants in projects funded by the U.S. National Insti-

tutes of Health. Their flow chart. Figure 13, combined development work also

carried out at the Seattle and Gloucester Laboratories, much of it recorded in the

book by M.E. Stansby (26). The final process adopted includes urea complexing of

ethyl esters in a total of seven stages, viz:

I. Vacuum deodorization

II. Transesterification
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III. Urea adduction

IV. Film evaporation

V. Short-path distillation

VI. Supercritical fluid fractionation

VII. High-performance liquid chromatography

Although subsequently closed down only because of the cessation of the joint pro-

ject, the demonstration of what could be done, even if uneconomic, created wide

Fish Oil
30.800 kg

Ethyl ester
29800 kg

Ethyl ester (EPA + DHA = 50%)
9575 kg

Ethyl ester (EPA + DHA = 84%)
3140 kg

Further purification

2 step molecular
distillation

Urea precipitationUrea
16150 kg

Isolated adduct
18890 kg

Precut: 16510 kg

Residue: 3245 kg

MASS BALANCE
PART OF EARLY SCALE-UP EXPERIMENT

PRIOR TO LATER MODIFICATIONS

Figure 12. Development stage of Norsk Hydro Research Center Porsgrun scheme for

production of ethyl ester concentrates of marine oil fatty acids, ca. 1990. Courtesy of H. Breivik.
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interest in employing concentrates in clinical trials of omega-3 fatty acids. The pro-

duct standards that were set were, for the time, remarkably high (Table 8).

Investigations carried out for the NMFS Charleston process indicated that chain

length (i.e., molecular size) was a dominant factor observed in research on super-

critical CO2 separations of ethyl esters of marine oil fatty acids (93). The initial

II
III
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VI VII

V

I

REFINED MENHADEN OIL

OMEGA - 3 CONCENTRATES

PURE EPA AND DHA

D
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N2

N2
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Figure 13. Production of biomedical test materials in the Charleston Laboratory of the U.S.

National Marine Fisheries Service for a joint NMFS-NIH project. Code numbers for steps are

explained in text. Small print identities are N2¼ nitrogen atmosphere, A¼ alkali, E¼ ethanol,

D¼ distill, U¼ urea, R¼ reflux, C¼ cold water, and S¼ steam. From (96).
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promise of supercritical fluid extraction (SFE) for actual recovery of lipids from

natural samples is a separate issue from oil fractionation, but a few references estab-

lish the difficulties faced with use of cosolvents, water removal, and other factors

not applicable to oil or ester fractionation (97–99). Thanks to many pioneers and

recent commercial stimulus, supercritical fluid fractionation has the potential for

concentrating ethyl esters of fish oil fatty acids.

Gradually, health benefits have attracted financial interest and a market role for

omega-3 concentrates was seen in U.S. foods. A leader in this field was Roche Vita-

mins, Inc., of Parsippany, NJ, soon to be acquired by the DSM company of the

TABLE 8. Quality Specifications for Fish Oil Derived n-3 Ethyl Esters

to be Shipped from Charleston Laboratory.

Test Material

Analysis Type n-3 Conc EPA DHA

Esters, % >90 >95 >95

EPA, mg/g >400 >900 <50

DHA, mg/g >200 <50 >900

Total n-3, mg/g >700 >950 >950

Free Fatty Acids, % <0.2 <0.2 <0.2

Trans Acids, % <5 <5 <5

Cholesterol, mg/g <5.0 <0.1 <0.1

Peroxide Value, meq/kg <10.0 <5.0 <5.0

Iodine Value, g I/100g >320 * *

Anisidine Value <80 * *

Antioxidant Content

a-tocopherol, mg/g 0.5–5.0 ** **

g-tocopherol, mg/g 0.5–5.0 ** **

TBHQ, mg/g 0.1–0.2 ** **

Moisture, ug/g <500 <500 <500

Residual urea, ug/g <20 <20 <20

PCB, ug/g <0.5 <0.5 <0.5

Total DDT, ug/g <0.5 <0.5 <0.5

Trace Metals, ug/g

Arsenic <1.0 <1.0 <1.0

Cadmium <1.0 <1.0 <1.0

Lead <1.0 <1.0 <1.0

Mercury <1.0 <1.0 <1.0

Selenium <1.0 <1.0 <1.0

Sensory Attributes:

Odor (TIO) <6.0 * *

Flavor (TIF) <6.0 * *

Other:

Specific Gravity 0.89 ** **

Solidification Range *** *** ***

*not applicable.

**not enough material to conduct these analyses routinely.

***Esters are a liquid at 5 �C or higher.

Reproduced from (96).
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Netherlands. The basic product was ‘‘ROPUFA ‘75’ n-3 EE’’ with specifications as

set forth in Table 9. Information on this ethyl ester product clearly shows a GLC

profile with traces of C16 fatty acids, traces of 18:0 and 18:1, a little of each of

20:4n-6 and of 20:1 and 22:1, and the ubiquitous 21:5n-3 and 22:5n-3.

Many students have received degrees in recent years for exploring enrichment of

marine oils (or other oils) by selective hydrolysis of triacylglycerols, or ester inter-

changes between esters and natural oils by enzymes. These explorations tend to be

somewhat theoretical (100), but they can be effective, although impractical, for

example, a 100-hour reaction time (101). Having a starting material rich in the

desired product fatty acid (DHA) helped in one case (102), but the complexity of

these proposed processes requires a separate article.

There is no real reason for concentrations of mixed omega-3 fatty acid ethyl esters

to be provided when the estimated need in oral supplement form is approximately 1 g

per day for adults. This supplement can be provided by several capsules of any sui-

table oil taken with meals. However, the food industry requirement is for oils that are

microencapsulated powders. These powders have to be provided with stable, yet

digestible, shells and in a suitable powder format to be unnoticed in the food and

yet carry a significant proportion of mass as the marine oil or omega-3 concentrates.

A ‘‘capacity’’ of about 50–50% oil is acceptable, and a target of 70–80% content is

being sought. Eventually, concentrates will boost delivery of EPA and DHA.

8. THE OTHER OILS

Aside from cod liver oil, no mention has been made of other fish liver oils, although

at one time, there was production of vitamins A and D from the liver oil of a Pacific

dogfish Squalus acanthius. This industry collapsed when synthetic vitamins were

introduced. The Atlantic spiny dogfish is essentially the same fish, and the liver

oils from both coasts have been compared (103). The distinguishing feature of

TABLE 9. Product Data for ROPUFA ‘75’ n-3 EE.

Product identification for refined ethyl esters of fish oil, containing eicosapentaenoic acid ethyl

ester and docosahexaenoic acid ethyl ester

Specifications EPA content (gas chromatography): min 42%

Appearance: yellowish liquid EPA content (weight as ethyl ester): min 380

Acid value: max. 3 KOH/g mg/g

Peroxide value: max. 10.0 mEq/kg DHA content (gas chromatography): min 22%

Anisidine value: max. 20 DHA content (weight as ethyl ester): min 200

Oligomers: max. 2% mg/g

Conjugated dienes: max. 1.5% Total content of n-3 PUFAs (gas

Iron: max. 1 ppm chromatography): min 75%

Copper: max. 0.1 ppm Total content of n-3 PUFAs (weight as ethyl ester):

min. 720 mg/g

Arsenic: max. 0.1 ppm

Courtesy of Roche Vitamins Inc., Parsippany, NJ.
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this shark liver oil is the content of diacyl glyceryl ethers (DAGE, Figure 1). The

limited survey showed that the Pacific oil was the richer in DAGE (41% vs. 18% in

Atlantic liver oil), but the C20 and C22 omega-3 fatty acids quantitatively were

similar (103). In a further examination of the liver oil from Atlantic dogfish, the

ability of Atlantic salmon to digest was excellent (104). The oil, therefore, has

value for aquaculture feeds.

Squalene (Figure 4) is also sold in capsules in health supplement stores. Shark (and

related elasmobranch) livers do not necessarily have this hydrocarbon in any more

traces than those found in other species of fish. It depends on the exact species. A

survey of New Zealand shark resources (Table 10) shows what may be expected

(105). This report also explores liver oil recovery and processing. Unfortunately, local

fishing in underdeveloped countries, often for shark fins only, has destroyed a large

part of the resource. Squalene can exaggerate the iodine value of such oils (106),

but it is easily measured by GLC after hydrogenation of methyl esters carefully pre-

pared from the whole liver oil (107). Curiously, a small anadromous fish, ooligan or

eulachon, spawning in the Fraser and other Pacific coast rivers has considerable

(�19%) squalene in its body fats (108, 109). The eulachon Thaleichthys pacificus

was long recognized by local aborigines as a source of inedible but useful oil, but

although the fish is fatty, it is edible and is fished to some extent for that reason. As

olive oil is a potential source of squalene if it is needed, the slaughter of sharks for this

hydrocarbon for any purported health benefits is to be deplored.

Wax esters are another useful marine lipid class, which are now historical when

derived from the heads of sperm whales. Although various marine invertebrates

contain wax esters (110), there is an unexploited resource in relatively small fish

called myctophids. These fish can be caught by modern fishery technology as

was shown in South Africa some decades ago, but the use of any oil and meal pro-

duced would have to be carefully considered. The biosynthesis of their wax esters

has recently been resolved (111) and reviews most questions on that topic that were

TABLE 10. Liver Oil and Squalene Analysis of Dogfish from the Continental Slope

of New Zealand.

Oil Yield Squalene Yield

Total No. (g/100g Liver) (g/100g Oil)

No. of of Dogfish

Species Sex Samples Sampled Mean Range Mean Range

Shovelnose Dogfish Male 4 40 87.7 86–89 65.7 64–69

Shovelnose Dogfish Female 11 110 86.4 83–90 52.7 45–59

Shovelnose Dogfish Juvenile 3 30 89.2 86–90 58.4 57–60

Baxter’s Dogfish All 2 20 77.7 – 48.9 44–54

Seal Shark All 2 15 84.5 81–88 72.6 72–73

Leafscale Gulper Shark All 3 22 81.5 74–86 62.9 61–64

Plunket’s Shark All 1 2 84.2 – 1.4 –

Owston’s Dogfish Male 2 20 80.6 – 67.7 66–70

Owston’s Dogfish Female 2 16 – – 44.2 66–70

Portugese Dogfish All 1 5 81.4 – 44 41–47

From G. Summers et al. (105).
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left unanswered. Analysis of the whole lipids (18%) of a North Atlantic fish, the

barracudina Paralepis notolepis rissoi krøyeri, showed this to contain 85% wax

esters (112). The fatty acids of the wax esters differed from those of sperm body

or head wax esters, but the alcohols from barracudina showed a remarkable simi-

larity to those of sperm head wax.

Algae in theory and in practice can produce oils that are triacylglycerols

(39, 113). The DHA-rich oils commercially produced by the Martek Biosciences

Corp. are approved for use in infant formulas. They have also been shown to pos-

sess the favorable clinical attributes of fish oil DHA in healthy adults, whether

alone (114) or combined with arachidonic acid (20:4n-6) of fungal origin (115).

Products of these two sources of refined fatty acids show no particular resistance

to oxidation, compared with fish oils, when finally purified of natural components

that might not be allowed in products for human consumption (116). A competing

source of DHA (Nutrinova Inc., Somerset, NJ) advertises its products as ‘‘from

vegetarian source.’’ As noted earlier, algae can also be good sources of EPA

(117), which reopens the question posed earlier. Are the EPA and DHA of fish

oils all or mostly from the fatty acids originally supplied by phytoplankton?

9. CONCLUSION

In a decade, the ‘‘advanced’’ lipid analytical technology that defines DHA as a nat-

ural fatty acid of marine oils from a deep-sea shark described around 1994 (118)

has been surpassed by nondestructive NMR measurement of DHA in situ (Table 7).

Thus, advanced analytical technology is supporting with new developments the

benefits from marine oil omega-3 fatty acids in our daily lives.

APPENDIX 1. CODEX ALIMENTARIUS EXPLANATORY
MATERIALS RELATING TO FISH OIL QUALITY TERMINOLOGY

Quality Guidelines and Potential Problem Areas or Disadvantages of Various Parameters.

Codex Specif. CAC/RS

Quality Unit Disadvantage or Potential Problem Area 19-1981 Rev. 1 1989.

Color Dark-colored oils may be crude and contain

contaminants normally removed by refining

or the color might indicate overheating during

refining.

No Standard

Iodine Value IV varies with the species of fish. In general, IV

is a measure of the unsaturation in oils. High IV

oils are generally more susceptable to oxidation.

No Standard

Acid Value1 High acid value crude oils might indicate that

poor-quality fish were processed or the oil

deteriorated in storage.

0.6 mg KOH/g fat max

refined oils

4 mg KOH/g fat max

virgin oils

4 mg KOH/g fat max cold

pressed oils
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Peroxide Value Peroxide value is the primary measure of

rancidity (Oxidation) in an oil or fat. It reflects

recent oxidation.

10 meq/kg fat max virgin

and cold pressed oils

5 meq/kg fat max other

oils

p Anisidine

Number

The Anisidine Number also measures products

of oxidation; however, it reflects oxidation that

has taken place in the past.

No Standard

Totox Value A relationship between peroxide value and

anisidine number that is used to measure the

rancidity level of fats and oils. It is defined as

(2� PV)þ AN. It reflects total oxidation to date.

No Standard

Moisture Considered an impurity. High levels of moisture

in an oil can lead to deterioration in storage.

0.20% max

Soap Soap can be formed when moisture is present

in the crude oil and reacts with the free fatty

acids and a catalyst (alkali ion), or it can result

from incomplete removal of soap from washed

refined oil.

0.005% max

Insoluble

Impurities

These are substances including traces of

protein, dirt, rust, and other materials that tend

to precipitate out of the oil during storage.

Depending on the substance, they can reduce

the stability of the oil.

0.05% max

Unsaponif. Matter These are composed of sterols, hydrocarbons,

glyceryl ethers, and fatty alcohols. There may

also be traces of pigments, vitamins, and

oxidized oil. Unsaponifiables vary with the

species of fish.

No Standard

Organochlorine,

Organophos-

phorous

Pesticides and

other Chlorinated

Hydrocarbons

Numerous compounds come under this group.

Generally, the pesticide content of the oil

reflects the environmental conditions in the

area where the fish are caught. The level of

these compounds in the oil must be within the

regulatory limits of the locality involved.

No Standard

Total Cholesterol Cholesterol is a major part of the unsaponifiable

fraction of fish oils. Generally it is not removed

except by vacuum stripping of the oil.

No Standard

Iron Iron is considered a pro-oxidant in fish oil and

is removed by degumming and refining.

1.5 mg/kg max refined oil

5 mg/kg max virgin oil

5 mg/kg max cold

pressed oil

Copper Copper is considered a pro-oxidant in fish oil

and is removed by degumming and refining.

0.1 mg/kg max refined oil

0.4 mg/kg max virgin oil

0.4 mg/kg max cold

pressed oil
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Codex Specif. CAC/RS

Quality Unit Disadvantage or Potential Problem Area 19-1981 Rev. 1 1989.
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of Fats and Oils
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1. INTRODUCTION

Lipids from natural sources consist mainly of fatty acids esterified to glycerol, pre-

dominantly in the form of triacylglycerols (95–98%). Soluble in these lipids are two

types of minor compounds: glycerolipids and nonglycerolipids (Table 1). Upon

reaction with alkali, the unsaponifiable fractions of vegetable oils (i.e., nongly-

cerolipids) do not form soap and can be extracted from the saponified mixtures

with lipophilic solvents such as diethyl ether, hexane, or cyclohexane. Over the

past decades, these unsaponifiable materials have interested researchers for differ-

ent reasons. In the first instance, the interest in the unsaponifiable fraction stemed

from the observation that many components, especially tocopherols but also pheno-

lic and other compounds, have antioxidant properties of utmost importance for the

oxidative stability of these oils. Constituents of the unsaponifiable fraction were

also found to provide good markers for the authentication of some oils and fats.

Moreover, much research is currently focusing on the biological and physiological

activities of various unsaponifiable constituents and their possible contribution to

improved human health. Apart from the carotenoids of palm oil, vitamin E-active

compounds and phytosterols are perhaps the most important nutraceuticals present

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
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in vegetable oils. Tocopherols/tocotrienols are purified from the deodorizer distil-

lates to be used as vitamin E supplements in capsules or as food additives, and ster-

ols are recovered to be used as cholesterol-lowering agents in innovative foods,

such as commercialized margarines and other products (1, 2). Phospholipids, gly-

colipids, and other complex lipids are generally present as minor lipid components

in crude oils but are mostly removed by degumming during refining. These lipids

have interesting properties as emulsifiers, as discussed in more detail in other

chapters.

As shown in Table (2), vegetable oils contain variable levels of unsaponifiable

matter (3) of variable composition and characteristics (4). The refining process,

which is necessary to remove undesirable pigments and fatty acid oxidation pro-

ducts such as peroxides and their degradation products from vegetable oils to

make them suitable for consumption, unfortunately, brings about loss of valuable

nutrients and natural antioxidants (5–7). The technical and nutritional importance

TABLE 1. Important Minor Constituents of Vegetable Oils.

Glycerolipids Non-Glycerolipids

Diacylglycerols Sterols, triterpene alcohols, and their esters

Monoacylglycerols Tocopherols/tocotrienols

Phospholipids Hydrocarbons

Galactolipids Waxes

Sulfolipids Free fatty acids

Lipid-soluble vitamins

Pigments

Phenolic compounds

Metals and Metalloproteins

TABLE 2. The Content and Special Composition Charcteristics of the Unsaponifiable

Fraction of Selected Vegetable Oils.

Unsaponifiable Matter (%)

Oil Schwartz (3) Special Composition Characteristics

Coconut 0.2 Not reported

Cottonseed 0.7 Not reported

Linseed 0.9 Plastochromanol-8

Olive 0.7 Squalene, special phenolic compounds

Palm 0.1 Red carotenoids

Peanut 0.4 Not reported

Rapeseed 1.0 Brassicasterol, plastochromanol-8

Sesame 1.4 Sesamin, sesamolin and derivatives

Soybean 0.6 d-tocopherol

Sunflower 0.7 Not reported

Maize 1.5 Not reported

Wheat germ 4.8 Not reported

Rice bran 4.2–5.2 g-oryzanol (cinnamic acid esters of sterols)
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of many compounds in the unsaponifiable fraction is increasingly recognized, and

extraction and refining technologies are being developed to produce vegetable oils

with maximized functional and nutritional properties. This chapter reviews the

chemistry and the importance of a wide range of natural minor components occur-

ring in vegetable oils.

2. THE CHEMISTRY OF MINOR LIPID COMPONENTS

2.1. Sterols

The sterols (Table 3) are generally the major components of the unsaponifiable frac-

tions of vegetable oils. Their structures are based on a steroidal alcohol framework

comparable with that of cholesterol (Figure 1). The molecules are planar and are

based on a tetracyclic cyclopentaphenanthrene system with four fused rings (A,

B, C, and D). The hydroxyl group at C-3, side chain at C-17, and two methyl groups

at C-18 and C-19 are all angular to the ring structure and have b-stereochemistry

(i.e., above plane configuration) (8).

Plant sterols, or phytosterols, are generally the predominant compounds in the

unsaponifiable fractions of vegetable oils that generally account for about 1% of

the oils. The main sterols belong to the 4-desmethylsterols family, but 4-methyl-

sterols and 4,4-dimethylsterols (also called triterpene alcohols) are present as minor

components in most oils (Figure 2). Apart from some exceptions, the desmethyl-

sterol, b-sitosterol, is generally the most abundant and is usually accompanied by

variable levels of campesterol, stigmasterol, �5-avenasterol, and other sterols

(Table 4). Some sterols are characteristic for certain oils; e.g., brassicasterol is char-

acteristic for rapeseed/canola oil and can be used to detect the presence of this oil

in foods. Recently, it was reported that camolina oil is special because of its high

content of cholesterol (188 ppm) besides brassicasterol (133 ppm), campesterol

(893 ppm), stigmasterol (103 ppm), sitosterol (1884 ppm), and �5-avenasterol

(393 ppm) (12). Black cumin (Nigella sativa L.) is charcterized by high levels of

b-sitosterol (1135–1182 ppm), �5-avenasterol (925–1025 ppm), and �7-avenaster-

ol (615–809 ppm), and small amounts of stigmasterol and campesterol (13).

Sterols occur in vegetable oils in the free and esterified forms in relative levels

that are dependent on the type of oil. In the sterol esters of vegetable oils, the hydrogen

HO
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Figure 1. Structure of cholesterol (CAS # 57-88-5) and numbering of the sterol skeleton and

side chain.
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TABLE 3. Structures, Trivial and IUPAC Numbers of Common Sterols and Triterpene Alcohols in Vegetable Oils.

Trivial Name IUPAC Name CAS Numbera Structureb

4-desmethylsterols

Brassicasterol 24b-methyl cholest-5,22E-dien-3b-ol 474-67-9 Ac

Campesterol 24a-methyl cholest-5-en-3b-ol 474-62-4 Ab

Stigmasterol 24a-ethyl cholest-5,22E-dien-3b-ol 83-48-7 Ag

Sitosterol 24a-ethyl cholest-5-en-3b-ol 83-46-5 Af

�5-Avenasterol 24E-ethylidene cholest-5-en-3b-ol 18472-36-1 Ah

Stigmastenol 24a-ethyl cholest-7-en-3b-ol 481-18-4 Bf

�7-Avenasterol 24E-ethylidene cholest-7-en-3b-ol 23290-26-8 Bh

4-methylsterols

24-ethyl lophenol 4a-methyl-24a-ethyl cholest-7-en-3b-ol 36735-29-2 Cf

Gramisterol 4a-methyl-24-methylene cholest-7-en-3b-ol 1176-52-9 Cd

Citrostadienol 4a-methyl-24E-ethylidene cholest-7-en-3b-ol 474-40-8 Ch

Obtusiofoliol 4a,14a-dimethyl-24-methylene-cholest-8-en-3b-ol — Dd

Cycloeucalenol 9,19-cyclo-4a,14a-dimethyl-24-methylene-cholest-8-en-3b-ol 469-39-6 Ed

4,4-dimethylsterols

Cycloartenol 9,19-cyclo-4,4,14a-trimethyl-cholest-24-en-3b-ol 469-38-5 Fa

24-Methylenecycloartanol 9,19-cyclo-4,4,14a-trimethyl-24-methylene-cholestan-3b-ol 1449-09-8 Fd

Cyclobranol 9,19-cyclo-4,4,14a,24-tetramethyl-cholest-24-en-3b-ol — Fe

a-Amyrin 5a-urs-12-en-3b-ol 638-95-9 —

b-Amyrin 5a-olean-12-en-3b-ol 559-70-6 —

aCAS numbers from LIPIDAT, Lipid Molecular Structure Database of Ohio State University (http://www.lipidat.chemistry.ohio-state.edu/cis888/rehner/searchLMSD_2_4.asp).
aSee Figure 2.
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Figure 2. Sterol skeletons and side chains of the major sterols in vegetable oils (for names and

structures, see Table 1).
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TABLE 4. Sterol Content (mg/100g) of Selected Vegetable Oils (9–11).

Sterol Coconut Corn

Cotton

Seed Linseed Olive Pam

Palm

Kernel Peanut

Rape

Seed

Rice

Bran

Saf-

flower Sesame

Shea

Butter

Soy

Bean

Sun

flower

Wheat

Germ

Desmethylsterols

Cholesterol 2 — — 4 — 3 4 — — — — — — — — —

Campesterol 2 269 17 122 2 36 12 36 153 505 45 117 — 74 31 570

Stigmasterol 30 70 4 38 1 20 14 216 — 271 31 62 — 72 31 —

b-Sitosterol 132 772 396 193 131 189 92 154 355 885 181 382 — 191 235 1734

�5-Avenasterol 32 47 8 55 3 5 8 19 12 90 3 43 — 11 16 155

�7-Stigmastenol 14 12 — 8 6 2 1 7 31 18 70 12 94 11 59 78

�7-Avenasterol — — — — — — — 2 — 36 10 — 28 4 16 52

Others — — — — — — — — 61a — 7 — 13 — 4 —

4-Monomethylsterols

Obtusifoliol 2 4 11 22 2 6 5 4 8 29 10 81 22 5 34 7

Gramisterol 6 4 8 108 4 24 8 4 6 25 5 142 4 16 22 47

Citrostadienol 4 4 17 6 6 3 13 4 2 — 3 126 — 35 35 53

Othersb 4 — 5 1 2 2 10 2 12 114 6 57 7 8 20 8

4,4-Dimethylsterols

Cycloartanol 1 tr. — 1 — 1 — 1 2 106 1 4 — — — 7

b-Amyrin — tr. 2 12 22 1 3 2 — — 7 4 306 13 5 40

Butyrospermol — 5 10 — 10 — 6 — — — — — 994 14 — —

Cycloartenol 50 — — 106 13 — 29 12 32 482 34 62 — 17 29 38

a-Amyrin — — — — — 19 21 — — — 12 — 1759 — — 18

24-Methylene-

cycloartenol

— — 19 — 30 — 9 — — — — — 612 23 12 —

Cyclobranol 12 7 16 34 47 — 3 16 16 494 7 107 — 8 16 99

Cycloaudenol — — — — 14 10 — 3 — — 2 — 38 — 6 4

Othersb 4 1 — — — — — — — — — 115 — — —

Total 286 1194 514 710 293 321 230 482 690 3055 428 1199 3992 502 571 2910

aBrassicasterol.
bUnknown compounds.



TABLE 5. Content of Free and Acyl Sterol Esters and Relative Distribution of Sterols in Selected Crude Vegetable Oils.a

Free Sterols Acyl Sterol Esters

Oil

——————————————————————————————— ——————————————————————————

Total Sitosterol Campesterol Sigmasterol �5-Avenasterol Total Sitosterol Campesterol Sigmasterol �5-Avenasterol

(mg/100 g) (%) (%) (%) (%) (mg/100 g) (%) (%) (%) (%)

Coconut 26 71.9 11.0 17.1 — 41 70.4 11.1 18.5 —

Palm 16 59.5 22.8 11.0 6.7 49 66.0 30.0 14.0 —

Olive 30 65.0 4.6 — 30.4 151 76.9 — — 23.1

Rapeseed 475 54.0 40.6 — 5.4 336 50.7 29.0 — 20.3

Corn 423 71.6 18.0 7.9 2.5 485 70.2 23.2 6.6 —

aModified from Verleyen et al. (15).



of the hydroxyl group at C-3 is substituted with a fatty acyl or with ferulic acid as in

g-oryzanols. Oils of corn, cottonseed, and rapeseed are especially rich in sterol

esters (14). According to this report, there are no differences in the composition

of the free and acylated sterol fractions, which suggests nonspecific esterification

(Table 5). Rice bran oil is currently recognized for its high content (about 2–5%)

of g-oryzanol, i.e., ferulic acid esters of mainly cycloartenol [CAS # 21238-33-5]

and 24-methylene cycloartanol, but also cyclobranol, cycloeucalenol, sitosterol, and

campesterol (16). Two-thirds of the total sterols of wheat germ oil, 2000–4000 mg/

100 g, are present in ester form (17).

Refining affects the sterols of vegetable oils in various ways and is responsible

for sterol losses in the range of 10–70% (18). Sterols are partially washed with the

soap stock after chemical neutralization (5, 19). The use of acid clay bleaching

agents and elevated temperatures catalyzes different isomerization, dehydration,

and esterification reactions. Tisconia and Bertini (20) observed a very remarkable

change in the content of �5-avenasterol in olive oil during bleaching depending on

the level of bleaching earth used, and Touche et al. (21) made a similar observation

for bleached coconut oil. Kesselmeier et al. (22) later suggested that �5- and �7-

avenasterols present in oat lipids are destroyed by acid hydrolysis. Kamal-Eldin

et al. (23) explained the mechanism of this transformation as involving secondary

and tertiary carbonium ions (Figure 3). Bleaching effects on phytosterols are

generally minor and mainly limited to the formation of some nonpolar dehydration

products (18, 24) and partial hydrolysis of sterol esters (25). Steradienes and

+

∆5-Avenasterol

∆5,23-Stigmastadienols a & b

∆5,24(25)-Stigmastadienol

Fucosterol
+H+

–H+

–H+

–H+

–H+

+H+

Figure 3. Acid-catalyzed isomerization of �5-avenasterol [modified from Kamal-Eldin et al.

(23)].
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disteryl ether dehydration products (Figure 4) are formed during bleaching as well

as deoderization (14). Dehydration products of triterpene alcohols were also iso-

lated from stearin fractions of refined shea butter (26). Deodorization, on the other

hand, causes a significant reduction in the total sterol because of distillation (5, 19,

27) and esterification of free sterols (14, 25). Whenever applied, hydrogenation has

a tremendous effect on sterol structures, including hydrogenation of double bonds,

opening of cyclopropane rings, and positional isomerization of side chain unsatura-

tion (28–33).

Phytosterols are industrially isolated from the distillates, resulting from the deo-

dorization of vegetable oils (1, 34–36). Phytosterols are sometimes hydrogenated to

produce phytostanols (37). As the solubility of sterols and stanols is very low (<1%

at 25�C), it limits their application in food products. Esterification of sterol and sta-

nols is, therefore, performed to make them fat-soluble and easy to incorporate in

food products (37, 38). Two margarines containing 8–9% sterols (Becel Proactiv

of Unilever) or stanols (Benecol of Raisio), in the form of esters, are now available

in the markets in Europe and the United States.

2.2. Tocopherols and Tocotrienols

The tocopherols and tocotrienols are generally not the major components of

vegetable oil, but their presence is vital for stabilizing the unsaturated fatty acids

of these oils against oxidative deterioration (39). Their structures are based on a

chroman head with two rings, one phenolic and one heterocyclic, and a phytyl

tails isoprenoid side chain at C-2. The phytyl tail is saturated in the case of

R

HO

R

H2O
H H

R

∆, H

R

O

R

∆, H

sterol

3,5-steradienedisteryl ether

+ –H2O –H+

+

–H2O

Figure 4. Transformation of sterols to steradienes and disteryl esters catalyzed by heat and acid

in anhydrous conditions.
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Figure 5. Chromanol ring and isoprenoid side chains in tocopherols, tocotrienols (n¼ 3),

and plastochromanol-8 (n¼ 8, R1����H, R2����CH3 ) in vegetable oils (for systematic names, see

Table 6).

TABLE 6. Structures, Trivial, and IUPAC Numbers of Tocopherols, Tocotrienols,

and Related Compounds Present in Vegetable Oils.

Trivial Name IUPAC Name CAS Number

Tocopherols

a-tocopherol 3,4-Dihydro-2,5,7,8-tetramethyl-2-(40,80,120-
trimethyltridecyl)-benzopyran-6-ol

59-02-9

b-tocopherol 3,4-Dihydro-2,5,8-trimethyl-2-(40,80,120-trimethyltridecyl)-

benzopyran-6-ol

16698-35-4

g-tocopherol 3,4-Dihydro-2,7,8-trimethyl-2-(40,80,120-trimethyltridecyl)-

benzopyran-6-ol

54-28-4

d-tocopherol 3,4-Dihydro-2,8-dimethyl-2-(40,80,120-trimethyltridecyl)-

benzopyran-6-ol

119-13-1

Tocotrienols

a-tocotrienol 3,4-Dihydro-2,5,7,8-tetramethyl-2-(40,80,120-trimethyl-

30,70,110-tridecatrienyl)-2H-1-benzopyran-6-ol

1721-51-3

b-tocotrienol 3,4-Dihydro-2,5,8-trimethyl-2-(40,80,120-trimethyl-30,70,110-
tridecatrienyl)-2H-1-benzopyran-6-ol

490-23-3

g-tocotrienol 3,4-Dihydro-2,7,8-trimethyl-2-(40,80,120-trimethyl-30,70,110-
tridecatrienyl)-2H-1-benzopyran-6-ol

91-86-1

d-tocotrienol 3,4-Dihydro-2,8-dimethyl-2-(40,80,120-trimethyl-30,70,110-
tridecatrienyl)-2H-1-benzopyran-6-ol

—

Plastochro-

manol-8

3,4-Dihydro-2,7,8-trimethyl-2-(40,80,120,160,200,240,280,320-
octamethyl-30,70,110,150,190,230,270,310-octadecaoctenyl)-

2H-1-benzopyran-6-ol

—
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tocopherols and unsaturated in the case of tocotrienols and other derivatives such as

plastochromanol (Figure 5, Table 6). The four members of each subfamily, i.e., a-,

b-, g-, and d-, differ from each other in the number and position of methyl groups

on the chromanol ring. Naturally, tocopherols occur only as free alcohols, but toco-

trienols were mentioned to also occur in esterified forms (40). The tocopherol mole-

cule has three chiral centers in its phytyl tail, giving the possibility of eight total

stereioisomeric forms. Naturally occurring tocopherols have the same molecular

configurations (2R, 40R, 80R, RRR, or d-) in their phytyl groups, and tocopherols

obtained by synthesis (all-rac-tocopherols) represent a mixture of approximately

equal amounts of the eight possible stereoisomers [2D,40D,80D (RRR),

2L,40D,80D (SRR), 2D,40D,80L (RRS), 2L,40D,80L (SRS), 2D,40L,80D (RSR),

2L,40L,80D (SSR), 2D,40L,80L (RSS), and 2L,40L,80L (SSS)] (41). The tocotrienols

only have one chiral center at position 2, so they are either 2D or 2L stereoisomers.

The presence of the double bonds at positions 30 and 70 of the phytyl tails of toco-

trienols allows for the existence of four cis/trans geometrical isomers, i.e., a total of

eight isomers [2D,30cis,70cis (R,cis-cis); 2D,30cis,70trans (R,cis-trans);

2D,30trans,70cis (R,trans-cis); 2D,30trans,70trans (R,trans-trans); 2L,30cis,70cis

(S,cis-cis); 2L,30cis,70trans (S,cis-trans); 2L,30trans,70cis (S,trans-cis); 2L,30trans,

70trans (S,trans-trans)] per tocotrienol (42). It is, therefore, easy to detect the

presence of synthetic tocopherols/tocotrienols in lipids.

The tocopherol and tocotrienol contents of selected vegetable oils are shown in

Table (7). Seed oils are mostly dominated by g- or a-tocopherol, but high levels of

d-tocopherol especially characterize soybean oil, which is the richest and commer-

cially the most used source of tocopherols (46). Rice bran and palm oils, on the

other hand, represent the important sources of tocotrienols (45, 47). Rapeseed

TABLE 7. Levels (mg/100 g) of Tocopherol, Tocotrienols, and Related Compounds

in Selected Vegetable Oils.

Oil a-T b-T g-T d-T a-T3 b-T3 g-T3 d-T3 Total

Corn 26 1 75 3 1 — 2 — 108

Cottonseed 40 — 38 tr. — 1 — — 79

Linseeda tr. — 57 1 — — — — 58a

Olive 12 — 1 — — — — — 13

Palm 38 — — — 5 — 13 — 56

Peanut 14 2 13 1 — — — — 30

Rapeseedb 19 — 49 1 — — — — 69b

Safflower 45 1 3 1 — — — — 50

Sesame — — 58 1 — — — — 59

Soybean 9 1 69 24 — — — — 103

Sunflower 62 2 3 — — — — — 67

Maize 22 — 57 2 5 1 6 — 93

Rice branc 59 2 6 tr. 45 — 44 3 159

Wheat germ 151 31 53 — 4 — 2 — 241

aLinseed oil also contains ca 20 mg/100 g of plastochromanol-8 (43).
bRapeseed oil may also contain 55–80 mg/100 g of plastochromanol-8 (44).
cData from (45).
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and linseed oils contain the special, tocotrienol-like, plastochromanol-8 (46–48).

Cereal lipids, namely, wheat germ, maize, and rice bran oils, generally contain

very high levels of tocopherols and tocotrienols. Of nut oils, almonds and hazlenut

ois are rich in a-tocopherol and pecans and walnuts are rich in g-tocopherol (49).

2.3. Squalene, Carotenoids, and Other Hydrocarbons

Squalene (2,6,10,15,19,23-hexamethyl-2,6,10,14,18,20-tetracosahexaene), also known

as spinacene, is a naturally occurring 30-carbon chain triterpenoid hydrocarbon

(Figure 6). Shark liver oil is the richest source of squalene, about 50% by weight

(50, 51). Squalene is present at levels of 0.1–1.2% in olive oils together with low

levels of other hydrocarbons (52). Squalene is found in smaller quantities, <30 mg/

100 g, in other vegetable oils (53). Squalene is used in health foods, but it is hydro-

genated to squalane for use, as a moisturizing agent, in cosmetics because of its

high susceptibility to oxidation (54, 55). The double bonds of squalene undergo

acid-catalyzed isomerization during vegetable oil refining to produce a large num-

ber of positional isomers (56). Other hydrocarbons representing a homologous ser-

ies of saturated C15–C33 chains are also present in vegetable oils. For example,

olive oil was reported to contain odd-numbered n-alkanes (C23–C29, 30–180

ppm), a series of C22-C27 n-�9-alkenes, 8-heptadecene 6,10-dimethyl-1-undecene

(0.5–2 ppm), as well as about 31 sesquiterpenes (2–37 ppm), the most abundant of

which were a-farnesene, a-copaene, eremophyllene, and a-muurolene (57).

Carotenoids are the yellow-red pigments present in most crude oils, although

their presence is often masked by the green color of chlorophyll. They are com-

posed of a long-chain, 40-carbon skeleton, of eight isoprenoid units joined head-

to-tail to give a completely conjugated system with alternated double bonds

(Figure 7). Biosynthetically, carotenoids are derived from this acyclic long-chain

conjugated C40H56 structure of lycopene by hydrogenation, dehydrogenation, cycli-

zation, and oxidation, or a combination of these processes (58). The carotenoids can

be classified into (1) nonpolar unsaturated carotenes with the basic structure

of lycopene, and (2) more polar carotenoids, or xanthophylls, with oxygen function

at one or both end groups. The rules for semisystemstic nomenclature of carote-

noids have been published by the IUPAC-IUB Commission on Biochemical

Nomenclature (59).

2

6
10

14
18

22

Figure 6. Structure of squalene (all-trans-2,6,10,15,19,23-hexamethyl-2,6,10,14,18,22-tetraco-

sahexaene, CAS # 111-02-4), a major hydrocarbon in olive oil.
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Red palm oil is the richest source of readily available carotenoids and is, therefore,

very useful as a pro-Vitamin A supplement. Crude palm oil contains 500–800 ppm

of carotenoids, of which b-carotene and a-carotene account for about 90%

(approximately 2:1 w/w), and lycopene, phytoene, and zeacarotenes are inter alias

the remaining carotenoids (60). Other vegetable oils contain much lower levels

of carotenoids (<100 ppm), but these are removed during the bleaching step in

β-carotene

α-carotene

Lycopene

β-cryptoxanthin

OH

lutienHO

OH

zeaxanthinHO

OH

Figure 7. Structure of some major carotenoids present in vegetable oils, mainly red palm oil and

olive oil.
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refining. Olive oil contains variable, but low, levels of carotenoids mainly as

b-carotene (6–17% of total pigments) and lutein (18–38% of total pigments), but

xanthophylls such as neoxanthin, violaxanthin, luteoxanthin, antheraxanthin, muta-

toxanthin, and b-cryptoxanthin also occur at low levels (61–63). Marine oils, inter

alias cupelin and salmon oils, also contain large amounts of carotenoids, mainly

xanthophylls (64).
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Figure 8. Chemical structures of secoiridoid derivatives and phenolic alcohols in virgin olive oils.
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2.4. Phenolic Compounds

Low levels of a wide range of phenolic compounds have been reported to be present

in all vegetable oils, which is very important for the oxidative stability of the poly-

unsaturated fatty acids of these oils. The mostly studied phenolic constituents are

perhaps those of olive oil (Figure 8). The level of phenolic compounds in olive oil
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Figure 9. Sesame seed lignans (sesamin and sesamolin) and their acid-catalyzed transforma-

tion products generated during bleaching.
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was reported to vary between 50 and 1000 ppm depending on agronomic and envir-

onmental factors, ripeness, processing, and storage conditions of the oil (65), but

they mostly lie in the range of 200–500 ppm (66). The phenolic compounds of olive

oil include the secoiridoid aglycons of oleuropein and ligstroside and the lignans

1-acetoxypinoresinol and pinoresinol (67–72). Tyrosol, hydroxytyrosol, and their

esters are also major phenols of olive oils (63) and their levels were found to

increase during storage of virgin olive oil (73) because of acid-catalyzed hydrolysis

of secoiridoid aglycons (69).

Crude sesame oil is characterized by the presence of two unique lignans:

sesamin [2,6-(3,4-methylenedioxyphenyl)-cis-2,7-dioxabicyclo-[3.3.0]-octane] and

sesamolin [2-(3,4-methylene-dioxyphenoxy)-6-(3,4-methylenedioxyphenyl)-cis-2,7-

dioxabicyclo-[3.3.0]-octane] with interesting physiological effects (Figure 9).

Sesamin and sesamolin are present in the range of 0.1–0.9% and tr.–0.7%, respec-

tively (74). Fukuda et al. (75) showed that when sesame oil is refined, sesamin

is partly isomerized into episesamin and sesamolin is hydrolyzed to small amounts

of sesamol but is mainly lost and isomerized into three sesaminol isomers (Fig-

ure 10). These transformations are catalyzed by the acidic residues in the bleaching

earth, and they can be used inter alias to differentiate crude from refined sesame

oils.

2.5. Other Minor Compounds

High aliphatic alcohols and wax esters in which aliphatic alcohols or sterols are

esterified to fatty or phenolic acids are also present in crude vegetable oils at low

levels and are partially removed in the winterization process during oil refining.

Waxes, mainly esters of long-chain saturated fatty acids and a monounsaturated

alcohol, especially eicosenoic alcohol, are found in crude vegetable oils such as

olive, sunflower, soybean or peanut but are absent from corn or rice bran oils

Figure 10. Changes in sesame oil lignans induced by refining [data from Fukuda et al. (75)].
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(76, 77). Diterpenic, phytyl, and geranylgeranyl esters were reported in olive and

sunflower oils, but benzyl esters were only detected in olive oils (78). The wax

esters of sunflower oil were found to have carbon atom numbers between 36 and

48, with a high concentration in the C-40–C-42 fraction (79). Waxes in dewaxed

and refined sunflower oils mainly contained <42 carbon atoms indicating selective

retention after refining.

Vegetable oils, especially in crude forms, contain variable levels of chlorophyll

pigments. The maturity of the oilseed and the method of oil extraction determine

the content of chlorophyll pigments in the oil. For example, unripe rapeseed con-

tains chlorophyll A, chlorophyll B, pheophytin A, and pheophytin B as major pig-

ments and pheophorbide A, methylpheophorbide A, and pyropheophytin A as

minor pigments, whereas ripe seeds are characterized by chlorophylls A and B

(80). Industrial extraction and refining of chlorophyll pigments shows selectivity

in its effects on chlorophylls and pheophytins so that latter prevail in solvent

extracted and bleached oils (80, 81). Pheophytin A is the major pigment in olive

oil (44–58% of total pigments) that co-occur with small amounts of pheophytin

B and sometimes chlorophylls A and B (61, 62).

Free fatty acids and partial glycerides (mono- and di-acylglycerols) occur in dif-

ferent levels in crude oils but are removed by refining from most oils, except brands

of olive, sesame, and nut oils. Phospholipids, or phosphatides, are important minor

lipid components because of their profound surfactant effects with wide applica-

tions in, inter alia, the baking industry. Lecithin (phosphatidyl choline) and other

phospholipids (phosphatidyl ethanolamine, phosphatidyl inositol, phosphatidyl

serine, phosphatidic acid, etc.) are important byproducts of vegetable oil refining,

especially soybean oil. The presence of phospholipids and other polar lipids

is, however, not desirable in refined vegetable oils. Currently, methods are being

developed for removal of phospholipids from seed oil by physical refining

(82), membrane filtration (83, 84), or enzymatic degumming by phospholipase

(85, 86).

Cereal lipids are special because of their content of unusually high amounts of

waxes, free fatty acids, unsaponifiable matter, sterol glucosides, diacylglycerols,

phospholipids, and glycolipids (87, 88), which cause difficulties in the refining

process. The main problem seems to be because of the high content of glycolipids

and phosphorus-containing glycolipids (up to 5%), which cause high losses during

alkali refining because of their high surface activity. A sample of crude wheat germ

oil contained 1428-ppm phosphorus, 15.7% free fatty acids, and 2682-ppm toco-

pherols. The oil was refined by conventional degumming, neutralization, bleaching,

and continuous tray deodorization, and the neutralization step was found to signif-

icantly remove the free fatty acids and most of the phospholipids (89). A special

physical refining procedure based on simultaneous dewaxing and degumming

was recently developed for rice bran oil (90).

Gormet oils (e.g., olive oil, sesame oil, avocado oil, and nut oils) that are

consumed as virgin oils usually have characteristic flavors that distinguish them

from other edible vegetal oils. In olive oil, these compounds included, among a

wide range of compounds, hexane, heptane, octane, ethanol, isobutanol, pentenol,
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hexenol, octanol, pentanal, hexanal, 2-propenal, (E)-2-pentenal, (E)-2-hexenal, (E)-

2-heptenal, octanal, (E)-2-octenal, nonanal, (E)-2-nonenal, isovaleraldehyde,

decanal, (E)-2-hexen-1-ol, 2-propanone, 3-pentanone, acetic acid, formic acid, hex-

anoic acid, heptanoic acid, and limonene (91). Hazelnut oil is characterized by the

strong flavor of 5-methyl-(E)-2-hepten-4-one (92). More than 30 volatile com-

pounds, including pyrazines, thiazoles, pyridines, furfurals, and oxazoles, were

identified as flavor compounds in sesame oils obtained from roasted seeds (93–

96). Pyrazines are the major compounds and are responsible for the roasted flavor,

and furfurals are responsible for the sweet candy-like flavor (97).

3. SIGNIFICANCE OF MINOR LIPID COMPONENTS

3.1. Technical Quality of Vegetable Oils

The unsaponifiable matter (e.g., sterols, tocopherols, lipophilic pigments, and

hydrocarbons) generally can make up to 2.5% of vegetable oils. When free fatty

acids are present at critically high concentrations, they may contribute an undesir-

able taste to oils that are used in crude forms, e.g., olive oil, sesame oil, and nut oils.

This effect markedly results if free short-chain acids (C6–C10) are present in coc-

nut, palm-kernel, and butter oils. Free fatty acids also negatively affect the foaming

properties and stability attributes of these oils (98). As another example, olive oil

polyphenols have been associated with the bitter taste of the oil but longer shelf life

(99). On the other hand, minor lipids (such as diacylglycerols, monoacylglycerols,

cholesterol, and phospholipids) are known to significantly affect the interfacial

properties and crystallization of fats even at the low concentrations at which

they are naturally present in most oils (100, 101). They were found to positively

influence crystallization of cocoa butter by affording spherical crystals of regular

shape (102).

Vegetable oils are variably susceptible to free radical autoxidation depending on

the degree of unsaturation of their fatty acids and their contents of prooxidant and

antioxidant species. The unsaponifiable fractions of wheat germ, corn, or olive oil

are known to retard oxidation in vegetable oils (103). Trace amounts of metals and

metalloproteins occurring in vegetable oils catalyze the oxidaton by enhancing

initiation and re-initiation by decomposing lipid hydroperoxides. The antioxidant

activity of tocopherols is well documented, albeit considerable controversy in con-

nection with the relative antioxidant potency of different tocopherols exists (39).

The commencement of exponential oxidation of vegetable oils is associated with

critical minimal concentrations of antioxidants (104). For example, a significant

increase in the rate of oxidation was observed when the concentration of a-toco-

pherol in olive oil reaches a ‘‘threshold value’’ of 60–70 mg/kg (105). The main

reaction responsible for the antioxidant action of tocopherols is hydrogen atom

donation (39). The antioxidant (AH) tocopherols and tocotrienols scavenge lipid

peroxyl radical (LOO�) to form a relatively stable lipid hydroperoxide (LOOH).

Then the tocopheroxyl or tocotrienoxyl antioxidant radicals (A�), formed by this
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reaction, scavenge another peroxyl radical through radical–radical coupling to form

a variety of stable secondary oxidation products.

LOO� þ AH! ROOHþ AO�

LOO� þ AO� ! stable products

Besides scavenging peroxyl radicals, tocopherols and tocotrienols are also excellent

quenchers for singlet oxygen and peroxynitrile (39). It has been reported that

a-tocopherol shows a pro-oxidant activity when present at high concentrations

(106–108). It was later found that tocopherols do not show a pro-oxidant effect

if they are compared with controls devoid of them and other lipid-related antioxi-

dants (109, 110). However, tocopherols lose their antioxidant efficacy at high con-

centrations because they participate in a number of reactions that lead to production

of alkoxyl radicals that consume tocopherols and initiate new reaction chains

because of their low selectivity (111, 112). Using a kinetic approach, a number

of reactions were found to contribute to the loss of tocopherol antioxidant activity

that is greater for a-tocopherol than for g-tocopherol (113).

AHþ LOOH! A� þ LO� þ H2O

AOOL! AO� þ LO�

A� þ LOOH! AHþ LOO�

A� þ LH! AHþ L�

AHþ O2 ! A� þ HO�
2

A� þ O2 ! AOO�

g-Tocopherol is generally a better antioxidant for vegetable oils than a-tocopherol,

both at low-temperature storage and under thermo-oxidation conditions (114). It

was found that g-tocopherol degrades at a much slower rate and, thereby, is able

to protect the oil longer compared with a-tocopherol (110, 111).

Photo-oxidation plays a significant role in the oxidation of oils rich in chloro-

phyll and other photosensitizers. However, tocopherols, carotenoids, and polyphe-

nols present in these oils provide considerable protection against light-induced

photo-oxidation. These different antioxidants work synergistically and have differ-

ent protection abilities. The best example for this situation is olive oil (115). Pheo-

phytin A and b-carotene were found to be sensitive to oxygen, light, and

temperature, and a-tocopherol and polyphenols were more stable toward high tem-

peratures. The chlorophyll pigments function as photosensitizers and b-carotene as

an efficient quencher both for the excited chlorophylls and singlet oxygen (116).

However, a-tocopherol and polyphenols are needed to protect b-carotene against

destruction caused by heat and excessive oxygen (117–119). During photo-oxida-

tion, squalene was found to protect a-tocopherol (120).

Paradoxically, chlorophyll was found to synergize the antioxidant effect of

a-tocopherol in the dark (121), but chlorophyll degradation was found to contribute
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negatively to the stability of vegetable oils (122–127). High chlorophyll levels in

rapeseed oil were also found to decrease oil stability (126) and to increase the

rate of tocopherol decomposition and formation of polymers when the oil was

heated at 180�C (114). Chlorophyll pigments can be removed from vegetable oil

inter alias by bleaching using montmorillonite (128, 129) or membrane processing

(130). Besides affecting the oxidative staility of vegetable oils, chlorophyll pig-

ments also affect their bleachability during refining and add to refining costs (81).

b-Carotene and other carotenoids are known to possess antioxidant activity

under low temperatures and oxygen pressure conditions (131). The main mechan-

ism by which carotenoids exert their antioxidant effects is by quenching reactive

singlet oxygen and excited photosensitizers (132–143). The second mechanism is

by scavenging peroxy and other reactive free radicals (131, 144–150). Exposure of

b-carotene to free radical initaitors caused the chain reactions to differ from the

zero-order reaction kinetics charcterizing the induction period of autoxidation reac-

tions (151–154). Although the mechanisms for singlet oxygen quenching by the

carotenoids are fairly well understood and defined, mechanisms for their reactions

with free radicals are not yet clarified. These reactions seem to be influenced in a

very complex manner by a number of factors such as oxygen tension, temperature,

and presence of enzymes, among others (153–157). High concentrations of

b-carotene were reported to lack antioxidant activity and to cause an increase in

peroxide levels in rat plasma and liver (158) and to increase the thiobarbituric

acid reactive substances (TBARS) and 15-lipoxygenase activity in rat testis (159).

b-Carotene was also found to act as a prooxidant promoting lipid peroxidation in

some systems under high oxygen partial pressure (131, 147, 155). The high reac-

tivity of carotenoids with oxygen, especially at high temperatures, poses a great

limitation on their use as antioxidants. However, when tocopherols are present or

scavenge radical species formed from the reaction of carotenoids with oxygen, a

significant synergistic antioxidant effect can be achieved (143, 160–162).

Several lipid minor components are known to synergize the protective effect of

tocopherols and protect the unsaturated fatty acids from being rancid. These include

phospholipids (163) and unsaponifiable components such as sterols, carotenoids,

and squalene (114, 164–166). The phenolic compounds of olive oil have parti-

cularly received much attention with respect to their effects on the oxidative stabi-

lity of the oil (63, 72, 117, 167–171). A study based on virgin olive oil, from

Cornicabra variety obtained from three successive crop seasons (94/95 to 96/97),

showed a clear influence of total polyphenols on the oil stability and a much lower

contribution of a-tocopherol (172). Univariate analysis revealed a significant corre-

lation between Rancimat1 stability and the following compositional parameters:

phenols (R¼ 0.87), ortho-diphenols (R¼ 0.77), oleic/linoleic ratio (R¼ 0.71),

total tocopherols (R¼ 0.65), chlorophylls (R¼ 0.68), and carotenoids (R¼ 0.59)

(165). When a stepwise linear regression analysis was employed, a high multicoli-

nearity was found for total phenols, oleic/linoleic ratio, and tocopherols as having

together the maximum correlation with stability. The regression equation for

adjusted-R2¼ 0.91 was �18.52þ 0.13�total phenolsþ 3.03�oleic/linoleic ratioþ
0.07�total tocopherols (165).

338 MINOR COMPONENTS OF FATS AND OILS



3.2. Nutritional Value of Minor Substances in Vegetable Oils

During the early 1950s, it was reported that phytosterols lower serum cholesterol

(173–175). This effect was appreciated as a possible protection strategy against car-

divascular disease risk after the results of several convincing animal and human stu-

dies (176–184). Studies have shown that a daily intake of 2-g phytosterol or

phytostanol causes 40–50% reduction in the dietary cholesterol absorption, 6–

10% reduction in total serum cholesterol, and 8–14% reduction in the serum

low-density lipoprotein cholesterol (37, 185–187).

There is some evidence that g-oryzanol present in rice bran oil lowers serum

total- and LDL cholesterol as well (16, 185, 188). Butter from the Shea tree, Butyro-

spermum parkii, contains a very high level of 4,4-dimethylsterols (about 8%) mostly

as esters of cinnamic acid (oryzanols). Apparent absorption of these sterols, as

estimated by their disappearance from feces, was found to be 27–52% in Wistar

rat and 13– 49% in humans (189). It was found that the cinnamic acid esters of

the 4-desmethylsterols of rice bran oils, but not those of the 4,40-dimethylsterols

of shea nut oil possess hypolipidemic activity (190).

The mechanism for the inhibition of cholesterol absorption is thought to involve

competitive transfer to the micellar phase during absorption from the intestinal

lumen. Phytosterols in the micellar phase may also act as emulsifying agents that

selectively inhibit the transfer of cholesterol and other lipids (e.g., carotenoids and

vitamins) and, thereby, limit their absorption. The exact kinetics governing the ster-

ol competition for transfer are not known, but dietary sterols are absorbed differ-

ently in the digestive tract: 40–50% for cholesterol, 12–16% for campesterol,

4–5% sitosterol, and <0.5% for phytostanols (37). Before absorption, esterified

sterols are hydrolysed effectively in the upper intestine (191). Absorbed phytosterols

are excreted by the liver into the bile but are hardly converted to bile acids (192).

Numerous studies in animals and humans approved the safety of phytosterols

and phytostanols (37).

Tocopherols are well known for vitamin E activity since the early work of Evans

and Bishop (193). Vitamin E compounds (tocopherols and tocotrienols) are well

known for their strong inhibitory effects against lipid oxidation in foods and biolo-

gical systems (41, 194–205). As Vitamin E is only synthetized by plants, humans

and animals have to satisfy their nutritional needs by eating plant sources rich in

this vitamin (206). The richest sources of tocoperols are by far vegetable oils fol-

lowed by other sources such as nuts, cereal grains, green vegetables, and milk,

among others (207–209).

A number of epidemiological studies suggest that Vitamin E has a moderate pro-

tective effect against the progression of cardiovascualr diseases (210–215). The

antioxidant hypothesis suggests that the inhibition of low-density lipoprotein oxida-

tion is the main mechanism by which Vitamin E exerts this protective effect (187,

216) by scavenging the chain-carrying lipid peroxy radicals (217–220). Other bio-

chemical mechanisms, distinctive of Vitamin E’s antioxidant properties, have also

been proposed to explain the inhibitory effects on cardiovascular disease. One

hypothesis stated that larger dosages of Vitamin E (>400 IU/day) inhibit platelet
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adherence to proteins such as fibrinogen, fibronectin, and collagen (221). Another

hypothesis states that Vitamin E controls smooth muscle cell proliferation by acting

as a sensor and information transducer of the cell’s oxidation state (222). At opti-

mum physiological concentrations, a-tocopherol is thought to bind to a ‘‘receptor

protein’’ resulting in the activation of transcription factor AP-1, which leads to the

expression of a protein phosphatase that dephosphorylates protein kinase C, forcing

its own inhibition and resulting in the inhibition of smooth muscle cell prolifera-

tion. In a highly oxidative environments, a-tocopherol diminishes because of its

action as a radical scavenger, and as a result of this diminution, less a-tocopherol

binds to its ‘‘receptor protein’’ resulting in a greater activity of protein kinase C and,

thereby, a higher amount of smooth muscle cell proliferation (222). a-Tocopherol

was also reported to inhibit the secretion of interleukin-1b and the adhesion mono-

cyte to endothelium (223).

Currently, much attention is paid to g-tocopherol, the major tocopherol supplied

by most vegetable oils. The amount of g-tocopherol in the diet of most humans is

approximately twice that of a-tocopherol (224), but its plasma levels are only about

10–20% of those of a-tocopherol (225). This difference was explained by biodis-

crimination by a specific tocopherol-binding protein with special preference for the

a-homologue (226). Upon feeding equal amounts of the two vitamers to experi-

mental rats, it was found that a-tocopherol is preferentially bound to the cellular

membranes of the liver and to the transporting proteins while g-tocopherol is

excreted through the bile because of very low incorporation into the transporting

protein (227). g-Tocopherol may have some specific biological activities that

may complement those of a-tocopherol (228). For example, g-tocopherol was

found to inhibit nitrogen dioxide (�NO2)-mediated nitrosation of morpholine

much more significantly than a-tocopherol (229–231). Nitrogen dioxide, one major

constituent of cigarette smoke, is a mutagenic substance reactive toward lipids,

DNA, and other biological molecules (232). Relevant to this perhaps is the finding

that smoking, which is a recognized risk factor for cancer and cardiovascular dis-

ease, causes a decrease in g-tocopherol levels in LDL and HDL particles (233).

Recently, 5-nitro-g-tocopherol was found to increase in Alzheimer brain, which

suggests a major role of g-tocopherol as a scavenger of nitrogen reactive species

(234). A study from Loma Linda University showed that a human endogenous

natriuretic factor, LLU-a, possibly a product from the in vivo oxidative metabolism

of g-tocopherol, inhibited the 70-ps Kþ channel in the apical membrane of the thick

ascending limb of the kidney (235). The effect of this natriuretic factor on the con-

trol of the body pool of extracellular fluids, and its implications on hypertension,

congestive heart failure, and cirrhosis remains to be investigated. Swedish patients

suffering from coronary heart disease were found to have significantly lower serum

g-tocopherol concentrations compared with healthy controls, and a-tocopherol

levels were not significantly different (236). Similar findings were reported by other

authors, which suggests a possible role of g-tocopherol as a marker of atheroscle-

rosis (237–239).

Many studies suggest that a- and g-tocopherols influence each other’s post-

absorption transport and metabolism, and some studies suggested that g-tocopherol
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might transform into a-tocopherol in vivo. For example, supplementation with all

racemic-a-tocopheryl acetate was found to cause a significant decrease in g-toco-

pherol levels and a significant increase in the a-/g-tocopherol ratio in human tissues

and adipose tissue. This effect was found to disappear when the supplementation

was stopped (240, 241). On the contrary, g-tocopherol supplements were shown

to induce a marked increase in a-tocopherol concentrations in serum and tissues

of Vitamin E-deficient rats (242). A national health survey of 18,000 Germans,

age 25–69 years, showed that g-tocopherol levels were greatly reduced in persons

taking supplements containing >50-mg a-tocopherol/day (243). Based on the

results, these authors pointed out that mixed tocopherols should be considered

when tocopherol supplemental medication is considered necessary. When g-toco-

pherol was supplied continuously in the diet, it accumulated significantly in rat tis-

sues but to a much lesser extent than a-tocopherol (244). Furthermore, g-tocopherol

was found to accumulate in the plasma in relatively very high concentrations in

cases of a-tocopherol deficiency (245, 246). The studies by Elmadfa et al. (247)

show that rats fed high doses of g-tocopherol were able to survive for four genera-

tions because of an in vivo conversion of g-tocopherol to a-tocopherol. Yamashita

et al. (248, 249) showed that a combination of g-tocopherol and sesamin is able to

produce Vitamin E activity equivalent to that of a-tocopherol in rats.

Together with g-oryzanol, tocotrienols are responsible for the cholesterol-lower-

ing effect of rice bran oil (250). Tocotrienol concentrates have been shown to have a

hypocholesterolemic effect in animals and humans (251–257) possibly because of

inhibition of hepatic 3-hydroxy-3-methyl-glutaryl-CoA reductase (HMG-CoA

reductase) (251, 258, 259). The presence of a-tocopherol at concentrations

>20% in tocotrienol concentrates was, however, found to attenuate the inhibitory

effect of tocotrienols on HMG-COA reductase, thereby weakening their cholesterol-

lowering activities (254). Tocotrienols were especially found to synergize the cho-

lesterol-lowering effect of lovastatin (254). In addition, tocotrienols have been

shown to influence certain hemostatic parameters and to reduce the occurrence

of chemical-induced tumors in the rat (253).

Carotenoids have long been known as food colorants and as precursors of the

Vitamin A retinoids in animals (260, 261). Red palm oil is the richest source of

biologically available carotenes, which are efficient in restoring Vitamin A activity

in malnurished preschool children (262). The importance of carotenoids and reti-

noids for vision is well documented (263, 264). The carotenoids are now receiving

considerable interest because they are believed to have potential in delaying or pre-

venting degenerative diseases such as atherosclerosis (146, 265, 266) and some

types of cancer (266–271), in modulating immune response (272–274) and in pro-

viding other beneficial effects such as ulcer inhibition and life extention (275–277).

b-Carotene and other hydrocarbon carotenoids are poorly-to-moderately

absorbed from the gastrointestinal tract (5–50%), but highly polar carotenoids

are poorly absorbed (278). Ingested pro-Vitamin A carotenoids (b-carotene and

other carotenoids containing b- or 3-retinylidene end groups) are partly cleaved

in the intestinal mucosa to retinoids through the oxidative cleavage of the C-15,

C-150 double bond, mainly under the action of the b-carotene–15, 150-oxygenase
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enzyme (279, 280). The process of carotenoids cleavage to retinol (Figure 11)

is relatively inefficient and self-limiting because the conversion rate decreases

with increased body Vitamin A status. Originally only about 6% of all carotenoids,

those with b-retinylidene end groups, were considered as Vitamin A precursors

(provitamin A).

The metabolism and pharmacokinetics of the carotenoids are not well under-

stood, and their bioavailability is associated with much interindividual and intra-

individual variation (281). b-Carotene, a-carotene, cryptoxanthin, lycopene, and

lutein are the major carotenoids in human serum, and lycopene and b-carotene

are the major carotenoids in other human tissues (282). Small amounts of zeax-

anthin, phytofluene, and phytoene are also found in various organs. Various carote-

noids tend to be present in similar ratios in human plasma and tissues (282, 283).

The carotenoids are safe and even long-term intake of 180 mg of b-carotene per day

did not lead to hypervitaminosis. When large amounts of carotenoids are stored in

the adipose and other lipid-rich tissues, they may cause reversible yellowing of the

O

O

CHO

CH2OH

β-carotene-15,15′-oxygenase
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β-carotene-15,15′-peroxide
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Retinal reductase

Figure 11. Conversion of b-carotene to Vitamin A retinoids.
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skin (cartenemia). Carotenemia is a benign condition, and Vitamin A poisoning

does not occur despite massive doses of carotene because the conversion of caro-

tene to Vitamin A is slow (284).

Recently, olive oil polyphenols have gained much more attention because of

their potential beneficial health effects (65, 285–287). For example, olive oil was

found to improve lipid metabolism and antioxidant protection in rats fed cholesterol-

rich diets (288, 289). Hydroxytyrosol was especially effective in lowering the levels

of hydroperoxides, DNA damage, and mRNA levels of the antioxidant enzyme,

glutathione peroxidase (290).

The lignans of sesame oil, exemplified in sesamin, are especially interesting

from a physiological point of view. Yamashita et al. (291) published a note suggest-

ing that some antioxidants, other than tocopherols, in sesame exert some suppres-

sive effect on the manifestation of senescence in mice. Sesamin was then found to

lower cholesterol absorption as well as to inhibit its synthesis by downregulating

the activity of 3-hydroxy-3-methyl-glutaryl-CoA reductase, the key enzyme in

the biosynthetic pathway (292). Yamashita et al. (248) showed that sesamin caused

a significant increase in g-tocopherol levels in the plasma and liver, an effect that

was later confirmed (293, 294). It was recently found that sesamin competitively

inhibits certain cytochrome P450 3A isozymes that are involved in g-tocopherol

metabolism (295–297). In addition, sesamin was found to inhibit �5-desaturation

of n-6 PUFA in rats resulting in accumulation of dihomo-g-linolenic acid at the

expense of arachidonic acid (298, 299), consequently decreasing the formation of

proinflammatory 2-series prostaglandins (300). This effect might be associated with

effects on sterol-binding proteins involved in fatty acid biosynthesis (301). The

kinetics of sesamin and episesamin metabolism has shown that they exhibit a

peak concentration value in plasma and most tissues by 6 hours after adminstration

and that they are cleared from the body by 24 hours (302). It is worthwhile studying

whether the reported physiological effects of sesame lignans can be translated into

measurable health benefits in humans.

3.3. Authentication of Vegetable Oils

Expensive oils, such as olive oil and cocoa butter, are sometimes mixed with other

cheaper oils to provide oils of reasonable price (303–307). Methods for authentica-

tion of oil blends and characterization of constituent oils are, therefore, important

from an economical point of view (308). The few fatty acyl moieties involved as

major lipid components of most oils provide limited structural identity for most

vegetable oils especially when mixed together. Thus, lipid scientists were primarily

interested to use the knowledge about the minor lipid components as a way to

authenticate vegetable oils, to detect adulteration, and to identify the effects of

refining on their composition (309, 310). This mission can ideally be achieved

by general and specific authentication protocols taking into consideration the com-

bination of characteristics with respect to fatty acid composition, triacylglycerol

types, and unsaponifiable constituents. However, these theoretically possible proto-

cols are complex and costly in comparison with alternative protocols based on the
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selection of a minimum number of markers. However, caution should always be

exercised as the minor markers of vegetable oils can still be removed by refining

and might not be detectable in the blends.

The analysis of sterols and sterol esters has been proposed as one way to identify

oils in blends (311, 312). Johansson and Croon (313) discussed the use of 4-des-

methyl-, 4-monomethyl-, and 4,4-dimethylsterols in characterizing different vege-

table oils, and the results are summarized in Table (8). The levels of total sterols and

sterol classes as well as the relative distribution of the individual sterol members

vary between oils. The presence of steradienes can also be used as a marker for

the presence of refined oils (314, 315). High oleic acid oils can easily be used to

adulterate olive oil. The presence of rapeseed oil in other oils can be detected by the

analysis of brassicasterol and its dehydration product, campestatriene. The presence

TABLE 8. The Use of Sterol Composition for the Authentication of Vegetable Oils

(% in Respective Fraction).

Vegetable Oil Desmethyl Sterols 4-Methyl Sterols 4,4-Dimethyl Sterols

Coconut Total 102 mg/100 g Total 7 mg/100 g Total 20 mg/100 g

campesterol (8%) obtusifoliol (9%) a-amyrin (7%)

stigmasterol (13%) cycloeucalenol (36%) b-amyrin (5%)

sitosterol (47%) citrostadienol (33%) cycloartenol (55%)

D5-avenasterol (26%) 24-methylene- cycloartanol (22%)

Cottonseed Total 510 mg/100 g Total 12 mg/100 g Total 17 mg/100 g

campesterol (7%) obtusifoliol (8%) b-amyrin (7%)

sitosterol (86%) gramisterol (11%) cycloartenol (12%)

cycloeucalenol (5%) 24-methylene- cycloartanol (21%)

citrostadienol (42%)

Linseed Total 471 mg/100 g Total 39 mg/100 g Total 246 mg/100 g

campesterol (27%) obtusifoliol (35%) cycloartenol (66%)

stigmasterol (8%) gramisterol (16%) 24-methylene- cycloartanol (27%)

sitosterol (42%) cycloeucalenol (10%)

D5-avenasterol (13%) citrostadienol (11%)

Olive Total 150 mg/100 g Total 68 mg/100 g Total 292 mg/100 g

sitosterol (82%) cycloeucalenol (14%) cycloartenol (18%)

citrostadienol (22%) 24-methylene- cycloartanol (31%)

cyclobranol (10%)

Palm kernel Total 140 mg/100 g Total 3 mg/100 g Total 22 mg/100 g

campesterol (10%) obtusifoliol (9%) cycloartenol (80%)

stigmasterol (13%) cycloeucalenol (33%) 24-methylene- cycloartanol (18%)

sitosterol (69%) citrostadienol (19%)

�5-avenasterol (7%)

D7-avenasterol absent

Peanut Total 321 mg/100 g Total 18 mg/100 g Total 17 mg/100 g

campesterol (10%) obtusifoliol (19%) b-amyrin (7%)

stigmasterol (7%) gramisterol (16%) b-amyrin (7%)

sitosterol (69%) cycloeucalenol (11%) cycloartenol (30%)

�5-avenasterol (5%) citrostadienol (23%) 24-methylene- cycloartanol (35%)
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of high oleic sunflower oil can be detected by analyzing �8(14) and �14-sterols,

which result from the isomerization of �7-stigmasterol. Hazelnut oil in olive oil can

be detected by analyzing its biomarkers: filbertone (E-5-methylhept-2-en-4-one)

and d-tocopherol (306, 316, 317). Sesame oil can be detected in blends by the Bau-

duin test of its characteristic phenol, sesamol (318).

Rapeseed Total 954 mg/100 g Total 7 mg/100 g Total 18 mg/100 g

brassicasterol (10%) obtusifoliol (26%) cycloartenol (49%)

campesterol (33%) gramisterol (21%) 24-methylene- cycloartanol (37%)

sitosterol (48%) cycloeucalenol (17%)

citrostadienol (16%)

Sesame Total 331 mg/100 g Total 47 mg/100 g Total 20 mg/100 g

campesterol (19%) obtusifoliol (17%) a-amyrin (6%)

stigmasterol (6%) gramisterol (15%) cycloartenol (51%)

sitosterol (57%) cycloeucalenol (12%) 24-methylene- cycloartanol (16%)

�5-avenasterol (6%) citrostadienol (15%) cyclobranol (5%)

Soybean Total 394 mg/100 g Total 25 mg/100 g Total 40 mg/100 g

campesterol (20%) obtusifoliol (6%) a-amyrin (5%)

stigmasterol (18%) gramisterol (9%) b-amyrin (9%)

sitosterol (51%) cycloeucalenol (10%) cycloartenol (26%)

citrostadienol (44%) 24-methylene- cycloartanol (13%)

Sunflower Total 494 mg/100 g Total 78 mg/100 g Total 33 mg/100 g

campesterol (7%) obtusifoliol (26%) a-amyrin (11%)

stigmasterol (7%) gramisterol (15%) b-amyrin (5%)

sitosterol (59%) citrostadienol (38%) cycloartenol (19%)

�5-avenasterol (8%) 24-methylene-

cycloartanol (48%)

�7-stigmastenol (6%)

�7-avenasterol (5%)

Maize Total 1441 mg/100 g Total 62 mg/100 g Total 54 mg/100 g

campesterol (17%) obtusifoliol (21%) a-amyrin (7%)

stigmasterol (6%) gramisterol (26%) b-amyrin (12%)

sitosterol (60%) cycloeucalenol (6%) cycloartenol (43%)

�5-avenasterol (10%) citrostadienol (29%) 24-methylene- cycloartanol (40%)

Wheat germ Total 1425 mg/100 g Total 59 mg/100 g Total 59 mg/100 g

campesterol (19%) obtusifoliol (14%) a-amyrin (7%)

sitosterol (60%) gramisterol (25%) b-amyrin (12%)

�5-avenasterol (7%) cycloeucalenol (6%) cycloartenol (25%)

citrostadienol (30%) 24-methylene- cycloartanol (33%)

Rice bran Total 1055 mg/Kg 3 main unknown cycloartenol and 24-methylene-

campesterol (24%) compounds in cycloartanol present as c-oryzanol

stigmasterol (11%) addition to obtusifoliol (see text).

sitosterol (52%) and gramisterol.

�5-avenasterol (8%)

TABLE 8 ðContinued Þ

Vegetable Oil Desmethyl Sterols 4-Methyl Sterols 4,4-Dimethyl Sterols
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Squalene was suggested as a biomarker for olive oil, but its use as such was dif-

ficult because of the high variability for its occurrence in the oil. Moreover, squa-

lene isolated from rich oil sources can be added to oils to make them more olive-

like. For this reason, it was a mandate to add anthranilic acid as a marker for iso-

lated squalene (306). A combination of carotenoid and chlorophyll composition

may also be used for the authentication of virgin olive oil. The presence of

carotenoid and chlorophyll degradation products can be used as an index for

‘‘virgin’’ olive oil quality. Virgin oil is characterized by a ratio of chlorophyll/

carotenoid� 1 and a ratio of minor carotenoids/lutein� 0.5 (319). The fact that

markers might also be present in the adulterant, although in a different ratio, neces-

sitate the use of sophisticated mathematics, e.g., pattern recognition analysis (320).

4. ANALYSIS OF MINOR LIPID COMPONENTS

The principle for the saponification of fats and oils is based on the reaction of the

fatty acid moieties of the oil by boiling under reflux with an ethanolic potassium

hydroxide solution. Saponification transforms the glyceridic compounds into polar

soaps making possible the extraction of the unsaponifiable matter with hexane or

diethyl ether. The solvent is evaporated, and then the residue is dried and weighed.

Schwartz (3) reported that dry homogenization of oils and alkali in a mortar pro-

vides an improved method for obtaining and quantifying the unsaponifiable matter

of fats and oils. Saponification is not applicable for glyceridic lipids, such as wax

esters, sterol esters, minor glyceridic compounds, and phospholipids, and it is not

suitable for the analysis of alkali-sensitive phenolic compounds and pigments. His-

torically, the content of sterol in vegetable oils was determined gravimetrically after

precipitation of its complexes with digitonin (321).

Gas chromatographic analyses for total aliphatic alcohols, sterols, and tocopher-

ols in vegetable oils are usually performed, with or without silylation, using

columns with low-polarity or polar stationary phases (322) and flame ionization

detectors. Silylation is often preferred because it provides sharp peaks. Analyses of

compound classes are sometimes performed separately after fractionation of the

respective classes by thin-layer or column chromatography (305). This fractionation

is, however, often not necessary, and many unsaponifiable constituents can be quanti-

fied directly by gas chromatography (GC) of the unsaponifiable fraction after sily-

lation (323, 324). Thus, a gas chromatogram of the unsaponifiable fractions from

different oils can present a fingerprint for oil identity. Besides gas chromatography

and gas chromatography–mass spectrometry, methods such as Fourier Transform

Raman spectra can be used for the interpretation of these differences (325).

When sterol analysis is performed after saponification of ester bonds, a total

value is obtained for the level of each sterol by GC analysis. Free sterols can be

separated from sterol esters before saponification by means of thin-layer chromato-

graphy (326) or solid phase extraction (327–330) using hexane to elute the sterol

esters and diethyl ether or a mixture of diethyl ether and hexane to elute the sterols.

Once separated, sterol esters need be saponified to release sterols before gas
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chromatography. Sterols and other compounds containing hydroxy or phenolic

functional groups are generally converted to silyl, or sometimes acetyl, derivatives

to increase their voltility to obtain sharp chromatographic peaks.

Tocopherols and tocotrienols can be analyzed by GC as well as by high-perfor-

mance liquid chromatography (331). For GC analysis, the elimination of interfering

substances, mainly acyl lipids, by saponification is necessary. This preparation step

is not needed in HPLC analysis where diluted oil samples can be injected directly

into normal- or reversed-phase columns. Normal-column HPLC is preferred because it

is able to separate the b- and g-tocopherol and tocotrienol isomeric pairs, not

separable by reversed-phase HPLC, and because it operates with organic solvents

and tolerates high loads of lipids that are easily washed-out by nonpolar solvents.

Recent developments in the manufacture of normal-phase columns enables repre-

ducible separations (331). Tocopherol/tocotrienol peaks are detected with ultravio-

let (290 nm) and evaporative light scattering detectors, but fluorescence and

electrochemical detectors provide higher sensitivity and specificity (331, 332).

Carotenoids can be coanalyzed with tocopherols and other fat-soluble vitamins

by HPLC using normal-phase (333), or reversed-phase C18 (334) or C30 columns

(335) using multiple-chanel Ultraviolet or diode array detectors to monitor carote-

noids and tocopherols at 295 nm and 450 nm, respectively. Normal-phase chroma-

tography provides the advantage of eliminating the need for saponification to

remove nonpolar lipids and ensures long column life. Reversed-phase chromato-

graphy columns are affected by the lipid load but have the advantage of providing

excellent separation for different carotenoids and their isomers. The C30 reversed-

phase columns are currently several times more expensive than C18 and normal-

phase columns. The usual methods for determination of chlorophylls in vegetable

oils are absorption spectrophotometry, fluorometry, and liquid chromatography

using fluorescence detectors (336). Chlorophyll pigmants can also be separated

and analyzed by HPLC using Ultraviolet-visible detection (337, 338).

Pre-extraction using normal solid-phase extraction columns to remove the neu-

tral lipids by nonpolar solvents followed by extraction with polar solvents (metha-

nol, acetonitrile, etc.) is suitable for the isolation of phenols, sterols, polycyclic

aromatic hydrocarbons, and chlorophylls from vegetable oils (52, 339–341). The

extracts can then be analyzed by an HPLC-diode array detector to separate indivi-

dual compounds (342). Using this methodology, the main phenolic compounds in

virgin olive oil were identified as a dialdehydic form of elenolic acid linked to tyr-

osol and dialdehydic form of elenolic acid linked to hydroxytyrosol as well as

oleuropein aglycone. Detectors other than diode-array, e.g., electrochemical coular-

ray, can also be used (70, 343).
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23. A. Kamal-Eldin, K. Määttä, J. Toivo, A. M. Lampi, and V. Piironen, Lipids, 33, 1073–

1077 (1998).

24. R. A. Ferrari, E. Schulte, W. Esteves, L. Bruhl, and K. D. Mukherjee, J. Amer. Oil Chem.

Soc., 73, 587–592 (1996).

25. E. Homberg and B. Bielefeld, Fette Seifen Anstrichm., 84, 141–146 (1982).

26. C. Crews, R. Calvet-Sarret, and P. Brereton, J. Chromatogr. A, 847, 179–185 (1999).

27. I. M. Jawad, S. P. Kochhar, and B. J. F. Hudson, Lebensm. Wiss. u. Technol., 17, 155–159

(1984).

28. A. Strocchi and G. Guerzoni, Riv. Ital. Dellla Sci. Aliment., 14, 125–133 (1985).

29. A. Strocchi, Riv. Ital. Sost. Gras., 64, 401–409 (1987).

30. A. Strocchi, Rev. Fr. Corps Gras., 4, 163–168 (1988).

31. A. Strocchi, La Riv. Ital. Sci. Aliment., 17, 41–50 (1988).

32. A. Strocchi and G. Marascio, Riv. Ital. Della Sost. Gras., 70 7–9 (1993).

33. A. Strocchi and G. Marascio, Fat Sci. Technol., 95, 293–299 (1993).

34. S. Ramamurthi and A. R. Mccurdy, J. Amer. Oil Chem. Soc., 70, 287–295 (1993).

35. I. Walsh, L. Winters, and R. Gonzalez, Inform, 9, 78–83 (1998).

36. C. Watkins, Inform, 11, 580–588 (2000).

37. I. Wester, Eur. J. Lipid Sci. Technol., 102, 37–44 (2000).

348 MINOR COMPONENTS OF FATS AND OILS



38. V. Piironen, D. G. Lindsay, T. A. Miettinen, J. Toivo, and A. M. Lampi, J. Sci. Food.

Agric. 80, 939–966 (2000).
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1. INTRODUCTION

Phospholipids are lipids containing a phosphoric acid residue; they are nature’s

principal surface-active agents. They are found in all living cells, whether of animal

or plant origin. In humans and in animals, the phospholipids are concentrated in the

vital organs, such as the brain, liver, and kidney; in vegetables, they are highest in

the seeds, nuts, and grains. As constituents of cell membranes, and active partici-

pants in metabolic processes, they are essential to life (1–8).

The commercial term ‘‘lecithin’’ is very general, and it describes a composition

of lipid constituents and surface-active compounds present in the product rather

than in the chemical entity: phosphatidylcholine (PC). Thus, in general usage,

lecithin refers to a complex, naturally occurring mixture of polar lipids obtained

by water-degumming crude vegetable oils and separating and drying the hydrated

gums (8). It is, however, the phospholipid portion of lecithin that is mainly respon-

sible for giving form and function to commercial lecithin (6).

Commercial lecithin is an important coproduct of edible oil processing because

of its dietary significance and multifaceted functionality in food systems and indus-

trial applications. Unless indicated otherwise, the term ‘‘lecithin’’ will denote the

commercial designation throughout the text in this chapter.

Lecithin has a long history of use in foods, dating back more than 60 years (9).

The 1930s brought widespread use of commercial solvent extraction techniques for

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
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vegetable oil production, and because ‘‘degumming’’ of crude vegetable oil became

necessary for shipping stability, a large supply of crude lecithin ‘‘gums’’ was pro-

duced. These gums were obtained in sufficient quantity to necessitate their becom-

ing an item of commerce (9). In the ensuing years, there was extensive research into

developing new lecithin applications, as well as product refinements and modifica-

tions. Lecithin ingredients are now recognized as valuable products that have both

nutritional value and commercial, i.e., food/feed/industrial utility (2, 5).

Two of the earliest edible applications of lecithin, viscosity reduction in choco-

late and confectionery products, and emulsification/antispatter properties in margar-

ine, still enjoy wide popularity and represent outlets for large volumes of lecithin

products. In addition, other early uses such as in bakery goods, pasta, textiles, insec-

ticides, and paints, among others, are still active today.

2. SOURCES OF PHOSPHOLIPIDS

2.1. Human/Animal Tissues

Almost all body cells contain phospholipids. The common animal phospholipids

are made of sphingomyelin, phosphatidylcholine (PC), phosphatidylethanolamine

(PE), phosphatidylserine (PS), phosphatidylinositol (PI), and other glycerol phos-

pholipids of complex fatty acid composition. PC, formerly referred to as ‘‘lecithin,’’

PE, formerly referred to as ‘‘cephalin,’’ and PS are by far the most predominant

phospholipids from most animal sources. As constituents of cell walls and active

participants in metabolic processes, they appear to be essential to life (8).

The exact composition of human/animal phospholipids depends on the source

and the method of extraction and purification. The central nervous system espe-

cially has a high phospholipid content. The liver is the site for their biosynthesis,

and the lipids of the mitochondria, which are the regulators of cell metabolism and

energy production in the body, consist of up to 90% phospholipids (10).

A survey of improved fractionation and analytical methods for elucidating the

molecular species of these complex animal phospholipids, and the phospholipids

present in primary and processed foods, has been published by Kuksis (11). This

survey also includes information on the quantitative analysis of phospholipids,

peroxidation products of phospholipids, and the composition of selected animal

phospholipids.

Only egg yolk, milk, and brain have served as major animal sources of commer-

cial lecithin. In some instances, isolated and purified lecithins have been developed

for clinical nutritional uses. Weihrauch and Son (12) present a concise review of

phospholipid composition in various foods.

The following brief discussion covers phospholipids from animal sources that

have some commercial significance.

Egg phospholipids. At one time, eggs, which possess a relatively high phospho-

lipid content, served as a commercial source until soybean technology made it

uneconomical to produce. The phospholipids in eggs are mainly in the yolk, where

at least a portion of them are combined with protein and carbohydrates.
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Compositional data on commercial egg products and various lipid extracts from

egg yolk have been compiled by Gornall and Kuksis (13), Kuksis (11), Schneider

(14), and Satirhos et al. (15). Tables 1 and 2 (14, 16) compare the composition of

soy and egg lecithins and their fatty acids, and Table 3 (16–21) shows the distribu-

tion of phospholipid classes in egg yolk.

Besides phospholipid composition, the main difference between plant/legume

lecithin (e.g., soy) and lecithin in egg yolk is that the former has a higher unsatu-

rated fatty acid content and no cholesterol. Egg lecithin as a commercial ingredient,

with the exception of some medical feeding programs, is too expensive for routine

use in food (10). In some infant formulas, egg yolk lipids and egg lecithin are

used (22).

Milk phospholipids. Milk has a phospholipid content of about 0.035%, which is

associated with the fat by virtue of being part of a colloidal membrane that sur-

rounds the fat globule. Wittcoff (4), Morrison et al. (23), and Privett et al. (24)

have reported the results of TLC analysis of the polar lipids of various milk frac-

tions. Recently, Jensen (25) published extensive high performance liquid chroma-

tography (HPLC) results of the phospholipid composition of cow’s milk during

lactation, and typical data on phospholipid, sphingolipid, and glycosphingolipid

classes in bovine milk. The feeding regime of fatty acids in the diet affects the fatty

acid composition of the milk lipids to a certain extent. It might be expected that the

fatty acid composition of the phospholipids will be affected as well.

TABLE 1. Composition of Soy and Egg Lecithin (14).

Polar Lipids Soy Egg

Phosphatidylcholine 20–22 68–72

Phosphatidylethanolamine 21–23 12–16

Phosphatidylinositol 18–20 0–2

Phosphatidic acid 4–8 —

Sphingomyelin — 2–4

Other phospholipids 15 10

Glycolipids 9–12 —

TABLE 2. Fatty Acid Composition (%) (14).

Type of Acid Soy Egg

Saturated

Palmitic 15–18 27–29

Stearic 3–6 14–17

Unsaturated

Oleic 9–11 35–38

Linoleic 56–60 15–18

Linolenic 6–9 0–1

Arachidonic 0 3–5
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Skim milk and milk serum have the highest portion of polar lipids as percent of

the total lipids, and whole milk and cream have the least. Of the polar lipids, phos-

phatidylethanolamine constitutes the largest component, with phosphatidylcholine

and sphingomyelin (being present in about equal proportions) at a significantly

lower level (Table 4) (16, 23, 24, 26).

Brain phospholipids. The brain is a rich source of phospholipids, and together

with the spinal cord, it probably possesses the highest phospholipid content of

any of the organs. There are many different types of phospholipids in the central

nervous system. As they bypass the blood-brain barrier, adequate nutrition

(biosynthesis) of the nerve cells is assured with these substances. Special

TABLE 3. Distribution of Phospholipid Classes in Egg Yolk (16).

Analyses

Phospholipid Classes a b c d e,f e,g

% Total lipid (w/w) 23

PC 66–76 69.1 77.0 69 82.6 87.1

PE 15–24 23.9 18.0 24 9.1 7.8

PS 1 2.7 Trace

CL 1 3.2 Trace

SPH 3–6 1.0 2.3 3 1.8 2.5

LPCþ LPE 3–6 2.5 3 6.5 2.5

Unidentified

aPrivett et al. (17).
bNoble and Moore (18).
cCook and Martin (19).
dGornall and Kuksis (20).
eConnelly and Kuksis (21).
fCommercial sample.
gIntralipid.

TABLE 4. Distribution of Phospholipid Classes in Various Milk Fractions (weight %) (16, 24).

Whole Plastic Nonfat

Lipid Classes Milk Skim Skim Serum Cream Milka Serumb

% Total lipid 2.0 19.0 32.0 22.0 1.0–2.0 — —

Ceramide monohexoside Trace 19.5 14.1 7.8 17.9 3.0 —

Ceramide dihexodide Trace 10.1 — — — 3.0 —

Phosphatidylethanolamine 36.4 27.5 45.1 32.4 25.3 30.0 26.9

Plasmalogen — — — — — 1.0 —

Phosphatidylcholine 27.0 7.3 16.4 23.2 19.9 28.0 29.3

Plasmalogen — — — — — 3.0 —

Sphingomyelin 29.0 18.2 14.5 26.9 21.6 19.0 31.3

Phosphatidylserine Trace 1.9 7.6 3.5 Trace 8.0 5.0

Phosphatidylinositol Trace Trace Trace 1.1 Trace 5.0 5.9

Gangliosideþ (unknown) 7.6 15.54 2.33 5.14 15.34 0.0 1.0

aMorrison et al. (23).
bSantha and Narayanan (26).
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enzyme systems see to it that the most efficient functioning is accomplished at all

times (4).

The composition of brain phospholipids has been extensively investigated by

adsorption column- and thin-layer chromatography (TLC). Table 5 lists the major

classes of brain phospholipids from different animal species, as compiled by Kuksis

(16, 27–30). At the end of the 1990s, the fear of mad cow disease (BSE) may have

addressed the purity criteria for the applications of brain phospholipids from cows.

Phospholipids in liver, kidney, muscle, and other tissues. Organ meats such as

liver, kidney, and muscles are a major source of dietary phospholipids. The reader

is referred to Kuksis (16) for the distribution of various phospholipid classes in the

liver, kidney, muscles (heart and skeletal), spleen, lung, blood cells, bile, and adi-

pose tissue of different animal species. Compositional data of fatty acids for these

tissues and fluids are also given.

In blood, phosphatidylcholine is quantitatively the most important phospholipid.

Sphingomyelin is present in varying amounts in perhaps all of the animal organs,

most of it in the soft organs, and to a lesser degree in skeletal muscles and eggs (4).

Total blood contains about 0.2% to 0.3% phospholipids. In plasma and serum, phos-

phatidylcholine predominates, whereas in corpuscles, phosphatidylethanolamine

and sphingomyelin constitute the bulk of phospholipids. Most workers have found

TABLE 5. Distribution of Phospholipid Classes in Brain of Different Animal Species

(weight %) (16).

Animal Species

Lipid Classes Humana,b Bovinea,b Bovineb,c Humanc,d Bovinec,e Humanc,e Sheepf Ratg

% Total lipid

PC 21.8 18.4 32.4 33.2 48.2 47.6 37.3 36.8

Plasmalogen — — — — — — 0.9 —

PE 35.4 36.1 23.5 25.2 24.2 17.8 7.7 36.4

Plasmalogen — — — — — — 16.5 —

PS 18.8 18.0 11.0 10.7 6.7 9.3 9.2 11.8

PI 1.8 1.8 4.3 4.8 7.1 5.0 2.1 3.1

PA 1.1 1.7 0.9 0.3 1.3 1.2 2.6 1.2

CL — — 1.2 1.0 NDh 0.3 2.0 2.2

PG — — 0.9 NDh 0.4 0.6 — —

LPC (LPE) 2.0 0.2 0.9 1.0 1.0 2.5 — —

LbisPC 1.0 0.4 2.1 0.2 0.7 0.2 — —

SPH 16.3 15.0 20.4 17.0 4.9 10.7 12.9 5.7

Unidentified

aSiakotos et al. (28).
bMyelin.
cSiakotos et al. (27).
dEdothelial cells.
eNuclei.
fScott et al. (29).
gWuthier (30).
hND¼ not detected.
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that the phospholipid content is greater in red blood cells than in plasma, and it

constitutes 60% to 65% of the total lipids in these cells (4).

2.2. Soybean

Although the highest concentrations of phospholipids occur in animal products, i.e.,

meat, poultry, fish, eggs, and milk/cheese, the major commercial source is the soy-

bean, which contains 0.3% to 0.6%. Nevertheless, phospholipids from other vege-

table oilseeds, i.e., corn, cottonseed, linseed, peanut, rapeseed, safflower, and

sunflower, and plants have also been studied and used (5).

Standard-grade, commercial lecithin from the soybean is a complex mixture. It

comprises phospholipids, triglycerides, and minor amounts of other constituents

(i.e., phytoglycolipids, phytosterols, tocopherols, and fatty acids). The composition

and molecular arrangement of this heterogeneous mixture of compounds defines

a product that is low in apparent polarity and has a strong tendency to promote

water-in-oil (w/o)-type emulsions (31).

A wide range of data has been published showing the variability in the composi-

tion of phospholipids and fatty acids in soybean lecithin (Tables 6 and 7) (32).

Older data were often determined by qualitative TLC, whereas today 31P-NMR,

quantitative Li-Sc HPLC, and HPTLC methods have been developed.

Soy lecithin is a coproduct of oil processing. As a result, purification steps used

to produce quality oil may affect the lecithin components. Also, soybeans exposed

to frost damage, or subjected to prolonged storage, have reduced lecithin yields

(33). Phospholipases, which produce phosphatidic acid, are active during storage

and may reduce the yield of lecithin (34). During the maturation process, the major

phospholipids (PC, PE, and PI) increase, and others decrease or remain constant

(32).

A change in the relative concentration of any of these components, or an altera-

tion of their chemical structures, may cause some change in the physical or

chemical properties of commercial lecithins. Lecithins can exist as liquids, plastics,

TABLE 6. Components (%) of Soybean Lecithin (32).

Range of Composition

Component Low Intermediate High

Phosphatidylcholine 12.0–21.0 29.0–39.0 41.0–46.0

Phosphatidylethanolamine 8.0–9.5 20.0–26.3 31.0–34.0

Phosphatidylinositol 1.7–7.0 13.0–17.5 19.0–21.0

Phosphatidic acid 0.2–1.5 5.0–9.0 14.0

Phosphatidylserine 0.2 5.9–6.3 —

Lysophosphatidylcholine 1.5 8.5 —

Lysophosphatidylinositol 0.4–1.8 — —

Lysophosphatidylserine 1.0 — —

Lysophosphatidic acid 1.0 — —

Phytoglycolipids — 14.3–15.4 29.6
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or free-flowing solids. Their color, solvent solubility, surfactant properties, and

chemical reactivity all can be modified. These modifications, in turn, will alter

the functional properties of the lecithin in a given application (31).

The ensuing section is a brief review of phospholipid plant sources other than

those from the soybean, which have current or potential commercial applications.

Soybean lecithin then will be discussed in more detail later throughout the subse-

quent sections in this chapter.

2.3. Corn

Weeks and Walters (35) have found that 2.5% to 4.5% of the phosphorus in corn is

in the form of phospholipids, depending on the variety involved.

The first detailed analysis of commercial corn phospholipids was published by

Scholfield et al. (36). Unlike the phenomenal growth in demand for corn sweeteners

TABLE 8. Distribution (%) of Polar Lipids in Corn and Soybean Lecithin (32).

Polar Lipid Corn Soybean

Sterylglycoside ester 15.0 4.3

Monogalactosyldiglyceride 1.8 0.8

Digalactosyldiglyceride 3.7 3.0

Other glycolipids 9.8 6.4

N-Acyl phosphatidylethanolamine 2.6 2.2

N-Acyl lysophosphatidylethanolamine 3.7 10.4

Phosphatidylethanolamine 3.2 14.1

Phosphatidylglycerol 1.4 1.0

Phosphatidylcholine 30.4 33.0

Phosphatidylinositol 16.3 16.8

Phosphatidic acid 9.4 6.4

Phosphatidylserine 1.0 0.4

Lysophosphatidylethanolamine Trace 0.2

Lysophosphatidylcholine 1.7 0.9

TABLE 7. Fatty Acids (%) of Soybean Lecithin (32).

Range of Composition

Fatty Acid Low Intermediate High

Myristic (C14:0) 0.3–1.9 — —

Palmitic (C16:0) 11.7–18.9 21.5–26.7 42.7

Palmitoleic (C16:1) 7.0–8.6 — —

Stearic (C18:0) 3.7–4.3 9.3–11.7 —

Oleic (C18:1) 6.8–9.8 17.0–25.1 39.4

Linoleic (C18:2) 17.1–20.0 37.0–40.0 55.0–60.8

Linolenic (C18:3) 1.6 4.0–6.2 9.2

Arachidic (C20:0) 1.4–2.3 — —
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and other products of the corn-refining industry, the commercial exploitation of the

coproduct corn lecithin has not taken place in large quantities. Tables 8 and 9 illus-

trate the distribution of polar lipids and fatty acids in corn lecithin compared with

those in soybean lecithin (32).

Similar compositions were noted for corn and soy PC and PI. Phosphatidic acid

and glycolipids represent a higher proportion of polar lipids in corn than in soybean

lecithin. Cherry (37) and Cherry and Kramer (32) also stated that the percentage of

minor components in corn, steryl-glycoside ester, and other glycolipids are more

than twice that found in soybean. The physical properties, particularly the emulsi-

fying properties of corn lecithin, differ from those of soybean lecithin because of

the higher proportion of glycolipids in the corn lecithin.

Both the glycolipids and the phospholipids of corn have lower percentages of

linolenic acid (18:3) and are more saturated than those in the soybean. In general,

crude corn and soybean lecithins are equal in linoleic acid (18:2) content, but lino-

leic acid in corn varies from 42% to 70% depending on the variety of corn. Phytic

acid, 88% of which is in the corn germ, is extracted as part of the lecithin fraction

(32, 37). Elimination of phytic acid in corn is desirable because it binds zinc,

magnesium, and calcium.

2.4. Cottonseed

The phospholipids in cottonseed are similar in many respects to those of soybeans,

with the exception of their lower level of linolenic and higher level of saturated

fatty acid content (38). Cherry and Kramer (32) compiled Table 10 to show the

composition of cottonseed lecithin.

Lecithin can be fractionated from cottonseed as phospholipids and glycolipids.

Cottonseed lecithin shows flavor and color deterioration when blended with other

vegetable oils. The saturated/unsaturated fatty acid ratio of cottonseed phospholi-

pids is approximately 1:2 (39). Palmitic acid constitutes 90% of the total saturated

fatty acids (36%), and linoleic acid is approximately 80% of the total unsaturated

fatty acids (64%). Gossypol binds to lecithin during oil extraction from glanded cot-

tonseed (approximately 9% in crude phospholipids). This economically negates its

TABLE 9. Fatty Acid Composition (%) of Corn and Soybean Lecithin (32).

Composition

Fatty Acid Corn Soybean

Palmitic (C16:0) 17.7 17.4

Stearic (C18:0) 1.8 4.0

Oleic (C18:1) 25.3 17.7

Linoleic (C18:2) 54.2 54.0

Linolenic (C18:3) 1.0 6.8
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use as a commercial source. Cultivars of glandless or gossypol-free cottonseed may

have some potential for providing commercial edible lecithins (37).

The composition of cottonseed lecithin and the composition of the phospholipid

fraction from hexane-defatted glandless cottonseed oil are summarized in Tables 10

and 11 (32, 37, 40–42).

As cottonseed lecithin contains only trace amounts of fatty acids with more than

two double bonds (linolenic acid), it is more stable to oxidation and rancidity than

soybean lecithin. Cottonseed phospholipids are relatively high in phosphatidylcho-

line, which could provide good emulsifying properties in foods (32, 37).

TABLE 11. Composition of Phospholipid Fraction from Glandless

Cottonseed Oil (37, 40, 41).

Phospholipida Composition (% of Total Phosphorus)

Origin 4.12

Lysophosphatidylcholine 2.56

Phosphatidylinositol 13.41

Phosphatidylserine 2.38

Phosphatidic acid 8.76

Phosphatidylcholine 23.16

Phosphatidylethanolamine 13.46

Phosphatidylglycerol 7.62

Lysophosphatidylserine NDb

Lysophosphatidylethanolamine ND

Unknown (sum: 6 TLC spots) 25.30

aWater (2–4%) was added to hexane-extracted glandless cottonseed oil, the resulting

mixture stirred 30 minutes at 70�C, and centrifuged to separate the oil and

phospholipid-containing fraction. The phospholipids were separated by two-

dimensional thin-layer chromatography (TLC) on Silica gel-60 plates. Dimen-

sion I¼ chloroform: methanol:7N NH4OH (65:30:1); Dimension II¼ chloroform:

methanol:acetic acid:water (170:25:25:4). Quantitation of the phsopholipids was

according to El-Sebaiy et al. (42).
bND¼ not detected.

TABLE 10. Composition (%) of Cottonseed Lecithin (32).

Component Extract Phosphatidylcholine Phosphatidylethanolamine Phosphatidylserine

Phospholipids 1.8–2.2 34.9–35.9 13.7–20.1 7.0–26.0

Fatty acids

Myristic (C14:0) 0.4 0.3 0.4 0.6

Palmitic (C16:0) 32.9 31.1 33.7 33.3

Palmitoleic (C16:1) 0.5 0.3 0.3 0.6

Stearic (C18:0) 2.7 2.8 2.2 0.3

Oleic (C18:1) 13.6 11.5 11.5 14.4

Linoleic (C18:2) 50.0 54.0 49.0 50.4

Total gossypol 9.13 2.34 22.43 19.90

Free gossypol 0.02 2.24 0.05 0.01
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2.5. Rapeseed

Rewald (43) found approximately 20% phospholipids in rapeseed. Rapeseed

lecithin has been reviewed, and an extensive bibliography has been compiled

(44). Table 12 (44) shows the composition of rapeseed and soybean gums.

The major phospholipids present in rapeseed lecithin are phosphatidylcholine,

phosphatidylethanolamine, and phosphatidylinositol. The relative proportion of

these components does not differ significantly from that of soybean lecithin. In

lecithin from high erucic oils, the long-chain fatty acids (C20–C22) are present

only in small amounts, and in low erucic oil lecithin (including canola), the fatty

acid composition is not markedly different from that of the parent oil, except for a

somewhat higher content of C16:0, leaving a slightly higher C18:1 and C18:3 fatty

acid level in the degummed oil (44).

Solvent-extracted rapeseed oil has been found to contain the highest level of

phosphorus. For this reason, it is common practice to degum solvent-extracted

oil or the mixed crude oil from pressing and subsequent solvent-extraction. As

the double-zero rapeseed varieties such as canola became available, the applications

of rapeseed lecithin have developed positively. Where at first rapeseed lecithin

was applied as an emulsifier and energy component in animal feed, the recent

concerns about GMO soybean varieties in some parts of the world have increased

the market value of the softseed lecithins for food applications (45). The pho-

spholipid composition is similar to soybean lecithin with variations due to crop

and processing conditions. The rapeseed phospholipid compositions in Table 12

have been confirmed by recent data, whereas the soybean lecithin composition in

TABLE 12. Composition of Rapeseed and Soybean Gums (%) (44).

Rapeseed Soybean

Components (9)a (9)b (10)b (11)b (8)c (8)c

Water 24 — — — — —

Nonlipid 9 — — — — —

Triglycerides or neutral lipids 16 — 38.1 5.6 29 35

Phospholipids (total) 51 — — — — —

Phosphatidylcholine — 22 16.2 24.6 20 21

Phosphatidylethanolamine — 15 17.5 22.1 16 8

Phosphatidylinositol — 18 7.6 14.7d 8 20

Lysophosphatidylcholine — — — 19.4 1 0

Lysophosphatidylethanolamine — — 2.0 — — —

Sterol glycosides or glycolipids — 9e 7.9 13.6 11 0

Unidentified — 36f 10.7 — 15 11

Unaccounted for — — — — — 5

aComplete gum sample, including water.
bAcetone precipitate from gum sample.
cDried gum sample.
dTentatively identified.
eTentatively: phytoglycolipids.
fTentatively: 16% acidic phospholipids (plus 20% unidentified).
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the last column is not representative because of the low phosphatidylethanolamine

content.

Sosada (46) determined the optimum conditions for fractionation of rapeseed

lecithin with alcohols to improve purified lecithin yield and phosphatidylcholine

enrichment.

2.6. Sunflower and Peanut

Although sunflower lecithin currently is not used to any great extent, as sunflower

oil production is increased, the availability of lecithin from this oil may be a pos-

sibility (47). Because of its high phosphatidylcholine content, sunflower lecithin

can be used in foods and feedstuffs. Its use in the manufacture of foods and cos-

metics can be increased by refining and fractionation and/or modifications (48).

Sunflower lecithin has a mild taste and similar emulsifying properties as soybean

lecithin. The crude lecithin is pastier than soybean lecithin, because of waxes, but

exact adjustment of the oil and acid content in refined sunflower lecithin results in

an effective emulsifier with good handling properties. This makes sunflower

lecithin interesting for food manufacturers, particularly in Europe, the biggest

sunflower seed producing/processing continent.

The percentage of phospholipids in sunflower oil ranges from 0.02% to 1.5%,

with an average of around 0.75%. The composition of the phospholipids is

similar to soybean lecithin, with a tendency to higher phosphatidylcholine and

lower phosphatidylethanolamine ratios, which might be caused by crop varieties

and processing conditions. Hollo et al. (49) report positive results of physical

and enzymatic modification of sunflower lecithin for improving the emulsifying

properties.

Hilditch and Zaky (50) found that phospholipids in peanuts are considerably less

unsaturated than those in soybean and cottonseed. Rewald (51) has shown 35.7%

phosphatidylcholine and 64.3% phosphatidylethanolamine content in peanut phos-

pholipids.

2.7. Other Plants and Micro-Organisms

Table 13 shows the phospholipid composition of selected plant sources (32).

Parsons and Price (52) have published compositional data on the phospholipids

of barley grain based on thin-layer chromatography.

Other than in animal tissues, egg, and oilseeds, quantitative data on the phospho-

lipids in plants are meager because of the difficulty involved in their isolation. The

phospholipids in wheat are about 80% PC and 20% PE (4). Rye, barley, and other

grains, vegetables, and fruits all contain small amounts of phospholipids. Micro-

organisms, especially those that are acid-fast, and lower plants, also contain large

amounts of lipids, including phospholipids; these entities are of interest for clinical

research (4). A survey of microbiological sources of phospholipids has been pub-

lished by Ratledge (53).
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3. NOMENCLATURE, CLASSIFICATION, STRUCTURE
AND COMPOSITION, AND CHEMICAL/PHYSICAL PROPERTIES

3.1. Definition

According to Wittcoff (4), three distinct polymeric alcohols provide the basic con-

stituents for the various phospholipids. The first of these is glycerol, and the phos-

pholipids containing it are referred to as glycerophospholipids. Included herein,

in addition to PC, PE, and PS, are the acetalphospholipids or plasmalogens (in

body fluids, muscles, and egg), the lysophospholipids, and the phosphatidic acids.

The second polyhydric alcohol is the amino–dihydroxy compound sphingosine,

which is the basis for not only sphingomyelin (in the brain and spinal cord), but

also for other glycolipids. All of these compounds based on sphingosine are also

referred to as sphingolipids. The third polyhydric alcohol is inositol, which is

included in PI.

Phospholipids also form complexes with proteins (e.g., vitellin in egg yolk, animal

and plant tissues, lipoproteins in blood serum, and milk), carbohydrates, glycosides,

alkaloids, minerals, enzymes, cholesterol, and other substances. Lysophospholipids

represent a special class of compounds resulting from the chemical or enzymatic

hydrolysis of phospholipids. The role of phospholipases in normal and pathological

conditions as well as in cell metabolism is of great biological significance (4).

For the elucidation, synthesis, chemical properties, physical chemistry, com-

position, and analytical determination of the various individual phospholipid struc-

tures in animal and plant sources, the reader is referred to Wittcoff (4). Schneider

(14) discusses the nomenclature used for phospholipids in more detail and provides

compositional data on commercial lecithins (Table 14).

Because of the commercial significance of soybean lecithin, this chapter will

focus primarily on the structure, composition, analytical determination, properties,

and applications of this product.

TABLE 13. Phospholipids (%) of Selected Plant Sources (32).

Phospholipids

Source Phosphatidylcholine Phosphatidylethanolamine Phosphatidylinositol

Rapeseed 16.2; 20.0–24.6 15.0–17.5; 22.1 7.6–8.0; 14.7–18.0

Sunflower seed 12.7–26.8; 42.2–64.2 9.9–29.4; 46.6 3.7–21.4; 24.0–36.6

Peanut seed 49.0 16.0 22.0

Cucurbit seed 55.8–74.9 10.5–18.7 13.7–17.2

Rice bran 20.4–23.1 17.8–20.2 5.8–6.6

Barley seed 44.3–44.4 7.6–8.8 1.1–1.3

Olive fruit 47.3–58.9 5.3–8.0 18.0–23.9

Avocado fruit 37.0–44.9 12.0–19.5 12.1–18.0

Palash seed 44.6 14.8 27.0

Jangli badam seed 30.0 23.0 40.6

Papaya seed 28.1 18.7 34.0

Coriander seed 44.0 29.3 23.1

Carrot seed 29.1 35.4 23.1
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The U.S. Food Chemical Codex (54) defines lecithin as follows:

Food-grade lecithin is obtained from soybeans and other plant sources. It is a complex

mixture of acetone-insoluble phosphatides that consist chiefly of phosphatidylcholine,

phosphatidylethanolamine, and phosphatidylinositol, combined with various amounts

of other substances such as triglycerides, fatty acids and carbohydrates. Refined

grades of lecithin may contain any of these components in varying proportions and

combinations depending on the type of fractionation used. In its oil-free form, the

preponderance of triglycerides and fatty acids is removed and the product contains

90% or more of phosphatides, representing all or certain fractions of the total phospha-

tide complex. The consistency of both natural grades and refined grades of lecithin

may vary from plastic to fluid, depending on the free fatty acid and oil content, and

upon the presence or absence of other diluents. . .

3.2. Classification of Commercial Soybean Lecithin Products

The simplest method for modifying natural (crude) lecithin is the addition of a non-

reactive substance. Plastic lecithins are converted to fluid forms by adding 2% to

5% fatty acids and/or carriers such as soybean oil. If the additives react with the

lecithin to alter the chemical structure of one or more of the phospholipid compo-

nents, the resulting product is referred to as a chemically modified lecithin. Mod-

ification can also be achieved by subjecting lecithin to partial controlled enzymatic

hydrolysis. Finally, refined lecithin products can be obtained by fractionating the

various phospholipid components.

A method for classifying lecithin to include modified and refined forms has been

proposed by Cowell et al. (55). This classification distinguishes between natural

(crude) lecithins and those modified by either custom blending or chemical/enzy-

matic treatment, e.g., hydroxylation, hydrogenation, acetylation, or refining by

acetone or alcohol fractionation. These latter products reflect the state of the art

regarding the availability of the various lecithin products on the market and have

enhanced properties for specific uses. A listing of soybean lecithin classifications

follows (56).

TABLE 14. Composition of Commercial Lecithins (%) (on Oil-Free Basis) (14).

Lecithin Soy Corn Sunflower Rapeseed Egg Bovine Brain

Phosphatidylcholine 21 31 14 37 69 18

Phosphatidylethanolamine 22 3 24 29 24 36

Phosphatidylinositol 19 16 13 14 — 2

Phosphatidic acid 10 9 7 — — 2

Phosphatidylserine 1 1 — — 3 18

Sphingomyelin — — — — 1 15

Glycolipids 12 30 — 20 — —
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I. Crude commercial lecithin

A. Plastic

1. Unbleached

2. Single bleached

3. Double bleached

B. Fluid

1. Unbleached

2. Single bleached

3. Double bleached

II. Compounded

III. Chemically modified

IV. Refined

A. Deoiled

1. As is

2. Custom blended

B. Fractionated

1. Alcohol soluble

a. As is

b. Custom blended

2. Alcohol insoluble

a. As is

b. Custom blended

C. Purified phosphatides

Natural (crude) lecithins. Specifications as defined by the National Soybean

Processors Association (1986–1987) for natural (crude) lecithins is presented in

Table 15 (57). Specifications have also been published by the Food Chemicals

Codex (1996) (54).

Phospholipid content is specified in terms of acetone-insolubles (AI); product

clarity, and purity in terms of hexane-insolubles (HI). The lecithins are classified

as plastic or fluid in consistency, and they are further subdivided on the basis of

manufacturing procedure as natural color, bleached, or double bleached. Acidity

of phospholipids plus acidity of the carrier (i.e., the oil and fatty acids) is given

by the acid value (AV), i.e., milligram of potassium hydroxide required to neutralize

the acids in 1 g of the lecithin sample. Crude lecithin can be filtered for utmost

purity and clarity. Filtration removes hexane-insoluble (HI) matter. Such products

are in demand for encapsulated nutritional supplements, for pharmaceutical grades,

and for advanced technology industrial uses requiring a high level of purity.

Compounded lecithins. Compounded lecithins are blended products. Lecithin

combined with selected additives can exhibit modified properties and functional-

ities. Lecithin may have a synergistic action with some additives or, simply, be
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compounded with ingredients for making it more compatible in a particular system.

Common additives include special oils, polysorbates, monoglycerides and modified

monoglycerides, lanolin derivatives, solvents, plasticizers, or other surfactants.

These are added either to the wet gums prior to drying or are blended with dry fluid

lecithin at elevated temperatures (7, 58).

Modified lecithins. Lecithins may be modified chemically, e.g., hydrogenation,

hydroxylation, acetylation, and by enzymatic hydrolysis, to produce products

with improved heat resistance, emulsifying properties, and increased dispersibility

in aqueous systems (7, 58, 59). One of the more important products is hydroxylated

lecithin, which is easily and quickly dispersed in water and, in many instances, has

fat-emulsifying properties superior to the natural product. Hydroxylated lecithin is

approved for food applications under Title 21 of the Code of Federal Regulations

172.814 (1998) (60).

Fractionated and oil-free lecithins. When crude lecithin is further refined by

various fractionation methods to selectively separate its components, acetone and

ethanol are the most common solvents used. Fractionation of crude lecithin yielding

phosphatidylcholine of greater than 90% purity is done commercially.

A commercial, nearly oil-free lecithin is prepared by acetone extraction of

natural lecithin, which removes all but 2–4% oil and free fatty acids. Then an

optional alcohol fractionation step can separate the oil-free lecithin into an alco-

hol-soluble lecithin enriched in phosphatidylcholine and an alcohol-insoluble frac-

tion enriched in phosphatidylinositol. The choline fraction is an excellent emulsifier

for oil-in-water (o/w) emulsions and the inositol fraction for water-in-oil (w/o)

emulsions.

TABLE 15. Soybean Lecithin Specifications (57).

Grade

Fluid Plastic

Fluid Fluid Double- Plastic Plastic Double-

Unbleached Bleached Bleached Natural Bleached Bleached

Analysis Lecithin Lecithin Lecithin Lecithin Lecithin Lecithin

Acetone insoluble, min. 62% 62% 62% 65% 65% 65%

Moisture, max.a 1% 1% 1% 1% 1% 1%

Hexane insoluble, max. 0.3% 0.3% 0.3% 0.3% 0.3% 0.3%

Acid value,

(mg KOH/g), max. 32 32 32 30 30 30

Color, Gardner, max.b 18 14 12 18 14 12

Viscosity, centipoise,

at 25�C, max.c 15,000 15,000 15,000 — — —

Penetration, max.d — — — 22 mm 22 mm 22 mm

aBy Karl-Fischer Titration (AOCS Method Tb 2–64).
bUndiluted basis.
cBy any appropriate conventional viscosimeter, or by AOCS Bubble Time Method Tq 1A-64, assuming density

to be unity. Fluid lecithin having a viscosity less than 7,500 centipoises may be considered a premium grade.
dUsing Precision cone 73525, Penetrometer 73510; sample conditioned 24 hours at 25�C.
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3.3. Structure of Phospholipids in Commercial Lecithins

Chemical structures for the most commonly occurring phospholipids in commercial

soybean lecithin are shown in Figure 1 (7). PC and PE are cationic and anionic at

the same time; that is, they are zwitterions, and thus they can have some buffering

action for both bases and acids. PI, however, is a relatively strong acid and, there-

fore, is anionic. The classes of compounds in commercial lecithin are as follows

(31):

Phospholipids Glycolipids

Anionic Steryl glucosides

Zwitterionic Esterified steryl

glucosides

Galactosyl glycerides

The reader is referred to Horrocks (61) for more specific discussion on the

nomenclature and structure of phospholipids.

3.4. Composition

Specification ranges, chemical and fatty acid compositions for commercial natural

lecithins, along with approximate compositional data for commercially refined

lecithin fractions are given in Tables 16–19 (8, 62–65), respectively.
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Figure 1. Three principal components of soybean lecithin (7).
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Soybean oil contains 1.5–3.0% phospholipids (71). Crude soybean lecithin has an

oil content of about 30%. PC is present at a level of about 16%., PE about 14%, and

inositol phospholipids about 12% (7). As can be seen in Table 18 (8), the fatty acid

compositions of soybean phospholipids are rich in polyunsaturated fatty acids. Mis-

cellaneous low-level constituents include water, phosphatidic acid, pigments, galac-

tosyl glycerides, various glycolipids, phosphatidylserine, carbohydrates, sterols,

and tocopherols. Phosphorus content of crude soybean oil extracted from flours

can vary depending on extraction temperature and flour moisture (72).

3.5. Chemical/Physical Properties

In practice, commercial lecithin products are not marketed by phospholipid content,

but rather by a set of unique chemical and physical properties. These properties, as

indicated by product specifications, must be understood because they are used to

characterize specific lecithin types.

TABLE 17. Approximate Chemical Composition of Natural Commercial

Soybean Lecithin (64).

Fraction %

Soybean oil 35

Phosphatidylcholine 16

Phosphatidylethanolamine 14

Phosphatidylinositol 10

Phytoglycolipids and other minor phosphatides and constituents 17

Carbohydrates 7

Moisture 1

TABLE 16. Specifications for Commercial Soybean Lecithin (62, 63).

Grade

Fluid Fluid Plastic Plastic

Natural Fluid Double- Natural Plastic Double-

Color Bleached Bleached Color Bleached Bleached

Analysis Lecithin Lecithin Lecithin Lecithin Lecithin Lecithin

Acetone insoluble, % min. 62 62 62 65 65 65

Moisture, % max.a 1 1 1 1 1 1

Benzene insolubles, % max. 0.3 0.3 0.3 0.3 0.3 0.3

Acid value, max. 32 32 32 30 30 30

Color, Gardner, max.b 10 7 4 10 7 4

Viscosity, poises,

at 25�C, max. 150 150 150 — — —

Penetration, max., in mmc — — — 22 22 22

aBy toluene distillation for 2 hr or less.
bAs a 5% solution in colorless mineral oil.
cBy specified cone penetrometer test.
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Commercial soybean lecithin, being a complex mixture of polar lipids, performs

as a wetting and emulsifying agent. Stanley (1) states that in heterogeneous systems

such as oil and water, the phospholipid molecules arrange themselves in monomo-

lecular layers with the fatty acid portion facing the oil surface and the phosphoric

acid portion facing the water surface. The arrangement lowers the interfacial

tension of the oil–water boundaries with resultant benefits such as rapid wetting,

lowering of viscosity, and better and more stable emulsions or dispersions.

Soybean lecithin is soluble in aliphatic and aromatic hydrocarbon solvents,

partially soluble in ethyl alcohol (principally the inositol fraction), and practically

insoluble in acetone (less than 0.003% weight/volume at 5�C) and in water (73).

When mixed with water, soybean lecithin hydrates to a thick emulsion that can

be thinned with water to almost any desired dilution. Acetone does dissolve readily

in lecithin and will form a thin, uniform imbibition as long as the quantity of

acetone is insufficient to precipitate the phospholipids. Lecithin is soluble in

TABLE 19. Approximate Composition of Commercially Refined Lecithin Fractions (%) (65).

Alcohol-Soluble Alcohol-Insoluble

Fraction Oil-Free Lecithin Lecithin Lecithin

Phosphatidylcholine 29 60 4

Cephalin 29 30 29

Inositol and other 32 2 55

phosphatides, including

glycolipids

Soybean oil 3 4 4

Other constituentsa 7 4 8

Emulsion type favored Either oil-in-water or

water-in-oil Oil-in-water Water-in-oil

aIncludes sucrose, raffinose, stachyose, and about 1% moisture.

TABLE 18. Composition Fatty Acids of Soybean Lecithin (%) (8).

20–22

Reference 14:0 14:1 16:0 16:1 18:0 18:1 18:2 18:3 20:0 Unsaturated

Hilditch and Zaky (50) — — 11.7 8.6 4.0 9.8 55.0 4.0 1.4 5.5

Rzhekhin et al.a (66) — — 18.1 — 3.7 22.4 40.0 5.0 2.3 6.2

Vijayalakshmi and

Raob (67) — — 42.7 7.0 11.7 17.0 20.0 1.6 — —

Daga (68) 1.9 Trace 26.7 — 9.3 25.1 37.0 — — —

Daga (69) 0.3 1.2 25.5 — 10.3 39.4 17.1 6.2 — —

Rydhag and Wiltonc (70) — — 21.5 — 4.3 7.2 60.9 6.1 — —

Rydhag and Wiltond (70) — — 18.9 — 4.1 6.8 60.8 9.2 — —

aAlso 2.3% unidentified.
bCHCl3/CH3OH extraction.
cAcetone-precipitated.
dGranulated.
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mineral oils and fatty acids, and practically insoluble in cold vegetable and animal

oils, but it will dissolve in hot oils.

Soybean lecithin has a brown to light yellow color, depending on the conditions

used in its manufacture and the degree of bleaching.

Identification and characterization of phospholipids. For additional information

on various techniques and methods used in the identification and characterization of

phospholipids in general, the reader is referred to Kramer et al. (74).

Fractionation and purification of lecithin. Because of space limitations, it is not

possible to discuss fractionation and purification processes for all vegetable and ani-

mal lecithins in this chapter. The reader is referred to Schneider (14) who described

the fractionation and purification of various vegetable lecithins and those from egg

in considerable detail. Small-scale fractionation processes may include separation

of neutral oil and polar lipids (deoiling) including the use of acetone; the adsorption

of a hexane solution of lecithin on a silica column; separating neutral and polar

lipids from a hexane solution with the aid of membranes; treatment of lipid mix-

tures with supercritical gases or gas mixtures, e.g., carbon dioxide or propane–

carbon dioxide; fractionation of neutral oil containing lecithins by solvent treat-

ment, e.g., aqueous methanol, ethanol, and propanol; fractionation of de-oiled

lecithins by solvent treatment, e.g., ethanol; solvent treatment after chemical mod-

ification, e.g., acylation prior to acetone de-oiling; precipitation methods, e.g., salt;

ultrafiltration methods; and many chromatographic processes, mainly for polar lipid

separation but also for separation focused on the degree of unsaturation. The com-

mercial manufacture of fractionated soybean lecithins will be covered later in this

chapter.

Synthesis and modification of phospholipids. For an excellent review of the

synthesis and modification of phospholipids, the reader is referred to Ghyczy

(75). According to the review, depending on the starting material used, there are

two ways to synthesize phospholipids. In the partial synthesis, phospholipids are

isolated from natural sources and the individual constituents, fatty acids, and

head groups are exchanged to obtain a certain phospholipid. In the total synthesis,

phospholipids are produced from fully synthesized, available, basic molecules that

were not obtained from phospholipids. Both methods are of importance today

because each manufacturing process has certain advantages with regard to definite

products and fields of application.

The partial synthesis may involve several synthetic steps, depending on the

basic phospholipid used, the enzyme, the final product desired, and the type and

position of the phospholipid constituents to be exchanged. For example, the partial

synthesis may avail of the reacylation of 3-sn-glycerophosphorylcholine (GPC).

Alternatively, by a deacylation step, GPC can be obtained from PC in soybean

lecithin (75).

Partial synthesis may include synthesizing PC with mixed fatty acids from GPC

as the starting material. Other types of phospholipids yield compounds, after

deacylation, which have certain functional groups, e.g., amino groups from PE.

PI can be manufactured by using the enzyme PL-D, using phospholipids from

soy lecithin (75).
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The most suitable starting materials, for the total synthesis of phospholipids, are

optically active derivatives from glycerol, called ‘‘chiral’’ C3 building blocks. In

addition to proper configuration, an early differentiation of the hydroxyl groups

is also necessary to shorten the process of synthesis (75).

Transesterification has also been investigated as a means for preparing polyun-

saturated phospholipids from soy phospholipids (76).

Specifications for soybean lecithin. The following methods are routinely used for

determining whether the specifications for given products are met:

AI. The amount of acetone-insoluble matter (%AI) is a measure of the polar

material found in lecithin. In soybean lecithin, the acetone-insolubles typi-

cally contain 70–75% phospholipids, with the remaining portion consisting of

glycolipids, carbohydrates, and a small amount of residual triglyceride oil.

The amount of acetone-insoluble matter is determined by the AOCS Official

Method Ja-4-46 (77).

AV. The AV is the number of milligrams of potassium hydroxide necessary to

neutralize the acids in 1 g of lecithin (62). A product’s AV is representative of

the acidity contributed by both the phospholipids and any free fatty acids that

are present. The AV is usually not indicative of pH, as the chemical nature of

the phospholipid imparts buffering qualities to most systems. Lecithins

typically exhibit a neutral pH value in aqueous media. An AV above 36

may indicate degradation of the lecithin because of improper processing or

substandard quality soybeans. AV should not be confused with free fatty

acid content, pH, or mineral acids. The correct method to assay for free

fatty acids is to titrate only the acetone-soluble portion of the lecithin, whereby

any contribution from the phospholipids in the acetone-insoluble portion is

eliminated. AV is determined by the AOCS Official Method Ja 6-55 (77).

Moisture. The water content of lecithin products is usually less than 1.0%. As a

consequence of lecithin’s essentially moisture-free state, lecithin products

have very low water activity and do not adversely contribute to the micro-

biological profile of most food systems. Most lecithin products are preserved

well in storage. Higher moisture levels usually indicate a greater potential for

spoilage or chemical degradation. Moisture is determined by AOCS Official

Method Ja 2b-87 (77). A less accurate moisture level can also be determined

by azeotropic toluene distillation (AOCS Official Method Ja 2-46) (77). One

cannot determine lecithin moisture by vacuum oven methods. These methods

are known to degrade lecithin products and yield false moisture levels.

HI. The level of HI matter is one measure of the purity of lecithin products. HI

matter usually consists of residual fiber, but also particulate contaminants that

may be introduced during processing (e.g., filter aids). The level of HI matter

in crude lecithin should never exceed 0.3% and rarely exceeds 0.1%. HI

matter in lecithin is detrimental to clarity and use in specific applications. HI

is measured by an official Food Chemicals Codex (FCC) (1996) method (54)

or by AOCS Official Method Ja 3-87 (77).
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Color. Commercial liquid lecithins vary in color from light honey to dark brown

(62). De-oiled lecithins are typically a shade of yellow. Historically, lecithins

have been color graded as unbleached, single-bleached, and double-bleached.

The color of lecithin is commonly determined with the use of a Gardner-

Hellige Varnish Comparator, or simply Gardner Liquid Color Standards. The

color of various lecithin products is generally in the range of Gardner 9–18 in

an undiluted form (AOCS Official Method Ja 9-87) (77).

Other physical/chemical properties and quality criteria.

Consistency. Lecithins are available in both fluid and plastic (solid) forms. Fluid

lecithins generally follow Newtonian flow characteristics. The viscosity

profile of lecithins is a complex function of acetone-insoluble content,

moisture, mineral content, acid value, and the combined effects of assorted

additives such as vegetable oils and surfactants. Generally, higher AI and/or

moisture content yields higher viscosity, whereas an increased AV often

decreases viscosity. Certain divalent minerals, such as calcium and others,

can also adjust the viscosity level.

Clarity. In some soy processing plants, high levels of HI may partition with the

lecithin gums on separation from the oil. This lipid-insoluble material can

cause haziness in fluid lecithins. With modern miscella and oil filtration

techniques, lecithins with very low HI contents can be produced. Conse-

quently, modern lecithins are clear. Additionally, moisture can also contribute

to lack of clarity. Generally, moisture levels over 1% can cause haziness.

Besides being an aesthetic problem, if haziness is caused by HI material, it

can result in sediment over time; solid particles may appear on the bottom of

an otherwise clear liquid product containing lecithin.

For a more detailed review of industrial methods of analysis, the reader is

referred to Lantz (62). A review of traditional and novel approaches to the analysis

of plant phospholipids has been prepared by Marmer (78). Ackman (79) has

reviewed the early developments and practical applications of GLC analysis.

Modern phospholipid analysis is typically accomplished by high-performance

liquid chromatography (HPLC) methods (80) or by nuclear magnetic resonance

(NMR) techniques (81).

Chemistry and reactivity of phospholipids. The chemistry of the phospholipids is

generally that of their ester linkages, unsaturated fatty acids, and other reactive

groups. Most of the applicable reactions of organic chemistry have been employed

in their study (82). Baer and Kates (83), Brockerhoff (84), Hanahan (85), Pryde

(86), Scholfield (8, 82), Strickland (87), Verheij (88), and Wittcoff (4) provide

major reviews of phospholipid chemistry and reactivity under various conditions.

The latter covers hydrolysis, hydrogenolysis, acetolysis, hydroxylation, thermal

decomposition, hydrogenation, autoxidation, browning reaction, and other reactions

(e.g., bromination and complexing with various substances).

Lecithin interaction with other food ingredients. Food systems are usually het-

erogeneous mixes of components, in which the interaction of ingredient classes
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(e.g., proteins, starches, fats, surfactants) can be important to finished product qual-

ity, shelf life, and nutritional value.

The most common modifications of lecithin and the intended physical/functional

alterations are shown in Table 20 (31). The range of physical/functional properties

available in commercial lecithins is listed in Table 21 (31). These changes in

lecithin allow for the basic lecithin obtained from soybean oil to be converted to

various emulsifier products having a wide variety of food, feed, and industrial appli-

cations. Reviews describing chemical reactions for phospholipid modifications

intended to obtain specific functionalities include those of Eichberg (89), Hawthorn

and Kemp (90), Kuksis (91), Pryde (86), Snyder (92), Strickland (87), and Van Dee-

nen and DeHaas (93).

Model studies have given some insight into the mechanism of protein/phospho-

lipid interactions. The interactions of soy globulins and phosphatidylcholine were

reported by Kanamoto et al. (94). The results of these studies suggested that

high-energy input is necessary to the formation of stable phospholipid/protein

complexes. Interacting PC vesicles with 7S and 11S soy globulins, Beckwith

(95) demonstrated that the extent of protein/phospholipid interaction was dependent

on both the ratio of the reactants and the specific globulin.

TABLE 21. Physical/Functional Properties of Commercial Lecithin (31).

Property Commercial Range of Values

Viscosity 100 centipoise to plastic

Color Light honey to dark amber

HLB 2–12

pH 5–8

Flavor/odor Slightly nutty to moderate bitter, pungent

Solubility

Nonpolar Soluble

Lower alcohols Partially soluble to soluble

Glycerine Partially soluble to soluble

Water Insoluble to dispersible

TABLE 20. Alteration of Lecithin Form/Function (31).

Action Technique Utility

Decrease viscosity Add special diluents Sprayable

Easier handling

Increase hydrophilic properties Solvent fractionation o/w emulsifiers

Chemical modification Wetting agents

Enzyme modification

Compounding

Reduce color Process controls Light-colored foods

Oxidative bleaching

Convert to powder form De-oil Dry blendable

Mix with carrier

382 LECITHINS



Chen and Soucie (96) showed that treatment of soy protein isolate with hydro-

xylated lecithin lowered the isoelectric point, increased electrophoretic mobility,

and significantly increased protein dispersibility and suspension stability. Nielsen

(97) investigated the interaction of peroxidized phospholipids with several proteins

under N2. His findings demonstrated a covalent attachment of phospholipids to

proteins whose molecular size is increased.

The interaction of lecithin with starch can also have great functional significance

in food systems. Not surprisingly, the structure of the lecithins involved determines

their reactivity and hence functionality. Hydrolyzed lecithins have been shown to

complex with starch, retarding starch crystallization, and thus slowing staling in

yeast-raised baked goods (98, 99).

The absorption isotherms of several emulsifiers to fat and sugar crystals dis-

persed in oils have been examined (100). Unsaturated monoglycerides and phos-

pholipids cause a decrease in adhesion for all concentrations examined.

Phospholipids reduce the adhesion between sugar crystals, resulting in much denser

sediments.

The influence of soybean lecithins on the spontaneous solidification of different

model fats has been studied in the presence and absence of water (101). Lecithins

added to dry fat do not affect crystallization, but in the presence of water, they

clearly delay it.

Lecithins as antioxidants. The literature is replete with references to the antiox-

idant properties of lecithins. For example, Pokorny (102) claimed that the addition

of soybean phospholipids reduced the rate of autoxidation of sunflower oil and pro-

longed the induction period. Hudson and Ghavani (103) published data showing

that the addition of 0.3% dipalmitoyl phosphatidylethanolamine (DPE) to refined

soybean oil increased the induction time during Rancimat analysis from 8.8 hours

to 19.3 hours. Hildebrand et al. (104), and Jung et al. (105), also published data

demonstrating the antioxidant properties of various phospholipids and commercial

lecithins.

Although lecithins may act as antioxidants in some systems, they also have a

strong synergistic effect in combination with other antioxidants. Hudson and

Mahgoub (106) found that although 98% PC and 98% PE acted as pro-oxidants

in lard model systems, in combination with D-alpha-tocopherol and/or quercetin,

they acted as powerful synergists for antioxidant activity. Hudson and Lewis

(107) confirmed that PE and PC alone have negligible activity as antioxidants in

lard, but they showed that PE is a very effective synergist when used in combination

with polyhydroxy flavonoids at levels of 0.1% or more. Hamilton et al. (108) stated

that ascorbyl palmitate/lecithin and lecithin/tocopherol binary mixtures were

strongly synergistic in delaying peroxidation in fish oils, with ternary blends of

ascorbyl palmitate, lecithin, and tocopherols providing the greatest protection

against autoxidation.

Various mechanisms have been proposed for the mode of action of phospholi-

pids as antioxidants or antioxidant synergists, including chelation of pro-oxidant

metals (106, 108), the release of protons that bring about the rapid decomposition

of hydroperoxides without generating free radicals (107), and the regeneration of
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the primary antioxidant (107, 108). Saito and Ishihara (109) provide evidence for

the mechanism of action behind the antioxidant activity of PE and PC in purified

sardine oil. They attributed the antioxidant activity to the basicity of the amino por-

tion of these molecules. The base donates a pair of electrons to an oxygen of a

hydroperoxide molecule, binds to this oxygen, and degrades the hydroperoxide to

an alcohol.

McLean et al. (110) have examined the role of lipid structure in the activation of

phospholipase A2 by peroxidized phospholipids. Results showed that the increase in

rate of hydrolysis of peroxidized phospholipid substrates catalyzed by phospholi-

pase A2 is largely because of a preference for peroxidized phospholipid molecules

as substrates, and that peroxidation of the host lipid does not significantly increase

the rate of hydrolysis of nonoxidized lipids.

The reader is referred to Pryde (86) for a more thorough discussion on the

kinetics of autoxidation of phospholipids; their forming metal ion, iodine, and other

complexes; halogen addition; and their behavior during hydration, hydrogenation

(with heterogeneous and homogeneous catalysts), hydrolysis and alcoholysis,

hydroxylation, oxidation, radical, and other reactions.

4. MANUFACTURE, FRACTIONATION, AND PURIFICATION
OF LECITHINS

4.1. Manufacture of Crude Lecithin

Commercial soybean lecithin is obtained in the traditional manner by hexane

extraction of the crude oil from the soybean flake and then water degumming the

oil to yield a viscous fluid product.

The degumming of soybean oil is not an industry-wide practice. Brian (111) esti-

mated that only about one-third of the soybean oil produced in the United States

needs to be degummed to meet the U.S. needs for soybean lecithin production.

Removal of all phospholipids and gums is a necessary part of the steam-refining

process. However, this process has not yet been developed to the point where it can

produce refined soybean oil that meets U.S. competitive requirements. Studies have

been carried out to fulfill this objective (112, 113).

Based on a series of samples obtained from commercial processors, degumming

of the oil from undamaged soybeans removed 79% to 98% of the phosphorus.

Phosphorus content of the oil was lowered from 500 to 900 ppm in the crude to

12 to 170 ppm in the degummed oil (112). Water-degummed oil from damaged

beans may have an abnormally high phosphorus level, and degumming these oils

poses a difficult problem.

Oil degumming. All stages of oilseed processing affect the quality of soy

lecithin. Prior to degumming, the seed quality, cleaning of the beans, extraction

of the oil, and the handling of the miscella and crude oil all have an important

role in making a good quality lecithin.

Hexane extraction removes about 50% of phospholipids from the meal (114).

The presence of fines in the miscella is undesirable for making lecithin and should
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be kept to a minimum (0.2% or less), and the crude miscella coming from the

extractor should be filtered. Several miscella filtration methods are available. The

crude oil also can be filtered to produce lecithin.

The method of hexane removal from the miscella is also very important in that

dark colors in lecithin are believed to be caused by an aldehyde–amine reaction lar-

gely formed by heating the oil during the solvent stripping operation. Most U.S.

processors employ a dual-stage evaporator followed by a low-pressure stripping

system (115).

Hydration causes most of the phospholipids and gums present in a crude oil to

become insoluble in the oil. Such hydration can come about from water added to

the oil in the degumming step or from moisture picked up from the air by the oil

during storage (116).

Current commercial practices. If the oil is recovered by solvent (hexane) extrac-

tion, some mills allow a portion of the steam blown through the oil for removal of

last traces of solvent to condense and thus hydrate the gums. Sometimes operators

find it difficult to closely control the moisture addition with direct steam and prefer

to add hot water in controlled amounts.

Crude oil from which the lecithin is to be recovered is usually filtered prior

to degumming to remove residual meal fines and seed fragments. Although

more difficult to accomplish, dry lecithin can also be filtered. Careful filtration

results in a highly clarified lecithin with little or no residual hexane insoluble

matter (33).

Brian (111) describes two methods of miscella filtration, one with and one with-

out filter aids, but both result in a lecithin that still remains somewhat cloudy.

Highly clarified lecithin products can be obtained only by filtering the crude oil,

usually with the aid of vertical leaf or plate and frame filters, wherein the dry oil

is heated to 82�C and 0.1% filter aid is added (33).

Two principal degumming methods are employed: batch and continuous. The

batch degumming process is shown in Figure 2 (115). A flow sheet for the contin-

uous degumming of soybean oil and production of soybean lecithin is shown in

Figure 2. Batch degumming system for lecithin production (115).
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Figure 3 (111). Recommended conditions for degumming of crude vegetable oils

can vary greatly as shown in Table 22 (111, 117–124).

In a batch degumming system, crude soybean oil is typically heated to about

70�C in a large tank fitted with an agitator. Water is added (about 2% by volume),

and the hydrated oil is agitated for up to one hour. The hydration of soybean

Figure 3. Flowsheet for degumming soybean oil and crude lecithin production (111).

TABLE 22. Degumming Conditions from the Literature (8, 118).

Parameter Quantity Reference

Water 75% wt of gums Crauer (119)

1–2.5% Brian (111)

2–3% Van Niewenhuyzen (59)

3% Bernardini (121)

1% Norris (122)

2% Carr (123)

Equal to wt gums Braae (117)

2–5% Andersen (124)

Temperature 32–49�C Norris (122)

50–70�C Van Niewenhuyzen (59)

65–75�C Bernardini (121)

70�C Carr (123)

95�C Andersen (124)

Agitation Vigorous Bernardini (121)

Mechanical agitation Carr (123)

Time 30–60 min. Carr (123)

10–15 min. Braae (117)
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phospholipids proceeds rapidly, and for all practical purposes, 15 minutes is ade-

quate for batch systems. The hydrated ‘‘gums’’ or ‘‘lecithin emulsion’’ are then

removed by continuous centrifugation. This step is then followed by drying in a

batch or film dryer. The gums are usually dried to a moisture content of less than

1%, typically 0.3–0.75% (3, 33).

In continuous systems, preheated crude oil (80�C) and water are metered into an

in-dwell pipeline agitator, or a large agitated tank, and held only for a short period.

In both systems, the oil is then pumped to a centrifuge for separation of the lecithin

sludge from the oil (33, 118, 125–126). Water with a low concentration of calcium

and magnesium is preferred (115).

In commercial processes, the amount of degumming water required (1.5–2.0%)

is roughly equivalent to the phospholipid content of the crude oil (118). Too little

water will result in a dark, viscous gums phase and hazy degummed oil that

contains unhydrated phospholipids. Too much water will result in a three-phase

system consisting of free water, a fluid yellowish-brown gums phase, and a hazy

degummed oil phase after centrifugal separation (33, 118, 119, 126).

Flider (33) points out that the AI content of the gums is enhanced by raising the

temperature of degumming. For example, degumming at 40�C yielded crude

lecithin containing 63–65% AI, whereas at 60�C, the yield increased to 68–75%.

Although above 60�C some darkening of the lecithin may occur, a higher tempera-

ture (e.g., 70–80�C) produces a more consistent lecithin AI on a day-to-day basis.

Agitation is an important factor in batch degumming. The AI content of the

crude gums increases with agitation, presumably because at low agitation rates,

more oil is entrained in the gums (118).

Three types of centrifuges are in common use for oil–lecithin separations as

described by Podbielniak et al. (127) and Sullivan (128): tubular bowl, disk

bowl, and concentric plate. All of these centrifuges can be hermetically sealed,

thereby protecting the process streams from the harmful effects of air (115). The

newer disk-type centrifuges have a solid ejecting feature that allows the discharge

of solid impurities on a regular basis. These centrifuges are also equipped with a

discharge control valve that can be adjusted to vary the AI content of the gum or

sludge phase. Because the hermetic centrifuges are capable of delivering sludge

of lower oil content than the conventional open bowl-types, more neutral oil is

available for refining, and lecithin with higher AI contents can be obtained (115).

The efficiency of commercial degumming operations is summarized in Table 23

(112). Removal of phospholipids in commercial operation ranges from 75% to

96%, with an average of 87% (112).

For more specific information on the parameters of the degumming operation,

the reader is referred to Brekke (129), Flider (33), List (115), List and Erickson

(130), and List et al. (118).

Novel degumming approaches. List et al. (131) reported on a hexane-extracted

crude soybean oil that had been degummed in a reactor by countercurrently contact-

ing the oil with supercritical CO2 at 10,000 psi at 60�C.

The phosphorus content of the crude oil was reduced from 620 ppm to less than

2 ppm. Degummed feedstocks were fed, without further processing (i.e., bleaching),
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directly to a batch physical refining step consisting of simultaneous deacidification–

deodorization (1 h at 260�C, 1–3 mm Hg) with and without 100 ppm citric acid.

Flavor evaluation showed that the supercritical CO2- processed oil had the same

flavor scores, both initially and after 60 days of aging and light exposure tests,

as the commercially refined–bleached soybean oil control, deodorized under the

same conditions. These results would indicate that bleaching with adsorbent clays

may be eliminated by a supercritical CO2 countercurrent processing step. As a

result of the considerable heat-bleaching that takes place during deacidification–

deodorization, colors of salad oils produced under the above conditions typically

ran 3Y > 0.1R.

A degumming process has been described by Dijkstra (132), wherein the wash-

ing water is recycled to the oil feed and used to dilute concentrated alkali. This pro-

cess does not generate an aqueous effluent and can be used for both acid and alkali

refining, thus allowing refiners to change gradually from alkali refining to physical

refining.

A novel degumming process has been described by Jirjis et al. (133), wherein

vegetable oil miscella is fed to a conditioned polymeric microfiltration membrane

to produce a permeate stream containing decreased weight percentages of phospho-

lipids, and a retentate stream containing increased weight percentages of phospho-

lipids. The membrane is specifically conditioned for the removal of phospholipids

by treating with intermediate solvents, and it has an average pore size of about 0.1

to about 2 microns. Both product streams are then desolventized using traditional

methods. The resulting vegetable oil stream is claimed to have a phosphorus level

of less than 30 ppm.

Bleaching. The color of soybean lecithin can be attributed to many factors: car-

otenoids, melanoids, and porphyrins (125, 134) in the product, age, quality of the

source material, pretreatment prior to crushing of soybeans, thickness of flakes and

TABLE 23. Removal of Phosphorus by Commercial Degumming

of Crude Soybean Oila (112).

Phosphorus (ppm)

Processor Crude Degummed Phosphorus Removed (%) Mean (%)

A 733 167 77.2 82.8

683 80 88.3

B 867 53 93.8 92.3

684 63 90.7

C 711 89 87.5 84.8

588 105 82.1

D 615 40 93.4 95.9

713 12 98.4

E 623 102 83.6 79.7

580 141 75.8

aPlants located in Illinois, Iowa, Minnesota, Arkansas, and North Carolina. Two samples from each plant

separated by at least 2 weeks.

388 LECITHINS



temperature during extraction, conditions during degumming, and lecithin proces-

sing conditions (33).

Natural lecithin often has a brown color, although with advanced soybean pro-

cessing technology, the color may approximate that of unbleached soybean oil (65).

Traditionally, one referred to an unbleached product as one that has not been

treated with bleach. A single-bleached product was treated with only one type of

bleach (usually hydrogen peroxide), whereas a double-bleached product usually

was treated with two types of bleach (i.e., hydrogen peroxide and benzoyl perox-

ide). Although these grades continue to exist by name, the bleaching methods used

to manufacture them are no longer uniform. High-quality, relatively light-colored,

unbleached lecithins are now available through modern manufacturing practices.

Additionally, today’s double-bleached product may have been treated with only a

small quantity of one type of bleaching agent. Products are presently bleached to a

color specification only, regardless of bleaching techniques or quantity (7, 33).

Lecithin may also be bleached by replacing a portion of the degumming water

with peroxide and carrying out the bleaching and degumming simultaneously. This

method is less efficient, however, than bleaching the gums directly (33).

Although the specifications by the National Oilseed Processors Association

(NOPA) Year Book and Trading Rules, 1998-1999 (135) recognizes color grades

based on unbleached, bleached, and double-bleached lecithins, this nomenclature

is technically incorrect as it is more descriptive of the process rather than of the

product.

From a regulatory point, bleached products are traditionally grouped with the

unbleached forms of crude lecithin. No distinction is made between the bleached

and unbleached forms as far as Generally Recognized as Safe (GRAS) status is

concerned (136).

Laboratory studies by List et al. (118) have shown that with 1% hydrogen per-

oxide, complete bleaching occurs in 30 minutes at 60�C; in commercial operations,

where less efficient agitation occurs, up to 1 hour is required (33).

Bleaching with peroxides involves oxidation of the carotenes and the other color

bodies within the lecithin. There is no evidence that bleaching with either hydrogen

peroxide or benzoyl peroxide functionally modifies lecithins. Bleaching seems only

to affect the pigments, which are not functional constituents. Scholfield and Dutton

(134) reported that although hydrogen peroxide destroys all color bodies to some

extent, its greatest effect is on lutein, the principle pigment (75%) found in soybean

lecithin.

The color of most lecithin products will darken on prolonged heating. Color sta-

bility can be achieved, however, by avoiding exposure of lecithin to temperatures

over 60�C. There are now heat-resistant lecithins on the market that maintain their

light color for extended periods even at elevated temperatures (7).

Drying. After centrifugal separation and bleaching, the gums (containing 25–

50% moisture) are dried (to 0.3–0.75%) as soon as possible to prevent microbial

activity.

The drying operation serves not only to remove moisture, but also to lower the

peroxide value. Peroxide destruction is rapid at or near temperatures of 100�C.
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Two types of dryers are commonly used throughout the industry. The sludge can

be dried in batch dryers operating under vacuum (20–60 mm Hg) and equipped

with rotating, ball-shaped coils through which warm water is circulated to maintain

the lecithin at 60–70�C (140–158�F). Although these dryers require longer

residence times (3–5 hrs), they are popular among European processors because

less charring is apt to occur (137). In domestic lecithin processing plants, continu-

ous, agitated film evaporators are the standard equipment. Evaporators operating on

a vertical or horizontal axis are available. Film evaporators operate at temperatures

ranging from 80 to 105�C, with vacuum of 25–300 mm Hg. Residence times are

very short, usually 1 to 2 minutes.

Dry lecithin is highly viscous, and the viscosity increases drastically and then

falls off as the moisture content increases. Comparative conditions used for drying

lecithin in the two types of drying apparatus are given in Table 24 (59, 130).

Because of the sensitivity of lecithin to heat, drying conditions are critical and

the product should be cooled to 55–60�C before additional processing, and/or to

35–50�C before storage and packing (33). Shelf life of dried lecithin products in

suitable containers is more than 1 year at 21�C (3).

Fluidizing. Fluidizing additives such as soybean oil, fatty acids, or calcium

chloride can be added to adjust the viscosity. The viscosity of dried crude lecithin

can also be decreased by warming it to a maximum of 60�C. The dried crude

lecithin product (unbleached or bleached) can also be used to prepare a variety

of grades of lecithin by removing the oil to increase the phospholipid content, or

by separating the oil-free lecithin into alcohol-soluble and alcohol-insoluble

fractions.

Besides calcium chloride, the viscosity of lecithin products may also be modified

by the addition of other mono- and divalent ions, phosphoric acid, or acetic anhy-

dride. Monovalent ions, such as sodium or potassium, are attracted to the negatively

charged base groups, which tend to increase the crystalline order, thereby increas-

ing viscosity. On the other hand, divalent calcium and magnesium reduce the crys-

talline order and thus reduce viscosity. These techniques are used to produce fluid

lecithins containing 66–70% AI without the addition of fatty acids (33). In commer-

cial practice, fluidized lecithins usually are made by calcium chloride addition to

the gums, by the inclusion of fatty acids or vegetable oil, or with the aid of special

proprietary diluents.

TABLE 24. Average Process Conditions for Drying Lecithin Sludgea (59, 129).

Continuous, Agitated-Film

Process Variable Batch Dryer, Bollman Typeb Evaporator

Temperature
�C 60–80 80–95
�F 140–176 176–203

Residence time, min. 180–240 1–2

Absolute pressure, mm Hg 20–60 50–300

a Starting product: sludge with 50% moisture. End product: lecithin with less than 1% moisture.
b Vacuum dryer with rotating, ball-shaped coils heated with warm water.
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Fluidization with phosphoric acid is not recommended because darkening of the

product and hydrolysis may occur. Degumming with acetic anhydride results in

fluidized lecithins possibly because PE is acetylated by the reagent. Nonedible

lecithins may be fluidized by the addition of acidulated and dried soapstock.

Plastic lecithins are available in several forms and are typified by high AI, low

AV, high moisture, or their content of certain minerals. One, or a combination of

these, can produce a plastic lecithin. Oil-free lecithins are plastic, because of the

removal of their nascent oil, i.e., residual soybean oil. They are generally powdered

or granular in form.

Nonhydratable phospholipids. According to Myers (138), about 90% of the

phospholipids are removed from the oil by water degumming. Although most of

the remaining phospholipids are removed by alkali neutralization, Braae et al.

(139) report that soybean oil and several other types of vegetable oils often

contain some phospholipids that are not removed by alkali neutralization and

washing.

The impact of enzyme activity on the nonhydratable phospholipid content of

crude soybean oil was investigated by List et al. (140). Evaluation of flakes sub-

jected to live steam and whole beans treated by microwave heating to inactivate

phospholipase D suggests that heat, moisture, and enzyme activity are important

factors contributing to the formation of nonhydratable phospholipids in extracted

crude oils. Approximately 8–10 minutes of microwave heating is required to

completely destroy enzymatic activity.

List et al. (141) later found that four interrelated factors promote nonhydratable

phospholipids (NHP): (1) moisture content of beans or flakes entering the extraction

plant; (2) phospholipase D activity; (3) heat applied to beans or flakes prior to and

during extraction; and (4) disruption of the cellular structure by cracking and/or

flaking. Thus, NHP formation can be minimized by control of the moisture of beans

and/or flakes entering the extraction process, inactivation of the phospholipase D

enzyme, and optimizing temperatures during the conditioning of the cracked beans

or flakes (141).

In a subsequent study, List and Mounts (142) indicated that the adverse effects of

storage conditions, excessive moisture levels, and elevated temperatures cannot be

completely overcome by inactivation of phospholipase D prior to solvent extraction

of the flakes.

Zhang et al. (143) reported the effects of an expander process on the phospho-

lipids in soybean oil by comparing the differences in phospholipid compositions of

the oils and the lecithins produced from expander and conventional processes by

HPLC. The phosphorus content indicated that the expander-processed oil contained

more phosphorus (985 ppm) than the conventionally processed oil (840 ppm). How-

ever, the phospholipids in the expander-processed oil were more hydratable than

those in the conventionally processed oil. After degumming, the phosphorus con-

tent in the expander-processed oil and conventionally processed oil were reduced

by 93.2% and 78.6%, respectively. The expander-processed lecithin contained

74.3% AI matter, and the conventionally processed lecithin contained 65.8%. There

was also more phosphatidylcholine in the expander-processed lecithin (39.8%,
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based on AI) than in the conventionally processed lecithin (34.2%), and the

phosphatidylethanolamine was lower (12.4% vs. 18.1%) and the phosphatidylino-

sitol contents were almost the same.

Braae (144) believes that the nonhydratable phospholipids are present as calcium

and magnesium salts. These phospholipids can have a deleterious effect on oil qual-

ity. They can be removed either by treatment of the oil (at 70–90�C) with a small

quantity of concentrated phosphoric acid (0.25%) ahead of the neutralization step

(145) or by refining the oil with a mixture of lye and sodium carbonate. The phos-

phoric acid pretreatment apparently also aids in the removal of deleterious iron

compounds in the subsequent processing of the oil, i.e., caustic refining, bleaching,

and deodorizing of the oil (113). On the other hand, although such pretreatment

aids in the lowering of refinery losses and results in low phosphorus and iron

content in the degummed oil, the resulting lecithin is dark and low in acetone-

insolubles (33).

The use of acetic anhydride as a degumming adjunct has been described by

Hayes and Wolff (146–148) and Myers (138). In this process, 0.1 wt % of acetic

anhydride is mixed for 15 minutes with crude soybean oil (phosphorus 750 ppm)

that has been preheated to 60�C (140�F), followed by stirring the mixture for

30 minutes after the addition of 1.5% water. The reaction is completed within

minutes. After centrifugation and water washing, the phosphorus content of the

oil ranged from 2 to 5 ppm.

The advantages claimed for this treatment are thought to be that the caustic refin-

ing step can be omitted, and thus the loss of neutral oil because of saponification is

eliminated, and higher yields are obtained from both finished deodorized oil and

lecithin. On the negative side, the disadvantages found were that equipment and

piping must be constructed of type 316 stainless steel to handle the corrosive

materials; more care is required in deodorization of the oil; and the process will

not produce a satisfactory product from highly colored vegetable oil such as corn

and cottonseed oils, nor from some lots of soybean oil (130). Also, according to

Evans et al. (149), the process removes phosphorus but not iron, one of the metallic

pro-oxidants that can give soybean oil a poor flavor. Lecithin produced from this

process, however, is claimed to be similar to that prepared in the conventional

manner.

Other degumming agents considered include acetic, oxalic, boric, and nitric acids

(150) and surfactants (151). However, none of these are currently used in lecithin

manufacture. Ringers (152) obtained good results in a two-step degumming

process wherein an edible acid, presumably citric, was used. Soybean oil can

also be degummed by heat, but this practice is confined to oils going into industrial

uses.

Lunde et al. (153) concluded that the sequestering action of fatty oil for metal

ions depends at least in part on the oil’s phospholipid content and reaches a max-

imum at 0.1–2 ppm of phosphorus. As a point of information, hexane extracts only

about one-half of the phospholipids present in soybeans (1, 114).

For further information on the nonhydratable phospholipids, the reader is

referred to Hvolby (154), Letan and Yaron (155), and Nielsen (114, 156).
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4.2. Manufacture of Refined-Grade Lecithins

Producing high-clarity lecithins. Lecithin destined for certain applications may

require more rigorous than usual initial refining conditions. Clarified lecithins are

carefully filtered in (1) the full miscella, (2) crude oil, and (3) directly as lecithin.

As mentioned before, the filtration is carried out on plate and frame or vertical leaf

filters with manual or automatic cleaning cycles. Filtration simply removes HI

material, producing products of utmost purity and clarity. Such ingredients can

be marketed as encapsulated nutritious supplements, as high-purity pharmaceutical

adjuncts, and as additives for high-technology applications.

Although the dry lecithin can be filtered, many processors prefer to filter the

crude oil before degumming (111). Usually, the crude oil is filtered through large

plate-and-frame filter presses. If the degumming operation is conducted at a solvent

extraction oil mill, then either the miscella, i.e., oil-solvent mixture, or the oil can

be filtered. If all of the fines and filter aid are not removed, the dry lecithin will

appear cloudy.

Brian (111) has made suggestions for the type of pumps, centrifuges, filters, heat

exchangers, and drying equipment most suitable for lecithin production. He has

also provided useful engineering design data on filtration flow rates for the crude

oil, miscella, and dry lecithin, quality of filter aid needed, and the overall heat trans-

fer coefficients for agitated-film evaporators and shell-and-tube heat exchangers

used for heating and cooling the oil.

Producing compounded lecithins. Compounded lecithins are special purpose

products made by the direct addition and/or blending of functional additives, emul-

sifiers, diluents, surface active agents, and so on.

Water-dispersible lecithins may be produced by adding a hydrophilic surfactant

(5–20%) such as polysorbate or ethoxylated monoglycerides. A mixture of lecithin

and nonionic surfactants (10–20%) has utility in applications where water dispersi-

bility is needed. Blending of partial glycerides and lecithin, followed by spray cool-

ing, results in flaked or powdered products (33).

When lecithins are diluted with soybean oil or fatty acids, they have a tendency

to separate. In such cases, substituting a portion or all of the soybean oil with other

oils such as peanut, cottonseed, coconut, or partially hydrogenated soybean oil will

increase stability (33).

Lecithins may also exhibit synergistic actions with some compounds. Common

additives include special oils, polysorbates, mono- or diglycerides, modified

monoglycerides, lanolin and lanolin derivatives, solvents, plasticizers, and other

surfactants.

Producing de-oiled lecithins. De-oiled lecithin represents a special category

where high phospholipid content (above 95% AI) is required. When contacted

with acetone, phospholipids precipitate as a fine, free-flowing powder. After remov-

ing the acetone, de-oiled lecithins are dry powders or granules (33).

Depending on the type and efficiency of the extraction equipment, the acetone/

crude lecithin ratio necessary to achieve a 95% phospholipid product is 10–20:1

(v/v). In batch extraction, the tank is charged with acetone prior to crude lecithin
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addition. Crude lecithin is then introduced into a crystallizing vessel with agitation

until an acetone/crude lecithin volume ratio of ca. 5:1 is achieved. Only the best-

quality fluid crude lecithin should be used for the preparation of de-oiled lecithins.

The mixture is then agitated for 20–30 min., after which time the phospholipids are

allowed to settle. The triglyceride–acetone miscella is then removed and the vessel

charged again with fresh acetone for the second extraction. A single batch may be

extracted 2–4 times to obtain the desired phospholipid concentration (95% mini-

mum) (33).

In a continuous extraction, crude lecithin and acetone are simultaneously

metered into a vessel. Within limits, acetone consumption can be decreased by

increasing residence time in the continuous extractor, increasing raw material

efficiency (33).

After extraction, the de-oiled lecithin is recovered by filtration as a cake, con-

taining 25–50% acetone. According to Flider (33), the acetone concentration of

the cake is critical for optimal granulation. ‘‘Too little acetone will result in the

formation of a high concentration of fines and powder. Too much acetone will

result in a ‘salt and pepper’ effect (i.e., a mixture of coarse and fine particles)

caused by agglomeration of the fines and powder during granulation.’’ The fines

and powder output is 5–50% of the total de-oiled material, depending on production

conditions (33).

After granulation, the remainder of the acetone is removed by drying, preferably

in a moving bed, forced-air dryer. Such dryers are preferred over fluid-bed dryers

because less destruction of the lecithin granules occurs. After drying, the acetone

content of the product should be well below 50 ppm, preferably below 25 ppm (33).

Flider (33) states that mesityl oxide, through an aldol condensation reaction, may be

formed if excess acetone is present. When the lecithin is sufficiently dry, however,

this is not a problem. The dried de-oiled lecithin is sized by sieving through a series

of screens (33).

As the tocopherols are removed from the lecithin during the extraction process,

the de-oiled lecithin has less oxidative stability than the crude product. Also, the

surface/volume ratio of the de-oiled lecithin contributes to reduced stability. Mixed

soy tocopherols are usually added back at a level of 500 ppm to prevent this. A

small percent of an anticaking agent may also be added to ensure that the product

remains free-flowing. A free-flowing de-oiled lecithin can be easily added to other

products (33).

When compared with crude lecithin, oil-free lecithin is more hydrophilic

and seems to have better emulsifying activity than its AI alone would suggest.

The removal of odor/flavor components with the oil also produces blander lecithins

(7).

Refined de-oiled lecithin can also be blended with carriers such as cocoa butter,

hard butters, medium-chain triglycerides, or other diluents to obtain products with

more functionality and different physical characteristics. Up to 40% phospholipids

may be incorporated in these carriers without the use of solvents. These products

are usually stabilized against autoxidation by the addition of antioxidants (33).

De-oiled lecithin should be packaged as soon as possible to prevent moisture
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absorption. For more specific details on various aspects of de-oiled lecithins, the

reader is referred to Flider (33).

Novel de-oiling approaches. A novel de-oiling process has been described by

Hutton and Guymon (157) wherein a mixture of crude phospholipids and hexane

is fed to a polyvinylidine membrane to produce a permeate stream containing tri-

glycerides and hexane, and a retentate stream containing phospholipids (35–40%)

and hexane (60–65%). The membrane has a molecular weight cutoff of 10,000–

50,000 daltons. The permeate stream is then desolventized using traditional meth-

ods. Bleaching earth is added to the retentate stream for color removal at a rate of

5–8% of the phospholipid mass portion of the stream. The bleaching earth is then

filtered out of the mixture.

Antioxidants in the form of mixed tocopherols are added to the phospholipid/

hexane mixture. The phospholipids are then desolventized through the use of a

drum desolventizer followed by a fluid bed dryer. Solvent residuals in the dried pro-

duct are less than 5 ppm. The dried flakes are placed in storage bins. From there, the

flakes are ground into powder and then agglomerated into granules. The acetone-

insoluble content of the finished product is claimed to be in the range of 90–99.9%.

Another novel de-oiling process has been described by Wendel (158) wherein

supercritical gases are used to produce de-oiled lecithin. The crude lecithin is fed

into a column where the supercritical gas mixture of propane and carbon dioxide

flows at a pressure of 80 bar and temperature between 40% and 55�C. This fluid

then goes to a regeneration column where the temperature is increased to 75�C,

and the lecithin component precipitates and falls to the bottom of the column. As

the lecithin falls, it encounters pure supercritical extraction fluid and the oil com-

ponent is extracted. Oil-rich solvent leaves the top of the column. Through pressure

and temperature changes, the lecithin and the oil are precipitated out of their

respective streams and continuously removed from the process flow. The oil-free,

lecithin-free solvent is returned to the column for reuse.

Producing modified lecithins. The chemistry of lecithin has been reviewed by

Pryde (86) and by Wittcoff (4). Schmidt and Orthoefer (58) have discussed the

manufacture and use of modified lecithin products. The latter class is represented

by chemically or enzymatically modified products that are commercially available

in both fluid and de-oiled forms.

The traditional approach to the modification of phospholipid properties is by

fractionation, isolation, and purification of a single component. Functions of phos-

pholipid mixtures are also modified by partial chemical or enzymatic hydrolysis,

acetylation, hydrogenation, and hydroxylation (5).

Crude lecithin contains a number of functional groups that can be successfully

hydrolyzed, hydrogenated, hydroxylated, ethoxylated, halogenated, sulfonated,

acylated, succinylated, ozonized, and phosphorylated, to name just a few possibili-

ties (1). The only chemically modified food-grade products produced in significant

commercial quantities at the present time are the ones obtained by hydroxylation,

acetylation, and enzymatic hydrolysis (58). Hydroxylated or acylated lecithins

represent chemical modifications to improve the functionality in water-based

systems.
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Acetylated lecithin. Acetylation occurs primarily on the amino group of phos-

phatidylethanolamine (146–148). The amino group of phosphatidylethanolamine,

when acetylated, receives an acetyl group on the positively charged portion of

the phosphatidylethanolamine, which converts it to a negatively charged lecithin

with improved solubility and oil-in-water emulsifying properties (159). Lecithin

can be acetylated using acetic anhydride either by adding the reagent prior to

degumming or adding it to the wet gums. Acetylated lecithin products are made

from natural soy lecithin hydrates by treating them with low levels of acetic anhy-

dride (1.5–5.0%). Lecithin hydrates are obtained during the degumming of crude

soybean oil. After the reaction with acetic anhydride, the resulting product is neu-

tralized with a food-grade alkali to raise the pH to 6.5 to 8.0, depending on the

intended application. The amount of acetic anhydride used in the process depends

on the level of phospholipids in the gums, and the intended use of the final product,

requiring different degrees of acetylation for optimum functionality. The same is

true for the choice of alkali (e.g., sodium hydroxide, calcium hydroxide, etc.)

used. The product is then vacuum-dried (film dryer in a commercial operation) to

a final moisture of less than 1.0% (160).

The degree of reaction is measured by determining amine nitrogen content in the

resulting product (usually by formol titration). Maximum (100%) acetylation would

be indicated by a zero amine nitrogen value, whereas a minimally acetylated com-

mercial product has approximately 1.7-mg amine nitrogen/g content. In a typical

commercial operation, the amine nitrogen content is usually in the range of 0.7

to 1.7 mg/g.

The total acetone insolubles content of commercial acetylated lecithin products

can vary from about 52% to about 97%, the remainder being soybean oil (or another

food-grade triglyceride or fatty acid as a natural constituent or added diluent), nat-

ural pigments, sterols, and other minor constituents present in crude lecithin from

the soybean. The acetylated lecithin meets all the compositional requirements of the

U.S. Food Chemicals Codex (54).

Typical specifications for a minimally and maximally acetylated, liquid product

are given below.

Minimally Acetylated, Commercial, Liquid Lecithin Specification

Acetone insolubles (%) 60.0 min.; 64.0 max.

Moisture (%) 0.75 max.

Acid value 24 max.

Viscosity (cP at 25�C) 10,000 max.

Color 17 max.

Peroxide value (meq/kg) 10 max.

Hexane insolubles (%) 0.09 max.

Amino nitrogen (mg/g) 1.65 max.

Divalent metals (%) 0.42 min.; 0.48 max.

pH 6.5 min.; 8.0 max.

Maximally Acetylated, Commercial, Liquid, Lecithin Specification

Acetone insolubles (%) 53.0 min.; 56.0 max.

Moisture (%) 0.75 max.
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Acid value 36 max.

Viscosity (cP at 25�C) 2,900 max.

Color 12þ �14

Peroxide value (meq/kg) 100 max.

HIM (Hexane insolubles 0.8 m-Millipore) 100 ppm max.

Amino nitrogen (mg/g) 1.0 max.

pH 7.0 min.; 7.5 max.

Visual clarity pass

Heat resistance test (Lovibond red) 8.0 max.

Appearance Clear and brilliant at 25�C

Acetylated lecithins have improved fluid properties, improved water dispersibil-

ity, and are effective oil-in-water emulsifiers for a wide variety of food formulations

(56, 58). Moderately and highly acetylated lecithins are resistant to heat and can be

repeatedly heated and cooled without darkening. The intended uses for minimally

acetylated products are in infant foods, coffee whiteners, meat sauces, and gravies,

and for oil-in-water cosmetic emulsions. Moderately and maximally acetylated pro-

ducts are used in cheese sauces, release agents in pumpable and aerosol formula-

tions, and shortenings.

The following patents have been issued on the topic of making and using acety-

lated lecithins:

1. U.S. Pat. 3,301,881 ‘‘Process of Phosphatide Separation,’’ 1967.

2. U.S. Pat. 3,359,201 ‘‘Lecithin Product and Method,’’ 1967.

3. U.S. Pat. 3,499,017 ‘‘Alkaline-Hydrolyzed Phosphatides,’’ 1970.

4. U.S. Pat. 3,823,170 ‘‘Phosphatides,’’ 1974.

5. U.S. Pat. 3,928,056 ‘‘Pan Release Product and Process,’’ 1975.

6. U.S. Pat. 3,962,292 ‘‘Phosphatide Preparation Process,’’ 1976.

7. U.S. Pat. 4,479,977 ‘‘Method of Preparing Heat-Resistant Lecithin Release

Agent,’’ 1984.

Hydroxylated lecithin. Hydrogen peroxide, in addition to bleaching, can also

hydroxylate lecithin. Hydroxylation imparts hydrophilic properties, improves

moisture retention, and contributes to the formation of stable oil-in-water emul-

sions.

Hydroxylated lecithin is a light-colored product with increased water dispersibil-

ity and enhanced oil-in-water emulsifying properties. Hydroxylated lecithin is use-

ful in many applications in which a water-dispersible lecithin is desired. It is

especially useful in baking applications where it can improve the dispersion of

fats and retard staling.

Hydroxylation of lecithin is carried out by the reaction of crude lecithin with

hydrogen peroxide and lactic acid or acetic acid. Active sites for peroxidation

appear to be double bonds as measured by IV drop and the isolation of dihydrox-

ystearic acid from the reaction mixtures. Hydroxylation is allowed to proceed until
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a 10% reduction in iodine value occurs (115). The ethanolamine group is also mod-

ified during hydroxylation (58, 161).

Hydrolyzed lecithin. Crude lecithin is readily hydrolyzed in the presence of

strong acids or bases. Enzymes can be used for very selective hydrolysis. Prolonged

treatment leads to fatty acids, glycerophosphoric acid, or their salts, with mixtures

of amino compounds and carbohydrates (4, 115).

In a commercial process, it is desirable to control the reaction so that just one of

the fatty acids is cleaved from the phospholipid molecule. As acid or base hydro-

lysis is nonspecific and very difficult to control, enzymes are usually preferred for

most applications (58). A number of phospholipase enzymes are available (i.e.,

phospholipase A1 or phospholipase A2).

Haas et al. (162) have studied enzymatic phosphatidylcholine hydrolysis in

organic solvents by examining selected commercially available lipases. Enzymatic

hydrolysis of oat and soy lecithins, and its effect on the functional properties of

lecithin, was investigated by Aura et al. (163). The phospholipase used was most

effective at low enzyme and substrate concentrations.

Partially hydrolyzed lecithins exhibit enhanced oil-in-water emulsifying proper-

ties, particularly in the presence of calcium and magnesium ions. They do not lose

their emulsifying action in the presence of calcium and magnesium ions as rapidly

as do the unmodified types. Enzymatically modified lecithins have been used in calf

milk replacement formulations to improve the emulsification and digestibility of

fats (56).

Enzymatic hydrolysis of the polar head group of a phospholipid molecule can be

carried out with phospholipase C and phospholipase D. Phospholipase D is used to

exchange the amino head group of phosphatidylcholine with serine to form phos-

phatidylserine (164).

Transesterification. Transesterification allows for the incorporation of free fatty

acids into lecithin molecules. Unhydrolyzed lecithin contains two fatty acids, and

the fatty acid moiety can be different at the two positions on the phospholipid mole-

cule. The fatty acid composition can have an effect on the stability and functionality

of the lecithin. Changes in the fatty acid composition can be done through transes-

terification (165). Transesterification using lipases can be used for the addition of

polyunsaturated fatty acids to lecithin to enhance the essential fatty acid profile, or

to improve functionality (166).

Hydrogenated lecithin. Lecithin can be hydrogenated to a stearin-like solid that

has greater oxidative stability and is less hygroscopic than unmodified lecithin, but

it has reduced solubility in the usual solvents. Phospholipids are not hydrogenated

as readily as soybean oil, which at lower hydrogenation pressures and temperatures,

can be selectively hydrogenated (58).

Hydrogenation of lecithin is usually done under conditions to reach iodine

values of 10–20 in the presence of a nickel or palladium catalyst and a suitable sol-

vent (e.g., ethyl acetate) at 75–85�C under 70 atmospheres pressure. Bromine or

chlorine also readily adds across double bonds yielding products useful in lubricant

formulations. Iodine can be added by warming granular lecithin dissolved in acetic

acid in the presence of iodine and magnesium or aluminum catalyst (58).
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Producing fractionated lecithins. Finally, fractionating crude lecithin directly, or

after de-oiling, is another way of creating a variety of products with tailor-made

functionalities. Alcohol, or mixed solvent fractionation, combined with other tech-

niques, can produce lecithin products that have been greatly enriched in particular

phospholipids. Separating the acetone-solubles from crude lecithin increases the

amount of phospholipids in the acetone-insoluble fraction by decreasing the amount

of triglycerides.

Further fractionation can separate the alcohol-soluble phosphatidylcholine from

the alcohol-insoluble phosphatidylinositol. Commercial products that are alcohol-

soluble contain concentrated phosphatidylcholine (40–60%) and only low levels

of phosphatidylinositol. The alcohol-insoluble products are enriched in phosphati-

dylinositol (40–60%), whereas their phosphatidylcholine content is greatly reduced.

The phosphatidylethanolamine component is approximately equally partitioned

between the two fractions. The alcohol-soluble grades tend to be more oil-in-water

emulsifiers, whereas the alcohol-insoluble grades are more effective in water-in-oil

systems (7).

The PC/PE ratios of alcohol-fractionated lecithins are largely determined by pro-

cessing variables such as alcohol polarity, concentration, lecithin/alcohol ratio, tem-

perature, and extraction time (33). By extracting natural lecithin with a PC to PE

ratio of 1.2:1 with 90% ethanol, an alcohol-soluble fraction with a PC/PE ratio of

8:1 can be obtained (33, 120). The fractions may be blended with other surfactants

or carriers to obtain desired functionality.

To obtain individual phospholipids of greater than 50–60% purity, some form of

selective adsorption process is usually required. Adsorption and distribution chro-

matography present these options. Treatment of the alcohol-soluble lecithin with

alumina yields a fraction very rich in phosphatidylcholine and free of phosphati-

dylethanolamine and phosphatidylinositol (167). Although these products are avail-

able only in very limited quantities for highly specialized markets, products such as

a lecithin containing up to 95% PC can be obtained commercially.

Storage and handling. Liquid lecithin can be kept for years provided closed con-

tainers are used and the temperature does not exceed 20–25�C. Bleached products

require more careful storage and handling. Color reversion will occur rapidly in

bleached products, particularly at elevated temperatures. Decomposition of perox-

ide is thought to contribute to color reversion in bleached products. In order to pre-

vent this phenomenon, low storage temperatures are recommended (115).

Very low temperatures should, however, be avoided when storing liquid lecithin

products because physical separation of the phospholipids and oil may occur. Phy-

sical separation is more likely to occur in low AI products. When separation does

occur, remixing at 40–60�C will redisperse the oil and lecithin phases. In bulk

handling of lecithin, storage temperatures of 30–35�C are acceptable. However,

prolonged storage at these temperatures may cause darkening (115).

De-oiled granular lecithin can be stored up to 2 years at temperatures below

25�C. If desired, it may be stored in a frozen state at 0�C, but because of its hygro-

scopic nature, the product should be allowed to come to room temperature before it

is exposed to the atmosphere (33).
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5. FOOD-GRADE LECITHIN PRODUCTS, USES

5.1. Functionality

Commercial lecithins are multifunctional food ingredients. The combined hydro-

philic and lipophilic properties of phospholipid molecules give them surface-active

effects in many applications. As surfactants, they can exhibit a variety of functions

common to other surfactants while they also have unique functionalities of their

own.

Commercial lecithin products that were sold many decades ago for applications

such as chocolate and confectionery products, margarine, bakery goods, pasta pro-

ducts, textiles, insecticides, and paints are still active today because of their emul-

sifying, wetting, colloidal, antioxidant, and physiological properties. Lecithin’s

multifunctional properties and its ‘‘natural’’ status make it an ideal food ingredient.

The major applications and functional properties of lecithin products are shown in

Table 25 (7).

TABLE 25. Functional Properties (7).

Ingredient in Function(s)

Margarine Emulsifier, antispattering agent

Confections and snack foods

Chocolate Crystallization control, viscosity control, anti-sticking

Caramels

Coatings

Instant foods

Cocoa powders Wetting and dispersing agent, emulsifier

Instant drinks

Instant cocoa

Instant coffee

Protein drinks

Dietetic drinks

Coffee whiteners

Milk replacers

Cake mixes

Puddings

Instant toppings

Commercial bakery items

Breads Crystallization control, emulsifier, wetting agent,

release agent (internal and external)

Rolls

Donuts

Cookies

Cakes

Pasta products

Pies

Cheese products

Pasteurized processed Emulsifier, release agent

Cheese and cheese food

Imitation cheese
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As a variety of methods are available for modifying the emulsifying properties of

commercial lecithin, the potential for improved, tailor-made, functional products is

unlimited. The main functional properties are emulsification, antispatter,

instantizing/wetting/dispersing, release/parting, viscosity modification, and baking

applications.

These functional characteristics are primarily derived from the chemical struc-

tures of lecithin’s major phospholipids (Figure 1) (7). Phospholipid molecules con-

tain two long-chain fatty acids esterified to glycerol, as well as a phosphodiester

bonding a choline, inositol, or ethanolamine group. A phospholipid’s fatty acid

end is nonpolar and thereby lipophilic (or fat loving). Conversely, the phosphodie-

ster, with the above-mentioned constituents, is zwitterionic (or dipolar), which

TABLE 25 (Continued )

Ingredient in Function(s)

Meat and poultry processing

Meat and poultry glazes and basting

compounds Browning agent, phosphate dispersant

Pet foods Dietary supplement, release agent, emulsifier

Bacon

Dairy and imitation dairy products

Infant, milk formulas Emulsifier, wetting and dispersing agent,

anti-spattering agent, release agent

Milk and cream replacers

Egg replacers

Imitation eggs

Whipped toppings

Ice cream

Flavored milks

Flavored butters (garlic, etc.)

Basting butters

Miscellaneous products

Peanut spreads Crystallization control, emulsifier

Salad products

Flavor and color solubilization

Packaging aid

Polymer package, interior coating Release agent, sealant

Can interior coating

Sausage casing coating

Stocking net

Processing equipment

Frying surfaces Internal (in product) and/or external release agent,

lubricant

Extruders

Conveyors

Broilers

Dryers

Blenders

Evaporators
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explains the hydrophilic (or water loving) properties of this portion of the molecule

(65).

Because of their charged nature, the phospholipids are susceptible to the ionic

environment in which they function. Based on testing in the laboratory, Dashiell

(31) suggests that salt concentrations greater than 2%, and pH less than 4, contri-

bute to a detectable loss in lecithin functionality. Similar results have been reported

elsewhere (73).

The following commercial lecithin modifications were described in a publication

from Central Soya Co., Inc. (168).

1. The use of oil free lecithins as emulsifiers, lubricity enhancing agents, and

blending aids.

2. Producing low-viscosity, fluid lecithins as wetting, dispersing, and release

agents.

3. Hydroxylated lecithins with enhanced emulsification, dispersing, and wetting

properties.

4. Highly filtered lecithins for use in health food applications.

5. Special heat-resistant lecithins for release applications.

6. Lecithin/distilled monoglyceride blend for bakery applications.

7. Enzyme-hydrolyzed lecithin for bakery, and emulsification applications.

Weete et al. (169) have reported on the improvement of lecithin as an emulsifier

for water-in-oil emulsions by thermalization. Various forms of lecithins can be

heated under certain conditions of time and temperature to greatly improve their

properties as emulsifiers for water-in-oil emulsions. Viscosity, discontinuous

phase-holding capacity, stability, and water retention were greatly enhanced in

emulsions containing thermalized lecithins as the emulsifier compared with those

prepared with corresponding amounts of nonthermalized lecithins. The improved

emulsification properties of thermalized lecithins appeared to be, at least in part,

because of an increase in diglycerides and free fatty acids resulting from the

thermal degradation of phospholipids.

Emulsifying properties. One of the major functions of commercial lecithins is to

emulsify fats. In an oil:water system, the phospholipid components concentrate at

the oil:water interface. The polar, hydrophilic parts of the molecules are directed

toward the aqueous phase, and the nonpolar, hydrophobic (or lipophilic) parts are

directed toward the oil phase. The concentration of phospholipids at the oil:water

interface lowers the surface tension and makes it possible for emulsions to form.

Once the emulsion is formed, the phospholipid molecules at the surface of the

oil or water droplets act as barriers that prevent the droplets from coalescing,

thus stabilizing the emulsion (159).

Commercial lecithins are used in both water-in-oil (w/o) and oil-in-water (o/w)

emulsions. For w/o emulsions, like margarine or ready-to-use frostings, oil-loving,

lipophilic lecithins are typically used. For o/w emulsions, like sauces or infant for-

mulas, water-dispersible, hydrophilic lecithins are typically used (7, 31). The use of
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lecithin in oil-in-water emulsions requires the modification of lecithin to increase

its apparent hydrophilicity. The techniques available are somewhat limited for

food-grade lecithins. The commonly employed methods for producing water-

dispersible lecithins include acetylation, hydroxylation, enzyme-hydrolysis,

fractionation, de-oiling, or blending with other hydrophilic emulsifiers.

The manner in which lecithin is modified to achieve increased hydrophilicity

will greatly affect its emulsification properties. Different modifications will create

lecithin products with different ‘‘apparent HLB (hydrophile-lipophile balance)

values,’’ a term used to convey the approximate degree of water dispersibility

(hydrophilicity) of lecithin products (31). The higher its HLB value, the more water

dispersible the lecithin product. In o/w emulsions, the type of fat to be emulsified

may require a specific type of hydrophilic lecithin for optimum emulsion stability.

Dashiell (31) provides a short listing of fat types, and the corresponding class

of lecithin found to give the most stable emulsion in model systems of water/fat/

emulsifier.

Standard-grade (crude) lecithins are excellent water-in-oil emulsifiers. However,

modified lecithins can function to emulsify either water-in-oil or oil-in-water emul-

sions, depending on the type of lecithin modification and the specific parameters of

the system. These system parameters can include pH, types of components, com-

ponent ratios, solids content, and others. Unlike crude lecithins, hydroxylated

lecithins are stable in acid systems (pH � 3.5). Fractionated lecithins can be man-

ufactured for specific emulsion types. As lecithin’s emulsifying activity is partially

dependent on its phospholipid ratio, changing the ratio can alter its emulsifying

capabilities (7).

Emulsifier/stabilizer systems are normally used to make stable food emulsions.

Thus, lecithin is generally not called on to handle the entire emulsification, but it

works in combination with other emulsifiers and stabilizing polymers such as pro-

teins, starches, and gums (31). Lecithin will break up (emulsify) the particles, and a

stabilizer (water-soluble polymer, etc.) will hold the particles in a dispersed orien-

tation when a stable emulsion is formed.

Marrs et al. (170), showed that a combination of lecithin and carrageenan pro-

duced more stable o/w emulsions with corn oil than either the lecithin or carragee-

nan alone. The emulsifying properties of the lecithin/carrageenan combination was

thought to be caused by interactions in the aqueous phase between the negatively

charged sulfate ester groups on the carrageenan with the positively charged amino

head groups on the PC and PE of the lecithin. This stabilization occurs when the

carrageenan component is of the kappa or iota type, both of which form macromo-

lecular networks in the presence of cations.

The rate of creaming of an emulsion is governed by Stoke’s Law (171). Conse-

quently, in an o/w emulsion, fat separation can be delayed by reducing the fat dro-

plet size, by matching the densities of the dispersed and continuous phases, and/or

by increasing the viscosity of the continuous phase. The amount of energy applied

to the system when the emulsion is created (for example, with a high-pressure

homogenizer) determines the initial fat droplet size of the emulsion, and the pre-

sence of an emulsifier on the surface of the droplets, prevents the dispersed oil
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droplets from coming together and creaming out. The viscosity of the continuous

phase can be increased by the addition of gums, starches, or other stabilizers.

Dashiell (31) reported that with high levels of good-quality protein present, the

selection of a system-specific lecithin (one giving the best emulsion in an oil/emul-

sifier/water system) becomes less important. In fat creaming tests, in fat/water/pro-

tein/lecithin emulsions, results showed that with limited protein in a whey-

stabilized (low-protein) system, more functional lecithins gave a clear advantage.

In a casein-stabilized system (containing abundant protein), differences between

lecithin products were less dramatic. Agboola et al. (172), showed that the presence

of 0.25% of a de-oiled, hydroxylated lecithin, stabilized o/w emulsions formed with

whey protein hydrolysate after retorting.

Solubilization. Most lecithins can aid in the production of microemulsions, an

example being oil-soluble flavors in aqueous systems. Although standard-grade

lecithins do not disperse in water, many modified or fractionated lecithins are

water-dispersible, and they can be used to produce microemulsions. Standard-grade

lecithin can be blended with other surfactants (e.g., ethoxylated monoglycerides) to

produce synergistic emulsifier blends that are also effective in producing micro-

emulsions.

Solid particle dispersions (Sols). Many lecithin products are still the best and

most effective surfactants for dispersing sols. This seems to be because of lecithin’s

affinity for solids—liquid surface interfaces. Phospholipids seem particularly

attracted to particles containing metals and metal salts. Examples of food sols

include some liquid chocolates, instant drinks, frosting mixes, pigmented foods, and

others. The nonfood applications include paints, inks, and other pigmented coatings.

Foams. Refined lecithins have been employed as effective foam control agents.

Examples include whipped toppings, ice creams, and many types of candies.

Refined lecithin products have also been employed as effective defoaming agents

in foams caused by powdered proteins in water. This is an excellent example of the

system specificity of lecithin products (7).

Wetting/instantizing properties. Lecithin products are effective wetting agents

for a wide variety of powdered or granular products. Lecithination of powders

for improved wetting, and control of dusting problems, is widely practiced. Instan-

tizing effects can be obtained by including the proper lecithin product in a food for-

mulation. Specific lecithin products that are compatible with the various

manufacturing techniques used for instantizing are commercially available.

Lecithin products have been formulated to instantize many types of food pow-

ders to achieve rapid wetting and dissolution. As powder compositions can vary

greatly (from hydrophilic to lipophilic), proper lecithin selection is done on some-

thing of an empirical basis (31). Certain general principles apply, however. If a

powder is hydrophobic, or contains a significant amount of surface fat, typically

a water-dispersible, hydrophilic lecithin is used to reduce the surface tension

between the powder and the water so that the powder wets and disperses easily.

If a powder is hydrophilic, like protein concentrates or isolates, typically a lipophi-

lic lecithin is used to control the rate of hydration of the powder so that it wets and

disperses without skinning or forming large lumps.
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Manufacturing techniques employed in producing instant products include

spray-coating dry powders with fluid lecithin products, cospray drying powders

with more hydrophilic lecithins such as the oil-free forms, or hydroxylated lecithin,

and agglomeration of the powder with an aqueous dispersion of a hydrophilic

lecithin. Some types of powders, for example, starches, gums, and chocolate drink

mixes, require agglomeration with an aqueous dispersion of lecithin to achieve

optimum wettability and dispersibility.

Examples of foods that can be instantized with lecithins include cocoa powders,

instant drink mixes, powdered coffee whiteners, milk replacers, cake mixes, pow-

dered instant puddings, and instant soups and sauce mixes.

Release/parting properties. Lecithin functions as the active ingredient in a wide

variety of food-grade release formulations. Products for institutional and retail use

are available in aerosol and nonaerosol forms containing from 0.5% to about 15%

lecithin (31). Common ingredients in release formulations are as follows (31) (from

a Central Soya Co. market survey, 1986).

Vegetable oil (all major vegetable oil classes are used)

Hydrogenated vegetable oil

Mineral oil

Lecithin

Flour

Amorphous silica

Artificial flavor

Artificial color

Beta-carotene

Preservatives

Antioxidants

Antifoams

Water

Lecithin usage levels in commercial release formulas are limited by a tendency

of the lecithin to separate from some oils. The tendency of ordinary lecithins to

darken, polymerize, and foul on heated metal baking surfaces also limits their

use level in commercial release formulas. Moderately and highly acetylated

lecithins, however, are resistant to heat and can be repeatedly heated and cooled

without darkening (173).

Lecithins can be dissolved in oil, dispersed in water, or used as is, in release

applications. Oil-free lecithins can be dry blended into breading, coatings, and spice

or seasoning mixes for release of the coated food product from the food-contact

surface. In food products that have a high surface area-to-volume ratio, like pan-

cakes or fortune cookies, lecithin can be added directly to the product formulation

to achieve release from the cooking/baking surface. Effective release depends on
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the presence of lecithin between the food and the food contact surface. If this is

achieved, the food product should not stick to the food contact surface.

Crystallization control. Lecithin can control crystallization in various food sys-

tems. In foods containing sugars or fats, the presence of as little as 0.5% lecithin

can produce altered crystal sizes and structures that can have positive effects on

product texture and viscosity. This is important in cookie fillings, butter-containing

maple syrups, ice cream toppings, and similar products (7).

5.2. Specific Food Applications

As mentioned previously, soybean lecithin is used in food because of its emulsify-

ing, wetting, release, and other surfactant qualities. Relatively small amounts of the

lecithin are needed, often only 0.1% to 2% in foods. These use levels are more or

less consistent with those of chemical surfactants (7). At these low levels of usage,

the color, flavor, and odor of the lecithin normally are not noticeable. When lecithin

is used in conjunction with synthetic emulsifiers, it sometimes has a synergistic

effect, and thus lesser amounts of the synthetic emulsifiers need be used.

General food applications of lecithin include margarine, confections, snack

foods, soups, instant foods, bakery products, simulated dairy products, processed

meat/poultry/seafood products, and dietary applications. The most widespread

uses of crude lecithin products are in confections and margarine (7, 174).

Margarine/shortenings. Standard-grade (crude) lecithin is the classic emulsifier

in margarine and is added at the 0.1–0.5% level to the fat phase. It is commonly

used in conjunction with mono- and diglycerides. The lecithin prevents ‘‘weeping’’

or ‘‘bleeding’’ of the moisture present, reduces spattering, promotes browning dur-

ing frying, increases the shortening effect when margarine is used in baking, and

helps to protect the Vitamin A in fortified margarine from oxidation (174). More

complete and uniform blending of shortening occurs when 0.5% to 1.0% lecithin

is added (160).

Confections. There are three major specific properties for lecithin in confections:

emulsification (e.g., caramels), anti-stick/release properties, and viscosity modifica-

tion (e.g., chocolate) (175). None of these properties stand alone. For example,

emulsification in caramels will influence shelf life and texture. In chocolate,

viscosity modification will alter production costs and texture of the finished

product.

Addition of 0.25–0.35% standard-grade lecithin to the chocolate used in candy-

making reduces its viscosity markedly, enables the manufacturer to apply a uniform

coating and thus use lesser amounts of expensive cocoa butter, decreases the time

for grinding and mixing the various ingredients, and produces a more stable choco-

late. Stabilized lecithin-containing chocolate has improved handling characteristics

and is more resistant to fat-and-sugar bloom or ‘‘graying.’’ Use of lecithin in other

fat-containing candies also prevents graining, streaking, and greasiness.

Studies by Sinram and Schmitt (176) have shown significant improvements in

dark and milk chocolates using a fractionated, phosphatidylcholine-enriched soy

lecithin as compared with a standard soy lecithin or no lecithin at all. The effect
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of reduced viscosity and improved yield value in chocolate depended on the type

and dosage of lecithin as well as the fat content of the chocolate.

Addition of 1% to 2% of lecithin to peanut butter gives a smoother, creamier

spread. The peanut butter does not separate under wide temperature variations.

Bakery products. Lecithin is a useful emulsifier in baked goods such as bread,

cakes, sweet goods, biscuits, and crackers. Standard fluid lecithin is not readily dis-

persible in water, giving it limited functionality in a dough or batter where water is

a key component. Modified lecithins, which are water dispersible, provide many

benefits to baked goods including improved shelf life, a stronger gluten complex

in yeast-leavened dough, reduced dough stickiness, improved tenderness, better

release, and reduced checking in products such as crackers and thin bread sticks.

Occasionally lecithin is incorporated into shortenings (solid or fluid) that are

used in baking, but it is more frequently added as a separate ingredient. It can

also be added as part of a dough improver. Gaubert et al. (177) patented a baking

improver composition that contained 20% to 30% (by weight) lecithin. It is an

easy-to-handle dough improver where the lecithin acts as a binding agent and an

emulsifier.

In yeast-leavened dough, the addition of 0.1–0.3% commercial lecithin improves

water absorption, ease of handling, fermentation tolerance, shortening value of fat,

volume and uniformity, and shelf life (89). If enzyme modified lecithin is used, it

extends shelf life by retarding staling or starch retrogradation (99, 178). Lecithin is

employed in cake formulations, such as box mixes, so that they will wet rapidly

when mixed with water. In biscuits, crackers, pies, and cakes, 1% to 3% lecithin

(on shortening basis) promotes fat distribution and shortening action, facilitates

mixing, and acts as a release agent (179).

Bread and rolls. There is a general consensus about the beneficial effects of

lecithin on dough-handling properties [Aberham (180), Kuntze (181), Pomeranz

(179), Puchkova et al. (182), Pyler (183), and Zapryagaeva et al. (184)]. Lecithin

also has a beneficial effect on baking performance. It is commonly believed that

surfactants, such as water-dispersible lecithin, form lamellar-type, ordered struc-

tures in the water phase of the dough. Those ordered structures improve the stability

of the film surrounding entrapped carbon dioxide (185, 186), resulting in increased

volume and improved crumb structure (178). Over 50 years ago, it was confirmed

that the addition of lecithin also improved the extensibility, dryness, and machin-

ability of dough, producing bread that has improved symmetry, grain, and texture

(187).

Researchers have shown that the native phospholipids in wheat play an impor-

tant role in the baking quality of flour (188), and the addition of enzyme modified

soy lecithin can make further improvements (99). Chung and Pomeranz (189)

reported that fractionated lipids, especially phospholipids at 0.2%, provided a sig-

nificant increase in loaf volume when shortening was added. Johnson et al. (190)

reported that adding soy lecithin (PC) to chlorinated, petroleum ether-extracted

flour, at 0.2% flour weight, improved volume and grain beyond that obtained

with the unextracted flour. Chung et al. (191) found that petroleum-extracted polar

lipids were required at a level of 180 mg per 100 g of flour (H.R.W. 12% protein) to
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produce bread of desirable volume. Polar lipids were 50 times more functional than

protein in improving loaf volume. Cole et al. (192) studied the effect of phosphorus-

containing lipids (polar lipids) and soy (PC) lecithin on the quality of cookies baked

from defatted flour. They found that although those fractions containing lecithin

completely restored cookie quality, a phosphorus-free lipid fraction did not.

Enzyme-modified lecithin has the ability to form a complex with the amylose

portion of starch, and the straight portions of amylopectin (193–195). By forming

a complex with starch, enzyme-modified lecithin effectively slows starch retrogra-

dation and staling. In a study, two water-dispersible lecithins were evaluated against

hydrated monoglycerides as starch complexing agents to prevent staling in white

pan bread (196). The staling indices demonstrated that water-dispersible, de-oiled

soy lecithin gave no improvement in softening versus the control to which no

emulsifier was added. An enzyme-modified lecithin, however, gave a significant

softening response. This behavior was attributed to starch complexation by the

lysophospholipids.

Many workers have demonstrated the synergistic effects in bread making of

lecithin in combination with mono- or diglycerides and other surface-acting agents.

According to Hampl and Tvrznik (197), the use of lecithin in combination with

monoglycerides (1) improves quality characteristics of the raw materials, (2) opti-

mizes technical processing, (3) reduces shortening requirements, and (4) improves

overall quality of the final product, including freshness retention and nutritive value.

Haarasilta et al. (198) patented an enzyme product containing de-oiled lecithin, or

lecithin spray dried with a carrier, for use as a dough improver for bread.

Pomeranz et al. (199) have also studied the effect of 0.5% commercially avail-

able lecithins on the quality of bread made from untreated and petroleum ether-

extracted flour, at three different shortening levels (0.0%, 0.5%, and 3.0%). The

best results were obtained with alcohol-soluble soy phospholipids containing a

2:1 mixture of PC and PE in both untreated and petroleum ether-extracted flours.

When added to petroleum ether-extracted flours, 0.5% alcohol-soluble phospholi-

pids replaced 0.8% extracted free flour lipids and 3.0% shortening. Excellent results

were also obtained with hydroxylated lecithin, but only with shortening present. In

a separate study, Glabe and Anderson (200) tested carrageenan and hydroxylated

lecithin in continuous mix bread. Their results indicated that hydroxylated lecithin

increased dough stability and loaf volume when carrageenan was present.

Pyler (183) reports that hydroxylated lecithin improves dough extensibility. It

has been suggested (179) that hydroxylated lecithins are particularly valuable in

bakery products because of their apparent synergy with mono- and diglycerides

in addition to their high dispersibility in water systems in contrast to the oil solu-

bility of most lecithins.

Adler and Pomeranz (201) have shown that the addition of lecithin to soy flour-

enriched bread can improve its consumer acceptability in the absence of shortening.

Even in the presence of shortening, an improvement was observed with the use of

lecithin (202).

Mizrahi et al. (203) described the improving effect of soy lecithin on bread con-

taining soy protein isolate. The use of soy lecithin in conjunction with sucrose

408 LECITHINS



esters exerted an improving effect on bread quality in high-protein breads made

with soy flour (204).

There is a patent on the synergistic effect of hydrophilic lecithins (HLB-8 or

higher) on lipophilic surfactants such as glycerol monostearate (GMS), used pri-

marily in bread and other bakery foods to retard staling (205). Not only does the

use of a hydrophilic lecithin result in improved shelf life, but also in improved

dough conditioning as exemplified by increased loaf volume, improved symmetry,

grain, and texture. Larsson and Eliasson (186) tested the effect of added lecithin on

the dough rheology of flour milling streams. They used liposomes formed with a

high phosphatidylcholine lecithin, and they concluded that flours containing less

polar lipid would be most improved by lecithin addition.

Shogren et al. (206) have found that lecithin, and other dough-conditioning sur-

factants, counteracted the deleterious effect of up to 15% wheat bran that was added

as a source of fiber in bread.

Cookies, crackers, waffles. In the processing of cookies and other baked goods

containing significant quantities of fat, lecithin promotes even dispersion of the fat

throughout the dough (1).

Lecithin aids in the dispersion of fat in semisweet dough, and it improves the

emulsification during the creaming stage of short dough (207). It also extends

the fat. Lecithin is easily mixed into cracker and cookie dough to modify the con-

sistency, and to make machining easier by reducing stickiness in the finished

product. Greasiness of cookies with high shortening content is often reduced by

adding small amounts of lecithin to the dough.

Matz (208) also has reported on the improvements obtained with the use of

lecithin in the production of cookies. Cookie dough is drier and more machinable

with the use of lecithin. Lecithin improves the dispersion of fat so that it more read-

ily mixes with sugar, flour, and other ingredients. Improved emulsification also

reduces mixing times. Overdevelopment of the dough can result in lack of tender-

ness in the cookie. The release quality of lecithin improves the extrudability and

release from the die, improving definition of impression.

Kissel and Yamazaki (209) studied the effects of lipid extracts from wheat flour

and soy and safflower lecithins on improving cookie spread when the cookies were

made from protein-fortified wheat flour. Soy lecithin was most effective, and it also

improved the quality of cookies made from weak flours such as sorghum and millet

(210).

Waffles made from dough that contains lecithin show better iron-grid release

and easier handling. The waffles are stronger, crisper, do not become soggy, and

retain freshness better (211). Pomeranz (179) reported that the use of lecithin in

waffle formulations improves release from the grill, provides strength and crispi-

ness, and reduces sogginess. He also cited the use of lecithin as a mold release agent

(i.e., 0.3%) in low-fat formulations such as ice cream cones.

Cakes, cake mixes, pancakes, doughnuts, sweet rolls, fillings, etc. Incorporating

lecithin in cake formulations substantially improves the quality of cakes (212).

Hydroxylated products that have an intermediate degree of saturation were found

to be best. Lecithins have been recommended as emulsifying agents for cake mixes
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to assure easy pan-release and to prevent the cakes from falling or dipping in the

center (213, 214). They also improve volume, crumb structure, tenderness, and

shelf life. When lecithin was incorporated at a rate of 1% to 3% into a powdery

foaming agent for cake and fry batters, it homogenized the monoglycerides and

provided the foaming property (215). Enzyme-modified lecithin could be used

effectively.

Wolf and Sessa (216) have advocated the use of lecithin in cake doughnut for-

mulations at 0.5% to 1.0% (based on mix weight) to accelerate mixing of the batter.

Prolonged batter mixing results in less tender crumb in the finished product.

Lecithin is also beneficial in white cakes, and others that contain only egg whites,

by acting to replace the phospholipids normally coming from egg yolk in the

formula.

According to Wolf and Cowan (71), the emulsifying properties of phospholipids

find extensive use in cake mixes and instant foods. Adding 0.5% to 1.0% lecithin

promotes wetting, thereby speeding up mixing of cake-doughnut mixes. Adding

lecithin improved keeping qualities, grain, and texture in sweet-dough products

(coffee cakes, sweet rolls, etc.), and produced ‘‘shorter’’ dough in these items.

Incorporating lecithin into pie crusts reduced mixing time, produced flakier

dough, enhanced release, contributed to uniform browning, and aided as a moisture

barrier to protect the crust (179).

Lecithin acts as an aid for the blending of unlike ingredients. An excellent exam-

ple is the formulation of cream fillings for sandwich cookies. The use of low levels

of lecithin significantly improves the ease of blending and mouthfeel of these

products, which consist mostly of low-polarity shortening and high-polarity sugar.

The lecithin serves as an intermediary to significantly reduce the stiffness and

mixing time of the filling (31).

Reduced fat baked goods and extrusion. Lecithin is well known for its lubricat-

ing effects. In 1947, Pratt (217) concluded that lecithin increased the effect of short-

ening in bread. Since then, it has become widely recognized that lecithin imparts a

lubricating effect to dough and finished baked goods. Lecithin also has a positive

effect on lubricity in extruded products. It contributes to increased throughput and

decreased clean-out time. Lecithin improves product flow, and it does not have a

negative effect on density. In the production of extruded, fat-free pretzels, down

time for cleaning the cutting knives can be significantly reduced with the use of

0.5–0.75% (flour basis) de-oiled lecithin. De-oiled lecithin can also be used to

replace monoglycerides in some extruded breakfast cereals and special pastas (218).

De-oiled lecithin is also recommended to increase the lubricating properties of

reduced fat dough. It helps reduce stickiness for improved production yields and

reduce stress on pumps, belts, and motors.

Lecithin is included in several patents for reduced fat bakery products. In a

patent for a low-fat cereal-grain, food composition, lecithin is preferably included

when an egg-like substance is used. The lecithin, along with other emulsifier com-

ponents and gums, presumably functions to incorporate air, which would otherwise

be incorporated by fat (219). Another patent describes the production of reduced-

fat, low-fat, and no-fat baked goods, in which a substantial portion of the shortening
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or fat is replaced with an emulsifier composition (220). The emulsifier composition

preferably contains 10% to 25% by weight of at least one type of lecithin. Specific

reduced-fat products that can be made with the emulsifier composition include fer-

mented crackers, unfermented crackers, cookies, and brownies.

In a patent obtained by Gautchier and Dyer (221), a fat-sparing composition is

described that may be used to extend vegetable fat in cookie filler cremes and other

cremes. The patent states that lecithin may be advantageously used in that compo-

sition. In a similar patent, Abboud (222) used lecithin in a fat replacement compo-

sition for ready-to-spread frosting.

Instant foods. Lecithin has been used as a wetting agent and emulsifier in instant

foods. Foods including cocoa powder, instant drinks, instant cocoa and flavored cof-

fee, powdered protein drinks, coffee whiteners, instant puddings, cake mixes, and

instant toppings are widely employed applications for specific lecithins. The most

common method to incorporate lecithin is as an external coating on the powder par-

ticles. The particular lecithin to be employed largely depends on the hydrophilicity

or lipophilicity of the powder system (7).

In recent years, instant food manufacturers have become interested in oil-free

lecithins. These products are granular, but they can be fluidized by the addition

of water or fats. Additionally, fluid products are now available that are based on

oil-free lecithin and have obvious advantages, because of their blandness and hand-

ling properties, for instant food manufacturers (223).

Pan and food release agents. Lecithin-based release agents are employed in

many applications such as frozen waffle manufacture, bakery products, pizza bak-

ing, and pasta products. Most industrial griddle frying fats are formulated with

lecithin, solely for its release functionalities (7). The products may be spray- or

brush-applied to achieve a thin film capable of promoting easy release of baked

items from pans and belts. Bakery release agents may contain 2–6% lecithin in a

variety of oil bases, and they may also be formulated with particulate matter to pro-

vide an additional mechanical release.

The simplest of all food release agents are found in the category of pan oils or

griddle greases. These products contain low levels of lecithin (0.5–1.0%). Most of

the release action is provided by the mechanical barrier established by liberally

coating the cooking surface.

Retail release agents for home use are marketed as aerosols and occasionally as

pump sprays. In this setting, the release agent will be used for everything from sim-

ple release tasks like pancakes and fried eggs to more challenging systems like

cakes or muffins. Consequently, retail products are formulated with relatively

high levels of lecithin to provide extra release for difficult applications.

As stated previously, moderately and highly acetylated lecithins exhibit heat-

resistant properties that are very desirable to have in many release agent applica-

tions (173). A natural crude lecithin is subject to thermally induced reactions

that are responsible for the darkening and formation of insolubles that occur after

prolonged heating. There are several viscosity grades of heat-resistant lecithins

available, and lecithin viscosity varies with temperature. Low-viscosity lecithins

can be easily sprayed without dilution, or prepared as part of a spray release system.
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Typical formulas for lecithin-based release systems are pan bread: oil 98%,

lecithin 2%; aerosol spray: oil 70%, lecithin 8%, propellant 22%.

Release formulas for cakes, cookies, and other difficult specialty products often

include 5–15% lecithin, 1–10% particulates (flour, silica, etc.), and various types of

oils (mineral, vegetable, etc.).

Lecithins can be directly applied to the surfaces of griddles, continuous oven

conveyers, flame broiling equipment, and other cooking surfaces for better release

and ease of cleaning. The thinnest layer possible should be used for surface release.

Lecithin prepared according to U.S. Pat. 4,479,977 (173) is a very effective

release agent when applied to a surface in a very thin film, or used in spray pan

release systems. For use on a grill, grinders, extruders, pans, or skewers, spray

coverage should be applied with lower misting rather than with an air sprayer.

Continuous, multipurpose ovens that are used to precook foods may use water-

filled dip tanks for cleaning and rinsing the conveyor belt. An aqueous release sys-

tem, containing a water-dispersible lecithin, is added to the dip tank to facilitate

release of the food from the oven belt, as well as promote better rinsing and clean-

ing during cooking. A 10% aqueous dispersion of lecithin is commonly used for

this application (224).

An alternative to the use of dip tanks for continuous band ovens is to blend 2–

10% heat-resistant lecithin in liquid oil or melted shortening, and spray-apply the

blend to the conveyor belt with an air spray system (224).

Refined fluid lecithins are also used to prevent the sticking of high-moisture

sliced and shredded products like cheese. Specialty fluid lecithin products are

sprayed or wiped onto sheets of processed cheese prior to slicing and stacking.

Effective separation of the cheese product requires an even, very thin distribution

of a low-viscosity lecithin applied as a fine mist to the moving sheet of processed

cheese. Lecithin also works well in separating the slices of certain natural cheeses

where the manufacturing process allows the lecithin to be applied as the cheese is

sliced. For separating cheese slices and shredded cheese products, 1 kg for approxi-

mately 500 m2 (equivalent to 45,000 slices) of a low-viscosity, sprayable lecithin is

used (224).

Dairy-type foods. Another major application for lecithin products is in dairy and

imitation dairy products. Bily (225) has shown that the addition of de-oiled lecithin

to milk during cheese manufacture resulted in an increase of mozzarella cheese

yield by 3.58%, and an increase in cottage cheese yield by 8.90%, primarily by

increasing the moisture content of the finished cheeses. Turcot et al. (226), con-

firmed that as the phospholipid content of buttermilk increased, the moisture con-

tent of low-fat cheese increased in spite of cheese manufacturing modifications.

Drake et al. (227) showed that de-oiled lecithin improved process cheese texture

without negatively affecting flavor or acceptance. Trained sensory panelists deter-

mined that reduced-fat cheeses containing lecithin were more similar in texture

attributes to full-fat control cheeses than reduced-fat cheeses without lecithin.

Sipahioglu et al. (228) demonstrated that yield loss and the increase in hardness

of feta cheese associated with fat reduction, was overcome by the water absorption

capacity of starch and lecithin. The presence of lecithin in low-fat and reduced-fat
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cheeses improved the yield, primarily by increasing moisture, and reduced the hard-

ness, while improving the flavor and texture.

Lecithin is used to improve the wettability and dispersibility of various milk

powders including whole milk powder (229, 230) and caseinates (231). Oldfield

et al. (232) demonstrated that lecithinated whole milk powder had increased coffee

stability, with decreased coffee sediment levels over a water hardness range of

0–308 mg/L.

Enzyme-hydrolyzed lecithin has been shown to improve the heat stability of

recombined milk products (233, 234), and almost all infant formulas contain either

hydrophilic or de-oiled lecithins as fat emulsifiers (235). Other dairy applications in

which lecithins are used include frozen desserts, whipped toppings, and yogurt.

Processed meats. De-oiled lecithin is used as a key ingredient for the emulsifica-

tion of fat in canned or frozen meat-containing products. When properly formu-

lated, the lecithin can dramatically reduce or eliminate ‘‘fat-capping’’ in products

such as canned chili, sloppy joes, gravies, Mexican meat fillings, and other meat

products containing a sauce or gravy (236). A combination of lecithin, textured

soy concentrate, and a starch has been recommended for reducing fat separation

in canned meat products that are cooked in the can (237).

Oil-free lecithins, or lecithin/distilled monoglyceride combinations, have been

recommended for reducing water purge in frankfurter formulations that contain

high levels of water (238, 239). Although the lecithin is functional in low-fat or

high water frankfurter formulations, it has failed to function in some full fat-

containing emulsion meats (240). It was concluded that the presence of de-oiled

lecithin in comminuted pork emulsions contributed to the destabilization of the

emulsions. This destabilization of meat emulsions by higher-HLB surfactants

was also seen by Cheong and Fischer (241).

U.S. Patent 4,434,187 (242) covers a meat curing composition that contains de-

oiled, powdered lecithin. The purpose of lecithin is this application is to prevent

separation of the brine solution. Lecithin is also used in release agents for meat cas-

ings and nets. Hammer, et al. (243) recommended that an aqueous-based release

agent for cellulose sausage casings, which contained 5–12% lecithin, be applied

at a rate of 450–800 mg/m2, based on the lecithin weight.

Egg replacers. Lecithins are used in conjunction with dairy and vegetable pro-

teins in an attempt to functionally mimic the lipoprotein complex of egg yolks. A

coagulable egg replacer based on whey protein, polyunsaturated fat, and lecithin

has been described (31). Another formulation included soy and wheat flour blended

with oil, lecithin, carrageenan, and polysorbate 60 to replace up to 75% dry or

liquid eggs in a variety of mixes and prepared foods (31). Dashiell (31) also

reported on a lipoprotein complex formed from soy isolate, oil, carbohydrate,

and various emulsifiers, which is claimed to be useful for whole or partial replace-

ment of egg yolks in baked goods.

Nutritional and health-related applications. Lecithin has long been known in the

worldwide nutritional community. Dietary supplement lecithin is generally derived

from soybean lecithin. Because of its composition of various phospholipids, vita-

mins, and fatty acids, lecithin is involved in numerous physiological actions that
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range from the molecular to the organ level. Among the phospholipid composition

of lecithin, PC is considered the most nutritionally significant. Indeed, choline

phospholipids are involved in a myriad of essential metabolic reactions, are impor-

tant structural components of cell membranes, and are important mediators and

modulators of transmembrane signaling. Table 26 provides an overview of the

physiological functions of lecithin/choline.

Lecithin is the main dietary source of choline. The U.S. National Academy of

Science’s (NAS) Food and Nutrition Board recently underscored the importance of

lecithin in human nutrition by assigning choline (the vitamin component of PC) a

dietary reference intake (DRI) in 1998 (244). Although it is true that lecithin and

choline are present in a variety of foods, the specific amount of lecithin and choline

in foods is currently unknown. At this time, no comprehensive analysis of choline

in the food supply exists. Such an analysis is, however, underway and it is estimated

that the extensive USDA database of foods will be fully analyzed for choline con-

tent by 2005. The analysis will include all forms of choline found in food.

It is known that the richest sources of lecithin/choline are high-fat/saturated fat/

cholesterol-containing foods such as egg yolks, organ meats (liver, kidney), and

whole milk. Analyses from the 1970s estimated choline intake to be 730–1040

mg/day in adults consuming a typical western diet (244). However, since the

1970s, dietary recommendations have strongly advocated reducing intake of foods

high in fat, saturated fat, and cholesterol. Although this dietary guideline policy has

resulted in lower fat intake for many Americans, it is likely that lecithin intake

has also decreased considerably in recent years. Indeed, a number of sources

have reported steep declines in consumption of eggs, red meat, and whole milk

over the past 25 years (245).

Choline has been shown to be essential to the body. In a landmark study in 1991,

Zeisel et al. (246) showed that healthy men with normal folate and Vitamin B12

status fed a diet deficient in choline have diminished plasma choline and PC con-

centrations and subsequently developed liver damage. In other words, when other

nutrients are adequate, the body is not able to produce choline in quantities suffi-

cient to prevent liver damage as assessed by elevated serum levels of alanine-ami-

notransferase (ALT), a critical liver enzyme. These data served as the supporting

TABLE 26. Basic Physiological Functions of Lecithin/Choline.

Function Description

Cell membranes PC provides structural stability for cell membranes, provides a

reserve supply of choline, and acts as a second messenger.

Fat transport PC is a main constituent of the membrane surrounding the fat

transporting molecules called lipoproteins.

Methyl metabolism Choline is one of a few B Vitamins that participate in methyl group

metabolism. Methyl groups (CH3) are components of numerous

important biological compounds.

Cholinergic Choline is a principal component in the synthesis of acetylcholine.

neurotransmission
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evidence for the establishment of the DRI levels for choline. The adequate intake

level for choline was determined as the point at which ALT levels returned to the

normal range. The adequate intake level was originally set for adult males and has

been calculated/extrapolated for other populations. Tolerable upper limits for cho-

line have been set for various age groups. High doses of choline, in the form of

choline salts (choline chloride or choline bitartrate), have been associated with

sweating, salivation, a fishy body odor, and hypotension (low blood pressure).

Table 27 shows the AI and UI values for various populations (244).

Although healthy individuals eating an omnivorous diet are not likely to be at

risk of choline deficiency, some groups such as vegetarians, athletes, dieters, and

pregnant and lactating mothers can deplete choline stores. Lowered serum choline

concentrations have major consequences including hepatic, renal, vascular, neuro-

nal, and infertility problems (5, 247). Further, there is evidence that supplemental

choline (intake levels >DRI levels) may be beneficial to the health of some indivi-

duals. The following sections discuss the role of lecithin and choline health and dis-

ease prevention.

Liver health. As noted above, a biomarker of choline deficiency is elevated ser-

um ALT levels, which is an indication of liver damage. One of the many functions

of the liver is its role in fat metabolism. Without PC, the liver is unable to synthe-

size lipoproteins. Of particular importance in liver is the synthesis of very low-

density lipoproteins (VLDL). With diminished VLDL production, the liver is not

able to export lipid. This results in an accumulation of fat in the liver. Lipid accu-

mulation in the liver leads to various stages of liver disease such as liver cell death,

fibrosis, cirrhosis, and liver cancer (248–250). The role of choline in liver disease

was underscored in the early 1990s when it was determined that patients on

extended total parental nutrition (TPN) treatment developed fatty livers (251).

At that time, TPN formulas did not include choline. Adding choline (in the form

of lecithin) to TPN formulas reversed fatty buildup in these patients, and a

TABLE 27. DRI for Choline (244).

Adequate Intake Adequate Intake

Level for Males Level for Females Upper Limit

Group Age (mg/day) (mg/day) (g/day)

Infants 0–6 months 125 125 Not possible to

establish

7–12 months 150 150 Not possible to

establish

Children 1–3 years 200 200 1

4–8 years 250 250 1

9–13 years 375 375 2

14–18 years 550 400 3

Adults 19þ years 550 425 3.5

Pregnancy 450 3.5

Lactation 550 3.5
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long-term study strongly suggests choline is an essential nutrient during long-term

TPN (252). This finding led to the series of experiments that eventually determined

the essentiality of choline, and to the choline DRI values.

Because of the link between lecithin/choline and liver health, these substances

are being studied for their therapeutic potential. In humans, the primary cause of

fatty liver is overconsumption of alcoholic beverages. Results from several studies

indicate that the phospholipids found in lecithin, particularly PC, may significantly

reduce liver damage caused by alcohol consumption (253, 254), and this effect was

not seen when choline was supplemented in the form of choline salts. Interestingly,

an editorial on diet and liver disease stated that the most exciting finding regarding

diet and liver health is that supplementation with PC protects the liver from the

damage associated with long-term alcohol consumption (255).

Other studies in animal models show that a choline-deficient diet promotes liver

carcinogenesis (256–261). In fact, choline is the only known nutrient for which

deficiency is directly linked to liver cancer in the absence of any known carcinogen

(262, 263). Choline deficiency is therefore considered to have both cancer initiating

and cancer promoting activities.

Effects on blood cholesterol. Many studies conducted from the 1960s through the

1980s investigated the relationship between lecithin administration and serum cho-

lesterol concentrations. In 1989, Knuiman et al. reviewed 24 of these studies (264)

and concluded that most of lecithin’s cholesterol-lowering benefits were caused by

its content of polyunsaturated fatty acids, primarily linoleic acid. They stated that

soy lecithin, therefore, was no better than soybean oil in lowering total serum cho-

lesterol. However, this research group failed to consider the effects in subclasses of

lipoproteins, basing their conclusions only on total cholesterol. The analysis did not

include the positive effects of lecithin on HDL cholesterol, the lipoprotein fraction

that lowers cardiovascular disease (CVD) risk by reverse cholesterol transport in

which cholesterol is removed from arteries and other tissues and returned to the

liver for resynthesis. In a comprehensive review of risk factors for atherosclerosis,

Ridker et al. considered 11 biomarkers thought to be associated with increased or

decreased risk of CVD (265). They determined that the strongest predictor of car-

diovascular disease is an unfavorable ratio of total cholesterol to HDL cholesterol,

meaning that those most likely to develop heart and vascular disease are those with

low HDL cholesterol and high total cholesterol. Thus, simply considering effects of

lecithin on total serum cholesterol tells only part of the story regarding risk factors

for CVD.

O’Brien and Andrews (266) found that, in men, soy lecithin increased HDL

levels significantly more than egg lecithin or fatty acids. Wojcicki et al. also showed

that lecithin can reduce LDL cholesterol, although this study lacked proper control

(267). The ability of soy lecithin to alter blood cholesterol has led to some provo-

cative research in adding lecithin to certain cholesterol-lowering drugs. One of the

problems with drugs like clofibrate is that, although it can lower levels of VLDLs,

thus lowering CVD risk, it can raise LDL levels, increasing CVD risk. One study

found that, when administered with clofibrate, lecithin prevented the increase in

LDLs seen with clofibrate alone (268).
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The primary mechanism by which lecithin lowers cholesterol is by decreasing

the absorption of dietary cholesterol from the intestine to the blood stream (269,

270). There is also evidence that lecithin intake lowers cholesterol by increasing

the amount of cholesterol used in the production of bile salts (271). As more cho-

lesterol is used for bile salt synthesis, less is available to reach the blood stream and

damage blood vessels. Lecithin also contributes polyunsaturated fatty acids to the

diet, which may help control blood cholesterol levels.

Direct effects on atheroclerosis and artery health. Data from the 1960s suggest

that phospholipids may play a dual anti-atherosclerosis role by mobilizing choles-

terol from arteries and by preventing the atherosclerogenic actions of cholesterol

(272). Phospholipids administered intravenously have been observed to have an

anti-atherosclerotic effect in several experimental animal species (273–279). There

are a number of theories on the mechanisms of lecithin’s anti-atherosclerotic

actions. Older theories attributed these effects to ‘‘detergent’’ effects and simply

the lowering of serum cholesterol (278). More recently though, Hsia et al. (279)

suggested that PC is taken up by HDL to form PC-rich vesicles that have a greater

capacity than native HDL for promoting cholesterol efflux, leading to depletion of

cellular cholesterol and increased LDL receptor activity and reduced arterial

damage. However, exact mechanisms on endothelial repair and growth factors

are yet to be determined.

Finally, lecithin may also affect cardiovascular health by interactions with

certain drugs. One such interaction is lecithin and nonsteroidal anti-inflammatory

drugs (NSAIDs). NSAIDs (aspirin, ibuprofen, and naproxen) are currently being

studied in a number of trials for their potential effect on the reduction of arterial

disease by decreasing the production of certain prostaglandins that cause inflamma-

tion. However, because prostaglandins also act to protect the stomach lining, these

drugs can also cause upset stomach, gastrointestinal bleeding, and ulcers. The addi-

tion of lecithin to NSAIDs not only prevents the stomach irritation associated with

these drugs (282), but also may potentiate their effects (283). A study in rats

showed that free and lecithin associated-aspirin appear to be equally absorbed,

but the latter form has greater antipyretic, anti-inflammatory, and analgesic efficacy.

The improved efficacy may be caused by increased uptake by target cells, increased

binding to cyclooxygenase (the rate limiting enzyme in the synthesis of pro-

inflammatory and other prostaglandins), or prolonged half-life (283).

Effects on brain development. In the developing fetus, choline plays a critical

role in the development of the hippocampus and septum, brain areas thought to

be heavily involved in the formation and retrieval of memories (284, 285). Given

the role of choline in the developing brain, it was speculated that choline supple-

mentation may improve cognitive ability. In a series of experiments, Meck and

Williams gave pregnant rats supplemental choline at various times during preg-

nancy (286–289). After the pups were born and weaned, they were tested in a series

of maze memory tests. In these maze tests, the rats need to ‘‘remember’’ which

arms contain food. Rats with a greater ability to form memory cues make fewer

mistakes when recovering the food. It was determined that rats whose mothers

were given the supplemental choline in their drinking water during days 12–17
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of pregnancy (corresponding to weeks 20–25 in a human pregnancy) had signifi-

cantly better memories than the control animals and animals provided supplemental

choline during other periods of gestation. Interestingly, this critical period for cho-

line supplementation and cognitive enhancement corresponds with progenitor cell

differentiation and migration during development of the hippocampus. Additional

experiments indicate that numerous aspects of cognitive function are enhanced by

supplying additional choline during this gestational period (286–288, 290, 291).

There may also be an additional critical period for choline supplementation

soon after birth. Feeding choline to the rat pups, from day 16 to 30 of life, also

resulted in better memories, but not as dramatically as did supplementation during

the prenatal period (289). Importantly, the cognitive enhancements observed are

not simply transient effects in young animals. Rats whose mothers were given

supplemental choline during pregnancy consistently performed better in the

maze and other tests throughout their lives (292). Further, when tested at a very

elderly stage of life, these rats continued to have better memories and less mental

deterioration.

Choline plays many critical roles in human fetal development, and pregnant or

lactating women have increased needs for choline. Choline is transported across the

placenta from the mother to the fetus by a 1:14 ratio (293, 294). This creates a large

drain on maternal stores of choline making the mother more vulnerable to the

effects of choline deficiency during pregnancy. Similarly, the choline concentration

in mother’s milk is over 100 times the level in the maternal bloodstream (295).

Because of this heightened requirement for choline, it is likely that both pregnant

and lactating mothers have lower serum choline concentrations than nonpregnant

women. Currently, research is underway to investigate the impact of choline sup-

plementation during human pregnancy, and during the first 6 weeks after birth, on

the brain function of babies.

Effects on cognitive performance and memory in young adults. Because lecithin

supplies added choline and PC, the precursors to the formation of acetylcholine in

the hippocampus, lecithin has been studied for its possible memory-enhancing

effects (296). Interestingly, it was found that, although improvement in memory

was seen in almost all participants, those who were the slowest learners initially

showed the greatest improvement with administration of a 25-g dose of lecithin

(supplying 3 g of choline). Using a similar memory test, a second group of

researchers found that subjects ingesting 7.5 g of choline (as choline chloride) sig-

nificantly improved/learning performance (297). Again, the memory improvements

were most effective in the slowest learners in the study.

Effects on memory in older adults. Studies have also shown that choline supple-

mentation improved both immediate memory and logical memory, or free recall, in

older adults with memory deficiencies (298, 299).

These studies demonstrate that choline ingested in the form of lecithin or lecithin

precursors [diacylglycerol choline phosphotransferase (CDP)-choline] can improve

mild memory loss associated with the aging process. Choline chloride, however,

appears to be less effective than lecithin for improving memory, likely because

of its lower bioavailability (300).
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5.3. Flavor in Food Systems

The flavor of lecithin products, and the effect of lecithin on other flavoring materi-

als, has received some attention, but much remains to be done. Some factors affect-

ing flavor biogenesis in phospholipids have been reviewed by Sessa (301). The

flavor profile of commercial lecithins can vary greatly. The typical odor/flavor pro-

file of commodity grade soybean lecithins is slightly green and beany. Certain addi-

tional notes may be present in chemically modified or fractionated lecithins. Much

of the green, beany character can be eliminated by removal of the vegetable oil frac-

tion, leaving a slightly nutty-flavored, dry powder or granule. Through gas chroma-

tography and mass spectroscopy, 79 volatile compounds were identified in soybean

lecithin (302).

Producing bland fluid lecithins is possible by redispersing the de-oiled lecithin in

clean oils that have been properly refined and deodorized. Lecithin flavors are not

typically a problem in food applications because lecithins are used in most foods at

low levels. Laboratory tests have shown that in finished food formulations, lecithins

can either accentuate or reduce the flavor intensity of salt, acids, and some spices.

However, lecithin flavors can penetrate bland dairy-based systems. Studies have

shown that 0.25% de-oiled lecithin could be detected in cottage cheese (31).

Lecithin is used in some applications for its apparent ability to modify certain

flavors. Dashiell (31) has reported on the use of lecithin to modify flavors in chew-

ing gum products, claiming that the lecithin reduced certain bitter flavor principles.

In summary, phospholipids affect the sensory properties of appearance, color,

flavor, taste, and texture of foods, the key attributes that determine consumer accep-

tance. The flavor of phospholipids, and their interaction with both desirable and

undesirable flavors, is extremely critical and contributes to the acceptability of

foods containing these preparations. As various phospholipids have different

physical and chemical properties, they can affect food quality to different degrees.

This depends on the phospholipid’s nature and content in the oil, the presence of

other compounds, and the oil system in which phospholipids exist (301).

Although much progress has been made in reducing flavor, some residual flavors

always remain (303). In most foods, they are diluted and masked when the lecithins

are incorporated at low levels. Flavor is a particular problem, however, in bland

foods, such as dairy products. For more details on the role of lecithin in flavor

development in foods, the reader is referred to reviews by Min and Stasinopoulos

(304), Sessa (301), and Sipos (305).

5.4. Liposomes

Liposomes typically consist of bilayers of phospholipid molecules arranged in a

spherical manner. Liposomes can be either unilamellar, consisting of a single

bilayer, or multilamellar, consisting of concentrate spheres of bilayers with water

separating each bilayer. Liposomes have generated great interest as carriers for var-

ious active ingredients, with water-soluble actives encapsulated in the liposome

core, and oil-soluble actives encapsulated in the bilayer. Figure 4 depicts a model

of a liposome (306).
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Liposomes have been used for years as components of drug delivery systems,

and as transdermal carriers of active ingredients in the cosmetic industry (307,

308). More recently, liposomes have found use in the food and nutritional supple-

ment industries. Keller (308) lists more than a dozen nutritional products on the

market that have been formulated with novel liposome-based delivery systems.

In the food area, liposomes have been studied for their ability to encapsulate and

provide controlled release of enzymes (309, 310), and liposome-encapsulated

enzymes have been used to accelerate the ripening of cheese (311).

U.S. Patent 4,999,208 (312) covers the extrusion baking of cookies having

liposome encapsulated ingredients.

6. ANIMAL FEEDS, USES

6.1. Animal Feeds

Many companies sell crude lecithin gums to the feed industry with little or no

further processing. However, the full nutritional and functional advantages of phos-

pholipid use in animal feeds can be obtained through exploitation of the different

types of lecithins available (313).

6.1.1. Functional Uses of Lecithin in Animal Feeds Lecithins can be

employed in animal feeds for their numerous functional properties. These applica-

tions result from lecithins’ emulsifying, wetting, colloidal, antioxidant, and physio-

logical properties.

Figure 4. Model of a Liposome (306). (This figure is available in full color at http://

www.mrw.interscience.wiley.com/biofp.)
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Milk replacer fat emulsion. One important application of lecithin in animal feeds

is as an emulsifier (314). As an example, milk replacer fat is emulsified to improve

product wetting and dispersion upon mixing, to help minimize fat separation (i.e.,

emulsion stability), and to significantly reduce fat particle size, allowing improved

fat digestibility. As an emulsifier in milk replacers, lecithin is used at 3–12% of the

added fat. The type of lecithin used is affected by factors such as fat type, protein

type, and the presence of stabilizers.

Canned food emulsion. Another emulsification application for lecithins is in

canned pet foods. Lecithin can help maintain homogeneity within the ingredient

mixture during pumping to the cans, can reduce fat capping and crystallizing within

the can, and can keep gravies and sauces consistent and smooth, without separation

while stored in the cans. Lecithin is used at 0.25% to 0.75% of the canned pet food

formula to achieve these effects (315).

Canned food lubricity. Lecithin provides lubricity in canned pet food applica-

tions. This lubricity reduces stickiness and eases the flow of the food through the

processing equipment. In this regard, lecithins are superior to fats. For this reason,

the use of lecithin can reduce the need for fat in ingredient blends, and a superior

machinability is achieved. Lecithin has been used at rates of 0.25–1.0% of the

ingredient mixture in canned pet foods for these benefits (315). Lecithin also func-

tions as a release agent. Spraying a thin film of lecithin on the inside surface of cans

prior to filling helps to provide cleaner and faster parting of the contents from the

can (315).

Extrusion. Lecithin is used during the extrusion of pet foods. Specifically, the

lubricity property of lecithin has been capitalized on for extrusion of companion

animal foods (e.g., dogs, cats, horses). De-oiled lecithin (0.5–1.0%) and fluid

lecithin (0.75–1.5%) reduce extruder motor load, allowing an increase in produc-

tion rate at the same energy cost. At the quoted lecithin usage, production rate

increases of 10% to 25% have been observed. Another aspect of lecithin use during

extrusion is production stability. Ingredient combinations of some companion ani-

mal formulas are resistant to passage through an extruder. This characteristic results

in ‘‘surging’’ of production as pressure is built up and released during extrusion.

Lower calorie, higher fiber food production is prone to this difficulty. Lecithin

reduces this fluctuation of rate through the extruder, which allows more rapid

establishment and maintenance of production stability. The natural lubrication

properties of lecithin also reduce mechanical wear. Less wearing of parts increases

their functional life and reduces production costs. Maintaining particle size and

shape during extrusion is a problem with some foods. In some formulas, lecithin

smoothes the passage of the extrudate through the die, which leads to improved

product uniformity. Additionally, lecithin reduces the amount of clumping that

occurs in some products’ particles prior to reaching the dryer. Clumped product

is screened away and must be discarded or reworked, which decreases production

capacity.

Lecithin use in extruded foods increases bulk density 0–20%. The level of

change is related to the amount of lecithin and the ingredient composition of

the food. In some cases, the difference in density is so slight that no change in
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packaging is indicated. When density is significantly increased, existing packaging

is too large without modification. However, changes can be made during production

to maintain product density as a constant when lecithin is used. For example,

increased steam addition, and/or decreased die area, increase expansion and

decrease density. An increase in density is not always a negative, especially with

new formulas and low-calorie or ‘‘light’’ foods. Higher density foods require smal-

ler bags and lower storage and transportation volumes. Lecithin benefits water dis-

tribution and retention in finished extruded foods. Lecithin reduces moisture

migration into and out of products. This influence provides a benefit through a

reduction in the development of ‘‘staleness’’ of the food (316, 317).

Baked pet food. A variety of baked products (foods, biscuits, cookies, and crack-

ers) are manufactured for dogs. Lecithin has the same functions and provides

the same benefits in these products, as described earlier in this chapter for baked

goods produced for human consumption. A usage of 1–3% lecithin, on a fat

basis, promotes fat distribution in these baked products. Lecithin is also used in

reduced-fat baked items for pets, to replace the lubricity that is lost when the fat

is removed. Lecithin is used at rates of 0.25–2.0% of the mixture for these benefits.

In reference to machinability, lecithins are superior lubricants to fats. For this

reason, the use of lecithin can reduce the need for fat in pet product ingredient

blends (318).

Lecithin will function as a release agent, providing cleaner and faster pet food or

biscuit parting from a stamp or mold. A reduction in the amount of pressure

required to create an impression with a stamp is seen when lecithin is used in

the mix. The ease of formation of intricate, stamped, surface appearance details,

especially with low-fat products, is also improved with lecithins. When dough is

being cut, lecithin improves release from the die, especially with rotary cutters.

With superior release, foods and biscuits are formed with a better impression,

and lower numbers of ‘‘cripples’’ (i.e., improperly formed product). Some pet bis-

cuits are formed from a batter injected into a mold prior to cooking. Lecithin can

improve flowability of the batter so that it fills all the mold corners and cavities.

After cooking, lecithin improves release from the mold.

Lecithin is known for its ability to create a nonstick surface. Although fats and

oils have been used for this purpose, they can add unnecessary calories and leave an

oily residue on the product surface. Lecithin functions by modifying the boundary

between a pet food or biscuit and the cooking or mold surface. In this manner,

lecithin prevents the products from coming into contact with surfaces where stick-

ing can occur. Low-viscosity lecithins can easily be sprayed without dilution. Other

lecithins can be mixed with oils, fats, or water, and then sprayed. Still other

lecithins are ‘‘heat resistant’’ and can be used in applications where exposure to

prolonged heating would normally cause darkening.

Development of checks or cracks, potentially leading to in-package breakage,

can be a problem with baked products, particularly those that are brittle. A low-

level lecithin addition (0.25–0.50%) helps to reduce this problem by increasing pro-

duct cohesiveness. A reduction in fines development within the packaging has also

been noted.
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Antioxidant. Lecithin is a natural complement to antioxidants for stabilizing

animal fats and vegetable oils. Phospholipids thus help to reduce development of

rancidity and to prolong product freshness (319). Lecithin functions particularly

well as a synergist with antioxidants.

Aquatic feeds. Lecithin has also been found to have functional application in

foods for aquaculture. Extruded fish or crustacean diets, which are designed to

sink, must possess particular characteristics to satisfy physical and nutritional

requirements. These include a high density, which enables the food pellet to sink

in extreme open sea conditions; hardness, which allows the pellet to withstand

transfer and handling throughout the feed mill and during shipment to the aquacul-

ture farms; and an open cell structure to facilitate high external fat uptake. The use

of de-oiled lecithin (e.g., 0.5%) in the aquatic food addresses these needs (320).

Lecithins also reduce leaching of water-soluble nutrients (321) and act as an effec-

tive binder (322) in fish foods. The latter authors indicate that de-oiled lecithin is

more effective than fluid lecithin in reducing dissolution time and leaching of

water-soluble nutrients. Lecithin also has application in artificial microparticulate

diets for larval fish. Phospholipids can benefit lipid emulsion and lipid-walled

microcapsule formation.

6.1.2. Nutritional Uses of Lecithin in Animal Feeds The functional aspects of

lecithin use as an emulsifier are referenced above. Emulsification of dietary lipid is

also nutritionally important for digestion. Immature animals of all species (e.g.,

calves, dogs, fish, pigs, and poultry) have limited production of digestive emulsi-

fiers (i.e., bile) and enzymes. Providing lecithin as a dietary emulsifier allows

improved utilization of feed energy.

Piglet digestion. Low feed intake capacity and poor digestive capabilities char-

acterize the early weaned pig. A challenge is to formulate a palatable, nutrient

dense, highly digestible diet. In order to increase dietary energy, supplemental fat

is used. An approach to improving digestion and pig performance is to use various

supplemental dietary lecithins with or without supplemental fats. Pig responses

with dietary lecithin have been inconsistent (323). The successes and failures

seen in past studies are difficult to compare and critique. Variables that could

have influenced the experiments’ outcomes include type and level of lecithin,

type and level of fat, diet composition, dietary calorie:amino acid ratio, absolute

dietary caloric density and amino acid content, age of pigs, and performance poten-

tial of the pigs. Overall, the trend is for dietary lecithin addition, at a rate of 5–10%

of the fat, to improve piglet performance.

Calf digestion. The digestive system of young calves changes dramatically

during the first three weeks of life. During this time, calves are severely restricted

in the nutrients that they can digest. Milkfat is the most highly digestible lipid

source; however, other fats (e.g., tallow, lard. white grease, palm oil, coconut oil)

can be used if they are emulsified and homogenized properly. The major factor

influencing digestion and absorption of fats by preruminant calves is emulsification

of the milk replacer fat to a particle size less than 10 microns (324). Addition of
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lecithin (e.g., 10%) to the fat prior to mixing the fat into the milk replacer can

influence the fat droplet size in the emulsion.

In ruminants, lecithins have also been shown to control bloat, a digestive disor-

der typified by distension of the rumen. The distension is caused by the formation of

a foam above the rumen liquor, which blocks the escape of gases (325).

Crustacean digestion. Initially, lecithins were believed to be required as a sur-

factant for lipid emulsification and digestion by crustaceans. However, other evi-

dence suggested that dietary phospholipid improved growth and survival by

effects other than enhancement of emulsification and absorption of dietary lipid

from the digestive tract. The current consensus is that dietary phospholipids influ-

ence the mobilization of lipids (e.g., cholesterol and triglycerides) from the midgut

gland to the hemolymph and other extra hepatic tissues rather than in the direct

digestion and absorption of dietary lipids. A significant dietary interaction between

cholesterol and lecithin exists. Neither of these lipid materials can replace the other

in the diet of crustaceans. The zwitterionic properties of phospholipids have been

shown to enhance the absorption of various drugs, including the drugs’ lipid perme-

ability. This fact becomes interesting in terms of the use of carotenoids in shrimp

nutrition. Carotenoids play important roles in health, in reproduction (e.g., develop-

ment of eggs), and during embryonic and postembryonic development stages. A

synergy could exist between phospholipids and carotenoids in the nutrition of

shrimp. Another possible role of dietary phospholipids could be improved palatabil-

ity (chemoattraction) resulting in stimulated food consumption. The phospholipid

requirement for larval shrimp is in the range of 3.0% to 9.0% from soy lecithin,

in order to supply 1–3% phosphatidylcholine plus phosphatidylinositol. The phos-

pholipid need for juvenile shrimp is within the range of 3.75–4.5% soy lecithin

(1.2–1.5% phosphatidylcholine plus phosphatidylinositol). The phospholipid

requirement for broodstock is at least 2% soy lecithin (0.65% phosphatidylcholine

plus phosphatidylinositol) (326).

Most larval fish (e.g., sea bass, salmon, trout, turbot, seabream, flounder, carp,

and goldfish) have a requirement for dietary phospholipids. The phospholipid

requirement generally decreases with age or developmental stage. The requirements

also differ between species (321).

Companion animal digestion. Some nutritionists use phospholipids in the foods

of puppies and kittens to improve dietary fat digestion. Other reasons exist for

improving the nutrient provision of canine and feline foods. A desire to produce

nutritionally optimal versus adequate foods has resulted in changes in pet foods.

Many of these changes are reflective of alterations in the eating habits of pet own-

ers. A realization is that not all canines and felines have the same nutritional needs

throughout their lifetimes. Advantages to companion animal life cycle foods exist.

Foods for senior dogs and cats are among these. Objectives of nutritional manage-

ment for older dogs and cats include enhancing the quality of life, delaying the

onset of aging, extending life expectancy, slowing or preventing progressions of

disease, eliminating or relieving clinical signs of disease, and maintaining optimal

body weight. Lecithin use at a rate of 1.0–5.0% in the diet of older pets can be a

nutritionally advantageous source of essential fatty acids, choline, and energy (327).
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Skin and coat health. Further justification of optimizing the nutrient provision

of companion animal foods is an enhanced owner awareness of, and interest in,

nutrition. Owners are more understanding of the quality and longevity of their

pets’/companions’ lives and the role that nutrition plays. The skin is the largest

organ in the body. Maintaining the integrity of the skin, its component cells, and

the plasma membranes of the cells is critical not only to the appearance of the ani-

mal, but also to the animal’s health and well-being. Significant scientific informa-

tion has been reported concerning the role of phospholipids and essential fatty acids

(omega 6, omega 3) in the health of skin and other epithelial tissues such as hair and

hooves. Lecithin is an excellent source of phospholipids and essential fatty acids.

Dietary fortification and/or daily supplementation with lecithin can be part of an

optimal nutritional program for companion animals. Phospholipids and essential

fatty acids are present in companion animal’s foods. However, specific dietary

recommendations for use of lecithin are anecdotal. Lecithin use in dog and cat

foods has been in the range of 1–3% (e.g., equivalent to 0.5–2.0% phospholipids).

As a daily supplement approximately 10 to 20 g lecithin per 100 pounds body

weight (45 kg) is a starting point. A teaspoon of granule de-oiled lecithin is about

2 g and a tablespoon is about 7.5 g. The amount of supplemental lecithin to achieve

the desired nutritional effect is influenced by breed and individual animal genetics

as well as environmental variables such as humidity level, exposure to sun and

wind, frequency of bathing, and others (e.g., allergies). Lecithin is also used in

complete equine foods. The usage level has been 1–5% (e.g., 0.5–3.0% phospholi-

pids), with a more common usage level in the 1.0–2.5% range. As a daily nutri-

tional supplement, the amount of lecithin fed is related to state of nutrition,

general health, weight, age, and others. Lecithin supplementation can range from

15 to 20 g up to 90 to 100 g per 1000 pounds body weight (450 kg). Note: An

eight-ounce standard measuring cup holds approximately 100 g of de-oiled lecithin

granules (328). Lecithin is also used in the diets of fur-bearing animals (e.g. foxes,

mink) to promote healthy, full hair coats. The reason for lecithin’s use in this appli-

cation is the same as for its nutritional use with companion animals (328).

Equine health. The lining of the gastrointestinal tract of animals is composed of

a specialized epithelial tissue. Equine physiology, in combination with the employ-

ment (e.g., racing, trial events) of this companion animal, creates a unique nutri-

tional application of phospholipids. Stomach ulcers represent a significant

problem, and well-studied health condition, in foals and adult horses. The incidence

of ulcers in young foals may be 50–60%. In adult horses involved in routine training

or racing, the incidence of stomach ulcers can be 80–90%. The presence of ulcers in

horses is associated with poor condition, irritability, and poor performance. A

majority of equine ulcers occur in the nonglandular fundic region of the stomach.

Significant research has suggested that surface-active phospholipids can play a role

in supporting the defenses of the squamous epithelium in this region of the stomach.

In fact, a number of studies suggest that orally supplemented lecithin can help

reduce formation of, and contribute to, healing of stomach ulcers. Reviewing the

published information, an approximate daily consumption of 90–155 g of lecithin

for a treatment period of 2–4 weeks may be indicated. Routine feeding of lecithin at
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a lower rate may help maintain gastric tissue health and avoid ulcer formation.

Direct study of lecithin in horses is needed to gain more exact information (329).

Companion animal memory. As mentioned, the emotional relationship between

people and their companion animals continues to grow. Other areas of companion

animals’ health and quality of life that can be addressed through their food include

brain development, learning ability, and memory. Brain development and mainte-

nance is a life-long process beginning in utero and continuing until death. The

importance of optimizing the ability of companion animals to learn and remember

will add to the quality of life that they and their owners experience. To this end,

choline deserves special attention when companion animal foods are formulated.

The unique attributes of lecithin (e.g., phosphatidylcholine) as a highly bioavailable

source of choline should be recognized. Optimizing choline consumption during

pregnancy can stimulate brain and nervous system development and growth in

the fetal young, can result in improved ability of young animals to learn and

remember, and can benefit memory into old age. Optimizing dietary choline/

lecithin for young adults can improve serial learning and selective remembering,

as well as benefit behavior (e.g., reduced excitability, anxiety, reactivity, and

aggression). Although memory diminishes with age, optimal dietary supplementa-

tion with choline/lecithin can reduce brain cell shrinkage and improve short-term

memory and learning in geriatric animals (329).

Companion animal exercise. In addition to choline/lecithin involvement in

neural functions related to learning and memory, they are also involved with muscle

function. Cholinergic nerves carry signals to muscle fibers. Research has shown

that intense, sustained exercise lowers plasma choline levels. These declines are

prevented by choline/lecithin supplements, which in many cases enhance physical

performance (330). In humans (e.g., marathon runners, swimmers, skiers), supple-

mentation is reported to decrease the feeling of fatigue, increase the feeling of

vigor, and improve race times. Mechanistically, the supplementation can alter the

synthesis and release of acetylcholine from nerve endings, enhancing skeletal mus-

cle contraction. Choline supplementation is also associated with increased choline

content of skeletal and cardiac muscle cell membranes. This storage benefits acet-

ylcholine formation and release. Further, the supplementation complements mem-

brane growth and repair. Lecithin use can expand the unsaturated fatty acid content

of membranes, increase membrane permeability and cell energy metabolism, and

improve exercise capability. The observed result can be improved physical capabil-

ities of exercising horses and dogs (331).

Poultry. Lecithin has nutritional application in poultry feeds. The caloric value

of lecithin (8900 kcal/kg) for broilers was reported to be greater than tallow (5000–

7000 kcal/kg) or soybean oil (8800 kcal/kg) (332). This research was complemen-

tary to earlier observations that fat utilization and metabolizable energy value were

improved when lecithin was also included in chick diets (333, 334). Phospholipids

can increase pigment absorption contributing to egg yolk pigmentation (335).

Nutrition also plays a key role in the value of meat. Brazilian research found

that lecithin in the diets of broilers improved the sensory scores for breast meat

(336).

426 LECITHINS



7. NONFOOD AND INDUSTRIAL USES

Utilization of lecithins has expanded beyond traditional applications in oil-based

paints, chocolate, margarine, and bakery goods. Lecithin is not only used as a

release agent for the baking industry, but also in the adhesives and plastics indus-

tries, and is used as a dispersing agent in many industrial applications. Lecithin des-

tined for certain industrial applications may require more rigorous refining

conditions than conventional lecithin grades. Cross-reacting lecithin also expands

the applicability of lecithin for specific applications.

Lecithin serves as a dispersing agent in water-thinned paints, latex paints, and

printing inks; as an antisludge additive in motor lubricants; and in combination

with phenolic antioxidants, it serves as an antigumming agent in gasoline. It serves

as an emulsifier, penetrant, spreading agent, and antioxidant in the textile industry,

and as an antioxidant and dispersant in the production of rubber compounds.

Lecithin has found a place in pesticide and herbicide formulations, and it is being

used in cosmetics and the pharmaceutical industry. It has also been used for many

years as a surfactant in magnetic recording media. Miscellaneous functions of

lecithins in industrial applications and a listing of their nonfood uses are given in

Table 28 (56).

TABLE 28. Nonfood Applications for Lecithin, Levels of Use, and Functions (56).

Application Levels of Use (%)a Miscellaneous Functions

Adhesives Dispersing agent or mixing aid, plasticizer

Adsorbents Adhesion aid, coupling agent, flocculant

Catalysts Catalyst, emulsifier or surfactant, modifier,

wetting agent

Ceramics and glass Dispersing agent or mixing aid, release or

nonstick agent, water repellant

Cosmetics and soaps 1–5 Antioxidant, dispersing agent or mixing

aid, conditioning agent, emollient or

softening agent, emulsifier or surfactant,

liposomal encapsulating agent, moisturizer,

nutritional supplement or vitamin source,

penetrating agent, stabilizer, wetting agent

Detergents Anticorrosive, emulsifier or surfactant

Dust control Adhesion aid, antidusting agent

Dyes 0.5–2 Dispersing agent or mixing aid, coupling agent

Explosives Antidusting agent, emulsifier or surfactant,

stabilizer

Fertilizers Antidusting agent, conditioning agent,

spreading aid

Inks 0.5–3 Color intensifier, dispersing agent or mixing

aid, emulsifier or surfactant, grinding aid,

stabilizer, suspending agent, wetting agent

Leather 1–2 of oil Conditioning agent, emollient or softening

agent, emulsifier or surfactant, lubricant,

penetrating agent
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TABLE 28 (Continued )

Application Levels of Use (%)a Miscellaneous Functions

Magnetic tapes 0.5–1.5 Antioxidant, dispersing agent or mixing aid,

emulsifier or surfactant, lubricant, wetting

agent

Masonry and asphalt Anticorrosive, dispersing agent or mixing aid,

products emulsifier or surfactant, plasticizer, release

or antistick agent, strengthening agent,

wetting agent

Metal processing Anticorrosive, antispatter agent, flocculant,

lubricant, release or antistick agent

Paints and other coatings 0.5–5 of pigment Antioxidant, color intensifier, dispersing agent

or mixing aid, emulsifier or surfactant,

grinding aid, promoter, spreading aid,

viscosity modifier, stabilizer, suspending

agent, wetting agent

Paper Dispersing agent or mixing aid, emollient or

softening agent

Pesticides 0.1–5 Adhesion aid, antioxidant, biodegradable

additive, dispersing agent or mixing aid,

emulsifier or surfactant, penetrating agent,

spreading aid, stabilizer, synergist,

biologically active agent

Petroleum and other fuel 0.005–2 Adhesion aid, anticorrosive, antioxidant,

products dispersing agent or mixing aid, emulsifier or

surfactant, lubricant, stabilizer

Pharmaceuticals Antioxidant, emulsifier or surfactant, liposomal

encapsulating agent, machining aid,

nutritional supplement or vitamin aid,

stabilizer, wetting agent, biologically active

agent

Polymers, including rubber 0.5–1.5 Antibleed agent (as in fat bloom), antioxidant,

emulsifier or surfactant, dispersing agent or

mixing aid, modifier, plasticizer, release or

antistick agent, stabilizer, strengthening

agent

Printing, photocopying, Color intensifier, dispersing agent or mixing

and photography aid, grinding aid, photosensitive agent,

wetting agent

Release agents 2–10 Emulsifier or surfactant, lubricant, release or

antistick agent

Textiles 0.2–0.5 Antidusting agent, conditioning agent,

dispersing agent or mixing aid, emollient or

softening agent, emulsifier or surfactant,

lubricant, release or antistick agent, water

repellant, wetting agent

Waste treatment Adhesion aid, dispersing agent or mixing aid,

flocculant

aUsage level is 0.05–1.5% unless indicated.
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7.1. Catalyst Applications

Lecithin has some catalytic or cocatalytic effects in multiphase systems because of

its surface-active properties. Lecithin is reported to be useful as an emulsifier in the

curing of aqueous dispersions of unsaturated polyesters (337). The products are

more easily removed from their molds and have improved mechanical properties

when lecithin is used. In a fermentation application, 1.5% soybean lecithin acts

as an inducer in the preparation of cholesterol esterase using a strain of Pseudomo-

nas bacteria (338). Aside from its role as a catalyst, initiator, or modifier, lecithin

may have ancillary uses in catalyst systems as part of a protective coating (339).

7.2. Detergents

A patent describes the use of soybean lecithin to improve the detergency of anionic

detergent compounds in the cleaning of dishes containing dried or baked soils

(340). The use of soybean lecithin also has been described to improve a fish-

cleaning composition containing alkali metal salts and soaps (341). Fractionated

lecithin improves the detergency of N-acylglutamate salts (342). The addition of

lecithin to a detergent for cleaning hard surfaces can leave behind a protective

film that protects against further soil deposition (343).

7.3. Paper, Printing, and Ink

Lecithin is reported to be useful as a dispersing and softening agent in paper man-

ufacturing (344). Addition of lecithin to a softened cellulose product such as tissue

imparts lubricity that is perceived as softness. It can also help achieve the properties

of strength and absorbency that are necessary (345). Partially saponified lecithin has

been recommended for this use (346). Lecithin has functionality in printing inks

and toner formulations for photocopying (347). It also increases the intensity of col-

ors and serves as a grinding and remixing aid. Some patented products containing

lecithin include multidetectable ink compositions (348) and magnetic ink (349).

Lecithin is also useful in formulations for removing offset and printing inks (350).

Paper and paperboard are often coated to improve properties such as printability

and appearance (351). A coating with superior uniformity, flow properties, stability,

and brightness is obtained with a blend of fatty acids and lecithin (351). The

increased production speed in paper manufacturing today requires improved lubri-

cation and release. For these purposes, lecithin can be included in the papermaking

slurry, or sprayed directly on to the drying drums (352). Lecithin significantly

improves the rheological properties of aqueous coatings for rapidly moving webs

(353). Hydroxylated and acetylated lecithins can eliminate the need for other sur-

factants in paper coating and improve the printed surface (354). The use of lecithin

can permit the use of high amounts of polymeric binders in conventional processes

and equipment and improve the strength of the final product (355).

In recent years, there has been an increasing awareness of recycling and the

reuse of cellulose products. Often, used paper is contaminated with coatings and
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adhesives. Lecithin is useful as a dispersant for removal of wax and similar con-

taminants in a recycling process (355). Using lecithin in a rewet process enables

processing speeds of 50 m/min in continuous operation for more than 24 hours

without lowering the quality of the cast paper (356).

Oil-free phospholipids can be used as photosensitive agents for making positive

and negative photographic images for lithographic prints, printed circuits, or similar

uses (357, 358). An electrosensitive film useful for duplicating designs uses lecithin

(359). Incorporating lecithin in the formulation of nitrocellulose-coated polypropy-

lene films, for preparation of plastic printing plates, improves the clarity and integ-

rity of the copy (360). Lecithin can be used as a dispersing aid for oil-soluble

photographic additives (361). It can also be used for pressure-sensitive sheets for

transferring colors (362–364) or for correcting typewriter errors (365).

7.4. Agriculture

Lecithin can effectively be used as an additive in agricultural formulations for a

wide variety of purposes. According to the environmental hazards they may cause,

conventional agrochemicals can be classified in two categories. One includes pes-

ticides with high nonselective toxicity, and the other comprises those compounds

that, because of their chemical persistence, are easily concentrated in the food chain

(366). In addition to the usual functional properties of emulsification, dispersion,

and improved suspension, lecithin can improve adhesion, penetration, and perfor-

mance (367). Efficacy of agricultural pesticides can be enhanced by incorporating

the active ingredient into liposomes (368). Liposomes can also reduce, or eliminate,

the phytotoxicity of the active ingredient to the recipient plant, with longer duration

because of the time release properties obtained with the liposome (368, 369). It has

been reported that lecithin can combine with the fatty substances of vegetable

leaves, and form a coating that aids in the rejection of plant viruses. Phospholipid

vesicles have been successfully used as model membrane systems to study

permeability, ion transport, fluidity, and other properties of biological membranes

(370).

The interactions among active ingredients, adjuvants, and target pests are very

specific (371, 372). Machine oil and phospholipid mixtures have been patented

as fungicides (373). Misato et al. (366, 374) have found that soybean lecithin

will arrest the development of powdery mildew on cucumbers, eggplants, green

peppers, and strawberries. Sodium bicarbonate containing 0.1% lecithin inhibited

citrus common green mold, cucumber powdery mildew, and rice blast better than

the bicarbonate alone (375). Another environmentally friendly fungicide, contain-

ing lecithin and phosphate, is effective against powdery mildew (oidium), peronos-

pora, botrytis, red fire disease, and black spot (376).

Lecithin-containing formulations are active against mites (377, 378) and against

worm infestations on apples (379). Recent developmental work on pesticide formu-

lations has focused on targeted biological agents that are disease specific. A suspen-

sion of lecithin and nuclear polyhedrosis virus (NPV) was much more effective at

infecting and killing the corn earworm (Heliothis armigera) than was NPV by itself
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(380). The insecticidal activity of Bacillus thuringiensis and its toxin is consider-

ably increased when combined with lecithin (381).

Many concerns have been raised regarding the topical application of N,N-

diethyltoluamide (DEET), the primary active ingredient in most commercial insect

repellants (382). Because of this concern, alternative ingredients are being sought.

A recent patent (382) has been filed on the insect repellant characteristics of a blend

of lecithin with other plant extracts. Incorporation of lecithin in an insecticidal col-

lar not only facilitates the migration of the insecticide onto the animal’s fur, but also

provides a softener and protector on the animal’s skin where it is most needed

(383). Lecithin is reported to be an active agent in mosquito control (384, 385).

The exact mechanism of action is unknown, but the lecithin forms a stable film

on water surfaces, which may interfere with the breathing mechanism of the mos-

quito pupae. Phosphatidylcholine is increasingly being used in insecticide formula-

tions to improve performance. In the presence of lecithin, the stability of

photolabile insecticides can be significantly improved (386).

Phospholipids formulated with alcohols, glycols, and/or glycol ethers are

reported to have antibacterial effects in agrichemical applications (387). Lecithin

is a component of coating compositions recommended for postharvest treatment

of a variety of fruits, vegetables (388), and fungi (389). Postharvest treatment of

apples with aqueous emulsions containing lecithin and various fats and oils can

reduce the incidence of soft scald that occurs during cold (�1�C) storage (390).

Fungicidal preparations containing organic acids and lecithin have been reported

to be useful for oranges (391). As with the pesticide applications, efficacy of any

treatment may be very specific, not only fruit or vegetable specific, but cultivar

specific has been observed with apples (392).

Lecithin may also find a significant home in applications of fertilizers or growth

promoters. Lecithin that has been acidified with propionic acid can significantly

enhance the performance of some plant growth modifiers (393). With continued

emphasis on environmentally friendly agrochemicals, and concern about pesticide

residues in the food supply, the potential for lecithin in agriculture appears poised

for growth.

7.5. Cosmetics and Personal Care Items

Lecithin, being a natural compound and having multifunctional properties, is a logi-

cal choice for cosmetic formulations. These preparations include skin creams and

lotions, foundations and cleansing creams, sunscreens, soaps, bath oils, shampoos

and hair conditioners, shaving creams, preshave and aftershave lotions, nail enam-

els, face powder, eye color creams, lipstick, and hair sprays. Lecithin can be used as

an emulsifier, spreading agent and/or wetting agent, or as a penetration aid, but one

of the primary reasons lecithin is chosen for use in cosmetics is its role in providing

‘‘skin feel.’’

When lecithin is used in coatings containing pigments and other particulates

(e.g., Kaolin) (394–396), it produces coatings with smoother surfaces, improved
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adhesion to the skin, and better color stability (397). This translates to longer-

wearing blushers, eye shadow, and face powders. Lecithin can also reduce the

undesirable oily feeling in cosmetics containing oils. In the latter, the product

also wears longer and reduces the transfer of substances to clothing because of

improved film adhesion. Lecithin alters the emulsion break (‘‘rubout’’) during the

application of day creams, while acting as a moisturizer (398).

Another important reason for using lecithin in cosmetics is the potential for a

reduction in skin irritation. Addition of lecithin to cosmetic powders it can reduce

irritation of inorganic powders, and it can even form a barrier that prevents these

powders from coming into contact with the skin and drying it out (399). The irritation

caused to the skin by soap can be significantly reduced, if not eliminated, by incor-

poration of lecithin (400, 401). In moisturizing cosmetics, lecithin forms highly vis-

cous liquid crystals, the structure of which inhibits the evaporation/transpiration of

water from the skin (402). This moisturizing property extends to keratinized appen-

dages as well. Phospholipid incorporation in formulations to treat hair, hooves,

horns, claws, and finger and toe nails has proven to be effective at moisturizing

and strengthening these same structures (403, 404).

The release properties of lecithin play a function in dental care as well. Lecithin

can be used to loosen plaque on tooth surfaces. In saliva, up to 14% of the total lipid

content is lecithin (405). Once bacteria are removed, lecithin can be used as a bar-

rier agent to prevent bacteria from sticking to the teeth. The charged head group of

lecithin adheres to the enamel surface, and the hydrophobic portion facilitates

removal of plaque and bacteria upon brushing (405, 406). Replacement dentures

can also benefit from the unique properties of lecithin. At low levels, lecithin can

reduce the viscosity of denture pastes and permit higher adhesive loading, which

ultimately results in a stronger adhesive that holds longer, and resists deterioration

by saliva and moisture (407).

Lecithin, however, does have some disadvantages. It makes products more

susceptible to microbial growth and, being multifunctional, its efficiency and ability

to accommodate varying HLBs does not allow it to compete with a host of

customized synthetics in special situations (398).

7.6. Pharmaceutical and Medical

A significant pharmaceutical application for lecithin is the forming of a protective

coating on a capsule or tablet. However, this application will be addressed in a sub-

sequent section (see 7.7.2). This section will focus on the incorporation of phospho-

lipids in pharmaceutical formulations. Phospholipids are components of biological

membranes in all living systems. They play important roles in biological processes

such as cell permeability, the regulation of membrane-bound enzymes, and lipid

and cholesterol transport (89, 408). The neurological importance of phospholipids

is emphasized by the phospholipid composition of dry brain tissue, which is about

25% (409). Because of this biological activity, there is a great variety of applica-

tions for lecithin in the pharmaceutical field. Liposomes have long been known as

potential carriers of pharmacologically active ingredients.
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The inherent compatibility of lecithin with living membranes can improve the

acceptance of the body for medications and implantable devices by modification

of their surface chemistry. The poor aqueous solubility of many biologics presents

a problem for human administration. Indeed, the delivery of pharmacologically

active agents that are inherently insoluble can be seriously impaired if oral delivery

is not effective (410). Liposomes have proved a valuable tool as an in vivo delivery

system for enhancing the efficacy of various pharmacologically active molecules.

Animal studies have shown that liposomes can decrease the toxicity of several anti-

tumor and antifungal drugs (411). Studies have shown diseases associated with

above normal levels of certain lipoproteins. Intravenous administration of lipo-

somes can reduce lipoprotein concentrations in subjects at risk for such diseases

(412). Arterial atherosclerotic lesions and plaques have been shown to shrink

when treated with liposome infusions (413).

Although liposomes make use of native phospholipids, conjugation of many bio-

logically active agents with phospholipids via a phospodiester bond will signifi-

cantly enhance the bioactivity or bioavailability of such agents (414–416).

Modifying the phospholipids with a characteristic antibody, a liposome can be cre-

ated to target specific cells (414). The biocompatibility of materials used in medical

devices, or other implantable materials, is improved by covalently attaching PC to

the surface of the device (417). Incorporating PC into the filling solution for soft

tissue implants improves the stability, biocompatibility, and appearance of the

implant (418).

Aside from being an active pharmaceutical agent, or a liposome-type transport

agent, lecithin also has a more traditional function as an emulsifier, wetting and dis-

persing aid, and stabilizing agent, in pharmaceutical applications. Representative

formulations incorporating lecithin include b-lactam antibiotics (419), steroids,

such as diethylstilbesterol (420), prostaglandins (421), vitamins (422), and antidiar-

rhea medicine (423). Lecithin has been used as an aid to facilitate microencapsula-

tion of pharmaceuticals with ethyl cellulose (424). Lecithin can also improve the

processing properties of medications formed by extrusion (425).

Medical testing can also benefit greatly by the use of phospholipids. The Vener-

eal Disease Research Lab test for syphilis is based on the use of an antigen solution

that includes cardiolipin, cholesterol, and lecithin (426).

7.7. Paints and Coatings

7.7.1. Paints Paints and other types of coatings make up a major portion of non-

food applications for lecithin products. The broad range of functional properties of

lecithin makes it highly suitable for many different coating formulations. These

include paints, waxes, polishes, and wood preservatives. Lecithin is also used as

a release agent in coating-related manufacture, including applications in cosmetics

and magnetic tape coatings.

The literature is replete with information on special lecithin products in coating

applications (56). Various formulations have been published, and special lecithin

blends patented, for improved functionality in specific areas. Examples of these
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functions are antioxidant; color intensifier agent; catalyst; conditioning aid modi-

fier; dispersing aid; emulsifier/surfactant; grinding, mixing, or spreading aid; wet-

ting agent; stabilizer; suspending agent; synergist; and viscosity regulator (427).

Miscellaneous applications involving coating principles include cosmetics, mold

release agents, magnetic tape coatings, printing and inks, toner formulations, photo-

graphic additives, and polyamide coatings (i.e., nylon leather substitutes) (56).

As lecithin products can function as interfacial agents in paints, lacquers, and

printing inks, they can serve as wetting, dispersing, suspending, and stabilizing

agents in both oil-base and latex/resin emulsion paints. In paints, lacquers, and

printing inks, the choice of wetting agents to use depends on the nature of the pig-

ment, the vehicle, and the processing procedure. As a rule, natural grades of lecithin

have been recommended up to 1% (on pigment weight basis), and in some formulas

containing carbon black or iron blues, as much as 2% may be required. However,

comparative tests have shown that in many coatings, refined-grade lecithins are

among the best wetting and dispersing agents, and they can compete with other

surfactants available on the market (1, 56, 428).

Lecithin products can function in paints to facilitate pigment dispersion and

redispersion (429, 430), and to regulate (generally reduce) viscosity. Lecithin serves

as an emulsifier and wetting, dispersing, and stabilizing agent in both oil- and latex-

based paints. It shortens mixing time, aids brushing, and increases the covering

power of the paint. In oil-based paints, lecithin has been traditionally used as a

low-cost pigment grinding aid. Lecithin coats the particles of metal oxide pigments

rendering them readily dispersible. If more than one pigment is used, lecithin coat-

ing helps maintain a uniform mixture (427).

In water-based paint systems, water-dispersible lecithin products are recom-

mended as low-cost emulsifiers, stabilizers, thickening agents, and spreading

aids. It has been demonstrated that in latex paints, pigments were dispersed more

rapidly in the presence of lecithin. Paints based on rubber-type vehicles may also be

formulated with lecithin to improve color uniformity. In addition, the advantages

claimed for lecithin in oil-base paints (i.e., aiding pigment dispersion, shortening

grinding time, preventing undesirable hard settling of pigments, and eliminating

deflocculation while contributing to the overall stability of the emulsion system)

are also valid in water-based coatings (427).

Water-dispersible lecithins are made by chemical modification, or by mixing

ordinary lecithin with nonionic surfactants. Many of the products recommended

in the literature and technical brochures for water-based compositions include

such chemically modified, water-dispersible, lecithin compounds (e.g., hydroxy-

lated, acylated, fractionated, and refined grades) (428, 431–433). Usually 0.5% to

1% modified lecithin is recommended in polyvinyl acetate-based paints, acrylic

emulsions, and in butadiene—styrene emulsion paints.

In mixed pigmentations, lecithin additives help to maintain a uniform mixture in

both alkyd and latex paints, ensuring uniform settling in storage. Latex paint redis-

persion is also made more effective with a water-dispersible lecithin additive than

with a synthetic surfactant. Paint specimens with lecithin additives, remixed after

28 months of storage, maintained a very high level of uniform color stability (434).
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Metal salts of lecithin have been patented as paint additives (435). These salts

are reported to improve pigment dispersion, and act as drying promoters and inhibit

yellowing of the product. The same patent also promotes the use of phosphorylated

lecithin as a rust inhibitor in primer paints. Further, if metal oxides are chemically

reacted with lecithin by heating, the dispersibility of metal oxides in both aqueous

and organic solvents is improved (436).

Not only is lecithin used as a compounding and formulation aid in paints, but it

has demonstrated useful properties in the coating. Standard-grade lecithin, as well

as certain derivatized and hydrolyzed lecithins, was found to be useful in coatings

to inhibit the rusting of steel in salt spray tests (437, 438). These findings are

expected, because lecithin functions as an antioxidant in a number of applications.

Lecithin is particularly well suited for coatings used on food-grade containers. One

example is its use on cardboard to help form a food-grade barrier (439). Lecithin

is also used for its release and sealant properties in polymer coatings for interior

coatings (440).

Coating organic polymer films with lecithin can improve the release properties

of the film from the crimp jaws of the automated packaging machine (441). In ana-

lytical equipment, lecithin is used to improve the wettability of the contact surface,

which enables the solvent to be presented uniformly for analysis (442). Incorpora-

tion of lecithin in a masking application can reduce bubble formation and improve

the uniformity of the application (443). And finally, lecithin can be used as a pro-

tective coating for a painted surface such as found on automobiles. Once applied, it

facilitates the removal of insects and debris. The coating is resistant to rain and

washing away (444).

7.7.2. Coatings Lecithin is also used in the production of a protective surface in

the manufacture of pharmaceuticals. Many medical substances undergo degradation

during storage because of contact with moisture absorbed from the atmosphere

(445). Frequently, lecithin is used as a detackifier in coatings for tablets, pharma-

ceuticals, food, confectionary, and seeds. Often it is used in conjunction with mal-

todextrin, gelatin, and cellulosic polymers (446-448). Lecithin is also used in

coating formulations to produce a coating that imparts sheen to the pharmaceutical,

thereby improving its visual appeal (449). Some solid drugs are scarcely soluble in

water. Because of low solubility, these drugs have a low degree of bioavailability.

The coatings on pharmaceuticals also play a vital role of improving the dispersibil-

ity, and hence bioavailability, of pharmaceuticals (448, 450).

On a larger scale, lecithin is used in many applications to reduce the viscosity of

the coating material. When used with a casting resin, the integrity of the cast is

improved by the viscosity reduction (451). When lecithin is incorporated into a rub-

berized asphalt coating (i.e., roofing composition or floor coating), it reduces the

viscosity and acts as a wetting agent, enabling the coating to be sprayed more easily

(452, 453).

7.7.3. Magnetic Recording Media Much of the magnetic recording media

incorporates lecithin as a processing aid. This includes audio and video tapes, as
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well as magnetic media for digital applications. Lecithin functions as a dispersing

agent, lubricant, wetting agent, and antioxidant in these formulations. De-oiled

lecithins used for magnetic tape should be derived from standard-grade lecithin

with very low peroxide and hexane-insoluble values.

A typical coating contains iron oxides (sometimes doped with cobalt or chro-

mium), a polymer system that acts as a binder, various additives (including up to

1.5% lecithin on a dry solids basis), and solvents such as methyl ethyl ketone and

cyclohexanone (454–458). This material is milled into a dispersion and deposited

onto the tape and dried.

Lecithin can also be used in a tape coating containing abrasive cleaning com-

pounds for cleaning tape recorder heads (459). A magneto-optical imaging film

can be made by coating a support with a photosensitive resin-containing magnetic

material (460). The coating is prepared using lecithin, and the film is especially

useful for Chinese character pattern memory.

Chagnon and Ferris (461) reported a study on the effectiveness of soy lecithin

as a surfactant in dispersing pigments for use in magnetic tapes (i.e., in recording

media). These experiments indicated that oil-free soy lecithin is effective as a

surfactant, and at dispersing a wide range of magnetic particle types in a wide range

of solvents.

7.7.4. Adhesives Adhesives fill a special niche in the coating arena. They are

not to protect a surface, but rather perform the function of bonding two surfaces

together. In this application, lecithin can demonstrate its diverse nature by function-

ing either as a release aid or to enhance the surface interactions. When it is applied

to the backside of a pressure-sensitive adhesive, lecithin can prevent the films from

sticking to themselves (462). In the production of adhesives, and in processes invol-

ving the use of adhesives, invariably adhesive material needs to be removed from

adjacent surfaces. Lecithin can be applied to these surfaces as a release aid to

prevent adhesive from sticking to the equipment and facilities, and enabling easier

cleanup (463). In processes with porous material, such as wood, lecithin can act as

both a release aid, and a surface-active agent. Adhesive that gets on the clamp pla-

ten surface cures on a lecithin film and can easily be removed. Because of the emul-

sifying action, the adhesive penetrates the substrate better to provide an improved

bond (464). Lecithin can also improve the interaction between two materials, such

as rubber belts and steel pulleys, to prevent slippage (465).

7.8. Lubrication

With the excellent release properties of lecithin, lubrication would seem like a nat-

ural area for its use. Indeed, lecithin has been used as an emulsifier to stabilize oil

and water metal-cutting fluids (466). Incorporation of lecithin in the lubricant for

forming sheet metal products can improve the electrostatic application properties of

the lubricant, especially for food contact applications (467). Soaking valve seals in

a solution containing lecithin impregnates the rubber and imparts improved lubri-

cation (468). As with other areas discussed, modification of the lecithin for the
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specific application improves the desired properties. Hydrogenation of lecithin pro-

duces an effective friction modifier for use in lubricating oils, transmission fluids,

hydraulic fluids, and the like (469), whereas the pressure, thermal, and lubrication

properties of grease can be improved by incorporation of a phospholipid–boron

composition (470).

7.9. Bioremediation

There are many areas throughout the world where chemicals of varying persistency

and toxicity have been disposed of by dumping onto the ground. In addition to pre-

sently existing dumps, there are numerous instances at industrial sites such as pet-

roleum tank farms, chemical plants, and elsewhere, where crude or refined

hydrocarbons, such as oil, gasoline, or the like, are spilled on the ground or into

bodies of water. Such wastes not only spread out and soak through the surface of

the ground, but also seep into the ground and disperse into the ground water (471).

One method for cleaning up contaminants is by enhancing the degradation of them

through the use of micro-organisms. Phospholipids facilitate the cleanup of con-

taminated soils by a combined effect of enhancing bacterial growth by supplying

essential nutrients, while concomitantly modifying the physical state of oil or

wastes, thereby making them accessible to interaction with, and biodegradation

by, micro-organisms (471) Tests were conducted on soils artificially contaminated

with polychlorinated biphenyls (PCBs) using de-oiled lecithin as a natural surfac-

tant. The degradation of PCBs was significantly enhanced at lecithin concentrations

in slight excess of the critical micelle concentration. Lecithin favors the degradation

by both increasing the bioavailability of the contaminants and supporting the

growth of the degradation bacteria (472).

7.10. Plastics and Polymers

Lecithin functions as a pigment-dispersing agent and mold-release agent in the pre-

paration of various polymer products. It facilitates dispersion of polymer resins in

plasticizers to form plastisols (473). Polymerization of vinyl chloride in the pre-

sence of poly (vinyl alcohol) and lecithin gave a poly (vinyl chloride) that was

more thermally stable than the polymer prepared without the lecithin (474). A cur-

ing agent for polyurethane contains lecithin as a dispersing agent (475). Inclusion

of hydroxylated lecithin in the formulation of polyurethane elastomer functions

effectively as an internal mold release agent (476). Hydroxylated lecithin and

hydrolyzed lecithin are also suitable dispersants for aqueous polymer emulsions.

Aqueous polymer emulsions form polymer films on evaporation of the aqueous

dispersing media. On this basis, they are widely used as binders in paper coating

slips, textile inks, coating material, finishes, and adhesives. They are particularly

useful in that they have a small tendency to promote foam formation, and they

are biodegradable (477).

More recent work on inclusion of lecithin in plastics has focused on applications

in the medical field. Phospholipids can be used as plasticizers or release agents in
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thermoplastics or elastomers for use in biomedical applications (478). Biomedical

applications of polymers include use as implants, prostheses, blood or tissue con-

tacting devices, and artificial organs. There are many difficulties because of the

incompatibility of living tissues with foreign materials inserted into the body

(478). The presence of appropriate phospholipids entrapped in the polymer matrix,

at its interface with biological fluids or tissue, can modify the interface and provide

the appropriate biological effect (478).

7.11. Others

An interesting coatings application for lecithin is in producing nonpyrophoric

Raney nickel (339). The lecithin in this application creates a lipophilic surface

on the metal, along with a wax, fat, or organic polymer.

Polyamide coatings containing lecithin are recommended as a finish coat in

nylon leather substitutes (479). Lecithin has been used in sizing for textiles to pre-

vent the sizing from adhering to non-PTFE-coated equipment (480). In leather

cleaning and conditioning compounds, lecithin can improve the wetting and pene-

tration of the conditioning compounds into the leather (481).

Lecithin is used as an emulsifier, wetting and dispersing agent, plasticizer and/or

release agent in concrete, asphalt and tar shingling, linoleum tiles and surface sea-

lants, and caulking compounds (4, 440, 473, 482–485). Lecithin is reported (at low

levels, 0.05–0.1%) to improve the properties of water-glass-containing coatings

for foundry cores and molds (486). Phospholipids are naturally occurring emulsi-

fiers in rubber latex. They can be used as a foam stabilizer in foam fire extinguish-

ing agents (487). Lecithin has also been used to improve the combustion of burner

fuels. Burner fuels are typically sprayed into the combustion chamber of a boiler

to heat water for steam or power generation. Emulsification of water into the

burner fuel can improve the combustion efficiency through a secondary atomization

of the oil droplet as the emulsified water vaporizes to steam. These much smaller

oil droplets burn more completely, resulting in significant emissions reductions

(488).

Finally, lecithin-diamine compounds have been used as functional ingredients in

multipurpose gasoline additives (489, 490). For additional lecithin uses, the reader

is referred to List and Von Kleinsorgen (482), Meshandin et al. (491), Schmidt and

Orthoefer (56, 58), and Wittcoff (4).

8. AVAILABILITY AND ECONOMICS

Although lecithin may be obtained from other plant seeds and animal sources,

soybeans provide the bulk of what is commercially available. Because they are

multifunctional ingredients, lecithin products sell at a premium versus soybean oil.

Current world demand is estimated to be 180,000 to 210,000 metric tons

(150,000–170,000 MT of standard products and 30,000 to 50,000 MT of value-added
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lecithins). Value-added products have been gaining market share because their

specialized chemical and physical properties and the inherent limitations of the

standard grades (160).

There is no industry-wide reporting of lecithin sales in specific application areas,

and so the exact percentage breakdown of uses is difficult to determine. This pro-

blem is also complicated by the fact that as much as 30–40% of the domestic mar-

ket involves hundreds of small volume users who are serviced by distributors (56).

Additionally, some customers may have both food and nonfood applications for

lecithin.

For the most part, the greatest percentage of lecithin is used in foods. The second

highest use is in animal feeds, followed by industrial applications. Paints and other

coatings consume a major portion of the nonfood lecithin. Pharmaceuticals, includ-

ing dietary supplements, and inks and cosmetics, however, also consume significant

portions.

9. REGULATORY ASPECTS

In the United States, lecithin is affirmed by the FDA as GRAS and meets standards

set by the Food Chemicals Codex (54). It is also an approved ingredient in many

important foods having a standard of identity.

Hydroxylated lecithin has special FDA approval with limitations for level and

use (60).

The U.S. Standards for Identity for Margarine and Bakery Products, and Food

Additive Regulations, allow the use of lecithin; hydroxylated lecithin is allowed

in breads without level limitations. Similarly, the use of lecithins is permitted in

most countries.

In Europe, lecithins are covered under E322 regulations (492).

Advances in biotechnology in the 1990s has led to genetically modified organ-

ism (GMO) issues for phospholipids from soybean, corn, and canola. The European

community has reacted to consumer pressure and the ‘‘right to know’’ by establish-

ing GMO regulations (493) that clearly label the presence of GMO products. This

has forced the ingredient supplier to validate non-GMO products by DNA quanti-

fication and identity preserved (IP) testing. No food regulations are anticipated, at

this time, for GM in the United States.

The European reaction to traces of GMO DNA in foods has markedly affected

the uses of phospholipids in food and health applications. The ‘‘consumers right to

know,’’ and ingredient users’ avoidance of GM products, has led to a decrease in

soybean and corn lecithin usage, with a shift to the usage of soft-seed lecithins

(rapeseed and sunflower) that are non-GMO.

The U.S. Food and Drug Administration has addressed the issue of labeling

regarding genetically engineered foods in its policy position published in the

May 29, 1992 Federal Register Notice (57 FR 22984). The U.S. policy reflects

the science-based consensus that there is nothing inherently unsafe about geneti-

cally engineered foods, and consequently, these foods do not warrant labeling
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considerations solely because of the application of genetic processes to maintain

and improve characteristics.

10. FUTURE PROSPECTS

Just as in some food uses, some of the nonfood applications of lecithin are in

mature market areas such as paints and inks. Judging from patent activity, however,

growth in some areas seems reasonably assured.

In recent years, pharmaceutical patents accounted for almost 25% of the nonfood

patent activity. Pharmaceutical applications, particularly those involving liposomes,

should require increasing quantities of refined lecithins. An increased demand for

lecithin as a dietary supplement is also anticipated, as the result of dietary reference

intakes being established for choline. Besides being a multifunctional food

ingredient, lecithin has the benefit of being a widely recognized health food.

The major process developments at the present time are in the fractionation of

lecithin, and alternative extraction and de-oiling processes. Markets appear to be

developing in the pharmaceutical and cosmetic industries, particularly for concen-

trated forms of PC. De-oiled, granular lecithins have firmly established markets,

and new markets are developing that should ensure the growth of these products

as emulsifiers. Overall, the availability looks good for lecithin in both food and

nonfood uses if good contact between commercial processors and patent developers

can be maintained (7, 56).
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Lipid Emulsions

D. Julian McClements and Jochen Weiss

University of Massachusetts

Amherst, Massachusetts

1. INTRODUCTION

Many natural and processed foods contain small droplets of oil dispersed in an

aqueous medium (e.g., milk, cream, fruit beverages, soups, cake batters, mayonnaise,

cream liqueurs, sauces, deserts, salad cream, and ice cream) or small droplets of

water dispersed in a lipid medium (e.g., butter and margarine). Despite the consid-

erable diversity of physicochemical and sensory characteristics exhibited by these

foods, they can all be considered to fall into a class of material called ‘‘emulsions’’

and their properties can be understood using the concepts and techniques of ‘‘emul-

sion science’’ (1–4). Emulsion science is a multidisciplinary subject that combines

chemistry, physics, and engineering (5–12). The objective of emulsion scientists

working within the food industry is to use the principles and techniques of emulsion

science to improve the quality of the food supply and the efficiency of food produc-

tion. The purpose of this chapter is to introduce the basic principles and techniques

of emulsion science that are relevant for understanding, characterizing, and manip-

ulating the properties of food products.

The wide diversity of physicochemical and organoleptic characteristics exhibited

by food emulsions is the result of product formulation and processing conditions

used to create them. The manufacture of an emulsion-based food product with

specific desirable quality attributes depends on the selection of the suitable raw

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
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materials (e.g., water, oil, emulsifiers, thickening agents, minerals, acids, bases,

vitamins, flavors, colorants, etc.) and optimization of processing conditions (e.g.,

mixing, homogenization, pasteurization, sterilization, etc.). The product must be

transported and stored under appropriate conditions to maintain its desirable quality

attributes prior to consumption (e.g., exposure to temperature variations, light, and

mechanical agitation). Historically, the food industry relied largely on craft and tra-

dition for the formulation of food products and the establishment of processing and

storage conditions. Today, this approach is becoming increasingly unfeasible for the

modern food industry, which must rapidly respond to changes in consumer prefer-

ences demanding a greater variety of cheaper, healthier, and more convenient foods

(13–15). In addition, large-scale production operations are required for profitability

of modern food companies. Large quantities of foods can consequently be produced

at relatively low cost. The development of new foods, the improvement of existing

foods, and the efficient operation of food processing operations require a more sys-

tematic and rigorous approach than was used previously (16). There have been con-

siderable advances in our understanding of the physicochemical basis of the

properties of food emulsions during the past decade. These advances are largely

because of the availability of inexpensive but powerful personal computers that

enable food scientists to carry out complex theoretical predictions and numerical

simulations in a reasonably short time. The increasing availability of powerful

new analytical instruments for probing the structure, interactions, and physico-

chemical properties of emulsions and their components further contribute to these

advances.

2. DEFINITIONS

An emulsion can be defined as a material that consists of small spherical droplets of

one liquid dispersed in another liquid in which it is at least partly immiscible

(Figure 1). Typically, the diameters of the droplets in food emulsions lie somewhere

between 0.1 and 100 mm (1, 2, 17, 18). It is convenient to classify emulsions

according to the relative organization of the oil and aqueous phases. A system

that consists of oil droplets dispersed in an aqueous phase is called an oil-in-water

or o/w emulsion, whereas a system that consists of water droplets dispersed in an oil

phase is called a water-in-oil or w/o emulsion. The material within the emulsion

droplets is usually referred to as the dispersed, internal, or discontinuous phase,

whereas the material that makes up the surrounding liquid is usually referred

to as the continuous or external phase. It is also possible to prepare multiple emul-

sions, e.g., oil-in-water-in-oil (o/w/o) or water-in-oil-in-water (W/O/W) type (19).

For example, a W/O/W emulsion consists of water droplets dispersed within larger

oil droplets, which are themselves dispersed in an aqueous continuous phase (20).

These multiple emulsions may have advantages over traditional emulsions for

certain applications, e.g., fat reduction, controlled ingredient release, or isolation

of one ingredient from another (19).
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The process of creating an emulsion from two separate immiscible liquids, or of

reducing the size of the droplets in a preexisting emulsion, is called homogeniza-

tion. In the food industry, this process is normally carried out using mechanical

devices known as homogenizers, which subject the liquids to intense mechanical

stresses that result in droplet disruption. An emulsion can be formed by homoge-

nizing pure oil and pure water together, but the two phases rapidly separate into a

system that consists of a layer of oil (lower density) on top of a layer of water (higher

density). Phase separation occurs because droplets tend to merge with each other

when they collide. The driving force for the phase-separation process is the fact

that the contact between oil and water molecules is thermodynamically unfavor-

able, because of the hydrophobic effect (21). As a result, emulsions are considered

to be thermodynamically unstable. However, it is possible to form emulsions that

are kinetically stable (metastable) for a reasonable period of time (a few days,

weeks, months, or years), by including two different classes of substances, emulsi-

fiers and thickening agents, prior to homogenization. Emulsifiers are surface-active

molecules that absorb at the surface of droplets that are generated during homoge-

nization. There they form a protective membrane that prevents the hydrophobic

water molecules from coming into direct contact with the hydrophilic lipid mole-

cules, thus preventing aggregation. The most commonly used emulsifiers in the

food industry are amphiphilic proteins, polysaccharides, small molecule surfac-

tants, and phospholipids (22). The second class of compounds used to improve

kinetic stability of emulsions is thickening agents. Thickening agents increase

the viscosity of the continuous phase of emulsions, and they are used to modify

emulsion texture and to enhance emulsion stability by retarding the movement of

droplets. The most common thickening agents used in the food industry are poly-

saccharides, e.g., xanthan gum, alginate, carageenan, and guar gum (23). The term

Figure 1. Schematic illustration of a dispersed system that consists of two fully or partially

immiscible liquids. The dispersed phase is surrounded by molecules of the continuous phase,

and the two phases are separated by an interfacial region.
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stabilizer is used to refer to any ingredient that can improve the stability of emul-

sions, and it may therefore be either an emulsifier or a thickening agent.

3. DROPLET CHARACTERISTICS

Many of the unique physicochemical and sensory properties of food emulsions are

determined by the presence of the droplets they contain. The most important char-

acteristics of emulsion droplets are therefore discussed below.

3.1. Droplet Concentration

The concentration of droplets in an emulsion is one of the key parameters influen-

cing its appearance, texture, stability, and flavor. For example, opacity, viscosity,

and creaming stability of emulsions usually increase as the droplet concentra-

tion increases. The droplet concentration is normally expressed in terms of the

disperse-phase volume fraction (f), which is equal to the volume of emulsion dro-

plets ðVDÞ divided by the total volume of the emulsion ðVEÞ : f ¼ VD=VE. Never-

theless, it can also be expressed in terms of the disperse-phase mass fraction ðfmÞ,
which is equal to the mass of emulsion droplets ðMDÞ divided by the total mass of

the emulsion ðMEÞ : fm ¼ MD=ME. The mass fraction can be related to the volume

fraction using the following expression:

fm ¼
fr2

r2fþ ð1� fÞr1

; ð1Þ

where r1 and r2 are the densities of the continuous and dispersed phases, respec-

tively. If the densities of the two phases are equal, the mass fraction is equivalent to

the volume fraction. The droplet concentration may also be presented as a mass

ð%fm ¼ 100fmÞ or as a volume ð%f ¼ 100fÞ percentage. In many cases, the

droplet concentration of an emulsion is known because the concentration of the

ingredients used to prepare it is carefully controlled during emulsion production.

Nevertheless, local variations in droplet concentration may occur within the emul-

sion, for example, when the droplets accumulate at the top or bottom of an emulsion

because of gravitational separation. Such an emulsion will have properties that are

significantly different from a homogeneous product. In addition, the droplet con-

centration of an emulsion may vary during the course of a processing operation,

e.g., if a mixer or homogenizer is operating inconsistently. These operational incon-

sistencies may be caused by variations in homogenization pressure and tempera-

ture, volume-flow rate, or stirrer speed. It is therefore often important to be able

to quantify the droplet concentration of an emulsion. The droplet concentration

can be measured using traditional proximate analysis techniques (e.g., drying, sol-

vent extraction, and density measurements) or by using more sophisticated modern

analytical techniques (e.g., light scattering, electrical pulse counting, and ultrasonic

spectroscopy) (4).
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3.2. Droplet Size Distribution

The size of the droplets in an emulsion has a strong influence on many of its phy-

sicochemical and sensory properties, e.g., shelf life, appearance, texture, and flavor

(1, 2, 4). For example, the stability of an emulsion to gravitational separation or

droplet aggregation can be greatly improved by decreasing the droplet size. This

is because the velocity of sedimentation is proportional to the square of the droplet

size. The size of the droplets in an emulsion is largely determined by the emulsifier

type and concentration, the physicochemical properties of the component phases,

and the homogenization conditions (4). A food manufacturer normally specifies

a preestablished desirable droplet size distribution for a particular product. If the

product does not meet this specification, it typically must be reprocessed or even

discarded.

An emulsion that contains droplets that all have the same size is referred to as

being ‘‘monodisperse,’’ whereas an emulsion that contains droplets that have a

range of different sizes is referred to as being ‘‘polydisperse.’’ The size of the dro-

plets in a monodisperse emulsion can be completely characterized by a single num-

ber, such as the droplet diameter (d) or radius (r). Monodisperse emulsions, while

difficult to produce, are sometimes prepared for use in fundamental studies because

the interpretation of experimental measurements is usually much simpler than for

polydisperse emulsions. In most industrial applications, food emulsions droplet

sizes are always distributed, and so the specification of their droplet size is more

complicated than for monodisperse systems. In some situations, it is important to

have information about the full particle size distribution of an emulsion, i.e., the

fraction of droplets in each specified size range. In most other situations, it is suffi-

cient to simply know the mean size of emulsion droplets and the width of the dis-

tribution (9). Polydisperse emulsions can be characterized according to the general

shape of the particle size distributions as being ‘‘monomodal,’’ ‘‘bimodal,’’ or

‘‘multimodal’’ depending on whether there are one, two, or more peaks in the

distribution.

The number of droplets in most emulsions is extremely large, and so their size

can vary continuously from some minimum value to some maximum value. When

presenting particle size data, it is convenient to divide this size range into a number

of discrete size classes and stipulate the number of droplets that fall into each class

(9). The resulting data can then be represented in tabular form (Table 1) or plotted

as a histogram that shows the number of droplets in each size class (Figure 2).

Rather than presenting the number of droplets ni in each size class, it is often

more informative to present the data as the number frequency, fi ¼ ni=N, where

N is the total number of droplets, or as the volume frequency, fi ¼ vi=V , where

vi is the volume of the droplets in the ith size class and V is the total volume of

all the droplets in the emulsion. The shape of a particle size distribution changes

appreciably depending on whether the fraction of droplets in each size category

is presented as a number or a volume frequency (Figure 2). Hence, it is always

important to clearly specify which parameter has been used when reporting particle

size data. As the volume of a droplet is proportional to d3, the volume distribution
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is more representative of larger droplets present in the emulsion. The number dis-

tribution is more representative of droplets that may be small and therefore have

low-volume fractions but may be present in large numbers.

A particle size distribution can also be represented as a continuous curve, such

as the distribution function FðdiÞ or the cumulative function CðdiÞ. The (number)

TABLE 1. The Particle Size Distribution of an Emulsion can be Conveniently

Represented in Tabular Form. Note that the Volume Frequency is much more

Sensitive to Larger Droplets than the Number Frequency.

Size Class ½mm� d i ½mm� N i f i [%] f i [%] Cðd iÞ [%]

0.041–0.054 0.048 0 0.0 0.0 0.0

0.054–0.071 0.063 2 0.1 0.0 0.1

0.071–0.094 0.082 4 0.2 0.0 0.3

0.094–0.123 0.108 50 2.5 0.0 2.8

0.123–0.161 0.142 84 4.2 0.1 7.0

0.161–0.211 0.186 152 7.6 0.3 14.6

0.211–0.277 0.244 224 11.2 1.1 25.8

0.277–0.364 0.320 351 17.6 3.9 43.35

0.364–0.477 0.420 470 23.5 11.8 66.85

0.477–0.626 0.551 385 19.2 21.8 86.1

0.626–0.821 0.723 190 9.5 24.3 95.6

0.821–1.077 0.949 64 3.2 18.5 98.8

1.077–1.414 1.245 21 1.0 13.7 99.85

1.414–1.855 1.634 3 0.2 4.4 100

1.855–2.433 2.144 0 0.0 0.0 100
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Figure 2. Histogram of the volume- and number-based particle size distribution of an emulsion.
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distribution function is constructed so that the area under the curve between two

droplet sizes, di and di þ d di, is equal to the number of droplets ni in that size

range, i.e., ni ¼ FðdiÞd di (9). This relationship can be used to convert a histogram

to a distribution function, or vice versa. The cumulative function represents the per-

centage of droplets that are smaller than di and can be obtained through integration

of the distribution function. The resulting curve has an S-shape that varies from 0%

to 100% as the particle size increases. The particle size at which half the droplets

are smaller and the other half are larger is known as the median droplet diameter,

dm. The particle size distribution of an emulsion can also be modeled using math-

ematical theories (e.g., normal or log-normal distributions), which is convenient

because the full data set can be described by a small number of parameters (9).

Nevertheless, care should be taken to ensure that the mathematical model used rea-

listically represents the actual data.

The size of droplets in a polydisperse emulsion may be expressed by one or two

numbers, rather than stipulating the full particle size distribution (9). The most use-

ful numbers are the mean diameter �dd, which is a measure of the central tendency of

the distribution, and the standard deviation, s, which is a measure of the width of

the distribution:

�dd ¼
P

nidi

N
; ð2Þ

s ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
niðdi � �dd Þ2

N

s
: ð3Þ

The above mean is also referred to as the mean length diameter, dL, because it

represents the sum of the length of the droplets divided by the total number of dro-

plets. It is also possible to express the mean droplet size in a number of other ways

(Table 2). Each of these mean sizes has dimensions of length (meters), but stresses a

different physical aspect of the distribution, e.g., the average length, surface area, or

volume. For example, the volume-surface mean diameter is related to the surface

area of droplets exposed to the continuous phase per unit volume of emulsion, AS:

AS ¼
6f
dVS

: ð4Þ

TABLE 2. Different Ways of Expressing the Mean Droplet Diameter

of a Polydisperse Emulsion.

Name of Mean Symbol Definition

Length �dd or dL dL ¼
P

ni di=
P

ni

Surface Area dS dS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

ni d
2
i =

P
ni

q
Volume dV dV ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
ni d

3
i =

P
ni

3

q
Volume-Surface Area dVS or d32 dVS ¼

P
ni d

3
i =

P
ni d

2
i
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This relationship is particularly useful as it allows one to calculate the total sur-

face area of droplets in an emulsion, an important parameter that can be used to

estimate the emulsifier concentration required to produce a kinetically stable emul-

sion. An appreciation of the various types of mean droplet diameter is also impor-

tant because different experimental techniques used to measure droplet sizes are

sensitive to different mean values (24). Consequently, it is always important to

be clear about which mean diameter has been determined in an experiment when

using or quoting droplet size data.

The importance of the particle size distribution in determining the physicochem-

ical properties of food emulsions means that it is important to have analytical tech-

niques to quantify this parameter. The size of the droplets in emulsions can be

measured using a variety of different analytical methods, the most common being

microscopy, light scattering, electrical pulse counting, sedimentation, and ultraso-

nic techniques (4). Each of these techniques has its own advantages and disadvan-

tages. For example, some techniques are only suitable for analyzing very dilute

emulsions (e.g., light scattering, electrical pulse counting), whereas others can be

used to analyze concentrated emulsions in situ (e.g., ultrasonic spectrometry,

NMR).

3.3. Droplet Charge

The electrical charge of emulsion droplets has an important impact on the stability

of emulsion droplets and, in turn, influences physicochemical and organoleptic

properties of food emulsions (1). The electrical charge on the droplets in food emul-

sions is usually the result of the adsorption of emulsifier molecules that contain

ionized or ionizable groups, e.g., ionic surfactants, phospholipids, proteins, and

polysaccharides (4). The magnitude and sign of the electrical charge at the droplet

interface largely depends on type and concentration of surface-active molecules

present at the interface, as well as pH and ionic composition of the aqueous phase.

Droplet charge is a key parameter that determines not only how a droplet interacts

with other charged species (e.g., emulsion droplets, polymers, mineral ions) but

also how it behaves in the presence of an electrical field (which is the basis of

experimental measurements of electrical charge). Charged species of opposite

sign are attracted towards each other, whereas those of similar sign are repelled

from each other. All of the droplets in an emulsion are usually coated with the

same type of emulsifier and, as such, have the same electrical charge (if the emul-

sifier is ionized). When this charge is sufficiently large, the droplets are prevented

from aggregating because of the electrostatic repulsion between them. The proper-

ties of emulsions stabilized by ionized emulsifiers are particularly sensitive to the

pH and ionic strength of the aqueous phase. If the pH of the aqueous phase is

adjusted so that the emulsifier loses its charge, or if salt is added to ‘‘screen’’ the

electrostatic interactions between the droplets, the repulsive forces may no longer

be strong enough to prevent the droplets from aggregating. Droplet aggregation is

often undesirable in food emulsions because it can lead to an increase in emulsion

viscosity and a decrease in creaming stability.
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Electrostatic interactions also influence the interactions between emulsion dro-

plets and other charged species, such as biopolymers, surfactants, vitamins, antiox-

idants, flavors, and minerals (2, 25–27). These interactions often have significant

implications for the overall quality of an emulsion product. For example, volatility

of a flavor may be reduced if flavor molecules are electrostatically attracted to the

surface of emulsion droplet thereby altering the flavor profile of food emulsions

(26). The susceptibility of oil droplets to lipid oxidation depends on whether the

catalyst is electrostatically attracted to the droplet surface (27). In case of a repul-

sion of oxidation catalysts from the lipid–water interface, the extent of lipid oxida-

tion in emulsions can be reduced. The accumulation of charged species at a droplet

surface and the rate at which this accumulation takes place depends on the sign of

their charge relative to that of the surface, the strength of the electrostatic interac-

tion, their concentration, and the presence of any other charged species that might

compete for the surface.

The electrical charge on an emulsion droplet can be manipulated by choosing

emulsifiers with desirable charge characteristics (e.g., sign, magnitude, isoelectric

point) and controlling the aqueous phase properties (e.g., pH and ionic strength).

Consequently, it is possible to control the bulk physicochemical properties of

emulsions by manipulating their electrical charge, e.g., aggregation stability, flavor

distribution, and lipid oxidation. A variety of analytical techniques have been devel-

oped to measure the magnitude and sign of the charge on emulsion droplets, the

most commonly used being particle electrophoresis and electroacoustics (4).

3.4. Droplet Crystallinity

Another parameter that influences the overall properties of the bulk emulsion is the

physical state of the lipid droplets in an emulsion (17, 19, 28–31). Crystallization of

lipid droplets in emulsions can be either beneficial or detrimental to product quality.

Margarine and butter, the most common water-in-oil emulsions in the food industry,

are prepared by a controlled destabilization of oil-in-water emulsions containing

partly crystalline droplets. The stability of dairy cream to mechanical agitation

and temperature cycling depends on the nature and extent of crystallization in milk-

fat globules. It should be noted that because the density of the phases can change as

crystallization occurs, the rate at which milkfat droplets cream can be altered as

droplets solidify. Emulsion manufacturers should therefore understand which fac-

tors influence the crystallization and melting of emulsified substances, and be aware

of the effect that droplet phase transitions can have on the properties of emulsions.

The melting and crystallization behavior of emulsified substances can be quite

different from that of the same substance in bulk (19). In particular, the degree of

supercooling in emulsified materials is usually much greater than in bulk materials

because the probability of finding a catalytic site that can promote nucleation is

smaller in a particular droplet than in a bulk phase. A variety of experimental tech-

niques are available for providing information about the crystallization and melting

behavior of emulsion droplets, including microscopy, differential scanning calori-

metry, NMR, and ultrasonics (4).
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3.5. Droplet Interfacial Properties

The droplet interface is comprised of a narrow region (typically 2 nm to 20 nm

thick) that surrounds each emulsion droplet and contains a mixture of oil, water,

and emulsifier molecules (9, 10). The interfacial region typically does not contri-

bute significantly to the total volume of an emulsion unless the droplet size is smal-

ler than approximately 1 mm (Table 3). Contrary to this, the interfacial membrane

does play a major role in determining bulk physicochemical and organoleptic prop-

erties of food emulsions. For this reason, food scientists are particularly interested

in elucidating the factors that determine the composition, structure, thickness, and

rheology of the interfacial region (2, 19, 32–35). The composition and structure of

the interfacial region are determined by the type and concentration of surface-active

species present, as well as by the events that occur both during and after emulsion

formation, e.g., competitive adsorption. The thickness and rheology of the interfa-

cial region influences the stability of emulsions to gravitational separation, coales-

cence, and flocculation, and determines the rate at which molecules leave or enter

the droplets (4, 35). A variety of analytical techniques are available to provide infor-

mation about the composition, thickness, and rheology of interfacial membranes.

Some of these techniques can be directly applied to emulsions, whereas others

can only be carried out at interfaces separating planar oil-water interfaces.

3.6. Droplet-Droplet Interactions

Colloidal interactions govern whether emulsion droplets aggregate or remain as

separate entities thereby impacting the characteristics of any aggregates formed,

e.g., their size, shape, porosity, and deformability (2, 19, 36, 37). The rheological

properties and creaming stability of many food emulsions depend on the extent of

droplet aggregation and the characteristics of any aggregates formed (38, 39). The

interactions between two emulsion droplets can be described in terms of an inter-

droplet pair potential (4). The interdroplet pair potential, w(h), is the energy

required to bring two emulsion droplets from an infinite distance apart to a sur-

face-to-surface separation of h (Figure 3). The overall interdroplet pair potential

acting between two droplets is the sum of many different types of interactions,

including van der Waals, steric, electrostatic, depletion, hydrophobic, and hydration

interactions (4). These individual interactions can vary in their sign (attractive or

TABLE 3. Effect of Particle Size on the Physical Characteristics of 1 g of Oil Dispersed

in Water in the Form of Spherical Droplets. Values were Calculated Assuming the Oil had

a Density of 920 kg m�3 and the End-to-End Length of the Oil Molecules was 6 nm.

Droplet No. of Droplets Per Droplet Surface Area Per Percent Oil Molecules at

Radius ½mm� Gram Oil [g�1] Gram Oil [m2 g�1] Droplet Surface [%]

100 2:6� 105 0.03 0.02

10 2:6� 108 0.3 0.2

1 2:6� 1011 3 1.8

0.1 2:6� 1014 30 18
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repulsive), magnitude (weak to strong), and range (short to long) (Table 4). Each

of the individual interactions usually has a simple monotonic dependence on

surface-to-surface separation, but the sum of the interactions can exhibit a fairly

complex behavior having both minima and maxima at certain separation distances

Continuous
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Figure 3. Difference between thermodynamic and kinetic stability. A system will remain in a

thermodynamically unstable or metastable state for some time if there is a sufficiently large

energy barrier preventing it from reaching the state with the lowest free energy.

TABLE 4. Summary of Major Colloidal Interactions between Emulsion Droplets. Sign:

Attractive (A), Repulsive (R); Magnitude: Weak (W), Medium (M), Long (L); Range:

Short (S), Medium (M), Long (L).

Type Sign Magnitude Range Major Factors Influencing

Van der Waals A S L Refractive index, dielectric constant

Electrostatic R or A W–S S–L pH, ionic composition

Steric R S S Solvent quality, thickness

Depletion A W–M M Excluded species size and concentration

Hydrophobic A S L Surface hydrophobicity, temperature
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(Figure 3). Generally, droplets tend to aggregate when attractive interactions dom-

inate, but remain as individual entities when repulsive interactions dominate (4).

4. EMULSION PREPARATION

4.1. Introduction

The process of converting two immiscible bulk-phase liquids into an emulsion, or

of reducing the size of the droplets in a preexisting emulsion, is known as homo-

genization. The mechanical device designed to carry out this process is called a

homogenizer (40). Homogenization can be separated into two categories depending

on the nature of the starting material. The formation of an emulsion directly from

two separate bulk liquids is referred to as primary homogenization, whereas the

reduction in size of the droplets in an existing emulsion is referred to as secondary

homogenization. The creation of a particular type of food emulsion may involve the

use of either of these types of homogenization, or a combination of both. In large

scale food processing operations, it is often more efficient to prepare an emulsion in

two stages (1). First, the separate oil and water phases are converted to a coarse

emulsion that contains fairly large droplets using one type of homogenizer (e.g.,

a high-speed blender). The droplets of the emulsion premix, having a low kinetic

stability are further reduced in size using a different type of homogenizer (e.g., a

high-pressure valve homogenizer). It should be noted that there is no clear distinc-

tion between most of the physical processes that occur during primary and

secondary homogenization, e.g., mixing, droplet disruption, and droplet coales-

cence. Finally, some homogenizers are capable of producing emulsions with small

droplet sizes directly from separate oil and water phases, e.g., high-intensity ultra-

sonicators, microfluidizers, or membrane homogenizers. As previously shown (see

3.2), many of the important characteristics and quality aspects of food emulsions

depend on the size of the droplets they contain, including their stability, texture,

appearance, and taste. Consequently, the major objective of homogenization is to

create an emulsion in which the majority of droplets fall within an optimum size

range that yields emulsions with properties specified by food manufacturers. We

will therefore briefly discuss the major factors that determine the size of the dro-

plets produced after the homogenization process.

4.2. Emulsifiers

4.2.1. Emulsifier Structure and Emulsifier Chemistry One of the key factors

to successfully produce a stable lipid emulsion is the addition of a suitable emulsi-

fier. Although a detailed discussion of emulsifiers and emulsifier chemistry is

beyond the scope of this chapter, a brief introduction to emulsifiers/surfactants

seems appropriate. Surfactants are surface-active compounds that can adsorb to

appropriate interfaces once dispersed in a solvent (41–48). Emulsifiers are those

surfactants that are specifically used to stabilize emulsions. Surfactants are
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amphiphilic molecules (Figure 4). They have a hydrophilic and a hydrophobic area.

The hydrophilic part is usually referred to as the head group of the surfactant,

whereas the hydrophobic group is called the tail. The amphiphilic character of

the molecule also causes the molecule to orient at interfaces, a reason for their sur-

face activity. Surface or interfacial films (or layers) are therefore formed with the

consequence that the surface tension is reduced. Hence, less energy is needed to

disrupt the droplets further. Depending on the ratio of hydrophilic group to hydro-

phobic group, surfactants can have a higher solubility in either one of the two

phases, oil or water. Surfactants are often much more complex than the simple

example shown in Figure 4. Proteins, for example, are surface active and are clas-

sified as surfactants but they possess a highly complex three-dimensional structure

that undergoes structural rearrangements upon adsorption at an interface. Other

complex surfactants include modified starches or block copolymers. Specialty sur-

factants have been designed that contain not only one tail or head group but many to

increase the steric stabilitization effect. There is no single classification scheme

available to categorize all types of surfactants. The situation is also complicated

by the fact that new surfactants are continuously developed. Nevertheless, there

are a few characteristics listed below that can be used to classify the various surfac-

tants:

	 Charge of the hydrophilic group (anionic, cationic, nonionic, or zwitterionic)

	 Nature of the lipophilic group (n-alkyl, iso-alkyl, (un)saturated alkyl)

	 Solubility in various solvents

	 Ratio of hydrophilic to hydrophobic group

	 Crystalline phases

	 Molecular geometry

hydrophobic tail hydrophilic
head

C
O

CH2

CH

O

CH2

OH

OH

Figure 4. Structure of a simple surfactant.
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One of the most important parameter is the charge of the head group. The charge

of the surfactant can have a large impact on the chemical reactivity of the emulsion.

For example, rates of lipid oxidation in emulsions that are susceptible to radical

driven degradation processes differ dramatically depending on whether the emul-

sion was stabilized by a nonionic, cationic, or anionic emulsifier. This is because

of repulsive or attractive interactions between the droplet interface and metal cat-

alysts that may be present in the system. Another valuable classification tool

involves the so-called HLB value. It is a measure of the ratio of the hydrophilic

head group to the lipophilic tail. HLB values are very useful in order to select a

surfactant for a particular application and are often listed by the surfactant manu-

facturer. Table 5 illustrates the ranges of HLB values that are most suited for a

particular application.

4.2.2. Nonionic Emulsifiers Nonionic surfactants are the principal surfactants

encountered in food systems. They have several advantages over ionic surfactants.

Nonionic surfactants can cover a wide range of HLB values. They are more envir-

onmentally friendly because they are easily biodegradable. The traditional source

of the hydrophobic part of nonionic surfactants is fatty acid triglycerides, both from

animal and plant sources. Primarily the higher members of the series such as pal-

mitic, steric, oleic, and linoleic acid are used. Major utilization of fatty acids in sur-

factant chemistry involves the following reactions:

	 Esterification of fatty acids and polyhydric alcohols: The reaction of fatty

acids with polyhydroxy compounds, such as ethylene glycol or glycerol,

yields monoglycerides or polyglycerides. Prominent members of the higher

polyol series, for example, include sorbitol and mannitol.

	 Alkanolamides of fatty acids: The condensation of fatty acids with mono-

thanolamines or diethanolamines yields a group of products called alkanola-

mides. They usually contain a range of surface-active byproducts such as

amino esters.

	 Oxyethylated surfactants: The multiple condensation of ethylene oxide with a

hydrophobe that contains accessible hydrogen atoms yields a polyethylene-

oxide with an attached hydrophobic tail group. Polyethyleneoxide surfactants

constitute the major portion of nonionic surfactants. The ability to control the

TABLE 5. Applications and Corresponding HLB Values.

HLB Range Application

<3 Surface films

3–6 Water-in-oil emulsifiers

7–9 Wetting agents

8–15 Oil-in-water emulsifiers

13–15 Detergents

15–18 Solubilizers
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polymeric chain reaction has resulted in a group of surfactants that span a

wide variety of HLB values. Often used in food applications are surfactants of

the Tween1 series that are obtained through a reaction of a sugar/fatty acid

ester with ethylenoxide.

4.2.3. Anionic Emulsifiers Anionic surfactants make about 75% of all the con-

sumption of surface-active material. They are rarely encountered in the preparation

of an actual food. The toxicity level of anionic surfactants is high and even small

doses of anionic surfactants can cause allergic reactions and nausea. However, as

they are very strong detergents, they can be used to solubilize components such as

proteins. Due to their strong electrostatic repulsion, they are also very effective in

stabilizing emulsions and are therefore often applied in technical emulsions such as

emulsified lubricants.

The major subgroups of anionic surfactants include the alkali carboxylates

(soaps), sulfates, sulfonates, and to a smaller degree, phosphates. The esterification

of alcohol with sulfuric acid yields probably the best-studied surfactant, sodium

dodecylsulfate or SDS. SDS, a sulfate ester, is an extremely effective emulsifier

because of its high-electrostatic repulsion. Other sulfates are, for example, sulfated

esters from fatty acids, sulfated ethers, and sulfated fats and oils. Sulfonates stem

from the reaction of sulfonic acid with suitable substrates. Members of the class of

sulfonates are, for example, sulfonic acid salts or aliphatic sulfonates. Other anionic

surfactants include substances such as carboxylated soaps and esters of phosphoric

acid.

4.2.4. Cationic Emulsifiers Cationic surfactants are primarily recognized

because of their strong bacteriostatic properties. While the total market share of

cationic surfactants is less than 5%, they continue to play an important role as sani-

tizing and antiseptic agents, textile softeners, corrosion inhibitors, foam depres-

sants, flotation chemicals, and as components in fungizides and germicides.

Typically, cationic surfactants consist of a hydrophobic chain group derived from

either fatty acid or petrochemical sources and a positively charged nitrogen atom.

The hydrophobic group can be directly attached to the nitrogen or be indirectly

linked via a bridging group such as a polyethyleneoxide. Alternatively, the nitrogen

can also be part of a heterocyclic ring as is the case in alkylpyridinium salts.

4.3. Physical Basis of Homogenization

The physical processes that occur during homogenization can be highlighted by

considering the formation of an emulsion from pure oil and pure water. When

the two liquids are brought in contact, they tend to adopt the configuration that

is thermodynamically most stable and has the lowest free energy, which consists

of a layer of oil on top of a layer of water (Figure 5). This arrangement is adopted

because it minimizes the unfavorable contact area between the two immiscible

liquids, and because oil has a lower density than water. To create an emulsion,

energy is needed to disrupt and intermingle oil and water phases. The energy is
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usually supplied in the form of some mechanical agitation (49). The oil droplets

formed during the application of the mechanical agitation are constantly moving

around and frequently collide and coalesce with neighboring droplets (49). If no

more mechanical energy is supplied to the system, the droplets formed during

the agitation process will move in the opposite direction of the gravitational field

and eventually merge together to form a separate layer, i.e., they will phase separate

(Figure 4). This process is enthalpically driven and favors the minimization of the

contact area between the oil and water while the kinetics of the phase separation

depends on the strength of the gravitational field and the nature of the two liquids.

To form an emulsion that is (kinetically) stable for a reasonable period of time,

one must prevent the droplets from merging together after they have been formed

(49, 50). This is achieved by having a sufficiently high concentration of emulsifier

present during the homogenization process. Emulsifier molecules adsorb at the oil-

water interface during homogenization to form a protective membrane that prevents

droplets from coming into close contact required for coalescence. The size of

droplets produced during homogenization, therefore, is a balance of two opposing

physical processes: droplet disruption and droplet coalescence. The efficiency of

the emulsification process increases if (1) the initial droplet size can be kept small

and (2) the droplets are rapidly stabilized against coalescence once they are formed

(Figure 5).

4.3.1. Droplet Disruption The initial stages of primary homogenization involve

the break-up and intermingling of the bulk oil and bulk aqueous phases so that

Kinetically
Stable

Emulsion Phase
inversion

Creaming Sedimentation Flocculation Coalescence

Figure 5. Food emulsions may become unstable through a variety of physical mechanisms,

including creaming, sedimentation, flocculation, coalescence, and phase inversion.
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fairly large droplets of one of the liquids become dispersed throughout the other

liquid (49, 50). Later stages of primary homogenization, as well as the entire sec-

ondary homogenization, involves the disruption of larger droplets into smaller ones.

Ultimately, the disruption of a droplet depends on a balance between interfacial

forces that oppose enlargements of the interfacial area and disruptive forces gener-

ated within the homogenizer (49, 50). A thermodynamic consideration of a system

with constant pressure, temperature, and composition but with varying interfacial

areas yields the following expression for the free energy change (51):

�G ¼ qG

qA
�A: ð5Þ

Equation 5 illustrates that the overall free energy change of the system is a func-

tion of increases in the interfacial area and a system specific thermodynamic para-

meter, qG=qA, also known as the interfacial tension g. Equation (5) also indicates

that the work required to deform and disrupt a droplet during homogenization must

be significantly larger than g�A (17, 50). This relationship also explains why emul-

sifiers, capable of readily adsorbing to the interfaces of emulsion droplets during

homogenization and reducing their interfacial tension, will decrease the amount

of work required for droplet disruption, thus improving homogenization efficiency.

The nature of the disruptive forces that act on droplets during the homogeniza-

tion process depend on the flow conditions they experience (i.e., laminar or turbu-

lent), and therefore on the type of homogenizer used (49, 52). For a droplet to be

broken up during homogenization, the magnitude of the disruptive forces must

exceed that of the interfacial forces and their duration must exceed the time

required to deform and disrupt the droplet (53, 54). The susceptibility of emulsion

droplets to disruption can be characterized by the Weber Number (We), which is the

ratio of the disruptive forces to the interfacial forces (50). Above a characteristic

critical Weber number, droplets are disrupted, below this Weber number they

remain intact. The value of the critical Weber number generally depends on the

ratio of the viscosity of the dispersed phase to the continuous phase, ZD=ZC, and

theoretical or semi-empirical expressions for the Weber number have been derived

for a number of different flow conditions found in homogenizers, e.g., laminar flow

and turbulent flow (54).

4.3.2. Droplet Coalescence Droplet-droplet collisions occur frequently during

homogenization because of the intense mechanical forces experienced by emul-

sions inside homogenizers. If emulsion droplets are not covered by a sufficiently

strong interfacial membrane, they will tend to coalesce with one another during a

collision (49). Immediately after the disruption of an emulsion droplet, the freshly

formed interfaces are insufficiently covered by emulsifier molecules and therefore

the new droplets are highly susceptible to coalescence when they collide with their

neighbors. To prevent coalescence it is necessary to rapidly form a stable membrane

of emulsifier molecules that is able to induce repulsive interactions between the

droplets. The size of droplets produced in the homogenization process, therefore,
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depends not only on process parameters but also on the kinetics of the emulsifier

adsorption at droplet interfaces (tadsorption) relative to the rate of droplet-droplet

collisions (tcollision). Thus, the flow situation in the homogenizer, the bulk physico-

chemical properties of the oil and aqueous phases, and the nature of the emulsifier

used all impact the resulting droplet size (51). Droplet coalescence during homo-

genization can therefore be reduced by using an emulsifier with rapid adsorption

kinetics or by increasing the emulsifier concentration that ensures that

tadsorption=tcollision 
 1. The importance of emulsifier adsorption kinetics on the

size of the droplets produced during homogenization has been demonstrated experi-

mentally (55). Under the same homogenization conditions, it has been shown that

emulsifiers that adsorb rapidly produce smaller droplet sizes than those that adsorb

slowly. Most food emulsifiers do not adsorb rapidly enough to completely prevent

droplet coalescence, and so the droplet size achieved during homogenization is

greater than that which is theoretically possible (56).

4.4. Homogenization Devices

A number of different types of homogenization devices are used to produce food

emulsions (Table 6). Each of these devices has its own advantages and disadvan-

tages and is often best suited for a particular type of product. In selecting a homo-

genizer, one needs to consider volume-flow rates, the nature of the starting

materials, the desired droplet size distribution, the required physicochemical prop-

erties of the final product, availability of space, power, or pressure requirements,

and the cost of purchasing and operating the equipment. The most commonly

used homogenizers in the food industry at present are high-speed blenders, high-

pressure valve homogenizers, and colloid mills (Figure 6). Ultrasonic homogenizers,

while rarely used in industry, have proven to be very useful on a laboratory scale

because of the small amounts of sample that can be processed and their low cost.

High-speed blender: The disruption of droplets in a blender occurs mainly due

to the existence of a turbulent flow situation. The energy input per unit volume is

unevenly distributed in the apparatus. This results in a broad droplet size distribution.

TABLE 6. Comparison of Different Types of Homogenizer Used in the Food Industry.

Relative Energy Minimum

Homogenizer Throughput Efficiency Droplet Size Sample Viscosity

High-speed blender Batch Low 2 mm Low to medium

Colloid mill Continuous Intermediate 1 mm Medium to high

High-pressure

homogenizer Continuous High 0.1 mm Low to medium

Ultrasonic probe Batch Low 0.1 mm Low to medium

Ultrasonic jet

homogenizer Continuous High 1 mm Low to medium

Micro-fluidizer Continuous High <0.1 mm Low to medium

Membrane

processing Batch or Continuous High 0.3 mm Low to medium
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The major droplet disruption occurs in the immediate vicinity of the rotating blades

where shear forces are highest, e.g., due to the presence of Taylor vortexes. The

effectiveness of droplet disruption depends on the geometry of the mixer and the

rotational speed of the blades. Operational parameters include blade and vessel geo-

metries and rotation speed of blades.

High-pressure valve homogenizer: Within a high-pressure valve homogenizer,

extensive droplet disruption occurs. The homogenization valve can have various

geometries with externally adjustable gap sizes. The premix is pumped into a valve

with pressures between 10–100 MPa. Within the annulus of the valve, velocities

exceed more than 200 m/s. The average residence time of the premix in the valve

is less than a few milliseconds. Due to the fast acceleration of the liquid in the annu-

lus, the hydrostatic pressure in the annulus can drop below the vapor pressure of the

liquid. As a consequence, steam bubbles are formed. The formation of steam bub-

bles is transient and bubbles collapse in the rear part of the annulus where pressure

and temperature increase again. The collapse of these cavitational bubbles is the

primary source of the mechanical energy that causes oil droplet disruption. The

effectiveness of the droplet disruption in a high-pressure valve homogenizer can

be directly related to the applicable pressure difference.

Colloid Mill: Colloid mills are rotor-stator systems that can be used to reduce the

particle size distribution of both liquid dispersions (emulsions) and solid disper-

sions (suspensions). The emulsion or suspension is pumped through a narrow

gap that is formed by the rotating inner cone and the stationary outer cone. The

width of the annulus can be adjusted by changing the relative position of the two

cones. The principal size reduction in colloid mills is due to the high shear forces

that are caused by the velocity difference between the rotor and the stator surfaces.

To increase wall friction and reduce slip, surfaces are usually not smooth but are

roughened or toothed, which, in turn, changes the flow conditions from laminar

to turbulent, thereby increasing the shear forces in the annulus.

Figure 6. Technical schematics of the three most often used homogenization devices: (a) high-

speed blender, (b) high-pressure valve homogenizer, and (c) colloid mill.
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High-Intensity Ultrasonicator: Droplets are disrupted within a field of high-

intensity ultrasonic waves. Droplet disruption occurs either due to cavitation or

because the frequency of the ultrasonic wave equals the resonance frequencies of

the droplets. This causes the droplets to oscillate vigorously. Eventually, the oscil-

lation becomes supercritical and the droplets are disrupted. The effectiveness of

sonication, therefore, depends on the nature of the continuous and dispersed phase.

The type of oil, as well as the nature of the surfactant, is the limiting factor for the

minimal droplet size that can be achieved.

4.5. Factors Influencing Droplet Size

From an operational point of view, food manufacturers need to be able to optimize

both the composition of an emulsion and the required homogenization process to

achieve a product that fulfills predetermined design criteria. As the majority of

emulsion characteristics depend primarily on the droplet size distribution, the spe-

cific factors that impact droplet size need to be discussed.

4.5.1. Emulsifier Type and Concentration For a fixed concentration of oil,

water, and emulsifier, there is a maximum interfacial area that can be completely

covered by an emulsifier. As homogenization proceeds, the size of the droplets

decreases and the interfacial area increases. Once the emulsion interfacial area

increases above a certain level, there may be insufficient emulsifier present to com-

pletely cover the surface of any newly formed droplets. This will not only increase

the energy required for subsequent droplet disruption but also increase the probabil-

ity for droplet coalescence. The minimum size of stable droplets that can be pro-

duced during homogenization is governed by the type and concentration of

emulsifier present:

rmin ¼
3 � �sat � f

cS

; ð6Þ

where �sat is the excess surface concentration of the emulsifier at saturation (in

kg m�2), f is the disperse phase volume fraction, and cS is the concentration of

emulsifier in the emulsion (in kg m�3). For a polydisperse emulsion, the radius

rmin is the volume to surface mean radius. The minimum droplet size that can be

produced during homogenization can be decreased by increasing the emulsifier

concentration, decreasing the droplet concentration or using an emulsifier with a

smaller �sat. For a 10% oil-in-water emulsion containing 1% of emulsifier, the mini-

mum droplet radius is about 60 nm (assuming �sat ¼ 2� 10�6 kg m�2). While

Equation (5) provides a first estimation to design a homogenization process, it

should be noted that the actual mean diameter of emulsion droplets after homoge-

nization is generally greater than the theoretical minimum.

In order to attain the theoretical minimum droplet size, a homogenizer must be

capable of generating a pressure gradient that is large enough to disrupt any dro-

plets that are greater than rmin. This pressure gradient is given by the LaPlace
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pressure where � p ¼ 2 g=r. Some types of homogenizer are not capable of gener-

ating such high-pressure gradients and are therefore not suitable for producing

emulsions with small droplet sizes, even though there may be sufficient emulsifier

present (50). The emulsion must also spend sufficient time within the homogeniza-

tion zone for all of the droplets to be completely disrupted. In general, the residence

time of droplets within the homogenization zone is distributed and this distribution

is impacted by operational conditions (flow speed) and the geometry of the homo-

genization zone. Design of the homogenization zone is therefore of crucial impor-

tance to the efficiency of the homogenization process.

A large variety of emulsifiers are used in the food industry, and each of these

exhibits different characteristics during homogenization, e.g., the speed at which

they adsorb, the maximum reduction in interfacial tension, and the effectiveness

of the interfacial membrane to prevent droplet coalescence. A food manufacturer

must select the most appropriate emulsifier for each type of food product, taking

into account their performance during homogenization, solution conditions, cost,

availability, legal status, ability to provide long-term stability, and the desired phy-

sicochemical properties of the product. It is generally recommended that food man-

ufacturers closely consult with emulsifier manufacturers to select an appropriate

emulsifier that is optimized for their particular application. In addition, classifica-

tion schemes for emulsifiers are available that aide in the selection of a suitable

emulsifier.

4.5.2. Energy Input The size of the droplets in an emulsion can be reduced by

increasing the amount of energy supplied during homogenization (as long as there

are a sufficient number of emulsifier molecules to cover the surfaces of the droplets

formed). The energy input depends on the nature of the homogenizer. In a high-

speed blender, the energy input can be enhanced by increasing the rotational speed

or the length of time that the sample is blended. In a high-pressure homogenizer,

it can be enhanced by increasing the homogenization pressure or recirculating

the emulsion through the device, i.e., increasing the number of passes through the

homogenizer. In a colloid mill, it can be enhanced by reducing the size of the

gap between the stator and rotator system, increasing the rotational speed, using

disks with roughened surfaces, or increasing again the number of passes through

the homogenizer. In a high-intensity ultrasonicator, the energy input can be

enhanced by increasing the intensity of the ultrasonic wave or by sonicating for

a longer time. In a microfluidizer, the energy input can be increased by increasing

the velocity at which the liquids are brought into contact with each other or by recir-

culating the emulsion. In a membrane homogenizer, the energy input can be

enhanced by increasing the pressure at which the liquid is forced through the mem-

brane. Under a given set of homogenization conditions (energy input, temperature,

composition) there is a certain size below which the emulsion droplets cannot be

reduced even with repeated homogenization, and therefore homogenizing the sys-

tem any longer would be inefficient. It should be noted that increasing the energy

input usually leads to increased manufacturing costs, which may offset the benefits

gained through smaller droplet sizes. A food manufacturer should, therefore,
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always establish processing conditions that provide an optimum compromise

between droplet size, processing time, and cost (50).

Under most circumstances, the droplet size will decrease as the energy input is

increased. Nevertheless, there may be occasions when increasing the energy actu-

ally leads to an increase in droplet size because the effectiveness of the emulsifier is

reduced by excessive heating or exposure to high pressures. This can be particularly

important for protein-stabilized emulsions, because the molecular structure and

functional properties of proteins are particularly sensitive to changes in their envir-

onmental conditions. For example, globular proteins, such as b-lactoglobulin, are

known to unfold and aggregate when they are heated above a certain temperature,

which reduces their ability to stabilize emulsions.

4.5.3. Properties of Component Phases The composition and physicochem-

ical properties of both the oil and aqueous phases influence the size of the droplets

produced during homogenization (52). Variations in the type of oil or aqueous

phase will alter the viscosity ratio, ZD=ZC, which determines the minimum size

that can be produced under steady-state conditions. The interfacial tension of the

oil-water interface depends on the chemical characteristics of the lipid phase,

e.g., molecular structure or presence of surface-active impurities, such as free fatty

acids, monoacylglycerols, or diacylglycerols. These surface-active lipid compo-

nents tend to accumulate at the oil-water interface and lower the interfacial tension,

thus lowering the amount of energy required to disrupt a droplet.

The aqueous phase of an emulsion may contain a wide variety of components,

including minerals, acids, bases, biopolymers, sugars, alcohols, ice crystals, and gas

bubbles. Many of these components will alter the size of the droplets produced

during homogenization because of their influence on rheology, interfacial tension,

coalescence stability, or adsorption kinetics. For example, the presence of low

concentrations of short chain alcohols in the aqueous phase of an emulsion reduces

the size of the droplets produced during homogenization because of the reduction in

interfacial tension (57). The presence of biopolymers in an aqueous phase has been

shown to increase the droplet size produced during homogenization due to their

ability to suppress the formation of small eddies during turbulence (50). Protein-

stabilized emulsions cannot be produced close to the isoelectric point of a protein

or at high-electrolyte concentrations because the proteins are highly susceptible to

aggregation.

Experiments have shown that the smallest droplet size that can be achieved using

a high-pressure valve homogenizer increases as the disperse phase volume fraction

increases (52). There are a number of possible reasons for this, (1) increasing the

viscosity of an emulsion may suppress the formation of eddies responsible for

breaking up droplets, (2) if the emulsifier concentration is kept constant, there

may be insufficient emulsifier molecules present to completely cover the droplets,

and (3) the rate of droplet coalescence is increased.

4.5.4. Temperature Temperature may influence the size of droplets produced

during homogenization. The viscosity of both the oil and aqueous phases is
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temperature dependent, and therefore, the minimum droplet size that can be pro-

duced may be altered because of a variation in the viscosity ratio, ZD=ZC. Heating

an emulsion usually causes a slight reduction in the interfacial tension between the

oil and water phases, which would be expected to facilitate the production of smal-

ler droplets. However, certain types of emulsifiers lose their ability to stabilize

emulsion droplets against aggregation when they are heated above a certain tem-

perature. For example, when small molecule surfactants are heated close to their

phase inversion temperature, they are no longer effective at preventing droplet

coalescence, or when globular proteins are heated above a critical temperature,

they unfold and aggregate. Alterations in temperature also influence the compet-

itive adsorption of surface-active components, thereby altering interfacial com-

position (58).

The temperature is also important because it determines the physical state of the

lipid phase. It is practically impossible to homogenize a fat that is either completely

or substantially solid because it will not flow through a homogenizer or because of

the huge amount of energy required to break up the fat crystals into small particles.

There are also problems associated with the homogenization of oils that contain

even small amounts of fat crystals because of partial coalescence. The crystals

from one droplet may penetrate the surface of another droplet leading to the forma-

tion of an aggregate. Extensive aggregation leads to the generation of large particles

and to a dramatic increase in the viscosity that, in the most extreme case, can cause

the homogenizer to become blocked. For this reason, it is usually necessary to

warm a sample prior to homogenization to ensure that the lipid phase is completely

liquid. For example, milkfat is usually heated to about 40�C to melt all the crystals

prior to homogenization (52).

4.6. Other Processing Steps

Homogenization is only one of the processing operations involved in the production

of a food emulsion. Postprocessing and preprocessing operations can have a direct

impact on the properties of the final emulsions. One of the most common operations

carried out prior to emulsion homogenization is to disperse the various ingredients

into the phase in which they are most soluble. Oil-soluble ingredients, such as vita-

mins, colors, antioxidants, phospholipids, and lipophilic surfactants, are usually

mixed with the oil, and water-soluble ingredients, such as proteins, polysaccharides,

sugars, salts, vitamins, colors, antioxidants, and hydrophilic surfactants, are usually

mixed with the aqueous phase. The intensity and duration of the mixing process

depends on the time required to solvate and uniformly distribute the ingredients.

Adequate solvation is important for the functionality of a number of food compo-

nents, e.g., the emulsifying properties of proteins are often improved by allowing

them to hydrate in water for a few hours prior to homogenization (59). If the lipid

phase contains any crystalline material, it is necessary to warm it to a temperature

where all the fat crystals melt prior to homogenization; otherwise it is extremely

difficult to create a stable emulsion (52, 60). One of the most common operations

after homogenization is thermal processing to improve the microbiological stability
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of the product, e.g., pasteurization or sterilization. Thermal processing of an emul-

sion may have a significant impact on its quality and long-term physical stability

because many ingredients used in food emulsions are heat sensitive, e.g. proteins,

surfactants, and polysaccharides. Food emulsions may also be subjected to a variety

of other processing operations during their manufacture that impact their quality

and shelf life, including mixing, pumping, freezing, and drying.

5. PHYSICOCHEMICAL PROPERTIES OF FOOD EMULSIONS

5.1. Emulsion Stability

The term ‘‘emulsion stability’’ is broadly used to describe the ability of an emulsion

to resist changes in its properties with time. The properties of an emulsion may

evolve over time due to a variety of physical, chemical, or biochemical processes.

From a technological standpoint, it is important to identify the dominant processes

occurring in the system of interest because effective strategies can then be rationally

designed to overcome the problem. A number of the most important physical

mechanisms responsible for the instability of emulsions are shown schematically

in Figure 5.

5.1.1. Gravitational Separation Gravitational separation is one of the most

common forms of instability in food emulsions and may result in either creaming

or sedimentation depending on the relative densities of the dispersed and continu-

ous phases. Creaming is the upward movement of droplets due to the fact that their

density is lower than that of the surrounding liquid, whereas sedimentation is the

downwards movement of droplets due to the fact that they have a higher density

than the surrounding liquid. Liquid edible oils normally have lower densities

than water and, as a result, creaming is more prevalent in oil-in-water emulsions,

whereas sedimentation is more prevalent in water-in-oil emulsions. If emulsions

contain fully or partially crystalline fats, the density of the lipid phase may increase

above the density of water causing sedimentation instead of creaming. The cream-

ing velocity of an isolated rigid spherical particle suspended in a Newtonian liquid

obeys Stokes’ law:

nStokes ¼ �
2 gr2 r2 � r1ð Þ

9Z1

; ð7Þ

where, r is the radius of the particle, g is the acceleration due to gravity, r is the

density, Z is the shear viscosity, and the subscripts 1 and 2 refer to the continuous

and dispersed phases, respectively. The sign of vStokes determines whether the dro-

plet moves upwards (þ) or downwards (�). To a first approximation, the stability of

a relatively dilute food emulsion to creaming can be estimated using Stokes’ law.

For example, an oil droplet (r2 ¼ 910 kg m�3) with a radius of 1 mm suspended in

water (Z1 ¼ 1 mPa s, r1 ¼ 1000 kg m�3) should theoretically cream at a velocity

of about 17 mm per day. An emulsion containing droplets of this size would not
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have a particularly long shelf life. Stokes’ law highlights a number of strategies that

food manufacturers can use to retard gravitational separation in emulsions, i.e.,

decreasing the density contrast between the two phases, decreasing the droplet

radius, or increasing the viscosity of the continuous phase. Each of these strategies

is used in the food industry, with the most appropriate one or combination depend-

ing on the nature of the emulsion.

It should be stressed that Stokes’ law is inappropriate for accurately predicting

the stability of many food emulsions due to gravitational separation because they do

not exist as dilute suspensions of rigid spheres suspended in a Newtonian fluid. If

the droplet concentration is high, single droplets will not move independent of each

other and droplet movement may be retarded due to increased packing and hydro-

dynamic interactions. For this reason, the theory has been extended to take into

account various other factors, such as droplet fluidity, droplet concentration, the

interfacial membrane, and non-Newtonian continuous phases (4). A semiempirical

equation that gives relatively good predictions of the creaming behavior of concen-

trated emulsions has been derived (Hunter, 1989):

v ¼ vStokes 1� f
fc

� �kfc

: ð8Þ

Here, fc and k are parameters that depend on the nature of the spherical parti-

cles, i.e., their size, polydispersity, and colloidal interactions. Typically, the values

of fc and k for nonflocculated monodisperse colloidal suspensions are around 0.5–

0.6 and 5.4, respectively. Normally, fc is taken as the volume fraction at which the

spherical particles become closely packed. This equation predicts that the creaming

velocity decreases as the droplet concentration increases, until creaming is comple-

tely suppressed once a critical disperse phase volume fraction ðfcÞ is exceeded

(Figure 7). In general, the value of fc depends on the packing of the droplets within

an emulsion, which is governed by their polydispersity and colloidal interactions.

Polydisperse droplets are able to fill the available space more effectively than

monodisperse droplets because the small droplets can fit into the gaps between

the larger ones (61), and so fc is increased. When the droplets are strongly attracted

to each other, they can form a particle gel at relatively low-droplet concentrations,

which prevents any droplet movement (Figure 7). When the droplets are strongly

repelled from each other, their effective size increases, which also causes complete

restriction of their movement at lower values of fc (62).

5.1.2. Droplet Aggregation The droplets in emulsions are in continual motion

because of the effects of thermal energy, gravity, or applied mechanical forces, and

as they move about, they frequently collide with their neighbors (63, 64). After a

collision, emulsion droplets may either move apart or remain aggregated, depend-

ing on the relative magnitude of the attractive and repulsive interactions between

them. Droplets aggregate when there is a minimum in the interdroplet pair potential

that is sufficiently deep and accessible to the droplets (Figure 3). The three major
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types of aggregation in food emulsions are flocculation, coalescence, and partial

coalescence (1, 2, 17, 18).

5.1.2.1. Flocculation Droplet flocculation is the process whereby two or more

droplets come together to form an aggregate in which the droplets retain their indi-

vidual integrity. It may be either advantageous or detrimental to emulsion quality

depending on the nature of the food product. Flocculation accelerates the rate of

gravitational separation in dilute emulsions, which is undesirable because it reduces

their shelf life (65). It also causes a pronounced increase in emulsion viscosity and

may even lead to the formation of a gel (66, 67) (Figure 8). Some food products are

expected to have a low viscosity and therefore flocculation is detrimental. In other

products, a controlled amount of flocculation may be advantageous because it leads

to the creation of a desirable texture. Improvements in the quality of emulsion-

based food products, therefore, depends on a better understanding of the factors

that determine the degree of floc formation, the structure of the flocs formed, the

rate at which flocculation proceeds, and the effect that flocculation has on the bulk

physicochemical properties of emulsions (4).

Flocculation may occur in emulsions through a variety of different processes,

described below, that either increase the attractive forces or decrease the repulsive

forces between the droplets.

Reduced electrostatic repulsion. Electrostatically stabilized emulsions may floc-

culate when the electrostatic repulsive interactions between the droplets are

reduced. This can be achieved by altering the pH so that the electrical charge on

the droplets is reduced, adding multivalent counter ions that bind to the surface
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Figure 7. Reduction of relative creaming velocity in emulsions as a function of droplet

concentration. In creamed layers with droplet concentrations above a critical value fc , the

relative creaming velocity may be virtually zero.
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of the droplets and reduce the droplet charge, or increasing the ionic strength of the

surrounding medium to screen the electrostatic interactions (21).

Increased depletion attraction. The presence of nonadsorbing colloidal particles,

such as biopolymers or surfactant micelles, in the continuous phase of an emulsion

causes an increase in the attractive force between the droplets due to an osmotic

effect associated with the exclusion of colloidal particles from a narrow region

surrounding each droplet. This attractive force increases as the concentration of

colloidal particles increases, until eventually, it may become large enough to over-

come the repulsive interactions between the droplets and cause them to flocculate

(68–72). This type of droplet aggregation is usually referred to as depletion

flocculation (17, 18).

Increased hydrophobic attraction. This type of interaction is important in emul-

sions that contain droplets that have some nonpolar regions exposed to the aqueous

phase. A good example of this type of interaction is the effect of thermal processing

on the flocculation stability of oil-in-water emulsions stabilized by globular pro-

teins (66, 67, 73). At room temperature, whey-protein-stabilized emulsions (pH

7, 10 mM NaCl) are stable to flocculation because of the large electrostatic repul-

sion between the droplets, but when they are heated above 70�C they become

unstable. The globular proteins adsorbed to the surface of the droplets unfold above

this temperature and expose nonpolar amino acids that were originally located in

the interior of the proteins (74, 75). Consequently, the droplet surface becomes

more hydrophobic, which increases the hydrophobic attraction between droplets

favoring flocculation (32, 67, 74).
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Formation of biopolymer bridges. The addition of biopolymers to the aqueous

phase of emulsions may promote flocculation by forming bridges between two or

more droplets (64). Biopolymers may adsorb either directly to the bare surfaces of

droplets or to the adsorbed emulsifier molecules that form the interfacial membrane

(17). However, biopolymers will only bind to droplet surfaces if there is a suffi-

ciently strong attractive interaction between segments of the biopolymer and the

droplet surface. The principle molecular interactions that may be responsible for

binding are hydrophobic and electrostatic (2, 76). For example, a positively charged

biopolymer might adsorb to the surface of two negatively charged emulsion

droplets, causing them to flocculate (77).

The development of a suitable strategy to prevent droplet flocculation in an

emulsion, therefore, depends on identification of the physicochemical origin of

flocculation in this particular system. In the most general terms, flocculation

can be prevented by ensuring that the repulsive forces dominate the attractive

forces.

5.1.2.2. Coalescence Coalescence is the process whereby two or more liquid

droplets merge together to form a single larger droplet (Figure 5). Coalescence is

the principal mechanism by which an emulsion eventually attains its thermodyna-

mically most stable state because the contact area between the oil and water phases

decreases over the course of the process. Coalescence also causes emulsion droplets

to cream or sediment more rapidly because of the droplet size increase. In oil-in-

water emulsions, coalescence eventually leads to the formation of a separate oil

layer, a process that is referred to as oiling off. In water-in-oil emulsions, it leads

to the merging, sedimentation, and finally phase separation of water droplets.

Coalescence requires that the molecules of liquid within two or more emulsion

droplets come into direct contact (12, 17, 18, 78). Droplets, therefore, need to be in

close proximity, which is the case in highly concentrated emulsions or in floccu-

lated emulsions or creamed layers, for example. In a subsequent step, a disruption

of the interfacial membrane must occur to allow the liquid molecules to come into

direct contact. The rate at which coalescence proceeds and the physical mechanism

by which it occurs is highly dependent on the nature of the emulsifier used to sta-

bilize the system. Coalescence is an extremely complex process because it depends

not only on the extent of gravitational, colloidal, hydrodynamic, and mechanical

forces that act on the droplets but the intrinsic properties of the droplet membrane

as well. Improving the stability of an emulsion to coalescence may be achieved by

preventing droplet flocculation, preventing formation of a creamed layer, reducing

the droplet concentration, and altering the rheological properties of the interfacial

membrane to improve rupture resistance.

5.1.2.3. Partial Coalescence Partial coalescence occurs when two or more

partially crystalline oil droplets come into contact and form an irregularly shaped

aggregate. It is initiated when a solid fat crystal from one droplet penetrates the

interface to the liquid phase of a second oil droplet (17, 28–31). Consequently,
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the lipid crystal is surrounded by lipid molecules instead of water molecules, which

is thermodynamically favored, i.e., the fat crystal is better wetted by liquid oil

rather than water. Over time the droplets may continue to merge to further reduce

the surface area of lipid that is exposed to water. Nevertheless, the aggregates partly

retain the shape of droplets from which they were formed due to the low mobility of

molecules in fat crystal networks (17, 19, 28, 60).

Partial coalescence only occurs in emulsions that contain partially crystalline

regions. This is because one of the key requirements for partial coalescence is pene-

tration into the liquid phase. (30). If all droplets were completely liquid, they would

undergo normal coalescence. If all droplets were completely solid, they would

undergo flocculation rather than partial coalescence because of the lack of liquid

lipid regions that had sufficient molecular mobility required for merging. Thus,

one can expect an ‘‘optimum’’ solid fat content at which partial coalescence would

be highest. Indeed it has been found that increasing the solid fat content of the dro-

plets causes an initial increase in the partial coalescence rate until a maximum value

is reached, after which the partial coalescence rate decreases (30). The solid fat

content at which this maximum rate occurs depends on the morphology and

location of the crystals within the droplets, as well as the magnitude of the applied

shear stresses (28, 31)

Partial coalescence is particularly important in dairy products, because milkfat

globules are partly crystalline over a fairly wide temperature range (60, 79). The

application of shear forces in combination with temperature cycling to cream-

containing partly crystalline milkfat globules can cause partial coalescence, which

leads to a marked increase in solution viscosity (28, 80, 81). Partial coalescence is

an essential process in the production of ice cream, whipped toppings, butter, and

margarine (1, 82–85). Oil-in-water emulsions are cooled to a temperature where the

droplets are partly crystalline and a shear force is applied, which leads to droplet

aggregation via partial coalescence (60). In butter and margarine, aggregation

results in phase inversion (85), whereas in ice cream and whipped cream, the aggre-

gated fat droplets form a network that surrounds incorporated air pockets thereby

improving ice cream stability and texture (86, 87).

5.1.3. Ostwald Ripening Ostwald ripening is the process whereby large dro-

plets grow at the expense of smaller ones because of diffusion driven mass transport

of dispersed phase molecules from one droplet to another through the intervening

continuous phase (88, 89). Ostwald ripening has traditionally not been recognized

as a significant cause of emulsion instability. For example, it has been argued that

the low solubility of triacylglycerols in water result in low mass transport rates

(1). More recently however, it has been demonstrated that Ostwald ripening may

in fact be the primary source of emulsion instability in oil-in-water emulsions

that contain lipids with higher solubility (90) or in emulsions that contain alcohol,

e.g., cream liquors (91). Due to the nature of the process, it should be noted that

traditional methods to improve emulsion stability, such as increasing the emulsifier

concentration or choosing an alternative emulsifier, may not be effective. Ostwald

ripening occurs because the solubility of the molecules in a spherical droplet in
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the surrounding aqueous phase in the vicinity of the droplet interface increases as

the curvature of the interface decreases i.e., the size of the droplet decreases (88):

SðrÞ ¼ Sð1Þ exp
2 gVm

R Tr

� �
: ð9Þ

Here, Vm is the molar volume of the solute, g is the interfacial tension, Sð1Þ is

the solubility of the solute in the continuous phase for a droplet with infinite cur-

vature (a planar interface), and SðrÞ is the solubility of the solute above a curved

interface of radius r. Hence, there is a higher concentration of dissolved lipid

molecules around a small droplet than around a larger one. Solubilized lipid mole-

cules will move from the smaller droplets to the larger droplets because of this con-

centration gradient. Once steady state has been achieved, the rate of Ostwald

ripening o is given by (88).

o ¼ d�rr3

dt
¼ 8 gVmSð1ÞD

9 RT
; ð10Þ

where D is the diffusion coefficient of the solute and �rr is the mean size of the emul-

sion. This equation indicates that the change in droplet size with time becomes

more rapid as the solubility of the molecules in the continuous phase increases

(Figure 9). Therefore, Ostwald ripening may be reduced by reducing the solubility

of the lipid in the aqueous phase or by reducing the surface tension (90).

5.1.4. Phase Inversion Phase inversion is the process whereby a system

changes from an oil-in-water emulsion to a water-in-oil emulsion, or vice versa

(Figure 5). Phase inversion is an essential step in the manufacture of a number

of important food products, including butter and margarine (1, 60, 85). In most

other foods, phase inversion is undesirable because it has an adverse effect on

the products appearance, texture, stability, and taste and should therefore be

avoided.

Phase inversion can be triggered by some alteration in the composition or envir-

onmental conditions of an emulsion, e.g., disperse phase volume fraction, emulsi-

fier type, emulsifier concentration, solvent conditions, temperature, or mechanical

agitation (2, 92). Only certain types of emulsion are capable of undergoing phase

inversion, rather than being completely broken down into their component phases.

These emulsions are capable of existing in a kinetically stable state after the phase

inversion has taken place. It is usually necessary to agitate an emulsion during the

phase inversion process, otherwise it will separate into its component phases. The

physicochemical basis of phase inversion is believed to be extremely complex,

involving aspects of flocculation, coalescence, partial coalescence, and emulsion

formation.

5.1.5. Chemical Instability Molecular species present in an emulsion can be

subject to chemical or biochemical reactions that alter their perceived quality.

One of the most important types of chemical changes in food emulsions is the result
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of the oxidation of unsaturated lipids (93, 94). In some foods, a limited amount of

lipid oxidation is desirable because it leads to the development of a characteristic

taste or smell, e.g., cheeses (94). On the other hand, lipid oxidation is undesirable in

many foods because it leads to the development of undesirable off-flavors (‘‘rancid-

ity’’) and potentially toxic reaction products (95). The high susceptibility of poly-

unsaturated lipids to lipid oxidation has restricted their incorporation into many

food products, which is unfortunate because greater consumption of polyunsatu-

rated lipids is beneficial to health (96). Consequently, there is considerable interest

in development of effective strategies for retarding the oxidation of unsaturated

lipids in food emulsions.

Figure 9. Large droplets grow at the expense of smaller ones in emulsions that undergo

Ostwald ripening. The cube of the mean droplet size of such emulsions increases linearly with

time.
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A great deal of research has been carried out to elucidate lipid oxidation

mechanisms in bulk fats and oils (97, 98). This research has provided important

insights into the factors that influence lipid oxidation and strategies to control it.

Nevertheless, the application of this knowledge to food emulsions is often limited

because the lipids are dispersed as discrete phases dispersed in structurally and

compositionally heterogeneous matrices (99). In these foods, the organization of

the lipid molecules within the system, as well as their interactions with other types

of molecules in their immediate vicinity, has a pronounced influence on their

susceptibility to lipid oxidation (25). Recent experimental work has shown that

the susceptibility of emulsified lipids to oxidation depends on a variety of factors.

These include the chemical structure of the unsaturated lipids; the type, concentra-

tion, and location of antioxidants and proxidants; the oxygen concentration; the

temperature; the interfacial characteristics of the droplets, and the purity of the

ingredients (27). Studies of the influence of structure and composition of emulsions

on the rate of chemical reactions are likely to be an important area of research in the

future.

5.2. Emulsion Rheology

The application of a stress to a material causes it to deform or to flow (100, 101).

The extent of the deformation and flow depends on the physicochemical properties

of the material. Rheology is the science that is concerned with the relationship

between applied stresses and the deformation and flow of matter (101). Most rheo-

logical tests involve the application of a stress to a material and a measurement of

the resulting flow or deformation (100). Sophisticated and sensitive analytical tech-

niques are available for characterizing the rheological behavior of complex food

emulsions, which are widely used in industrial, government, and university research

laboratories. The knowledge gained from application of these techniques is impor-

tant to food scientists for a number of reasons (1, 102–105). Many of the sensory

attributes of food emulsions are directly related to their rheological properties, e.g.,

creaminess, thickness, smoothness, spreadability, pourabilty, flowability, brittle-

ness, and hardness. A food manufacturer, therefore, must be able to design and pro-

duce a product that has the rheological properties expected by the consumer. The

shelf life of many food emulsions depends on the rheological characteristics of the

component phases, e.g., the creaming of oil droplets depends on the viscosity of

the aqueous phase. Information about the rheology of food products is used by

food engineers to design processing operations that depend on the way that a

food behaves when it flows through a pipe, is stirred, or is packed into containers.

Rheological measurements are also used by food scientists as an analytical tool to

provide fundamental insights about the structural organization and interactions of

the components within emulsions (11, 106).

5.2.1. Mathematical Modeling of Emulsion Rheology Food emulsions are

compositionally and structurally complex materials that can exhibit a wide range

of different rheological behavior, ranging from low-viscosity fluids (such as milk
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and fruit juice beverages) to solids with elastic moduli (such as refrigerated margar-

ine or butter). Our ability to control the rheological properties of food emulsions

depends on a quantitative understanding of the relationship between rheology,

composition, and microstructure. A variety of theories have been used to relate

the rheological properties of emulsions to their composition and microstructure.

In general, the apparent viscosity of an emulsion can be described by the following

equation:

Z ¼ fðZ1;Z2;f; r;wðhÞ; tÞ; ð11Þ

where Z1 is the viscosity of the continuous phase, Z2 is the viscosity of the dis-

persed phase, f is the dispersed phase volume fraction, r is the droplet radius,

wðhÞ is the interaction potential between the droplets, and t is the applied shear

stress. The precise nature of the equation used to describe the rheological properties

of an emulsion depends on the characteristics of the system, e.g. droplet concentra-

tion, droplet interactions, and continuous phase rheology. Exact expressions of the

relationship between the rheology of colloidal suspensions and their composition/

structure are only available in certain limiting cases, such as Einsteins’ equation for

a dilute suspension of rigid spherical particles given below.

Z ¼ Z1ð1þ 2:5fÞ: ð12Þ

This equation illustrates that the rheology of a dilute emulsion is proportional to

the rheology of the continuous phase and increases with increasing droplet concen-

tration. In concentrated emulsions, the rheology is influenced by hydrodynamic

interactions associated with the relative motion of neighboring particles. At low-

particle concentrations, hydrodynamic interactions mainly occur between pairs of

particles, but as the particle concentration increases, three or more particles may be

involved (107). As the particle concentration increases, the measured viscosity

becomes larger than that predicted by the Einstein equation because these addi-

tional hydrodynamic interactions lead to a greater degree of energy dissipation.

The Einstein equation can be extended to account for the effects of these interac-

tions by including additional volume fraction terms (108):

Z ¼ Z0ð1þ afþ bf2 þ cf3 þ � � �Þ: ð13Þ

The value of the constants, a, b, c, etc., can either be determined experimentally

or theoretically (107). For a colloidal dispersion of rigid spherical particles the

value of a is 2.5. Therefore, Equation 13 equals the Einstein equation (Eq. 12) at

low-volume fractions. A rigorous theoretical treatment of the interactions between

pairs of droplets has established that b ¼ 6:2 for rigid spherical particles. Experi-

ments have shown that Equation 13 can be used up to particle concentrations of

about 10% with a ¼ 2:5 and b ¼ 6:2 for colloidal dispersions in the absence of

long-range colloidal interactions (107). It is difficult to theoretically determine

the value of higher order terms in Equation 13 because of the mathematical com-

plexities involved in describing interactions between three or more particles.
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Instead, a semiempirical approach is used to develop equations that describe the

viscosity of concentrated colloidal dispersions. One of the most widely used equa-

tions was derived by Dougherty and Krieger and is applicable across the whole

volume fraction range (Figure 9) (9, 109).

Z ¼ Z0 1� f
fc

� �� Z½ �fc

; ð14Þ

where, [Z] is the intrinsic viscosity and fc is the maximum packing volume frac-

tion, which is usually taken to be an adjustable parameter that is determined experi-

mentally. Physically, fc is related to the particle volume fraction at which the

spheres become close packed. The intrinsic viscosity is 2.5 for spherical particles,

but may be appreciably larger for nonspherical or aggregated particles (8). Typi-

cally, the value of fc is between about 0.6 and 0.7 for spheres that do not interact

via long-range colloidal interactions (9), but it may be considerably lower for sus-

pensions in which there are strong long-range attractive or repulsive interactions

between the droplets. This is because the effective volume fraction of the particles

in the colloidal dispersion is greater than the actual volume fraction of the particles,

so that the maximum packing volume fraction is reached at lower particle concen-

trations (62).

5.2.2. Factors Influencing Emulsion Rheology A variety of factors determine

the rheological properties of food emulsions. Some of the most important of these

factors are highlighted below.

Continuous phase rheology. The viscosity of most food emulsions is dominated

by the rheology of the continuous phase (Equation 13). One of the most effective

means of modifying the rheology of an emulsion is, therefore, to add a thickening

or gelling agent to the continuous phase. The main exception to this rule is in sys-

tems that contain a network of aggregated particles. In these systems, the rheologi-

cal properties are largely determined by the number and strength of the attractive

forces between the aggregated particles.

Disperse phase volume fraction. The viscosity of food emulsions tends to

increase with increased disperse phase volume fraction (Figure 10). The viscosity

increases relatively slowly, with f at low droplet concentrations, but increases

steeply when the droplets become closely packed together. At higher droplet con-

centrations, the particle network formed has predominantly elastic characteristics.

Droplet-droplet interactions. The nature of the colloidal interactions between the

droplets in an emulsion is one of the most important factors determining its rheo-

logical behavior. When the interactions are long range and repulsive, the effective

volume fraction of the dispersed phase may be significantly greater than its actual

volume fraction ðfeff ¼ fð1þ d=rÞ3Þ, and so the emulsion viscosity increases.

When interactions between the droplets are sufficiently attractive, the effective

volume fraction of the dispersed phase is increased because of droplet flocculation,

which results in an increase in emulsion viscosity. The rheological properties of an

emulsion therefore depend on the relative magnitude of the attractive (mainly
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van der Waals, hydrophobic, and depletion interactions) and repulsive (mainly

electrostatic, steric, and thermal fluctuation interactions) colloidal interactions.

Droplet size. Droplet size may influence the rheology of emulsions in a variety

of ways. First, the viscosity of relatively concentrated suspensions (>30%) tends to

decrease with increasing droplet size due to Brownian motion effects (108–110).

This effect also causes emulsions to exhibit shear thinning behavior. At low-shear

stresses, the particles have a three-dimensional isotropic and random distribution

because of their Brownian motion (11). As the shear stress increases the particles

become more ordered along the stream lines to form ‘‘strings’’ or ‘‘layers’’ of par-

ticles that offer less resistance to the fluid flow and therefore a decrease in viscosity

(Figure 11). The viscosity decreases from a high constant value at low shear-

stresses ðZ0Þ to a low constant value at high-shear stresses ðZ1Þ. The shear thin-

ning behavior of an emulsion is characterized by a critical shear stress, which

corresponds to the stress where the viscosity has decreased by 50% between the

low and high shear stress values. This critical shear stress increases with decreasing

particle size, i.e., Brownian motion effects are more important for smaller droplets.

Second, the droplet size influences the relative importance of the attractive and

repulsive interactions between droplets, which may influence the rheology because

it changes the effective volume fraction of the droplets (see above).

5.3. Emulsion Appearance

The appearance of an emulsion is one of the most important factors influencing its

perceived quality, as it is usually the first sensory impression that a consumer makes

of a product (4, 111). A better understanding of the factors that determine emulsion
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Figure 10. The relative viscosity of an emulsion depends on the droplet concentration. The

emulsion viscosity increases linearly at small droplet concentrations and increases nonlinearly at

droplet concentrations above 10%.
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appearance would therefore aid in the design of emulsion-based food products with

improved quality. When a light beam is incident upon the surface of an emulsion, a

portion of the incident light beam is transmitted through the emulsion while another

portion is reflected. The relative proportions of light transmitted and reflected at

different wavelengths depend on the scattering and adsorption of the light wave

by the emulsion. Light scattering and absorption depend on size, concentration,

refractive index, and spatial distribution of droplets, as well as the presence of

any chromophoric materials (e.g., dyes). Hence, the overall appearance of an emul-

sion is influenced by its structure and composition. Scattering is largely responsible

for the ‘‘turbidity,’’ ‘‘opacity,’’ or ‘‘lightness’’ of an emulsion, whereas absorption is

largely responsible for ‘‘chromaticity’’ (blueness, greenness, redness, etc). It should

be stressed that the overall appearance of an emulsion also depends on the nature of

the light source and detector used (112–114). Finally, color of emulsion is also

impacted by the nature of the lipids themselves that is the number and position

of double bonds.

5.3.1. Mathematical Modeling of Emulsion Color Human beings have great

difficulty objectively quantifying the color of objects, so color is normally quanti-

fied instrumentally in terms of ‘‘tristimulus coordinates,’’ such as the L�a�b� system

specified by the Commission International de l’Eclairage (CIE) (114). The advan-

tage of using the tristimulus coordinate system is that the color of an object can be
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Figure 11. Flocculated emulsions exhibit shear thinning. At increasing shear rates, the flocs are

first deformed and then partially and finally completely disrupted.
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described in terms of just three mathematical variables. It is then possible to deter-

mine whether an object meets some predefined quality criteria in a quantitative

manner. For example, in the L�a�b� color space, L� is lightness, and a� and b�

are color coordinates: where L� ¼ 0 is black, L� ¼ 100 is white, þa� is the red

direction, �a� is the green direction, þb� is the yellow direction, and �b� is the

blue direction, (114). The overall color intensity of a product can be characterized

in terms of its chroma, C ¼ ða2 þ b2Þ1=2
. One of the major advances in recent years

has been the development of a theoretical approach to relate the tristimulus color

coordinates of emulsions to their composition (dye and droplet concentration) and

microstructure (particle size distribution) (115). This approach has led to the devel-

opment of relationships given below.

L� ¼ fðaðlÞ; c;f; r; nÞ; ð15Þ

a� ¼ fðaðlÞ; c;f; r; nÞ; ð16Þ

b� ¼ fðaðlÞ; c;f; r; nÞ; ð17Þ

where aðlÞ is the absorption spectra of the dye solution, c is the concentration of

dye present, f is the disperse phase volume fraction, r is the droplet radius, and n is

the ratio of the refractive indices of the dispersed to the continuous phases. These

equations can be used to predict the influence of emulsion composition and micro-

structure on product appearance, which reduces the number of time-consuming and

laborious experiments required in a laboratory. A number of systematic experimen-

tal studies have recently been carried out to determine the influence of composition

and microstructure on the color of oil-in-water emulsions (116–121). These mea-

surements are in excellent qualitative agreement with predictions made using

the light scattering theory mentioned above. However, the quantitative agreement

is still fairly poor, mainly because of problems associated with accounting for

the optical measurement system, although a number of methods of overcoming

this problem have been proposed (115).

5.3.2. Factors Influencing Emulsion Color Disperse phase volume fraction.

As the droplet concentration is increased, more and more light is scattered. Emul-

sion lightness (L) increases and emulsion chromaticity (C) decreases with increas-

ing disperse phase volume fraction (Figure 12). L and C change steeply when the

droplet concentration is increased from 0 wt% to 5 wt%, but then remain relatively

constant at higher droplet concentrations (117–119).

Droplet size. The magnitude and direction of light scattered by a particle depend

on the ratio of its radius to the wavelength of light. Emulsion lightness increases

with droplet radius from 0 nm to 100 nm, has a maximum value around 100 nm,

and then decreases as the droplet radius is increased further (119).

Relative refractive index. The scattering efficiency of a particle increases as the

contrast in refractive index between the particle and the surrounding liquid

increases. Emulsion lightness, therefore, is high when the refractive index of the

droplets is either much smaller or much greater than the refractive index of the
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continuous phase, but decreases when the refractive index ratio tends towards unity.

Indeed, it is possible to prepare optically transparent emulsions with high droplet

concentrations by matching the refractive index of the continuous phase to that of

the disperse phase by adding water-soluble solutes, such as glycerol or sucrose (62,

116). Refractive index matching is particularly useful in some emulsion studies

because it means that the emulsions can be analyzed using spectroscopic techniques

that require optically transparent solutions, such as UV-visible spectrophotometry,

fluorescence, and CD.

5.4. Emulsion Flavor

Flavor plays a critical role in determining the quality of a food emulsion during

consumption. The term ‘‘flavor’’ refers to those volatile components in foods that

are sensed by receptors in the nose (aroma) and those nonvolatile components that

are sensed by receptors in the tongue and the inside of the mouth (taste) (122, 123).

In addition, certain components in foods may also contribute to flavor because of

their influence on the perceived texture (mouthfeel) (124). The flavor of a food

is therefore a combination of aroma, taste, and mouthfeel, with aroma usually being

the most important (122). Flavor perception is an extremely complicated process

that depends on a combination of physicochemical, biological, and psychological

phenomena (125). Before a food is placed in the mouth, its flavor is perceived prin-

cipally through those volatile components that are inhaled directly into the nasal

cavity. After the food is placed in the mouth, the flavor is determined by nonvolatile
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molecules, which leave the food and are sensed by receptors on the tongue and the

inside of the mouth, as well as by those volatile molecules that are drawn into

the nasal cavity through the pharynx at the back of the mouth (122). The interac-

tions between flavor molecules and human receptors that lead to the perceived

flavor of a food are extremely complicated and are still poorly understood (123).

In addition, expectations and eating habits vary from individual to individual, so

that the same food may be perceived as tasting different by two separate individuals

or by a single individual at different times. This section focuses on the physico-

chemical aspects of flavor partitioning and release in foods, because these are the

most relevant topics to emulsion science.

5.4.1. Flavor Partitioning The perception of a flavor depends on the precise

location of the flavor molecules within an emulsion. The aroma is determined by

the presence of volatile molecules in the vapor phase above an emulsion (122, 126).

Most flavors are perceived more intensely when they are present in the aqueous

phase, rather than in the oil phase (127, 128). Certain flavor molecules may associ-

ate with the interfacial region, which alters their concentration in the vapor and aqu-

eous phases (129). It is therefore important to establish the factors that determine

the partitioning of flavor molecules within an emulsion. An emulsion system can be

conveniently divided into four phases between which the flavor molecules distribute

themselves: the interior of the droplets, the continuous phase, the oil-water interfa-

cial region, and the vapor phase above the emulsion. The relative concentration of

the flavor molecules in each of these regions depends on their molecular structure

and the properties of each of the phases (130, 131).

A number of the most important factors that influence the equilibrium distribu-

tion of flavors in food emulsions are listed below.

Flavor partition coefficients. The equilibrium distribution of a particular flavor

molecule between two phases (e.g., oil-water, air-water, or air-oil) is characterized

by an equilibrium partition function. These partition coefficients determine the dis-

tribution of the flavor molecules between the oil, water, and head space phases of an

emulsion.

Surface activity. Many flavor molecules are amphiphilic in character, having

both nonpolar and polar regions. These molecules will tend to accumulate at an

oil-water interface.

Droplet concentration. The concentration of flavor molecules in the headspace

of an emulsion depends on the disperse phase volume fraction, i.e., the ratio of oil

to water. Previous studies have shown that there is a decrease in the fraction of a

nonpolar flavor in the vapor phase as the oil content increases, whereas the amount

of a polar flavor is relatively unaffected. Thus, nonpolar flavors in an emulsion

become more odorous as the fat content is decreased, whereas the polar flavors

remain relatively unchanged. This has important consequences when deciding the

type and concentration of flavors to use in low-fat analogs of existing emulsion-

based food products.

Flavor Binding. Many proteins and carbohydrates are capable of binding flavor

molecules, and therefore altering their distribution within an emulsion (131–135).
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Flavor binding can cause a significant alteration in the perceived flavor of a food.

This alteration is often detrimental to food quality because it changes the character-

istic flavor profile, but it can also be beneficial when the bound molecules are off-

flavors. A flavor chemist must therefore take binding effects into account when

formulating the flavor of a particular product.

Solubilization. Surfactants are normally used to physically stabilize emulsion

droplets against aggregation by providing a protective membrane around the dro-

plet. Nevertheless, there is often enough free surfactant present in an aqueous phase

to form surfactant micelles. These surfactant micelles are capable of solubilizing

the nonpolar molecules in their hydrophobic interior, which increases the affinity

of nonpolar flavors for the aqueous phase. By a similar argument, reverse micelles

in an oil phase are capable of solubilizing polar flavor molecules.

5.4.2. Flavor Release Flavor release is the process whereby flavor molecules

move out of a food and into the surrounding saliva or vapor phase during mastica-

tion (126, 127). The release of flavors from a food material occurs under extremely

complex and dynamic conditions (136). A food usually spends a relatively short

period (typically 1 to 30 seconds) in the mouth before being swallowed. During

this period, it is diluted with saliva, experiences temperature changes, and is sub-

jected to a variety of mechanical forces. Mastication may therefore cause dramatic

changes in the structural characteristics of a food emulsion.

During mastication, nonvolatile flavor molecules must move from within the

food, through the saliva to the taste receptors on the tongue, and the inside of

the mouth, whereas volatile flavor molecules must move from the food, through

the saliva and into the gas phase, where they are carried to the aroma receptors

in the nasal cavity. The two major factors that determine the rate at which these

processes occur are the equilibrium partition coefficient (because this determines

the initial flavor concentration gradients at the various boundaries) and the mass

transfer coefficient (because this determines the speed at which the molecules

move from one location to another). A variety of mathematical models have been

developed to describe the release of flavor molecules from oil-in-water emulsions.

6. CONCLUSIONS

Over the past few years, there has been a growing emphasis on the understanding of

the colloidal basis of properties of food emulsions, rather than just treating them as

a ‘‘black box’’ whose properties could be characterized in terms of certain empiri-

cal parameters. Researchers are attempting to quantitatively relate the properties of

food emulsions to the characteristics, interactions, and spatial distribution of the

droplets they contain. A wide variety of analytical, mathematical, and computa-

tional techniques are being developed and utilized to achieve this objective.

Powerful commercial instruments are widely available to quantify the colloidal

characteristics of both dilute and concentrated emulsions, e.g., droplet size,

concentration, and electrical charge (137–139). Theoretical, computational, and
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experimental work is providing a much better understanding of the various types of

colloidal interactions that operate between emulsion droplets (140, 141). The cost,

sensitivity, and range of commercial rheometers are continually improving (109).

New analytical instruments are being developed that will enable researchers to

measure changes in structure and bulk physicochemical properties. Traditional

microscopic techniques are being refined so that they can be used to characterize

the microstructure of delicate materials, such as emulsions (142). In addition, new

microscopic technologies are being developed to characterize the organization of

molecules at an interface (143–145). Advances in our understanding of the relation-

ship between emulsion properties and colloidal characteristics are also being made

through development of more comprehensive physical theories (107, 146, 147) and

the utilization of powerful computational techniques (36, 37, 148). The application

of these new concepts and tools will eventually lead to a much better understanding

of the colloidal basis of emulsion properties. This knowledge will enable food man-

ufacturers to design foods in a more rational fashion, which should eventually lead

to improvements in product quality and reductions in manufacturing costs.
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1. INTRODUCTION

Lipids are a heterogeneous group of substances made up primarily or exclusively of

nonpolar groups. As a result of their nonpolar character, lipids have a low solubility

in water and a high solubility in nonpolar solvents. The lipids of our diet are known

as fats or oils, depending on their physical state at room temperature. Phospho-

lipids, sphingolipids, and steroids are physiologically important, but, chemically

and functionally, quite different from the triacylglycerols (TAGs), which constitute

our dietary fats and oils. Lipids are made up of fatty acids that belong to three major

categories of saturated, monounsaturated, and polyunsaturated. Saturated fats, but

not all, have a hypercholesterolemic effect. These are found predominantly in ani-

mal products (butter, cheese, and meat), but are also present in coconut and palm

oils. Saturated fat may raise blood cholesterol levels more than anything else in the

diet, even more than dietary cholesterol. Intake of monounsaturated fats in oils,

such as olive oil, is thought to be preferable to consumption of polyunsaturated

fats and oils, such as corn oil, because the monounsaturated fats apparently do

not lower high-density lipoprotein (HDL) cholesterol levels (1). Unsaturated fats

originate primarily from vegetable oils (safflower, corn, soybean, cottonseed,

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
Edited by Fereidoon Shahidi. Copyright # 2005 John Wiley & Sons, Inc.
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sesame, and sunflower oils), nuts, and seeds, although fish is a good source of unsa-

turated fatty acids. Most of the essential fatty acids are found in unsaturated fat, so

foods high in saturated fat and cholesterol (animal fat, dairy products, and eggs)

should be eaten sparingly.

Fat is found at some level in most foods. The principle sources of fat in the U.S.

diet are fats and oils (butter, margarine, shortening, salad, and cooking oils), red

meats, poultry, fish, and dairy products. The most recent data from the Economic

Research Service of the U.S. Department of Agriculture (2) indicate that use of fats

and oils has increased from 64.6 lb per capita to 65.4 lb per capita during 1991

through 1995 to 64.2 lb per capita to 74.5 lb per capita during 1996 through

2000. Little variation in red meats consumption occurred between 1991 and

2000; levels varied from 111.6 lb per capita to 113.5 lb per capita. Poultry use

has increased from 58.2 lb per capita to 66.5 lb per capita during 1991 through

2000. Consumption of fish has remained relatively stable, ranging from 14.8 lb

per capita in 1991 to 15.2 lb per capita in 2000. The use of dairy products has risen

sharply from a level of 564 lb per capita to 593 lb per capita during the year 1991

through 2000. Although there was a marked consistent reduction in consumption of

whole milk and a partially offsetting increase in the use of fat-free milk, there has

also been an increase in the intake of cheese, yogurt, and fluid cream products,

whereas consumption of ice cream has remained unchanged (2). In the U.S. food

supply, 30% of the total fat comes from red meat, poultry, and fish. Grain products

and dairy products account for 25% and 18% of the total fat, respectively. On the

other hand, fats and oils (mainly tablespreads and salad dressings) account for 11%

of the total fat. Collectively, these food ingredients account for 84% of the fat in the

food supply. Hence, the effort to reduce total fat and caloric intake has focused

largely on reducing the fat content of foods in these categories (3).

Dietary fats have been classified as ‘‘visible’’ and ‘‘invisible’’ sources of fat.

Visible fats are those that have been isolated from animal tissues, oilseeds, or

vegetable sources and are used in such products as margarine, shortening, and

salad oil. These fats and oils comprise about 43% of the total fat available for

consumption in the U.S. diet. Invisible fats are those that are consumed as part

of the animal tissues or the vegetables in the diet. These comprise the remaining

57% of the fat available for consumption in the U.S. diet (4).

1.1. Roles of Dietary Fat

Natural fats have many useful functions in the diet. They are among nutrients

essential for proper growth and development and maintenance of good health.

They furnish fat-soluble Vitamins A, D, E, and K and assist in their absorption

in the intestine. They are the only source of essential fatty acids (EFAs), such as

linoleic and a-linolenic acids, which play a functional role in all tissues of the

body. Adequate intakes of EFAs are thought to range between 5% and 10% of total

energy intake. Deficiency symptoms can be prevented when 1–2% of dietary energy

is derived from n-6 fatty acids and 1% from n-3 fatty acids (5). Fats also play

important roles in food preparation and consumption. As a food ingredient, oils
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and fats contribute favorably to the taste, odor, consistency, stability, and palat-

ability of foods and help us feel full after eating. Fat content also affects the

structure and color of a food. In addition, as a result of this unique functional

properties, lipids are important in determining the flavor or aroma characteristics

of some foods, because many flavor or aroma components are fat soluble. Fats serve

as a heating medium and are frequently used to cook and preserve foods. Their

reversible solid-to-liquid phase transition properties allow them to function as

frying shortenings, pastry fats, and confectionery applications. Also, fats contribute

gloss and surface appearance to products such as snacks, crackers, confections,

and fried foods. Fat may also have an important effect on the texture of food as

perceived during eating. The physical state of the fat is important. Pure oil is

unpleasant to swallow for most individuals, but an emulsion may be perceived

as nicely creamy. An oil-in-water emulsion gives quite a different sense from a

water-in-oil emulsion of the same chemical composition. Thus, full-fat milk, cream,

and butter each have their individual sensory characteristics. Fats can crystallize

into different crystal forms. The consistency, plasticity, graininess, and other

physical characteristics of many food products, such as butter, margarine, shorten-

ing, lard, and cocoa butter, all depend on a particular polymorphic form of the

TAGs present. Fat is calorie dense: It contains 9 kcal/g, compared with 4 kcal/g

for proteins and carbohydrates. It is an important source of calories for many adults

as well as infants and toddlers, who have the highest energy need per kg of body

weight of any age group. Fats should make up only 10% to 25% of the caloric

intake.

1.2. Rationale for Use of Fat Substitutes

There is an overconsumption of fats and oils in the average Western diet. This has

led to an increase in health risk among population groups consuming a diet high in

animal fats (i.e., ice cream, chocolates, fast foods, and desserts). Eating excessive

fat may lead to undesirable weight gain. In 1999, an estimated 61% of U.S. adults

were overweight, along with 13% of children and adolescents, and this has conti-

nued to increase in recent years. Obesity among adults has doubled since 1980,

while overweight statistics among adolescents has tripled (6). Statistics from the

Center for Disease Control and Prevention (CDC) indicate that almost 87% of

obese and 80% of overweight individuals are trying to lose or maintain their weight

(7). There are many diet-related human disorders that are found almost exclusively

in the Western World; these include coronary heart disease (CHD), stroke, diabetes,

and cancer, among others. A 2001 U.S. Surgeon General’s report attributed 300,000

U.S. annual deaths to fat-related health issues (8).

Although it is well known that a high-fat diet can cause many chronic health

problems, what is perhaps less well known is that low- or no-fat diets bring their

own set of problems. Nutrition professionals encourage people to select diets low

in total fat, saturated fat, and cholesterol. National Academy of Sciences, U.S.

Surgeon General, American Heart Association, National Cholesterol Education

Program, American Cancer Society, American Dietetic Association, National
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Institutes of Health, USDA, and the Department of Health and Human Services

are among the many health and government authorities that advocate reduction

of dietary fat for most consumers. These scientific groups recommend that total

fat be limited to amounts that will provide no more than 30% of calories (9).

Dietary Guidelines for Americans also recommend limiting saturated fat to no

more than 10% of the intake. Cholesterol intake should be limited to no more

than 300 mg/day (10). Saturated fat and cholesterol are the substances in fat that

contribute to the formation of plaque, which clogs arteries, leading to heart disease.

To reach recommended levels of 30% of calories from total fat and 10% of calories

from saturated fats, many Americans will have to cut out one-fifth of their current

fat intake. Advice to reduce fat and energy consumption has led to the production of

foods with a lower content of fat and to the development of fat substitutes.

As a result of their high caloric content, fat is the number one consideration in

caloric reduction. Methods to reduce total fat intake include low-fat cookery, such

as boiling, broiling, steaming, stewing, baking, and roasting. Consumers may also

trim visible fat from meat and poultry products and limit fat spreads, dressings,

gravies, and other sauces. Another way to achieve lower total fat intake is to

take stock of fat-rich desserts and snack foods and substitute fruits and vegetables

for rich desserts and oily snacks. Recent research suggests that individuals who

consume a diet that is reduced in fat and calories and includes use of fat-modified

products have a better overall nutrient profile than do individuals who do not use

any fat-modified products (3). A survey conducted in 2000 by Calorie Control

Council, an international association of manufacturers of low-calorie, low-fat,

and diet foods and beverages, indicated that low-fat, reduced-fat, and fat-free

products remained popular among the general public (7). Seventy-nine percent of

the adult U.S. population uses such products, with more women (82%) using fat-

modified products than men (75%). Sixty-five percent of those surveyed reported

consuming the same amount of the reduced-fat version as the full-fat variety.

Consumer’s favorite reduced-fat products include milk, cheese, salad dressings,

potato chips, mayonnaise, margarine, ice cream, and frozen desserts (Table 1)

(7). Another Council survey shows that two-thirds of adults believe there is a need

for food ingredients that can replace the fat in food products.

Fat substitutes are becoming an important part of the American diet. Many

Americans are looking for ways to enjoy their favorite foods while maintaining a

TABLE 1. Most Popular Reduced-Fat Products.

Percent of Adult

Type of Food Product Consumers

Low-fat or skim milk 56

Reduced-fat cheese/dairy products 49

Reduced-fat salad dressings/sauces/mayonnaise 46

Reduced-fat margarine 34

Reduced-fat chips/snack foods 33

Adapted from (7).
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low-calorie diet. Food scientists are developing new food additives that will mimic

the function of fats in foods while keeping the calorie contents of foods low. Dietary

fat substitutes are food constituents able to replace, completely or partially, dietary

fat in such a manner that certain physical and organoleptic properties of the food

product involved are left unaltered as far as possible. There are two principal

approaches to the replacement of dietary fat. The first involves hydratable carbo-

hydrates and proteins with the mouthfeel of fats. The second includes nonabsorb-

able synthetic substances with the physical properties and technical function of fat

within foods. Today, a broad range of fat substitutes can be found. Each has its

own strengths, weaknesses, and restrictions. Potential advantages and disadvan-

tages of fat substitutes are summarized in Table 2. Fat-replacement ingredients

can be categorized as follows: (1) fat substitutes based on esters and ethers, (2)

fat replacers based on carbohydrates and proteins (also referred to as ‘‘fat

mimetics’’), and (3) calorie-reduced structured lipids.

1.3. Labeling of Foods Containing Fat Substitutes

Labeling foods for their fat components has received considerable attention because

of the increased consumer demand and modified intake of dietary fats. It is

expected that the increased availability of nutrition labels on food products would

improve public health and assist consumers in following dietary recommendations.

A 1995 survey by the Calorie Control Council found that 72% of respondents who

said they look for ‘‘light’’ foods said they were most attracted to food products

claiming to be ‘‘reduced in fat’’ (10). According to a 1998 survey conducted for

the Calorie Control Council, 54% of consumers found "reduced in both fat and

calories" an appealing descriptor when selecting light products. Food labels indi-

cating a reduction in fat are, therefore, important to both the consumer and the

food industry.

TABLE 2. Potential Benefits and Drawbacks of Fat Substitutes.

Possible Advantages Possible Disadvantages

Reduce total fat intake in the diet Reduce intake of fat-soluble vitamins

Reduce energy intake in the diet Reduce essential fatty acids intake

Replace saturated fat in the diet Compensatory energy intake

Reduce intake of cholesterol Increase cost

Reduce absorption of cholesterol Alters the function of the digestive tract (for

high intake of nonabsorbable substances)

Reduce serum and plasma triacylglycerol levels May cause gastrointestinal tract disturbances

Reduce coronary heart disease risk factors

Increase in intake of complex carbohydrates

No flavor compromise

No trans-fatty acids

Increase oxidative stability

Maintain mouthfeel, texture, and moisture
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The labels on fat-modified products must adhere to the Nutrition Labeling and

Education Act (NLEA) criteria for the use of fat- and calorie-related items (11).

The NLEA of 1990 requires most foods to bear nutrition labeling and requires

food labels that bear certain health and nutrient-content claims to comply with

specific requirements. The NLEA permits the use of energy conversion factors to

determine the caloric availability of food ingredients. For instance, in the case of

salatrim (BENEFAT), a value of 5 kcal/g has been established. Hence, salatrim

should be listed at the appropriate point in the ingredient declaration and accounted

for at 5 kcal/g. In 1996, the Food and Drug Administration (FDA) proposed a rule

for the labeling of products containing fat-based fat substitutes (61 CFR 67243).

The FDA requires that the labels on foods containing fat substitutes list the analy-

tical fat amount on the ‘‘Nutrition Facts’’ label with a footnote indicating the

amount that is bioavailable. For example, the available fat content of salatrim

has been determined to be 5/9 grams of fat per gram of salatrim. Under the label’s

‘‘Nutrition Facts’’ panel, manufacturers are required to provide information on

certain nutrients. The mandatory components and the order in which they must

appear are: total calories; calories from fat; total fat; saturated fat; cholesterol;

sodium; total carbohydrates; dietary fiber; sugars; proteins; Vitamin A; Vitamin C;

calcium; and iron (12). The NLEA also requires that all foods have ingredient state-

ments and that claims for nutrient content and claims for diet-disease relationships

be defined by regulation.

In response to the U.S. food labeling regulations in 1994, the FDA has proposed

to define nutrient-content claims such as fat free, low fat, and reduced fat. Products

labeled ‘‘fat free’’ and ‘‘low fat’’ must contain less than 0.5 g of fat per serving and

less than 3 g of fat per serving, respectively. ‘‘Reduced’’ or ‘‘less fat’’ may be used

on the labels of products that contain 25% less fat than regular (full-fat) products.

Products labeled ‘‘percent fat free’’ should be based on 100 g, when product meets

the definition of low fat or a 100% fat free, claim can be made when products meet

the definition of fat free (contains no added fat) (12). Proposals have also been

published to permit health claims for a relationship between the level of dietary

fats and cardiovascular disease, as well as for a relationship between the level of

dietary fats and cancer.

The fat-labeling claims do not provide any indication of the caloric content of

the food product. However, products containing one-third to one-half fewer calories

of the reference food may be labeled as ‘‘light.’’ If more than 50% of calories in a

food are derived from fat, the fat content of the ‘‘reduced-fat’’ version must be

reduced by 50% or more. The term ‘‘calorie free’’ and ‘‘low calorie’’ only can

be used on products with less than 5 calories per serving and less than 40 calories

per serving, respectively, and ‘‘reduced’’ or ‘‘fewer calories’’ only can be used on

products that have less than 25% of the calories in the regular product (12).

Although labeling regulations do not require a specific listing of fat substitutes

on the ‘‘Nutrition Facts’’ panel, the amount of fat substitutes added to foods will

affect labeling information. Fat substitutes, like all other ingredients, must be listed

in order of predominance in the list of ingredients. The number of calories listed

in the nutrition label must equal the digestible calories contained in a serving of
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food. In the case of a nondigestible ingredient, the manufacturer must have data to

demonstrate the level of digestible calories (12).

1.4. Safety Considerations of Fat Substitutes

The safety of fat substitutes is based on the consideration of each compound’s

toxicological significance, nutritional profile, effect on overall diet, and expected

level of use by various age groups of the population. The FDA makes decisions

about safety of fat substitutes via two major routes (10). Each route has its own

set of regulatory requirements. The first approach involves a food manufacturer

either claiming that a substance qualifies as Generally Recognized as Safe

(GRAS) or petitioning the FDA to grant the ingredient such a status. Ingredients

that the FDA determines are derived from common food components and are

generally recognized by scientific experts to be safe for specific applications, based

on a long history of safe use in foods or extensive scientific evidence, can be

approved for inclusion in foods as GRAS status. Examples of GRAS substances

used as fat-replacement ingredients include various carbohydrate-based fat

mimetics, microparticulate proteins, whey proteins, and fat emulsifiers, among

others. In general, GRAS substances do not have to undergo rigorous testing before

they are used in foods. The second approach entails a manufacturer’s request for a

new ingredient’s approval as a food additive. The 1958 Food Additive Amendment

to the Federal Food, Drug and Cosmetic (FD&C) Act established a premarket

approval process for food additives for their intended use in food. Guidelines for

the safety testing of new food ingredients are outlined in the FDA monograph

‘‘Toxicological Principles for the Safety Assessment of Direct Food Additives

and Color Additives used in Food,’’ referred to as the Red Book (13). A food addi-

tive is defined as an ingredient not previously found in food whose intended use

results, or may reasonably expect to result, directly or indirectly, in its becoming

a component or otherwise affecting the characteristics of any food (14). A food

manufacturer’s request requires submission of extensive results on the ingredient

safety and intended use, and awaits FDA approval before using them in food.

Once approved, the FDA establishes recommended limits on consumption and

may require monitoring of use and safety over a period of time. This latter route

was followed for olestra.

An important step in assuring the safety of new food ingredients, such as fat sub-

stitutes, is the calculation of the level of exposure to an individual if the product is

approved for use. This step is referred to as exposure assessment (15). It is neces-

sary to use an exposure assessment model that is based on food consumption data

from national probability surveys. These surveys indicate both the frequency of

consumption and the serving size of individual foods. When estimated exposure

levels proved to be higher than safety data, they can be lowered by limiting product

content or the categories of food in which the product may be used (15).

Unlike food additives that are typically consumed in minor quantities per day,

a fat substitute could replace a substantial proportion of the fat in the diet. As a

result, special consideration must be given for the toxicological and nutritional
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evaluations of these substitutes. If the substance is not digested or poorly digested,

the absorption of essential nutrients by an individual may be reduced. Another

nutrition concern with nonabsorbable fat substitutes is the effect on the total intake

of nutrients. The potential effect of fat substitutes on the microflora in the intestine

should also be considered. Some of these intestinal bacteria that are associated

with the synthesis of certain nutrients, such as Vitamin K, biotin, and volatile fatty

acids, may be altered and, hence, may exert long-term effects on health. For non-

digestible fat substitutes, effects on intestinal epithelium, bile acid physiology, and

pancreatic function should also be considered (16). The laxative effects of ingredi-

ents that are not digested may also be of concern. For fat substitutes that are

absorbed, absorption, distribution, metabolism, and elimination of the substance

should be considered.

2. REDUCED-CALORIE STRUCTURED LIPIDS
AS FAT SUBSTITUTES

For several years, structured lipids with less than 9 kcal/g have been on the market.

These engineered lipid molecules contain fatty acids that are less digestible to

create a reduced-calorie content. These low-calorie TAGs are characterized by

the presence of short-chain fatty acids (SCFAs) or medium-chain fatty acids

(MCFAs) and long-chain fatty acids (LCFAs) in a single TAG structure. The caloric

content of constituent SCFAs is lower compared with that of their LCFA counter-

parts. The products have all the functional properties of full-calorie fats, including

their ability to act as carriers for fat-soluble ingredients. Reduced-calorie structured

lipids are intended for use in baking chips, coatings, dips, bakery and dairy pro-

ducts, or as cocoa butter substitutes. Currently, such structured lipids are produced

by random chemical interesterification between a short-chain triacylglycerols

(SCTs) or medium-chain triacylglycerols (MCTs) and long-chain triacylglycerols

(LCTs). The most prominent examples of low-calorie fats are Caprenin, Salatrim,

Bohenin, and MCT preparations (Table 3). The following sections describe each of

these products.

2.1. Caprenin

Caprenin is a reduced-calorie structured lipid contributing about 5 kcal/g com-

pared with 9 kcal/g of conventional fats and oils (17). It has a defined structure

of caprocaprylobehenin (C8:0-C10:0-C22:0) (Figure 1a). It is a TAG formed by esteri-

fication of glycerol with the medium-chain saturated fatty acids caprylic acid (C8:0)

and capric acid (C10:0) and the very long-chain saturated fatty acid behenic acid

(C22:0). All of these fatty acids are derived from natural food sources. Caprylic

and capric acids are obtained by fractionation of palm kernel and coconut oils.

Behenic acid is produced from rapeseed oil (18) and is also found in peanuts and

marine oils. The behenic acid passes through the digestive system without being

absorbed and the MCFAs provide fewer calories than absorbable LCFAs. This
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product was developed by Procter & Gamble Company (Cincinnati, Ohio). During

the synthesis of caprenin, glycerol is thermally esterified with behenic acid derived

from hydrogenated rapeseed oil. The glycerol monobehenate is subsequently esteri-

fied with capric and caprylic acids or their anhydrides from coconut and palm

kernel oils. The final product is purified by molecular distillation and a combination

of one or more of thermal winterization, bleaching, and steam deodorization (19).

Caprenin has functional properties similar to cocoa butter and is intended to re-

place some of the cocoa butter in soft candies and confectionery coatings. It is di-

gested, absorbed, and metabolized by the same pathway as other TAGs (20). The

Procter & Gamble Company filed a GRAS affirmation petition for use of caprenin

as a confectionery fat in soft candy bars and in confectionery coatings. However,

caprenin is not suitable for frying foods.

Absorption, digestion, and metabolism studies have been conducted on caprenin

(21, 22). Several clinical studies suggested that, despite its lower energy content,

caprenin slightly increased lipoprotein levels. In one study, with 30 adult males

fed caprenin at 34 g/day for eight weeks, total serum cholesterol, LDL, and HDL

were increased by 8%, 20%, and 13%, respectively (23).

TABLE 3. Examples of Lipid-Based Fat Replacers and Their Applications.

Applications/Potential

Type of Fat Replacer Commercial Names Applications

Salatrim Benefat Baked goods, dairy products,

confections, snacks,

margarines, and spreads

Structured lipid Caprenin Soft candies, confections

Structured lipid Bohenin Confections

Medium-chain

triacylglycerols

Neobee, Grindsted MCT,

Captrin, Captex, Miglyol

High-energy protein bars,

ready-to-drink nutritional

beverages, high-performance

wellness foods, snack

products

Sucrose polyester/Olestra Olean Baked goods, fried foods,

mayonnaise, salad dressing

Sorbitol polyester Sorbestrin Baked goods, fried foods,

formulated products

Polyglycerol esters Grindsted PGE Margarine, shortening, bakery

products, frozen desserts,

confections

Esterified Propoxylated

Glycerol

EPG Formulated products, baked

goods, fried foods

Emulsifiers Dur-Lo-, EC-25, Dur-Em Cookies, cake mixes, icings,

vegetable dairy products

Diacylglycerol oil Enova Salad dressings, mayonnaise,

beverages, nutrition bars,

soups and sauces, pizza,

bakery products, frozen

dinner entrees
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2.2. Salatrim (BENEFAT)

Salatrim, similar to caprenin, is also a reduced-calorie structured lipid, and the

caloric value is claimed to be 5 kcal/g, or 55% of the caloric value of conventional

fats. It is composed of a mixture of SCFAs (acetic, propionic, or butyric acids) and

LCFAs (principally stearic acid) (24). The chemical structure of Salatrim is given in

Figure 1b. The SCFAs are chemically trans-esterified with vegetable oils such as

highly hydrogenated canola or soybean oil (25). The calorie reduction is achieved

by the combination of low-calorie SCFAs and the long-chain saturated stearic acid,

which is only partially absorbed by the body. The physical and functional properties

of Salatrim are determined by the composition of short- and long-chain fatty acids,

their positional distribution on the glycerol backbone, and their ratio to one another.

Salatrim was developed by Nabisco Foods Group (East Hanover, New Jersey) (18)

and is now marketed by Danisco Cultor USA, Inc. (New Century, Kansas) under the

registered trademark BENEFAT. It has the taste, texture, and functional properties

of conventional fats and oils. It can be produced to have different melting profiles

by adjusting the amounts of SCFAs and LCFAs used in their chemical synthesis.

Salatrim, like caprenin, cannot be used for frying. As a result of the SCFAs, these

fats may be prone to hydrolysis during the high heat encountered during frying

conditions, which may cause the development of off-flavors. It has the ability to

function effectively in low-moisture foods and to overcome most of the problems

C 8:0

C 10:0

C 22:0

(a) Caprenin

C 18:0

SCFA

SCFA

(b) Salatrim

C 18:0

SCFA

C 18:0

C 22:0

C 18:1

C 22:0

(c) Bohenin

SCFA = C 2:0 and/or C 3:0 and/or C 4:0

Figure 1. Chemical structures of (a) caprenin, (b) salatrim, and (c) bohenin.
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caused by other fat-based replacers (26), such as polyol esters. One product in the

market that contains BENEFAT is the reduced-fat baking chips introduced in 1995

by Hershey Food Corporation (Hershey, Pennsylvania). A GRAS affirmation

petition for Salatrim was accepted for filing by the FDA in June 1994. Following

this, Salatrim can now be used in the United States as a cocoa butter substitute.

Salatrim is intended as a low-calorie fat for use in chocolate-flavored coatings,

chips, caramel, fillings for confectionery and baked goods, peanut spreads, savory

dressings, dips and sauces, and in dairy products (27). A shortening form of

Salatrim has been developed and is marketed by Danisco Cultor USA, Inc. (New

Century, Kansas) under the brand name BENEFAT B. The shortening is a 1:1

replacement for fat in bakery applications such as cookies, cakes, pie crust, cream

fillings, and muffins.

Salatrim has recently been approved for use by the food-processing industry in

Europe by the Commission of the European Communities (EC). The committee

declared that Salatrim is safe for human consumption, but all products containing

Salatrim should carry a statement that excessive consumption (>30 g/day) may

cause gastrointestinal disturbances. Furthermore, mandated wording on labels

should identify products as containing ‘‘reduced energy fat’’ and state that the pro-

ducts are not suitable for children to eat.

2.3. Bohenin

Bohenin is a reduced-calorie TAG containing behenic acid at the sn-1 and sn-3

positions and oleic acid at the sn-2 position (Figure 1c). Bohenin is produced by

the interesterification of TAGs containing oleic acid, and ethyl behenate in the

presence of a suitable lipase (sn-1,3-specific) preparation. The manufacturing

process is identical to that used to produce a similar TAG, cocoa butter substitute,

which the FDA has affirmed as GRAS (21 CFR 184.1259). Bohenin’s high melting

point (� 52�C) and its ability to form b2-crystalline polymorphic structures are

important properties that bear on its functionality as an antibloom agent and faci-

litate the chocolate-tempering process. The specifications for bohenin are consistent

with the Food Chemical Codex specifications for edible fats and oils (28). Bohenin

is being manufactured by Fuji Oil Co., Ltd. (Osaka, Japan), and filed an FDA

GRAS affirmation petition in 1994. Bohenin is hydrolyzed to behenic acid and

2-oleoyl glycerol prior to absorption. Behenic acid is a very long-chain saturated

fatty acid that occurs naturally in peanuts, most seed oils, animal milkfat, and

marine oils. Oleoyl-monoacylgycerol is a common product of human digestion

of edible fats and oils typically used in Western diets. Since 1994, Fuji Oil Co.,

Ltd. has submitted to the FDA a number of scientific articles relating to bohenin.

These include (28):

a. Physical characteristics and functionality of bohenin

b. Sampling, detection, and analysis of commercial fats and oils

c. Detection and analysis of bohenin in food

REDUCED-CALORIE STRUCTURED LIPIDS 513



d. Consumption of behenic acid from currently consumed fats and oils

e. Metabolism of TAGs containing bohenic acid

f. Hydrolysis of bohenin to behenic acid and 2-oleoyl glycerol prior to absorption

g. Safety of other TAGs containing behenic acid

h. Safety of behenic acid

i. Unpublished toxicity and mutagenicity studies conducted with bohenin

j. A recent history of use of bohenin in Japan

Bohenin is intended for use as a tempering aid and as an antibloom agent in the

manufacture of chocolate and chocolate coatings. In 2000, the FDA stated that it

has no objections to the Fuji Oil claim that bohenin is GRAS under the intended

conditions of use (28). After extensive review of the Fuji Oil’s GRAS submission,

the agency has listed the notice as No. GRN 000050. The FDA has not, however,

made its own determination regarding the GRAS status of bohenin. There have

been no published studies to determine the caloric availability of bohenin. None-

theless, given its fatty acid composition, and using the 0.29 absorption coefficient

determined for behenic acid in caprenin, the caloric value of behenic should be

approximately 5 kcal/g (19).

2.4. Medium-Chain Triacylglycerols (MCTs)

Medium-chain triacylglycerols (MCTs) contain predominantly 8-carbon (caprylic)

and 10-carbon (capric) saturated fatty acids esterified to the glycerol backbone of

TAGs. The primary sources for MCTs are fractions of coconut and palm kernel

oils. Hence, MCTs are manufactured from these oils via hydrolysis followed by

fractionation of the resulting fatty acids to concentrate caprylic and capric acids,

and re-esterification with glycerol to form new TAGs (29, 30). Caprylic and capric

acids comprise more than 96% of the fatty acids in MCT preparations. MCTs are

readily hydrolyzed by digestive enzymes, and the fatty acid end products are rapidly

absorbed into the bloodstream (31). MCFAs do not require carnitine to cross the

double mitochondrial membrane of the hepatocyte, thus they quickly enter the mito-

chondria and undergo rapid b-oxidation. Hence, MCFAs are used as immediate

sources of energy by the liver, yielding fewer calories per gram than LCFAs. The

gross energy content of MCTs is 8.3 kcal/g vs 9 kcal/g for fat or LCTs. However,

the net caloric energy value of MCT preparation is 6.8 kcal/g (32). MCTs are

relatively stable at high temperatures and are less susceptible to oxidation (33).

MCTs are much more soluble in water than LCTs. MCTs are a translucent and

odorless liquid at room temperature. Although completely saturated, it is not solid

in consistency like other saturated fats, because of the shorter chain lengths of the

fatty acids within the oil.

MCTs were originally developed for therapeutic purposes to provide a source of

energy for individuals with compromised gastrointestinal systems; thus, they are

beneficial for AIDS and cancer patients, premature infants, burn victims, and indi-

viduals with shortened bowel syndrome. MCTs have been used extensively in the
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manufacture of parenteral and enteral nutrition formulations. MCTs are beneficial

for such applications because they are more readily hydrolyzed and metabolized

much more rapidly than LCTs. MCTs have specific nutritional applications such

as infant formulas, energy bars and drinks, geriatric preparations, and sports nutri-

tion products. In addition, they are used as carriers for colors, flavors, and vitamins

and provide gloss and prevent sticking on confectionery products. It is reported that

feeding diets, wherein a fat source of LCTs was replaced with MCTs, to laboratory

animals and humans resulted in decreased body weight gain and reduced fat deposi-

tion (34, 35). Such results have led to the suggestion that replacing conventional

source of dietary fat, which composed primarily of LCTs, with MCTs may yield

food with lower caloric content. In the sports world, MCTs have been positioned

as an easily absorbed and oxidized fuel source and have been marketed to body

builders and athletes as a fat source that is less likely to deposit as body fat.

2.4.1. Neobee Neobee is composed of capric and caprylic acids and produced

by Stepan Company (Northfield, Illinois). This class of specialty lipids includes

different products. For example, Neobee 1053 and Neobee M-5 contain both capric

and caprylic acids, whereas Neobee 1095 is made up of only capric acid (36).

Neobee 1095 is a solid product. Therefore, in certain applications that require

solid fats, this product may be suitable. Neobee 1814 is a MCT derivative made

by interesterifying MCT with butter oil (37). This product contains half of

the long-chain saturated fatty acids found in conventional butter oil and is suitable

to replace butter oil in a variety of applications. Neobee 1814 may serve as a flavor

carrier and functions as a textural component for low-fat food products (36).

2.4.2. Captrin Captrin was the proposed common name for the randomized

TAGs of primarily capric or caprylic fatty acids. It is a class of structured TAGs

produced by the interesterification of glycerol with MCFAs derived from coconut

and palm kernel oils. The predominant fatty acids available from coconut and palm

kernel oils include caproic, caprylic, capric, and lauric acids. Fractional distillation

of these fatty acids affords fractions that can be enriched in specific components.

Captrin contains mainly capric and caprylic acids. Bomb calorimetry measurements

showed that captrin provided 8.3 kcal/g (19). Captrin may be labeled as MCTs,

capric/caprylic TAGs or glyceryl tri(caprylate/caprate). Its primary use at this

time is as flavor carrier for fat-free food products. A first line of products was based

on interesterification of butter oil and MCTs. In June 1994, the FDA accepted for

filing a GRAS petition from Stepan Co. (Northfield, Illinois) for captrin.

2.4.3. Captex Captex products are manufactured by ABITEC Corporation

(Columbus, Ohio). Captex 300 EP and 355 EP, commonly known as MCTs, are pro-

duced via esterification of C8 and C10 fatty acids with glycerol. These C8 and C10

fatty acids are derived from fractionation. Captex 300 EP and 355 EP function in

nutritional foods as a readily available energy source for athletes, bodybuilders, and

exercise enthusiasts. They have the potential to replace some or all long-chain

fatty acid components in food, creating a lower calorie food without losing the
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organoleptic properties. Potential applications for Captex products are snacks, main

meals, frozen, and refrigerated foods. The smoke, flash, and fire points of these pro-

ducts are lower than those of conventional fats and oils, making them more suitable

for low-heat applications.

2.4.4. Miglyol Miglyol 810 and Miglyol 812, marketed by Huls America, Inc.

(Piscataway, New Jersey), are TAGs of the fractionated coconut oil fatty acids C8

(50–65%) and C10 (30–45%). These products are labeled as MCTs, fractionated

coconut oil, or caprylic/capric triacylglycerols. Miglyol 810 and 812 differ only in

ratio of C8 to C10 fatty acids. As a result of its low C10 content, the viscosity and cloud

point of Miglyol 810 is lower. The fatty acids used for the production of Miglyol

810 and 812 comply with the FDA’s proposed regulation, 21 CFR 172.860, and are

classified as GRAS. These products are not heat sensitive. Even in hot climates,

cooling is not necessary. At low temperatures, parts of TAGs may crystallize.

However, this phenomenon is completely reversible. These products have a very

low moisture content, and are therefore resistant to hydrolytic and microbial

splitting. Miglyol 810 and 812 are used as part of fatty emulsions for parenteral

nutrition.

3. FAT SUBSTITUTES BASED ON ESTERS AND ETHERS

Synthetic fats may offer the functionality of fat without the calories. This includes

the elusive ability to be used for frying. Typically, these ingredients use food-grade

materials to create a molecule that resists lipase hydrolysis of the ester bond during

the digestion process. The methods include substituting the fatty acid and glycerol

with a fatty alcohol and organic acid, replacing a sugar molecule for glycerol, or

adding to the structure of the glycerol so the fatty acid is no longer adjoining

that portion of the molecule. Table 4 shows various lipid-based fat substitutes

that can be used in foods and their chemical composition.

3.1. Carbohydrate Fatty Acid Polyesters (CPE)

Carbohydrate fatty acid polyesters (CPEs) have been the focus of a broad spectrum

of scientific research ranging from studies of naturally occurring glycolipids to

synthetic carbohydrate polyesters. Recently, CPEs have received considerable

attention as possible fat substitutes because of their unique properties. Some of

the research interest in these molecules has been based to the structural variations

that can be introduced into these systems, such as the nature of the esterified fatty

acyl chains, the degree of esterification, and the type and number of the carbo-

hydrate moieties. Among the CPEs, particular attention has been paid to sucrose

fatty acid polyesters (SPEs). Extensive research studies on SPEs have led to the

discovery of a wide range of applications based on their physicochemical properties

(38). The ability of SPE to behave as a lipid-like molecule is likely a result of its

high degree of esterification with long-chain fatty acids. Furthermore, these
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molecules are resistant to the hydrolytic action of pancreatic lipase and, hence, are

noncaloric because they are not absorbed by the gastrointestinal tract and pass

through the human body unmetabolized. SPE is effective as a nonabsorbable lipo-

philic binding agent, which can reduce intestinal absorption of certain lipophilic

molecules. For instance, the presence of SPE as a low-calorie alternative for dietary

TAGs has been shown to decrease levels of low-density LDL cholesterol (39).

The most investigated lipid-based fatty acid polyesters with a carbohydrate

backbone for use as fat substitutes are SPEs, sorbitol polyesters, raffinose polye-

sters, and alkyl glycoside-based fatty acid polyesters. Sucrose serves as the back-

bone of SPEs, but other sugars, such as methyl glucose, sorbitol, and raffinose, can

also be used. By using a variety of fatty acids and carbohydrates, one can manufac-

ture products with a wide range of physical and biological properties. The fatty

acids can be saturated or unsaturated, and the particular combination used will affect

the functional characteristics, melting point, consistency, and stability of the

TABLE 4. Selected Lipid-Based Fats and Oils Substitutes.

Product Digestibility Composition Manufacturer

Salatrim Partially digestible SCFA (C2:0-C4:0) and LCFA

(Predominantly C18:0)

Nabisco Foods Group (East

Hanover, New Jersey)

Caprenin Partially digestible Caprylic (C8:0), capric

(C10:0), and behenic

(C22:0) acids

Procter & Gamble Co.

(Cincinnati, Ohio)

Bohenin Partially digestible Oleic (C18:1) and behenic

(C22:0) acids

Fuji Oil Co. Ltd.

(Osaka, Japan)

Captex Partially digestible Medium-chain triacylglycerol ABITEC Co.

(Columbus, Ohio)

Neobee Partially digestible Caprylic (C8:0), capric

(C10:0), and LCFA

Stepan Co. (Northfield,

Illinois)

Captrin Partially digestible Caprylic (C8:0) and capric

(C10:0) acids

Stepan Co. (Northfield,

Illinois)

Olestra Nondigestible Sucrose fatty acid polyester Procter & Gamble Co.

(Cincinnati, Ohio)

Sorbestrin Nondigestible Sorbitol fatty acid polyester Cultor Food Science, Inc.

(Ardsley, New York)

EPG Partially digestible Esterified propoxylated

glycerol

ARCO Chemical Technology

(Greenville, Delaware)

TATCA Partially digestible Trialkoxytricarballylate CPC International, Inc.

(Englewood Cliffs,

New Jersey)

DDM Partially digestible Dialkyl dihexadecylmalonate Frito-Lay Inc. (Plano, Texas)

Jojoba oil Partially digestible Predominantly C20:1 Nestec Ltd. (Switzerland)

PGE Partially digestible Polyglycerol ester Danisco Cultor USA, Inc.

(New Century, Kansas)

PEP Nondigestible Partially esterified

polysaccharides

ARCO Chemical Technology

(Greenville, Delaware)

DAG oil Partially digestible LCFA (Predominantly

C18:1, C18:2, and C18:3)

ADM Kao LLC

(Decatur, Illinois)

FAT SUBSTITUTES BASED ON ESTERS AND ETHERS 517



product. Fat substitutes of this type are not hydrolyzed by digestive enzymes

because they are unable to penetrate the bulky nonpolar region around the sucrose

center. Mattson and Volpenhein (40) reported that both sorbitol hexaoleate and

sucrose octaoleate were not hydrolyzed by pancreatic lipase.

The physical properties and thermal stability of SPEs are comparable with those

of conventional fats and oils with the same fatty acid profiles. The physical char-

acteristics of SPEs, similar to those of TAGs, are determined by the properties of

the fatty acid side chains (38). For instance, SPEs produced from predominantly

highly unsaturated fatty acids are clear liquids resembling conventional vegetable

oils. On the other hand, SPEs made with more saturated fatty acids are opaque

solids, resembling solid fats with a higher melting point (41).

3.1.1. Olestra Olestra is a member of the family of compounds known as SPEs

and is derived from sucrose and vegetable oils. Olestra is unique among the SPEs

in that it is manufactured according to strict criteria specified by the FDA (42). It is

a mixture of hexa-, hepta-, and octaesters synthesized by esterifying sucrose with

long-chain (predominantly C18) fatty acids. Each molecule contains six to eight

fatty acids—at least 70% octa-fatty acid esters with 1% or less hexaesters. The

structure of olestra is analogous to that of the TAGs; however, olestra differs from

TAGs in that it is comprised of a core of sucrose, rather than glycerol, esterified

with 6–8, rather than three fatty acid moieties (Figure 2). Olestra can be manufac-

tured from saturated and unsaturated fatty acids of chain length C12 to C20 and

higher from conventional edible vegetable oils such as palm, corn, soybean, coco-

nut, and cottonseed oils (43). Its contribution to caloric intake is zero because its

molecular constitution prevents its hydrolysis by gastrointestinal enzymes. The

large molecule of olestra has the ability to pass unaltered through the gastrointes-

tinal tract, because the fatty acids that are crowded around the sucrose core prevent

the digestive enzymes to find a breaking point in order to metabolize the olestra

molecule into smaller pieces and be absorbed by the body. This ingredient has a

140�F melting point, a 480�F smoke point, and a 550�F flash point. It has an

AOM peroxide value at two hours of 100 ppm. Olestra is stable under ambient

and high-temperature storage conditions and has an acceptable flavor. The main

advantage of olestra is that it has all of the characteristics of fat without adding

calories. Its appearance, texture, oral feel, thermostability, and half-life are similar

to those of conventional fats and oils. The manufacturer of olestra, Procter &
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Figure 2. Chemical structure of olestra.
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Gamble Co. (Cincinnati, Ohio), petitioned the FDA in 1987 for use of olestra as a

calorie-free replacement for fats and oils. The petition included results of more than

150 safety studies, several chronic feeding studies, and clinical studies. According

to the FDA, these studies included (44):

a. Animal and human studies that indicated that olestra does not break down in

the digestive tract.

b. Animal studies that showed that olestra is not absorbed into the body.

c. Animal studies that showed that olestra does not cause birth defects.

d. Animal studies that showed that a diet containing olestra is not associated

with a higher incidence of cancer.

e. Animal and human studies that showed that adding fat-soluble vitamins (A,

D, E, and K) to diet containing olestra can offset by providing olestra-

containing foods with these vitamins.

f. Animal and human studies that showed that olestra does not decrease the

absorption of five key water-soluble nutrients (folate, Vitamin B12, calcium,

zinc, and iron) that are hard to absorb or are limited in the U.S. diet.

g. Human studies that showed that olestra does not affect normal intestinal

microflora functions.

h. Human studies that showed that at usual snack-food consumption levels,

olestra’s potential to cause cramping, bloating, loose stools, diarrhea, and

other gastrointestinal symptoms in healthy adults and healthy children and in

adults with inflammatory bowl disease is not different from that of the full-fat

snack foods.

i. Animal and human studies that showed that olestra does not affect the

absorption of some commonly used drugs, especially drugs that attach to

fat in the body, such as oral contraceptives.

In 1990, the petition was amended to seek only the approval for fat replacement

of up to 100% in savory snacks, including fried snacks and snack crackers. Procter

& Gamble has decided to use the brand name Olean for the ingredient. Olestra has

the FDA GRAS status as of January, 1996. Hence, olestra can replace 100% of the

vegetable oil used in the preparation of savory snacks (CFR 172.867c). Savory

snacks include flavored and unflavored chips such as potato chips, corn chips,

and tortilla chips as well as snacks such as cheese puffs, cheese curls, and crackers.

Olestra also has a potential for use in margarines, salad dressings, and frozen

desserts. However, Olestra has its drawbacks. As it has the physical properties of

fat, certain fat-soluble vitamins, such as A, D, E, and K, and carotenoids can be

partially partitioned into the Olestra and eliminated from the body (45). Factors

that influence the level of partitioning include (1) the degree of fat solubility (the

more fat soluble the nutrient, the more it will be partitioned into olestra), (2) the

relative amount of olestra to nutrient (partitioning increases as the amount of olestra

per measure of nutrient increases), and (3) the timing of olestra and nutrient

consumption (partitioning can occur when olestra and the fat-soluble nutrients
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are in the gastrointestinal tract at the same time) (3). Based on these factors, it is

predicted that any effect of olestra on the nutritional status be offset by supplying an

extra amount of the affected nutrient to the diet. As a result, the FDA insisted that

foods made with olestra be fortified with fat-soluble vitamins. Animal and clinical

studies showed that these vitamins could be offset by incorporating greater amounts

of fat-soluble vitamins into olestra-containing foods (46, 47). When fed to animals

(46) and healthy adult humans (47–51), olestra had no effect on the absorption of

macronutrients, such as carbohydrates, TAGs, and proteins, water-soluble micro-

nutrients, and Vitamins D and K. Olestra may cause gastrointestinal cramping,

potential anal leakage, diarrhea, and loose stools in some individuals (52, 53). It

was suggested that soft stools be prevented by using olestra with semisolid consis-

tency or by increasing the viscosity of the olestra or product. To warn consumers of

potential gastrointestinal and nutrient side effects, products made with olestra

must contain the following label statement, per the FDA: ‘‘This product contains

olestra. Olestra may cause abdominal cramping and loose stools. Olestra inhibits

the absorption of some vitamins and other nutrients. Vitamins A, D, E, and K

have been added.’’ The safety studies, based on animal and human trials, showed

that olestra is not toxic, mutagenic, carcinogenic, or teratogenic, and it is consi-

dered safe. This is because olestra, for the most part, is not digested or absorbed.

Olestra appears to offer some other health benefits. This product can help people

lose weight, benefit individuals at high risk of heart disease, obesity, and colon

cancer, and possibly lower cholesterol levels. It can also inhibit cholesterol absorp-

tion and reduce blood cholesterol levels (54). In a double-blind crossover study,

twenty men with normal cholesterol levels were fed 750 mg of cholesterol per

day along with either butter or a butter-olestra blend. Olestra was fed at a level

of approximately 14 g/day. The group receiving the olestra absorbed about 18%

less cholesterol than the group receiving all butter (55), a response similar to that

was obtained when triacylglycerol was replaced with olestra in animal studies (56).

In another study, 24 healthy, normal-weight men with normal cholesterol levels

were fed diets that contained 300 mg or 800 mg of cholesterol per day in ten-day

periods, and in a 21-day period, less than 50 mg per day of cholesterol. Subse-

quently, 8 g, 16 g, or 25 g of olestra were added to each of the diets in ten-day

periods. The diets were of the typical American variety and contained approxi-

mately 20% of their calories as protein, 40% as carbohydrates, and 40% as fat.

Care was taken so that there were no significant reductions in weight. Adding

olestra to the diet lowered both total and LDL cholesterol at all levels of cholesterol

feeding (57).

Crouse and Grundy (58) also studied the effects of sucrose polyester on choles-

terol metabolism in obese men. In this study, 11 overweight men were fed low-

calorie (1000 kcal/day), low cholesterol (19 mg/day) diets containing 21% of

calories from fat with and without 62 g of olestra per day for six-week periods.

Beyond the 20% decrease in plasma cholesterol caused by weight loss, olestra

feeding resulted in another 12.5% reduction in plasma cholesterol in six subjects,

but had no significant effect on plasma cholesterol in the other five subjects. Grundy

et al. (59) reported that in nondiabetic patients, calorie-restricted diet plus sucrose
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polyester exhibited a reduction in total and LDL cholesterol by 20% and 26%,

respectively. In diabetic patients with hypertriacylglycerolemia, caloric restriction

showed a marked reduction in plasma triacylglycerols with or without sucrose

polyesters. Calorie-restricted diet apparently reduced cholesterol by decreasing

cholesterol synthesis (59). Sucrose polyester had little effect on the concentration

of HDL cholesterol (60).

Sensory evaluation studies have shown that olestra can reduce the fat content of

snack foods without affecting their taste. The reduction in fat intake accomplished

by substitution of olestra snacks for full-fat snacks can be a positive step for an

individual toward improved health and weight control. For instance, a 30 g bag

of potato chips made with vegetable oil contains about 10 g fat and 150 calories.

This same bag of potato chips made with olestra contains no fat and only about

70 calories. A reduction in fat intake of 10 g per day, which could be accomplished

by substituting one bag of potato chips made with olestra for regular potato chips

per day, would save the same number of calories over a year as those in 3.6 kg of

fat (61). Numerous studies have confirmed that olestra can help people reduce the

percent of calories from fat in their diets. However, there have also been reports on

negative aspects of olestra consumption (62).

3.1.2. Sorbestrin Sorbestrin, a reduced-calorie fat substitute, is a mixture of tri-,

tetra-, and pentaesters of sorbitol. The metabolically available energy of sorbestrin

is about 1–2 kcal/g. It is a clear liquid and has a cloud point of 15�C. It has a bland

oil-like taste and can serve as a reduced-calorie fat substitute. Sorbestrin was

discovered in the late 1980s by Pfizer Food Science Group and is currently under

development by Danisco Cultor America Inc. (Ardsley, New York). The chemical

structure of sorbestrin is shown in Figure 3. It is thermally stable and is intended

for use in frying and baking of foods. Sorbestrin is produced by trans-esterification

of sorbitol with fatty acid methyl or ethyl esters. The fatty acids are derived from

conventional vegetable oils, such as those from sunflower, soybean, safflower, or

cottonseed. The fatty acid profile of sorbestrin generally consists of 80% oleic

(18:1), 10% linoleic (18:2), 4% stearic (18:0), 4% palmitic (16:0), and less than
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Figure 3. Chemical structure of sorbestrin.
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1% of linolenic (18:3), arachidic (20:0), eicosenoic (20:1), and behenic (22:0)

acids. As no regulatory approval has yet been obtained for sorbestrin, it is still

not in commercial use.

3.2. Esterified Propoxylated Glycerols (EPGs)

Esterified propoxylated glycerols (EPGs) are the result of reacting glycerol with

propylene oxide to form a polyether polyol, which is subsequently esterified with

one or more fatty acids (Figure 4). The number of propylene oxide (sometimes

referred to as oxypropylene) groups and selection of fatty acids (i.e., carbon chain

length, the level of unsaturation) give the products a range of functionality. The

average number of oxypropylene groups, which are incorporated into glycerol, is

called the propoxylation number (63). Their contribution to caloric intake is zero

because they resist hydrolytic enzymes, and they are stable enough to be used

for baking and frying. The physical properties of the finished product, similar to

natural TAGs, depend on the type of fatty acids esterified. Short-term animal

studies indicate that EPG is safe and resistant to hydrolysis (64, 65). Patented by

ARCO Chemical Technology (Greenville, Delaware) and CPC International, Inc.

(Englewood Cliffs, New Jersey), EPGs can replace fats and oils in margarines, fried

foods, frozen desserts, salad dressings, and bakery products. However, there has

been no evidence of regulatory submissions of this product.

3.3. Dialkyl Dihexadecylmalonate (DDM)

Dialkyl dihexadecylmalonate (DDM) is an ester of a fatty alcohol with malonic

and alkylmalonic acids (Figure 5). DDM was developed in the early 1980s by

researchers at Frito-Lay, Inc. (Plano, Texas). It is a low-calorie fat-based substitute

suitable for high-temperature frying and baking. DDM, consisting of a monomer

and a dimer, has a melting point below body temperature but higher than that of

CH2

CH

O

O

CH2 O

(C3H6O)x

(C3H6O)y

(C3H6O)z

R1

R2

R3

Figure 4. Chemical structure of esterified propoxylated glycerol (EPG) (where: R1, R2, and R3

are aliphatic acyl groups of 4–23 carbons and x, y, and z are 1–7).
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Figure 5. Chemical structure of dialkyl dihexadecyl malonate (DDM) (where: R1 and R2 are fatty

alkyl groups).
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conventional frying oils. As it is stable when heated and not absorbed, DDM has the

potential for use in a blend with conventional frying oils to make reduced-calorie

frying oils. Mixtures of DDM with other oils, such as soybean oil, constitute frying

oils with caloric values 33–60% lower than the natural oil. Rat studies with DDM

showed that less than 0.1% of it is absorbed (66). Rat studies have also found no

toxic effects. To date, there is no evidence of regulatory submissions or commercial

development of this product.

3.4. Polycarboxylic Acid Esters and Ethers

Polycarboxylic acids have two to four carboxylic acid groups in a polycarboxylic

acid backbone esterified with saturated or unsaturated straight or branched long-

chain alcohols (from C8 to C30). These substances have been proposed as thermally

stable low-calorie fat substitutes (67, 68). They have physical and functional

properties similar to those of the typical TAGs, but cannot be digested and contri-

bute no energy to the diet. Typical examples of polycarboxylic acid esters and

ethers include trialkoxytricarballylate (TATCA), trialkoxycitrate (TAC), and trialk-

oxyglyceryl ether (TGE), among others (Figure 6). TATCA is a tricarboxylic acid
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Figure 6. Chemical structures of polycarboxylic acid esters and ethers.
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esterified with saturated or unsaturated alcohols (Figure 6). It is a nonhydrolyzable,

edible, oil-like compound and is currently being evaluated by researchers at Best

Foods, a division of CPC International, Inc. (Englewood Cliffs, New Jersey), as a

fat replacer for use in margarines and mayonnaises. It can also be used to replace

vegetable oil in cooking applications. TATCA resembles a natural TAG with tricar-

ballylic acid replacing the glycerol and saturated or unsaturated alcohols replacing

the fatty acids (Figure 6). Hence, it appears to be a flexible candidate in terms of its

direct substitution as a low-calorie replacement for edible fats and oils in food

applications. Animal studies indicated that TATCA was poorly absorbed (67).

Weight gain results in rats showed that TATCA has a low-caloric value compared

with corn oil (66, 67). Evidence indicates that moderate to high dose levels (1.0–

3.0 g) of TATCA cause anal leakage, depression, weakness, and death among

animals (67, 68). Trialkoxycitrate (TAC) has a structure similar to TATCA, with

a hydroxyl group on the central carbon. Studies showed that TAC did not appear

to have the thermal stability to be used for frying (67). Although limited animal

research has been reported for these compounds, the approval of these products

for human use has not occurred thus far.

3.5. Polyglycerol Esters (PGEs)

Polyglycerol fatty acid esters (PGEs) have been used in the United States and

Europe since the 1940s. In the 1960s, the PGEs were approved for food applications

in the United States. PGEs are mixtures of the esters of fatty acids with the poly-

glycerol mixture that function as emulsifiers in various food applications. The struc-

tural formula of PGEs is shown in Figure 7. During the synthesis, the first step

involves the preparation of polyglycerols via polymerization of glycerol under

alkaline conditions at 230�C (69). These glycerol molecules are linked by an ether

group between a-hydroxyl groups. The polyglycerol is then esterified with vege-

table oil fatty acids. They are derived from edible oil sources such as cottonseed,

corn, soybean, palm, peanut, safflower, and sesame oils and are approved for use as

food additives under the U.S. Code of Federal Regulations 21 CFR 172.854 (70).

PGEs can be purified through fractionation, molecular distillation, or solvent

crystallization. The fractionated PGEs are more functional and can be used at lower

concentrations (71). There are many different types of PGEs, which are widely used

in food, cosmetics, and as surfactants, owing to differences in the extent of poly-

merization of the polyglycerol, hydrophilic group, and in the degree of esterifica-

tion. Examples of PGEs include decaglycerol decaoleate, triglycerol monostearate,

octaglycerol monostearate, and octaglycerol monopalmitate, among others. The

R2 (OCH2 CH

OR1

CH2O)n R3

Where R1, R2, and R3 are aliphatic fatty acyl moieties and n is no more than 3

Figure 7. Structural formula of polyglycerol esters (PGEs).
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high molecular weight of PGEs is responsible for its reduced hydrolysis and bio-

availability. PGEs have an estimated caloric value of 6–7 kcal/g, however, the net

caloric value may be as low as 2 kcal/g as a result of partial absorption (72).

Currently, PGEs are used as emulsifiers and dietetic aids and can also be used

in margarines, shortenings, bakery products, frozen desserts, and confectionery

products.

Animal studies suggested that PGEs are regarded as safe. In one study, groups of

100 rats were fed on diets containing 0%, 2.5%, 5.0%, or 10.0% of PGEs for three

months. There were no adverse effects on survival, growth, organ weights, and body

weight ratios (73). In another study, mice were fed on a diet containing 1% of PGEs

for a period of 15.5 months. There were no significant differences between growth

rate and longevity of test and control animals (74).

3.6. Other Reduced-Calorie Lipids

3.6.1. Diacylglycerol (DAG) Oil Diacylglycerol (DAG) oil is composed of

greater than 80% DAGs as a mixture of 1,3-DAGs and 1,2-DAGs at a ratio of

7:3 (Figure 8). This product is made from edible oils using a patented process.

The method of manufacture of DAG oil involves enzyme-catalyzed esterification

of fatty acids derived from natural edible plant oils and either MAG or glycerol

with sn-1,3 specific Lipozyme RMIM as the biocatalyst (75). Component fatty

acids may be derived from soybean oil, canola oil, corn oil, and olive oil. The main

fatty acid constituents of DAG oil are oleic (20–65 wt%), linoleic (15–65 wt%), and

a-linolenic (<15 wt%) fatty acids (76). The FDA has affirmed that MAGs and

DAGs are GRAS (21 CFR 184.1505) when used in food at levels not exceeding

the current good manufacturing practice for a variety of technical effects, such as

an emulsifier, stabilizer, thickener, and texturizer.

DAG oil may help reduce body weight and fat mass when used as part of a diet.

Although the oil contains the same amount of calories and fat as conventional fats,

it is metabolized differently, which gives the oil its unique properties. This product

is being marketed under the name Enova by ADM Kao LLC, a joint venture

between Archer Daniels Midland Company (Decatur, Illinois) and Kao Corporation

of Japan. Enova oil has been sold in Japan since 1999 and is the leading premium

oil brand in Japan. The oil, which has a bland odor and moderate taste, may be sub-

stituted for conventional cooking oils in home frying, baking, salad dressings, and
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Figure 8. Chemical structure of diacylglycerol oil.
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cooking or in virtually any recipe that vegetable oil is used. However, this oil is not

intended for use in repetitive, institutional frying applications. DAG oil can also be

incorporated into a wide range of prepared foods, including dairy-based products,

bakery products, meal replacements, frozen dinner entrees, nutrition bars, pizza,

spreads, soups, gravies, and sauces. In 2000, DAG oil received FDA GRAS status

for use in home cooking oil and vegetable oil spreads. GRAS use has now been

established for other food products including salad dressings, mayonnaise, bever-

ages, nutrition bars, soups and sauces, pizza, bakery products, and frozen dinner

entrees.

FDA GRAS status of DAG oil was based on the following criteria, demonstrat-

ing the safety of DAG oil and the manufacturing process:

a. MAGs and DAGs have been approved as food additives for more than

50 years.

b. DAG components occur naturally in the diet and in the human body.

c. The enzyme, Lipozyme RMIM, used in the manufacture of DAG oil has been

approved since 1989.

d. There has been more than 2 years of expanding consumer use in Japan.

e. Studies indicated that there was no caloric difference between TAGs and

DAGs.

f. DAG oil was readily absorbed and metabolized by the body and did not affect

the absorption of fat-soluble vitamins in the diet.

g. Clinical studies indicated that there were no DAG-related toxic or other

adverse effects.

h. Research studies were reviewed by experts and government officials in Japan

as well as in the United States by expert scientific panels.

i. The DAG oil was granted ‘‘Food for Specific Health Use’’ (FOSHU) status by

the Ministry of Health and Welfare in Japan in 1998 for use as a cooking oil.

j. Both animal and human studies have demonstrated the safety of DAG oil.

As indicated above, this product consists of 80% DAGs. Seventy percent of these

DAGs are the sn-1,3 form of DAGs. The remainder of DAG oil is comprised of

TAGs, MAGs, FFAs, and Vitamin E added as an antioxidant. The predominant

DAGs present in the oil have their fatty acids only in the sn-1 and sn-3 positions

on the glycerol backbone, and hence more of the oil is matabolized directly by the

body as energy, rather than stored as fat, as is the case with TAGs.

DAG oil is digested and absorbed in the small intestine, with fewer fat-rich par-

ticles being reassembled to enter the bloodstream as TAGs. That means a portion of

the fat molecules are available for use immediately as energy rather than stored as

fat. Studies have shown that DAG oil helps curb the level of TAGs or blood fats that

usually increase after eating. Lower TAGs in the blood may help prevent the accu-

mulation of body fat, particularly fat deposits in and around internal organs. The

body digests the product like a conventional oil, so there is not the same risk

of digestive disturbances and side effects that has been observed with some fat
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substitutes. Research has shown that DAG oil does not influence the absorption of

important vitamins in the diet, including fat-soluble Vitamins A, D, E, and K. In

human subjects, it has been observed that DAG oil does not influence the absorption

of fat-soluble vitamins in the diet. Subjects were fed 20 g of DAGs or TAGs either

in mayonnaise or an emulsion drink once a day for 12 weeks. At 4, 8, and 12 weeks,

fasting blood samples were drawn and serum levels of Vitamin A, D, and E were

measured. The study concluded that DAGs and TAGs had no effect on fat-soluble

vitamin levels (77).

Studies have shown that, over a 24-week period, overweight people who incor-

porated this oil into a calorie-controlled diet decreased their body weight by an

average of 3.6% and their body fat mass by 8.3%. This was a significant reduction

compared with the conventional fats. In addition, this oil can help reduce postmeal

serum TAGs by 30–50% (78). More recently, the long-term effects of dietary DAGs

and TAGs on the development of obesity in mice were investigated (79). Compared

with mice ingested the high-TAG diet, mice fed the high-DAG diet accumulated

significantly less body fat during the 8-month study period. Within the first ten

days, dietary DAGs stimulated b-oxidation and lipid metabolism-related gene

expression in the small intestine, but not in the liver, skeletal muscle, or brown

adipose tissues. This suggests the predominant contribution of DAGs to intestinal

lipid metabolism. Thus, in mice, dietary DAGs decreased body weight gain that

accompanied the stimulation of intestinal lipid metabolism, and these effects may

be related to the characteristic metabolism of DAGs in the small intestine (79).

More research is needed in human subjects to clarify the role of intestinal fat meta-

bolism in body weight management.

3.6.2. Emulsifiers Emulsifiers, like conventional fats and oils, provide 9 kcal/g

of food; however, less is used and thus the product contains less fat and calories.

The food industry refers to mono- and diacylglycerols as functional ingredients

because they are added to products to give or aid in providing specific character-

istics. Mono- and diacylglycerols have been developed as emulsifiers that help

disperse fat in a watery medium. These ingredients help stretch fats or spread

them more widely throughout food, thereby allowing less fat to be used in the

product. By reducing the size of fat globules, emulsifiers cause their specific

surface area to increase, which allows less fat to be used without any loss of visco-

sity. The ability of emulsifiers to do this is because of their amphiphilic nature; their

lipophilic moiety, generally a long alkyl chain, dissolves well in nonaqueous phase,

whereas their polar moiety dissolves well in water. In mixtures such as oil and

water, emulsifiers can be used with water to replace all or part of the shortening

content in cookies, cake mixes, icings, and selected dairy products.

3.6.3. Jojoba Oil Oils from novel plant sources have also gained interest as

potential fat substitutes. One such example is jojoba oil. Typically, jojoba plant

can reach up to 4.5 m in height and live for more than 150 years. The plant is suit-

able for hot climates and can be grown on salty soils and even in deserts. The oil is

obtained from an evergreen shrub of the Buxaceae family, Simmodsia chinensis,
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which yields a nut that contains 50% oil. Jojoba oil is composed of a mixture of

linear esters of monounsaturated fatty acids and fatty alcohols containing 20–22

carbons each. The chemical structure of jojoba wax ester is shown in Figure 9.

The main fatty acid components of jojoba oil are 20:1 (70.7%), 22:1 (16.3%),

18:1 (9.0%), 24:1 (3.0%), and 16:0 (1.0%) (66). It is a liquid at 20�C. In 1979,

Nestec Ltd. (Switzerland) started research on the possible use of jojoba oil as a

low-calorie food ingredient. The physical properties of jojoba oil were generally

similar to those of the typical edible oils (67). Early indications are that its func-

tional qualities in foods are marginally useful (80).

Results showed that jojoba oil is not fully hydrolyzed by the pancreatic lipase

because of its structure. Weight gain data in rats showed that jojoba oil has a

low-caloric value compared with corn oil (67). There were problems associated

with the consumption of jojoba oil. For instance, in rat feeding trials, anal

leakage, depression, weakness, and death were observed when jojoba oil was fed

at moderate-to-high doses (67). Animal studies with jojoba oil also showed that

approximately 40% of the oil was absorbed (67), and therefore might serve as a

low-calorie replacement for edible fats and oils in food use provided this compound

was proven safe for food applications. Hence, possible applications of this oil are in

control of obesity and calories.

4. FAT MIMETICS BASED ON CARBOHYDRATES

Carbohydrate-based fat mimetics are used to replace fat in foods because of their

textural and organoleptic properties. Carbohydrates generally mimic the fat by

binding water, thus providing lubrication, slipperiness, body, and mouthfeel. There

are many carbohydrate-based fat replacers available for use in foods. Most are

modified starch products produced by hydrolysis or substitution. Maltodextrin

and starch-based ingredients form a smooth, viscous solution or soft gel on hydra-

tion. These materials can provide the finished product with textural and functional

characteristics of their full-fat counterparts. Microparticulated intact starch granules

can also mimic the mouthfeel and structural contributions of fat crystals. They are

totally digested and provide 4 kcal/g. Carbohydrate-based fat replacers can be

successfully used for reducing the fat in a low moisture food system, but not for

completely replacing it. The FDA has affirmed many of these carbohydrate-based

fat replacers as GRAS for functional uses. Examples of various carbohydrate-based

fat replacers used in foods and their applications are summarized in Tables 5 and 6.

Cellulose can replace some or all of the fat in dairy products, sauces, frozen

desserts, and salad dressings. Finely ground microparticles of cellulose disperse

throughout the food to provide a noncaloric network with the smoothness and

O C

O

Figure 9. Chemical structure of jojoba wax ester.
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flow properties similar to fat. Powdered cellulose, microcrystalline cellulose, and

cellulose gels present a wide variety of possibilities in terms of water-binding,

film-forming, viscosity, pulpiness, and gelling.

Insoluble fiber is an important tool for fat and caloric reduction. Fiber-based

products, such as gum arabic, guar gum, xanthan gum, locust bean, carrageenan,

TABLE 5. Examples of Carbohydrate-Based Fat Replacers in Food Products.

Type of Fat

Replacer Commercial Names Applications

Cellulose Avicel, Methocel, Solka-Floc,

Cellulose gel, Just Fiber

Mayonnaise, salad dressings, frozen

desserts, processed cheese, fried

foods, sauces

Dextrins Amylum, N-Oil, Stadex Salad dressings, puddings, spreads,

dairy-type products, frozen

desserts, meat products

Gums Kelcogel, Keltrol, Rhodigel,

Fibrex, Jaguar, Uniguar,

Dycol, Rhodigum, Viscarin,

Gelcarin, Novagel

Frozen desserts, processed meats,

dairy products, fat-free salad

dressings, reduced-fat margarines,

soups, and sauces

Fiber Z-Trim, Opta, Oat fiber,

Betatrim, Oatrim

TrimChoice, Fibrim,

Opta, Snowhite, Ultracel

Reduced-fat baked goods, meats,

extruded products, spreads, fat-free

cheeses, cookies, fruit bars, muffins,

frozen desserts

Maltodextrins Paselli SA2, Paselli Excel,

Paselli D-Lite, Maltrin,

CrystaLean, Lycadex,

Lorelite, N-oil, Star-Dri,

Stellar, Rice-Trim

Dairy products, baked goods, frozen

desserts, frostings, fillings,

processed meat, salad dressings,

spreads, sauces, beverages

Polydextrose Litesse, Litesse II, Litesse

Ultra, Sta-Lite

Frozen desserts, baked goods, fruit

spreads and fillings, nutrition bars,

beverages, confections

TABLE 6. Examples of Carbohydrate-Based Fat Replacers in Food Products (continued).

Type of Fat

Replacer Commercial Names Applications

Pectin Splendid, Slendid, Grindsted Baked goods, cookies, frostings,

dessings, spreads, frozen

desserts, gravies, soups, sauces

Starch/Modified

Food Starch

Instant Stellar, Amalean I & II,

N-Lite, OptaGrade, Sta-Slim,

Pure-gel

Baked goods, dairy products,

processed meats, salad

dressings, fillings, frostings,

sauces

Inulin Fibruline, Raftiline, Fruitafit,

Oliggo-Fiber

Baked goods, processed meats,

frozen desserts, dairy products,

whipped cream, icings, fillings

Chitosan ChitoClear Noodles, snacks, bread sticks,

soups

b-Glucan Nu-TrimX Baked goods
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alginates, and pectin have virtually no calories. These have a wide variance in func-

tional characteristics, including heat, shear and pH stability, type of texture, and

thermoreversibility. Low concentrations of gums form gels, which can increase

viscosity, provide texture and fat-like mouthfeel, and promote a creamy texture

within the food. Gums can be used in reduced-calorie and fat-free salad dressings.

They can also be used to reduce the fat content in formulated foods such as pro-

cessed meats and desserts.

Dextrins can replace all or some of the fat in such products as in salad dressings,

puddings, spreads, frozen desserts, and dairy foods. They provide 4 kcal/g of food.

Most dextrins are derived from tapioca. A typical example is N-oil, marketed by

National Starch and Chemical Corp. (Bridgewater, New Jersey), which can partially

or totally replace fat or oil in foods, giving the illusion of a high-fat content.

Maltodextrin is an acid or enzyme-catalyzed hydrolysis product of starch,

which has a dextrose equivalent of < 20. Maltodextrins are GRAS substances

(21 CFR 184.1444) and can be used as a fat replacer, texture modifier, or bulking

agent in dairy products, salad dressings, spreads, sauces, baked goods, frozen meat,

and frozen desserts. Most maltodextrins are derived from corn, potato, tapioca, and

wheat starches. Some examples of commercial products are Paselli SA2, Maltrin,

and Stellar.

Modified food starch is a reduced-calorie fat replacer, supplying 1–4 kcal/g of

food. This material mimics the mouthfeel that fat provides in foods. The ingredient

is manufactured as a fine powder. When liquid is added, a slurry is made and

sheared to form a smooth, cream-like substance that has similar properties to

shortening. Modified food starch (21 CFR 172.892) can also be used as a bulking

agent and texture modifier. It is used in combination with emulsifiers, gums, pro-

teins, and other food starches to make dairy products, salad dressings, sauces, baked

goods, and fillings.

Polydextrose is a reduced-calorie fat replacer, supplying 1 kcal/g of food. It is

often used in conjunction with fat replacers to provide additional bulk and viscosity

with reduced calories. Polydextrose contains minor amounts of sorbitol and citric

acid. This product was approved by the FDA in 1981 for use in products in several

food categories (21 CFR 172.841). Use of polydextrose in some of the products in

these categories results in substantial reductions in fat. Polydextrose is currently

used in baked foods, chewing gums, gelatins, puddings, and frozen dairy desserts.

5. FAT MIMETICS BASED ON PROTEINS

A protein’s contribution to fat replacement is determined by the extent of denatura-

tion, which influences flavor, as well as the protein solubility, gelling properties,

and temperature stability. Proteins are important whipping agents, emulsion stabi-

lizers, and dough strengtheners. Several fat mimetics are derived from a variety of

protein sources, including egg, milk, whey, gelatin, soy, and wheat gluten. Some of

these products are microparticulated to form microscopic, coagulated, round,

deformable particles that mimic the texture and mouthfeel of natural fats and
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oils. Protein-based fat mimetics are commonly used in margarines, butter, cheese,

dairy products, sour cream, salad dressings, mayonnaise-containing products,

soups, sauces, baked goods, and frozen desserts. These substances generally give

a better mouthfeel than do carbohydrate-based counterparts. However, similar to

carbohydrate-based substances, protein-based fat mimetics cannot be used for

frying. Typical examples of various protein-based fat mimetics used in foods and

their applications are reported in Table 7.

Simplesse, a low-calorie and cholesterol-free fat substitute, is manufactured

from whey protein concentrate by a patented microparticulation process. Through

this special process of heating and blending, egg protein and milk protein are

combined and formed into minute particles that are 1–1.5 mm in size. These

particles are spherical and smooth, which allows the mouth to perceive them as

fat. This product was introduced in 1988 by the NutraSweet Corporation, a subsi-

diary of Monsanto Corporation (St. Louis, Missouri), and is currently marketed by

CP Kelco US, Inc. (Wilmington, Delaware). In petitioning the FDA for approval of

simplesse, NutraSweet compared the fat, cholesterol, and caloric content of a super-

premium vanilla ice cream containing 16% butter fat with a frozen dessert using

simplesse. A 4-ounce serving of the ice cream provided 19 g of fat, 97 mg of

cholesterol, and 274 calories, whereas the same size serving of frozen dessert

containing simplesse had less than 1 g fat, 14 mg of cholesterol, and 120 calories

(81). Simplesse received FDA GRAS status (21 CFR 184.1498) in 1990 and is

approved for use as a thickener or texturizer in ice creams and other frozen dessert

products. It can replace up to one-third of fat in frozen foods. This product is also

suitable for use in yogurt, cheese spreads, cream cheese, and sour cream as well as

oil-based products such as salad dressings, mayonnaise, and margarine. The caloric

value of simplesse is 1–2 kcal/g. It provides fat-like creaminess. However, similar

to other proteins, it tends to mask flavor. As it is made from proteins, it cannot be

used in foods that require high-temperature applications such as frying or baking.

When it is heated, protein gel and the texture effects are lost. Products containing

TABLE 7. Examples of Protein-Based Fat Replacers and Their Applications.

Type of Fat Replacer Commercial Names Applications

Microparticulated

Protein

Simplesse Baked goods, milk/dairy

products, salad dressings,

frozen desserts,

mayonnaise-type products,

margarine-type products,

coffee creamer, soups, sauces

Modified Whey Protein

Concentrate

Dairy-Lo Dairy products, mayonnaise-type

products, baked goods,

frostings, salad dressing

Other Lita, Ultra-Bake, K-Blazer,

Ultra-Freeze, UltraBake,

Powerpro, Proplus,

Supro, Trailblazer

Frozen desserts, baked goods,

spreads, butter, salad

dressings
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simplesse may not be suitable for people on protein restricted diets. People who

are allergic to milk proteins or egg proteins may have an allergic reaction to this

product.

Modified whey protein concentrate (Dairy-Lo), a GRAS substance, is manufac-

tured from high-quality whey protein concentrate. This product contributes only

4 kcal/g. Modified whey protein helps improve texture, flavor, and stability of

low-fat foods. It is typically used in sour cream, frozen dairy desserts, cheese,

baked goods, yogurts, dips, and sauces. Its ability to prevent shrinkage and iciness

in frozen foods makes it especially desirable as a fat replacement ingredient in

those products.
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1. INTRODUCTION

1.1. Food Lipids and Dietary Fats

Standard analytical procedures to determine the amount of fat in a food indirectly

define food lipids. A food lipid can be considered as the material that can be

extracted from a food with one or more organic solvents under well-specified con-

ditions (which often are dependent on the type of food analyzed). Food lipids con-

sist of an extremely large number of different molecules. Each of them, in mutual

combination or in combination with other dietary components, may have effects
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that have an impact on health. The major components of most food lipids are tri-

acylglycerols (TAGs, also known as triglycerides). TAG molecules can differ from

each other in the fatty acids they contain and in the combination and/or stereoche-

mical implantation of different fatty acids. Other food lipid components with dis-

tinct nutritional effects are phospholipids, sterols, fat-soluble vitamins,

antioxidants, and other fat-soluble components, some of which can affect gene

expression.

Dietary fats are defined here as fats that can be incorporated into foods, e.g.,

bread and margarine, among others, or used for the preparation of foods. By

chemical and enzymatic processes, the structure of TAGs can be modified and

minor natural fat components such as monoacylglycerols (MAGs, also known as

monoglycerides), diacylglycerols (DAGs, also known as diglycerides), and phyto-

sterol esters can be produced in large quantities. These have been shown to have

special nutritional properties. This is also the case for TAGs with changed stereo-

specific position or changed combination of fatty acids such as interesterified fats,

structured lipids, salatrims, and sucrose polyesters, amongs others.

Structural effects of food lipids on several of their physiological, nutritional, and

pathophysiological properties can be understood on basis of the specificity of

enzymes that are involved in lipid metabolism.

1.2. Definition of Lipid Structure

From a nutritional point of view, we propose that the term lipid structure refers to

classes of lipids containing ester bound fatty acids such as triacylglycerols, partial

acylglycerols, phospholipids, sterol esters, sucrose polyesters, and so on. Each lipid

class thus has common structural characteristics, but it can also have molecules that

differ in grouping or positioning of fatty acids on the alcohol backbone. For pure

acylglycerols, the structure can be unequivocally described by the stereospecific

numbering convention (prefix sn-) of Hirschmann (1). A number of other prefixes

are commonly used to designate the position of substituents in acylglycerols.

Alpha, a, refers to the two primary hydroxyl groups and b to the secondary hydro-

xyl groups, rac precedes the names of acylglycerols that are equal mixtures of enan-

tiomers, and X is used when the positioning of the substituents is either unknown or

unspecified. Food lipids contain complex mixtures of acylglycerols. For nutritional

studies, they are often described according to their occurrence in nature (e.g., but-

terfat, soybean oil, etc) or by the way they are modified (e.g., enzymatically inter-

esterified butterfat). For semisynthetic lipids, we propose the prefixes eq - for

thermodynamic equilibrium mixtures and random for mixtures where the fatty

acids occupy the acylglycerols positions according to chance. Thus eq-monoacyl-

glycerols (MG) would contain about 45% sn1-MG, 10 % sn2-MG and 45% sn3-

MG, whereas random-MG would contain, respectively, 33 mole% of each. Near

random-triacylglycerols are formed by interesterification of a physical mixture of

triacylglycerols. From a nutritional point of view, these notations make sense

because most nutritional studies concerning the effect of fat structure are done

with these types of acylglycerols.
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1.3. Nutritional Effects of Food Lipids

There is a vast amount of data on the effects different fatty acids have when fed as

usual food lipids. These will not be dealt with here. It is sufficient to stress that it is

important to avoid generalizations. All saturated fatty acids do not raise cholesterol.

Not all polyunsaturated fatty acids reduce cholesterol, and the physiological effects

of different trans-fatty acids are different. In general, each fatty acid has distinct

effects. We concentrate here on how fat structure can modulate the known effects

of fatty acids. Furthermore, it is important to keep in mind that the nutritional

effects of edible fats and oils do not only depend on the fatty acids they contain

but also on the presence of other components.

1.4. Lipids Used for Evaluating Stereospecific Effects

The ideal situation to evaluate stereospecific effects of lipids is that at least two

lipid mixtures are available that differ only in the stereospecific structure one wants

to study. This is seldom the case. Studies with TAG molecules that have the same

fatty acids but at different position are rare because such components are very

expensive. Often physical and interesterified mixtures are compared. These fats

do not only differ in the position of fatty acids but also in combination of fatty acids

in the TAGs. Moreover, the interesterification process may affect minor components

that may have an effect on the parameter measured. As an example, reduced ather-

ogenicity of interesterified peanut oil could well be caused by reduced lectin con-

tent and not by changed TAG composition (2). A mixture of two previously

interesterified fats before and after interesterification has the same fatty acid com-

position at the different stereospecific positions but differs in the grouping of fatty

acids in the TAG molecules. To the best of our knowledge, such fats have not been

compared. An interesterified mixture of trimyristin with peanut oil has been used to

determine the effect of combinations of fatty acids in the molecules on cholester-

olemia (3). As peanut oil has no 1,2,3 random structure, not only the combination of

fatty acids but also their composition at the different stereospecific conditions is

changed. Another approach that is sometimes used is comparing the effect of

two different natural fats with comparable fatty acid composition but with a differ-

ent position of specific fatty acids in the TAGs (e.g., seal and squid oil) (4).

2. STEREOSPECIFIC EFFECTS OF FAT DIGESTION
AND RELATED PHENOMENA

Digestion of usual food fats and subsequent absorption of their digestion products

have recently been reviewed (5). In addition, the in vitro digestion profiles of long-

and medium-chain acylglycerols and the phase behavior of their lipolytic products

has also been reported (6). In this chapter, the stereospecific aspects will be high-

lighted.
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2.1. Gastric Phase

2.1.1. Physicochemical Reactions/day in the Stomach An average Western

diet contains about 100–150-g food lipid, about 97% of which are TAGs. The

remainder is made up of phospholipids (4–8 g/day, mainly phosphatidylcholine, PC),

cholesterol, and other sterols and minor lipid components. When they are the only

lipids present in an aqueous environment, TAGs form unstable emulsion droplets,

whereas PC form relatively stable lamellar structures. When TAGs and PC are pre-

sent together in proportions as found in the diet, phospholipids acts as an emulsifier

by coating the TAG droplets, thus forming stable emulsions. These are substrates

for gastric lipase.

2.1.2. Gastric Digestion Gastric lipase starts the hydrolysis of dietary lipids. It

has positional, substrate but probably no fatty acid specificity (7). Gastric lipase

only splits primary ester bonds. It catalyses the hydrolysis of the fatty acid at the

sn-3 position preferentially to that at sn-1 position and prefers TAGs with short- and

medium-chain lengths (8). Thus, TAGs with these fatty acids in the sn-3 position,

which are present in bovine milk and its products, are preferential substrates. The

main digestion products of gastric lipase are free fatty acids (FFA) and sn1,2-DAGs

(9). It has been demonstrated that medium-chain fatty acids liberated in the stomach

can be absorbed directly into the portal blood and thus can affect hepatic metabo-

lism. The specific activity of gastric lipase in vivo is comparable with that of pan-

creatic lipase for liquid fats and higher for solid fats. Of course, pancreatic lipase

output is much higher than gastric lipase output. High-fat diets increase gastric

lipase output in humans (10). About 10% of the dietary triacylglycerol fatty acids

are liberated by gastric lipase from a meal containing long-chain fatty acids but

considerably higher amounts from a test meal containing short- or medium-chain

fatty acids (11). Even for long-chain fatty acid containing TAGs, this corresponds to

the breakdown of about one-third of the TAGs into DAGs and FFA in the stomach.

Furthermore, there is evidence that gastric lipase is further active in the upper small

intestine (12). The importance of gastric digestion is that its hydrolysis products

affect the excretion of some hormones involved in fat digestion, help to stabilize

the surface of the TAG emulsion, promote binding of pancreatic colipase later in

the small intestine, and thus make the emulsion particles a better substrate for pan-

creatic lipase (13). There is a compensatory increase in gastric lipase when pancrea-

tic lipase is low. Nonetheless, when pancreatic lipase is low, the capacity for lipid

absorption remains limited when usual food fats are fed. It can be expected that

in these conditions, semisynthetic triacylglycerols with a short-chain fatty acid at

the sn-3 position and long-chain fatty acids, among which essential fatty acids,

at the other positions may be the lipids of choice to enable feeding more fat and

provide for energy and essential fatty acids.

2.1.3. Gastric Emptying The composition of the fat that is emptied in the upper

small intestine depends on the rate of gastric digestion and on the time the dietary

fat was retained in the stomach. The physicochemical and chemical forms in which
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dietary fats are consumed affect the rate of gastric emptying. Fats that are ingested

as emulsion are partitioned into an aqueous phase and an oil phase. In contrast, fats

consumed as nonemulsions form an oil phase. Fats in the aqueous phase are readily

emptied from the stomach, whereas fats in an oil phase are emptied much slower

(14). The chemical composition of the oil phase also influences the rate of emptying

(15). The delaying effect depends on the saturation (16) and the chain length (17) of

the fatty acids. No data are available as to the effect of the chemical structure of the

fat if any. In healthy individuals, the rate of gastric emptying can be rate limiting for

fat absorption (17).

2.2. Small Intestinal Phase

2.2.1. Reactions in the Lumen of the Small Intestine

2.2.1.1. Endogenous Dilution and Interactions The lipids that are emptied from

the stomach are diluted by lipids from endogenous origin (�10–25 g/day when fast-

ing). The two major sources of endogenous lipids originate from slaughtered intest-

inal cells and from biliary secretions. The amount of phospholipids (PL) from

biliary origin (7–22 g/day; mainly PC) is considerably larger than from dietary ori-

gin (3–8 g/day). The same is also often true for cholesterol (�1 g/day of endogen-

ous origin). In bile, bile salt–phospholipid mixed micelles exist in cylindrical

arrangement. In the intestinal lumen, bile salts and PC molecules are likely to partly

adsorb to the lipid emulsion droplets (18).

Lipolysis starts at the water/emulsion interphase. The major enzymes involved

are pancreatic lipase, pancreatic phospholipase A2, and pancreatic cholesterol ester-

ase, the latter also named bile-salt-dependent lipase.

2.2.1.2. Intestinal Digestion and Accompanying Reactions The extent of intest-

inal digestion and the nature and the relative amounts of the digestion products

taken up by the intestinal cells depend on the activity and specificity of the lipases,

the rate of isomerization, and the rate of absorption of the products formed by lipase

action.

Human pancreatic lipase catalyses the equilibrium reaction between ester forma-

tion and their hydrolysis. It is specific for primary alcohols and esters of such alco-

hols. Thus, under certain conditions, pancreatic and other lipases can be used for

synthesis of TAGs with certain stereospecific structure (19). In the beginning of

and during fat digestion, the lipid/water interface is rich in water and the digestion

products are continuously removed from the interface favoring lipolysis. Pancreatic

lipase thus splits off fatty acids from the sn1- and sn3-position of TAGs. It is more

active against sn1,2- and sn2,3 DAGs thus formed than against TAGs (20). Thus, it

can break down the TAGs into sn1,2- and sn2,3-DAGs, which can be further hydro-

lyzed into sn2-MAGs. These are no longer substrates for pancreatic lipase. Pancrea-

tic lipase is less active against polyunsaturated fatty acids with a double bond close

to the ester bond, in particular when these are located in the sn-3 position and

clearly prefers the sn-1 position of both TAGs and DAGs (21). Thus, if there would
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be neither isomerization nor absorption of TAGs and DAGs, the ultimate digestion

products of TAGs would be a 2/1 mixture of FFA and sn2-MAGs. However, both

reactions do occur.

‘‘Linear’’ partial acylglycerols are thermodynamically favored over ‘‘branched’’

partial acylglycerols. MAGs with equilibrium isomeric composition consist of

about 45% sn1-, 45% sn3-, and 10% sn2-MAGs (22). For DAGs, the isomer ratio

is about 70/30 (23) for sn1,3-DAGs and sn1,2- plus 2,3-DAGs, respectively. Isomer-

ization of partial acylglycerols yields products with primary ester bonds, which are

substrates for pancreatic lipase and thus results in more complete digestion with the

liberation of glycerol. As MAGs are readily absorbed, the rate of isomerization rela-

tive to that of uptake is important to be further digested. Isomerization rate

increases with unsaturation and decreases with chain length (24). Anyhow, sponta-

neous isomerization of long-chain fatty acids containing sn2-MAGs in model

systems is low compared with their intestinal uptake (25). About 15–20% of sn2-

MAGs would isomerize in the intestinal lumen (26).

There is some suggestive evidence that small amounts of TAGs and DAGs can

be taken up without prior digestion. After feeding medium-chain triacylglycerols

(MCT), small amounts of these triacylglycerols were demonstrated in ascites fluid

from a patient with obstruction of the thoracic duct (27). In concurrence di-

medium-chain mono-long-chain TAGs increased in lymph of rats when MCT were

fed together with long-chain TAGs (28). These findings in combination with the

concept that medium-chain fatty acids cannot be converted into acyl-coenzyme A

(CoA) derivatives (29) and consequently cannot be incorporated in TAGs in the

intestinal cell can be seen as an indication that intact TAGs (at least MCT) and

intact DAGs (at least di-medium-chain DAGs) can be taken up, the latter serving

as acceptors of long-chain fatty acids. The concept that medium-chain fatty acids

cannot be converted into CoA derivatives has been challenged, however (30). The

finding that caprylic acid was found in the TAG fraction of lymph in rats after feed-

ing 1,3 dioctanoyl-2-linoleyl-sn-glycerol was seen as an indication that caprilic acid

must have been converted into the CoA derivative for incorporation into TAG (28).

An alternative explanation would be absorption of intact caprilic acid containing

DAGs. The possibility should be considered that DAGs with a fatty acid at the outer

position that is not easily split off by pancreatic lipase may be absorbed as such to

some degree. Absorption of intact DAGs could explain the finding that the combi-

nation of fatty acids in the dietary TAG molecules affects some of its physiological

effects (3, 31).

The presence of intact PL in the intestinal lumen retards TAG digestion (32),

affects the partitioning of lipid digestion products between the oil and micellar

phase (33), and slows down the uptake of lipid digestion products from the micellar

phase (34). Phosphatidylcholine is digested, however, under the action of phospho-

lipase A2, which hydrolyses the fatty acid esterified at the sn2 position to yield

lyso-PC and free fatty acids (34). In contrast to PC, the resulting lyso-PC favors

micellar solubilization and uptake of fat digestion products (35) and other dietary

lipophilic substance (36). Lyso-PC is taken up by the intestinal cell, affects intestinal
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metabolism (37), and can be converted into PC again. There is evidence that

PC can be taken up intact and excreted as part of intestinal lipoproteins in the

lymph (38).

Cholesterol esterase hydrolyses sterol esters. Cholesterol is absorbed as free

sterol (39), and the effects of phytostanol esters and phytosterol esters are mediated

by the free phytostanol/sterol.

2.2.1.3. Physicochemical Aspects For a lipid to be a candidate for absorption, it

must be able to reach the absorptive surface of the small intestine. This is the sur-

face of the microvilli. Geometrically, they are so close to each other that emulsion

droplets are too large to gain access between them. Moreover, an ‘‘unstirred’’ water

layer lines the microvilli. Passage through this layer is rate limiting for lipid absorp-

tion. MAGs and FFA leave the emulsion/water interface where they were formed by

the action of pancreatic lipase and form mixed micelles with conjugated bile acids.

Only in this form can they easily access the absorptive surface of the small intestine

and be absorbed. To the best of our knowledge, no data are available on the effect of

isomer structure or fatty acid composition of the MAGs on the rate that they are

transferred from the emulsion phase to the micellar phase if any. Partitioning of

fatty acids between the emulsion interface and the micellar phase depends on

pH. When pH is low, such as in the absence of pancreatic juice, protonated fatty

acids remain at the interface of the emulsion and inhibit further digestion. The inter-

ior of the MAG/FFA/conjugated bile salt mixed micelle is a lipophilic environment

in which lipophilic substances such as cholesterol, carotenes, and fat-soluble vita-

mins also can dissolve. It is in this way that they can reach the absorptive surface

and are candidates for uptake. Phytosterols/-stanols can compete with cholesterol

for incorporation in the micelles and thus interfere with cholesterol absorption.

Reaching the absorptive surface of the small intestinal cells is not enough for

uptake. Bile salts, for instance, are not absorbed at this site, and absorption of phy-

tosterols is very limited. It cannot be excluded that the stereospecific structure of

the MAGs in the mixed micelles affects the extent of micellar solubilization and

uptake of lipophilic substances, but experimental data are lacking. The composition

of mixed micelles that exist in the intestinal lumen and several of their physico-

chemical properties have been described (40).

2.2.1.4. End Products of TAG, DAG, and MAG Digestion Intestinal digestion

and absorption are interrelated phenomena that go on simultaneously. The chemical

form in which fatty acids present in food fats are taken up depends on rates of

digestion and isomerization relative to rates of uptake. The chemical form in which

a fatty acid is present in the intestinal lumen or is taken up in the intestinal cells is

of utmost importance because it influences its further metabolism.

For long-chain triacylglycerols, it can be stated that fatty acids fed in the sn1,3-

position are taken up mainly as free fatty acids, whereas those at the sn2-position

are mainly taken up as sn2-MAGs. This is schematically shown in Figure 1.
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In contrast, medium-chain fatty acids are mainly but not exclusively taken up as

FFA whatever their position in medium-chain or mixed-chain TAGs.

eq-DAGs and eq-MAGs are easily prepared industrially in large quantities, and

eq-DAGs are on the market as edible oils in Japan and their approval for the U.S.

market is solicited (2002). DAGs and MAGs are also used in smaller quantities as

emulsifiers in some foods. In eq-DAGs, the 1,3 isomers are the major components.

In a diet, TAGs are always present. When eq-DAGs are also present in the diet, it is

expected on theoretical grounds that they will form emulsion droplets together

with the TAGs. The rac-1,2 isomers are normal intermediates of TAG digestion.

The sn1,3-isomers would only be formed from TAGs in very small quantities

by isomerization of their intermediary sn1,2- and sn2,3-DAG digestion products.

If pancreatic lipase preferentially attacks the sn-1-position of 1,3 DAGs as it does

in TAGs, the major first digestion product would be sn3-MAGs, but sn1-MAGs

would be formed as well. This would be of no consequence if both

MAG stereoisomers, which are substrates for pancreatic lipase, would be broken

down completely to glycerol and fatty acids before absorption. However, if

there will be substantial absorption of the intact MAGs, their isomeric composi-

tion could be of importance because it has been shown that they are handled

differently in the intestinal cells (vide infra). There is indirect evidence that

sn1(3)-MAGs are taken up intact from the intestinal lumen (vide infra). Theoretical

possibilities for intraluminal handling of DAGs and MAGs fed as such are given in

Figure 2.

Intestinal lumen

+

+

+

ii

Figure 1. Schematic representation of TAG digestion and absorption. In circle: in emulsion

phase; in rectangles: in micellar phase; horizontal arrows: absorption or isomerisation (i);

descending arrows: digestion.
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3. DIFFERENCES IN METABOLISM BETWEEN ESTERIFIED
AND FREE FATTY ACIDS

3.1. In the Intestinal Lumen

Saturated fatty acids are better absorbed as MAGs than as FFA, as the latter can

form less-absorbable hydrated acid soaps and complexes with calcium and other

divalent ions (41). The effect is more pronounced when the amount of calcium

in the diet is high (42). In the presence of insoluble soaps, cholesterol absorption

may be reduced (43). Thus, the stereospecific position of fatty acids in the TAGs

can have an effect on their absorption and on the absorption of minerals and other

lipid constituents.

3.2. In the Intestinal Cell

3.2.1. Intestinal Handling of FFA In the cells of the small intestine, several

enzymes can act on free but not on esterified fatty acids. In contrast to MAGs,

FFA are diluted with fatty acids originating from the plasma free fatty acid pool

(44). After activation they can be oxidized, elongated, chain desaturated, and con-

verted into complex lipids (45, 46). The relative rates depend on the nature of the

fatty acids and on the presence of other components in the intestinal cells (47). Con-

version of saturated fatty acids in monounsaturated ones when they are absorbed as

FFA, i.e., when they were present in the outer position of the dietary TAGs, could

Intestinal lumen

+

++

Figure 2. Schematic representation of DAG (total panel) and MAG (lower panel) digestion and

absorption. In circle: in emulsion phase; in rectangles: in micellar phase; horizontal arrows:

absorption; descending arrows: digestion.
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contribute to their lower hypercholesterolemic effect than when originally present

at the inner position. FFA also affect intestinal gene expression (48) and the produc-

tion of apolipoproteins, and these effects are fatty acid dependent (49).

3.2.2. Intestinal Handling of MAGs

3.2.2.1. b-monoacylglycerols After feeding usual food fats, the major digestion

products that are absorbed are sn2-MAGs and FFA. In the small intestinal cells,

most of the sn2-MAGs react with activated free fatty acids to be converted by a

multienzyme complex into TAGs. The excess of FFA reacts with sn3-glycerophos-

phate to form lysophosphatidic acids, which are further converted into phosphatidic

acids. Dephosphorylation results in sn1,2-DAGs, which are precursors of both

TAGs and PL.

3.2.2.2. a-monoacylglycerols What will happen after influx of sn1,3-DAGs or

1(3) sn-MAGs in the intestinal cell is less clear. A series of competing reactions

must be considered such as complete digestion, acylation, transacylation, phoshory-

lation, and intact excretion out of the intestinal cells.

Lipases that hydrolyze MAGs are present in the intestinal cells, but their action

seems to be reduced by other intestinal cell constituents (50). Some of them show

considerable fatty acid specificity (51). Both sn1- and sn3-MAGs can be acylated to

form sn1,3-DAGs. This transformation is fatty acid and species dependent (51).

Anyhow, sn1,3-DAGs are poor substrates for intestinal TAG synthesis (51, 52).

Sn1- but not sn3-MAGs can be phosphorylated into lysophosphatidic acid (53)

and possibly be metabolized further as described above. If MAGs would escape

intestinal metabolism and could leave the cell intact, they could be transported

by portal blood bound to albumin (54). The different metabolic pathways of

1(3)-MAGs that have been demonstrated in vitro in intestinal tissue are given in

Figure 3.

There is some indirect evidence that after MAG feeding, intact sn-1-MAGs or

their phosphorylated derivatives reach the liver with retention of the sn1 ester

bond. In the liver, TAGs are mainly formed from sn3-glycerophosphate. Sn3-

glycerophosphate acyltransferase shows fatty acid chain length selectively, incor-

porating about 60% fatty acids with 16 carbon atoms and 40% fatty acids with

18 carbon atoms at the sn-1- position. The other enzymes involved in hepatic synth-

esis of TAGs that will be secreted in plasma mainly incorporate unsaturated fatty

acids with 18 carbon atoms (about 80%). As a result, the main chain length com-

bination of fatty acids in TAGs in fasting plasma will be 16/18/18. Sn1-MAGs can

be phosphorylated in the intestine and in the liver. Thus, by feeding sn1-MAGs, the

fatty acid selectivity of sn3-glycerophosphate could be bypassed if sn1-MAGs were

precursors of lysophosphatidic acid and TAGs with an unusual fatty acid at the sn1-

position could be formed. If this actually happens was checked by analysis of the

chain length combination of fatty acids in TAGs by carbon number analysis. Carbon

number composition of TAGs found in fasting serum after long-term TAG and eq-

MAG feeding in humans are given in Table 1.
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The reduced fraction of TAGs with carbon number 50 and the increased ratio of

TAGs with fatty acid combination 18/18/18 to these with 16/18/18 in fasting serum

(55) after long-term eq-monolinoleate feeding suggests that the MAGs were trans-

ported into the liver with structure retention and used for TAG synthesis. If the

MAGs contain at the sn1-position a fatty acid such as linoleic acid that normally

is not incorporated into lysophosphatidic acid by sn3-glycerophosphate acyltrans-

ferase, TAGs may be formed with unusual structure. Such plasma TAGs, which

may also occur after DAG feeding in case these are taken up as MAGs, may be

turned over at different rates and consequently affect their fasting concentration.

4. POSTPRANDIAL EFFECTS

After TAG feeding, long-chain fatty acids leave the intestinal cell mainly as TAGs

incorporated in intestinal lipoproteins with the size of chylomicrons. These are

TABLE 1. Carbon Number Composition� of TAGs in Fasting Plasma After Long-Term

TAG or MAG Feeding.

After TAG Feeding�� After MAG Feeding��

Carbon Number Chain Length Combinations (n¼ 10) (n¼ 4)

50 16/16/18 20.5� 3.8 12.5� 4.5

52 16/18/18 55.8� 3.6 57.0� 4.7

54 18/18/18 15.2� 3.1 25.0� 5.2

�mole%� SD.
��Fatty acid composition of sunflower seed oil.

PP

ATP

?

?

?

+

90%

10%

Figure 3. Intestinal metabolism of monoacylglycerols.
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transported via the lymphatic route. When they enter the blood stream, there is an

increase in chylomicronemia, triglyceridemia, and a change of the fatty acid com-

position of plasma TAGs toward that of the fat fed. Chylomicron-TAGs are hydro-

lyzed by lipoprotein lipase, resulting in the formation of remnants and liberation of

free fatty acids. As a consequence, the composition of the nonesterified fatty acids

in plasma also changes toward that of the fat fed. Chylomicron remnants are taken

up by the liver. Medium-chain fatty acids provided in the diet as MCT or as struc-

tured lipid are transported mainly as free fatty acids by the portal vein.

After isomeric eq-MAG loading, the well-known postprandial chylomicronemia,

triglyceridemia, and shift of the fatty acid composition of serum triacylglycerols

and nonesterified fatty acids toward that of the fat fed is much less pronounced

than after natural fat feeding (56). However, when MAGs are fed together with

FFA, effects similar to these of TAG feeding are obtained. This finding is in con-

currence with the finding that the availability of long-chain free fatty acids in the

intestine is critical for chylomicron synthesis. The reduced hypertriglyceridemia

and chylomicronemia after MG loading in combination with the absence of

increased stool fats or appearance of MG or DG in blood in the postprandial state

suggest that at least part of the fatty acids fed as monoglycerides is not transported

by the lymphatic system but by the portal vein. The influx of these components in

the liver could initiate a cascade of reactions, which may explain the appearance of

‘‘unusual’’ triacylglycerols in the circulation (see above) (55), lower adiposity, and

lower insulinemia and leptinemia (23).

The concept of portal transport of MAGs based on findings in humans contrasts

with findings in rats. Docasahexaenoic acid administered intragastrically as an

emulsion in lymph canulated rats resulted in higher lymphatic output, mainly as

TAG, when administered as MAG than as TAG (57). It is not known whether

this is caused by the differences in experimental setup or by species differences.

Feeding MAGs together with FFA resulted postprandially in TAG effects. This

cannot be caused by the presence of FFA as these have effects different from those

of TAGs or MAGs when fed as sole source of fats.

eq-DAG feeding has postprandial effects distinct from feeding TAGs with the

same fatty acid composition. For instance, in rat liver, decreased activities of

TABLE 2. Postprandial Lipemic and Lipoproteinemic Effects of Feeding TAGs�,
eq-DAGs��, eq-MAGs�, and a 2/1 Mixture of FFA plus eq-MAGs�.

Effects Increase

Fat Fed Chylomicronemia Increase in VLDL in Triglyceridemia On Fatty Acidsa

TAGs high low high high

DAGs lower lower

MAGs low low low low

FFA low high high high

MAGsþ FFA high low high high

�With the fatty acid composition of sunflower seed oil; from Christophe and Verdonk (56).
��With the fatty acid composition of olive oil; from Tagushi et al. (58).
a Change of the fatty acid composition of fasting plasma triglycerides toward that of the fat fed.
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enzymes involved in fatty acid synthesis and increased activity in those involved in

fatty acid oxidation were found after DAG compared with TAG feeding. It is con-

ceivable that when sn1,3-DAGs are fed, they will be partially digested and taken up

as sn1(3)-MAG and FFA. Indeed some of their postprandial effects mimic those of

isomeric equilibrium MG feeding (e.g., lower increase of chylomicron TAG [58]).

Postprandial lipemic/lipoproteinemic effects effects of feeding TAGs, DAGs,

and TAGs are summarized in Table 2.

5. EFFECTS OF STEREOSPECIFIC STRUCTURE OF DIETARY
ACYLGLYCEROLS ON CHYLOMICRON CLEARING
AND TISSUE TARGETING

The composition of the fatty acids in the sn2-position of chylomicron triacylglycer-

ols is similar to that of the sn-2 position of the long-chain fatty acids of the fat fed.

Chylomicron clearing is slowed down by saturated fatty acids in the sn2-position

compared with unsaturated fatty acids (59). More general, plasma clearing of chy-

lomicrons depends on the specific arrangement of acyl chains of the constituting

TAGs and not necessarily on their overall saturation (60). The rate of chylomicron

clearing relative to uptake of chylomicron remnants is of importance as it affects

remnant concentration. Chylomicron remnant removal is strongly influenced by

the type of dietary fat with slower clearance with saturated fats with high melting

points (61). High concentrations of chylomicron remnants have been correlated

with accelerated atherosclerosis (62).

Relative to fatty acids esterified in the 1(3)-position of chylomicron TAGs, fatty

acids in the sn2-position are delivered to a greater extent to the liver, whereas the

fatty acids originally present at the outer positions are taken up to a greater extent

by peripheral tissues (63). As biological effects of fatty acids are dependent on their

nature, their tissue targeting could be of importance.

6. EFFECTS OF STEREOSPECIFIC STRUCTURE OF DIETARY
TRIACYLGLYCEROLS ON THEIR HEALTH-RELATED
NUTRITIONAL EFFECTS

The effect different fatty acids have on cholesterolemia is well known. Whatever

the kind of the effect (hyper- or hypocholesterolemic), it seems to be more pro-

nounced when the fatty acids are esterified at the inner than at the outer positions

of TAGs. The lower hypercholesterolemic effect of saturated fatty acids at the outer

positions (64) can be the result of a combination of different factors such as reduced

absorption by unabsorbable soap formation, which in turn interferes with choleste-

rol absorption in the intestinal lumen, partial desaturation and oxidation in the small

intestinal cells, and reduced targeting into the liver (63). The stronger hypocholes-

terolemic effect of polyunsaturated fatty acids at the sn-2-position (65) could be the

result of increased influx in the liver (66).
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Symmetrical stearic acid containing TAGs with oleic acid in the sn-2-position

(cocoa butter) is absorbed faster than asymmetrical TAGs with saturated fatty acids

in the sn-2-position, leading to higher postprandial lipemia and activated factor

VIIa levels (67).

The atherogenicity of fats containing palmitic acid is higher when this fatty acid

is esterified at the sn2-position than at the outer positions, even when cholesterole-

mia is not affected (68).

Higher conversion of ‘‘parent’’ essential fatty acids into their longer and more

unsaturated metabolites has been described when the parent essential fatty acids

were esterified into the sn-2-position (66). This may be explained by increased

influx in the liver (66).

When infants were fed the same amount of palmitic acid, significantly lower

values of high-density lipoprotein-cholesterol and of apolipoprotein A and signifi-

cantly higher levels of apoB were found in infants when the same amount of pal-

mitic acid was fed in TAGs in the sn2-position than in the sn1(3)-position (69). This

illustrates that lipoprotein metabolism can be affected by fatty acid distribution in

TAGs.

Lipids with palmitic acid mainly in the 1(3)-position caused a larger increase in

triglyceridemia and lower increase in insulinemia in the beginning of the postpran-

dial period in postmenopausal women (70).

Clear differences between feeding seal oil, with eicosapentaenoic acid and doco-

sahexaenoic acid mainly at the outer positions of TAG, or fish or squid oil with

these fatty acids mainly at the inner position, were obtained on eicosanoid produc-

tion (71), reduction of triglyceridemia (4), and serum phospholipid arachidonic acid

content (72). In general, the positive effects of these fatty acids seem to be more

pronounced when they are esterified at the outer position dietary of triacylglycerols.

Moreover, fatty acid effects are not only dependent on the nature of the fatty acid

and its positional incorporation in acylglycerols but also on coingestion with other

fats (73) and other dietary macronutrients (74).

7. EFFECTS RELATED TO TRIACYLGLYCEROL
HYDROPHOBICITY

The nature of the fatty acids in TAGs determines their hydrophobicity/hydrophili-

city and diffusional mobility. In an aqueous/lipid environment, such as adipose tis-

sue or lipoproteins in plasma, the relative hydrophilicity of the TAGs determines

their partitioning between the interfacial phase and the apolar phase. This may

have far stretching consequences. For instance, the rate and selectivity of fatty

acid mobilization from fat cells may affect levels and composition of the nonester-

ified fatty acids in plasma. These in turn affect lipid homeostasis. Rate and selec-

tivity of fatty acid mobilization from adipose stores are not related to the positional

distribution of fatty acids on the glycerol backbone (75). They are related, however,

to triacylglycerol hydrophilicity and thus to TAG structure (76).
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8. EFFECT OF ACYLGLYCEROL STRUCTURE
ON NUTRITIONAL EFFECTS

8.1. Diacylglycerols

Although the energy value and digestibility of eq-DAG are similar to those of TAGs

(77), replacing the latter by the former in a mildly reduced-energy diet enhances

loss of body weight and fat (78). Long-term eq-DAG feeding results in lower tri-

glyceridemia than TAG feeding (79) and enhances the cholesterol-lowering effect

of phytosterols (80). DAG feeding does not affect fat-soluble vitamin status (81).

8.2. Monoacylglycerols

It is very hard to incorporate relatively large amounts of MAGs in a diet that is

acceptable to humans. Although MAGs derived from a polyunsaturated oil are

liquid as such, they form sticky phases when they come into contact with water

(81), giving an unpleasant mouthfeel when eaten. Even tube feeding can cause

problems because the tube can become blocked when the MAGs come in contact

with water. Nonetheless, long-term administration of eq-MAGs has been achieved

in some patients who benifited from them. Often, the MAGs had to be frozen, cut in

small pieces, and swallowed as such. Compared with TAGs with the fatty acid com-

position of sunflower seed oil, long-term MAG administration resulted in higher

triglyceridemia and lower cholesterolemia (22). If the properties of MAGs would

be indicated for clinical nutrition, structured lipids with the long-chain fatty acid in

the sn1(3)-position might substitute for them. Structured lipids with the long-chain

fatty acid either at the sn1- or sn3-position could possibly be used to determine dif-

ferential effects of both isomers. As far as we know, this strategy has not been

explored yet.

8.3. Phospholipids

Differences in nutritional effects between PLs and TAGs can be caused by several

factors not related to their fatty acid composition, such as the presence of a phos-

phate group and a nitrogen base (mainly choline) that may interact in several meta-

bolic pathways (82). Moreover, several glycerophospholipid preparations studied

can contain other components such as cholesterol, cerebrosides, sphingomyelins

also depending on their source, method of isolation, and purification. These com-

ponents may also affect the nutritional properties. In this chapter, the metabolic fate

of constituent fatty acids of PLs and TAGs will be compared.

Enrichment of the dietary fat with PLs or TAGs may or may not affect fecal

excretion of fat and minerals and may increase or decrease saturated fat absorption

depending on the PL and TAG source (83). Long-chain polyunsaturated fatty acids

were better absorbed in preterm infants when fed as PLs than as TAGs (84). Feed-

ing long-chain polyunsaturates as PLs or TAGs influences the distribution of these

fatty acids in plasma lipoprotein fractions, affects their content in different plasma
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lipid fractions, and affects the composition of HDL and LDL phospholipids (83).

Arachidonic acid was shown to be more effective for brain arachidonic acid accre-

tion when fed as PL compared with TAG (85).

9. SEMI-SYNTHETIC FOOD FATS WITHOUT
ACYLGLYCEROL STRUCTURE

9.1. Sucrose Polyesters

Sucrose polyesters have no primary ester bonds and are not digested. As a result,

they remain in the oil phase and are not taken up and are excreted with the stools. In

the small intestine, they have some effect on the partitioning of fat-soluble compo-

nents between the emulsion and micellar phase and as a consequence on their

absorption. Reduced absorption of fat-soluble vitamins can be avoided by enriching

the sucrose polyesters with these vitamins. Their main use is related to the fact that

they can replace usual food fats in many prepared foods but that they do not provide

for calories.

9.2. Phytosterol and Stanol Esters

Plant sterols and stanols derived from wood pulp and vegetable oils lower total and

low-density lipoprotein cholesterol by inhibiting cholesterol absorption from the

intestine in humans. The effect is dose dependent, and significant reductions of

apo B are already obtained with doses as low as 1 g/day (86). Because of their solu-

bility properties, sterols/stanols cannot be incorporated in foods to any large extent.

Esterification has allowed their incorporation into various foods such as margarine

without changing the taste and texture of those foods. During intestinal transit, sterol

esters are hydrolyzed to a large extent and reduce hydrolysis of cholesterol esters.

The free phytosterols are incorporated into micelles, thus reducing micellar solubi-

lization of cholesterol (87) and consequently its intestinal uptake (88). Unless in

some rare diseases, phytosterols/stanols are poorly absorbed and are resecreted

into the intestinal lumen through bile (89). They may also have some negative

effect on carotenoid absorption, but a healthy diet rich in carotenoids is effective

in maintaining normal blood carotenoid levels (90). There are no changes in serum

fat-soluble vitamins when a normal diet is consumed (91). Sterol and stanol esters

seem to have comparable cholesterol-lowering activity (92). The serum cholesterol-

lowering effect of phytosterols is higher when fed together with DAGs than with

TAGs (80). Except possessing cholesterol-lowering potency, phytosterols have

been suggested to have anticancer properties (93).

10. CONCLUSION

Modern methodology allows the synthesis of special food fats that are not digested

or that can yield in high-yield digestion products with stereochemical structures that

550 STRUCTURAL EFFECTS ON ABSORPTION, METABOLISM



are formed only in very small quantities after feeding the common food fats. Tri-

acylglycerols with a different combination of fatty acids and/or with a different

stereochemical structure can also be produced. These fats can either have improved

long-term health effects or may be useful for clinical nutrition.
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1. INTRODUCTION

Edible fats and oils (lipids) are derived from plant, animal, and marine sources. Fats

and oils differ in that fats are solids at normal room temperature whereas oils are

liquids under similar conditions. Lipids are recognized as essential nutrients in both

human and animal diets. They provide the most concentrated source of energy

of any foods. The caloric value of lipids (9 kcal/g) exceeds twice that of proteins

and carbohydrates (4 kcal/g). Lipids not only contribute to flavor, color, odor, and

texture of foods, but also confer a feeling of satiety after eating. Lipids also act

as carriers of fat-soluble vitamins, supply essential fatty acids, and increase the

palatability of foods. Dietary fats are often categorized as ‘‘visible’’ or ‘‘invisible’’
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fats: Visible fats are those consumed in the diet as foods such as butter, margarine,

spreads, salad oil, lard, and shortening; invisible fats are those naturally occurring

in basic foods, such as milk, cheese, and meat.

Triacylglycerols (TAGs) are the predominant component of most edible fats and

oils. Lipids, however, usually contain small amounts of various minor components

and include monoacylglycerols (MAGs), diacylglycerols (DAGs), phospholipids,

pigments, sterols, free fatty acids (FFAs), fatty alcohols, fat-soluble vitamins, and

other substances. The functional properties and quality characteristics of fats and

oils are directly related to the type of TAGs in the fats and oils. The types of

TAGs are determined by the fatty acid composition and stereospecific distribution

of fatty acids on the individual TAG molecules. The physical characteristics of

edible fats and oils depend on the nature of their constituent fatty acids (i.e., degree

of unsaturation, carbon chain length of the fatty acids, the presence of geometric

isomers of fatty acids, and positional distribution of the fatty acids), molecular

configuration of TAGs, and polymorphic forms. In effect, the unique fatty acid

distribution patterns of some natural fats limit their industrial application.

Hydrogenation, interesterification, fractionation, and blending are distinct pro-

cesses that can be applied to modify the physical or chemical properties of fats and

oils in order to improve their usefulness. These processes can be used alone or in

combination with each other. By combining hydrogenation, fractionation, and

interesterification with the simple blending of native and modified oils, it is possible

to engineer a wide variety of fats and oils with characteristics suited to specific

applications. Hydrogenation is used to convert liquid oils into products having dif-

ferent consistencies, melting points, and textures. On the other hand, interesterifica-

tion produces changes in physical properties by rearrangement or redistribution of

fatty acids within and among the TAGs of oils. Fractionation provides a means of

producing fats and oils with sharply defined melting characteristics.

2. HYDROGENATION

Hydrogenation is the process most widely employed to change the physical

characteristics of natural fats and oils to make them better suited for specific

applications. Hydrogenation of edible fats and oils involves the addition of

hydrogen, in the presence of a catalyst, to the carbon-carbon double bonds present

in the fatty acid chains. It is a process that creates consistency in fats and oils by

converting unsaturated low melting TAGs into higher melting solid TAGs. The

purpose of the hydrogenation process is two fold: (1) to convert liquid oils into

semisolid or plastic fats for specific food applications, and (2) to improve the

oxidative stability of the oil to maintain its organoleptic acceptability as a human

food for an extended period of time. During the hydrogenation of fats and oils,

three important reactions occur simultaneously: (1) saturation of double bonds

with hydrogen, (2) cis-trans-isomerization of double bonds, and (3) migration of

double bonds to new positions in the fatty acid carbon chain. Changes to reaction

conditions will have an effect on the relative rates of these three reactions.
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Hydrogenation is a three-phase reaction in which solid catalyst, gaseous

hydrogen, and liquid oil interact. Both batch and continuous processes are used.

In the process of hydrogenation, the oil is mixed with an appropriate catalyst and

heated to a suitable temperature and hydrogen is then added at high pressure (up to

60 psig). At elevated temperatures and pressures, the solubility of hydrogen in

the oil is increased, thus increasing the rate of the reaction. Only hydrogen, which

is dissolved in the oil, is available for the reaction. After the hydrogenation process

is completed, the catalyst is removed from the fat by filtration. In commercial

practice, two types of hydrogenation are performed: nonselective hydrogenation,

under conditions such as 50 psig, 0.05% (wt% of oil) catalyst at 121�C; and

selective hydrogenation, under conditions such as 5–14 psig, 0.05% catalyst at

177�C (1). These processes are discussed in another chapter in this series.

3. FRACTIONATION

Fractionation of edible fats and oils has become an important and a versatile oil-

modification process. Fractionation separates fats and oils into fractions with differ-

ent melting points. Fractionated fats and oils have been used to prepare a variety of

foods such as margarines, shortenings, salad oils, frying oils, and confectionery

products. Fractionation also is employed to split diacylglycerols (DAGs) and

monoacylglycerols (MAGs) to produce various fractions with desirable properties

for manufacturing of soap, or for oleochemical and pharmaceutical applications.

The principle of oil fractionation is based on the difference in solubility of the

component TAGs. The difference in solubility is directly related to the types of

TAGs in the fats and oils. Three major processes are employed commercially to

produce value-added fractionated fats and oils: (1) dry fractionation, (2) solvent

fractionation, and (3) aqueous detergent fractionation.

Dry fractionation of fats and oils is based on the gradual cooling of the oil under

controlled conditions without solvent. In this process, no additives or chemicals are

used. When the oil reaches the desired temperature, the cooling is stopped and

the solid TAGs are allowed to separate from the liquid TAGs. The separation of

the liquid (olein) and solid (stearin) fractions may be performed by centrifugation.

Dry fractionation is generally used for the separation of the stearin and olein frac-

tions of palm oil and lauric fats.

Solvent fractionation is the term used to describe the crystallization process

of a desired fat fraction from oil that is solubillized in a suitable solvent. Fat

fractions may be selectively crystallized at different temperatures, after which the

fractions are separated and the solvent removed. This procedure is suitable for

the preparation of value-added products. The production of cocoa butter equiva-

lents, cocoa butter substitutes, cocoa butter replacers, and medium-chain triacyl-

glycerols (MCTs) are well-known applications for this type of fractionation.

In detergent fractionation, an aqueous detergent solution (5% sodium lauryl

sulfate) is added to the crystallized material to assist in the separation of the liquid

olein and the solid stearin fractions. The separation of the two phases can be
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performed by centrifugation. Traces of detergent in the olein fraction can be re-

moved by water washing. This process is widely employed for palm oil and tallow.

4. BLENDING

After the refining process, edible fats and oils may be blended together to produce a

product with a specified fatty acid composition, or consistency and stability require-

ments. Blending of two or more fats is widely used in the production of margarines,

shortenings, frying oils, salad oils, and some specialty oils. This process is eco-

nomical, requires little capital investment, and does not change the chemical char-

acteristics of the blend components. The mixtures of oils are blended to meet both

the desired fatty acid composition and consistency of the final product. The consis-

tency of the product can be established using various analytical criteria, such as fatty

acid composition, solid fat index, iodine value, and melting point. For example,

shortening and margarine oil blends are manufactured to a uniform specification

by blending to a given solid-fat content.

The blending process requires scale tanks and meters to proportion the starting

materials accurately for each type of product. The blend tanks should be equipped

with agitators and heating devices to ensure uniform blend of products. Nitrogen

blanketing also should be provided to protect the oil from oxidation.

Simple physical blending of medium-chain triacylglycerol (MCTs) and long-

chain triacylglycerols (LCTs) has been used in certain enteral and parenteral

TAGs applications. Blending is a simple and economical way for providing med-

ium-chain fatty acids (MCFAs) to individuals who require them. Incorporation of

MCFAs into structured lipids, via chemical or enzymatic reactions, provides a more

nutritionally available source of MCFAs than simple physical blending.

5. INTERESTERIFICATION

Chemical interesterification is one of the major reactions used by the industry

for modification of natural fats and oils. It is a process that is used to modify the

physical and functional properties of TAG mixtures in fats and oils (2). In its

simplest form, interesterification corresponds to an exchange of acyl groups

between two TAGs, resulting in the formation of new TAGs that have chemical

and physical properties deemed superior to those of the starting TAGs (3). In gene-

ral, chemical interesterification involves the random removal of fatty acids from

the original TAGs, shuffling these fatty acids, and random replacement of them

on the new TAGs.

5.1. Types of Interesterification

The term ‘‘interesterification’’ is often used to describe reactions that involve the

exchange of acyl residues between an ester and an acid (acidolysis), an ester and

an alcohol (alcoholysis), or an ester with another ester (trans-esterification).
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5.1.1. Acidolysis Acidolysis involves the transfer of an acyl group between a

free fatty acid (FFA) and a TAG (Figure 1). This reaction takes place under acidic

conditions. The added acid catalyst may catalyze the partial hydrolysis of fatty

acids from the TAGs producing the required DAGs and MAGs. Fatty acids can

now react with the free hydroxyl groups of the DAGs and MAGs, which results

in the synthesis of new TAGs (4). These reactions can produce an equilibrium

mixture of reactants and products or can be driven to completion by physically

removing one of the reaction products. Theoretically, the reaction could also be

pushed to higher yields by using excess amounts of free fatty acids, however,

this is not practical because of the high cost of fatty acids and the need to separate

large amounts of FFAs from the final product once the acidolysis reaction is

completed (4). Acidolysis is an effective means of incorporating novel fatty acids

into TAGs and may be used to incorporate eicosapentaenoic acid (20:5n-3; EPA)

and docosahexaenoic acid (22:6n-3; DHA) into vegetable and fish oils to improve

their nutritional properties. For example, borage oil and DHA can be reacted to

partially replace the linoleic acid of borage oil with DHA (5).

5.1.2. Alcoholysis and Glycerolysis Alcoholysis is the esterification reaction

between an alcohol and a TAG (Figure 2a). In the alcoholysis of vegetable oils,

a TAG reacts with an alcohol in the presence of a strong acid or base, producing

a mixture of alkyl esters and glycerol. The alcoholysis process is a sequence of

OCOR1

OCOR2

OCOR3

+ RCOOH

OCOR

OCOR2

OCOR3

+

OCOR1

OCOR

OCOR3

+ R1COOH + R2COOH,   etc.

Figure 1. Acidolysis reaction.
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3 ROH
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OH
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OH

OH
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OCOR1

OH
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ROCOR2 ROCOR3+ + + +

Triacylglycerol Alcohol Glycerol Mixture of alkyl esters

+

Triacylglycerol

+

Glycerol Partial acylglycerols

(b) Glycerolysis
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Figure 2. Alcoholysis and glycerolysis.
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consecutive and reversible reactions, in which MAGs and DAGs are produced as

intermediates (6). The stoichiometric reaction requires one mole of TAG and three

moles of alcohol. An excess of the alcohol, however, may be used to increase the

yield of the alkyl esters and to allow phase separation from the glycerol formed.

Glycerolysis is the exchange of acyl groups between glycerol and a TAG

(Figure 2b). Most of the MAGs and DAGs are produced via chemical-catalyzed

glycerolysis of TAGs. In this process, TAGs are mixed with an excess of glycerol

at elevated temperatures in the presence of an alkaline catalyst, usually sodium

hydroxide. The reaction mixture is kept at an elevated temperature until the fatty

acid groups of the TAGs are redistributed at random among the available hydroxyl

groups of the glycerol. The reaction mixture after reaching equilibrium is cooled

and the catalyst inactivated by addition of a food-grade acid, usually phosphoric

acid. The deactivated catalyst must then be removed by filtration. The excess

glycerol dissolved in the reaction mixture must be subsequently removed by

vacuum distillation. This process yields substantial amounts of MAGs and DAGs.

Enzymatic glycerolysis of fats and oils under atmospheric pressure and ambient

temperatures has been investigated as an alternative method to the conventional

chemical procedures used for industrial production of MAGs and DAGs (7). There

are several ways to produce MAGs, which are of great importance in the food

industry as surface-active agents and emulsifiers. MAGs may be produced by ester

exchange between TAGs and glycerol, or by reaction of FFAs and glycerol, with the

former reaction termed glycerolysis and the latter acidolysis.

5.1.3. Trans-esterifiation (Ester Interchange) Trans-esterification is the most

widely employed type of interesterification reaction used by the food industry.

Trans-esterification results in the ‘‘shuffling’’ of fatty acids within a single TAG

molecule (intraesterification) and among TAG molecules until an equilibrium is

achieved in which all possible combinations are formed (2). Figure 3 shows the

complete randomization of fatty acids in a typical TAG containing stearic, oleic,

and linoleic acids (1-stearoyl-2-oleoyl-3-linoleoyl glycerol; SOL). During the reac-

tion, the first step involves the cleavage of ester bonds linking fatty acyl residues to

the glycerol backbone. The newly liberated fatty acids form a fatty acid pool that

are re-esterified onto a new position, either on the same glycerol (intraesterification)

or onto another glycerol (interesterification) molecule (8). Once the reaction reaches

equilibrium, a mixture of disaturated, monosaturated, triunsaturated, and trisatu-

rated TAG components is obtained (Figure 3). The equilibrium may be simplified

and represented as:

SSS, ðSUS, SSUÞ , ðSUU, USUÞ , UUU:

5.2. Chemical Interesterification

Chemical interesterification results in a complete randomization of acyl groups in

the TAGs. Interesterification, alone or in combination with other processes, extends
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the utility of edible oils, and such modified oils are extensively employed in a wide

variety of food applications. Commercially, chemical interesterification is used for

processing of edible fats and oils to produce margarines, spreads, cooking oils,

shortenings, confectionery fats, and reduced-calorie lipids.

Two mechanisms have been proposed for alkaline-catalyzed chemical interester-

ification; enolate anion formation and carbonyl addition.

5.2.1. Enolate Ion Formation This mechanism suggests that the reaction begins

when the sodium methoxide (catalyst) attacks the acidic hydrogen from the carbon

a to the carbonyl carbon to produce an enolate structure (Figure 4). This reaction

produces a carbanion, which is a strong nucleophile. The enolate anion then reacts
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O      (Oleic acid)

L      (Linoleic acid)
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Figure 3. Formation of triacylglycerols during interesterification [Adapted from (2)].
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with another ester group in the TAG molecule to produce a b-keto ester and a

glycerylate, which, in turn, reacts further with other carbonyl carbons to afford

other b-keto esters. In this way, all ester groups in the TAG may react and move

around from their initial positions. The same mode of action applies to ester inter-

change between two or more TAG molecules. The intra-ester interchange is

believed to predominate in the initial stages of the reaction. This mechanism is

referred to as the Claisen condensation pathway.

5.2.2. Carbonyl Addition In this reaction, the alkylate ion (nucleophile) adds on

to the slightly positively-charged carbonyl carbon at one of the three fatty acylgly-

cerol ester bonds and forms a tetrahedral intermediate (Figure 5). The fatty acid

methyl ester is then released, regenerating a glycerylate anion for further reaction.

R2CH2OCO

OCOCHR1

OCOCH2R3

H

R2CH2OCO

O

OCOCH2R3

C C R1

O

HOCH3 CH3OH

C

H

R1

R2CH2OCO

O

OCOCH2R3

C

O−

+
−

+

−

Carbanion

Figure 4. Enolate anion formation.
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Figure 5. Carbonyl addition.
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The glycerylate anion functions as the real catalyst and transfers acyl groups around

the glycerol backbone. It should be noted that with the carbonyl addition mecha-

nism, both intra- and interesterification reactions are possible (4). The similarity

in the two mechanisms is that glycerylate anions are formed via both mechanisms.

The basic difference is that, in the first instance, both b-keto esters and glycerylate

ions are the acyl donors for interesterification, and in the second, only glycerylate

ions are the acyl donors. Ester interchange between fully saturated S3 and fully

unsaturated U3 molecules is shown in Figure 6, as a model for the randomization,

which occurs via the carbonyl reaction mechanism (9). The kinetics were demon-

strated with six possible reactions between various glycerylate anions with equili-

brium constants of 3k, 2k, and 2/3k (Figure 6).

5.2.3. Chemical Interesterification Process Interesterification results when

oil is heated at relatively high temperatures (�200�C) for a considerably long

period of time. However, when carried out in the presence of catalysts, chemical

interesterification can be performed at lower temperatures (as low as 50�C) than

when it is carried out without catalyst. The catalyst used can be acids, bases, or their

corresponding salts and metals. Approximately 0.1% catalyst is required (wt% of oil).

The most commonly used catalysts are sodium methylate or ethylate, sodium-

potassium alloy (NaK), and sodium or potassium hydroxide. The advantages of

using metal alkylate catalysts are high activity, ready availability, low cost, and

ease of handling. These compounds may not be the real catalysts, but serve

as initiators in the process of forming the ‘‘true catalyst.’’ When the catalyst is
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Figure 6. Kinetics of interesterification via carbonyl addition (S, S2, S3 and U, U2, U3: mono-, di-,

and trisaturated and unsaturated, respectively) [Adapted from (9)].
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dispersed in a dried oil maintained at 60–80�C, a white slurry is formed. A few

minutes after the catalyst is added, the oil acquires a reddish brown color, which

deepens as the reaction continues. The reddish brown color is a result of the forma-

tion of a complex between the sodium and the TAGs and is believed to be the active

catalyst. At the end of the interesterification reaction, the catalyst must be inacti-

vated and removed. Most chemical catalysts can be removed by washing the reac-

tion mixture with water or phosphoric acid. A typical example of a chemical

interesterification is shown in Figure 7. Methods employed for defining the end

point of the interesterification reaction include melting point, cloud point, and

solid-fat content, among others.

The oil and catalyst must be extremely dry because moisture can deactivate the

catalyst and cause soap formation. As even trace amounts of water decrease the

potency of the catalyst tremendously, the oil should contain < 0.01% (w/w) water

Refined oil

Interesterified oil

Bleached oil

Reaction

Centrifugation

Bleaching

Deodorization

Deodorized oil

Soapy water

Heat (80−100°C)

Catalyst

Vacuum

Water
or

phosphoric acid

Figure 7. Typical chemical interesterification process.
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(4). In addition to moisture, FFAs and peroxides also will poison the catalyst. For

successful interesterification, most of the crude oil impurities must be removed,

and refining operations should be performed beforehand.

Two basic types of chemical interesterification processes involving the use of

metal catalysts are employed: random and directed.

5.2.4. Random Chemical Interesterification Random interesterification is the

most commonly used approach to interesterification. In random chemical inter-

esterification, fatty acyl groups freely move from one position to another in a single

TAG molecule or from one TAG to another. This continues until the arrangement of

fatty acids in the TAGs is completely random. As the fatty acids rearrange, they

reach an equilibrium. A change from ordered to random arrangement results in

an alteration of physical characteristics of the starting fats and oils, such as melting

profile and melting point. Three distinct steps are involved in the random chemical

interesterification process: (1) pretreatment of the oil, (2) reaction with the catalyst,

and (3) deactivation of the catalyst. Random chemical interesterification can be

done using either batch or continuous processes. Interesterification normally does

not result in the production of either trans-fatty acids or positional isomers of fatty

acids.

5.2.5. Directed Chemical Interesterification This process modifies the fatty

acid randomization by altering the reaction equilibrium in the mixture. In directed

chemical interesterification, one or more of the TAG products of the interesterifica-

tion reaction is selectively removed from the ongoing reaction. As this reaction is

directed to produce a particular type of TAG, it is referred to as directed interester-

ification, which is usually done at low temperature. Interesterification is directed

away from randomness because the oil is maintained at a temperature below the

melting point of the highest melting component that might result. This results in

selective crystallization of the trisaturated TAG species, with the effect of removing

them from the reaction mixture as they crystallize on formation. Interesterification

thus proceeds with the formation of more trisaturated TAGs than would have other-

wise occurred. During directed interesterification, two distinct reactions take place

simultaneously. As trisaturated TAGs are formed, they crystallize from solution and

the fatty acid composition of the remaining liquid phase keeps changing. The reac-

tion equilibrium in the liquid phase is pushed toward increased production of the

crystallization of trisaturated TAGs (10). The process continues until most of the

trisaturates in the oil have precipitated from the reaction medium. Directed interes-

terification reactions normally take considerably longer because the temperature

used is much lower than that for a random interesterification and the additional

time is required for TAG crystallization. In this process, only catalysts that are

active at low temperatures are used. Sodium-potassium alloy is more suitable for

this type of reactions as it is highly active at low temperatures. Continuous pro-

cesses are normally used for directed chemical interesterification because batch

processes are difficult to control.
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5.3. Enzymatic Interesterification

Microbial lipases may be used as biocatalysts for interesterification. Lipase-assisted

interesterification offers possibilities for transformation of lipids beyond those

possible using chemical interesterification (11). Enzymatic interesterification has

several advantages over the chemical-assisted reactions, such as mild reaction

conditions leading to reduced energy consumption and less thermal damage to

reactants and products, the possibility of lipase specificity toward their natural

substrates, as well as high catalytic efficiency. Lipase-catalyzed interesterification

reactions, in contrast to those carried out with chemical catalysts, yield different

types of products depending on the specificity of the lipase used.

Lipase-catalyzed interesterification of fats and oils can be accomplished using

either a batch or continuous process. Among these, continuous interesterification

is the preferred reaction and can be performed using a fixed-bed reactor. The advan-

tages of using continuous interesterification process are catalyst recovery and

reduced reaction time. Processing conditions (temperature, pH, and moisture con-

tent) must be properly controlled and impurities in the starting material kept at a

minimum to prevent inactivation of the enzyme catalyst. The continuous interester-

ification begins by dissolving the starting oil in a solvent followed by treatment to

remove enzyme inhibitors and particulate matter. This solution is partially saturated

with water before pumping through a bed of hydrated biocatalyst particles. The

reaction products are a mixture of TAGs and FFAs. After the reaction, the FFAs

are removed by distillation. The TAGs free from FFA are then solvent fractionated

to yield the desired TAG composition.

To date, lipase-catalyzed interesterification has been applied almost exclusively

to the production of value-added products. One of the best examples is the manu-

facture of cocoa-butter-type TAGs. The potential of sn-1,3-specific lipases for pro-

duction of cocoa butter substitutes relies on enzyme-catalyzed trans-esterification

or acidolysis of palm oil with tristearin or stearic acid, respectively.

5.4. Applications

Interesterification has a number of applications in the food industry. Chemical

interesterification is used commercially to produce modified edible fats and oils

for margarines and spreads, shortenings, confectionery fats, reduced-calorie fats

and oils, and infant formula.

5.4.1. Margarines and Spreads Margarines and spreads are prepared by

blending fats and oils with other ingredients, such as water, milk products, edible

proteins, salt, flavorings, colorings, and Vitamins A and D. In the United States and

Canada, margarine is marketed as a butter alternative and must contain 80% fat.

There are many formulations for making margarines; practically all of which

contain partially hydrogenated oils and, therefore, appreciable levels of trans-fatty

acids. Attempts are being made to reduce the level of trans-fatty acids in these

products as a result of recent nutritional concerns on such fatty acid isomers (12).
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Interesterification has been applied to the production of high-stability margarine

blends and hard butters that have desirable melting qualities. Margarines, spreads

and shortenings made from partially hydrogenated canola, soybean, coconut, olive,

peanut, and sunflower oils tend to develop b-type polymorph crystals. This can

be prevented by the incorporation of some cottonseed oil, palm olein, hydrogenated

palm oil, tallow, or hydrogenated fish oils, all of which stabilize crystals in the

b0 form. The b0-type crystals are desirable for butter, margarine, and spreads and

in the latter two cases, a serious ‘‘graininess’’ defect may result from the formation

of large coarse b crystals. Potential problems of ‘‘graininess’’ may be overcome by

using b-type fats as the ‘‘soft’’ component of the fat blend, although other condi-

tions may be manipulated to favor the formation of b0-type crystals. For this reason,

interesterification may be used to enable margarine and spreads to be made from

vegetable oils without problems associated with b-type crystal formation. Inter-

esterification affects the crystallization behavior of fats and oils. Oils that normally

have b crystallization tendencies shift significantly toward b0 after the interesterifi-

cation process. Soybean oil generally tends to crystallize in the b form. It has been

shown that an interesterified blend of liquid soybean oil and fully hydrogenated

soybean oil crystallizes in the more desirable b0 form (13). The primary purposes

of using interesterification are to minimize trans-fatty acid content in margarines

and spreads and, to a lesser extent, promote crystallization in the b0 form.

5.4.2. Shortenings The term ‘‘shortenings’’ was originally used to describe the

function performed by solid fats such as lard and butter in baked foods. Shortenings

are 100% fat products that vary in consistency according to their temperature and

the proportion of solid fat to liquid oil. Lard and other animal fats as well as many

types of vegetable oils, including palm, soybean, corn, sunflower, canola, and cot-

tonseed, can be used in shortening products.

The most important crystal forms in the production of shortenings are a, b,

and b0, of which the last two are the more stable forms. The desired form for

most shortenings is the b0 structure. Interesterification is employed mostly in the

manufacture of shortenings and has been used to improve the physical properties

of lard. Shortenings made from natural lard possess a grainy consistency, poor

creaming capacity, limited plastic range, and poor performance in baking. Natural

lard, as a result of its high proportion of disaturated TAGs with palmitic acid

predominantly (64%) in the sn-2 position, forms relatively large and coarse crystals,

even when scraped surface heat exchange equipment is used to minimize this b
crystal formal tendency. During interesterification, the proportion of palmitic acid

in the sn-2 position is reduced from approximately 64% to 24%. Interesterification

also helps to reduce the solid-fat content of lard at 20�C, prevent the development

of graininess, and improve its plastic range, which makes it a better shortening.

Hence, interesterification stabilizes the lard in the b0 form by rearrangement of its

palmitic acyl residues, which improves the functionality of lard for most shortening

applications. Directed interesterification, on the other hand, may result in a product

with a higher total solids content at high temperatures and, thus, an extended plastic

range.
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5.4.3. Cocoa Butter Alternative Fats Cocoa butter alternative fats are sub-

stances with physical and functional properties similar to cocoa butter. Cocoa butter

is a solid fat obtained from cocoa beans along with cocoa powder. The use of inter-

esterification makes it possible to produce cocoa butter alternatives from other

vegetable oils that better mimic the composition and properties of cocoa butter.

Cocoa butter alternatives can be categorized into three main groups: (1) cocoa

butter equivalents (CBE), (2) cocoa butter substitutes (CBS), and (3) cocoa butter

replacers (CBR). CBE have the same general chemical composition and, hence,

similar melting and crystallization properties as cocoa butter. They include tropical

oils, such as those from palm, illipe, shea, sal, and kokum. These oils can be blend-

ed to give mixtures of POP, POSt, and StOSt very similar to cocoa butter. CBS are

predominantly produced from lauric fats such as coconut and palm kernel and may

involve processing techniques such as hydrogenation, interesterification, and frac-

tionation. CBS share some of the physical properties of cocoa butter, but have a

different chemical composition. The best material for CBS is fully hydrogenated

palm kernel stearin with an iodine value of < 1 (14). This product has a very steep

melting curve, similar to cocoa butter, thus ensuring that the organoleptic pro-

perties of the end product are comparable. CBR are derived from vegetable oils

(palm, soybean, or cottonseed oil) that have been subjected to partial hydrogenation

or a combination of hydrogenation and fractionation processes; these are suitable

for bakery products and confectionery applications.

5.4.4. Milkfat and Milkfat Substitutes Milkfat is a natural fat with unique

physical, chemical, and biological properties. It is an important source of dietary

fat that imparts a characteristic flavor, texture, appearance, and mouthfeel when

present in formulated food products. Milkfat is characterized by its numerous

different chain length fatty acids compared with other fats of animal or vegetable

origin. This difference from other fats imparts to a low average molecular weight,

which is indicated by a high saponification value and a low refractive index. Milk

lipids are mainly TAGs (97–98%), 0.2% to 1% phospholipids, 0.2% to 0.4% free

sterols, traces of FFAs, and varying amounts of the fat-soluble Vitamins A, D, E,

and K. The fatty acid profile of milkfat is complex and includes 7% short-chain

fatty acids (C4 to C8), 15–20% medium-chain fatty acids (C10 to C14), 73–78%

long-chain fatty acids (C16 and higher), and minor quantities fatty acids, including

uneven carbon number, branched chain, and keto and hydroxy fatty acids. The

saturated fatty acids present in the largest amount in milkfat are myristic (14:0),

palmitic (16:0), and stearic (18:0) acids. The major unsaturated fatty acids are

oleic (18:1), linoleic (18:2), and linolenic (18:3) acids. Oleic acid is the main mono-

unsaturated fatty acid in milkfat.

Modification of milkfat aimed at improving its nutritional quality may take the

form of changes in the fatty acyl residues on the glycerol backbone of TAGs.

Currently, available techniques for commercial modification of milkfat include

blending, hydrogenation, and fractionation. Interesterification has been proposed as

a means of modifying milkfat, milkfat fractions, or mixtures of milk and vegetable

fats, either as a means of improving the nutritional status or spreading properties.
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Betapol1, a human milkfat substitute produced by Loders Croklaan

(Wormerveer, the Netherlands), is produced by interesterification of vegetable oils

in which the component TAGs have been modified to more closely resemble those

found in breast milk. This product closely mimics the specific structure and fatty

acid composition of human milkfat and resembles breast milk in terms of its nutri-

tional value and high content of palmitic acid at the sn-2 position than other milkfat

substitutes. In addition, the use of Betapol1 in infant formula can lead to improved

mineral and fat absorption and less calcium soap formation within the intestinal

lumen resulting in softer stools.

6. HYDROLYSIS AND ESTERIFICATION

Hydrolysis of fats and oils refers to the splitting of their TAGs into their constituent

fatty acids and glycerol in the presence of water (Figure 8a). There are three distinct

routes used for the hydrolysis of TAGs to FFAs and glycerol: high-pressure steam

splitting, alkaline hydrolysis (saponification), and enzymatic hydrolysis. In current

industrial practices, fats and oils are hydrolyzed to produce FFAs or soaps and

glycerol. For production of free FFAs, fats and oils are hydrolyzed using steam

in a countercurrent continuous process operated at high temperature (250�C) and
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pressure (50–60 bars). This is an efficient process giving an aqueous phase contain-

ing 10% glycerol and oil phase containing 97% FFAs. As a result of the high tem-

perature used in this process, oils containing highly unsaturated fatty acids undergo

decomposition yielding undesirable oxidation products. The products obtained by

high-pressure steam splitting are usually dark-colored and, hence, require distil-

lation. High-pressure steam splitting requires high capital investment and energy

costs. Alkaline hydrolysis also consumes a large amount of energy and the resulting

soap requires acidification to yield free fatty acids. Enzyme-catalyzed hydrolysis of

fats and oils offers an alternative process for production of fatty acids and may be

performed at ambient or moderate temperatures and pressures. Therefore, this pro-

cess can be used to obtain fatty acids from oxidatively unstable oils that contain

highly unsaturated fatty acids or conjugated fatty acyl residues. Lipase-catalyzed

hydrolysis of fats for the production of fatty acids and glycerol appears to be less

economical than conventional chemical processes mainly because of the relatively

high cost of the lipases. Such processes, however, would be economically attractive

for the production of specific value-added products. Hydrolysis of marine and fish

oils by lipases for the production of n-3 polyunsaturated fatty acids is a possible

application of enzymatic hydrolysis of oils for the preparation of products of

reasonable commercial value.

Esterification is the reverse of the hydrolysis process. It is carried out by reacting

fatty acids with glycerol. In addition to esters, water is also a product of esterifica-

tion. The reaction is reversible and proceeds to completion only if water is removed

from the medium. The equilibrium between the forward reaction (hydrolysis) and

the reverse reaction (esterification) is controlled by water content of the reaction

mixture. In the presence of excess water, hydrolysis predominates, whereas under

water-eliminating conditions, esterification is favored (3, 4).

When the esterification reactants are properly adjusted, MAGs, DAGs, and TAGs

may be produced by esterification of fatty acids with glycerol. The esterification of

glycerol and fatty acids consists of a sequence of three equilibrium reactions, as

shown in Figure 8. The products of these reactions are always a mixture of

MAGs and DAGs and contain variable quantities of unreacted glycerol. These pro-

ducts have many applications, among which food, cosmetic, and pharmaceutical

emulsifiers and stabilizers are prominent examples (15, 16).

Lipase-mediated esterification of glycerol and fatty acids is also an equilibrium

reaction. The extent of esterification depends on the water content of the medium.

The accumulation of water during esterification is a concern because it enhances the

hydrolysis of the resultant esters. The water, which is produced during this reaction,

may be continuously removed and this is usually accomplished by carrying out the

reaction in the presence of molecular sieves (17). A small amount of water,

however, is needed in the reaction medium to maintain the activity of the enzyme.

The ester concentration at equilibrium is dependent on various medium properties,

i.e., the water activity of the reaction system. Usually, a low water activity is neces-

sary to obtain a high ester concentration. Water activity, however, is not the only

parameter that determines the equilibrium position. The thermodynamic activities

of other reaction variables also are important.
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7. LIPASES IN LIPID MODIFICATION

Lipases, or TAG acylhydrolases (E.C. 3.1.1.3), are widely diversified in their

enzymatic properties and substrate specificity. The need for novel lipases is

obvious, and the industry continues to look for lipases with high catalytic activity,

high selectivity, and lower costs. Lipases occur widely in nature and are active

at the oil/water interface in heterogeneous reaction systems and are used for mod-

ification of lipids. Lipases are enzymes that preferentially catalyze the hydrolysis

and synthesis of esters and TAGs. The physiological function of lipases is to

hydrolyze lipids for conversion to accessible energy for the cells or organisms.

Lipases are ubiquitous in nature, being present in the animal, microbial, and plant

kingdoms. The most well-known and well-studied lipases are human pancreatic

lipase, porcine pancreatic lipase, and several microbial lipases. The common

feature that distinguishes lipases from esterases, which also catalyze the hydrolysis

of ester bonds, is that lipases are activated by the oil-water interface (18). In

contrast to esterases, lipases exhibit low activity toward monomeric substrates;

but as soon as the substrate can form micelles or a separate phase, lipase activity

increases dramatically. This phenomenon is referred to as interfacial activation

(19).

The major advantage of lipase-catalyzed reactions over those carried out with

chemical catalysts lies in the fact that a wide variety of products having different

composition and properties can be prepared, depending on substrate specificity or

stereospecificity of the lipase used. Further advantages of lipases-catalyzed reac-

tions include mild reaction conditions leading to reduced energy consumption

and less thermal damage of reactants and products.

Although enzymes have been used for many years to modify the structure

and composition of foods, only recently have they become available for large-scale

use in the industry. According to enzyme manufacturers, progress in genetic

engineering and modern processing technology may now enable the enzyme

industry to offer enzymes with improved properties at a reduced cost (20).

For the industrial exploitation of enzyme-catalyzed reactions, reuse of the

enzyme is certainly necessary. To this end, enzymes have been immobilized in

a variety of ways. Immobilization of enzymes can simply be accomplished by

mixing an aqueous solution of the enzyme with a suitable support material and

removing the water under reduced pressure; for activation of the enzyme, a small

amount of water is retained by the support material or added to the reaction

mixture.

Lipases also may be used to catalyze interesterification reactions by restricting

the amount of water in the medium, whereupon the interesterification reaction

predominates over hydrolysis. This is generally achieved by performing the re-

action in an organic solvent, which also helps dissolve the reactants. It is insuffi-

cient, however, to only lower the water concentration; reversal of the hydrolysis

reaction requires operation at a water activity (Aw) below 1 (21). Thus, attempts

for interesterification in a predominantly aqueous environment have resulted in

poor product yields (22).
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7.1. Structure-Function Relationship

As stated earlier, lipases act at the interface between hydrophobic and hydrophilic

regions, a characteristic that distinguishes lipases from esterases. Similar to serine

proteases, lipases share the nucleophile-histidine-acidic residue catalytic triad that

manifests itself as either a Ser-His-Asp triad or a Ser-His-Glu triad. The enzyme’s

catalytic site often is buried within the protein structure, surrounded by relatively

hydrophobic residues. An a-helical polypeptide structure acts as a cover, making

the site inaccessible to solvents and substrates. For the lipase to be active, the

a-helical lid structure has to open so that the active site is accessible to the sub-

strate. The phenomenon of interfacial activation is often associated with reorienta-

tion of the lid, increasing the hydrophobicity of the surface in the vicinity of the

active site and exposing it. The opening of the lid structure may be initiated on

interaction with an oil/water interface.

The mechanism of acylation and deacylation of the substrate, which may be an

ester such as a TAG, fatty ester of a monohydric alcohol, or fatty acid, in the active

site is illustrated in Figure 9. During acylation, the substrate binds to the active site

and the carboxyl carbon is positioned in close proximity to the hydroxyl oxygen

in the serine side chain (Figure 9). This oxygen makes a nucleophilic attack on

the carbonyl carbon of the substrate and a tetrahedral transition state, an acyl en-

zyme intermediate, is formed. The serine is made a stronger nucleophile by the

close proximity of the neighboring histidine and aspartic acid residues. The hydro-

gen from the hydroxyl group of serine is transferred temporarily to the histidine

residue close to the serine residue. The intermediate rearranges and the hydrogen
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is transferred from the histidine to the alcohol moiety of the substrate ester and an

alcohol is formed, which then leaves the active site. The fatty acyl moiety is now

covalently linked to the enzyme by an ester bond, which is called the acyl enzyme.

In the next step, the reversal of the acylation of the lipase occurs and the acyl

enzyme is attacked by an alcohol or a water molecule. Again, an acyl enzyme

intermediate is formed, which rearranges and a new ester is released. As it is a

multisubstrate reaction, this type of mechanism is referred to as a Ping-Pong

Bi-Bi reaction mechanism (23).

7.2. Lipase Specificity

Specificity is one of the most striking properties of enzyme molecules. Enzyme

specificity can be defined as a comparative difference in rates of catalysis of certain

reactions. After an enzyme is identified as a lipase, several specificities within the

class are identified or can be expected to occur. The main advantage of lipases,

which differentiate enzymatic reactions from chemically-catalyzed reactions, is

lipase specificity. Lipases have turned out to be very useful enzymes for catalyzing

various types of reactions with a rather wide substrate specificity. The fatty acid

specificity of lipases has been exploited to produce structured lipids and to enrich

lipids with specific fatty acids to improve the nutritional characteristics of lipids

(24). Certain lipases display positional specificity (regiospecificity) toward fatty

acyl groups in a TAG molecule as well as fatty acid selectivity.

Lipases can be categorized into three groups based on their specificity; random

(nonregiospecific), sn-1,3-specific (regiospecific) toward TAGs, or specific for a

particular fatty acid or, more generally, a class of fatty acids (Figure 10). Examples
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of nonspecific lipases include those from Candida cylindraceae, Corynebacterium

acnes, Staphylococcus aureus, Penicillium expansum, and Pseudomonas cepacia;

Geotrichum candidum shows fatty acid specificity (11, 25). The hydrolysis of

TAGs using nonspecific lipases leads to complete breakdown of TAGs to glycerol

and FFAs. DAGs and MAGs are intermediates in the reaction, but do not normally

accumulate to a high level during the reaction, presumably because they are hydro-

lyzed more rapidly than TAGs.

Lipases that are sn-1,3 specific include those from Mucor miehei, Mucor java-

nicus, Aspergillus niger, Pseudomonas fluorescens, Rhizopus delemar, Rhizopus

arrhizus, and pancreatic lipase (11, 25–27). These enzymes cleave the fatty acids

only from the sn-1 and sn-3 positions of the glycerol backbone of TAGs. Thus, with

these lipases, TAGs are hydrolyzed to afford FFA, 1,2 (2,3)-DAGs and 2-MAGs.

The lipase from Geotrichum candidum is an example of a lipase possessing

fatty acid specificity toward C18 fatty acids containing a cis-9 double bond (25,

28). This lipase will hydrolyze acylglycerol esters of these fatty acids regardless of

their position on the glycerol backbone. These specificities will never be achieved

in chemically catalyzed hydrolysis, esterification, or interesterification reactions.

Moreover, most lipases exhibit enantioselectivity toward racemic ester, alcohol,

and acid substrates. This property has been used for carrying out resolution of

enantiomers from racemic mixtures of the substrates and is highly important

in organic synthesis (29). Thus, the unique specificity of Geotrichum candidum

lipase may be useful for production of special fatty acid fractions. For example,

g-linolenic acid (GLA) in borage oil has been concentrated in esterification reac-

tions catalyzed by this lipase (30).

Short-chain fatty acid preference also is a lipase specificity that can be exploited

on an industrial scale. Such lipases may be used in the production of low-calorie

structured lipids or in the dairy industry to obtain specific flavor components by

the release of short- or medium-chain fatty acids from milkfat (25).

7.3. Factors that Affect Lipase-Catalyzed Reactions

In enzyme-catalyzed reactions, parameters such as concentration of water, reaction

temperature, pH, enzyme immobilizing agents, and the nature of any solvent may

be of great importance. A brief description of each of these factors is given below.

7.3.1. Water Content It is well known that a certain level of water is necessary

for a lipase-catalyzed reaction to occur in organic media, but the content of water

has varying effects on various lipases. Therefore, the water content has to be ad-

justed for individual reaction systems to achieve an acceptable product yield. It

is possible for TAGs to be easily hydrolyzed even in the presence of small amounts

of water.

Water plays different functions in enzyme-catalyzed reactions. A certain level of

water in the reaction medium is required to maintain a layer of water around the

enzyme molecules to maintain their activity. This water is important for lipases

in that it maintains their active three-dimensional conformational state. Water
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also contributes to structural integrity, active site polarity, and protein stability. It is

recognized that the amount of water present is important for both the thermal sta-

bility and catalytic function of enzymes in nonaqueous media. To favor synthesis,

the thermodynamic activity of water should be maintained as low as possible. When

the amount of water reaches a critical level it promotes hydrolysis, but complete

elimination of water from the system results in lipase deactivation and, hence, no

biochemical reaction.

Enzyme activity is markedly influenced by water activity (aw). Lipases from dif-

ferent sources have been shown to have completely different behavior: some exhibit

high activity at low aw, whereas others show a high activity at intermediate or very

high aw (31). The aw also affects the apparent Km and Vmax values measured for

lipase-catalyzed hydrolysis and esterification reactions (32). Thermodynamic aw

can be used to define the relationship between water and other components of

the reaction system (33). Thermodynamic aw of a solution is defined as the water

vapor pressure over the solution divided by the water vapor pressure over pure

water at a given temperature. The water content of the biocatalyst is more important

in dictating enzyme activity than the total water content in the system. Novozym-

4351 (Novo Nordisk, Franklinton, North Carolina) from Candida antarctica has a

water content of 1–2% (w/w) (34). This enzyme preparation has been shown to give

high yields of TAG products under several nonaqueous reaction conditions (5, 35, 36).

7.3.2. Temperature and pH It is generally stated that the rate of a chemical

reaction doubles with every 10�C increase in the reaction temperature. As lipases

are proteins, they undergo thermal denaturation at high temperatures. Thus,

enhancement of enzyme activity with increasing temperature is compromised by

the competing effect of general protein denaturation at elevated temperatures.

Hence, the catalytic efficiency will increase with temperatures over a finite range,

then decrease significantly above some critical temperature that is characteristic of

protein denaturation.

The pH of a solution can affect lipase activity in a number of ways. Like all

proteins, enzymes have a tertiary structure that is sensitive to pH. In general,

denaturation of enzymes occurs at extreme low and high pH values. At extremes

of pH, the tertiary structure of the protein may be disrupted and the protein

denatured. Many proteins aggregate on pH-induced denaturation and this behavior

can be observed by visual inspection. If the activity of an enzyme is plotted

against the pH, a bell-shaped curve usually results, with either a sharp or broad

pH optimum.

7.3.3. Solvent Type The affect of different organic solvents on various enzyme

catalytic activities has been demonstrated (37). From a mechanistic standpoint, the

effect of organic solvents on enzyme catalysis is still debated (38). Conformational

changes in enzymes, when suspended in organic solvents, have been reported to

result in alteration of substrate specificity and affinity of substrates for enzymes

(39). The polarity of organic solvents affects lipase-catalyzed reactions as do other

variables that are critical to enzyme activity in organic media. The nature of the
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solvent is crucial for maintaining a layer of essential water around the enzyme,

which greatly influences the catalytic properties of the lipase. Enzyme activity

can be correlated with solvent hydrophobicity following its dependency on water;

thus, solvent suitability may be predicted by a measure of solvent hydrophobicity.

The most frequently used parameter for quantitatively describing the effect of sol-

vents on enzyme reactions is log P, where P is the partition coefficient of the solvent

between water and 1-octanol. In general, enzyme catalysis in organic solvents is

governed by the following rules: (1) solvents with log P values of less than two

are not suitable for enzymatic reactions, as they more strongly distort the essential

water about the enzyme, thereby inactivating them; (2) solvents with log P values

between two and four are weak water distorters and affect enzyme activity in an

unpredictable manner; and (3) solvents with log P values of greater than four do

not distort the essential water layer, and therefore are more suited for enzyme-

catalyzed reactions (38). The sensitivity of a lipase to log P of the solvent also is

dependent on the source of the lipase.

Organic solvents may help to keep a low aw, which then decreases the thermo-

dynamic barrier for reactions, such as esterification vs hydrolysis. Moreover, higher

solubility of organic substrates in organic solvents results in higher reaction rates.

Generally, polar organic solvents compete with the available water required to

maintain the three-dimensional structure of the enzyme, which may disrupt the

enzyme activity. Thus, water-immiscible hydrophobic solvents are ideal for nona-

queous enzymology. Organic solvents, such as n-hexane, play several functions,

including increasing the solubility of nonpolar substrates and shifting the reaction

toward synthesis rather than hydrolysis (37). Lipases seem to be more active in

n-hexane than other solvents, such as isooctane, acetone, petroleum ether, benzene,

toluene, and ethyl acetate (5).

In solvent-free reaction systems, the absence of solvent facilitates downstream

processing as fewer components are present in the reaction mixture; moreover,

the elimination of solvent from the production step offers significant cost savings.

In some ways, solvent-free reaction systems are similar to solvent systems in that

reactants serve as a reaction medium. With the absence of solvent, high purity

products (solvent-free) often can be obtained. One drawback to solvent-free sys-

tems is the possibility of high media viscosity, which may result in poor mixing

and, hence, slow reaction rates.

7.3.4. Immobilizing Agents As a result of the high cost of enzymes, the regene-

ration and reuse of the lipase by immobilization is an attractive feature in enzyme

biocatalysis. An immobilized enzyme is one that has been attached to or enclosed

by an insoluble support medium or one where the enzyme molecules have been

cross-linked to each other, without loss of catalytic activity. Immobilization of

lipases provides some benefits for their commercial applications. Immobilization,

to some extent, may protect the lipase from solvent denaturation and permits

repeated use of the lipase and, at the end, give a product free of catalyst. Immobi-

lization also could increase lipase stability against pH and heat. In general, immo-

bilized enzymes, are easily separated from the reaction mixtures, which is of great

576 MODIFICATION OF FATS AND OILS VIA CHEMICAL AND ENZYMATIC METHODS



industrial importance. Hence, the reaction can be stopped by physical removal of

the immobilized enzyme and the enzyme can be reused. For these reasons, immobi-

lized lipases are ideal for use in continuously operated processes. At present,

continuous industrial processes involving immobilized lipases are usually carried

out in simple stirred-tank reactors or in packed-bed reactors.

Enzymes can be immobilized by several techniques: (1) cross-linking of two

enzyme molecules; (2) covalent attachment to an inert molecule; (3) adsorption

onto an insoluble matrix; (4) precipitation of insoluble enzyme particles in an

organic liquid phase; and (5) entrapment in a three-dimensional polymeric matrix.

An immobilizing agent thus comprises the following: (1) covalent forces as in cova-

lent attachment, intermolecular cystein bridges, and cross-linking; (2) hydrogen

bonds as in intermolecular interaction between hydrogen atoms and electronegative

atoms; (3) van der Waal’s forces as in hydrophobic adsorption, microencapsulation,

and reversed micelles; and (4) ionic forces as in ion exchange, intermolecular

cystein, or salt bridges.

Immobilizing agents are relatively larger in size than the enzyme molecule to

which they are directly bound or in which the enzyme is confined and have the

function of helping to create an enzyme-rich phase. This support material is absent

in the case of intermolecular cross-linking and precipitation of the enzyme in an

organic solvent. Immobilizing agent may be a liquid, as in reversed micelles, or a

solid, as in most of the commonly employed immobilization techniques. Examples

of solid supports include celite, amberlite resins, cellulose, silica gel, clay, carbon,

and alumina, among others.

Support materials for immobilized lipases should allow the effective use of the

enzyme by having the enzyme molecules remaining accessible to the substrates. On

immobilization, stability improvement has been observed for some lipases (40).

This might possibly be attributed to the ability of the support material to retain

just the right amount of moisture for the enzyme to remain active. Support materials

affect the amount of water in the vicinity of the enzyme molecules and partitioning

of reactants or products in the reaction mixture. Immobilization on hydrophilic

support materials may cause loss of lipase activity as the enzyme undergoes

some conformational changes. Hydrophilic (i.e., polar) supports also may reduce

the solubility of hydrophobic substrates in hydrophilic regions, thereby reducing

the accessibility of substrates to the enzyme’s active site.

The water-absorbing capacity of an enzyme support material may be character-

ized by the term ‘‘aquaphilicity’’ (Aq), which is the ratio of the amount of water on

the support to the amount of water in the solvent under standard conditions (41).

Support materials with high Aq are hydrophilic, and hence might deprive the

enzyme of its essential water of hydration. Lipase activity is generally higher

with hydrophobic (i.e., essentially nonpolar) supports such as celite and Bonopore

(42).

As lipases are proteins, their conformation can be affected by the temperature

and pH and, hence, their catalytic activity is expected to have an optimum for these

two parameters as happens with most enzymes. The optimum pH for lipase-cata-

lyzed reactions is slightly shifted toward a more alkaline range after immobilization
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(43). After immobilization, one can also notice a shift toward higher optimum tem-

peratures. As immobilization provides a rigid external backbone for the lipase

molecules, the effect of higher temperatures in breaking the interactions that are

responsible for the catalytically active structure becomes less prominent, and so

temperature optimum is expected to increase. Immobilization also affixes the

enzyme in one conformation, which reduces the susceptibility of the enzyme to

denaturation by heat. Immobilized lipases, such as those from Mucor miehei and

Candida antarctica (34), show good thermal stability at temperatures required to

process most fats and oils and are therefore most appropriate for the biomodifica-

tion of fats and oils.

7.4. Applications of Lipases

Enzyme-catalyzed reactions have been employed for production of TAGs used

for confectionery fat formulations and nutritional applications. In the area of

confectionery fats, interesterification of high oleic sunflower oil and stearic acid

using immobilized Rhizomucor miehei lipase produces mainly 1,3-di-2-stearoyl-

oleoyl-glycerol (StOSt). Other reactants also may be used for production of TAGs

useful as confectionery fats. In particular, there are many reports on enzymatic

interesterification of palm oil fractions with stearic acid or stearate esters to produce

fats containing high concentrations of StOSt and 1-palmitoyl-2-oleoyl-3-stearoyl-

glycerol (POSt) (11), which are the main TAGs components of cocoa butter.

Hence, enzymatic interesterification can produce fats with compositions and

physical properties very similar to cocoa butter. In this example, the selectivity

of most lipases for the sn-1 and sn-3 positions of the glycerol backbone has been

found to be advantageous, because most important TAGs present in cocoa butter

have palmitoyl and stearoyl residues primarily at the sn-1,3 positions and oleoyl

residues predominantly at the sn-2 position. Chemically catalyzed interesteri-

fication is not selective. Cocoa butter substitutes have also been produced using

sn-1,3 specific lipases via acidolysis of palm oil fraction with myristic acid (44)

or by acidolysis of olive oil with palmitic acid using lipozyme from Mucor miehei

as the biocatalyst (45).

Enzyme-catalyzed reactions are used to produce human milkfat substitutes for

use in infant formulas (46–48). Acidolysis reaction of a mixture of tripalmitin

and unsaturated fatty acids using a sn-1,3-specific lipase as a biocatalyst afforded

TAGs derived entirely from vegetable oils rich in 2-position palmitate with unsatu-

rated fatty acyl groups in the sn-1 and sn-3 positions (44). These TAGs closely

mimic the fatty acid distribution found in human milkfat, and, when used in

infant formula instead of conventional fats, the presence of palmitate in the sn-2

position of the TAGs improved digestibility of the fat and absorption of other

important nutrients such as calcium (46, 49).

The possible application of enzyme-assisted reactions for production of lower

value nonspecialty lipids such as margarine hardstocks and cooking oils has been

reported (50). When nonspecific lipases, such as those from Candida cylindraceae and

C. antarctica, are used as biocatalysts for interesterification of oil blends, the TAG
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products are very similar to those obtained by chemical interesterification (11).

Therefore, replacement of chemical interesterification by an enzyme process giving

similar products is technically feasible, although it has not yet been adopted on a

commercial scale, largely because of the comparatively high process and catalyst

costs.

Another application is in the manufacture of fats and oils containing nutri-

tionally important PUFAs, such as EPA and DHA. For example, various vegetable

and marine oils have been enriched with EPA and DHA using enzyme-catalyzed

reactions (35, 51, 52). Use of this technique to produce structured lipids with

MCFAs and PUFAs located specifically in either the sn-2 or sn-1,3 positions

of the TAGs has been described. Enzymatic processes are particularly suitable

for the production and modification of lipids containing PUFAs, because these

unstable fatty acids are susceptible to damage under the more severe conditions

used for chemical processing.

If regio- or stereospecific lipases are used to interesterify oil blends, the products

formed are different from those obtained by chemical interesterification, and may

exhibit better functional properties. For example, interesterification of blends

of canola and palm oils, using the sn-1,3-specific Rhizopus delemar lipase as a bio-

catalyst, gave oils with improved fluidity compared with the original blends or

chemically interesterified products.

Interesterification of blends of palm and hydrogenated canola oils and cotton-

seed and hydrogenated soybean oils using sn-1,3-specific lipases as biocatalysts

gave fats with a low trans-fatty acid content that were effective as margarine

hardstocks (53). Reaction of mixtures of palm stearin and lauric fats using

immobilized Rhizomucor miehei as a biocatalyst also produced fats that were

functional as margarine hardstocks (54). With these enzymatically interesterified

fats, margarine could be formulated without using hydrogenated fats.

8. MODIFICATION OF FATS AND OILS TO PRODUCE
STRUCTURED LIPIDS

Structured lipids may be defined as TAGs restructured or modified to change the

fatty acid composition or their positional distribution in glycerol molecules by a

chemical or enzymatic process. These specialty lipids have been developed to fully

optimize the benefits of various fatty acid moieties. Structured lipids have been

reported to have beneficial effects on a range of metabolic parameters including

immune function, nitrogen balance, and improved lipid clearance from the blood-

stream (46). Structured lipids are also synthesized to improve or change the physi-

cal or chemical properties of TAGs, such as melting point, solid-fat content, iodine,

and saponification values, as discussed earlier.

Structured lipids are often referred to as a new generation of lipid that can be

considered as ‘‘nutraceutical’’ (55). Nutraceutical is a term used to describe foods

that provide health benefits beyond those ascribed to their nutritional effects (56).

These products may be referred to as functional foods or functional lipids if they are
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incorporated into products that have the usual appearance of food, but to which they

may be added and provide specific health benefits (56). Regardless of the definition,

structured lipids can be designed for use as medical or functional foods as well as

nutraceuticals, depending on the type of application.

One way of preparing structured lipids may be by hydrolysis of fatty acyl groups

from a mixture of TAGs followed by random re-esterification onto the glycerol

backbone (57). Typically, a variety of fatty acids are used in this process, including

different classes of saturated, monounsaturated, and polyunsaturated fatty acids,

depending on the desired metabolic effect. Thus, a mixture of fatty acids is incor-

porated onto the same glycerol molecule. These manufactured lipids are structu-

rally and metabolically quite different from the more simple, random physical

mixtures of medium-chain triacylglycerols (MCTs) and long-chain triacylglycerols

(LCTs). Starting with an MCT and an LCT, six possible fatty acid combinations

could result on the structured lipids: two MCFAs and one LCFA; one MCFA and

two LCFAs; the two positional isomers; and small amounts of the starting MCT

and LCT (Figure 11).

Based on their high regiospecificity, lipases are effective biocatalysts for the

manufacture of structured lipids that have a predetermined composition and distri-

bution of fatty acids on the glycerol backbone. Structured lipids resembling TAGs

of human milk have been produced by trans-esterification of tripalmitin, derived

from plant oil, with oleic acid or PUFAs, obtained from plant oils, using sn-1,3-

specific lipases as biocatalysts (46). Such TAGs were found to closely mimic the

fatty acid distribution of human milk and may be used in infant food formulations.

Apart from imitating the human milk more closely, the occurrence of palmitic acid
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in the sn-2 position of the TAGs has been shown to improve digestibility and

increase the absorption of other important nutrients such as calcium.

Interesterification of a LCTs with MCTs or MCFAs by means of sn-1,3-specific

lipases may yield TAGs containing medium-chain acyl moieties at the sn-1,3

positions and LCFAs at the sn-2 position. Such products do not occur in nature

and are difficult to synthesize by chemically catalyzed reactions. Two possible

methods for the synthesis of these structured lipid products are shown in Figure 12.

A key point for both strategies is the use of sn-1,3 specific lipases. The goal is to

substitute the fatty acid residues specifically at the sn-1 and sn-3 positions of the

TAGs with desired ones by a sn-1,3-specific lipase, leaving the fatty acid residues

at the sn-2 position unchanged.

Structured lipids possessing n-3 PUFAs, such as EPA and DHA, located at mid

position, with MCFAs at the end positions, have gained considerable attention as

nutritional and health supplements. These TAGs provide rapid delivery of energy

via oxidation of the MCFAs and, at the same time, supply metabolically functional

fatty acids in the same molecule. Senanayake and Shahidi (51) used an immobilized

sn-1,3-specific lipase from Mucor miehei to incorporate capric acid into seal

blubber oil containing EPA and DHA. On enzyme-catalyzed acidolysis, a structured

lipid containing 27.1% capric acid, 2.3% EPA, and 7.6% DHA was achieved.

Lipase from Mucor miehei incorporated capric acid predominantly at the sn-1,3

positions of the structured lipid.

Structured lipids containing both GLA and n-3 PUFAs may be of interest because

of their desired health benefits. Performing an acidolysis between g-linolenic acid

(18:3n-6; GLA) rich oils, such as those from borage and evening primrose, and free

EPA and DHA, Senanayake and Shahidi (36) used the nonspecific lipase PS-30
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from Pseudomonas sp. to incorporate n-3 PUFAs into these oils. Under optimum

reaction conditions, the incorporation of n-3 PUFAs (EPAþDHA) into borage

and evening primrose oils was 35.5% and 33.6%, respectively. The amounts of

GLA retained in the structured lipids were 17.1% and 7.6%, respectively. GLA

has shown therapeutic benefits in a number of disease conditions, notably atopic

eczema, dermatitis, inflammation, hypertension, and premenstrual syndrome. On

the other hand, n-3 PUFAs have potential for prevention of cardiovascular disease,

arthritis, hypertension, immune and renal disorders, diabetes, and cancer. Another

structured lipid containing GLA and DHA was successfully produced via Novozym

435 (Candida antarctica)-catalyzed acidolysis using borage oil as the main sub-

strate (5). The structured lipid so prepared contained 27.4% DHA and 17.0%

GLA. These tailor-made lipids may be useful in the treatment of certain clinical

disorders.

The fatty acid compositions of borage and evening primrose oils were also

modified by incorporation of EPA using lipase PS-30 from Pseudomonas sp. as

the biocatalyst (58). After acidolysis reaction, borage oil-based structured lipid

contained 26.8% EPA and 15.2% GLA. Meanwhile, evening primrose oil-based

structured lipid had EPA and GLA contents of 25.2% and 7.6%, respectively (58).

Another area of interest in the field of structured lipids is the synthesis of

reduced-calorie TAGs. The most familiar classes of low-calorie lipids are Caprenin

(Procter & Gamble, Cincinnati, Ohio), Salatrim (Danisco Cultor USA, Inc., New

Century, Kansas), and MCTs preparations. These will be discussed in more detail

in another chapter.
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1. INTRODUCTION

Lipids are composed of a group of compounds that are classified according to their

solubility in organic solvents, thus, include several related groups of compounds

with diverse chemical and physical characteristics. The predominant component

of most fats and oils are triacylglcerols (TAGs), which are actually esters of gly-

cerol with three fatty acids. During extraction of oil from seeds, pericarp, or
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kernels, other components that are associated with TAGs, such as phospholipids,

pigments, tocopherols, and sterols, are also removed. Thus, when edible oils are

involved, these coextracted lipid-soluble compounds may contribute to the develop-

ment of off-flavors, undesirable colors, and sometimes a shorter shelf life. With the

development of technology related to edible oil industry, crude lipids are refined in

order to obtain mainly TAGs. During processing steps, several components with

high commercial value are also removed. With the growing scientific evidence

about the potential health benefits and functional applications of associated compo-

nents, more effort has been made to separate and concentrate such minor compo-

nents. Although TAGs are the predominant molecular form of edible fats and oils, it

might be necessary to subject them to separation according to their chemical com-

position or to modify them in different ways.

2. METHODS OF OBTAINING FATTY ACIDS

Among the products obtained from fats and oils, fatty acids are most extensively

produced and find uses ranging from mineral oil purification to food and pharma-

ceutical applications. In nature, fatty acids exist either free or mostly in the esteri-

fied form. These fatty acids are characterized by carbon chain length and the

number of double bonds. The characteristic composition of fatty acids is specific

for each kind of fat. Numerous methods have been established to isolate (or con-

centrate) and recover specific fatty acids and their derivatives (i.e., esters, free fatty

acids, triacylglycerols, etc.) from various naturally occurring sources, but only

few are suitable for large-scale production. The available methods include chro-

matography (adsorption and partitioning), fractional or molecular distillation, enzy-

matic splitting, low-temperature crystallization, supercritical fluid extraction, and

urea complexation. Each technique has its own advantages and drawbacks.

Majority of fatty acids exist in the form of glycerol ester and these constitute a

major esterified to glycerol fraction of fats of oils. As an example, in palm oil, the

natural mixture of fatty acids is separated into two fractions, namely ‘‘olein,’’ which

contains the lowest possible amount of saturated fatty acids, and ‘‘stearin,’’ which

contains the lowest possible amount of unsaturated fatty acids. Independent of the

process of separation employed, the starting mixture of fatty acids or ‘‘feed stock’’

should meet certain specifications. A high-quality product with undamaged fatty

acids (e.g., less oxidation, minimum isomerization) and fatty acids in the form of

mono-, di-, or triacylglycerols, or salts of fatty acids with minimum amount of im-

purities is necessary for the feed stock (1).

The first documented fatty acid separation was reported by Guesserow (2).

Separation of linear saturated fatty acids from linear unsaturated fatty acids by first

preparing the lead salt derivative, dissolving the mixed salts in diethyl ether or ethyl

alcohol, and then separating the less soluble saturated acids from the more soluble

unsaturated acids has been reported. This was a very efficient method and involved

large amounts of solvent and pre-preparation of fatty acid salts that made this pro-

cess difficult to adopt in commercial scale (3). The classic commercial process of
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fatty acid separation includes panning and pressing (4, 5), Solexol process (6–11),

Emersol process (12–15), Armour–Texaco process (16, 17), and the Henkel process

(18–22).

The classic panning and pressing method uses the melting point differences to

separate olein and stearin fractions. The Lanza, Henkel, or Lipofrac processes use

the melting point difference in developing the automated separation process. The

Solexol and Emersol processes use liquid-liquid countercurrent extraction in combi-

nation with melting point differences to separate fatty acids to a higher degree of

purity. The Armour–Texaco process is similar to the Emersol process, but uses

acetone instead of methanol as the solvent. Most of these methods are focused

on recovering of stearic and oleic acids. These processes are not very suitable for

high-value fatty acid separation. Present day demand for a variety of fatty acids,

including long-chain polyunsaturated fatty acids (PUFA), may require a combina-

tion of different processes and further steps of separation.

2.1. Classical Methods and their Developments

Principles of separating fatty acids are based on specific properties of each acid or

acid group. Two major properties (vapor pressure and melting point difference) are

used in developing separation techniques. The vapor pressure of a mixture of fatty

acids varies significantly with the chain length of fatty acids involved, which is used

in fractional distillation as a means of separating short- and long-chain fatty acids.

However, vapor pressure does not change much with the degree of unsaturation. In

the other method, the melting point of fatty acids changes considerably with the

degree of unsaturation, which could be used to separate a mixture of fatty acids

into saturated and unsaturated components. By changing the temperature of the

mixture, fatty acids can be separated according to the degree of unsaturation at their

respective crystallization temperature.

2.1.1. Common Chromatographic Methods Smith (23) and Elsden (24) have

reported classic chromatographic separation of short-chain fatty acids. Use of

adsorption chromatography to purify methyl arachidonate on alumina (25) and

unsaturated fatty acids on silica (26) has also been reported. Using latex as the sta-

tionary phase fatty acids had been separated by partition chromatography (27, 28).

Aqueous acetone or methanol was used as the mobile phase to separate long-chain

PUFA and acylglycerol oils; silicone oil or synthetic polymers were used to impreg-

nate filter paper. Boldingh (28) has reported separation of fatty acids using reversed

phase column chromatography in which latex powder saturated with peanut oil was

used as the stationary phase and methanol/acetone or methanol/water as the mobile

phase. The gas-liquid chromatography of fatty acids was first published in 1952

(29), where separation of fatty acids from 1 to 12 carbon atoms was described.

The same research group later discovered that prior methylation of fatty acids im-

proved the volatility and separation at high temperatures. The stationary phase used

was silicone greases incorporated into Celite 545 as the solid powdered support

packed into a glass column. Use of a liquid polyester phase as the stationary phase
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to separate saturated and unsaturated fatty acids has also been described by Orr and

Callen (30). Later, capillary columns with very thin films of various polar phases

were introduced to improve the separation of fatty acids according to their carbon

number, unsaturation, and isomerization, among others.

Chromatographic separation of fatty acids is widely used in order to obtain indi-

vidual fatty acids with high purity. Several patents have been granted for different

types of adsorbents and techniques to separate fatty acids. A stationary bed chro-

matographic system may employ a nonpolar stationary phase (i.e., a reverse phase

chromatographic system) or a polar stationary phase (i.e., a normal phase chro-

matographic system). Fatty acid methyl esters can be used as alternatives to fatty

acids in the production of many oleochemicals (fatty alcohols, alkanolamides,

a-sulfonated methyl esters, sucrose esters, and other fatty esters). Methyl esters

are preferable to fatty acids as they yield higher purity finished products and require

milder conditions during synthesis. Methyl esters are obtained by methanolysis of

fats and oils in the presence of an alkaline catalyst, usually sodium methoxide, or

splitting the fat by energy- and capital-intensive Colgate–Emery process followed

by esterification of the resulting fatty acids with methanol (31).

Molecular sieve adsorbents have been widely studied and employed to separate

saturated, mono- and di-saturated fatty acids or to concentrate them in a mixture.

Logan and Underwood (32) patented a method to use zeolite as the adsorbent to

separate esters of fatty acids according to their degree of unsaturation. Use of non-

ionic, hydrophobic cross-linked polymers has also been successful in selective

separation of fatty acids (33). The fatty acids are first allowed to adsorb onto the

solid bed of a particular adsorbent and then the adsorbed acids may be desorbed

by employing a suitable desorbent.

Although several gas chromatographic separation methods are available for

analytical purposes, liquid chromatographic methods have been more applicable

for preparative and industrial scale separation of fatty acids or their esters. Liquid

chromatographic separation of fatty acids has also been used to obtain concentrates

from particular fatty acids or their esters from a mixture for food and pharma-

ceutical products. In order to obtain individual long-chain PUFA in pure form, chro-

matographic methods have been studied in detail. Nakahara et al. (34) have reported

the isolation of triacylglycerols (TAG) containing docosahexaenoic acid (DHA) and

docosapentaenoic acid (DPA) residues from marine microalgae (i.e., Schizochytrium)

by reverse-phase high-performance liquid chromatography using acetone/acetoni-

trile as the mobile phase and octadecylsilane (ODS) as the stationary phase. This

stationary phase separates the TAG based on the strength of van der Waals forces

between the stationary phase and the fatty acid residues of the TAG. Separation of

fatty acids using silver nitrate-silica gel has been a big step in isolating individual

fatty acid methyl esters according to their number of double bonds and by the confi-

guration (cis-/trans-) of the double bonds. The principle of this separation technique

is that the metal ion (e.g., a silver ion) coordinates reversibly with electrons of a

p orbital of a double bond between carbon atoms of an unsaturated fatty acid resi-

due to form a metal complex. The strength of the complex tends to be dependent on

the chain length, number of carbon-carbon double bonds, position of the double
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bonds, and their configuration (cis- or trans-) in the fatty acids involved. Argentia-

tion (silver ion) chromatography has also been used to separate fatty acids with

high-performance liquid chromatography (HPLC). The dual nature of separation

mechanism of reversed-phase and silver ion high-performance chromatography

allows the separation of triacylglycerols according to the degree of unsaturation

and PUFAs involved (35). By employing capillary supercritical fluid chromatogra-

phy (25% cyanopropyl-75% methylpolysiloxane stationary phase), it has been

possible to separate TAGs with an identical acyl carbon number and degree of unsa-

turation (36).

Teshima et al. (37) used silver nitrate-impregnated silica gel column to separate

eicosapentaenoic acid (EPA) and DHA from squid liver oil fatty acid methyl esters

with a purity of 85–96% EPA and 95–98% DHA and a yield of 39% and 48%,

respectively. Application of HPLC column comprising of silica gel and silver or

magnesium ion has been used by Corley et al. (38) to isolate TAG rich in DHA

from marine algal oils. Hayashi and Kishimura (39) have isolated 63–74% pure

DHA from skipjack tuna eye orbital oil by stepwise elution with n-hexane, diethyl

ether/n-hexane, and diethyl ether on a silicic acid column. Adlof and Emiken (40)

were able to enrich the o3 content of commercial o3-PUFA concentrates from

76.5% to 99.8% using isocratic elution from a silver resin column. In another study,

the same authors fractionated 100 mg of concentrated fish oil methyl esters con-

taining 29.1% EPA and 20.5% DHA into fractions of 87.7% EPA and 95.4%

DHA with increasing amounts of acetonitrile (0–30%, v/v) in methanol. They also

fractionated nonenriched menhaden oil methyl esters and fatty acids, which con-

tained approximately 12.5% EPA and 11.1% DHA. The separation was done iso-

cratically using 40% (v/v) acetonitrile in acetone to yield one eluted fraction

containing approximately 69% EPA and DHA in total.

The choice of solvent for chromatographic separation of fatty acid esters depends

on the desired purity of the eluted fractions and their end use as well as production

requirements. Tetrahydrofuran/methanol/water (25 : 55 : 20, v/v/v) (41) and methanol/

water (90 : 10, v/v) (42) have been described to yield EPA and DHA with high pur-

ity (75–96%) as fatty acid ethyl esters from fish oil. Krzynowek et al. (43) obtained

higher purity fractions of EPA and DHA using the tetrahydrofuran (THF) system

of Tokiwa et al. (41). However, THF oxidizes readily yielding peroxides that

initiate oxidative decomposition of PUFA and is potentially explosive. Ethanol

and water would be the solvents of choice if the end product is to be consumed

by humans.

2.1.2. Countercurrent Chromatography Countercurrent chromatography (CCC)

or centrifugal partition chromatography (CPC) has gained much attention in recent

years for isolation of polyunsaturated fatty acids. This new liquid chromatographic

technique uses liquid-liquid partition, countercurrent distribution of solute mixture

between two liquid phases, in the absence of a solid support, to perform separation

of complex mixture of chemical substances (44, 45).

Centrifugal partition chromatography (CPC), pioneered by Ito in 1964, is a

liquid-liquid chromatography without a sorbent, requiring two immiscible solvent
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phases, which is basically an outgrowth of countercurrent distribution, as developed

by Craig (46). In the most distinct variants of CPC, one liquid phase remains

stationary while the second solvent phase passes through the stationary phase

solvent. The principle of separation involves the partition of a solute between two

immiscible solvents. The relative proportion of solute passing into each of the

two solvent phases is determined by the respective partition coefficients. CPC is

a process-scale separation technique, which offers distinct advantages for the sepa-

ration, isolation, and purification of natural products compared with traditional

liquid-solid separation methods, such as normal column chromatography and

HPLC.

Centrifugal partition chromatography does not use a solid support as the station-

ary phase. Therefore, the possibility of irreversible retention of highly retentive

sample components is eliminated. For this reason, the chromatographer is virtually

assured of almost 100% recovery of the compounds from a chromatography. Any

two-phase solvent system may be used; many partition systems can be prepared

with nontoxic, commonly available solvents. The volume ratio of the stationary

phase to the total column (rotor) volume is greater in CPC than in conventional

liquid chromatography. Therefore, large quantities of sample materials can be

retained in the stationary phase. Decomposition and denaturation of valuable

sample components, often encountered with conventional packed chromatographic

columns, are virtually nonexistent under the mild operating conditions used in CPC.

The CPC separation method may be performed at almost any pH. The pH con-

straints imposed by solid supports, such as silica, alumina, etc., are not a considera-

tion in CPC. The other advantage of CPC is the low solvent consumption and that

both normal and reversed-phase elution may be conducted with the same solvent

pair. CPC can be readily adapted for large-scale continuous separations. The entire

process is performed in the liquid phases, in a closed system. Environmental pro-

blems are minimal, and solvent may be completely recovered and recycled (45).

CPC instrument is basically of two types: the centrifugal partition chromatogra-

phy instrument manufactured by Sanki Engineering, Ltd. (Kyoto, Japan) and the

multicoil countercurrent system designed by Ito and manufactured by Pharma-

Tech Research (Baltimore, MD). Similar to most chromatographic systems, the

CPC has basic components such as pumps for solvent delivery, valves to control

solvent delivery and sample injection, detector, and recorder. The main component

of the instrument is its rotor. The rotor is made of stacking engraved poly-phenylene

sulfide (PPS) or poly-chlorotrifluoroethylene (DAIFLON) disks separated by Teflon

seal sheets and stainless-steel plates. The disks consist of channels and ducts on

each side. The liquid stationary phase is held in these channels and the centrifugal

field generated by the spinning rotor holds the stationary phase sufficiently enabling

a mobile phase to be pumped through. Details of the instrument and its function are

described in the review by Wansunsudara and Fedec (45).

Recently, another type of CPC instrument has been manufactured by Kromaton

(Angers, France), and this model is now available for commercial use. Another

commercially available rotating coil instrument is the multicoil countercurrent chro-

matograph, introduced by Pharma-Tech Research (Baltimore, MD). The multicoil
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chromatograph consists of two or three identical multilayer coils arranged symme-

trically around the rotor frame of the centrifuge, thus eliminating the need for

balancing with a counterweight. Each coil column undergoes synchronous plane-

tary motion in such a way that it revolves around the central axis of the centrifuge

and simultaneously rotates around its own axis at the same angular velocity (47, 48).

The columns are equipped with flow tubes arranged in such a fashion that they do

not twist, allowing seal-free operation of the instrument. The three-coil instrument

is available in different modules with different column capacities (Models TCC-

1000, CCC-3000, and CCC-1000 column capacities of 4 ml, 40ml, and 800ml, res-

pectively). As no solid support, exists retention of injected samples depends solely

on the respective partition coefficients of the components present in the mixture

between the immiscible two-phase solvents. The number of theoretical plates of

the column can be easily modified by increasing the number or length of the coils,

by reducing the inside diameter of the coiled column, or by reducing the helical

diameter (49).

The correct choice of a solvent system is of paramount importance for a success-

ful CPC separation. Selection of a two-phase (biphasic) solvent system for CPC is

similar to choosing the solvents for other chromatographic methods such as for a

normal column or HPLC (50). Important criteria are the polarity of the sample com-

ponents and their solubility, charge state, and their ability to form complexes, etc.

The most critical points in selecting solvent systems for CPC are two-fold: one is

solubility of the sample and the second is the difference in partition coefficients of

the molecular species that are to be separated.

The chromatography literature contains numerous examples of solvent systems

used in different countercurrent chromatographic separations (51, 52), and these

references may give some leads to possible systems useful for the separation in

question. Alternatively, a classic chloroform/methanol/water (polar) or n-hexane/

ethyl acetate/methanol (less polar) system can be selected as the starting point,

and the proportions of the individual solvents may be changed until the required

distribution of the sample between the two phases is obtained (53). Chloroform-

based solvent systems provide large density differences and relatively high interfa-

cial tension between the two solvent phases. Consequently, they are frequently

employed for the separation of natural products by CPC. As a result of their short

setting times, the chloroform/methanol/water systems normally produces satisfac-

tory phase retention. However, one drawback of chloroform system is that it readily

leads to overpressure problems with the Sanki apparatus; another drawback is the

serious health hazard of chloroform.

The other approach for selecting proper solvent systems for CPC is using the

solvent phase diagrams. Ternary diagrams for many solvent systems have been com-

piled by Sorensen and Arlt (54), and two of the diagrams are as given in Figure 1.

They often consist of two immiscible solvents plus a third solvent that is soluble in

the two primary solvents. Most systems conform to type 1, comprising one solvent

miscible with two other immiscible solvents (Figure 1A). A typical example for the

type 1 ternary system is chloroform/methanol/water. Very few systems are like

type 0, made with three solvents fully miscible by pairs, but for which a zone exists
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in the ternary diagram where a biphasic system occurs when mixing them in a

suitable ratio (Figure 1B). A good example of type 0 system is water/dimethyl sulf-

oxide/tetrahydrofuran. Foucault (50) has suggested following three criteria to be

considered when ternary diagrams are used for the selection of solvents.

1. Select the solvent(s) in which the sample can be completely dissolved. As

CPC has a preparative goal, the final solvent mixture must be able to dissolve

large amounts of sample, and thus it should contain at least one of the ‘‘best’’

solvents that make the sample freely soluble.

2. Aided by the polarities of the solvents (numerous polarity scales may be

found in the literature), choose a solvent on each side of the selected best

solvent, that is, one less polar and one more polar, in order to obtain a biphasic

system where the best solvent will partition into the two other solvents.

3. Adjust the ratio of the best solvent to disperse the sample into two phases;

that is, the less polar fraction of the sample will preferentially go into the less

polar phase and the more polar fraction will preferentially go into the more

polar phase, so that the average partition coefficient will stay around 1.

4. Common biphasic solvent systems that are used in separation of natural

products are listed in Table 1.

Bousquet et al. (55, 56) have tested CPC separation of EPA and DHA from micro-

algal oil and were able to isolate pure EPA and DHA from this oil with excellent

yields. The first separation used heptane as the stationary phase and acetonitrile/

water (3% v/v) as the mobile phase was able to remove fatty acids of minor

importance, leaving a mixture of four major polyunsaturated fatty acids. A crude

acid mixture (2.4 g) yielded a mixture (1 g) of the fatty acids, i.e., C18:3 (43%),

C18:4 (7.5%), EPA (45%), and DHA (4.5%). This mixture was subjected to another

separation, using heptane as the stationary phase and methanol-water as the mobile

Two phase region

One phase region

Two phase region

One phase region

Solvent 2Solvent 2

Solvent 3Solvent 1 Solvent 3Solvent 1

A: Type 1
    E.g., Chloroform/methanol/water

B: Type 0
    E.g., Water/dimethyl sulfoxide/tetrahydrofuran

Figure 1
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phase. Under these conditions, a good separation was achieved, and isolation of pure

EPA and DHA resulted with an excellent yield. Murayama et al. (57) have success-

fully separated a mixture of ethyl esters of C18 : 0, C18 : 1, C18 : 2, and C18 : 3 fatty

acids because their partition coefficients are distributed over a wide range in the two-

phase solvent, n-hexane/acetonitrile (1 : 1 v/v). The fatty acids C18 : 2 and C18 : 3

were separated during the first normal ascending elution, whereas C18 : 1 was recov-

ered by switching the elution mode. The CPC may also be applied to separate EPA

and DHA ethyl esters with a solvent system comprising hexane/dichloromethane/

acetonitrile (5 : 1 : 4 v/v). CPC separation has been used to purify DHA and DPA

from algal oil containing 39.7% DHA and 15.2% DPA (45). The free fatty acid

(FFA) mixture obtained from algal oil was eluted with hexane/methanol/water

(100 : 95 : 5 v/v) two-phase solvent system in normal phase ascending mode of

CPC. Under these conditions, DHA was purified up to 84.6% and DPA up to

84.9%; however, coelution of C14:0 fatty acid with DHA occurs under these condi-

tions. In order to isolate ultra-pure DHA (99%, fine chemical grade), prepurification

of algal oil-FFA was needed by complexing with urea to remove the coeluting C14 : 0

fatty acid (45). Purification of gamma linolenic acid (GLA) is difficult by classic

chromatographic methods because of its instability; however, GLC with 98þ%

purity could be achieved by CPC separation of borage oil-FFA (21.8% GLA in

starting oil) under the conditions and solvent systems described above.

Highly purified phospholipids have been isolated and purified from egg yolk

using CPC. An ethanol extract of egg yolk has yielded phosphatidyl choline (PC,

lecithin) of 98.3% purity in a single run through the CPC (58). Byproducts of this

TABLE 1. Common Biphasic Solvent Systems Employed in the Separation of Natural

Products by CPC (45).

Compounds Solvent System

Water soluble Proteins, nucleic acids sugars Ethanol/Aqueous salt

Acetonitrile/Aqueous salt

Peptides, sugars Butanol/Acetic acid/Water

Butanol/Methanol/Water

Nonionic Butanol/Acetic acid/Water

(polyphenols, saponins) Butanol/Methanol/Water

Butanol/Ethyl acetate/Water

Water insoluble High polar Butanol/Acetic acid/Water

(Polyphenols, tannins) Butanol/Ethanol/Water

Butanol/Ethyl acetate/Water

Medium polar Chloroform/Methanol/Water

(Polyphenols, Terpenoids) Methy-t-butyl ether/Acetonitrile/Water

Heptane/Ethyl acetate/Water

Low polar Hexane/Acetonitrile

(Fatty acids, Tocopheols, Hexane/Methanol/Water

Phytosterols) Hexane/Ethanol/Water
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purification include phosphatidyl ethanolamine (PE), lyso-phosphatidyl choline

(LPC), sphingomyelin (SPM), and triacylglycerol (TAG) with reasonably good

purity. Boudimant et al. (58) have applied the CPC technique for purification of

PC to homogeneity from a crude phospholipid extract of squid. The starting extracts

contained PE (24.1%), phosphatidyl inositol (PI, 17.5%), phosphatidyl serine (PS,

4.9%), PC (48.3%), and SPM (5.1%). The crude extract was submitted to a first run

using n-heptane/ethyl acetate/acetonitrile (1 : 0.65 : 1. v/v) as the solvent system.

The first elution was performed in a normal ascending mode allowing the removal

of all other components except PC, and then most polar PC was eluted from the

rotor in a reversed descending mode. Isolation and purification of natural tocopher-

ol isomers is also possible by employing the CPC separation (45). A starting mix-

ture containing 70% of total tocopherols was separated into g- and d-tocopherols

(97% pure) and a-tocopherol (99% pure) with high recovery using Sanki instrument

in the ascending mode elution with hexane/acetonitrile/ethanol (40:25:10, v/v/v)

solvent system.

CPC is a powerful process-scale separation technology, which offers distinct

advantages over other methods for the separation, isolation, and purification of

fatty acids. It is also complementary to HPLC. Although capital investment for a

CPC often runs higher than that for HPLC, operating costs are generally an order

of magnitude lower than when the same separation is performed with conventional

liquid chromatography or preparative HPLC. Scaling up problems associated with

HPLC because of variability of column packing chemistry, surface morphology,

and geometry are not a consideration in CPC, because no solid stationary phase

exists in this system. Another advantage is that the option exists of running the

separation under a blanket of nitrogen or other inert gas, when working with sub-

stances prone to oxidation processes, especially for highly unsaturated fatty acids.

So far it has demonstrated its potential for the separation of lipid molecules at

the level of a few grams and expected to develop into production at kilogram

levels (45).

2.1.3. Crystallization It has long been known that the higher saturated acids are

much less soluble than their corresponding unsaturated counterparts and may be

partially separated from a mixture. Therefore, crystallization at ordinary, zero,

and subzero temperatures has been a useful method of purifying fatty acids and

their derivatives. In the 1930s, Brown and Stoner (59) and Brown and Shinowara

(60) showed that low-temperature crystallization can be used for partial separation

of fatty acids from cottonseed oil and for the preparation of oleic acid from olive

oil. Low-temperature crystallization was originally developed to separate certain

TAG, fatty acids, esters, and other lipids that are highly soluble in organic solvents

at temperatures above 0�C, but become sparingly soluble at lower temperatures

down to �80�C (61). In 1950, Bailey and co-workers emphasized that the solubility

of any given acid is closely related to its melting point and to a certain degree

dependent on the nature of the solvent.

Fractionation by crystallization using the differences of melting point of fatty

acids or triacylglycerols is done in two ways. Dry fractionation, also known as
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the low-temperature crystallization, is the enrichment of oil with the more unsatu-

rated triacylglycerols by removing saturated, high melting components at low tem-

perature. The other method is solvent fractionation (crystallization), which involves

use of organic solvents such as acetone or hexane in order to improve the yield of

each fraction.

2.1.3.1. Low-Temperature Crystallization This method of fatty acid separation

does not involve organic solvents; therefore, it is fractionated without solvents or

referred to as low-temperature crystallization. The solubility of fats in organic

solvents decreases with increasing mean molecular weight and increases with in-

creasing unsaturation (62). In general, even number carbon saturated and unsatu-

rated acids become less soluble with increase in molecular weight; for unsaturated

fatty acids, solubility increases with the number of double bonds present. Singleton

(63) and Stout et al. (64) have determined the solubility of a large number of

fatty acids and esters in a variety of solvents and discerned the following rules:

when acids are saturated, long-chain acids are less soluble than short chain acids;

saturated acids are less soluble than monoenoic and dienoic acids of equal chain

length; trans-isomers; are less soluble than cis-isomers; and normal acids are less

soluble than branched acids. The melting point of fatty acids changes considerably

with the type and degree of unsaturation, thus separation of mixtures of satura-

ted and unsaturated fatty acids is possible. The trans-acid (higher melting) of a

cis-trans pair is less soluble than the cis-acid (lower melting). Saturated acids are

usually solid at ambient temperature and can crystallize at temperatures down to

0�C. Crystals are separated from the mother liquor by any conventional filtration

procedure. At low temperatures, long-chain saturated fatty acids that have higher

melting points crystallize out and PUFAs remain in the liquid form. However, un-

saturated fatty acids with lower melting points and higher solubilities must be crys-

tallized at lower temperatures (0–100�C) and filtration must be carried out at an

appropriate low temperature. The solution temperature should be reduced to the

crystallization temperature slowly (1–6 h) and maintained there for 4–24 h. This

produces larger crystals, which are easier to filter. Low-temperature crystallization

is a mild procedure that is especially suitable for polyenoic acids that are suscep-

tible to oxidation at elevated temperatures. Crystallization of saturated fatty acids at

low temperatures has been in practice since the 1940s and has developed into a com-

mercial technique for separation of saturated fatty acids from triacylglycerols of

natural sources. The fatty acid crystals formed at lower temperatures are separated

by a filtration process and special equipment is developed to accomplish this at

lower temperatures.

The solubility of a given fatty acid in a mixture could be approximated to its

solubility in the pure state; however, intersolubilization could occur and may also

form mixed crystals at temperatures that do not permit precipitation of a particular

acid (62). The removal of high melting fully saturated fatty compounds is compara-

tively easy when more unsaturated compounds are present; however, this is not

always possible for natural mixtures of fatty acids. Retention of liquid phase in
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the solid material separated (entrainment) is also a problem in the fractionation by

crystallization, which happens because of occlusion of uncrystallized liquid within

the crystallized particles or aggregates as well as to liquid retention between the

particles.

The use of membrane filter press enables dry fractionation to compete very

effectively with solvent fractionation, especially in palm mid-fraction separation.

Specification for palm mid-fraction is the proportion of symmetrical monounsatu-

rated triacylglycerols and the ratio of symmetrical to asymmetrical monounsaturat-

ed triacylglycerols in the fraction, which also characterize cocoa butter equivalents.

According to Deffense (65), two-stage solvent (acetone) fractionation produces

similar enrichment of symmetrical triacylglycerols of the mid-fraction of palm

oil, which is usually produced by three-stage dry fractionation. Willlner et al.

(66) showed that two-stage solvent (acetone) fractionation produces similar compo-

sition mid-fraction as two-stage dry fractionation combined with a membrane filter

press for first stage and high-pressure ‘‘hydrofilter’’ press for the second stage. Intro-

duction of membrane filter press has improved the applicability of dry fractionation

in commercial separation of fats and oils components.

Slow cooling that is achieved by long crystallization time helps to produce

stable polymorphic form of triacylglycerol crystals. In order to achieve this situa-

tion, one way is to use the oil temperature as the control parameter for the coolant

(e.g., use in Fractionment Tirtiaux, Fleurus, Belgium). Control of agitation during

crystallization is also important in optimizing the yield of olein and quality of

the product. The other is the horizontal vacuum belt filter that was introduced in

the early 1970s (Fractionment Tirtiaux, Fleurus, Belgium), which enables one to

improve the yield of olein (from 67% to 72%). However, these two processes still

could not reduce the entrainment problem. The membrane filter press that was

introduced in the early 1980s permitted applying pressure to the cake in the press

chamber while giving a lower level of liquid entrainment at the filter cake. The filter

presses were further developed to operate at pressures up to 50 bars, but at a high

operating cost (Hydrofilter, Krupp Maschinentechnik, GmbH, Hamburg, Germany).

Use of countercurrent crystallization (feed material is in contact with a progres-

sively solid depleted liquid fraction in successive stages of a multistage crystallization

process) may enhance the fractional crystallization efficiency of edible oils (67).

Use of crystallization-modifying substances to accelerate, retard, or inhibit crys-

tallization of triacylglycerols may be used for dry fractionation (68). These crystal-

lization modifiers (or crystal habit modifiers) are fatty acid polyesters of sucrose,

especially those of palmitic or stearic acid esters (69–71) or glucose and derivatives,

e.g., dextrin (72). The crystal habit modifiers can change the habit of triacylglycerol

crystals in a way that the crystallized stearin base can be separated more effectively

from the liquid olein phase. Palmitic or stearic acid as the main substituting agent in

sucrose (4 to 8 average degree of substitution) is an emulsifier and added to fat at

high temperatures (about 50�C). Once they are mixed with the fat, temperature is

lowered and fine, rigid crystals of specific components of fat are formed. Filtration

under vacuum may be used to separate the resultant crystals. Separation efficiency

also depends on the mode of crystallization, stagnant or stirred.

596 NOVEL SEPARATION TECHNIQUES FOR ISOLATION AND PURIFICATION



2.1.3.2. Solvent Crystallization The low-temperature crystallization process may

be carried out on the neat liquid in the absence of a solvent or in a selected solvent/

solvent mixture. Liquid-liquid countercurrent extraction has been developed and

used for fractionation and refining of oils and fatty acids. Crystallization of satu-

rated fatty acids from a solution of fatty acid mixture in organic solvents, especially

apolar type, is a promising way of separation. Table 2 provides solubility of differ-

ent fatty acids in different organic solvents as a function of temperature. For unsatu-

rated fatty acid mixtures, Hildith and Riley (73) have shown that when fatty acid

mixtures of sunflower, sesame, and peanut oil were cooled to �30�C in acetone

(5ml/g) the portion left in the solution after crystals were separated contained most

of the linoleic acid. The crystallized solids had low iodine value and mostly con-

tained saturated fatty acids. Later, this procedure was employed for separation of a

variety of natural sources of unsaturated fatty acids (61). Separation of unsaturated

fatty acid methyl esters by crystallization at low temperatures (�20� to �80�C) is

feasible because of the easy crystallization of saturated and monoenoic acid esters.

The commonly used solvents are methanol and acetone, and these have been

employed to separate ‘‘stearic’’ and ‘‘oleic’’ fractions. Attempts have also been

made to use other solvents such as hexane and methyl formate (74). The Emersol

process and Armour–Texaco process use the principles of fractional crystallization

of fatty acids from solvents at low temperatures. Fatty acids are dissolved in metha-

nol and then passed through a series of precoolers and coolers/crystallizers that are

maintained at temperatures below freezing (<�15�C).

Use of low-temperature crystallization in fractionation of PUFA is very promis-

ing because of the mild conditions involved. It has been reported that use of differ-

ent organic solvents and temperatures affects the concentration of PUFA (61, 75).

With proper choice of solvent and temperature, PUFA can be concentrated into

the noncrystallized fraction. The fungal oil extracted from Mortierella genus was

used for concentration of g-linolenic acid (GLA) by low-temperature crystallization

(75, 76). The concentration of GLA in different solvents was in the order of acetone

(�20�C) > n-hexane (�20�C) > acetone (4�C) > petroleum ether (�20�C) at a

solvent to oil ratio of 5 : 1 (v/v). Solvent crystallization of fatty acids is an indispen-

sible method for preparing pure fatty acids. This method requires the least number

of unit operations and the simplest equipment (77, 78). Briefly, the process consists

of the following: cooling of the oil or fatty acids in a solvent, holding for a specified

period of time, and removing the crystallized fraction by filtration. Studies carried

out on solvent crystallization of PUFA from seal blubber oil (SBO) showed that

fatty acids in the free or TAG form can be concentrated into the non-crystalline

fraction (79). Table 3 shows the enrichment of total o3-PUFA following low-

temperature crystallization of SBO in the TAG form using hexane and acetone as

solvents. The content of o3-PUFA in the noncrystalline fraction (the concentrate)

was increased with lowering of the crystallization temperature. Under all tempera-

ture conditions, acetone afforded the highest concentration of total o3-PUFA (79).

Low-temperature crystallization of SBO, in the free fatty acid form, at �60�C
and �70�C in hexane, resulted in total o3-PUFA contents of up to 58.3% and

66.7% in the preparation with concentrate recoveries of 39.0% and 24.8%,
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TABLE 2. Solubility (g acid/100-g solution) of Fatty Acids in Various Organic Solvents

at Different Temperatures (61).

Solvent

Temperature �C Acetone Diethyl Ether Ethyl Acetate n-Heptane Methanol Toluene

Stearic acid, 18:0

10 0.54 2.40 0.58 0.080 0.26 0.00

0 0.11 0.95 0.13 0.018 0.090 0.080

�10 0.023 0.38 0.027 0.004 0.031 0.015

�20 0.005 0.15 0.006 – 0.011 0.003

�30 – 0.051 – – – –

Oleic acid, 18:1 cis

�20 5.20 – 5.95 2.25 4.02 –

�30 1.68 – 1.00 0.66 0.86 3.12

�40 0.53 5.15 0.62 0.19 0.29 0.96

�50 0.17 1.80 0.20 0.050 0.10 0.28

�60 0.055 0.61 0.057 0.011 0.03 0.075

�70 – 0.21 – – – –

Elaidic acid, 18:1 trans

0 – – – 0.59 – –

�10 – – – 0.19 0.48 0.86

�20 0.26 1.40 0.29 0.060 0.18 0.20

�30 0.092 0.60 0.10 0.019 0.064 0.056

�40 0.029 0.23 0.027 0.007 0.020 0.013

�50 0.009 0.10 0.008 – 0.010 –

Linoleic acid, 18:2 cis

�50 4.10 – 4.4 0.98 3.10 –

�60 1.20 – 1.38 0.20 0.90 –

�70 0.35 – 0.39 0.042 0.25 –

Arachidic acid, 20:0

10 0.13 0.90 0.14 0.028 0.080 0.12

0 0.035 0.38 0.036 0.005 0.028 0.026

Eicosenoic acid, 20:1, cis

�20 1.10 – 1.30 – 0.80 –

�30 0.54 3.90 0.60 0.45 0.35 1.10

�40 0.27 1.70 0.26 0.15 0.15 0.30

�50 0.12 0.68 0.11 0.048 0.06 0.07

�60 0.05 0.22 0.04 0.01 0.02 –

Palmitic acid, 16:0

10 1.60 – – 0.30 1.30 1.41

0 0.66 2.95 0.52 0.08 0.46 0.36

�10 0.27 1.35 0.18 0.02 0.16 0.086

�20 0.10 0.56 0.060 0.005 0.050 0.018

�30 0.038 0.21 0.018 – – –

Behenic acid, 22:0

10 0.050 0.48 0.055 0.012 0.019 0.012

0 0.014 0.18 0.016 0.002 0.007 0.002

�10 0.004 0.068 0.004 – 0.002 –

Erucic acid, 22:1, cis

�10 – – – 0.35 0.40 –

�20 0.28 – 0.31 0.11 0.19 0.68

�30 0.10 1.20 0.11 0.030 0.068 0.16

�40 0.037 0.49 0.040 0.008 0.024 0.044

�50 – 0.18 – – 0.007 –
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respectively. However, the content of total o3-PUFA in acetone increased up to

56.7% and 46.8%, but the recovery of the concentrates was 15.9% and 12.9%,

respectively.

2.1.4. Distillation Method Hydrolysis of triacylglycerols and saponification has

been described by Chevruel (80). The process of alkaline hydrolysis of acylgly-

cerols under refluxing conditions in ethanolic media to produce soap has been in

practice. In 1895 and 1896, Henriques reported that the saponifying process can be

carried out at room temperature. The oldest record of distillation process dates back

to about 3600 B.C. An apparatus consisting of essential parts for distillation has

been found at Tape Gowra in Mesapotamia, which must have been used for prepar-

ing perfumes (81). The physical laws of Dalton (1766–1844) and Roult (1830–

1901) were the fundamentals of developing the science of distillation. Laboratory

vacuum distillation was introduced in 1869 by Dittmar, and also by Kekule in 1872.

Separation of pure palmitic and stearic acids to use in the synthesis of triacylgly-

cerols was reported by Kraft (82) and Kreiser (83). Fractional distillation of methyl

esters obtained from coconut oil has been reported by Haller et al. (84). In the same

year, Bull (85) reported isolation of 9-eicosenoic acid from methyl esters of cod

liver oil. Quantitative analysis of the composition of fractionated coconut oil and

palm kernel oil was reported by Elsdon (86, 87). Analytical fractionation of fatty

acid methyl esters in order to determine the composition of peanut, sunflower, and

olive (88–91) as well as soybean oil (92), unsaturated fatty acids of menhaden oil

and beef brain lipids has been in practice (93, 94).

Invention of an actual distillation apparatus was reported in 1932–1935, which

the inventor is not clearly identified. Fractionation of fatty acid esters using open

tubes and spiral-type columns has been illustrated in Reily’s book (95). The ob-

jective of this distillation process was to obtain fractions containing ‘‘no more than

two adjacent homologous saturated and unsaturated members and having chain

length differing by 2–carbon units’’ (96). Columns consisting of rotatable fractio-

nating sections were described by Podbielniak in 1935 (97) and later modified by

TABLE 3. Fractionation of PUFA (%) of Seal Blubber Oil (SBO) by Low-Temperature

Crystallization in Different Solvents.

TAG Free Fatty Acids

Crystallization

Temperature (�C) Hexane Acetone Hexane Acetone

�10 23.2 23.5 23.8 24.3

�20 23.9 26.9 24.5 25.4

�40 26.2 36.4 31.0 40.6

�60 30.5 43.8 58.3 56.8

�70 35.1 47.9 66.7 46.8

Total o3-fatty acids content of original SBO is 20.1%.

Adapted from (79).

METHODS OF OBTAINING FATTY ACIDS 599



Baker (98) to improve the separation efficiency by increasing the number of theo-

retical plates. Privett et al. (99) have used this device and were able to fractionate

methyl esters of pork liver lipids into 38 distilled fractions with chain lengths

ranging from C14 to C22. Technical improvements of this distillation method

were developed into molecular distillation and isolation of Vitamin D (100), esters

of fish oil (101, 102), cholesterol, tocopherol (103), and fish oil to obtain high-

purity DHA (104).

Distillation has been used for partial separation of mixtures of fatty acid esters.

This method takes advantage of existing differences in the boiling point and

molecular weight of fatty acids under reduced pressure (61) and requires high

temperatures of approximately 250�C (105). Short-path distillation or molecular

distillation uses lower temperatures and short heating intervals. However, fractiona-

tion of PUFA-rich oils (e.g., marine oil esters) is difficult because separation of these

components becomes less effective with increasing molecular weight (106, 107).

At present, the most widely used distillation procedure is fractional distillation

of methyl esters under reduced pressure (0.1 to 1.0 mmHg). Even under these con-

ditions, moderately high temperatures are required; the more highly unsaturated

acids, especially o3-PUFA, are more prone to oxidation, polymerization, and iso-

merization of double bonds. Heated columns packed with glass helices or some

form of metal packing are in common use despite the disadvantage of a significant

hold up and pressure drop through the column. Spinning band columns are designed

to avoid these disadvantages. Distillation at lower pressures has been used in the

isolation of some highly unsaturated acids, and in particularly valuable in polymeri-

zation studies to separate monomeric, dimeric, and polymeric materials and in the

separation of monoacylglycerols from di- and triacylglycerol mixtures. Exposure of

long-chain o3-PUFA to high temperatures during distillation may induce hydro-

lysis, thermal oxidation, polymerization, and isomerization. Possible degradation

products of long-chain PUFA are cyclic fatty acids and high-molecular-weight poly-

mers (108, 109). Privett et al. (110) and Privett and Nickell (111) found a marked

decomposition of arachidonic acid (C20:4 o6) when it was distilled slowly in a

spinning band column. When the catalytic effect of metal parts was eliminated by

using an all-glass apparatus, still the high temperature and exposure to oxygen

caused a major loss of o3-PUFA (112). Therefore, design of a method for prepara-

tion of o3-PUFA concentrates involving low process temperature and time to mini-

mize thermal damage to labile molecules is desirable.

2.1.5 Solubility differences of fatty acid salts In 1828, Gusserow introduced

a method that lead salts or soaps of fatty acids in ether can be separated depending

on the solubility differences. Saturated and unsaturated fatty acids form salts with

metallic ions (e.g., Li) whose solubilities in water and organic solvents vary with

the nature of the metallic ion and the chain length, degree of unsaturation, and other

characteristics of the acid radicals. Substitution of ethanol for diethyl ether (113)

allows better separation.

The alkali salts of saturated fatty acids crystallize more readily than those of

PUFA containing four or more double bonds when the saponified solution is cooled.
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Therefore, concentration of o3 fatty acids from PUFA-rich oils in the form of fatty

acid salts may be achieved by employing a lower alcohol using solubility differ-

ences of the salts. In order to obtain high content of total o-3 fatty acid with a

good recovery, the water content of the medium should be maintained at a 3% level.

Han et al. (114) were able to increase the total o3 fatty acids of sardine oil from

33.2% to 75.9%.

2.2. Novel Methods

2.2.1. Enzymatic Methods The use of enzymes to produce fatty acids and fatty

acid-derived products has been a focus in both academic and industrial circles.

Lipases may catalyze esterification, hydrolysis, or exchange of fatty acids in esters

(115). These processes can be selected by choosing appropriate substrates and reac-

tion conditions. Lipase-catalyzed processes have attracted attention because of the

mild reaction conditions under which they occur and the selectivity displayed by

these catalysts. In both respects, they differ from typical chemical reactions. As

enzymatic reactions occur under mild temperature and pH conditions and at ambi-

ent pressure, they generally require less energy and are conducted in equipment of

lower capital cost than many other chemical processes. Another advantage of enzy-

matic process is related to the selectivity of many lipases, which allows obtaining

products that are difficult to produce by more conventional chemical reactions.

2.2.1.1. Lipase-catalyzed Hydrolysis Bottino et al. (116) have illustrated the

mechanism of resistance of lipases toward long-chain o3-PUFA in marine oils.

The presence of cis-carbon-carbon double bonds in the fatty acids results in bend-

ing of the chains. Therefore, the terminal methyl group of the fatty acids lies close

to the ester bond, which may cause a steric hinderance effect on lipases. The high

bending effect of EPA and DHA caused by the presence of 5 and 6 double bonds,

respectively, enhances the steric hinderance effect; therefore, lipases cannot reach

the ester-linkage between these fatty acids and the glycerol moiety. However, satu-

rated and monounsaturated fatty acids do not present any barriers to lipases and,

thus, may be easily hydrolyzed. Therefore, fatty acid selectivity of a lipase for

EPA and DHA allows their separation and concentration from other components

present in the remaining portion of marine oils. In addition, lipases have frequently

been used to discriminate between EPA and DHA in concentrates containing

both of these fatty acids, thus providing the possibility of concentrating o3-

PUFA (116).

Microbial lipases from Aspergillus niger (AN), Candida cylindracea (CC), Pseu-

domonas spp. (PS), Chromobacterium viscosum (CV), Rhizopus delemer (RD), and

Rhizopus javanicus (RJ) have been widely used in modifying PUFA-rich oils (117).

The fatty acid specificity of lipases (discrimination of PUFA over short-chain fatty

acids) is a crucial factor when considering the application of enzymes to modify

marine oils rich in PUFA (118–121). Lipases from Rhizopus spp are known to be

1,3-position specific (122). Wanasundara (79) and Wanasundara and Shahidi (123,

124) (seal blubber oil; SBO and menhaden oil; MHO) and Tanaka et al. (117)
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(tuna oil) have shown that lipase-assisted hydrolysis of marine oil may enrich o3-

PUFA in the acylglycerols of the nonhydrolyzed fraction. Table 4 shows that in

MHO, the total content of o3-PUFA was increased from 30% in the original oil

to 45.7%, 45.8%, and 42.2% after a 75 h hydrolysis by RO-, CC-, and GC-lipases,

respectively. Corresponding increases in the content of DHA in this oil were

from 10.1% in the original oil to 25.6%, 18.2%, and 15.5%, respectively. In

SBO, maximum increase in the content of total o3-PUFA, from 20.2% to 45.0%,

was attained using CC-lipase under similar experimental conditions.

2.2.1.2. Lipase-Catalyzed Esterification When the TAG form and alkyl (methyl

or ethyl) esters of PUFA were compared in laboratory animals, alkyl esters showed

impaired intestinal absorption (125, 126). Therefore, TAG form is nutritionally

more favorable than methyl or ethyl esters of fatty acids. Yang et al. (127) have

shown that methyl and ethyl esters are hydrolyzed slower than their corresponding

TAG. From a marketing point of view, triacylglycerols of PUFA are often promoted

as being more ‘‘natural’’ than other fatty acid derivatives. In order to include pre-

ferred fatty acids into the TAGs lipase-catalyzed esterification of fatty acids is

widely employed and structured lipids with high biological value are generated.

When inclusion of PUFA are concerned, direct esterification of glycerol with

individual free fatty acids, including EPA and DHA, had been carried out by

employing CV- and CC-lipases (128). Several researchers have reported that this

method affords a high degree of incorporation of targeted fatty acids into the TAG

molecule, which has been observed with microbial lipases for marine oils (128–130)

and plant oils (131–133). All these studies have pointed out that the water content

in the reaction medium is a crucial factor determining the extent of the esterification

TABLE 4. Enrichment of Total o3 PUFA in the Nonhydrolyzed

Fraction of Seal Blubber (SBO) and Menhaden (MHO) Oils on

Hydrolysis by Different Microbial Lipases.

Total o3-PUFA, %

Source and Enzyme Hydrolysis Time, h MHO SBO

No enzyme 0 20.2 30.1

Aspergillus niger (AN) 12 20.8 30.3

75 23.3 35.0

Psudomonas spp. (PS) 12 22.4 35.0

75 26.1 39.5

Candida cylindracea (CC) 12 40.2 40.9

75 45.0 45.8

Rhizopus oryzae (RO) 12 24.2 39.2

75 33.1 45.7

Geotrichum candidum (GC) 12 30.0 40.1

75 30.0 42.2

Adapted from (79).

602 NOVEL SEPARATION TECHNIQUES FOR ISOLATION AND PURIFICATION



reaction. A high water content in the reaction medium shifts the chemical equili-

brium toward hydrolysis, whereas a reduced water content shifts the equilibrium

toward esterification. The optimum content of water in the esterification reaction

should be kept to a minimum in order to discourage occurrence of partial hydrolysis

of products and formation of glycerol as well as mono- and diacylglycerols. How-

ever, the content of water in the reaction medium should be sufficiently high in

order to prevent enzyme deactivation. The water requirement for different enzymes

varies considerably, typically from 1% to 4% for interesterification reactions of

TAG (133). Starting with previously enriched material (high content of targeted

fatty acids by other means, such as urea fractionation), it is possible to obtain

very high levels of incorporation (134, 135).

2.2.2. Supercritical fluid extraction Supercritical fluid extraction (SFE) uses

compressed gas as the extraction medium and circumvents some of the problems

associated with the use of classical separation techniques involving organic sol-

vents. This technique combines features of distillation (i.e., separation because of

differences in component volatiles) and liquid extraction (i.e., separation of compo-

nents that exhibit little difference in their relative volatilities or that are thermally

labile). A number of gases, when compressed isothermally at a temperature greater

than their critical temperature and to pressures greater than their critical pressure,

exhibit an enhanced solvating power (136), which has been known since the nine-

teenth century (137, 138), but its actual applications did not come to practice until

the late twentieth century.

The region in which a substance exists as a supercritical fluid is defined by its

critical pressure (Pc) and temperature (Tc). Supercritical fluids can have liquid-like

densities and, at the same time, values of transport properties such as viscosity and

diffusion coefficients, intermediate between those typical for gases and liquids. The

solubility of a solute in a supercritical fluid is mainly a density-driven phenomenon

and can be significantly increased with increasing pressure. Near the critical point,

the fluid is highly compressible and a small increase in pressure can induce a large

increase in fluid density. At pressures near the critical point, a moderate tempera-

ture increase may cause a large decrease in fluid density resulting in a decrease in

solute solubility, which is known as retrograde behavior (139). The fluid becomes

less compressible at much higher pressures and an increase in temperature causes

density decrease to a lesser extent. Therefore, at higher pressures, an increase in

temperature may bring about an increase in solubility, i.e., a nonretrograde behavior

(140). These pressures are very high and in the order of 1000 psig to 2000 psig.

For edible applications, CO2 is chosen because it has moderate critical temperature

and pressure and is inert, inexpensive, nonflammable, environmentally acceptable,

readily available, and safe (141). Carbon dioxide has critical temperature of 31.1�C
(at 1070 psig), which allows the extractions to be carried out at temperatures below

100�C. The single-component pressure-temperature phase diagram defines the criti-

cal region for the specific case of CO2. Readers are referred to the reviews provided

by Paul and Wise (142) and McHugh and Krukonis (143) for the details of basic

concepts of this technique.
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The use of supercritical fluid carbon dioxide (SFCO2) for the extraction of oil

from oilseeds (144), and decaffination of coffee (145) is currently in practice in

an industrial scale. The good solvating power with low viscosity and high diffu-

sion coefficients of supercritical fluids make them suitable for use as a mobile phase

in chromatography with high velocities. The solvating power of supercritical fluids

depends on their specific gravity, which is a function of pressure and temperature.

Görner and Perrut (146) were able to separate fatty acid methyl esters (C18–C22,

both saturated and unsaturated) on a silica column using SFCO2 as the mobile

phase.

The solvent strength of supercritical carbon dioxide, even at high density, is not

sufficient for the elution of polar solutes. The solubility of the solute in the super-

critical phase can be greatly influenced by adding modifiers to the mobile phase.

Addition of modifiers, usually organic solvents, increases the polarity of the extract-

ing SFCO2 (147). Using SFCO2 with modifiers (acetonitrile or isopropanol) as the

mobile phase and silica-based cation exchanger impregnated with silver nitrate as

the stationary phase, separation of geometric isomers of diene- and triene-fatty acid

methyl esters of fish oils has been achieved (148).

Merkle and Larick (149) have separated triacylglycerols from beef tallow

using SFCO2 as the extracting medium at 40�C and at pressures of 10.3–

27.6 MPa. Concentrated TAGs were obtained under ambient temperature and

pressure. Saturated and monounsaturated TAGs could be extracted based on the sol-

vent density and molecular weight. When a model mixture containing fatty acid

methyl esters and cholesterol was extracted with SFCO2 (1500 psig, 328.2 �K), a

selective extraction of cholesterol was observed, demonstrating that the removal

of cholesterol is possible from the mixture (150). Supercritical fluid extraction

(SFE) has been effectively used to refine fish oils and to remove cholesterol, poly-

chlorinated biphenyls (PCB), Vitamin E, and other components (151). The separa-

tion of PUFA by SFE is dependent on the molecular size of the components

involved rather than their degree of unsaturation; therefore, a prior concentration

step is needed to achieve a high concentration of PUFA in the final product

(141). Oils to be used for enriching PUFA by SFE require preparation steps of

extraction, hydrolysis, and esterification by conventional methods (151, 152). Sev-

eral research groups have reported the fractionation of mixtures of mono-, di-, and

triacylglycerols using various fluids (153, 154). Some enhancement of the content

of o3-PUFA present in fish oil TAG has been reported (155) Stout and Spinelli

(156) have demonstrated that fish oil esters could be fractionated by SFE to produce

an oil with a DHA content of 60–65%. The fractionation of free fatty acids using

SFE has also been reported (145). Both of these studies have shown a low recovery

of o3-PUFA during the process, the reasons for which remain speculative. How-

ever, use of extremely high pressures and high capital costs might limit the wide-

spread use of this method for industrial-scale concentrate production. Recently,

propane has gained more attention in the extraction technology, especially in the

nutraceutical industry (157). However, more research and development will be

required to determine the extent of its use for separation of PUFA from different

oils.
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2.2.3. Urea Complexation Urea alone crystallizes in a tightly packed tetragonal

structure with channels of 5.67 Å diameter. However, in the presence of long

straight-chain molecules, it crystallizes forming a hexagonal structure with inner

channels of 8–12 Å diameter (158). The channels formed, in the presence of

long-chain unbranched molecules, are sufficiently large to accommodate aliphatic

chains. The applications of urea inclusion compounds (UIC) in separation of fatty

acids involve isolation of PUFA and cyclic free fatty acids in the noninclusion frac-

tion. UIC-based fractionation is very efficient in removing saturated fatty acids as

UIC fraction. The main selectivity for separation of fatty acids via forming UIC

includes (i) increased discrimination against inclusion as the number of double

bonds per molecule increases, (ii) preference of molecules of longer chain length,

(iii) preference for trans-versus cis- double bonds with trans- monoenes are often

preferred over the corresponding saturate and (iv) sensitivity for double bond posi-

tion (159). Although straight-chain saturated fatty acids with six carbon atoms or

more are readily adducted, the presence of double bonds in the carbon chain increa-

ses the bulk of the molecule and reduces the likelihood of its complexation with

urea (160). Monoenes are more readily complexed as compared with dienes, which,

in turn, are more readily complexed than trienes. Therefore, the stability of fatty

acid-urea adducts parallels the geometry of the molecules involved. Any deviation

from a straight chain arrangement weakens the stability of the formed adduct.

Therefore, formation of urea inclusion compounds depends on the degree of unsa-

turation of the fatty acids involved.

For UIC formation, first the oil (acylglycerol) is split into its fatty acid consti-

tuents using alcoholic KOH or NaOH. The unsaponifiable matter, such as sterols,

Vitamins A, D, and E, and xenobiotics (e.g., PCB), as well as other undesirable

components, are removed from oil during the splitting process. The free fatty acids

which are mixed with an alcoholic (methanol or ethanol) solution of urea are then

allowed to cool to a particular temperature, depending on the degree of concentra-

tion desired. The saturated fatty acids, monoenes, and, to a lesser extent, dienes are

crystallized with urea and noncrystallized fatty acids in the solution can be sepa-

rated by filtration. The liquid or nonurea complexing fraction (NUCF) is enriched

with o3-PUFA. Alternatively, this procedure can be carried out using methyl or

ethyl esters of fatty acids rather than free fatty acids. There are advantages and draw-

backs for each of these options. For example, fatty acids are more soluble in alcohol

than their corresponding esters hence they require a much smaller volume of alco-

hol for processing. If the ester form of fatty acids is chosen, the re-esterification step

of the concentrates is eliminated. Han et al. (161) have tested a series of solvents

(ethanol, methanol, water, formamide, and acetonitrile) as wetting agents for urea.

They reported that all solvents tested served as appropriate wetting agents, but

water was the solvent of choice because of its low cost and lack of toxicity. Pre-

sence of phospholipids, di- and triacylglycerols greatly reduces the amount of

UIC formed (162), thus refining of FFA mixtures prior to UIC-based fractionation

is necessary. It is hypothesized that such compounds may enhance dissolution of

FFA in the liquid phase, thus making entrapment of UIC less energetically favored

(159).
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Fractionation of FFA or alkyl esters of FA based on UIC is widely employed

to enrich PUFA content in nonurea inclusion compounds (NUIC). It has been

reported that complete removal of saturated fatty acids by urea complexation

may be impossible because some of the shorter chain saturated fatty acids do not

complex with urea during the crystallization process (79, 163, 164). Long-chain

monounsaturated fatty acids (MUFA), especially those of the C20 and C22, form

complexes with urea more readily than those of the shorter chain saturated

fatty acids (C14 and C16), thus the amount of MUFA in UCF was increased

depending on the reaction conditions (164). The overall recovery, varied inversely

with increasing urea-to-fatty acid ratio as well as crystallization at lower tempera-

tures as the extent of crystallization depends on the concentration of urea and the

temperature of crystallization. Wille et al. (165) reported that C18:4o3 and DHA

are concentrated more efficiently in the filtrate when crystallization occurs at �5�C,

whereas total o3-PUFA and EPA contents were maximized at 10�C and 15�C, res-

pectively. Qualitatively, solubilities of fatty acids in the presence of urea are

parallel, but the values are much lower than when they are used alone. Without

urea, polyenoic compounds do not normally crystallize even at the temperature

of dry ice, but they will do so in high concentrations of urea above 0�C. Successive

crystallization with increasing concentrations of fatty acids and urea at decreasing

temperatures down to 13�C allows separation of DHA from other components of

the oil. Interestingly, urea complexation protects these o3-PUFA from autoxidation

(166). Complex formation is exothermic, but requires dissolution of both urea and

fatty acids. Methanol and ethanol are preferred solvents for small-scale fractiona-

tion, but recently Han et al. (161) found that water may offer the best choice of

solvent for large-scale operations. Swern (167) reviewed urea fractionation of fatty

acids of many natural oils and Patokina et al. (168) studied the thermodynamics and

other aspects of urea adduct formation.

Many publications have described the application of urea complexation in both

analytical and preparative applications. Iverson and Weik (169) and Strocchi and

Bonaga (170) correlated fatty acid structures with their preferential order of com-

plexation with urea. Other publications have described application of this technique

for concentration of specific fatty acids such as furanoid fatty acids (171), isopre-

noid acids (172), cis-trans-isomers (173), an unusual fatty acid bearing a methyl

branch and a double bond on the same carbon atom, such as 7-methyl-7-hexadece-

noic acid (174), as well as preparation of o3-PUFA concentrates from other marine

oils (174–177). It should also be noted that in urea complexation, the complexed

crystals are very stable, and hence, filtration at the very low temperatures used

for solvent crystallization of fatty acids is not required (178). This method is also

favored by many researchers because the complexation is based on the configura-

tion of the fatty acid moieties because of the presence of multiple double bonds

rather than pure physical properties such as melting point or solubility. Combined

use of methods described above is common practice in order to achieve a high

degree of separation of fatty acids. Use of urea complexation in combination with

chromatographic separation allows preparation of fatty acids with a high degree

of purity.
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3. SEPARATION OF BYPRODUCT COMPONENTS

3.1. Lecithin and Individual Phospholipids from Degumming Process

Lecithin is the widely obtained edible byproduct from oil processing. The definition

of lecithin varies considerably however, lecithin represents a family of products

based on naturally occurring phospholipids and other polar lipids. Most of the com-

mercially available lecithins are obtained from various oilseeds or egg (179). In the

scientific literature, lecithin stands for a special phospholipid, 1,2-diacyl-sn-

glycero-3-phosphatidylcholine or phosphatidylcholine.

From a commercial point of view, soybean is the most important source for leci-

thin however, lecithin production from sunflower (180) and rapeseed (181–183) wet

gum has also been successful. Wet gum is removed during the first refining step of

crude oil that is the degumming process. Traditionally, crude oil obtained from

solvent-extraction process is agitated with 1–3% water at elevated temperatures

(70–80�C). Under these conditions, phospholipids and glycolipids start to swell

and become insoluble in the oil. The hydrated mass is removed via centrifugation,

and the dehydration is carried out under vacuum until the residual moisture is

below 1%.

As lecithin and component phospholipids have become lucrative byproducts of

edible oil processing industry, several improvements are included in their tradi-

tional methods of recovery. The yield and composition of phospholipids in lecithin

can be altered by changes in the conditioning of seeds prior to oil extraction and

also by changing the composition of the oil-extraction medium. The Alcon process

uses heat treatment of the full-fat oilseed flakes prior to extraction, which inacti-

vates phospholipases, thus minimizing nonhydratable phosphorus (NHP) in

crude oil. This process, in turn, helps to enrich the content of phosphatidylcholine

in lecithin. According to Short and others (184), phospholipid composition of

lecithin that is from soy processing can be changed by altering the extraction med-

ium. Full-fat flakes are extracted with a ternary mixture made of hexane, a lower

alcohol, and water. This process results in a considerable increase in phosphatidyl-

choline content in lecithin, total yield of lecithin, and a more hydrophilic character

of lecithin (because of the alteration of phospholipid composition). Van Nieuwen-

huyzen (185) has shown that the modification of lecithin should be based on the fact

that it is a mixture of different emulsifiers. Materials of widely different function-

alities can be obtained from crude lecithin. The most widely practiced method is to

remove the triacylglycerols (de-oiling) by contacting crude lecithin with acetone.

When acetone is used for de-oiling, insoluble phospholipids, glycolipids, and asso-

ciated compounds are left behind in an easily isolated form and subsequent deso-

lventization yields a powdered or granular product. The de-oiling process not only

improves the color, odor, and flavor, but also converts the water-in-oil (w/o) emul-

sifier of the starting material to an oil-in-water (o/w) type emulsifier. Use of supercriti-

cal CO2 makes the de-oiling process without solvent consumption possible and

helps to solubilize triacylglycerols leaving phospholipids insoluble (186–188).

Extraction with lower alcohols, especially ethanol, could be employed to yield a
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water dispersible phosphatidylcholine ‘‘soluble fraction’’ and an ‘‘insoluble frac-

tion’’ rich in phosphatidylinositol and phosphatidic acid. Further fractionation

and purification could be done by using adsorbents, such as alumina, silica, or by

manipulating solvent polarity and temperature of extraction (179).

Lecithin, obtained from oil processing operations, is modified by different meth-

ods in order to increase water dispersibility and improved oil-in-water emulsifying

properties. Among the methods of modification, acylation of lecithin by acetic

anhydride is in practice. Conversion of phosphatidylethanolamine to the N-acetyl

form (50–100%) renders crude lecithin as an o/w type emulsifier (179, 189). Intro-

duction of hydroxyl groups at the points of unsaturation of the fatty acids in the

phospholipid molecule is another way of modification. Blending of lecithin with

high levels of hydrogen peroxide in the presence of an organic acid (e.g., lactic

or acetic acid) at elevated temperatures performs the hydroxylation reaction, which

improves the hydrophilicity of lecithin (179, 190). Use of phospholipase A (fungal

or mammalian origin), which specifically cleaves the fatty acids at the second posi-

tion of the phospholipid, is currently in commercial practice. Lecithin, so obtained,

has highly improved o/w emulsification properties because of the formed lysopho-

spholipids (190, 191). Application of lecithin is widespread and ranges from food,

industrial, and pharmaceutical uses mainly because of the unique surface-active

properties of the constituent phospholipids. Table 5 provides a list of applications

of lecithin.

3.2. Tocopherols and (phyto) Sterols from Deodorizer Distillate

Deodorizer distillate (DOD) is another byproduct of edible oil processing and has a

wide range of chemical compositions. This is produced during the refining step, in

which the steam distillation under reduced pressure is carried out to obtain oil with

desired flavor and stability characteristics. Deodorizer distillate/sludge contains a

multitude of compounds, and generally, the unsaponifiable matter is about 10–30%,

which may differ in composition depending on the type of oil being deodorized. In

general, the unsaponifiable matter in DOD is composed of hydrocarbons (25%),

terpenic and aliphatic alcohols (10%), phytosterols (40%), tocopherols (15%),

and pigments (10%). Table 6 provides the composition of unsaponifiable matter

of a few oilseeds. The distillates from unsaturated vegetable oils are generally high

in unsaponifiable matter, such as stigmasterol and tocopherols, and suitable as a

source of phytosterols and tocopherols. The distillates that are low in unsaponi-

fiables (e.g., animal fats, palm oil) are mainly a source of fatty acids and contain

low levels of tocopherols and sterols. There are intermediate-type distillates also.

3.2.1. Tocopherols Traditionally, tocopherols are purified by a combination of

molecular distillation, ethanol fractionation, chemical alcoholysis, and ion-exchange

chromatography. Molecular distillation may not produce a high purity tocopherol

because of sterol contamination, as both molecules have very similar molecular

weights. Industrial purification of tocopherol achieves about 75% purity by ethanol

fraction; sterols are insoluble, whereas tocopherols are soluble in ethanol. Barnicki
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TABLE 5. Application of Lecithin in Relation to the Characteristics of Preparation (191).

Applications Performance Criteriaa

HLB

Value Food Industrial Physical Properties 1 2 3 4 5 6 7 8 9

2.0 Chocolate, margarine Ink, paints and coatings, textiles Oil soluble – – – x – x – x –

4.0 Baked goods, cheese

products, confections,

dairy products, dietetic

and infant foods, margarine

and shortenings, meats

and poultry processing

and coatings

Adhesives, adsorbents, detergents,

dust control, dyes, fertilizers,

inks, masonary, asphalt, paints

and coatings, paper, pesticides,

polymers/rubber, textiles

Oil soluble – – – x – x x x –

4.0 Oil-based aerosol spray

release applications

– Easily sprayable,

low viscosity, oil

soluble

– – – x – x x x –

4.0 Chewing gum base – Low flavor – – – – – x x x x

5.6 – Paints and coatings, textiles Water dispersible – – – x x – – – –

7.0 Cake mixes, low-fat products,

nondairy creamers, meat

sauces, gravies, canned

meat, frostings, frozen

desserts

Animal feeds, ceramics

and glass, cosmetics and

soaps, dyes

Dry blendable,

oil soluble, water

dispersible, low

flavor

x x x x x – x x x

7.0 – Magnetic tapes, cosmetics,

soaps, skincare

Dry blendable, oil soluble,

water dispersible, low

flavor

– – – x x – – x x

8.0 Functional food applications

where higher choline

content is desired

– Higher choline content, low

flavor, water dispersible

– – – – x – – – –

9.0 Baked goods, starch based

sauces, puddings

– Dry blendable, low flavor,

oil soluble, water

dispersible

x x x x x – – – x



TABLE 5. (Continued)

Applications Performance Criteriaa

HLB

Value Food Industrial Physical Properties 1 2 3 4 5 6 7 8 9

9.0 Baked foods, instant foods,

milk powders

Cosmetics and soaps, dyes, leather Oil soluble, water

dispersible

– – – – – – – – x

10.0 Salad dressings, release

water-based flavor, colors

– Oil soluble, water

dispersible

– – – x x – x – –

12.0 Instant foods, Flavors – Easily sprayable, low

viscosity, water

dispersible

– – – x x – x x x

a1: Adds lubricity; 2: Crumb softner; 3: Dough conditioner; 4: Mixing/blending aid; 5: O/W emulsifier; 6: W/O emulsifier; 7: Release agent; 8: Viscosity modifier; 9: Wetting agent:

� is no, x is yes.



et al. (193) have patented a process that involves a minimum number of processing

steps to recover tocopherols without using solvents. This process is comprised of

an esterification reaction where the more volatile alcohols are converted to their

less volatile fatty acid esters, followed by a series of distillation steps, where com-

ponents boiling higher and lower than tocopherols are separated from tocopherols

and other similar boiling substances.

Shimada et al. (194) have shown that lipase from Candida rugosa recognizes

sterols as a substrate for esterification reaction with free fatty acids in a deodorizer

distillate containing fatty acids, sterols, and tocopherols. After this esterification,

the high boiling point steryl esters (sterols with free fatty acids) could be removed

by molecular distillation, and a tocopherol concentrate can be obtained. According

to their work, soy deodorizer distillate containing 16% total tocopherol was stirred

at 35�C for 24 h with 200 U of lipase per g reaction mixture. One-step esterification

resulted in 80% esterification of sterols, which could be increased to 95% when

repeated esterification steps were carried out. After the reaction, tocopherols and

the remaining free fatty acids were recovered by molecular distillation of the oil

layer. This solvent-free concentration resulted in a 65% tocopherol content in the con-

centrate (194). Use of supercritical fluid CO2 extraction to selectively isolate toco-

pherols from deodorizer distillate has been described for sources such as rice

bran, soy, palm, olive, and wheat germ (195–198).

3.2.2. Phytosterols Structurally related alicyclic alcohols found in the unsapo-

nifiable fraction of plant lipids are collectively called ‘‘phytosterols.’’ Sterols are

found in highest concentrations in the seeds and fruits of oleaginous plants and

are also present in the leaves and seeds of legumes and vegetables that are nono-

leaginous. The deodorizer distillates from vegetable oil refining and fatty residues

from industrial processing of plant materials (e.g., tall oil, a byproduct of cellulose

sulfate process used in paper making and derived from trees), including vegetable

oils, are the major source of phytosterols. Phytosterols are used as starting materials

in the synthesis of steroids for pharmaceutical uses, emulsifiers in the cosmetic and

the food industries, starting material for pesticide manufacturing, and for liquid

crystals in the optics industry. More recently, phytosterols have been used in ingre-

dients for the development of functional foods and nutraceuticals (e.g., margarines

containing phytosterols to lower blood cholesterol levels).

TABLE 6. Composition of Deodorizer Distillate from Various Oils (192).

Component Sunflower Cottonseed Soybean Rapeseed

Unsaponifiables, % 39 42 33 35

Tocopherols, % 9.3 11.4 11.1 8.2

a-tocopherol, % 5.7 6.3 0.9 1.4

Sterols, % 18 20 18 14.8

Stigmasterol, % 2.9 0.3 4.4 1.8
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The unsaponifiable matter of soy, corn, canola/rapeseed, sunflower, cottonseed,

peanut, and palm ranges from 10–30%, and it is composed of 40% phytosterols

and 15% tocopherols (199–202). The temperature, duration, quantity of skimming

vapor, and the extent of vacuum used for deodorization are the parameters that

greatly influence the quality and quantity of DOD. The low content of tocopherols

and sterols in the DOD often requires a concentration step; however, if the starting

material is soybean, this is not an issue because of the high concentration of these

compounds.

In the DOD, phytosterols are present in both the free and esterified forms with

fatty acids. Therefore, the first step in the extraction of phytosterols is conversion of

phytosterol fatty esters into free phytosterols. This is achieved either by hydrolysis

or trans-esterification. Hydrolysis could be carried out under strong basic condi-

tions (saponification with further acidulation), under strong acidic conditions, or

under chemical or enzyme (specific or nonspecific) catalyzation. Re-esterification

of phytosterols occurs during methyl ester distillation as a result of the high tempe-

ratures involved; therefore, a further trans-esterification step for free sterols is

required. Esterification of phytosterols or trans-esterification of sterol fatty acid

esters is the second step in this process. Methanol is the most commonly used alco-

hol, and it leads to methyl esters, which are characterized by a higher volatility,

however, other C1 to C4 alcohols may also be used. Esterification and trans-

esterification of fatty acids or phytosterols can be catalyzed by metal alcoholates,

or hydroxide, by organic catalysts, or by enzymes (Table 7).

The recovery of phytosterols or their concentration is the third step in their iso-

lation. Methyl esters of fatty acids are distilled to raise the phytosterol content up to

50% by weight. Molecular distillation can be used for phytosterols. Phytosterol

concentrates are used as raw materials for steroid drug preparation via microbial

fermentation, in which the pure form of phytosterols are not necessary. The final

recovery of phytosterols can be achieved by crystallization (physical), solvent

extraction (chemical), or crystallization with additives via adduct formation and

separation (physicochemical). Organic solvents or solvent mixtures composed of

low- and high-polarity solvents and water are used for crystallization of phytosterols

TABLE 7. Phytosterol Liberation Methods (203, 204).

Duration of

Liberation Method Catalyst Temperature, �C Reaction, h

Chemical hydrolysis Strong mineral acid – –

Enzymic hydrolysis Lipases from microbial sources 35 5

Transesterification Alkali metal hydroxides or alkoxides 220 3

(alcoholates)

Monoalkyltin or dialkyltin or phenyl 200 4

phosphonic acid

Zn oxides or hydroxides 150–240 3

Saponification and Mineral bases – –

acidulation
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(205, 206). The solid phase consists of either crystallized or precipitated phytoster-

ols that can be filtered, centrifuged, or decanted from the liquid phase. The preferred

high-polarity solvents for phytosterol crystallization are low-molecular-weight oxy-

genated hydrocarbons, lower alkanols, and low-polarity solvents, including alkanes,

monoketones, monoaldehydes, monoesters, and monohydric alcohols. The solvent

blend used for crystallization is generally comprised of at least 80% (by weight)

low-polarity solvents and 20% or less high-polarity solvents. Water is included

into the high-polarity solvent in the ratio ranging from 5 : 1 to 1 : 5 (by weight). Iso-

lation of phytosterols from esterified and trans-esterified mixtures by adduct forma-

tion is performed in an aprotic solvent that contains a small amount of protic

solvent. A combination of additives, protic, and aprotic solvents, listed in Table 8,

are used for this task. After separation, the adduct is decomposed in a biphasic sol-

vent system to liberate free sterols and additives. Recovering of tocopherols is

achieved by different methods, such as molecular distillation and solvent extraction,

which are carried out as the fourth and final step.

As a result of similar volatility of sterols, tocopherols, and fatty acids, it is quite

difficult to separate sterols and tocopherols from fatty acids during fractional dis-

tillation and steam stripping under high vacuum. It has been shown that supercri-

tical fluid extraction is promising and can concentrate both tocopherols and sterols

(208). Lipase-assisted separation of sterols has been studied. The fatty acids in the

deodorizer distillate are enzymatyically hydrolyzed (lipases from microbial sources)

and converted to methyl or butyl esters with the aid of another type of lipase. The

esterified products are fractionally distilled to obtain fatty acid esters. The sterols

and tocopherols are converted into the residue fraction. By employing these steps of

reactions, Ramamurthy and McCurdy (209) were able to obtain a concentration of

17.5% sterols and 21.5% tocopherols from soybean deodorizer distillate. Using

sunflower deodorizer distillate, Ghosh and Battacharyya (210) obtained a concen-

trate containing 30% tocopherols and 36% sterols.

3.3. Soapstock

Soapstock is the byproduct of caustic (dilute sodium hydroxide) washing of crude

oil during refining. Free fatty acids, hydrolyzed phospholipids, and unsaponifiable

matter are included in the soapstock. Free fatty acids are the most valuable compo-

TABLE 8. Additives and Solvents Used for Adduct

Formation in Phytosterol Separation (207).

Additive Aprotic Solvent Protic Solvent

Calcium chloride Ligroin Methanol

Metal salts Toluene Water

Dicarboxylic acids Diethyl ketone

Hydrochloric acids Ethyl acetate

Urea 1,2-dichloroethane
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nents that can be recovered from soapstock. Usually, soapstock is returned to the

oilseed meal to increase its lipid content as well as the weight. For use in feed, the

soapstock must be reasonably free of pesticide residues. As pesticide residues

are concentrated in the deodorizer distillate, they are rarely combined with the

soapstock (211). Acidulation with sulfuric acid stabilizes soapstock and also re-

duces the weight of the material to be handled; however, it forms a large amount

of wastewater in the refinery. The patented method by Daniels (212) uses the acid

water as a fertilizer ingredient. In this, KOH is used instead of NaOH for washing,

and the acidulation with sulfuric acid is followed by neutralization with ammonia

rather than NaOH (213).

3.3.1. Soap Raw or acidulated soapstock could be used to manufacture soap

directly or subjected to distillation and hydrogenation to obtain fatty acids for

soap making. Coconut and palm kernel soapstock is used in high-grade toilet

soap making because of their sudsing and foaming properties. Palm oil soapstock

is used in making low-quality, inexpensive soap. Distilled fatty acids from palm

soapstock offer an alternative to tallow in toilet soap manufacture. Soybean and

cottonseed soapstock that have high levels of unsaturation and pigmentation are

suitable for medium grade soaps for industrial purposes, including powdered

hand soaps, metal finishing compounds, laundry and dry cleaning, food plant clea-

ners, and low-temperature dye washes, but not for toilet soap.

3.3.2. Fatty Acids Soapstock is a low-cost raw material used for obtaining fatty

acids, generally found in the source oil. Short- and medium-chain fatty acids are

obtained from coconut and palm kernel soapstock. Soybean soapstock provides

high-grade stearic acid when hydrogenated and linoleic and palmitic acids when

fractionated. Multiple distillation steps may be required to obtain acceptable color,

stability, and economical hydrogenation. Readers are advised to refer to Sonntag

(214) for further details for the processing of soapstock.
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1. INTRODUCTION

Fried foods have provided culinary delight to people worldwide for centuries. It is

difficult to determine when and where frying was first used by mankind. However,

there is evidence that man used fried products long before the modern civilization

reinvented fried products. Modern day frying involves sophisticated equipment,

techniques, ingredients, and packaging. This is because the industrial fried products

require long shelf life for warehousing, distribution, and sale.

In the frying process, food, such as vegetables, meat, or seafood, is brought in

direct contact with hot oil. The food surface becomes golden yellow to dark brown

in color and develops a pleasant fried food flavor.

Frying is done in homes, restaurants (food services), and at large industrial

operations. Pan frying or griddle frying is done mostly at homes or at the restau-

rants. In this process, a thin layer of oil is heated on a skillet or a griddle. The food

is fried in a layer of oil and fried until completion.

Restaurants also use batch fryers, where the food is placed in a wire basket,

which is lowered into a bed of hot oil. The basket is removed from the hot oil

when the product is fully fried.

The restaurants follow their guidelines on the frying temperature and time of

frying. Frying temperature and frying time vary with the products fried.

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
Edited by Fereidoon Shahidi. Copyright # 2005 John Wiley & Sons, Inc.
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Large-scale production of snack food is done in deep fat fryers. These are either

batch or continuous fryers. In a batch fryer, the food is added into a large pan of hot

oil. The oil is heated either directly from under the fryer or in an external heater. In

the latter case, the oil is continuously recirculated into the pan and it is stirred with

a stirrer. Formerly, manual stirring was common but modern kettles are generally

equipped with mechanical stirrers. Fried product is removed and spun through a

centrifugal device to remove the excess oil from the surface. The product is sea-

soned and packaged. The recovered oil is reused.

In a continuous fryer, the food enters the fryer at one end, is fried and taken out

from the other end. The product is submerged in a bed of hot oil for a specified time

depending on the type of food being fried. The oil is heated directly or indirectly as

described above for the batch fryers.

Products in the above procedures are fully fried and are ready for consumption.

There is another industrial method of frying that is used quite extensively. This is

known as the par-frying process. The food is partially dehydrated in an industrial

fryer and flash frozen at �20�C. The packaged par-fried food is stored at �5�F
(20.6�C) to �10�F (23.3�C) and distributed in freezer trucks. The product remains

in a freezer at the destination. It is taken out of the freezer and fried immediately

without thawing. Most common par-fried products are French fries, potato wedges,

breaded chicken, coated or uncoated vegetables, cheese-filled vegetables, coated

cheese sticks, etc. This reduces the manpower and preparation times at the restau-

rants and provides a great deal of convenience and cost savings to the restaurants

and food services.

Advancement in the packaging materials and packing methods has enabled the

industrial frying operations to extend the shelf life of the fried products so they can

be stored, distributed, and marketed over several weeks to several months, without

losing freshness in the product. This has provided a tremendous boost to the growth

of the packaged fried food industry.

Oil plays a great role in determining the storage stability quality of the fried pro-

duct. However, oil is also prone to oxidation, which leads to rancidity of the product

in storage. Use of packaging material with high oxygen, nitrogen, and moisture bar-

rier properties can significantly reduce oil degradation and increase the shelf life of

packaged fried food.

Frying oil has been available to man in various parts of the world. Most of the

time a specific oil has been selected for frying because it is locally available. Man

also has moved from the crude expelled oils to refined oils as the oil technology

advanced. In addition, the availability of most oils across the world has also

increased due to improved transportation and storage systems developed over the

years. Consumers have been exposed to the taste of products fried in different types

of oil for quite sometime. Production of other than the indigenous oils has also

become common where the local climate, soil conditions, and overall agronomy

have been favorable to a particular type of oilseed or oil palm trees.

In spite of the widespread distribution of various types of oils across the world, it

is found that there are regional preferences for particular oils in fried foods. For

example, cottonseed oil is considered as the ‘‘gold standard’’ for potato chips in
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the United Sates. This is largely because cottonseed oil was the primary vegetable

oil grown in the United States when potato chips were introduced 150 years ago at

Saratoga Falls, New York (1).

Similarly, the Mexican consumers prefer sesame seed oil or safflower oil in fried

snack foods. Consumers in the Indian sub-continent prefer peanut (groundnut) oil

in fried snacks. Bias towards the original indigenous oil can be found in every

oil-producing country. Availability and the necessity for sufficient supply of the

oil have played a great role in local selection of oil for frying products. For

example, the Mexican consumers have accepted palmolein for frying snack foods

because the fried food has good flavor and taste, although they prefer safflower oil

or sesame seed oil. Acceptance of palmolein in Mexico has been influenced by the

fact that sesame seed and safflower oils are in short supply and more expensive and

palmolein produces good fried food at reduced cost.

2. ROLE OF OIL OR FAT IN FRYING

Oil provides several important attributes to the fried product that makes the fried

food palatable and desirable to the consumers, these include:

� Texture

� Fried food flavor

� Mouthfeel

� Aftertaste

Fortunately, oil has also been an excellent heat transfer medium for dehydration

of the food during frying. Some mechanical engineers in the frying industry tend to

treat the oil as a true heat transfer medium. Subsequent discussions in this chapter

will show that oil plays a much greater role than just being a heat transfer medium

in frying.

3. APPLICATIONS OF FRYING OIL

As previously mentioned, frying oil is used in homes, restaurants (food services),

and industrial frying operations. Home fried food is consumed almost immediately

after preparation. At restaurants, the fried food is generally made to order and

consumed within minutes of its preparation. Frying oil is always considered accep-

table at homes or restaurants when it produces good flavor and texture in the food.

There is little or no concern regarding the shelf life of the fried product at either

of these locations.

Industrial products, on the other hand, are packaged and distributed for sale.

Some of these products may require weeks or months for their distribution and

sale. Therefore, these products must maintain good flavor and texture in order to
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be acceptable to consumers when they are purchased. The oils (fats) used for indus-

trial frying must have good oxidative and flavor stability in order to achieve good

shelf life for the products. In this chapter, one will be able to understand the require-

ments that are critical for industrial frying oil. All subsequent discussions on oils in

this chapter will be pertaining to industrial frying, although, the same criteria apply

in restaurant frying.

4. SELECTION OF FRYING OIL

The following criteria (2) are applied for the selection of oil for industrial frying:

1. Product flavor

2. Product texture

3. Product appearance

4. Mouthfeel

5. Aftertaste

6. Shelf life of the product

7. Availability of the oil

8. Cost

9. Nutritional requirements

Flavor, aroma, and appearance are generally the first three attributes that the con-

sumer looks for in the fried food. Subsequently, the consumer judges the fried food

for texture, mouthfeel, and aftertaste. Thus, the first five items from the above list

are important for consumer acceptance of the product.

Product shelf life is important for quality and economic reasons. All products

require a certain number of weeks or even months for distribution and sales. The

product flavor and texture must be acceptable to the consumer at the time it is used.

The texture of the product (staleness) is caused by moisture pickup during storage.

This can be corrected through proper initial moisture control and the use of appro-

priate packaging with a good moisture barrier property.

Oil quality and oil flavor stability greatly influence the flavor stability of the

product in storage.

Availability and cost of oil are important economic factors. Even the best per-

forming frying oil is not beneficial to the business if it is not available in sufficient

quantities. The cost of oil is extremely critical for the industry. Most fried snack

foods contain 20–40% oil. Therefore, the snack food company has to minimize

the delivered cost of oil at the plant. Sometimes, the procurement department pur-

chases oil from a supplier that does not have good control over their operation. This

ends up costing money and goodwill for the snack food company in the long run.

Nutritional value of oil in the snack food has become important. To meet today’s

consumer desire’s, the frying oil must have the following attributes:
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1. Low in saturated fat

2. Low in linolenic acid

3. High oxidative and flavor stability

4. Not hydrogenated (trans-fat free)

This is a difficult challenge for the snack food industry to meet because the mod-

ified composition oils are in very limited supply. Palmolein has no trans-fat but it is

high in saturated fat. Soybean oil and canola oil must be hydrogenated for industrial

frying. Thus, they will have trans-fat. Moreover, it is important to recognize the fact

that the joint supply of palm oil and soybean oil constitutes almost 80% of the

world’s oil consumption (2). There is not enough of either of these two oils to

supply the world’s total oil needs. Corn oil, cottonseed, modified sunflower, and

modified canola oils are in limited supply. They are grown in limited geographic

areas where they are facing stiff competition against other cash crops. Therefore,

nutritional needs in fried snack foods can be met in limited geographic areas and

at a significantly higher cost.

5. THE FRYING PROCESS

Frying is a complex process where simultaneous heat and mass transfer as well as

chemical reactions take place (3). In this process, the hot oil supplies the heat to the

product being fried. Heat turns the internal moisture of the food product into water

vapor. The water vapor comes out of the product through the outer surface (see

Figure 1). This is why one can always see bubbles around the food being fried.

Bubbling is vigorous at the beginning when the food is added into the hot oil

and stops when the moisture in the product drops to a low level.

The food product undergoes dehydration. At the same time, several physical

changes and chemical reactions occur in the food as well as the frying oil, as

described below:

 

Oil Surface

Food

Heat
Water vapor

Figure 1. Conceptual heat and mass transfer during frying.
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5.1. The Changes Occurring in the Food

� The food loses moisture

� The food surface develops a darker color (sometimes, hard crust)

� The fried food develops a firmer texture (or crust)

� The food also develops fried flavor and aroma

5.2. The Changes Occurring in the Oil

� The fresh oil passes through a breaking-in period during which the fried food

appears quite bland

� Fried food flavor develops as the frying process continues

� Along with flavor development, the oil undergoes the following chemical

reactions:

1) Hydrolysis

2) Autoxidation

3) Oxidative Polymerization, and

4) Thermal Polymerization

� The oil in the fryer becomes darker

The oil quality and the fried food flavor go through an optimum stage. Thereafter,

both oil quality and product flavor decline (4). All of the above chemical reactions

alter the chemical structure of the oil molecules. The unsaturated fatty acids are mostly

affected. Some desirable as well as undesirable chemical compounds are formed

in the oil during frying (5). Oil in the freshly fried foods contains the same com-

pounds that are present in the fryer oil. The desirable compounds help provide good

flavor to the freshly fried product. Sometimes, the undesirable oil components can

affect the fresh product flavor. In many instances, a fried product with good initial

flavor may develop oxidized or rancid flavor during storage. This is because the

products of oil oxidation are strong catalysts and cause further degradation of the

oil (contained in the product) during storage. This phenomenon is quite pronounced

when the oil is abused in the frying process. This is even more evident in products

fried in oil with poor fresh oil quality. Therefore, oxidative stability of the oil

in packaged fried foods is critical for achieving the desired shelf life for the

product.

Darkening of the product surface, also called the browning reaction, is produced

by the chemical reaction between the frying oil or oil present in the food (lipids in

general) and proteins, and saccharides present in the food. This reaction is known as

Maillard reaction (6, 7), which is responsible for the following:

1. Brown or dark brown surface appearance of the fried product

2. Fried flavor of the product
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Browning reaction also provides some protection against photooxidation (8, 9),

which will be discussed later.

6. CHEMICAL REACTIONS OCCURRING IN OIL DURING FRYING

It has been mentioned earlier that several chemical reactions take place in the oil

during frying (10, 11). These include hydrolysis, autoxidation, oxidative polymer-

ization, and thermal polymerization, as explained below.

6.1. Hydrolysis

In this process, an oil (triacylglycerol, also known as triglyceride) molecule reacts

with a molecule of water, releasing a molecule of fatty acid (12), commonly known

as free fatty acid (FFA), and a molecule of diacylglycerol (DG, also called digly-

ceride). The reaction scheme is shown below:

Triacylglycerolþ H2O ¼ Free Fatty AcidðFFAÞ þ Diacylglycerol

Although, it is common for the oil to undergo this reaction during frying, presence

of a surfactant is required for hydrolysis to occur. Hydrolysis cannot occur unless

oil and water form a solution (13). Oil and water do not mix except at very high

temperatures under high pressure at 500�F (260�C) or higher, water boils at 212�F
(100�C), at sea level. Therefore, one can expect that very little oil and water solu-

tion should result at frying temperatures (300–415�F or 149–213�C), unless there is

a small amount of surfactant present in the fryer (14, 15). A surfactant can facilitate

the formation of an oil/water solution during frying. This is primarily responsible

for generating the FFA in the fryer oil. Several sources of surfactants are listed

below.

6.1.1. Fresh Oil. Fresh frying oil is obtained by refining palm oil or seed oils. It

would be appropriate to briefly discuss the vegetable oil refining process for the

readers to understand how various processing steps impact the quality of freshly

refined oil. Vegetable oils are refined principally by:

1. Physical refining method

2. Chemical refining method

Palm oil and coconut oil are refined by the physical refining method. The crude oil

is bleached with acid-activated clay and citric acid at elevated temperatures under

vacuum. The objective is to remove phosphorus (phospholipids), trace metals, oil

decomposition products, and some of the color bodies from the crude oil. The vola-

tile impurities in the bleached oil are then removed via steam distillation under very

low absolute pressure and high temperature in a deodorizer.
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Physical refining process is fairly simple and is environmentally friendly and

more economical for palm oil, coconut oil, and palm kernel oil. The process may

not remove the trace impurities if the bleaching step is not done properly.

Seed oils are refined mostly by the chemical method where the crude oil is inti-

mately mixed with a caustic (sodium hydroxide) solution under controlled condi-

tions. The caustic primarily reacts with the free fatty acids to form soap (in this

case, sodium soap of fatty acids). The soap is removed from the refined oil using

a centrifuge. Aside from free fatty acids, some of the phospholipids, trace metals,

and some of the color bodies from the crude oil are also removed and they appear in

the soap phase. The soap is processed further to regenerate fatty acids. The refined

oil is water washed to reduce the soap and then bleached with acid-activated clay

and citric acid at elevated temperatures under vacuum. The bleached oil is either

deodorized to make liquid oil or is hydrogenated to make shortening and margarine

and the formulated product is then deodorized. The schematic flow diagram for the

chemical refining process is shown in Figure 2.

Various processing steps are involved in vegetable oil refining. Each step is con-

trolled under specific operating and oil quality standards in order to produce the

best quality oil. Oil-refining procedures have been discussed in another chapter

in this series. However, the processing steps, and their impact on the hydrolytic

and oxidative stability of fresh oil, have been discussed briefly. The impacts of

improper processing on hydrolytic stability of the freshly refined vegetable oil

are listed below.

1. Higher than the normal level of phospholipids, calcium, or magnesium left

in the fresh oil (16, 17) as a result of:

Crude oil

Water
degummed

Acid
degummed

Acid
pre-treated

Day
tank

Mixed with
caustic
solution

Centrifuged
to remove the
residual soap

and water

Work
tank

Mixed with
hot water

Heated to
refining

temperature

Vacuum
dried

Mixed with
acid clay

and under
vacuum

and
bleached

Bleached oil is
further
processed:

• Hydrogenated
• Winterized
• Product
  formulation
• Deodorized
• Stored

1. Day tank
2. Work tank

Critical
tanks

Centrifuged to
remove soap

Figure 2. Chemical refining process.
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� Poor quality crude oil

� Incomplete refining that leaves high levels of phosphorus, calcium, and

magnesium

� Poor bleaching condition, leaving high levels of phosphorus, calcium, and

magnesium

� Poor harvest and storage conditions for the seeds before crushing, produc-

ing crude oil that is hard to refine

2. Soap left in the oil as a result of poor water washing and bleaching (18).

3. High levels of diacylglycerol and monoacylglycerol in the refined oil as a

result of the (19) factors listed below:

� Poor-quality crude oil that requires excess caustic treatment

� Repeated refining of the crude oil because of poor crude oil quality

� Caustic overdose in the refining step as a result of poor process control

� High temperature in refining

6.1.2. Food. Surfactants can originate from the food itself. Food products contain

many naturally occurring components that have surface-active properties. The

metals, naturally present in the food, can form soap by reacting with the free fatty

acids in the oil. The coating materials on breaded products contain acid-phosphates

of sodium or calcium. These metal ions react with free fatty acids in the oil to form

soap. Soap, thus formed in the oil, can produce an oil/water solution in the fryer and

promote hydrolysis in the oil.

6.1.3. Oil Decomposition Products. Some of the oil decomposition products

have surface-active properties. These compounds can promote hydrolysis of the

fryer oil somewhat similar to soap.

6.1.4. Poor Rinsing of the Fryer After Sanitation. Soap is left in the fryer when

it is not completely rinsed after sanitation, leaving residual caustic or soap in the

system. This can promote hydrolysis in the fryer oil.

6.2. Autoxidation

Oil is oxidized during frying. Oxidized fatty acids develop flavor in the fried food

(20). The compounds known to impart good fried food flavor are lactones and cer-

tain aldehydes. Most of these compounds originate from linoleic acid. Autoxidation

is one of the major reactions taking place during frying (20–24) and, subsequently,

in the oil present in the packaged product in storage.

Autoxidation of unsaturated fatty acids is initiated by a free radical, which

is formed in the oil when an unsaturated fatty acid is exposed to oxygen in the
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presence of a metal initiator, such as iron, nickel, or copper. The fatty acid could be

a fatty acid moiety on a triacylglycerol molecule or it could be a free fatty acid

molecule that is either present in the fresh oil or produced in the oil from hydrolysis

during frying. The reaction mechanism for autoxidation involves several steps as

described below:

6.2.1. Step 1: Initiation. Metal initiator produces a free alkyl radical from an

unsaturated fatty acid molecule. The following conditions are required for this reac-

tion step:

� There must be a metal initiator (iron, nickel, copper) in contact with the

unsaturated fatty acid

� Heat generally accelerates the process of free radical formation and the

subsequent reaction steps

� Phospholipids, monacyloglycerol, and diacylglycerol can reduce the inter-

facial tension between oil and air. This increases the amount of contact

between the oil and oxygen in frying, promoting autoxidation

� Calcium and magnesium form soap in reaction with the free fatty acid in the

fryer oil, forming soaps. These can behave in the same way as the phospho-

lipids, causing increased autoxidation in the fryer oil.

6.2.2. Step 2: Reaction with Oxygen. The free radical reacts with a molecule of

oxygen, forming a peroxy (alkoxy) radical. Presence of oxygen is absolutely neces-

sary. This is why oil does not oxidize when it is stored under vacuum or saturated

with nitrogen.

6.2.3. Step 3: Propagation. In this step, the peroxy radical reacts with a mole-

cule of unsaturated fatty acid, forming a molecule of hydroperoxide and releasing

another free alkyl radical, which can then react with an oxygen molecule to form a

peroxy (alkoxy) radical. This step becomes rapid and more complicated when the

oil contains linolenic acid.

Hydroperoxides are very unstable and decompose into a series of aldehydes,

ketones, hydrocarbons, alcohols, and many more reaction products as the oil-

oxidation process continues. In reality, these reactions can continue during storage

of the packaged product, as the oil in the product continues to break down via

autoxidation and develops oxidized or rancid flavor in the product.

6.2.4. Step 4: Termination. Free radicals can react with each other. This occurs

when:

1. There are no more unsaturated fatty acids left in the system, or

2. When there is no more oxygen present in the system
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7. SOURCES OF FREE RADICALS

Free radicals are formed whenever oil containing unsaturated fatty acids is heated

in the presence of a metal initiator, (25) such as iron, nickel, or copper. Free radicals

are formed in the oil during frying. The metal initiator in the frying process can

come from several sources as given below:

1. The food being fried

2. The oil itself

Trace metals are present in crude vegetable oils at parts per million (ppm) levels.

Researchers have shown that soybean oil flavor can deteriorate from autoxidation,

even at an iron content as low as 0.3 ppm (26) in the deodorized oil. Metal initiators

initiate autoxidation in all vegetable oils and animal fats.

Trace metals in the crude oil are removed in the refining and, primarily, in the

bleaching steps (27–32). Inadequate bleaching of the oil can leave trace metals at

high concentration in the oil. This can promote autoxidation in the fryer. In addi-

tion, atmospheric bleaching, poor vacuum in the vacuum bleacher, high temperature

in the bleacher, or poor vacuum in the deodorizer can produce free radicals in the

fresh oil (33). These free radicals can rapidly oxidize the oil in a fryer.

8. POLYMERIZATION

There are two types of polymers formed in the fryer oil (25). These include:

� Oxidative polymers

� Thermal polymers

8.1. Oxidative Polymers

Oxidative polymers are formed in autoxidation when the free radicals terminate

each other as under autoxidation. When a triacylglycerol molecule breaks down

during autoxidation, the partial triacylglycerol molecules are not removed in the

deodorization process and can react with each other, forming dimers, trimers, or

polymers.

These oxidative polymers do not always impart an off flavor to the freshly fried

food. However, an off flavor in the packaged product might be observed within a

few days after production and may exhibit oxidized or rancid flavor in the product

before expiration of the code date on the package. This is because of the following

events that might occur:

� The oxidative polymers are strong free radicals and can decompose while the

fried product is in storage
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� Some of oxidative polymer molecules may contain a higher amount of oxygen

than the triacylglycerol molecule. When these oxidative polymers decompose,

they produce free radicals and release some oxygen (34)

� The free radicals and the released oxygen can continue the autoxidation

process in the product during storage

� This phenomenon can be observed in packaged fried products, even when the

package is nitrogen flushed, using a film that has high nitrogen barrier property

� This reaction can progress even when the above product is stored in a freezer

� Some researchers have called this reaction ‘‘hidden oxidation’’ (35)

Improperly processed oil can have high concentrations of free radicals even after

deodorization (34). This can compound the situation, producing rapid oxidation

of oil during frying.

8.2. Thermal Polymers

Polymerization of oil occurs under heat with or without the presence of oxygen.

Heat can cleave the oil molecule or fatty acid. These cleaved compounds can

then react with each other, forming large molecules. These polymers are referred

to as thermal polymers. In the frying process, excessive fryer heat and excessive

fryer down time can produce high levels of thermal polymers. Thermal polymers

can be detected in the fresh product by expert panelists because they generally

impart a bitter aftertaste to the fried food.

9. COMPLEXITY OF OIL REACTIONS IN FRYING

The reactions in the oil in the frying process are very complex. Figure 3, published

by Carl W. Fritsch, illustrates the various pathways for oil reaction in the fryer (10).

Figure 3 shows that the autoxidation reaction produces alcohols and acids,

among others. Some of these are dibasic acids, i.e., they contain two carboxylic

acid groups (- COOH). This is why oil expelled from a highly oxidized or rancid

fried product can exhibit a higher free fatty acid content than the fryer oil sampled

at the same time as the product. This does not mean that the oil in the product was

hydrolyzed in storage. It means the oil was abused at the time the product was

packaged. The above phenomenon is observed in fried food even if the product

is packaged under nitrogen flush.

Figure 3 indicates that there are several reactions that take place simultaneously

in the fryer. Also, the degradation of product flavor is associated with oxidation and

other reactions in the oil. Therefore, it is important to note that measurement of free

fatty acid in the fryer oil does not necessarily represent the absolute quality of the

oil. This is because the free fatty acid content in the fryer oil ranges from 0.25% to

0.40% for most snack food products. In many frying operations, a portion of the

fryer oil is replaced by fresh oil when the free fatty acid level exceeds 0.35%. At

this low level of free fatty acid, there is little correlation between the free fatty acid
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and the degree of oxidation of the fryer oil. Free fatty acids in the fryer oil could be

considered as a valid oil quality indicator, where the free fatty acids are allowed to

go up to >0.5% in the fryer.

In fact, the author conducted the following experiment on a commercial potato

chip fryer to prove that the high level of free fatty acid in the oil was not a deter-

minant for poor flavor in the fresh product. The test procedure and the observations

are listed as follows:

� The fryer was filled with fresh oil

� Pure oleic acid at 2% level was added into the fryer oil and circulated for

complete mixing

� The make-up oil also contained 2% of added oleic acid

� The fryer was operated under normal operating conditions

� The fresh product did not have any objectionable flavor from high free fatty

acid content of the fryer oil

� The flavor of the product was affected only after the oil began to oxidize
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Figure 3. Reactions in oil during frying.
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It was mentioned earlier that the standard procedure in the snack food industry is to

discard oil when the free fatty acid in the fryer oil reaches or exceeds 0.5%. The

experimental oil contained 2% free fatty acids, and yet the product flavor was unaf-

fected until the oil began to oxidize.

Referring to Figure 3, one can see that a multitude of reactions occur in the fryer

oil simultaneously. This includes hydrolysis, autoxidation, polymerization, and

many others. Therefore, the fryer oil should also be analyzed for the state of oxi-

dative and polymeric degradation aside from free fatty acids. These analyses will

not be the same for all types of fried food. The specific analysis needs to be estab-

lished through shelf life study and consumer acceptability tests on the product.

It is a difficult and lengthy process to identify and quantify the specific com-

pound or compounds in the fried food that makes the consumer reject it for poor

flavor.

The following techniques are generally applied by the snack food companies to

identify and quantify the compound or compounds (markers) that are responsible

for consumer rejection of the product for unacceptable flavor:

� A well-designed shelf life test protocol including oil and corresponding

product sampling procedures are outlined

� Highly skilled analysts to analyze oil breakdown products in the fryer oil and

in the product (fresh and stored)

� A well-designed consumer test or multiple tests to determine the point at

which the product flavor is found to be unacceptable

� Identification and quantification of the oil-degradation compounds that are

responsible for the rejection of the product for unacceptable flavor

� Statistical correlation are established between the oil-quality parameters (also

called markers) and consumer test results to establish the threshold value for

the marker/markers responsible for product failure.

� The data are correlated with the initial oil quality in the product to establish

the standards for the fryer oil quality in the process.

The markers and the threshold values are expected to be different for different

products.

10. ANALYTICAL REQUIREMENTS FOR FRESH FRYING OIL

Based on the prior discussions, it can be stated that frying oil must meet the follow-

ing quality criteria:

1. Good oxidative stability

2. Low levels of trace impurities in the fresh oil to prevent rapid hydrolysis and

oxidation during frying

Oxidative stability of the oil depends primarily on its polyunsaturated fatty acid

content. This includes linolenic and linoleic acids. Linolenic acid-containing
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three-double bonds is most prone to oxidation; linoleic acid is less reactive than

linolenic acid. As the number of double bonds increase in the fatty acid, the relative

rate of oxidation increases at higher than a linear rate (36).

Fatty Acid Relative Rates of Oxidation

Stearic acid 1

Oleic acid 10

Linoleic acid 100

Linolenic acid 150

Linolenic acid content must be low in order to provide maximum oxidative stability

to the oil. This is why soybean and canola oil, which contain about 8% linolenic

acid in the natural state, are hydrogenated to reduce their linolenic acid content to

less than 2% determined by the capillary GC Method (2). Poor frying stability in

sunflower oil comes primarily from the high level of linoleic acid. Therefore, sun-

flower oil must also be hydrogenated to reduce its linoleic acid content to 35% or

lower for industrial frying. Table 1 lists the analyses of the most commonly used

industrial frying oils.

TABLE 1. Analyses of Common Industrial Frying Oils and Fats.

Analysis PH Soy PH Canola Corn Cottonseed PH Sun Palm Olein Frying Shtg.

FFA% <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05

PV <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0

IV 100 90 118–130 98–118 100 55–58 75–78

þ/� 4 þ/� 2 þ/� 4

M.Pt �F 75 70 — — 70 75 105–109

(Max)

AOM 35 70 16 16 25 60 >100

hrs (minimum)

FAC (%)

C-14 — — — — — 1.0–1.5 —

C-16 10 4 11 22 7 39–43 —

C-18 5 2 2 2 4 4–5 —

C-18:1 55 75 20 19 53 40–44 —

C-18:2 28 12 60 53 35 12–14 —

C-18:3 <1.5 <1.5 <1.0 <1.0 <1.0 <0.5 —

C-20 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 —

C-22 — — — — — — —

C-22.1 — <0.5 — — — — —

% Trans 25 25 — — 25 — 35

SFI @ �F
50�F <10 <10 — — <10 — 20–26

70�F <1 <1 — — <1 — 18–24

82�F — — — — — — 14–18

92�F — — — — — — 12–16

104�F — — — — — — 4–8

PH—Partially hydrogenated; Frying Shtg—Frying shortening; FFA—Free fatty acid; PV—Peroxide value; IV—

Iodine Value; M.Pt.—Melting Point; AOM—Active oxygen method; FAC—Fatty acid composition; SFI Solid fat

index (50�F¼ 10�C; 70�F¼ 21.1�C ; 80�F¼ 26.7�C; 92�F¼ 33.3�C; 104�F¼ 40�C).

ANALYTICAL REQUIREMENTS FOR FRESH FRYING OIL 15



It has been mentioned earlier that linoleic acid is more stable than linolenic acid,

but far less stable than oleic acid. This is why regular sunflower oil, which contains

as much as 65% linoleic acid, is not suitable for frying shelf-stable industrial pro-

ducts. However, Table 1 indicates that liquid cottonseed and corn oil are used for

industrial frying, although both oils contain over 50% linoleic acid.

Sunflower oil contains 10–12% higher linoleic acid than corn or cottonseed oil.

However, this does not fully explain why corn or cottonseed oil has much higher

frying stability than sunflower oil. The value of AOM does not fully explain why

corn oil and cottonseed oil have higher frying stability than sunflower oil. This is

discussed further in the following section.

11. IMPACT OF TOCOPHEROLS AND TOCOTRIENOLS
IN FRYING OIL

Tocopherols are natural antioxidants present in all vegetable oils (30). The seed oils

contain four types of tocopherols at varying amounts as listed in Table 2.

It is important to note the difference between the seed oil and palm oil. Seed oils

contain tocopherols. Palm oil contains tocotrienols in addition to tocopherols, and

also a small amount of coenzyme Q10. Both tocotrienols and coenzyme Q10 high

antioxidant properties. Gamma- and delta-tocopherols, and their corresponding

tocotrienols, are very effective in protecting oils from autoxidation (37).

Alfa-tocopherol is a good antioxidant against photooxidation (38). Table 2

shows that corn and cottonseed oils are rich in gamma-tocopherol, while sunflower

oil contains very little gamma-tocopherol. This may explain why cottonseed oil and

corn oil have superior frying stability than the sunflower oil even without hydroge-

nation.

Palm oil (also its fraction, palmolein) has good frying stability because of its

high contents of gamma- and delta-tocotrienols, aside from the corresponding toco-

pherols. Tocotrienols contain three unsaturated double bonds as compared with the

TABLE 2. Tocol Content in Typical Oils (Source: Food Codex).

Tocols (ppm) Sunflower Cottonseed Soybean Canola Palm Oilþ

Tocopherols:

Alpha 403–935 136–674 9–352 100–386 130–260

Beta ND-45 ND-29 ND-36 ND-140 22–45

Gamma ND-34 138–746 89–2306 189–753 19–20

Delta ND-7 ND-21 154–932 ND-22 10–20

Tocotrienols;

Alpha ND* ND ND ND 44–90

Beta ND ND ND ND 44–90

Gamma ND ND ND ND 260–525

Delta ND ND ND ND 70–140

Total Tocol (ppm) 440–1520 380–1200 600–3370 430–2680 600–1200

ND—Nondetectable.
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corresponding tocopherols. This makes tocotrienols more effective as antioxidants

against autoxidation in the frying process.

12. FACTORS AFFECTING FRYING OIL QUALITY

Table 3 lists the desired quality attributes for frying oils. It indicates that the oil

must be low in free fatty acids, peroxide value, conjugated dienes, anisidine value,

monoacylglycerols, diacylglycerols, and trace impurities, such as iron, phosphorus,

calcium, and magnesium. Each of these quality parameters has specific significance

in influencing the performance of the frying oil.

Quality of the oil starts from the seeds (39) for seed oils and from fruit palm (for

palm oil and palmolein). Seeds that are physically damaged, insect-infested, moldy,

too dry, or too moist produce poor-quality crude oil (40–43). Crude oil derived from

such seeds can have high free fatty acids and oil oxidation products that inherently

make the oil less stable, even after complete refining.

TABLE 3. Recommended Analytical Parameters for Fresh Frying Oil (RBD oil).

Analysis Desired Level Maximum Level AOCS Method

Free fatty acid, FFA (%) 0.03 0.05 Ca 5a-40 (97)

Peroxide value, PV, meq/kg <0.5 1.0 Cd- 8b-90 (97)

Para anisidine value, pAV, AVU Unit <4.0 6.0 Cd-18-90 (97)

Conjugated dienes, (%) Trace <0.5 Th-1a-64 (97)

Polar compounds, (%) <2.0 <4.0 Cd-20-91(97)

Polymers, (%) <0.5 <1.0 Cd-22-91(97)

Phosphorus, PPM <0.5 <1.0 Ca-12b-92 (97)

Iron, PPM <0.2 <0.5 Ca-17-01 (01)

Calcium, PPM <0.2 <0.5 Ca-17-01 (01)

Magnesium, PPM <0.2 <0.5 Ca-17-01(01)

Monoacylglycerol, (%) ND Trace Cd-11b-91(97)

Cd-11b-96 (97)

Diacylglycerol*, (%) <0.5 <1.0 Cd-11b-91

Cd-11b-96

Lovibond Red Color: Cc-13b-45 (97)

Soybean oil <1.0 <1.5

Canola oil <1.0 <1.5

Sunflower oil <1.0 <1.5

Cottonseed oil <3.0 <3.5

Corn oil <3.0 <3.5

Palmolein <2.5 <3.0

Peanut (Groundnut) oil <1.5 <2.5

Smoke point,**�F 460 — Cc-9a-43 (97)

(minimum)

Soap, PPM — 0.0 Cc-17-95 (97)

Flavor grade 8 — Cg-2-83 (97)

Chlorophyll (ppb) <30 <30 Cc-13d-55 (97)

*Commercial palm oil may contain 5–11% diacylglycerol.
**420�F for commercial palm oil or palmolein.
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Excessive rain before harvest can increase chlorophyll content of the crude oil.

There are two types of chlorophylls found in oilseed: Chlorophyll-A and Chloro-

phyll-B. Chlorophylls are oil soluble and produce green color in the oil. At normal

concentrations, they are easily reduced in the bleaching process. It is very difficult

to reduce the chlorophylls from the crude oil if it is obtained from seeds that are not

mature or have developed higher chlorophylls because of excessive rain before the

harvest. The normal practice is to use an excess amount of bleaching clay to reduce

chlorophylls. This reduces the natural antioxidants in the oil, produces higher

amounts of free radicals in the oil, and reduces its stability.

A high concentration of chlorophyll catalyzes photosensitized reaction (photo-

oxidation) in the product fried and stored in clear packages. In addition, extra

bleaching of the oil can decompose chlorophylls into pheophytenes, pheophorbides,

and pyropheophorbides, which do not have visual green color but are ten times

more active photosensitizers than their parent compounds (44–46).

Seeds must be dried before storage. Failure to do so can increase enzyme activity

in the seeds and damage the oil inside. Moisture content, the drying process, and the

storage condition of the seeds impact the quality of the crude oil obtained from the

seeds. In extreme cases, it becomes very difficult to obtain refined oil with high

stability and good color from poor quality or poorly handled seeds.

Damaged seeds, whether resulting from the harvest, subsequent handling, insect

infestation, mold infestation, or weather conditions can trigger the activities of

several enzymes in the seeds (47). These are summarized below.

12.1. Lipase Reaction

Lipase hydrolyzes the triacylglycerol molecules in presence of moisture and form

free fatty acids, diacylglycererols, or even monoacylglycerols. Monoacylglycerols

are mostly removed from the oil during deodorization, but a great majority of the

diacylglycerols remain in the processed oil after deodorization. It has been men-

tioned earlier, high concentration of diacylglycerols in the fresh oil can accelerate

the process of hydrolysis in the fryer.

12.2. Lipoxygenase Reaction

Lipoxygenase oxidizes the unsaturated fatty acids in the oil in the seeds during sto-

rage under the conditions described above (48). There are different types of lipoxy-

genases in oilseeds. Lipoxygenase- Type-II and Type-IV are more reactive than

the others (48).

12.3. Phospholipase-D Reaction

This enzyme converts the hydratable phospholipids present in the seeds into non-

hydratable phospholipids (42), when the seeds contain 14% moisture or higher and

stored at 115�F (45�C) or higher. It is undesirable to have a high level of nonhydra-

table phospholipids in the crude oil because extra caustic treatment or longer
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contact time between caustic and crude oil is required to reduce the nonhydratable

phospholipids in crude oil. This increases the potential for increased diacylglycerol

content in the refined oil.

The crude oil with high nonhydratable phospholipids requires acid pretreatment

before refining. This may increase the chlorophyll breakdown, forming pheophy-

tenes, pheophorbides, and pyropheophorbides and make the finished oil more sus-

ceptible to photooxidation (44).

High temperature storage of seeds can also produce darker color crude oil as a

result of color fixation (49) (this is also true for oil storage). This crude oil requires

extra caustic or stronger caustic treatment as well as extra bleaching treatment to

reduce the red color. Sometimes, it is difficult to obtain a light bleached color in

color-fixed oil even after heavy bleaching. Extra refining and bleaching not only

increases the potential to have higher concentration of diacylglycerols in the refined

oil but also removes tocopherols from the refined oil. This reduces oxidative stabi-

lity of the refined oil (50).

Storage of crude oil is also critical. Prolonged storage or high temperature sto-

rage of crude oil can greatly affect the quality of the refined oil (51). Long-term

storage of crude oil increases oxidation, free fatty acids, and nonhydratable phos-

pholipids in the crude oil, resulting in poor-quality refined oil. Crude oil with a high

peroxide value can be refined to meet the fresh oil analytical standards but can

oxidize very rapidly during frying.

Aside from free fatty acid, peroxide, aldehydes (by para-anisidine, pAV test),

and conjugated dienes, the oil must also be low in trace components as listed in

Table 3.

13. QUALITY STANDARDS OF OILS (TABLE 3)

1. The oil is either improperly processed or it is derived from poor-quality crude

if the fresh oil analysis indicates the following:

� FFA >0.05%

� Lovibond Red color is higher than normal (see Table 3 above)

� Tocopherol content is lower than normal (see Table 4)

2. The FFA in the oil rises rapidly in storage if it contains high levels of (47):

� Phosphorus >1 ppm

� Calcium >0.3 ppm

� Magnesium >0.3 ppm

� Sodium >0.2 ppm

� Diacylglycerols >1.5%

� Monoacylglycerols >0.4%
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3. The oil will oxidize rapidly in the fryer if the oil contains high levels of (47):

� PV >1.0

� pAV >6.0

� Iron >0.3 ppm

� Conj. Dienes >0.5%

� Polars >4.0%

� Polymers >2.0%

� Iron >0.3%

Frying oil needs certain amounts of solid fat to fry foods that require crunchy tex-

ture or crispness. Table 1 lists the typical industrial frying fats and their analyses.

14. COMMENTS ON PALM OIL

Palm oil is the second largest source of oil in the world, next to soybean oil (55).

Worldwide production of palm oil is increasing at a rapid rate and the volume of

palm oil in the world may surpass that of soybean oil in the near future. Palm oil

and palm olein (the liquid fraction) show excellent frying performance. In addition,

both palm oil and palm olein produce a highly desirable fried food flavor (56, 57).

Sometimes the commercial palm oil and palm olein contain high amounts of

diacylglycerols and phospholipids. This makes the oils prone to rapid hydrolysis

in frying.

Diacylglycerols are produced in the fruit palm after harvest. The fruits are

required to be processed within 24 hours after the harvest in order to control hydro-

lysis of the oil in the fruit by lipase. This guideline cannot be followed by all palm

oil processors during the peak harvest season. As the trading rule for palm oil

allows 5% free fatty acids in crude palm oil and 0.25% free fatty acid in neutralized

palm olein (58), there is no incentive for the common palm oil processors in produ-

cing oils with lower free fatty acids. Commercially available palm oil and palm

TABLE 4. Typical Values of Tocopherols in Refined Seed Oils (ppm).�

Tocopherol (ppm) Cottonseed Corn Soybean Palm* Sunflower

Alfa-tocopherol 320 134 75 256 487

Beta-tocopherol — 18 15 — —

Gamma-tocopherol 313 412 797 316 51

Delta-tocopherol — 39 266 70 8

Total tocopherol 633 603 1153 642 546

Source: Bailey’s Industrial Oils and Fat Products, 5th ed., pp. 133 and 194 (52). 2nd ed., p. 131 (53) The Lipid

Handbook, (54)
�150 ppm of tocotrienols.
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olein may contain higher than 1 ppm of phosphorus after refining, which may make

the free fatty acids go up rapidly in the oil during frying.

It is possible to produce crude palm oil with less than 1.5% free fatty acid and

less than 4% diacylglycerols through careful separation of the damaged fruits from

the bulk and by exercising some other process precautions.

Some palm oil processing companies in Malaysia are producing and exporting

fully processed palm oil and palm olein with low free fatty acids, diacylglycerols,

phosphorus, and trace metals. They guarantee the delivered quality for the oil.

These oils have shown excellent frying stability.

15. ENHANCEMENT OF FRYING OIL PERFORMANCE

Natural as well as synthetic antioxidants can improve the oxidative stability of

edible oils. Most common natural antioxidants are mixed tocopherols. Tertiery-

butylhydroquinone (TBHQ) is one of the most common synthetic antioxidants

used in commercial frying oils. This also costs only a fraction of the natural anti-

oxidants.

Tocopherols are already present in the oil. The amounts and the types of toco-

pherols vary with the type of oil. Most common types in seed oils are alpha-,

gamma-, and delta-tocopherols. These compounds protect the oil from oxidation

during processing, storage, transportation, and, also, later in the fryer. Tocopherols

terminate the free radicals by reacting with them in the autoxidation reaction. This

is why they are considered as free radical scavengers/quenchers.

For various reasons, as described earlier, the freshly refined oil may contain

lower than the desired level of tocopherols. In those cases, supplementing the oil with

gamma- and delta-tocopherols or gamma- and delta-tocotrienols can significantly

improve oxidative stability of the oil. This is not commercially practiced because

of the high cost of the antioxidants.

As antioxidants are free radical quenchers, the level of the added antioxidants in

the refined oil decreases while the oil is in storage or in transit. However, one must

recognize the fact that, because of the presence of antioxidants, the free radical con-

tent of the oil is going to be low at the time it is added to the fryer (provided the oil

is not stored for too long or oxidized as a result of mishandling before use).

A large portion of the TBHQ is lost during frying as a result of high heat and

agitation. Therefore, some suggest that addition of TBHQ in frying oil is not ben-

eficial. However, it is known that, despite the loss of TBHQ in the fryer, the finished

product will have a better chance to retain good oil flavor during storage and dis-

tribution because of the lower concentration of free radicals in the fresh oil used in

frying. It must be emphasized that the added antioxidant does not necessarily

protect the oil against abusive treatment during storage, handling, or frying.

There are various synthetic antioxidants, such as butylated hydroxytoluene

(BHA), propyl gallate (PG), ethylenediaminetetraacetic acid (EDTA), etc. that

are used in commercial oils; TBHQ is known to produce the best results in frying

applications.
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Many countries have regulations regarding the type of antioxidants permitted for

use and also on the maximum allowable limits in foods. The snack food companies

must be aware of local regulations regarding the use of synthetic and natural anti-

oxidants in foods.

Added tocopherols, tocotrienols, or synthetic antioxidants must be declared on

the label, according to the USFDA (United States Food & Drug Administration), if

they are added to the oil after deodorization.

16. STORAGE AND TRANSPORTATION OF FRYING OIL

Deodorized oil must be cooled, saturated with nitrogen, and stored in nitrogen-

blanketed tanks (59). The storage tanks can be made of carbon steel. It is not

necessary to have stainless steel tanks for freshly deodorized oil with a low free

fatty acid content as shown in Table 3. The following guidelines are recommended

for oil storage:

� Liquid oils should be stored under 86�F (30�C) and should not be stored at a

temperature higher than 104�F (40�C)

� The storage temperature of hydrogenated fats must not exceed its melt point

by 10�F (5.6�C)

The best results are obtained when the deodorized oil is cooled to the above

recommended temperatures, saturated with nitrogen as it leaves the deodorizer,

and stored in nitrogen-blanketed tanks. The headspace in the storage tank should

have maximum oxygen content of 0.5% (see Figure 4).

Loading trucks or rail cars are also critical for the quality of the oil delivered at

the point of destination. The oil can pick up air (oxygen) at the loading station,

which can initiate autoxidation in the oil during transit. The clearest indication

Level
indicator

Thermometer

Agitator

Nitrogen
control

Vacuum vent valve

Deodorized oil inlet

O2 checking line

(Maximum O2 = 0.05 %, 1/4" Dia)

Figure 4. Schematic for deodorizer oil storage.

(Copyrighted by: MG Edible Oil Consulting, Int’l.).
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of such a situation is found when the oil, at delivery, shows a higher peroxide value

than the certificate of analysis (written at the time of loading and sent with the oil

shipment). In addition, partially loaded trucks or rail cars have more air space above

the oil. This causes higher oxygen absorption by the oil during transit. The follow-

ing steps are recommended to minimize the oxygen absorption by oil during

loading and transit:

� Follow the guidelines provided above on oil temperature

� Saturate the oil with nitrogen at the discharge of the loading pump

� Bottom load the truck or rail car

� Extend the loading boom to the floor of the truck or rail car to avoid splashing

of the oil and air entrainment during loading

� Fill the truck or rail car to the maximum limit to minimize air space at the top

See Figure 5 for truck or rail car loading.

Unloading and storage of the oil is equally critical at the snack food company.

Care must be taken not to overheat any solidified hydrogenated oil. The oil must be

saturated with nitrogen and stored under nitrogen as described for the deodorized

oil.

17. HYDROGENATION AND TRANS-FAT

Sabatier and Senderens (59) conducted the first hydrogenation reaction in the vapor

phase. In 1903, Normann (60) patented the liquid-phase hydrogenation process

for oils. Later, Crossfield and Sons, a British company, purchased the patent.

Top loading 

RoofHatch

PRV Bottom
loading

Bottom  

Drain line can be used for
bottom filling

Figure 5. Schematic diagram for truck loading.

(Copyrighted by: MG Edible Oil Consulting, Int’l.).
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Procter & Gamble Company of USA acquired the patent right from Crossfield and

Sons (59) in 1909 and started to produce Crisco shortening from cottonseed oil in

1911. The American patent on hydrogenation was under Burchenal (61) patent,

which was declared null and void in the country to clear the way to allow an all

out expansion of hydrogenation by every American oil company.

In the hydrogenation process, unsaturated fatty acids are reacted with hydrogen

gas with the help of nickel catalyst. In this process, two hydrogen atoms are

attached to the double bond in unsaturated fatty acids. Complete hydrogenation

of vegetable oils converts essentially all of the unsaturated fatty acids to stearic

acid.

During the course of transformation of the unsaturated fatty acids to saturated

fatty acids, positional isomers of unsaturated fatty acids are produced. These unsa-

turated fatty acid isomers are known as trans-fatty acids (62), as shown in Figure 6.

Scientists recognized the benefits of the hydrogenation process, which revolution-

ized the fats and oils industry for a century. Hydrogenation of oils provides the fol-

lowing benefits to the oils:

� Increased oxidative stability due to reduced level of unsaturation

� Higher concentration of saturated fatty acids

� Higher melting point

� Unique functional products like shortening and margarine

Improved oxidative stability of selected hydrogenated oil is demonstrated in

Table 5.

Liquid soybean oil and liquid canola oil contain 8% linolenic acid. This makes

both oils very prone to oxidation, especially in the frying application. Light hydro-

genation can reduce the linolenic acid to less than 2% (measured by the capillary

GC method). This makes the oils suitable for industrial frying of shelf-stable

products.

Table 4 shows that hydrogenation of soybean oil to a linolenic acid content of

less than 2% increased the AOM value from 15 hours to over 30 hours. Simlarly, the

AOM value rose from 20 hours to over 75 hours for canola oil after hydrogenation.

However, hydrogenation also produced significant levels of trans-fats in both

oils (2).

During the past century, while trans-fats were not on the ‘‘unwanted list’’ in diet,

the oil technologists found that these fatty acids possessed some unique properties

and used this to achieve the following:

C

H

C

H

Cis isomer

C

H

C

Trans isomer

H

Figure 6. Cis- and trans-isomers of unsaturated fatty acids.
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� Formulate margarine with sharp melting curve, similar to butter

� Beta-prime stable crystals in the shortening, which is desirable in the baking

industry

Without hydrogenation, one could not make these products using only seed oils.

In recent years, trans-fats have been under the scrutiny of nutritionists and

regulatory agencies in various countries. Multiple clinical studies have revealed

trans-fats elevate of the low-density lipoprotein (LDL), depression of high-density

lipoprotein (HDL), and elevation of triacylglycerol (TG) in human blood serum

(63–68). In this respect, trans-fats behave like saturated fats. The U.S. Food &

Drug Administration has released a mandatory labeling requirement that shows

that, beginning January of 2006, all food packages must indicate the level of

trans-fats on the food packaging (69). This is to be shown as a separate line item.

The FDA has not recommended daily value for trans-fat intake. Some European

countries and Canada have also issued labeling requirements on trans-fat in all

food packages.

18. ALTERNATIVES TO TRANS-FATS

Home frying does not require any shelf life for the fried food. Therefore, use of any

liquid oil is acceptable for home frying. High oxidative stability is required for the

TABLE 5. Effect of Hydrogenation on AOM.

Soybean Oil Soybean Oil Canola Oil Canola Oil

Before After Before After

Analysis Hydrogenation Hydrogenation Hydrogenation Hydrogenation

Iodine Value (Typical) 130 100 115 90

M.P.(�F) — <75 — <75

AOM, hr (minimum) 12–20 >30 12–20 >70

Palmitic 10 10 4 4

acid (%)

Stearic 5 5 2 2

acid (%)

Oleic 25 55 62 75

acid (%)

Linoleic 50 28 21 12

acid (%)

Linolenic 8 1.5 8 1.5

acid (%)

Erucic — — <2.0 <0.5

acid (%)

Gadeloic — — 1 0

acid (%)

Trans-fat — >30 — >20

(%)
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frying oil used at the restaurants or food service operations as well as for manufac-

turing shelf-stable products that are packaged and distributed. The standard seed

oils, such as those from soybean or canola, must be hydrogenated to different

degrees depending primarily on the type of fried product and their required texture,

flavor, and mouthfeel.

Three basic alternatives are available to make trans-free oils for industrial frying

as well as other uses. These are described below.

18.1. Modified Composition Oils

These oilseeds have been developed over the past two decades. These oils are very

low in linolenic acid (except high oleic canola). All of these oils can be used for

industrial frying without hydrogenation. Fatty acid compositions of these oils are

listed in Table 6. These oils are in limited supply and they are expensive. Corn

oil, cottonseed oil, and palmolein have been included along with the others for

comparison.

18.2. Pourable Shortening

This is made from a mixture of 90–98% liquid oil and 2–10% fully hydrogenated

soybean oil. The blend is specially processed to obtain the pourable consistency.

The fully hydrogenated component can also be made from canola or corn oil.

Standard liquid shortening sold in the market contains lightly hydrogenated soy-

bean or canola oil. These contain approximately 20–30% trans-fats. Substitution of

this lightly hydrogenated oil with one of the oils listed in Table 6 would produce

trans-free pourable shortening.

18.3. Alternative Catalysts

Platinum, palladium, or copper catalyst can produce hydrogenated oils with a lower

trans-fat content (70–72). The hydrogenated oils produced by these catalysts

TABLE 6. Typical Fatty Acid Composition of Modified Composition Oils (weight %).

Analysis NuSun HO Sun HO Canola LL Canola Cotton-Seed Corn Palm Olein

C-14 <1 <1 <1 <1 — — 1.0–1.5

C-16 5 6 6 4 22 11 39–43

C-18 4 2 2 3 2 2 4–5

C-18:1 50–65 83 76 65 19 20 40–44

C-18:2 20–35 11 13 22 53 60 12–14

C-18:3 <1 <2 4.5 3 <1 <1 <0.5

C-20 — — — <1 <1 <1 <1.0

C-22 — — — — — — —

C-22.1 — — — — — — —

% Trans — — — — — — —

NuSun—Mid-oleic sunflower oil; HO Sun—High oleic sunflower oil; HO Canola—High oleic canola oil; LL

Canola—Low linolenic canola oil.
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contain higher stearic acid and higher solids compared with nickel catalysts. One

could choose to use either platinum or palladium catalysts to make shortenings or

frying fat with less trans-fat contents. Platinum and palladium catalysts are very

costly and not commercially competitive with the nickel catalysts.

Copper catalysts are cheaper and work just as well as the precious metal cata-

lysts. However, complete removal of catalyst from the hydrogenated oil is never

possible. Copper, present in the oil even at very low concentrations (less than

0.05 ppm) can cause rapid hydrolysis in the oil during frying.

18.4. Hydrogenation Under High Pressure and High Agitation

Use of high reactor pressure (10–20 bars) with a high rate of agitation can produce

similar results as the precious metal catalysts (62). However, this process cannot be

carried out in the United States, because the reactors are designed to operate at a

maximum pressure of 5 bars. There is only one oil processor in the United States

that owns a high-pressure reactor, but it has not been used to any great extent. There

are high-pressure hydrogenation reactors in Europe.

18.5. Interesterification for Frying Shortening

In this process, two oils are reacted under special conditions to exchange the fatty

acids from one another (73–76). A fully hydrogenated oil, such as cottonseed, palm,

soybean, canola, or corn oil, can be interesterified with any of the liquid oils in

Table 5 to produce trans-free shortening to suit the need for frying, baking, margar-

ine, etc. Fully hydrogenated cottonseed or palm oil will produce beta-prime short-

ening, which is desirable for baking applications.

Interesterification is done by two methods: chemical and enzymatic. The cost for

making interesterified producs is very similar for both processes. The enzymatic

interesterification process is becoming more popular because it is environmentally

friendly.

18.6. Fractionation

This is commonly done with palm oil because of the higher concentration of the tri-

and disaturated acylglycerol molecules. This technique is highly developed and

used in Europe, South America, Far East, Mexico, and Canada. The seed oils are

not suitable for this process because of the lack of natural solids in them. This is

why seed oils require hydrogenation to create solids to make functional products.

19. FRYING SHORTENING VERSUS FRYING OILS

Oils are used mostly for frying snack foods. Some snack foods use a topical coating

on the product to hold the seasoning on the surface. In most cases, the spray oil

needs a certain amount of solid fat for proper adherence of the topical seasoning
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and also to reduce the oily surface appearance. Coating oil or spray oil, made from

seed oils, is partially hydrogenated and contains trans-fats. It is possible to produce

coating oil with no trans-fats by using a blend of liquid oil, such as listed in Table 6,

mixed with a very small amount of fully hydrogenated fat. This small amount of

saturated triacylglycerol provides the solids needed to hold the seasoning and

reduce the oily appearance of the product.

Fried products with harder texture, such as French fries, extra crunchy fried

chicken, and like products require solid shortening. The standard frying shortening

in the United States is made from hydrogenated oils. It is possible to make trans-

free shortening using either liquid shortening or interesterified technology, as

described above.

It is unfortunate that palm oil is not acceptable to some consumers in the United

States. Supply of modified composition oil is also very low. This makes it difficult

to produce trans-free shortening in large volumes in the country at present.

20. SUMMARY

Frying is a mature industry. There are two major sectors of industrial frying, namely

restaurant (food services) and large-scale manufacturing of shelf-stable products.

Most large-scale manufacturers use continuous fryers, although there are some pro-

ducts that are strictly fried in batch (or kettle fryers) to achieve the desired product

texture and appearance. Products made in either type of fryer are packaged in

appropriate packaging material and distributed.

Par-fried products, such as French fries, chicken, coated vegetables, etc., have

become extremely important to the fried food industry. These products are partially

dehydrated, packaged, and shipped in the frozen state. The end users store these

products in the freezers and fry them without thawing.

The longer shipping and distribution time required for the fried products has

increased the need for oils with higher oxidative stability in order to meet the shelf

life for all fried products. Soybean, sunflower, or canola oil needs to be hydroge-

nated for industrial frying. Heavy-duty frying shortening, used for frying French

fries, donuts, and chicken, require a high degree of hydrogenation. Hydrogenation

of oil produces trans-fatty acids. These are unsaturated fatty acids that behave like

saturated fatty acids in terms of promoting coronary heart disease (CHD). There-

fore, several countries, including the United States, have focussed their attention on

the trans-fatty acid content in the prepared foods.

Palm oil and palm oil fractions contain natural solid triacylglycerols and no

trans-fat. Palm oil is used extensively by many countries to make trans-free short-

ening and margarine (except the United States). Interesterification is also applied in

Europe, the Far East, and South America. Some modified composition oils have

been introduced in the United States, but they are in very limited supply. Several

of these oilseeds are grown in specific geographic areas where there is stiff compe-

tition from other cash crops. This will continue to be a challenge for the United

States in producing sufficient amounts of trans-free frying fats, unless palm oil
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or palm olein is accepted by the consumers in the country. On the other hand, palm

oil will be in extremely short supply, if the United States begins to use it because

there is not enough surplus palm oil in the world at present (55).

The Better Bean Initiative from the United Soybean Board of USA is developing

the mid-oleic soybean oil, which will not require hydrogenation for industrial fry-

ing applications. Full commercialization of this oil will take at least six to ten years.

In the meantime, the food industry in the United States will have to be very creative

to reduce trans-fats in fried foods as well as in other products.

REFERENCES

1. America Snack Food Association Web Site.

2. M. K. Gupta, in Proceedings of the World Conference of Oilseed Technology and

Utilization, American Oil Chemists Society Publication, Champaign, Illinois, 1992,

p. 204.

3. M. K. Gupta, in Proceedings of the World Conference of Oilseed Technology and

Utilization, American Oil Chemists Society Publication, Champaign, Illinois, 1992.

4. M. M. Blumenthal, Optimum Frying: Theory and Practice, Libra Laboratories, Inc.,

Piscataway, New Jersey, 1987.

5. J. Pokorny, Flavor Chemistry of Deep Fat Frying, Flavor Chemistry of Lipid Foods,

American Oil Chemists Society Publication, Champaign, Illinois, 1989.

6. L. C. Maillard, Compt. Rend., 154, 66 (1912).

7. L. C. Maillard, Ann. Chim., 9(5) 258 (1916).

8. J. S. Smith and M. Alfawaz, J. Food Sci., 60(2), 234 (1995).

9. J. P. Eiserich, C. Macku, and T. Shibamoto, J. Agric. Food. Chem., 40(10), 1982 (1992).

10. C. W. Fritsch, J. Amer. Oil Chem. Soc., 58, 272 (1981).

11. J. Pokorny, Flavor Chemistry of Deep Fat Frying, Flavor Chemistry of Fats and Oils,

American Oil Chemists Publication, Champaign, Illinois, 1989.

12. K. S. Markley, Fatty Acids, Interscience, New York, 1968.

13. L. L. Seifensieder, Zig., 64, 122 (1937).

14. E. Y. Yuki, Ishikawa, and T. Okabe, Yukagaku, 23, 489 (1974).

15. M. M. Blumenthal, Food Technol., 45, 68 (1990).

16. M. K. Gupta, Oil Quality Improvement through Processing, Introduction to Fats and Oils

Technology, 2nd ed., American Oil Chemists Society Publication, Peoria, Illinois, 2000.

17. T. L. Mounts, Effects of Oil Processing Conditions on Flavor Stability—Degumming,

Refining, Hydrogenation and Deodorization, Flavor Chemistry of Fats and Oils, American

Oil Chemists Society Publication, Champaign, Illinois,1985.

18. M. M. Blumenthal and J. R. Stockler, J. Amer. Oil Chem. Soc., 63, 687 (1986).

19. M. K. Gupta, in Proceedings of the World Conference on Oilseed Processing and

Utilization, American Oil Chemists Society Publication, Champaign, Illinois, 2000.

20. E. N. Frankel, Chemistry of Autoxidation, Mechanism, Products and Flavor Significance,

Flavor Chemistry of Fats and Oils, American Oil Chemists Society Publication, Peoria,

Illinois, 1985.

REFERENCES 29



21. T. H. Smouse, Flavor Reversion in Soybean Oil, American Oil Chemists Society

Publication, Peoria, Illinois, 1985.

22. A. J. Shin and D. H. Kim, Korean J. Food Sci. Technol., 17, 71 (1985).

23. E. N. Frankel, C. D. Evans, D. G. McConnel, and H. J. Dutton, J. Org. Chem., 26, 4663

(1961).

24. H. W. S. Chan and J. Levitt, Lipids, 15, 837 (1977).

25. W. W. Nawar, Flavor Reversion in Soybean Oil, American Oil Chemists Society

Publication, Peoria, Illinois, 1985.

26. G. R. List and D. R. Ericson, Storage, Stabilization and Handling, Handbook of Soy Oil

Processing and Utilization, 1st ed., American Oil Chemists Society Publication, Peoria,

Illinois, 1985.

27. O. L. Brekke, Bleaching, Handbook of Soy Oil Processing, 1st ed., American Oil

Chemists Society Publication, Peoria, Illinois, 1985.

28. H. J. Dutton, J. Amer. Oil Chem. Soc., 58, 234 (1981).

29. L. H. Weiderman, J. Amer. Oil Chem. Soc., 58, 159 (1981).

30. D. R. Ericson and L. H. Weiderman, INFORM, 2, 201 (1991).

31. M. K. Gupta, INFORM, 4, 1267 (1993).

32. W. Zschau, Bleaching, Introduction to Fats & Oils Technology, Second Edition, American

Oil Chemists Society Publication, Peoria, Illinois, 2000.

33. M. K. Gupta, Presentation at the Short Course on Vegetable Oil Processing, Texas A&M

University, 1998.

34. S. S. Chang and F. A. Kummerow, J. Amer. Oil Chem. Soc., 31, 324 (1954).

35. E. N. Frankel, Soybean Oil Flavor Stability, Handbook of Soy Oil Processing and

Utilization, American Oil Chemists Society Publication, Peoria, Illinois, 1985.

36. H. J. Beckman, J. Amer. Oil Chem. Soc., 60, 282 (1983).

37. Y. Basiron, Palm Oil, Bailey’s Industrial Oils and Fats, 5th ed., Wiley, New York, 1996.

38. D. B. Min, S. H. Lee, and E. C. Lee, Singlet Oxygen Oxidation of Vegetable Oils, Flavor

Chemistry of Lipid Foods, American Oil Chemists Society Publication, Peoria, Illinois,

1989.

39. J. A. Robertson, W. H. Morrison, and O. Burdick, J. Amer. Oil Chem. Soc., 50, 443

(1973).

40. C. D. Evans, G. R. List, R. E. Beal, and L. T. Black, J. Amer. Oil Chem. Soc., 51, 544

(1974).

41. G. R. List, T. L. Mounts, and A. J. Heakin, J. Amer. Oil Chem. Soc., 56, 883 (1979).

42. G. R. List, T. L. Mounts, and A. C. Lancer, J. Amer. Oil Chem. Soc., 69, 443 (1992).

43. E. N. Frankel, Chemistry of Autoxidation: Mechanism, Products and Flavor Significance,

Flavor Chemistry of Fats and Oils, American Oil Chemists Society Publication, Peoria,

Illinois, 1985.

44. K. R. Ward, J. K. Daunand, and T. K. Thorstainson, INFORM, 4, 519 (1993).

45. R. Usuki, Y. Endo, T. Suzuki, and T. Kanada, Proceedings of the 16th ISF Congress,

Budapest, Hungary, 1983.

46. R. Usuki, Y. Endo, and T. Kanada, Agric. Biol. Chem., 48, 99 (1984).

47. G. R. List, Special Processing for Off Specification Oil, Handbook of Soy Processing and

Utilization, American Oil Chemists Society publication, Peoria, Illinois 1992.

30 FRYING OILS



48. D. Hildebrand, Genatics of Soybean Lipoxygenase, Lipoxygenase and Lipoxygenase

Pathways, American Oil Chemists Society Publication, Peoria, Illinois, 1996.

49. G. R. List and D. R. Ericson, Storage, Stability and Handling, Handbook of Soy Oil

Processing and Utilization, American Oil Chemists Society Publication, Peoria, Illinois,

1985.

50. B. Mistry and D. B. Min, J. Amer. Oil. Chem. Soc., 65, 528 (1988).

51. C. D. Evans, E. N. Frankel, P. M. Cooney, and H. A. Moser, J. Amer. Oil Chem. Soc., 37,

452 (1960).

52. in Bailey’s Industrial Oils and Fat Products, 5th ed., Wiley, New York, 1995.

53. in Bailey’s Industrial Oils and Fat Products, 5th ed., Wiley, New York, 1995.

54. in The Lipid Handbook, 2nd ed., 1994.

55. Oil World Annual Report, 2002.

56. A. Fauziah, R. Ismail, and S. Nor. Anini, Frying Performance of Palm Olein and High

Oleic Sunflower Oil During Batch Frying of Potato Chips Proceedings of the Porim

International Palm Oil Congress, Kuala Lampur, 1999.

57. S. Masashi, Y. Takashashi, and M. Sonehera, J. Amer. Oil Chem. Soc., 62, 449 (1985).

58. Specification set by the PORLA.

59. P. Sabatier, Catalysis in Organic Chemistry, Translated by E. E. Reid, Van Nostrand,

New York, 1922.

60. W. Normann, British Patent 1,515, 1903.

61. J. J. Burchenal, U.S. Patent 1,315,351, 1915.

62. R. R. Allen, in Bailey’s Industrial Oils and fats, 4th ed., Wiley, New York, 1981.

63. J. T. Judd, B. A. Clevidence, R. A. Muesing, J. Wittes, M. E. Sunkin, and J. J. Podczasy,

Am. J. Clin. Nutr., 59, 861 (1994).

64. J. Judd, et al., FASEB J., 12, 1339 (1998).

65. M. B. Katan, R. P. Mensink, and P. L. Zock, Annu. Rev. Nutr., 15, 473 (1995).

66. R. P. M. Mensink and M. B. Katan, N. Engl. J. Med., 323, 439 (1990).

67. K. Sundram, A. Ismail, K. C. Hayes, R. Jeyamalar, and R. Pathmanathan, J. Nutr., 127,

514S (1997).

68. R. P. Mensink and M. B. Katan, Arterioscl. Thromb., 12, 911 (1992).

69. Rules and Regulations, Fed. Register, 68, 41433–41506 (2003).

70. S. Koritala, J. Amer. Oil Chem. Soc., 45, 197 (1968).

71. S. Koritala, J. Amer. Oil Chem. Soc., 49, 83 (1972).

72. M. Zajcew, J. Amer. Oil Chem. Soc., 37, 11 (1960).

73. N. O. V. Sonntag, Fat Splitting, Esterification, and Interesterification, Bailey’s Industrial

Oils and Fats, 4th ed., Wiley, New York.

74. G. R. List, K. R. Steidley, and W. R. Neff, INFORM, 11, 980 (2000).

75. P. Quinlan and S. Moore, INFORM, 4, 580 (1993).
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2
Margarines and Spreads

Michael M. Chrysan

This chapter discusses margarine as well as vegetable oil margarine and butter sub-

stitutes containing less than 80% fat. These products are generically referred to as

table spreads. The table spread category in the United States has undergone great

changes in recent years and continues to change rapidly even today. One hundred

years ago, annual butter consumption was 8.6 kg (19 lb) per person. Now it is less

than 2.2 kg (5 lb), and per capita table spread consumption is about 4.5 kg (10 lb)

(1). Historical production and consumption data for table spreads and butter are

shown in Table 1. Although consumption appears to have peaked around 1980

and the average amount of fat in these products has declined in recent years, table

spreads still make a significant contribution to the fat content of the American diet.

Approximately 75% of production is sold at retail, with 19% going to food service

and 6% for bakery and other industrial uses.

1. In 2001, according to the information of IMACE Member Associations, the

margarine and fat spreads production in the EU amounted to 2,191,301 MT

(metric tons). The biggest producing countries are Germany (573,973 MT),

United Kingdom, Belgium (278,789 MT), and the Netherlands (262,006

MT).

2. Other big margarine-producing countries in the world other than the

United States, are Brazil (485,900 MT), Turkey (266,465 MT), and Japan

254,200 MT.

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
Edited by Fereidoon Shahidi. Copyright # 2005 John Wiley & Sons, Inc.
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3. By way of comparison, total production in 1999 of butter and dairy spreads

amounted to 1,691,900 MT.

4. According to IMACE information, the per-capita consumption of margarine

and spreads in the EU is 5.02 kg, down from 5.18 kg in 1999, 5.45 kg in 1998,

and 6.16 kg in 1993.

Fig. 1 shows a comparison of production of margarine versus butter in EU-15.

The market for table spreads, which was originally driven primarily by cost

relative to butter, has, in the past 40 years, been greatly impacted by health

claims relative to content of cholesterol, polyunsaturated fat, saturated fat, and

including most recently, total fat and trans-fatty acids. Therefore, as composition,

as well as price and taste, is of major importance to the consumer, regulations

regarding labeling and advertising have become a driving force in formulation of

these products and the oil blends used therein. The resulting proliferation of table

spreads available today is somewhat over-whelming and often confusing to the

consumer.

TABLE 1. Production and Consumption of Margarine and Butter.a

Annual Production, million kg Average Per Capita

(million lb) Consumption, kg (lb)

———————————————————— ———————————-

Year Margarineb Butter Margarineb Butter

1930 147.7 (325.7) 737.5 (1,625.9) 1.2 (2.6) 8.0 (17.6)

1935 173.1 (381.6) 758.2 (1,671.5) 1.4 (3.0) 8.0 (17.6)

1940 145.3 (320.4) 833.2 (1,836.8) 1.1 (2.4) 7.7 (17.0)

1945 278.5 (614.0) 618.6 (1,363.7) 1.9 (4.1) 4.9 (10.9)

1950 425.0 (937.0) 628.9 (1,386.4) 2.8 (6.1) 4.8 (10.7)

1955 596.4 (1,314.9) 628.8 (1,386.2) 3.7 (8.2) 4.1 (9.0)

1960 768.9 (1,695.2) 622.8 (1,372.9) 4.3 (9.4) 3.4 (7.5)

1965 863.6 (1,903.9) 599.1 (1,320.7) 4.5 (9.9) 3.0 (6.5)

1970 1011.7 (2,230.5) 517.1 (1,140.0) 5.0 (11.0) 2.4 (5.3)

1975 1093.1 (2,409.8) 446.3 (984.0) 5.0 (11.0) 2.1 (4.7)

1980 1158.1 (2,553.2) 519.4 (1,145.0) 5.1 (11.2) 2.0 (4.5)

1985 1180.9 (2,603.3) 566.1 (1,248.0) 4.9 (10.8) 2.2 (4.9)

1990 1255.2 (2,767.1) 590.6 (1,302.0) 4.9 (10.9) 2.0 (4.4)

1995 1,128 (2,490) 538 (1,186) 4.1 (9.1) 2.0 (4.5)

1996 1,124 (2,480) 520 (1,148) 4.1 (9.0) 1.9 (4.3)

1997 1073 (2367) 505 (1,114) 3.8 (8.4) 1.9 (4.2)

1998 1045 (2311) 547 (1,208) 3.7 (8.2) 2.0 (4.5)

1999 1029 (2274) 591 (1,305) 3.6 (7.9) 2.2 (4.8)

2000 1086 (2398) — 3.8 (8.3) — —

aData courtesy of the National Association of Margarine Manufacturers. One kilogram equals 2.2 lb and the

USDA.
bIncludes spread products beginning in 1975.
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1. HISTORICAL DEVELOPMENT OF MARGARINE (4–7)

Margarine was patented and first manufactured in 1869 by Hippolyte Mege Mou-

ries, a French chemist. The product was developed to meet butter shortages caused

by the increasing urban population during the Industrial Revolution, as well as the

need for a table spread with satisfactory keeping quality for the armed forces. The

original process was designed to imitate production of butter fat by the cow. Fresh

tallow was subjected to a low-temperature rendering with artificial gastric juice

and slowly cooled to approximately 26�C (80�F) to partially crystallize the fat.

The olein, a soft yellow semifluid fraction obtained in about 60% yield, was then

dispersed in skim milk along with cow udder tissue. The emulsion was agitated for

several hours and cold water was added to the churn, causing the fat to solidify. The

water was drained, and the granular mass that remained was kneaded and salted.

During the late nineteenth century, some margarines were prepared from lard or

unfractionated beef suet to which liquid oils such as cottonseed or peanut were

added to reduce the melting point of the blend. In the early 1900s, some 100%

vegetable oil margarines were formulated with coconut and palm-kernel oils.

Examples of these blends and the early margarine manufacturing processes are

described by Clayton (8). Although hydrogenation came into practice around

1910, particularly in Europe, it was not used extensively in U.S. margarine manu-

facture until the 1930s. At that time the use of lauric oils became politically unpop-

ular and tariffs were imposed.

In addition to the use of new oils, significant advances were made in the man-

ufacturing process. Peptic digestion of fat and the use of udder extracts soon were

Figure 1. Comparison between the production of margarine and butter in the EU-15 (3).
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abandoned. Pasteurization allowed the milk to be cultured in order to develop a

more buttery flavor. The invention of dry chilling using a metal drum containing

circulating brine resulted in improved cleanliness and reduced fat and milk losses.

Regardless of whether ice or a chill roll was used, however, the product still had to

be worked subsequently to achieve consistency. It was not until about 1940 that the

first closed continuous systems were used for margarine manufacture.

Legislation has played an important role in the evolution of margarine. When the

product was introduced in the United States in 1874, dairy farming was expanding

more rapidly than the needs of the population. Hostility from the large number of

dairy farmers set the tone for almost a century of antimargarine legislation and taxa-

tion of the lower priced spread. Adulteration of butter with margarine, and later the

use of imported tropical oils, also added to the call for government intervention.

The first tax was levied in 1886, and in 1902 a much more severe tax and produ-

cer-licensing fees were imposed on colored margarine. Many states also passed

laws prohibiting the sale of colored margarine. In 1941, margarine gained recogni-

tion as a food in itself with the adoption of a Federal Standard of Identity that

defined the product and provided for vitamin fortification. In response to both pub-

lic pressure generated by high butter prices following World War II and expanding

soybean and cottonseed oil farming interests, federal taxes were abolished by the

Margarine Act of 1950. This legislation also stipulated that the product could not be

sold at retail in units greater than 0.4536 kg (1 lb). Most states were quick to follow

the lead of the federal government. However, it was 1967 before Wisconsin became

the last state to repeal a law prohibiting colored margarine, and the final state mar-

garine tax was repealed by Minnesota in 1975.

2. U.S. TRENDS

In the early 1950s almost all consumer margarine was a stick variety usually sold in

packages of 113.4 g (quarter-pound) prints. With most restrictions on colored mar-

garine removed, sales continued to rise and per-capita consumption surpassed that

of butter in 1957. Sales increases stimulated important technological progress and

new product development (Table 2). Spreadable margarine, polyunsaturated mar-

garine, and low-fat products were developed to satisfy the desire for convenience,

nutritional awareness, and weight consciousness of the consumer.

The first major departure from the past was the introduction of soft margarine

spreadable from the refrigerator and packaged in tubs. This soft, full-fat product

captured one-fourth of the margarine market by 1973. Today stick table spreads

account for slightly less than half of the total table spread market. The most signifi-

cant recent trend is away from margarine (80% fat) to spreads containing lower fat

levels. Originally introduced at 60% fat, since 1980 spreads containing from 75% to

less than 5% fat have appeared in the marketplace. The products are sold in soft,

stick, liquid, and soft whipped forms. Market share increased from under 5% in

1976 to more than 15% in 1983, and in the early 1990s, this trend has accelerated

to the point that there are very few full-fat margarine products available in the
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United States. Reasons for the growth in spread production are (1) low price, (2)

availability in sizes greater than 0.4536 kg (1 lb), and (3) fewer calories and lower

fat than margarine. Much of the recent rapid shift from margarine to spread produc-

tion is attributable to manufacturers’ cost reduction efforts in times of rising vege-

table oil prices.

The table spread market is composed of several segments differentiated by

image and price. At the high end of the price range are products perceived either

as being healthy or as having a superior buttery taste. The healthy image products

generally contain liquid oils such as corn, sunflower, or canola and have been pro-

moted with statements relating to cholesterol, total fat, or saturated fat contents. For

the last 10 years this segment has held at 16–17% of the market. Unsalted products

are not popular and account for less than 1.5% of table spread volume. The buttery

image or blend segment has sharply increased during the last decade and consists of

spreads that, by their name or positioning, merely convey a strong dairy taste per-

ception to the consumer, as well as spreads that actually contain various amounts of

butter. The branded value grouping, which accounts for about 50% of the retail mar-

ket, includes brands that are nationally advertised and priced lower than the pre-

mium segments discussed. The remaining products, which usually have the

lowest everyday price, consist of regional and private label store brands.

3. REGULATORY STATUS IN THE UNITED STATES

The following section contains a description of the legal requirements for composi-

tion and labeling of margarine and table spreads. Such information is essential

for formulating products to meet specific claims; however, because it contains

TABLE 2. New Table Spread Products Introduced in the

United States Since 1950.

Product Year Introduced

Spreadable stick margarine 1952

Whipped margarine 1957

Corn oil margarine (high polyunsaturates) 1958

Soft margarine 1962

Liquid margarine 1963

Diet margarine (40% fat) 1964

Spread (60% fat) 1975

Whipped spread 1978

Butter blends (widespread distribution) 1981

Improved 40% fat spreadsa 1986

Lower fat spreads (20% fat) 1989

Nonfat spread 1993

Balanced spreads 2003

aContaining gelling agents.
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considerable detail, the reader wanting only an overview may wish to skip all or

part of this section.

3.1. Standard of Identity

There are two standards of identity for margarine in the United States. Vegetable oil

margarines are regulated by the Food and Drug Administration (FDA), and animal

fat and animal–vegetable margarines are subject to federal meat inspection regula-

tions of the United States Department of Agriculture (USDA). The standards are

similar but not identical. The FDA standard was revised in 1973 (9) and the

USDA standard in 1983 (10) to conform more closely to the international standard

as adopted by the Food and Agriculture Organization/World Health Organization

Codex Alimentarius Commission. In 1993, a new Codex standard for fat spreads

was proposed by the commission. Finalization of this standard, which includes mar-

garine, butter, and lower fat spreads, is not expected for several years. The follow-

ing is the current FDA standard (11) including recent revisions allowing the use of

marine oils (12) and removing previous emulsifier restrictions (13):

(a) Margarine (or oleomargarine) is the food in plastic form or liquid emulsion,

containing not less than 80 percent fat determined by the method prescribed

in ‘‘Official Methods of Analysis of the Association of Official Analytical

Chemists,’’ 13th Ed. (1980), section 16.206, ‘‘Indirect Method,’’ under the

heading ‘‘Fat [47]—Official Final Action,’’ which is incorporated by

reference. Copies may be obtained from the Association of Official Analy-

tical Chemists, 2200 Wilson Blvd., Suite 400, Arlington, VA 22201-3301, or

may be examined at the Office of the Federal Register, 800 North Capitol

Street, NW., suite 700, Washington, DC 2001. Margarine contains only safe

and suitable ingredients as defined in section 130.3(d) of this chapter. It is

produced from one or more of the optional ingredients in paragraph (a)(1) of

this section, and one or more of the optional ingredients in paragraph (a)(2)

of this section, to which may be added one or more of the optional

ingredients in paragraph (b) of this section. Margarine contains vitamin A

as provided for in paragraph (a)(3) of this section.

(1) Edible fats and/or oils, or mixtures of these, whose origin is vegetable or

rendered animal carcass fats or any form of oil from a marine species

that has been affirmed as GRAS or listed as a food additive for this use,

any or all of which may have been subjected to an accepted process of

physico-chemical modification. They may contain small amounts of

other lipids such as phosphatides, or unsaponifiable constituents and of

free fatty acids naturally present in the fat or oil.

(2) One or more of the following aqueous phase ingredients:

(i) Water and/or milk and/or milk products.

(ii) Suitable edible protein including, but not limited to, the liquid,

condensed, or dry form of whey, whey modified by the reduction of
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lactose and/or minerals, nonlactose containing whey components,

albumin, casein, caseinate, vegetable proteins, or soy protein

isolate, in amounts not greater than reasonably required to accom-

plish the desired effect.

(iii) Any mixture of two or more of the articles named under paragraphs

(a)(2) (i) and (ii) of this section.

(iv) The ingredients in paragraphs (a)(2) (i), (ii), and (iii) of this section

shall be pasteurized and then may be subjected to the action of

harmless bacterial starters. One or more of the articles designated in

paragraphs (a)(2) (i), (ii), and (iii) of this section is intimately

mixed with the edible fat and/or ingredients to form a solidified or

liquid emulsion.

(3) Vitamin A in such quantity that the finished margarine contains not less

than 15,000 international units per pound.

(b) Optional ingredients:

(1) Vitamin D in such quantity that the finished oleomargarine contains not

less than 1,500 international units of vitamin D per pound.

(2) Salt (sodium chloride); potassium chloride for dietary margarine or

oleomargarine.

(3) Nutritive carbohydrate sweeteners.

(4) Emulsifiers.

(5) Preservatives including but not limited to the following within these

maximum amounts in percent by weight of the finished food: Sorbic

acid, benzoic acid and their sodium, potassium, and calcium salts,

individually, 0.1 percent, or in combination, 0.2 percent, expressed as

the acids; calcium disodium EDTA, 0.0075 percent; propyl, octyl, and

dodecyl gallates, BHT, BHA, ascorbyl palmitate, ascorbyl stearate, all

individually or in combination, 0.02 percent; stearyl citrate, 0.15

percent; isopropyl citrate mixture, 0.02 percent.

(6) Color additives. For the purpose of this subparagraph, provitamin A

(beta-carotene) shall be deemed to be a color additive.

(7) Flavoring substances. If the flavoring ingredients impart to the food a

flavor other than in semblance of butter, the characterizing flavor shall be

declared as part of the name of the food in accordance with section

101.22 of this chapter.

(8) Acidulants.

(9) Alkalizers.

(c) The name of the food for which a definition and standard of identity are

prescribed in this section is ‘‘margarine’’, or ‘‘oleomargarine’’.

(d) Label declaration. Each of the ingredients used in the food shall be declared

on the label as required by the applicable sections of parts 101 and 130 of

this chapter. For the purposes of this section the use of the term ‘‘milk’’
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unqualified means milk from cows. If any milk other than cow’s milk is used

in whole or in part, the animal source shall be identified in conjunction with

the word milk in the ingredient statement. Colored margarine shall be

subject to the provisions of section 407 of the Federal Food, Drug, and

Cosmetic Act as amended.

3.2. Label Requirements

Detailed labeling regulations for margarine are set forth in the Code of Federal

Regulations (14). In general, the label must include the product name, net weight,

name and address of the manufacturer or distributor, an ingredient statement, ser-

ving size, number of servings per package, and nutritional information. The name

margarine or oleomargarine must appear in lettering at least as large as any other

on the label. For products resembling margarine but that contain less than 80% fat,

the product name should include the term spread, the total percentage of fat, and a

listing of each fat ingredient in order of predominance or a generic term such as

vegetable oil, e.g., ‘‘60% vegetable oil spread.’’ This nomenclature, proposed in

1976 (15), generally has been followed by the industry and a final regulation was

not published. In January 1993 the FDA promulgated extensive labeling regulations

implementing the Nutrition Labeling and Education Act of 1990 (16). Clerical cor-

rections (17) and technical amendments (18) to these regulations have also been

published, and all of these will be incorporated in subsequent editions of the

Code of Federal Regulations. All food products labeled on or after May 8, 1994,

must be in compliance. Included in these regulations are provisions for use of a

standardized term such as margarine to describe foods that do not comply with

the standard of identity because of a deviation described by an expressed nutrient

content claim that has been defined by FDA regulation (e.g., reduced fat margarine;

see next section). Other than the deviation described by the claim, the product must

comply with the margarine standard in all respects with the exception that safe and

suitable ingredients not provided for in the standard may be added to improve func-

tional characteristics so that these are not inferior to those of margarine.

A complete listing of all ingredients in order of predominance is required. If

nonstandard ingredients are contained in a product labeled as margarine described

by a nutrient claim, these ingredients must be so noted in the ingredient statement.

Fats must be listed according to type and must be declared as hydrogenated or par-

tially hydrogenated if applicable. The individual fats may be placed in order of pre-

dominance in the listing, or they may be grouped together in parenthesis and

prefixed by ‘‘vegetable oil blend.’’ The listing of fats may not be preceded by

‘‘and/or’’ or ‘‘may contain’’ if, by weight, fat constitutes the predominant ingredi-

ent. Dry or condensed dairy ingredients (e.g., whey powder, dry milk, or buttermilk)

may be declared as such or as the reconstituted ingredient. Any water in excess of

that required for standard reconstitution also must be declared at the appropriate

place in the ingredient statement. The specific form of added vitamins must

be listed. If colors or flavors are listed by specific name such as ‘‘colored with

beta-carotene,’’ the term ‘‘artificial’’ is not required. Flavors usually are not labeled
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specifically, and ‘‘artificially flavored’’ appears in the ingredient statement. Preser-

vatives must be declared by their common names together with a statement of

intended use, for example, ‘‘sodium benzoate as a preservative’’ or ‘‘potassium sor-

bate as a mold inhibitor.’’

All products must be labeled with a nutrition panel. Details of the content and

format are prescribed (16, 18). All information in the nutrition panel is based on a

single serving of 15 mL (one tablespoon) rounded to the nearest gram. For

unwhipped 80% fat margarine, this amount is 14 g; however, this weight may

vary for whipped products and some low-fat spreads if the density is significantly

different than that of margarine.

As regards fat labeling, the nutrition panel must include total fat, calories from

fat, saturated fat, and cholesterol. Declaration of polyunsaturated or monounsatu-

rated fat content are mandatory only if the other is declared or if a claim about fatty

acids or cholesterol is made, unless the product meets the criteria for a fat-free

claim. All fat amounts are expressed to the nearest 0.5-g increment below 5 g, to

the nearest gram above 5 g, and as zero if a serving contains less than 0.5 g. Satu-

rated fat includes all fatty acids that do not contain a double bond. Polyunsaturated

fat includes only cis, cis-methylene-interrupted fatty acids, and monounsaturated

fat is defined as cis-monounsaturated fatty acids. Saturated, polyunsaturated, or

monounsaturated fat is declared as weight of the fatty acids, while fat is expressed

as the weight of triglyceride based on the total amount of lipid fatty acids.

3.3. Label Claims

Nutrient Content Claims. The following is a brief description of nutrient content

claims of most relevance to the positioning of margarine and spread products. For a

more complete discussion, the reader is referred to the regulations (16, 18). Use of

the terms fat free, low fat, and reduced fat or their equivalents have been fully

defined by the new regulations. A product may be called fat free or no fat if it con-

tains less than 0.5 g of fat per serving. If the food contains an ingredient generally

understood by consumers to contain fat, that ingredient must be asterisked in the

ingredient statement with a following explanation that the ingredient contributes

a dietarily insignificant amount of fat. A claim of 100% fat free may only be

made if the product contains no added fat. FDA has indicated (18) that the terms

‘‘fat free’’ and ‘‘margarine’’ cannot be used together because standardized foods

must contain a significant level of characterizing ingredients, in this case, fat.

Such a product can be called a fat-free spread. A margarine or spread may be called

low fat if it contains 3 g or less of fat per serving and per 50 g, thus limiting its use

to spreads containing 6% or less fat. The term saturated fat free may be used if the

margarine or spread contains less than 0.5 g of saturated fatty acids and less than

0.5 g of trans-fatty acids per serving. To make the claim low in saturated fat the

food must contain 1 g or less of saturated fat per serving and derive not more than

15% of its calories from saturated fat. A reduced fat or reduced saturated fat claim

may be made provided the reduction is at least 25%. The term light or lite may be

used only if the fat content is reduced by at least 50% compared to an appropriate
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reference product if the spread derives 50% or more of its calories from fat. The

minimum reduction is 33% if the spread derives less than 50% of its calories

from fat. For reduced, light, or comparative claims, the identity of the reference

food and the percent reduction must be declared in immediate proximity to the

most prominent claim. Quantitative information comparing the grams of fat or satu-

rated fat per serving with that of an appropriate reference food that it replaces also

must be declared in proximity to the claim or on the information panel.

A no cholesterol or equivalent claim may be made if the product contains less

than 2 mg of cholesterol and 2 g or less of saturated fat per serving. If the spread

contains more than 13 g of fat per 50 g, the amount of total fat per serving must be

stated in immediate proximity to the most prominent claim on each panel except the

panel that bears nutrition labeling. If the food contains an ingredient understood by

consumers to contain cholesterol, this ingredient must be asterisked in the ingredi-

ent list followed by a statement that this ingredient contributes a negligible amount

of cholesterol. The requirements for a low-cholesterol claim are similar with the

exception that the spread must contain less than 20 mg of cholesterol and less

than 2 g of saturated fat per serving. Cholesterol reduced or comparative claims

require declaration of the identity of the reference food, the percent reduction,

and quantitative information regarding the reduction in immediate proximity to

the most prominent label claim, e.g.: ‘‘Cholesterol free margarine, contains

100% less cholesterol than butter, no cholesterol compared with 30 mg in one ser-

ving of butter. Contains 11 g of fat per serving.’’

Health Claims. Approved health claims with potential applicability to margar-

ines or spreads are the relationships between fat and cancer, saturated fat and cho-

lesterol and risk of heart disease, and sodium and hypertension. A food that contains

more than 13 g of fat, 4 g of saturated fat, 60 mg of cholesterol, or 480 mg of sodium

per serving or per 50 g is disqualified from making any health claim. In addition the

product must qualify as ‘‘low fat’’ for the cancer claim, ‘‘low fat, low saturated fat,’’

and ‘‘low cholesterol’’ for the coronary heart disease claim, and ‘‘low sodium’’ for

the hypertension claim. The first two claims, therefore, would be limited to spreads

containing 6% or less fat, and the hypertension claim would require the spread to

contain less than 140 mg of sodium per 50 g (approximately 0.7% salt).

4. PRODUCT CHARACTERISTICS

The consumer-directed functional aspects of spreads and margarines, which primar-

ily depend on fat level, type of fat, and stability of the emulsion, are spreadability,

oiliness, and melting properties. Spattering, which is a concern for products

intended for pan frying, is discussed in Section 6.2.

4.1. Spreadability

Spreadability is one of the most highly regarded attributes of margarine, perhaps

second only to flavor. Products with a solid fat index (SFI) of 10–20 at serving
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temperature were found to be optimal on a consumer panel (19). The standard

method (20) for evaluation of hardness of fatty materials uses a cone penetrometer.

For some products, hardness measurements may not correlate well with SFI

because, in addition to the amount of solid fat, the fat crystal network, which is

processing dependent, is also important rheologically (21). The penetration is the

distance, in units of 0.1 mm, traveled by a standard cone in 5 s after its release on

the surface of the product. The values may be converted mathematically to a hard-

ness index (22) or to a yield value (23) that are independent of cone weight. In an

assessment of hedonic spreadability preferences of butter, margarines, and spreads

as a function of temperature, correlation with penetration measurements indicated

optimum spreadability in the yield value range of 30–60 kPa (24). Dynamic tech-

niques involving motor-driven penetrometers (25–27), extrusion devices (28, 29),

viscometers (30, 31), and a mechanical spectrometer (32) also have been used to

evaluate margarine consistency. Although the action of a penetrometer may seem

different from assessment of the spreadability with a knife, both techniques evalu-

ate the force required to bring about a significant deformation, and cone penetrom-

eter readings have been found, in general, to correlate with spreadability (33). This

method has the advantage of low equipment cost, minimal sample preparation, and

reproducible results. Smoothness and brittleness, which depend on the crystal net-

work and are not measured with the cone penetrometer, were measured by means of

an Instron compression test (34). In a study of North American stick margarines

(35), compression of cylindrical samples was found to be the most sensitive method

for detecting differences in textural attributes. Constant speed penetration was the

next most sensitive, whereas the cone penetrometer was least sensitive. These meth-

ods were also used to evaluate a series of North American soft margarines (36).

Consistency measurements have been reviewed by deMan (22).

Instrumental methods are used by manufacturers to ensure product uniformity

and for comparison with competitive products. The sample is generally evaluated

at a single temperature, most often in the 4.4–10�C (40–50�F) range. The results are

meaningful only at the measurement temperature. For example, two margarines

with the same solids content at 7.2�C (45�F) may have much different solids–tem-

perature slopes at that point; one has significantly greater solids at 4.4�C (40�F) and

less solids at 10�C (50�F) than the other. One must consider this when attempting to

relate spreadability measurements to consumer perception in the home, where sto-

rage and use conditions are variable.

4.2. Oil Separation

Oil-off occurs in margarine when the matrix of fine fat crystals is no longer of suffi-

cient size or character to be able to enmesh all of the liquid oil. The problem is most

serious for stick products as the outside of the inner wrappers may become oil

soaked, and if severe, oil will leak out of the package. Prints are also the most sus-

ceptible to oil-off because of the pressures to which the product is subjected when

pallets or individual packages are stacked. If the margarine is to be merchandised

outside of dairy cases, the 21.1�C (70�F) SFI should be specified as high as
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possible, consistent with 10�C and 33.3�C (50�F and 92�F) requirements. Soft mar-

garines in bowls are not as much a problem because the package supports and con-

tains the product. Emulsion damage, that is, coalescence and settling of the milk

phase, seldom will be significant as long as 3–4% solid fat remains. Oil-off testing

is most often conducted by placing a margarine sample of defined geometry and

weight on a wire screen (37) or on filter paper (38) at a temperature of 26.7�C
(80�F), or sometimes greater, for a period of 24–48 h. The oil exuded into the filter

paper or through the screen is then measured. Another test used for determining

structural stability, most often for stick margarine, is slump. This involves place-

ment of a standard size cube of margarine at 23.9–29.4�C (75–85�F) for several

hours. Deformation of the cube is graded according to visual reference to a standard

slump chart (39). Results of these types of test are only directional; products are

more appropriately evaluated in the package under actual distribution conditions.

The harshest of such conditions would generally be a stacked, out-of-dairy-case dis-

play as can be observed in some markets.

4.3. Melting

A high-quality table margarine melts quickly with a cooling sensation on the palate.

Flavor and salt components of the aqueous phase are immediately perceptible by

the taste buds, and there is no lingering greasiness or waxiness. The factors affect-

ing these qualities are the melting profile of the fat, the tightness of the emulsion,

and the storage conditions of the finished product. In order for a margarine to melt

cleanly without seeming gummy or waxy, it should be completely melted at body

temperature and contain less than 3.5% solid fat at 33.3�C (92�F). A cool tasting

product, typified by butter, results from the almost instantaneous absorption of the

heat of crystallization due to a steep melting profile between 10�C and 26.7�C
(50�F and 80�F). The cooling sensation, as measured by differential scanning

calorimetry, is significant only for butter and high-fat stick margarines and spreads

(40). When margarine is produced, quick chilling results in solid solutions of high-

and low-melting glycerides. If the product subsequently is stored at higher tempera-

tures for several days, the recrystallization of the higher melting portions of the

melted solid solutions may result in a product with greater waxiness and a slower

flavor release (41).

Emulsion tightness is a function of processing, emulsifier content, and formula-

tion of the aqueous phase. If the aqueous droplets are uniformly small or heavily

stabilized with emulsifiers, the flavor and salt release will be delayed. A margarine

in which about 95% of the droplets have a diameter of 1–5 mm, 4% of 5–10 mm, and

1% of 10–20 mm is described as light on the palate (1). Droplet size also affects the

microbiological susceptibility of the product and, to some extent, the consistency. A

pulsed nuclear magnetic resonance (NMR) method for determining droplet size

based on restricted diffusion in droplets has been reported (42–44). Zschaler (45)

has described a method for microscopically evaluating the size distribution of the

aqueous phase in margarine. For low-fat spreads the rheological changes generally

associated with melting may be more a function of the stabilizers employed and the
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degree of emulsification than the melting behavior of the fat blend (40). This is also

true of some of the oil-in-water emulsion-type products containing very little fat or

no solid fat that have recently appeared in the marketplace.

Melting quality usually is assessed by oral response. Such evaluations are run

under standard conditions using an established rating scale (46). Empirical methods

also have been used in attempts to quantify melt-in-the-mouth properties that

depend on both emulsion tightness and the melting profile of the fat blend. Moran

(47) describes a ‘‘phase instability temperature,’’ which is the temperature at which

the product shows a marked increase in electrical conductivity under shear condi-

tions similar to those that occur on the palate. A viscometer is used in the determi-

nation, which is intended for low-calorie products. Cooling sensation on the palate

has been estimated by recording the temperature drop in a 35�C (95�F) metal sen-

sing head when placed in contact with the product for 6 s (39). The rate of salt

release has been evaluated by determining the chloride ion increase in water at

36�C (97�F) in which a margarine sample is suspended (48). Softening point, which

may relate to how a product will melt in hot food applications, can be measured

using a Mettler dropping point apparatus. The softening points of a series of North

American soft (36) and stick (49) margarines have been determined.

5. OILS USED IN VEGETABLE OIL MARGARINES AND SPREADS

5.1. Source Oils

Usage of fats and oils in table spreads in the United States is shown in Table 3 (2).

Most table spreads are formulated with soybean oil with the exception of the

healthy image category in which corn, sunflower, or safflower oil is usually the pri-

mary ingredient. Canola oil (low-erucic-acid rapeseed oil, erucic acid content

<2%) was approved for use in foods in the United States in 1985 (50) and recently

has been used in some table spreads that are primarily positioned in the healthy

image category. Lard and tallow, of which lard constitutes the predominant portion,

are blended mostly in very low-cost products. In Europe, use of palm oil, lauric fats,

and hydrogenated marine oils is common. The tropical oils, palm, palm kernel, and

coconut, are not used currently in table spreads in the United States, in part because

of their high saturate content and the intense negative public opinion generated by

consumer advocate groups in the late 1980s. Marine oils, particularly California

sardine oil, were at one time used in American margarines, usage reaching a

peak of 18 million kg (40 million lb) in 1936 (51). By 1951, these fish had almost

completely disappeared, and no provision had been made for the use of marine oils

in food. Hydrogenated and partially hydrogenated menhaden oil (iodine value 10–

85) was affirmed as a Generally Recognized as Safe (GRAS) food ingredient in

1989 (52), but to date it has not been used for table spreads in the United States.

The GRAS status has not yet been affirmed for liquid (unhydrogenated) marine oil.

A European study of margarine containing 10–20% liquid fish oil indicated that

there are shelf-life problems that would need to be overcome (53). Several methods

OILS USED IN VEGETABLE OIL MARGARINES AND SPREADS 45



for purification of fish oil to remove flavors (54–56) or to stabilize the flavor in

foods (57–60) have been patented. Today, fish oil in the United States, predomi-

nantly menhaden oil, is used for manufacture of protective coatings and fatty acids

and derivatives. Much of the oil is exported for use in margarines and shortenings

abroad (61). In the future, other oils may be used in table spreads as a result of

positive comments in the popular press based on epidemiological and dietary stu-

dies reported in the scientific literature. Spreads containing olive oil are being mar-

keted in Europe and Canada. Rice bran oil is expected to become available in

commercial quantities in the United States in 1995 (62). Margarines prepared

from rice bran oil have been described (63).

5.2. Fat Crystallization

Solid Fat. The consistency and the emulsion stability of margarine and most other

table spreads depends on crystallized fat. Freeze-fracture electron microscopy

of deoiled margarine shows the crystalline nature of the water droplet interface

as well as a continuous fat matrix that appears to be an interconnected network

TABLE 3. Fats and Oils Used in U.S. Manufacturing Margarine 1980–2002, �106 lb.

Calender Year Soybean Cottonseeda Corna Animal Fatsb Totalc

1980 1,653 25 223 104 2,039

1981 1,685 25 213 78 2,017

1982 1,718 22 220 29 1,997

1983 1,549 34 212 41 1,850

1984 1,544 26 196 38 1,842

1985 1,628 8 220 65 1,946

1986 1,741 24 204 48 2,041

1987 1,615 28 248 22 1,931

1988 1,619 D 210 35 1,894

1989 1,573 D 214 32 1,875

1990 1,749 D 208 35 2,102

1991 1,853 25 196 43 2,160

1992 1,926 24 176 37 2,174

1993 2,013 26 161 31 2,239

1994 1,793 D D 42 2,003

1995 1,684 D D 41 1,847

1996 1,694 D 77 28 1,816

1997 1,650 D 61 14 1,733

1998 1,606 D 55 22 1,692

1999 1,574 D D 21 1,664

2000 1,465 D 56 12 1,547

2001 1,298 D D 7 1,394

2002 1,212 D D 16 1,300

aD¼Data withheld by Census to avoid disclosure.
bIncludes lard and edible tallow.
cIncludes small quantities of other fats and oils.

Source: Bureau of the Census.
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structure composed of single crystals and sheetlike crystal aggregates (64). The

microstructure of margarine and shortenings has been reviewed (65). Two factors

predominantly determine the influence of the margarine oil on the textural proper-

ties of the finished product: the amount of solid fat present and the conditions under

which the margarine is processed. For identical processing conditions of products

containing oil blends with similar crystallization characteristics, there is a direct

relationship between solids content and consistency (66, 67). There are two primary

methods in use today for measuring the amount of solid fat in an oil blend. The SFI

(68) is an empirical method based on density variations between solid and liquid

fat. The more recent NMR procedure (69) yields an absolute percent solids and

depends on differences in the magnetic environment of protons in the liquid and

solid phases. The results of the NMR determination, referred to as solid fat content

(SFC), are similar but not directly comparable with the SFI; however, the two meth-

ods can be correlated (70). In the United States, SFI is still in wide use for com-

mercial specification, whereas in Europe, SFC has found greater acceptance.

Typical SFI values of U.S. margarine oils are given in Table 4. The numbers are

representative of commercial products. For a given type of margarine, however,

specifications may vary considerably between manufacturers depending on (1)

the organoleptic characteristics desired, (2) compositional requirements to meet

nutrient content claims or other information on the nutrition panel, (3) whether

the product will be marketed using unrefrigerated display, and (4) the type of

packaging equipment available. The values at 10�C, 21.1�C, and 33.3�C (50�F,

70�F, and 92�F) are used by most, if not all manufacturers in the United States

and are considered to be critical specifications. These solids values are indicative

of finished product spreadability at refrigerator temperatures, resistance to oil-off

at room temperature, and melt-in-the-mouth qualities, respectively.

Polymorphism. The structural stability of margarine is influenced by the proper-

ties of the crystal lattice and by the actual amount of solid fat present. Many organic

compounds or mixtures such as fats can solidify in more than one crystalline pat-

tern. The primary crystal forms of triglycerides are designated a, b0, and b, which

correspond to three principal cross-sectional arrangements of the fatty acid chains

(71). These may be differentiated by characteristic x-ray diffraction patterns (72)

and heats of transition observed in calorimetric studies (73). Phase behavior of

TABLE 4. Typical Solid Fat Indices of U.S. Table Spreads.

Solid Fat Index

————————————————————————————————–

10�C 21.1�C 26.7�C 33.3�C 37.7�C
Product (50�F) (70�F) (80�F) (92�F) (100�F)

Stick 28 16 10 2 0

Soft stick 20 13 9 2.5 0

Soft tub 11 7 5 2 0.5

Liquid 3 2.5 2.5 2 1.5

Butter 32 12 7 2 0
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triglycerides is not completely understood. Studies using Raman spectroscopy,

x-ray crystallography, and differential scanning calorimetry (DSC) indicate that

there are two closely related b0 polymorphs of both triundecanoin (74) and tristearin

(75). However, the data of Kellens and Reynaers (76) do not support the existence

of two distinct b0 forms. The observed differences are attributed to the degree of

crystal perfection of a single b0 polymorph.

The a phase, the least stable and lowest melting polymorph, is initially formed

during the rapid chilling conditions used in margarine manufacture; however, it

quickly transforms to the b0 state (41). Riiner (77) studied production of margarines

containing hydrogenated marine oil and found no significant influence of the a
phase on consistency. The b0 structure of margarine, which may be relatively stable,

consists of a very fine network that, because of its great surface area, is capable of

immobilizing a large amount of liquid oil and aqueous-phase droplets. Although

produced in the b0 form, if a margarine oil has strong b tendencies, it may, under

certain storage conditions, transform to b, the highest melting and most stable crys-

talline state. This is usually accompanied by development of a coarse, sandy texture

consisting of large crystals (Figure 2). A storage study of commercial canola oil

margarines indicates the crystal size threshold for consumer detection of sandiness

to be about 22 mm (78). In severe cases, transformation to the b form also may

result in exudation of liquid oil from the product and partial coalescence of the aqu-

eous phase, which increases the microbiological susceptibility.

Some triglycerides such as 1,3-dipalmitoyl-2-stearoylglycerol are very stable in

the b0 form, but tristearin has strong b-crystal forming tendencies (71). Similarly,

fats, which are complex triglyceride mixtures, have characteristic polymorphic pre-

ferences. Wiedermann (79) has grouped some common fats according to their crys-

tal habits (Table 5). In general, the more diverse the triglyceride structure of the

highest melting portion of a fat, the lower the b forming tendencies. Therefore,

fats such as sunflower, safflower, and canola (low-erucic rapeseed) are most likely

Figure 2. Crystallization of sunflower oil margarine. (a) Normal b0 form, (b) sandy b form.

(Courtesy of Grindsted Products, Inc., Industrial Airport, Kansas.).
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to undergo this transformation because the palmitic acid contents are very low, and

when hydrogenated, the solid component consists of a series of closely related

homologues. In a study of the 1:1 interesterification products of completely hydro-

genated soybean oil with each of nine common vegetable oils, it was found that the

b0 form was favored by higher palmitic acid content in the liquid oil (80). The effect

of some surfactants on the kinetics of polymorphic transitions in saturated mono-

acid triglycerides has been studied by Aronhime et al. (81). Heertje (64) has used

scanning electron microscopy and light microscopy to detail the microstructural

features of graininess.

Problems with sandiness in 100% canola oil margarines have been reported (82).

In a study of low- and medium-erucic-acid content hydrogenated rapeseed oils, the

b0 � b transition occurred more readily at low-erucic-acid content and with a higher

degree of hydrogenation (83). The stability of the b0 polymorph of hydrogenated

canola oil as it relates to iodine value and trans-fatty acid content has been studied

by deMan (84). The fat crystals of commercial soft (36) and stick (49) canola oil

margarines were found to be in the b form. Hernqvist and Anjou (85) found that in

canola oil margarines, the relatively rapid development of graininess could be sig-

nificantly retarded by the addition of 0.5–5% diglycerides. The transition is much

more retarded by 1,2-diglycerides than by 1,3-diglycerides, and it appears that

diglycerides containing saturated fatty acids of the same chain length as the fat

to be stabilized are most effective (86). The effect of diglycerides on the crystal-

lization properties of fats has been reviewed (87). Interesterification has been

employed to reduce the development of sandiness in sunflower oil margarine (88,

89). Sorbitan tristearate has been extensively studied and has been found to retard

the b0 � b transformation (90–93) and is permitted by the Canadian margarine stan-

dard for use as a crystal inhibitor. Addition of 10% of a hard palm fraction or 15%

hydrogenated palm oil was effective in delaying polymorphic transformation in a

TABLE 5. Classification of Fats and Oils According

to Crystal Habit (79).

b Type b0 Type

Soybean Cottonseed

Safflower Palm

Sunflower Tallow

Sesame Herring

Peanut Menhaden

Corn Whale

Canola Rapeseed (high erucic)

Olive Milk fat (butter oil)

Coconut Modified lard (interesterified)

Palm kernel

Lard

Cocoa butter

Source: Reprinted from the Journal of the American Oil Chemists’

Society, with permission.
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canola oil stick margarine formulation (94). Interesterified palm stearine and hydro-

genated canola oil, when used as a hard stock in soft margarine oil blends, was

found to reduce the tendency of the blend to crystallize in the b form relative to

blends containing the uninteresterified hard stocks (95). Processing techniques to

minimize problems with stick canola margarines have been suggested by Ward

(96). Graininess was at one time found to be a problem in 100% soybean oil mar-

garines, and cottonseed oil was added to modify the product (41). Today, with the

development of more spreadable stick margarines and the use of multiple base

stocks, formulation of 100% soybean or corn oil margarines with stable textural

characteristics is achieved readily.

Sandiness develops rapidly when margarine is stored under conditions where

melting and recrystallization of the fat can occur. By reducing the storage tempera-

ture to 0�C (32�F), undesirable polymorphic transitions can be decreased substan-

tially (97). Accelerated procedures for evaluation of sandiness development involve

cycling the margarine between 7.2�C and 23.8�C (45�F and 75�F) or storage at

21.1–23.8�C (70–75�F) for several weeks. Madsen (98) found that a sunflower oil

margarine transformed to the b form after 4 weeks at 18.3�C (65�F) or after 2 weeks

at 25�C (77�F). Van der Hock (99) has described a rapid method for estimating

structural stability using the solid fat that is isolated from margarine by use of a

high-pressure press. The high-melting fraction thus obtained is evaluated both by

differential thermal analysis and by observing recrystallization microscopically.

The polymorphic behavior of some commercial margarines has been related to the

composition of the high-melting glyceride fractions obtained by crystallization from

acetone (100, 101) or the solid fat obtained by extraction with isobutanol (101).

Crystallization Rate. The rate at which crystals form and undergo polymorphic

transitions is of critical importance to the processing of margarine. The a� b0 tran-

sition rate is accelerated by agitation. Haighton (66) has used metal dilatometers

with scraper blades to study crystallization rates under dynamic conditions. Blanc

(102) has evaluated the speed of crystallization of several fats under static, super-

cooled conditions. Crystallization times range from 3 min for coconut oil to 27 min

for palm oil and 45 min for shea butter. Riiner (103) has studied polymorphic tran-

sition times and found that palm oil has a long a lifetime; that is, the transition for a
to b0 occurs very slowly. It was also found that the degree of hydrolysis of shea nut

oil influences the rate of polymorphic transition (104). Berger (105) observed that

the a lifetime of a palm oil sample was reduced from 30 to 4 min after partial gly-

cerides and other nontriglyceride components were removed by column chromato-

graphy. Palm oil from unbruised fruit has been found to contain almost 6%

diglycerides (106). Okiy (107) demonstrated that the a lifetime of pure palm oil

triglycerides increases when diglycerides isolated from palm oil are added back

in concentrations from 2% to 15%. The melting point of the b0 form and the

heat of fusion of the palm oil also decreased with increasing amounts of added

diglyceride. Yap et al. (108) have studied the crystallization rates of palm oil,

palm oil fractions, and hydrogenated palm oil.

Monoglycerides have been found to hasten the onset of crystallization of various

fats under agitation in the presence of 16% water (109), but lecithin had the
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opposite effect (110). In a study of mixtures of margarine oil components, Chikany

(111) found that the crystallization rate is accelerated by increasing the amount of

coconut oil or decreasing the amount of palm oil in the blend. Crystallization pro-

blems associated with blends containing predominantly palm oil can be alleviated

by interesterifying a portion of the palm oil with other fats (112). The crystalliza-

tion rate of a margarine-type oil blend was found to be increased by the addition of

palmitate sucrose polyester (SPE, average degree of esterification ca. 5.4), stearate

SPE, and sorbitan tristearate (113). The rate was decreased by laurate SPE, and

oleate SPE had little effect. Van Meeteren and Wesdrop (114) have found that

1,3-saturated-2-trans-unsaturated glycerides, particularly 1,3-dipalmitoyl-2-

elaidoylglycerol, accelerate fat crystallization from a supercooled melt, increasing

the processability of spreads formulated with a slowly crystallizing fat.

5.3. Oil Blending

In the United States, most margarines are formulated using hydrogenation as the

only means of oil modification. For the most part soybean and corn oils are

used, although some healthy image products contain sunflower, canola, or safflower

oil as the liquid portion of the blend. High-quality margarines can be prepared using

selectively hydrogenated base stocks that are characterized by steep SFI slopes

resulting from high trans-isomer development with minimal saturate formation.

Although interesterification can be used in preparation of soybean margarine oils

(115, 116), there has been no necessity or incentive for the use of either fractionated

or interesterified components unless such components are byproducts of another

operation such as winterization. The type of margarine oil blends used in the pre-

ponderance of table spread products in the United States have changed very little in

the last 15 years, with the notable exception that in many soybean oil products, the

manufacturer has replaced the softest (lightly hydrogenated) base stocks with liquid

soybean oil. However, public awareness of the results of recent studies on the

effects of various fatty acid classes on serum lipids and possible changes in fatty

acid labeling regulations may lead to significant changes in the near future.

Latondress (117) has described some typical soybean oil base stocks and the

margarine oils prepared therefrom (Tables 6 and 7). The percentages of each stock

may be adjusted somewhat to take into account batch variability in hydrogenation.

The greater the number of base stocks, the greater the flexibility in allowing a

slightly out-of-specification stock to be used to meet final blend requirements.

The 66-IV stock (number 4 in Table 6) is the most difficult to control because, at

the endpoint of hydrogenation, the saturate content is increasing rapidly. Cottonseed

or corn oil can be used to prepare base stocks similar to those shown in Table 6.

A refiner may have as many as eight base stocks with which to formulate blends.

As different refiners may have different specifications for their base stocks, the mar-

garine producer must realize that the composition of blends received from alternate

suppliers may vary somewhat in crystallization characteristics even though the

blends meet the same solid fat profile. Moustafa (118) has described the composi-

tion, solid fat characteristics, and polyunsaturate content of oil blends found in soft
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margarines available in the United States. Low-calorie soft and stick spreads con-

taining 40–75% fat are usually formulated from the same oil blends as those used

for the manufacture of soft and stick margarines, respectively.

Oil blends for liquid margarine consist of a liquid oil and a highly hydrogenated

fat (e.g., liquid and 5-IV soybean oil). Pichel (119) used 0.75–7.5% hard fat

depending on the melting point. Too much of the hard fraction gives too viscous

a product, whereas too little results in oil-off and water separation. Melnick and

Josefowicz (120) describe the SFI ranges of a similar liquid product to be 1.5–

4.0 at 10�C (50�F) and 1.0–3.0 at 33.3�C (92�F). If an oil such as base stock 2

from Table 6 is used in place of liquid oil, a product with improved oxidative flavor

stability and greater temperature dependence of the viscosity will result.

Because of the greater variety of competitively priced oils and because labeling

of source oils in order of predominance is not generally legislated in Europe, oil

TABLE 6. Typical Base Stocks Used in Soybean Oil Margarine (117).

Stock Number 1 2 3 4

Hydrogenation conditions

Initial temperature, �C (�F) 148.8 148.8 148.8 148.8

(300) (300) (300) (300)

Hydrogenation temperature, 165.5 176.6 218.3 218.3
�C (�F) (330) (350) (425) (425)

Pressure, kPa (psig) 103 (15) 103 (15) 103 (15) 35 (5)

Nickel (%) 0.02 0.02 0.02 0.02

Characteristics

Iodine value 80–82 106–108 73–76 64–68

Congeal point, �C (�F) — — 23.8–25 33–33.5

(75–77) (91.4–92.3)

SFI at 10�C (50�F) 19–21 4 max. 36–38 58–61

SFI at 21.1�C (70�F) 11–13 2 max. 19–21 42–46

SFI at 33.3�C (92�F) 0 0 2 max. 2 max.

Source: Adapted from the Journal of the American Oil Chemists’ Society, with permission.

TABLE 7. Typical Soybean Margarine Oil Formulas (117).

Type Soft Stick Stick Stick Soft Tub

Composition (%)

Stock 1 (Table 2.7) — — 60 —

Stock 2 — 42 — 80

Stock 3 — 20 25 —

Stock 4 50 38 15 20

Liquid soybean oil 50 — — —

SFI at 10�C (50�F) 20–24 27–30 28–32 10–14

SFI at 21.1�C (70�F) 12–15 17.5 min 16–18 6–9

SFI at 33.3�C (92�F) 2–4 2.5–3.5 1–2 2–4

Source: Adapted from the Journal of the American Oil Chemists’ Society, with permission.
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blends are often more complex and interesterified oils are common. When prices

permit, low percentages of lauric fats sometimes are added for their sharp melting

characteristics (121). Frequently, oil formulation changes may be dictated by eco-

nomics and availability. Blends that are optimum in terms of solid content and cost

can be calculated according to the method of statistical dilatation equivalents (66).

These calculations, which are based on measurements taken on a large number of

mixtures of available components, assume that each component yields a linear con-

tribution to the solids content of the blend. The contribution factors, which are cal-

culated by multiple regression analysis, must be determined at each temperature of

interest. For example, coconut oil would have a strong positive solids contribution

at 10�C (50�F) and a negative coefficient at 21.1�C (70�F). The validity of the rela-

tionships are bound by the range of mixtures studied and the linearity of contribu-

tions in that range. Cho et al. (122) used an experimental design to identify suitable

margarine and shortening blends formulated from four component oils, two of

which were interesterified. Besides solids requirements, least-cost computer pro-

grams can be written to take into account other constraints such as minimum essen-

tial fatty acid content required and limits on individual components due to cost,

crystallization behavior, availability, or production capacity (123).

Wieske (123) also has described a more general calculation method in which

fatty acids are assigned to one of four classes: high-melting saturated C16 or greater;

trans-monoenes and dienes; medium melting (C12 and C14) saturated; and low melt-

ing saturated and cis-unsaturated. If triglyceride structures based on these four fatty

acid types are subgrouped into types with similar melting characteristics, a model

can be generated containing 16 glyceride classes that contribute to the solids con-

tent. The triglyceride types in any oil blend are the sums of the values found by

analysis of the triglyceride structures of the components. The effect of interesteri-

fication of any part or all of the blend can then be calculated mathematically. A

margarine oil patent specification based on these fatty acid and triglyceride classi-

fications has been issued (124). As more knowledge is gained of mutual solubility

relationships and melting behavior of triglyceride classes, and as economical meth-

ods of achieving specific rearrangement of triglyceride structures are developed, it

may become possible to formulate optimum oil blends with knowledge of only the

fatty acid composition of the components available.

High-Liquid-Oil Blends. From the late 1950s to the 1980s, considerable effort

was devoted to the development of margarines containing high levels of linoleic

acid. Although polyunsaturate content is less emphasized in the United States

today, oils such as corn, sunflower, and safflower continue to be perceived as

healthy by the consumer, as are olive oil with its high monounsaturates and canola

oil with its low saturated fat content. Therefore, it appears advantageous to market a

product containing 100% of one of these oils. When the selectively hydrogenated

liquid oils are used as hard stocks, the upper limit on the liquid oil content of such a

stick margarine blend is about 60–65% for formation of a satisfactory print. For a

high-liquid-oil blend, the SFI at 10�C (50�F) is limited on the high side by the per-

centage of trans-fatty acids that can be developed in the hard stock without increas-

ing the saturate content to such an extent that the 33.3�C (92�F) solids are too high.
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These high-trans-hard stocks can be achieved most consistently by use of a sulfur-

poisoned catalyst (125). A trans-free hard structural fat for margarine and spreads

reported in the patent literature (126). Soft margarine blends containing as much as

85% liquid oil are feasible. As discussed in Section 5.2, 100% sunflower, safflower,

or canola margarines may become grainy during storage. Randomization of the

hard component (127) or interesterification of the hard stock with a portion of

the liquid oil (128) has been used to alleviate texture problems. Soft margarines

containing more than 80% of a highly polyunsaturated liquid oil have been found

to develop a granular, lumpy appearance accompanied by texture breakdown when

stored at less than �23.3�C (�10�F). McNaught (129) discovered that randomiza-

tion of at least part of the liquid oil alleviates this problem.

Low-Trans-Oil Blends. Based on recently published studies (130–138) that indi-

cate that trans-fatty acids may not be neutral in their effect on serum lipids, nega-

tive press has heightened consumer awareness of these fatty acids, particularly in

North America. A consumer advocate group has petitioned the U.S. FDA that trans-

acids be labeled (139). At the present time, it is unknown whether these acids will

eventually be classed as cholesterol-raising fatty acids like saturates or whether

health implications more or less negative than saturates will be attributed to

them. Over the last decade, such concerns have led to considerable research in

the development of low- and no-trans-oil blends for margarines and spreads.

Most of these formulations also contain a high level of liquid oil. Of course, for

very low fat spreads, the trans-content of the oil blend is less significant, because

only the amount of trans-fatty acids per serving would be labeled. The approaches

that some companies are taking to reduce trans-levels and new product introduc-

tions in the area of no-trans-margarines and spreads has been discussed by

Haumann (140).

Margarines high in polyunsaturates and low in trans-fatty acids are available in

Canada and Europe. These products can be formulated from tropical oils, with no

hydrogenated fats or with fats that are completely hydrogenated. Tropical oils are

viewed negatively by the consumer in the United States, and therefore, they are not

used to any significant extent. Palm oil and lauric fats such as coconut, palm-kernel,

and babassu oils are rich in saturated fatty acids. However, because of eutectic for-

mation and steep melting profiles, satisfactory stick margarine oil blends cannot be

achieved with these oils as the sole hard stock without some additional modifica-

tion. Ward has found that interesterification of a completely hydrogenated mixture

of palm and babassu oil yields hard stocks that can be used in very high polyunsa-

turated soft (141) and stick (142) margarines capable of being processed on stan-

dard equipment. Similar soft margarines containing approximately 90% liquid oil

have been formulated from fully hydrogenated interesterified palm oil and palm-kernel

oil (143) or palm-kernel olein (144). Soft and stick margarines were prepared

with an unhydrogenated hard fraction consisting of an interesterified mixture of

coconut oil, palm oil, and palm stearine (145). By using fractionation or cofractio-

nation of palm and lauric oils, soft (146) and stick (147) margarines were prepared

without addition of hydrogenated or interesterified fats. A process for producing

hard stocks from high-palmitic oils, high-lauric oils, and hydrogenated oils having
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a high-behenic-acid content by 1,3-specific enzymatic interesterification has been

described (148). Spreads have been prepared from a blend containing liquid oil

and 3–10% of a fully hydrogenated fat composed of at least 25% palmitic acid,

less than 3% trans-acids, and less than 10% glycerol tristearate (149). Suitable

hard stocks are fully hydrogenated fish oils or palm oils. Hard stocks produced

by interesterification of high palmitic and/or stearic acid fat and high behenic

acid fat were used at low levels to prepare a margarine containing low saturated

and trans-fatty acids (150). The characteristics of hard stocks obtained by interes-

terification of fully hardened soybean oil and nine common vegetable oils (1:1)

have been described (80). Margarine oils containing very low levels of trans and

C8–C16 fatty acids can be prepared by enzymatic transesterification of a stearic

acid source and a liquid oil (151).

Formulation of zero-trans-margarines from single-source high-linoleic oils

also has been reported. The random interesterification of an 80/20 blend of liquid

soybean oil and completely hydrogenated soybean oil resulted in SFI values of 8,

3.5, and 2.2 at 10�C, 21.1�C, and 33.3�C (50�F, 70�F, and 92�F), respectively.

The margarine had a stable crystal structure and good oxidative stability (152).

The enzymatic interesterification of blends of liquid and 10–15% fully hydroge-

nated soybean oil has been reported to result in a fat base suitable for preparing

table spreads (153). Low-trans-margarines also were prepared from 100% sun-

flower, soybean, or corn oils by fractionating an interesterified mixture of liquid

and completely hydrogenated oil (154). The olein thus obtained was blended

with additional liquid oil to obtain fats suitable for stick margarine. A spread

formulated using a single unmodified fat has also been characterized (155). The

fat is preferably high-stearic soybean oil containing at least 30% disaturated

triglycerides.

An alternative method for preparing low-trans-margarines makes use of directed

interesterification to prepare fats from liquid oil without the aid of hydrogenation.

Sreenivasan (156) prepared a 100% sunflower oil with solids of 10.7 at 0�C (32�F),

6.0 at 21.1�C (70�F), 5.2 at 26.7�C (80�F), and 2.1 at 33.3�C (92�F) by directed

interesterification in an aprotic solvent for 6 days at �9.4–0�C (15–32�F). At these

temperatures the di- and trisaturated glycerides are precipitated from the reaction

mixture as they are formed. The reaction is then stopped at low temperature and

the oil blend has the same fatty acid composition as the original liquid oil. Directed

interesterification of liquid corn oil using temperature cycling between 0.6�C (33�F)

and 10�C (50�F) in the absence of solvent was accomplished in 6 h (157). The

resulting solids were 13.1, 10.3, 7.2, 4, 8, and 2.2 at 0�C, 10�C, 20�C, 30�C, and

40�C (32�F, 50�F, 68�F, 86�F, and 104�F), respectively. In order to increase the

amount of solids attainable by directed interesterification, the liquid oil can first

be enriched with a small percentage of the completely hydrogenated oil (158).

Alternatively, the solids may be enriched without hydrogenation by removing a por-

tion of the saturate-reduced liquid oil during the reaction and adding additional

starting oil (159). Although soft zero-trans-margarines can be prepared from

100% liquid oils, it is unlikely that satisfactory stick margarine oils will be obtained

through directed interesterification alone. The limited melting ranges and high
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melting points of triglycerides composed of stearic and palmitic acid would appear

to preclude this possibility.

A novel alternative to the use of hydrogenated or saturated fats for structural sta-

bility in oil-continuous emulsions is the addition of oil-soluble polymers as thick-

ening or texturizing agents (160). These polymers are condensation products of

hydroxyacids or polyhydric alcohols and polybasic acids. Currently they are not

approved for food use. Another option to hydrogenated oils is to base the product

on an oil-in-water emulsion. Such a product, which contains 80% liquid canola oil,

has been introduced in the United States (140).

Special Dietary Oils. Some reports have been published regarding special health

margarines that contain nontraditional ingredients. Stahl (161) has described a low-

calorie margarine in which the oleaginous phases consist of monoglycerides with

no appreciable quantities of di- or triglycerides. The product may be used for nutri-

tional supplementation where certain digestive disorders exist. Margarines also

have been prepared using medium-chain triglycerides based on caprylic and capric

acids (162–164). Such fats are rapidly absorbed and are useful where fat metabo-

lism is impaired. Formulation of low-calorie margarines and spreads using sucrose

octaoleate as a fat replacer has been reported (165, 166). Improved margarine hard

stocks composed of sucrose polyesters of short- and long-chain fatty acids (167) as

well as palm oil fatty acids (168) also have been described. These sucrose polye-

sters are nonabsorbable fat substitutes that have been found to be useful in reducing

calorie intake and plasma cholesterol in clinical trials (169). In the future there may

be a market for spreads formulated from other oils perceived to be healthy such as

rice bran oil (170) or oils containing long-chain highly unsaturated o-3 acids (171)

or g-linolenic acid (172). The use of the latter two types of oil in the United States

will depend not only on their approval for food use but also on whether sufficient

scientific evidence is generated to support approval of a health claim. The food uses

and properties of fish oils, which contain high levels of o-3 fatty acids, have been

discussed (53, 173, 174). Plant sources of g-linolenic acid such as borage, black

currant, and evening primrose oils, as well as microbial sources have been reviewed

by Gunstone (175).

5.4. Oil Specifications

Patel (176) has listed the parameters usually included in specifications for a mar-

garine oil blend (Table 8). In addition to those listed, specifications sometimes

include anisidine value, totox value, and limits on heavy metals and microorgan-

isms. The oil used in margarine should be of the highest quality and as bland as

possible. Flavors are evaluated organoleptically upon receipt of the oil using a stan-

dard scoring system such as that recommended by the American Oil Chemists’

Society (177). Some manufacturers may confirm organoleptic results using vola-

tiles analysis. Physical properties are described by SFI. Some specifications also

include SFI at 26.7�C and 37.8�C (80�F and 100�F) as well as a melting point or

Mettler dropping point. Characteristics of the base stocks used to formulate the

blend generally are left to the discretion of the oil supplier. As Wiedermann
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(178) has pointed out, this may, at times, lead to difficulties in the manufacture of a

margarine product for which process control is critical. The SFI profile should not

be viewed merely as three separate specification ranges. In the example in Table 8,

oils with SFIs of 26-15-1.5 and 22-16-3 would both meet specification but could

result in noticeably different finished product characteristics. If the SFI–tempera-

ture curve for a given oil blend is routinely steeper or flatter than the slope through

the midpoints of the SFI ranges, the base stocks being used may not be suited to the

specifications or the specifications may not be realistic. The specification of poly-

unsaturates or saturates is usually included only if these are necessary to meet spe-

cific label claims on the margarine product. If labeling of trans-fatty acids becomes

mandatory in the future, the trans-content may become part of many manufac-

turers’ specifications.

As many margarine plants in the United States are located at considerable

distance from their suppliers, truck or rail shipment is required. Loading tem-

peratures and whether the oil must be nitrogen blanketed are specified. For truck

deliveries, the temperature on arrival often is specified to ensure that the oil is

completely liquid. In order to minimize the possibilities for oil degradation, it is

optimal to process and deodorize the oil blend at the margarine production

location.

TABLE 8. Typical Margarine Oil Specification.

Parameter (139) Example

Composition

Source oil(s) 100% corn

Blend 50% liquid oil, min.

Additives (permitted/required) Citric acid permitted

Quality

Flavor (organoleptic score) 7, min.

Color (Lovibond red) 3, max.

Peroxide value (mEq/kg) 1.0, max.

Free fatty acids (% as oleic) 0.05, max.

Moisture (%) 0.05, max.

Stability (active oxygen method), 8-h AOM Peroxide values less than 10

Physical

SFI at 10�C (50�F) 22–26

SFI at 21.1�C (70�F) 14–17

SFI at 33.3�C (92�F) 1.5–3

Nutritional

Percent polyunsaturates (enzymatic) 28, min.

Percent saturates 19, max.

Shipping

Mode Truck

Nitrogen blanketing Yes

Loading temperature 57.2�C (135�F) max.

Arrival temperature 48.8� 15�C (120� 5�F)
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6. OTHER COMMON INGREDIENTS

The following section discusses the functionality of some of the ingredients, other

than the fat blend, that are commonly used in table spreads. There is considerable

latitude in the choice of which ingredients to use and the levels of these ingredients.

The recipe is generally decided by consumer prefererence testing and process con-

siderations. Some typical formulations are listed in Table 9.

6.1. Milk Products and Protein

In the margarine standard of identity, milk products have been interpreted (179) by

the FDA to include butter or butter fat in any percentage as long as some vegetable

oil is used to meet the 80% minimum fat requirement. Therefore, butter blends fall

under the FDA regulations governing margarines and spreads. In the past, cultured

milk was used in almost all margarines. Because of the time and space required for

culturing, this practice was largely abandoned in favor of using skim milk together

with starter distillate, diacetyl, or other flavors. Skim milk, although still used by

some manufacturers in the United States, for the most part has now been replaced

by spray-dried whey, which is sometimes supplemented with potassium caseinate to

a standardized protein content. Soy protein can be used for products where dietary

considerations preclude dairy ingredients.

TABLE 9. Typical Margarine and Spread Formulations.

Percent in Finished Product

—————————————————–

Ingredient 80% Fat 60% Fat 40% Fat

Oil phase

Liquid and partially hydrogenated 79.884 59.584 39.384

Soybean oil blend

Soybean lecithin 0.100 0.100 0.100

Soybean oil mono- and diglycerides (IV 5, max.) 0.200 0.300 —

Soybean oil monoglyceride (IV 60) — — 0.500

Vitamin A palmitate-b-carotene 0.001 0.001 0.001

blenda

Oil-soluble flavor 0.015 0.015 0.015

Aqueous phase

Water 16.200 37.360 54.860

Gelatin (250 bloom) — — 2.500

Spray-dried whey 1.600 1.000 1.000

Salt 2.000 1.500 1.500

Sodium benzoate 0.090 — —

Potassium sorbate — 0.130 0.130

Lactic acid — to pH 5 to pH 4.8

Water-soluble flavor 0.010 0.010 0.010

aCustom blended for correct vitamin content and color; suspended in corn oil.
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Protein affects margarine products in several ways. In addition to flavor, dairy

solids undergo the Maillard reaction and brown during frying. Low-lactose milk

or whey proteins can be used to control or eliminate the browning effect while

retaining desirable flavor characteristics (180). Milk solids also act as a preservative

by sequestering metals that promote oil oxidation (181). Protein exerts a destabiliz-

ing effect on water-in-oil emulsions. If protein is removed from a margarine formu-

lation without changing the processing or the fat/emulsifier system, flavor and salt

release will be impaired because the aqueous-phase droplets are smaller and the

emulsion is more resistant to breaking. Linteris (182) found that the addition of

0.01–0.1% sodium caseinate enhanced the salt sensation of milk-free margarine.

In very low fat spreads where the aqueous phase contained only water, preservative,

salt, acid, and flavor, the incorporation of 5–10 ppm of protein caused a significant

enhancement of flavor release (183). The emulsion instability caused by the pre-

sence of protein is a particularly important concern in formulating products that

contain less than 50% fat. In the past, all 40% fat diet margarines in the United

States contained no protein. Today, however, many 40% and lower fat spreads con-

tain gelling agents or other water-binding ingredients that afford sufficient stability

to allow addition of milk protein.

6.2. Emulsifiers

Emulsifiers are multifunctional in margarine. They reduce surface tension between

the aqueous and oil phases so that the emulsion forms with minimal work. Emul-

sifiers stabilize the finished product during storage to prevent leakage or coales-

cence of the aqueous phase. They also act as antispattering agents by preventing

coalescence and violent eruption of steam during frying. Common emulsifiers

and their uses are listed by Dziezak (184). The role of emulsifiers in spreads and

shortenings has been discussed by Madsen (185). The effects of emulsifiers and

their interactions are complex and become more critical at lower fat levels. Gaonkar

and Borwankar (186) have reported the influence of lecithin, monoglyceride, and

surface-active impurities present in the oil on the vegetable oil–water interface.

Using microscopy, Heertje (64) found that saturated monoglycerides appear to be

more effective in displacing proteins at the interface than unsaturated monoglycer-

ides, and that phospholipids are much more surface active than monoacylglycerols.

Crude lecithin is used at levels of 0.1–0.5% in almost all margarines because of

its antispattering properties; however, in very low fat spreads, it may lead to

decreased emulsion stability and increased tendency to oil-off. The production,

properties, and food uses of lecithin have been reported by Schneider (187).

Lecithin may be unbleached or single or double bleached with hydrogen peroxide.

In addition to producing an even, stable foam during frying, lecithin contributes to a

fine dispersion of the protein sediment, interacts with protein to form a brown gra-

vy, and results in a quicker salt release (188). Enzymatic hydrolysis of lecithin

yields a-monoacylglycerophosphatides that improve frying performance and resis-

tance to oil-off in liquid margarines (189). Fractionation and partial hydrolysis of

the alcohol-insoluble fraction is claimed to afford improved antispattering effects in
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margarine (190). Antispattering properties have also been claimed for proteose-

peptone-enriched milk protein (191), finely divided metal or metalloid oxides

(192), citric acid esters of monoglycerides (193), sodium sulfoacetate derivatives

of monoglycerides (194), and polyglycerol esters (195). Incorporation of finely dis-

persed gases such as nitrogen, carbon dioxide, or air also reduces spattering (196).

Nitrogen is preferred and is most often used in whipped margarines and spreads.

The use of helium or its admixtures with other gases is reported to result in a

very fine dispersion that can be attained relatively easily (197).

In stick margarines where the high percentage of solid fat is capable of stabiliz-

ing the crystallized emulsion, only lecithin is necessary. However, most margarines

also contain mono- and diglycerides of low or intermediate iodine value (IV) for

added protection against weeping. Very high IV monoglycerides such as those pro-

duced from sunflower or safflower oil have been found to function well in low-fat

products (198). The rate of coalescence of a 50% water-in-vegetable-oil emulsion

as a function of concentration of monolinolein has been studied (199). Some very

low fat spreads contain polyglycerol esters. A combination of monoglycerides and

polyglycerol esters is effective in allowing production of very low fat spreads con-

taining a significant amount of milk protein, especially if the spread also contains a

gelling agent (200). Although polyglycerol polyricinoleate is said to be particularly

effective (201, 202), and is used in Europe, this specific polyglycerol has not been

approved in the United States. Erucic acid esters of polyglycerols also were found

to stabilize high internal phase water-in-oil emulsions (203). The use of sucrose

esters to form a stable liquid margarine with only unhydrogenated liquid oil has

been described (204). It has also been reported (205) that a high liquid oil contain-

ing fluid margarine with low viscosity, and which is not susceptible to oiling-out,

can be formulated using a distilled behenic acid monoglyceride.

In addition to emulsifiers, low-fat spreads may contain aqueous-phase gelling

and/or thickening agents such as gelatin, pectin, carrageenans, agar, xanthan, gel-

lan, starch or starch derivatives, alginates, or methylcellulose derivatives. Commer-

cially, the most important of these is gelatin. High-quality gelatin is a costly

ingredient and a process for removal of off-flavors from the less expensive grades

of gelatin by membrane filtration has been patented (206). The functionality of gel-

ling agents is discussed later in this chapter. The microstructural nature of the emul-

sion in margarine and low-fat spreads has been elucidated by Heertje (64) using

microscopical techniques.

6.3. Preservatives

The preservatives that can be added to margarine fall into three categories: antiox-

idants, metal scavengers, and antimicrobial agents. Because of hygienic manufac-

ture of both raw materials and the finished table spreads, lipolytic microorganisms

are not found and hydrolytic rancidity is not a problem, even in products formulated

with lauric oils. Antioxidants may be necessary for keeping quality of spreads for-

mulated with significant amounts of animal fat, but they are not added to most vege-

table oil margarines. However, in the future, these may become necessary in order
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to incorporate even low levels of highly unsaturated fats such as unhydrogenated

fish oils. Vegetable oil margarines containing milk protein have been shown to

be stable for 6 months at 4.4�C (40�F) with no added antioxidant (207). Residual

tocopherol levels in vegetable oils are said to be near optimum for protection (208);

however, excess tocopherol may have a pro-oxidant effect (209). Lecithin and

ascorbic acid act as antioxidant synergists (210). The addition of nonlipolytic, non-

proteolytic, oxygen-consuming yeasts has been suggested as a means of preventing

autoxidation of the finished product (211). Salt-tolerant lactobacillus that convert

aldehydes to alcohols are said to improve margarine shelf life by removing the oxi-

dation products responsible for off-flavors (212).

The presence of heavy metals can cause serious metallic off-flavors to develop in

margarine within days. Copper has the strongest pro-oxidant effect. The maximum

amount of copper that can be tolerated is indicated to be on the order of 0.02 ppm

(213). Citric acid, citrates, and salts of ethylenediaminetetraacetic acid (EDTA) act

as sequestering agents to inactivate metals that may be present. EDTA has been

found to be very effective in preventing off-flavors due to copper-induced degrada-

tion and often is added to milk-free margarines in the form of calcium disodium

salt. Melnick (214) has patented a process of crystallizing salt in the presence of

EDTA to reduce the heavy-metal content. Such high-purity salt is available for

use in margarine.

Microbiologically, water-in-oil emulsions are more stable than the aqueous

phase itself because only a small fraction of the droplets are occupied by microor-

ganisms. The droplet size limits growth provided that the organism does not excrete

lipases (215). As droplet size depends to a great extent on processing parameters,

process control is critical, particularly in the manufacture of low-fat spreads. The

median and largest diameters of the droplets, pH, available nutrients, and degree of

inoculation play essential roles in determining the fate of contaminating microor-

ganisms (216). The concentration of salt in the aqueous phase of a 2% salt, 80% fat

margarine is also very effective; however, in the absence of additional preservatives

or acidulents, molds occasionally do proliferate. Sorbic acid, benzoic acid, and their

salts are used as preservatives, particularly in low-fat and low-salt products. The

undissociated acids are primarily responsible for the preservative effect, and there-

fore, the lower the pH, the greater their effectiveness. However, the acids are more

soluble in the oil than in the aqueous phase, where protection is needed, and sorbic

acid has the more favorable partition coefficient. Although salt acts synergistically

with these preservatives in aqueous solution, in an emulsion it has a negative effect

on the partition coefficient, driving more of the free acid into the oil (217). Studies

have been conducted on the effectiveness of benzoic acid (218) and sorbic acid

(219) in margarine as a function of concentration. Castenon and Inigo (220) recom-

mend the addition of 0.05% sorbic or benzoic acid and a pH of 4–5 for unsalted

margarine and a pH of 5–6 for salted margarine. Lactic acid is said to be the

most effective acidulent for use as a preservative as long as at least 0.2% is present

(216); however, citric and phosphoric acids are also used. Demineralization of acid-

ified milk can reduce its sour taste by lessening its buffering capacity and hence

the acidity required to achieve a given pH (221). The use of two aqueous phases
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formulated such that the preservatives and the nutrients are concentrated in the

same phase has been suggested (222). Klapwijk (223) has discussed the hygienic

production of low-fat spreads and has outlined a predictive modeling approach to

microbiological hazard analysis.

6.4. Flavors

Many synthetic butter flavors are available for use in margarine. These are based

generally on mixtures of compounds that have been identified as contributing to

the flavor of butter, such as lactones, ethyl esters of short-chain fatty acids, ketones,

and aldehydes (224). Diacetyl is a primary volatile constituent of many margarine

flavorings and contributes significantly to a buttery aroma. The concentration in

butter varies from 1 to 4 ppm (225). It is formed from citric acid present in milk

during the culturing process. If the milk is not cultured, synthetic diacetyl or starter

distillate can be added. Flavors obtained by lipolysis of butterfat also are available,

and the use of a combination of starter distillate and heat-treated butterfat has been

described (226). The tightness of the emulsion and the melting characteristics of the

fat will affect the rate and the order in which flavors are perceived. Salt concentra-

tion and pH also affect flavor balance because they may influence the partition coef-

ficients of various flavor components. As the fat content of spreads is reduced to

very low levels, the challenge of formulating flavors whose oral response is similar

to that of high-fat spreads is increased considerably.

6.5. Vitamins and Colors

The mandatory fortification of margarine with Vitamin A is accomplished by the

addition of b-carotene (pro-Vitamin A) and/or Vitamin A esters. The carotene level

is adjusted for the desired color and the colorless esters (acetate, palmitate, etc.) are

used to standardize the vitamin content. Addition of Vitamin D is optional. Forti-

fication with Vitamin E is not permitted by the U.S. margarine standard, but

recently some spreads fortified with Vitamin E have appeared in the marketplace

in the United States, and fortification of both margarines and spreads has recently

been done in Europe. The naturally occurring Vitamin E content of vegetable oil

margarines available in the United States has been reported (227).

Margarine is colored with carotenoids, and synthetic b-carotene is by far the

most widely used. Carotene dissolves very slowly in oil. Therefore, the compound

is pulverized to a particle size of 2–5 mm and the microcrystals are suspended in oil

to retard oxidation (228). Natural extracts containing carotenoids, for example,

annatto (bixin), carrot oil, and red palm oil also have been used. Annatto, which

is used in butter, is somewhat sensitive to light and may have an orange or slightly

pink hue, particularly when the aqueous phase is acid (4). Mixtures of annatto and

turmeric extracts result in a more typical color than annatto alone (229). Many mar-

garine manufacturers purchase blends of colors and vitamins customized for their

specific products.
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7. PROCESSING

There is a wide range of formulations used in the margarine industry today. Just as

the fat must be tailored to suit the product, in order to attain the desired finished

product characteristics, processing parameters must be established that are appro-

priate for level, solids content, and crystallization rate of the fat used in the formu-

lation. The basic process consists of five operations: emulsification, cooling,

working, resting, and packaging. The following is a brief general description of

these operations and their usage for different product types together with some pub-

lished process modifications. Detailed descriptions of the equipment, process,

packaging, and plant layout, as well as the production of puff pastry margarine,

are given elsewhere in this work. Some aspects of low-fat spread processing will

be discussed later in this Chapter.

7.1. Processing Operations

Emulsification. The formation of the coarse initial emulsion may be a strict batch

process in which the warm oil and the oil-soluble ingredients are individually

weighed or melted into an agitated tank, which, in the past, was referred to as a

churn. The pasteurized, aqueous phase is then weighed in with agitation. In

many plants the aqueous phase is held at 4.4–10�C (40–50�F) after pasteurization,

so that heat may be necessary to maintain the emulsion at a temperature above the

melting point of the fat. Usually the emulsion is held at about 43.3–42.8�C (110–

120�F). If the temperature is not sufficiently high, crystal nuclei and precrystalline

structures may be formed that can affect the consistency of the finished product

(230). Spattering properties of the margarine may be affected by the aqueous-phase

temperature (231). The emulsion at this point is very unstable. Without agitation the

milk-phase droplets would immediately begin to coalesce and settle out. After the

emulsion is well mixed to ensure uniformity, it is pumped to an agitated holding

tank that feeds the processing line.

Alternatively, the emulsion may be formed on a continuous basis. If all oil-phase

ingredients are added to the primary oil storage tank, the two phases can be metered

into the line feed tank or simply mixed in-line using metering pumps or mass flow

meters. Whether this is feasible depends on the oil holding tanks available and the

formulation and production scheduling of products in which the base oil is used.

The ultimate in flexibility consists of a multihead pump capable of metering indi-

vidual components such as brine, water, whey concentrate, flavor, and preservative

solutions to compose the aqueous phase, and also the individual oil base stocks,

emulsifiers, and colors to form the oil phase. In-line static mixers are used to blend

the separate phases, which are then joined in-line and emulsified through another

static mixer.

Prechilling the emulsion just enough to form a low level of solid fat (0.5–2.5%)

followed by homogenization prior to normal processing is said to result in a very

fine dispersion of the aqueous phase that obviates the need for preservatives (232).

A novel process for forming stable low-fat emulsions of uniform droplet size has
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been recently described (233). The method consists of dispersing an aqueous-phase

or an oil-in-water emulsion at low pressure into the oil phase through a hydrophilic

microporous membrane that has been pretreated with the oil phase. The process is

said to be applicable for fat levels as low as 20 and 25% to water-in-oil and oil-in-

water-in-oil emulsions, respectively. Recently, a 25% fat spread, which is believed

to have been manufactured by this process, and which contains no preservatives and

has a 6-month shelf-life, has been introduced in Japan.

Chilling. When the emulsion is formed, it is fed via a high-pressure positive

pump to a tubular swept-surface heat exchanger, usually referred to as an A unit.

Examples of the tube chillers available are the Votator (Cherry-Burrell, United

States), the Chemetator (Crown Chemtech Limited, United Kingdom), the Perfector

(Gerstenberg and Agger, Denmark), and the Kombinator (Shroeder, Germany). In

these devices the product passes through the annulus between a rotating shaft

and an insulated outer jacket containing a refrigerant, usually liquid ammonia.

Temperature control is achieved by regulating the suction pressure on the refri-

gerant. The tube often is fabricated from chromeplated nickel or steel, which

have high heat transfer coefficients. Free-floating blades attached to the mutator

shaft are caused by centrifugal force to scrape the jacket inner wall continuously

to achieve maximum cooling. In general, shaft speeds range from 300 to 700

rpm, scraping the surface clean as many as 1500 times per minute (234). The

high internal pressures and shearing forces generated by the blades and their

holding pins cause rapid crystal nucleation. High rotational speeds in the A unit

result in a much finer emulsion than low speeds (235). Warm water is circulated

through the shaft to prevent buildup of solid fat. The A units are available in a

range of sizes and commonly are used in series, which allows for processing

flexibility.

Working. When the margarine emerges from the cooling tubes, it is only partially

crystallized. In many processes it then goes to a working unit or blender; sometimes

called a B unit. In some patent literature it is referred to as a C unit or crystallizer;

however, an eccentric swept-surface heat exchanger following a blender has also

been described as a C unit. The working unit has pins arranged in a helical pattern

on a variable-speed shaft. These pins intermesh with stationary pins positioned on

the cylinder wall. In the blender, crystallization is intense and a temperature rise

results both from the heat of crystallization and mechanical work. Agitation in

the crystallizer facilitates free diffusion of crystals to the surface of the aqueous-

phase droplets, forming a crystalline shell (the so-called Pickering stabilization).

Due to the increased viscosity, some coarsening of the emulsion may occur during

passage through the working unit (235). Intermediate crystallizers, which are driven

by the mutator shaft of the A unit are available from some manufacturers. The tem-

perature rise across the blender is an indication of the amount of crystallization

achieved. The degree of crystallization in the working unit depends on the residence

time (volume and throughput) and the rotational speed of the shaft as well as the

crystallization rate of the fat. An experimentally derived relationship between these

variables and an automated process for controlling the degree of crystallization in

the crystallizer has been described (236).
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Resting. If the product requires a stiffer consistency for packaging, this is accom-

plished through the use of a static B unit or quiescent tube. This is a warm-water-

jacketed cylinder that sometimes contains baffles or perforated plates to keep pro-

duct from channeling through the middle of the cylinder. The static B unit usually

consists of flanged sections so that the length can be varied to suit the product.

Additional resting time is often achieved with two quiescent tubes in parallel,

with the use of a timed, rotary valve that alternates flow to the two units.

Packaging. Two basic types of stick packaging machinery are in use in the Uni-

ted States. The first of these forms a molded print that is then wrapped. This may be

an open or closed system. With an open system the product exits the quiescent tube

through a perforated plate, forming ‘‘noodles’’ that drop into a hopper. Screw

impellers feed the margarine to a mold where the print is formed prior to wrapping

and cartoning. The closed system is similar except that the margarine is not

extruded but filled directly into the mold cavity with line pressure. On the second

type of machine, the filled print, margarine from the holding tube is still in a semi-

fluid state. It is filled directly into a cavity that is prelined with the inner wrap. The

wrapper is then folded and the print ejected from the mold. This equipment is more

suitable for filling a soft stick because the product is not molded before wrapping.

Soft tub margarines are packaged in a fluid or semifluid state on straight-line or

rotary-head fillers.

7.2. Specific Processes

Stick Margarine. A typical equipment configuration for closed-system stick mar-

garine production is illustrated in Figure 3. The emulsion is proportioned together,

cooled and allowed crystallization time prior to packaging. For molded print equip-

ment, the product passes from the A units directly to the quiescent tubes. For filled

print packaging, a small blender may be used prior to the resting tubes to achieve

the proper consistency for packaging and a slightly softer finished product. The

remelt line is necessary because, in a closed system, some overfeeding must be pre-

sent in order to maintain sufficient product to the filler for adequate weight control.

The excess product is returned to a tank where it is remelted and pumped back into

the product stream to be reprocessed. In the event of a packaging equipment mal-

function, all the product goes back to the return tank. If an emulsion tank is used to

feed the line, the excess product can be remelted in-line and returned to the emul-

sion tank.

The crystallization rate of the fat blend affects the equipment requirements and

the processing parameters necessary to achieve a satisfactory product. If the fat

blend is prone to extreme supercooling, the crystal lattice will not be formed in suf-

ficient time for the blender to be effective. In this case the product may set up too

firm in the quiescent tubes, or severe postpackaging hardening may occur. In order

to process a blend containing a high level of palm oil, Kattenberg and Verburg (237)

used a slowly agitated working unit between the A units to provide a residence time

of 2–3 min for crystallization to occur.
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Several processing variations have been claimed to improve the organoleptic

quality of margarines. Controlled precrystallization is used to achieve early crystal-

lization and crystal enlargement of the higher melting glycerides. This is achieved

by feeding all or part of the oil blend to a precooler prior to mixing it with the aqu-

eous phases. Alternatively, part of the emulsion leaving the A units is recycled and

mixed with the emulsion at the inlet of the cooling tubes. The greater distribution of

crystal sizes is said to improve consistency and flavor release (238). In another

modification of the process, the oil blend and 25% of the aqueous phase are chilled

and the remaining 75% of the cold milk added to the emulsion just prior to the blen-

der (239). This milk injection results in a greater range of droplet sizes, some quite

large, which improves flavor and salt release. Part of the milk is added prior to cool-

ing so as to obtain a uniform opaqueness, with no regions of pure fat. Flavor

improvement also is claimed for margarine composed of a double emulsion (oil-

in-water-in-oil). The emulsion is formed by first preparing an emulsion of a portion

of the fat in the aqueous phase and then emulsifying this into the remainder of the

oil blend (240–242). Advantages of this process are said to include (1) improved

flavor release due to the greater surface area of the aqueous phase, (2) the potential

for increase of the liquid oil content by using this as the internal oil phase while the

consistency depends on the external phase, and (3) the ability to incorporate high

flavor levels for baking and cooking into the internal oil phase and at the same time

retain acceptable flavor levels if the product is used as a spread. Phase inversion

processing of high-fat table spreads is claimed to impart some of the textural and

Figure 3. Continuous stick margarine production.
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flavor release properties of butter. The margarine is prepared by churning a filled

vegetable oil cream (243, 244). Injection of some of the fat, preferably a liquid oil,

into the cream as it is being churned is reported to facilitate the process (245).

Whipped Margarine. Whipped margarines usually contain 33% nitrogen by

volume (50% overrun). The gas is introduced in-line through a flow meter before

or between the A units. A backpressure valve is placed after the A units to maintain

a constant line pressure against which the nitrogen is injected. The nitrogen also

may be introduced at low pressure between two pumps with the second operating

at a higher throughput rate. A high-speed whipper is used just prior to the filler to

ensure a fine dispersion of the nitrogen. In order to control overrun, a heat exchan-

ger in the return line completely melts the product to eliminate nitrogen from the

recycled emulsion. Closed-system packaging equipment needs some modification

to run whipped sticks because of the expansion when line pressure is released at

the fill head. Line pressures are critical in producing a product of uniform texture

and appearance (246). Equipment especially designed for packaging six sticks to a

1-lb carton generally is used.

Soft Margarine. In order to fill the container properly, soft margarine must be

quite fluid. Usually there are no quiescent tubes. A large blender is used for

work softening so that the product does not become brittle as a result of excess

crystallization in the bowl (Figure 4). For a low-solids oil blend the blender can

be placed between the A units or replaced with an extrusion valve to avoid

Figure 4. Continuous soft margarine production.
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overworking the margarine. Bouffard (247) has described precrystallization techni-

ques for controlling the consistency of spreadable margarines. Faur (248) has

demonstrated that, for an A unit–blender–A unit configuration, by increasing the

relative amount of cooling in the first A unit or by adding another blender after

the second A unit, the spreadability of products packed at the same temperature

is enhanced significantly.

Liquid Margarine. Liquid or ‘‘squeeze’’ margarine can be prepared by use of the

same equipment to chill and work the product as that used for soft margarine (119).

Improved resistance to oil separation is claimed for a process in which the oil blend

is cooled and held in a quiescent state for at least 5 h prior to adding the aqueous

phase, rechilling, and whipping (120). Stability also is said to be improved by finely

dispersing about 5% nitrogen in the emulsion (249). Improved resistance to oil-off

may also be attainable by use of suitable emulsifiers (see Section 6.2). A process for

high liquid oil margarine has been reported (250).

8. LOW-CALORIE SPREADS

Low-fat spreads, as originally introduced in the 1960s, contained 40% fat and only

water, salt, and preservatives in the aqueous phase. The spreads were labeled ‘‘diet

margarine’’ and usually consisted of very tight water-in-oil emulsions that had poor

melting and flavor release properties. Some such products continue to be marketed

today. The first 40% fat products containing dairy solids to be marketed in the Uni-

ted States in the early 1980s were in fact stabilized by the water binding ability of

the very high level of milk protein employed. These spreads exhibited poor micro-

biological stability, did not have the 4- to 6-month shelf life of other spreads, and

were withdrawn from the marketplace. Today, lower fat, higher quality spreads,

usually containing milk protein and various stabilizing agents, are being produced.

Formulation and processing of modern low-fat spreads has been summarized by

Moran (251), and production of low-calorie spreads and butters in Europe has

been discussed by Madsen (252). In Europe these products are understood by the

consumer to be spreads and not as replacements for full-fat margarine. In the Uni-

ted States there remains considerable consumer confusion about the distinction

between margarine and low-fat spreads, perhaps because of the multitude of fat

levels available between 20 and 75% in the spread category. However, products

containing 40% or less fat usually have a statement on the package that the spread

is not intended for baking or frying.

Oil-continuous products are favored because of their lubricity, release of oil-

soluble buttery flavors, microbiological stability, and reduced tendency for moisture

loss. It is preferred that the product melts in the mouth and on hot foods, and that it

does not exude water when being spread. Common tests for emulsion stability are

electrical resistance, absence of staining with a water-soluble dye on a microscope

slide, failure to disperse easily when stirred in water at room temperature, and nega-

tive or only slight reaction with paper impregnated with a water-indicating dye,

such as bromophenol-blue, after spreading.
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The poor organoleptic response of the original diet margarines, which contain

only fat, water, salt, emulsifier, flavor, vitamins, and preservatives, is due to the

fact that the products are highly emulsified in order to achieve the stability required.

Some of these products consist of such tight emulsions that even when held at tem-

peratures high enough to melt all of the fat, phase separation does not occur. This

results in a greasy sensation on the palate and little flavor and salt delivery. Proces-

sing is similar to that described in the preceding section, except that the lower the

fat content, the more critical the manufacturing parameters as a result of emulsion

instability. In forming the emulsion, the aqueous phase and oil should be similar in

temperature and should be combined slowly. Stronger agitation is required to

ensure homogeneity because of the inherent viscosity of a high internal phase emul-

sion. Care is also taken to avoid incorporation of air during emulsification. To pre-

pare a low-fat spread with protein, Altrock and Ritums (253) used deaerated water

and circulated the fat phase through the system to precoat the equipment and dis-

place air. Then the phases were fed to the chiller in concentric streams with the oil

blend on the outside. Low-fat emulsions have been found to be sensitive to line

pressures and cooling rate (254). Fill temperatures are higher than corresponding

80% fat products because the emulsion is more viscous. If the fill temperature is

too low, the product will mound in the bowl with excessive lid contact and may

become crumbly with water leakage as it is packaged (255). If too much crystal-

lization takes place early in the process, the shearing forces of processing become

so great that they break down the emulsion (251). Therefore, low-fat products are

more easily prepared by use of high-liquid-oil and low-SFI blends (256). Norton

(257) has prepared oil-continuous spreads with less than 14% fat utilizing a

high-melting mono-, di-, or triglyceride seeding component. The seeding compo-

nent allows the use of higher crystallization temperatures, where the crystallization

in the a form is avoided and crystallization directly into the b or b0 form is slower

and more controllable.

This poor oral response and processing difficulties encountered with these low-

fat spreads can be overcome by using gelling agents. Gelatin is particularly suitable

since the gel melts in the mouth allowing dairy solids, or other oil-in-water-promot-

ing ingredients incorporated in the oil or in the aqueous phase, to disrupt the water-

in-oil emulsion. Thus, the spread melts cleanly with good flavor and salt release.

The aqueous phase can be cooled to below the gelation temperature and worked

to form gelled beads that are then mixed with the fat. Alternatively, the fat can

be dispersed in the heated aqueous phase as an oil-in-water emulsion, which

upon cooling to below gelation temperature and working, inverts to a water-in-

oil emulsion (258). For very low fat spreads the use of a combination of monogly-

ceride and polyglycerol ester emulsifiers is claimed to result in wider processing

latitude and enhanced finished product stability (195). In practice the oil-in-water

emulsion can be cooled by standard swept-surface heat exchangers, or even by sta-

tic heat exchangers (259), and inversion accomplished in a high-shear working unit

(260). It is critical that the cooling times and temperatures employed allow gelation

to occur before exiting the working unit. Inclusion of low levels of starch or starch

derivatives was found to be beneficial for increasing the gelation rate of the gelatin.
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Spreads containing less than 27% fat have been prepared in this manner (261). It

can be difficult to maintain inversion at high throughput rates or if fats with a high

solid fat content such as butter oil are used. These difficulties may be overcome by

injecting a small amount of the molten fat into the process stream just prior to the

inversion unit after the bulk of the emulsion has been cooled (262). Spreads con-

taining 20% fat and high levels of milk protein and gelling agents have been

reported (263). Stability was enhanced by homogenization of the aqueous phase

prior to forming a water-in-oil emulsion.

Some of the alternatives to gelatin that have been proposed are low-melting car-

rageenan gels (264), agar and/or pectin (265), gellan gum blends (266), and gelling

starch derivatives (267). Oil-continuous spreads containing 15–35% fat and high

levels of a nongelling, low-dextrose equivalent starch hydrolyzate have also been

prepared by an inversion process (268). The use of nongelling proteinaceous aqu-

eous phases, which contain starch and/or sodium alginate and which have specific

viscosity characteristics, has been reported (269). It has been suggested that fin-

ished product stability problems may be encountered if the aqueous phase contains

amino acid residues in excess of 200 ppm, and such amino acid residues may be

components of commercial gums (270).

Very low fat spreads have also been prepared by homogenizing and chilling oil-

in-water emulsions containing substantial amounts of gelling and/or thickening

agents (270–274). The finished products may, in a sense, be described as ‘‘bicon-

tinuous’’ because the nature of the fat phase, although essentially dispersed, contri-

butes significantly to the plasticity and organoleptic properties. Water-continuous

spreads containing as little as 5% or less fat have also been disclosed. These pro-

ducts consist of at least two gelled aqueous phases, one or more of which is con-

tinuous, and at least one of which contains an aggregate-forming gelling material

such as modified starch, denatured protein, or microcrystalline cellulose (275).

Some quick-setting purified starches have been found to be particularly applicable

in terms of flavor, texture, and stability in this application (276). Preferably, besides

the aggregate gel, the dispersion also includes a network-forming gelling agent such

as gelatin, carrageenan, alginate, agar, gellan, pectin, or mixtures of these. The

properties of such a spread were enhanced by the addition of high levels of a casein

source (277). Preferably the dairy ingredient is demineralized to reduce the acidity

required in order to attain the pH necessary for microbiological preservation. Extre-

mely low fat spreads have also been prepared from a gelled or thickened aqueous

phase and a mesomorphic phase consisting of edible surfactants and water (278).

9. BALANCED SPREADS

A method of increasing the HDL concentration and the HDL/LDL concentration

ratio in human serum by providing a balance between a sufficient and required pro-

portion of cholesterol-free saturated fatty acids in the daily dietary fat of the human

and a sufficient and required, but not excessive, proportion of polyunsaturated fatty

acids comprising linoleic acid in dietary fat, while the remaining proportion of fatty
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acids and energy from the dietary fat is provided by monounsaturated fatty acids

comprising oleic acid was patented by Brands University. The patent also describes

compositions, including fat compositions and filled dairy products, containing such

balanced fatty acid proportions (279).

In 2004, Smart Balance was licensed by Brandeis to produce a blend of natural

vegetable oils to improve cholesterol levels (280).

Smart Balance 67% Buttery Spread is ideal for all-purpose use, ie, cooking, pan-

frying, recipes, and table use. It offers four important benefits.

(1) No hydrogenated oil and no trans-fatty acids. Trans-fats can raise LDL

‘‘bad’’ cholesterol and lower HDL ‘‘good’’ cholesterol.

(2) Optimum balance of the three principal fatty acids: polyunsaturates, mono-

unsaturates, and saturates. The patented oil blend enhances the good to bad

cholesterol ratio when fat intake is balanced in the diet with total fat limited

to 30% of calories and dietary cholesterol to under 300 mg per day.

(3) Favorable ratio of Omega-6 to Omega-3 fatty acids.

(4) The taste and texture resembles butter. The light 37% buttery spread contains

similar health benefits as the 67% buttery spread but, being lower in fat, can

only be used for light frying, sautéing, and table use. It is not recommended

for baking.

10. DETERIORATION AND SHELF LIFE

In the United States, the ‘‘sell by’’ or ‘‘best when used by’’ date stamped on most

margarines is 6–12 months from the date of manufacture. Some lower fat products

are given only a 4-month shelf life. Table spreads generally are distributed and mer-

chandised under refrigeration. At higher temperatures the product is more suscep-

tible to oiling out, discoloration, off-flavor development, flavor loss, texture

problems, and mold. In a sensory evaluation of polyunsaturated margarines,

McBride and Richardson (281) found the high-quality shelf life to be approxi-

mately 8 months with storage at 5�C (41�F) and 6 months at 10�C (50�F). Naudet

and Biasini (282) evaluated the organoleptic and chemical characteristics of three

types of margarine over a 12-month period. Animal–vegetable margarine was

acceptable for 20 weeks at 5�C (41�F) but became unacceptable after 12 weeks

at ambient temperature. Vegetable oil stick and soft margarines were both accepta-

ble for 6 months in the refrigerator or for 3 months at ambient temperature. Dete-

rioration in flavor score was accompanied by increases in peroxide value and Kreis

number. Shelf life of two commercial margarine samples was estimated by calcu-

lating induction times based on peroxide value measurements during long-term sto-

rage (283). The temperature at which margarine is stored may influence its texture.

When fresh production samples of commercial margarine were stored at either 4 or

13�C (39.2 or 55.4�F) these products became softer and harder, respectively,

when rheological measurements were conducted at 15�C (59�F) (284). In the
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United States it is not uncommon that margarine products are ‘‘end-aisle’’ displayed

outside of the refrigerator case during promotional events. This can sometimes lead

to recrystallization of higher melting glycerides and an increase in melting point.

Organoleptically this results in a heavier sensation on the palate and slower flavor

and salt release. If an oil has a significant tendency to form b crystals, this type of

abuse will accelerate the development of sandiness in the margarine.

Packaging plays a significant role in maintaining the quality of the product. If

margarine is packed in plastic tubs or bottles that transmit light, storage under fluor-

escent lighting in the dairy case can cause development of off-flavors within days.

Products containing liquid soybean oil, liquid canola oil, or other oils with a high

linolenic acid content are particularly susceptible to developing a fishy, ‘‘light-

struck’’ flavor and aroma. Care also must be exercised in the selection of resins,

pigments, adhesives, and other additives used in the manufacture of plastic contain-

ers and laminated wrappers for margarine. The package must allow no unapproved

components to enter the food and should be free of solventlike odors and metals

such as copper. Margarine readily picks up off-flavors and odors from its surround-

ings, so that care must be exercised during shipping and storage. In a study of vola-

tile halocarbons in margarines, Entz and Diachenko (285) generally found less than

100 ppb, probably contributed by the oil and water as well as packaging materials.

In those instances where a high level (1–5 ppm) was found, the products had been

obtained from a supermarket adjacent to a dry cleaning establishment.

Discoloration of the margarine surface is another package-related defect

observed frequently, particularly in oil-continuous spreads containing low fat

and/or salt. Surface darkening occurs when moisture evaporates, leaving an outer

layer enriched in the fat phase that contains the coloring matter. This reportedly

is alleviated by dispersing a material such as titanium dioxide in the product, which

minimizes the change in optical properties as the moisture evaporates (286). The

use of a thin, imperceptible, edible fat layer on the surface of tub-type spreads

has been suggested as a means of reducing mold susceptibility and discoloration

(287). Poot and Verburg (288) have derived a mathematical equation correlating

increased water content and lower solid fat content of a margarine to greater moist-

ure loss. The drying rate also is affected by temperature and relative humidity. Dis-

coloration of margarine packed in bowls is not a problem if the container is heat

sealed or has a tight-fitting lid. Stick margarine wrapped in laminated foil some-

times is observed to form dark yellow streaks on the surface in the region of over-

lapping flaps or on product surfaces not in contact with the foil due to irregularities

on the surface of the product. Moisture loss is considerably greater for parchment

wrapped prints; however, discoloration may be less apparent than when foil is used,

because evaporation occurs from the whole surface rather than from highly loca-

lized areas (289). Moisture loss during shelf life must also be considered in deter-

mining the fill weight required to ensure that the product remains in compliance

with existing net weight regulations. One advantage of moisture loss is that it pro-

vides a surface that is less prone to proliferation of microorganisms.

Margarine has an excellent health record in regard to food-borne disease of

microbial origin. An implication in the British press in 1989 that a case of listeriosis
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was caused by contaminated margarine was later concluded to be false (290).

Mossel (291) has reported the results of an extensive study of microorganisms

found in margarine and has recommended quality control procedures and microbio-

logical specifications. Molds and yeasts, especially lipolytic yeasts, occasionally

cause spoilage of margarine. The use of salt and preservatives and the control of

the aqueous-phase droplet size can prevent the growth of organisms in an 80%

fat product. However, increased vigilance must be exercised in product formulation

and inspection of raw materials, packaging, and equipment when lower salt and

higher moisture spreads are produced.

The effect of adverse storage and transportation conditions has been reviewed by

Faur (292), and Muys (216) has discussed the microbiological storage qualities of

margarine. Dritschel (293) has detailed a rating system for evaluation of finished

product quality based on appearance, texture, flavor, and packaging.
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190. T. Wieske, K. H. Todt, J. A. De Feÿter, and W. A. Castenmiller (to Van den Bergh Foods),

U.S. Patent 5,079,028, 1992.

191. H. J. Duin, A. F. van Dam, and J. H. M. Rek (to Lever Brothers), U.S. Patent 4,148,930,

1979.

192. J. H. M. Rek and P. M. J. Holemans (to Lever Brothers), U.S. Patent 4,325,980, 1982.

78 MARGARINES AND SPREADS



193. J. Madsen, Res. Discl., No. 238, 91 (1984).

194. B. R. Harris, U.S. Patent 1,917,255, 1933.

195. M. F. Stewart and E. J. Hughes, Process Biochem., 7, 27 (1972).

196. W. A. Gorman, R. G. Christie, and G. H. Kraft (to National Dairy Products Corporation),

U.S. Patent 2,937,093, 1960.

197. W. A. M. Castenmiller, A. K. Chesters, and P. B. Ernsting (to Lever Brothers), U.S. Patent

4,874,626, 1989.

198. K. Brammer and T. Wieske (to Lever Brothers), U.S. Patent 3,889,005, 1975.

199. F. Groeneweg, F. van Voorst Vader, and W. G. M. Agterof, Chem. Eng. Sci., 48, 229

(1993).

200. J. Van Heteren, T. R. Kelly, R. M. Livingston, and A. B. MacNeill (to Unilever),

European Patent Application 0,420,314 A2, 1991.

201. Annon., Res. Discl., No. 329, 689 (1991).

202. Annon., Res. Discl., No. 352, 512 (1993).

203. K. Matsuda and M. Kitao (to Mitsubishi Kasei Corporation), European Patent Applica-

tion 0,430,180 A2, 1991.

204. K. Terada, S. Fujita, and N. Yoshida (to Asahi Denka), U.S. Patent 3,914,458, 1975.

205. P. F. Pedersen, Res. Discl., No. 321, 64 (1991).

206. B. Barmentlo and N. K. Slater (to Van den Bergh Foods), U.S. Patent 5,145,704, 1992.

207. H. Kanematsu, E. Morise, I. Niiya, M. Imamura, A. Matsumoto, and G. Katsui, J. Jpn.

Soc. Food Nutr., 25, 343 (1972); through Food Sci. Technol. Abstr., No. 12, N0647

(1973).

208. E. R. Sherwin, J. Amer. Oil Chem. Soc., 53, 430 (1976).

209. J. Cillard, P. Cillard, and M. Cormier, J. Amer. Oil Chem. Soc., 57, 255 (1980).

210. K. Klaui, Flavours, 7, 165 (1976).

211. G. T. Muys, C. T. Verrips, and R. T. S. van Gorp (to Lever Brothers), U.S. Patent

3,995,066, 1976.

212. C. T. Verrips and H. Vonkeman (to Lever Brothers), U.S. Patent 3,904,767, 1975.

213. W. G. Mertens, C. E. Swindells, and B. F. Teasdale, J. Amer. Oil Chem. Soc., 48, 544

(1971).

214. D. Melnick (to Corn Products), U.S. Patent 3,243,302, 1966.

215. C. T. Verrips and J. Zaalberg, Eur. J. Appl. Microbiol. Biotechnol., 10, 187 (1980).

216. G. T. Muys, Process Biochem., 4, 31 (1969).

217. E. Lueck, Antimicrobial Food Additives, Springer-Verlag, New York, 1980.

218. F. Kapp and B. Mittag, Lebensmittelindustrie, 29, 160 (1982).

219. N. E. Harris and D. Rosenfield, Food Process. Ind., 43, 23 (1974).

220. M. Castenon and B. Inigo, Lebensmittel Wiss. Technol., 6, 70 (1973).

221. J. Bodor, A. W. Schoenmakers, and W. M. Verhue (to Van den Bergh Foods), U.S. Patent

5,013,573, 1991.

222. Anon. (to Unilever), Australian Patent Application 52102, 1990.

223. P. M. Klapwijk, Food Control, 3, 183 (1992).

224. T. J. Siek and R. C. Lindsay, J. Dairy Sci., 53, 700 (1970).

225. J. G. Keppler, J. Agric. Food Chem., 18, 998 (1970).

REFERENCES 79



226. P. G. M. Haring, J. G. van Pelt, and C. F. Andreae (to Unilever), European Patent

Application 0,478,036 A2 (1992).

227. H. T. Slover, R. H. Thompson Jr., C. S. Davis, and G. V. Merola, J. Amer. Oil Chem. Soc.,

62, 775 (1985).

228. H. Klaui and O. Raunhardt, Alimenta, 15, 37 (1976).

229. P. H. Todd (to Kalamazoo Spice Extraction Company), U.S. Patent 3,162,538, 1964.

230. E. Sambuc and M. Naudet, Rev. Fr. Corps Gras, 12, 239 (1965).

231. R. Presse, H. Quendt, and H. Raeuber, Lebensmittelindustrie, 22, 34 (1975).

232. G. Gabriel, M. Havenstein, P. M. J. Holemans, and B. E. Kapellen (to Unilever),

European Patent Application, 0,422,712 A2, 0,422,713 A2, and 0,422,714 A2 (1991).

233. S. Okonogi et al. (to Morinaga Milk Industry Company, Ltd.), U.S. Patent 5,279,847,

1994.

234. N. T. Joyner, J. Amer. Oil Chem. Soc., 30, 526 (1953).

235. I. Heertje, J. Van Eendenburg, J. M. Cornelissen, and A. C. Juriaanse, Food Microstruct.,

7, 189 (1988).

236. P. De Bruijne, J. Van Eendenburg, and H. J. Human (to Unilever), European Patent

Application 0,341,771 A2, 1989.

237. H. R. Kattenberg and C. C. Verburg (to Lever Brothers), U.S. Patent 4,055,679,

1977.

238. A. D. Wilson, H. B. Oakley, and J. Rourke (to Lever Brothers), U.S. Patent 2,592,224,

1952.

239. B. D. Miller, P. Phelps, and H. W. Bevarly (to Girdler Corp.), U.S. Patent 2,330,986,

1943.

240. K. Terada, S. Fujita, H. Kohno, and H. Sugiyama (to Asahi Denka), U.S. Patent

3,917,859, 1975.

241. K. F. Gander (to Lever Brothers), U.S. Patent 3,488,199, 1970.

242. D. P. J. Moran (to Lever Brothers), U.S. Patent 3,490,919, 1970.

243. G. C. Cramer (to Madison Creamery), U.S. Patent 4,315,955, 1982.

244. R. D. Price and W. L. Sledzieski (to Nabisco Brands), European Patent Specifications

0,139,398 B1, 1988.

245. J. J. Brockhus, D. Schnell, and K. T. Vermaat (to Unilever), European Patent Application

0,505,007 A2, 1992.

246. W. A. Gorman, R. G. Christie, and G. H. Kraft (to National Dairy Products Corporation),

U.S. Patent 2,937,093, 1960.

247. C. Bouffard, Rev. Fr. Corps Gras, 21, 351 (1974).

248. L. Faur, Rev. Fr. Corps Gras, 27, 319 (1980).

249. I. Wilton and K. Bauren (to Margarinbolaget), U.S. Patent 3,682,656, 1972.

250. Y. Kahuda et al., U.S. Patent Application 2003016193, August 28, 2003.

251. D. P. J. Moran, PORIM Technology, Publication Number 15, Palm Oil Research Institute

of Malaysia, 1993.

252. J. Madsen, in D. Erickson, ed., World Conference Proceedings, Edible Fats and Oils

Processing: Basic Principles and Modern Practices, American Oil Chemists’ Society,

Champaign, Illinois, 1990, pp. 221–227.

253. W. Altrock and J. A. Ritums (to Lever Brothers), U.S. Patent 4,366,180, 1982.

80 MARGARINES AND SPREADS



254. E. L. Josefowicz and D. Melnick (to Corn Products Company), U.S. Patent 3,457,086,

1969.

255. J. G. Spritzer, J. J. Kearns, and O. Cooper, U.S. Patent 3,360,377, 1967.

256. L. L. Linteris (to Unilever), Canadian Patent 871,647, 1971.

257. I. T. Norton (to Van den Bergh Foods), U.S. Patent 5,244,688, 1993.

258. I. T. Norton and J. Underdown (to Van den Bergh Foods), U.S. Patent 5,306,517, 1994.

259. P. B. Ernsting (to Lever Brothers), U.S. Patent 4,883,681, 1989.

260. B. Sreenivasan (to Lever Brothers), U.S. Patent 4,849,243, 1989.

261. I. T. Norton and J. Underdown (to Van den Bergh Foods), U.S. Patent 5,151,290, 1992.

262. B. Milo and R. Ochmann (to Unilever), European Patent Application 0,396,170 A2,

1990.

263. S. Madsen, Res. Discl., No. 330, 774 (1991).

264. I. T. Norton and C. R. T. Brown (to Unilever), European Patent Application 0,271,132

A2, 1987.

265. I. T. Norton (to Unilever), European Patent Application 0,474,299 A1, 1991.

266. D. J. Pettitt, W. Gibson, and I. A. Challen, Res. Discl., No. 301, 338 (1989).

267. F. W. Cain, M. G. Jones, and I. T. Norton (to Lever Brothers), U.S. Patent 4,917,915,

1990.

268. A. L. Morehouse and C. J. Lewis (to Grain Processing Corporation), U.S. Patent

4,536,408, 1985.

269. I. T. Norton and R. M. Livingston (to Unilever) European Patent Application 0,496,466

A2, 1992.

270. F. W. Cain, M. G. Jones, and I. T. Norton (to Unilever), European Patent Application

0,279,499 A2, 1988.

271. M. G. Jones and I. T. Norton (to Van den Bergh Foods), U.S. Patent 5,217,742, 1993.

272. P. M. Bosco and W. L. Sledzieski (to Standard Brands), U.S. Patent 4,279,941 and

4,292,333, 1981.

273. D. E. Miller and C. E. Werstak (to SCM Corporation), U.S. Patent 4,238,520, 1980.

274. D. F. Darling (to Lever Brothers), U.S. Patent 4,443,487, 1984.

275. F. W. Cain et al., (to Lever Brothers), U.S. Patent 4,956,193, 1990.

276. L. H. Wesdorp, R. A. Madsen, J. Kasica, and M. Kowblansky (to Van den Bergh Foods),

U.S. Patent 5,279,844, 1994.

277. G. Banach, L. H. Wesdorp, and F. S. Fiori (to Van den Bergh Foods), U.S. Patent

5,252,352, 1993.

278. I. Heertje and L. H. Wesdorp (to Unilever), European Patent Application 0,547,647 A1,

1993.

279. K. Sundram, D. Perlman, and K. C. Hayes (to Brandeis University), U.S. Patent

6,630,192, October 7, 2003.

280. www.Smartbalance.com. (accessed July 2004).

281. R. L. McBride and K. C. Richardson, Lebensm. Wiss. Technol., 16, 198 (1983).

282. M. Naudet and S. Biasini, Rev.Fr. Corps Gras, 23, 337 (1976).
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3
Shortenings: Science and

Technology

Douglas J. Metzroth

1. INTRODUCTION

1.1. Definition and Characteristics

Shortening is a commercially prepared edible fat used in frying, cooking, baking,

and as an ingredient in fillings, icings, and other confectionery items. It may have

been so named because, when dough is mixed, water-insoluble fat prevents cohe-

sion of gluten strands, literally ‘‘shortening’’ them and thus generating tender baked

goods. Shortening is a typically 100% fat product formulated with animal and/or

vegetable oils that have been carefully processed for functionality and to remove

undesirable flavor and aroma. Overall, shortening improves the texture and palat-

ability of food products while its calories provide heat and energy to fuel the body.

In its most recognized form, household shortening is a white, relatively soft,

plastic solid with a bland flavor and no detectable odor. Some types have a butter-

like color and flavor added. Household and industrial all-purpose shortenings are

products formulated with properties permitting their use in both frying and baking.

Pourable types include clear liquid or fluid (opaque) shortenings. Liquid shorten-

ings are typically used as cooking or salad oils. Fluid or opaque shortenings are

pourable products with a small amount of solid fat or emulsifier suspended in

oil. Because they are convenient to use, pourable shortenings are increasing in

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
Edited by Fereidoon Shahidi. Copyright # 2005 John Wiley & Sons, Inc.
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popularity especially for frying and baking. Shortening is also available in dry form

as powder, pellets, or flakes encapsulated in a water-soluble material. Skim milk,

cheese whey, corn syrup, soy protein isolate, and cellulose compounds have proven

feasible as encapsulating materials (1).

1.2. Products with Characteristics Similar to Shortening

Lard, tallow, and ghee are traditional animal fats that have existed for centuries.

Like most shortenings, all of these products are 100% fat. Vanaspati, another all-

fat product now primarily vegetable-based, is popular in all Eastern countries but

especially India and Pakistan. Other commercial shortening-like products are avail-

able with fat contents from 5% to 90%. Most of these contain an aqueous phase

emulsified in the oil phase. Butter and margarine are water-in-oil emulsions

manufactured worldwide, and most areas have legal labeling stipulations fixing

their fat content at 80% minimum. Table spreads are formulated with intermediate

fat levels generally from 40% to 80% and many popular brands fall within the

50–70% range. New low-fat or dietary products, spreads with fat levels of

5–40%, have recently been developed and are just entering the marketplace.

Animal fats were once the primary source oils in both North America and

Europe; however, shortening, margarine, spread, and low-fat, dietary table products

are now usually formulated from vegetable oils. Blends containing animal fats are

still available and popular in certain areas. In fact, new ‘‘blends’’ of butter and

vegetable oil are gaining acceptance. Animal fats and marine oils are important

fat sources in many areas of the world, and quality products are available in Latin

America, Australia, and Asia based exclusively on or containing significant levels

of these oils.

1.3. Production of Shortening

Shortening is generally considered an American invention. Table 1 gives U.S.

supply and utilization of shortening for the period 1986–2000 (2).

The focus of this chapter is shortening; brief information regarding margarine

and other similar products is offered due to similarities in raw materials, usage,

production methods, and equipment.

1.4. Functionality

Functionality is a term food technologists employ to describe how well a product

performs in a specific application. Shortening and margarine are often characterized

as highly functional products. In baking, margarine and shortening contribute to the

quality of the finished product by imparting a creamy texture and rich flavor, ten-

derness, and uniform aeration for moisture retention and size expansion. Liquid and

fluid shortenings are used in salad oils and for restaurant and industrial deep-fat and

pan frying. In frying, shortening functions as more than a heat transfer medium; it

also reacts with components in the food to develop unique, savory flavors and
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odors. Dry shortenings are convenient to store and use. Grease will not soak packa-

ging materials, and although expensive, it can be used in prepackaged cake, biscuit,

and pie crust mixes, which are free-flowing at room temperature. Those fat-based

products formulated and processed for plasticity spread readily and disperse thor-

oughly and uniformly in dough, batter, icing, and so on over a wide temperature

range.

1.5. Solid Fat Profiles for Margarine

The fat in shortening and margarine products exists in both liquid and solid form.

The solid fat index (SFI) is an analytical measure approximating the solid fat

content. It is always less than the actual solid content and, to be meaningful,

must be determined at several standard temperatures, usually 10�C (50�F),

21.1�C (70�F), 26.7�C (80�F), 33.3�C (92�F), 37.8�C (100�F), and sometimes

40�C (104�F).

The SFI measurements for table margarine are usually determined at 10�C
(50�F) as an indication of consistency during crystallization and refrigeration, at

21.1�C (70�F) to simulate room conditions during use, and at 33.3�C (92�F) to

approximate ‘‘mouth feel’’ or eating quality. If the 33.3�C (92�F) SFI level is too

high, the margarine will melt slowly in the mouth, often creating a ‘‘waxy’’ sensa-

tion. SFI curves for stick table-grade margarine are generally steep with solids

TABLE 1. U.S Supply and Utilization of Shortening (in million lb) (2).

Supply Utilization

Production Food Disappearancea

Vegetable Animal Total Shipments to Per

Year Oil Fat Total Supplya Exports U.S. Territories Total Capita

1986 4,238 1,136 5,374 5,500 36 10 5,318 22.1

1987 4,233 1,005 5,237 5,374 31 10 5,195 21.4

1988 4,241 1,087 5,328 5,467 40 12 5,270 21.5

1989 4,288 1,027 5,315 5,460 19 13 5,309 21.5

1990 4,729 860 5,589 5,708 21 13 5,558 22.2

1991 5,004 720 5,724 5,841 31 8 5,654 22.3

1992 4,988 731 5,719 5,866 33 10 5,722 22.3

1993 5,818 706 6,524 6,626 37 7 6,488 24.9

1994 5,658 676 6,334 6,427 32 14 6,291 23.9

1995 5,316 659 5,975 6,065 33 12 5,914 22.2

1996 5,327 603 5,929 6,035 40 3 5,911 21.9

1997 5,034 622 5,656 5,737 39 3 5,603 20.5

1998 5,208 516 5,724 5,815 54 2 5,668 20.5

1999 5,447 498 5,945 6,037 65 1 5,886 21.1

2000 6,105 488 6,593 6,679 69 1 6,512 23.1

2001

aComputed from unrounded data.

Source: USDA/Economic Research Service.
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levels from about 30% at 10�C (50�F) to less than 5% at 33.3�C (92�F) (3). Soft tub

margarine oils have less steep SFI curves for a smooth, more plastic consistency.

The SFI curves in Figure 1 are typical for U.S. tub- and stick-type margarine.

1.6. Solid Fat Profiles for Shortening

The SFI profile is a good indicator of the plastic range of a fat formulated for short-

ening. High-stability shortenings have a steep SFI profile and a narrow plastic

range. Typical all-purpose plastic shortenings retain much of their solid fat content

over a wider temperature range than high-stability types and consequently possess

much flatter profiles. Liquid pourable shortenings include clear oils as well as fluid

or opaque types. Pourable shortenings contain low solids levels with very flat SFI

profiles. Specialty shortenings have been formulated for specific applications

including cakes, dry cake mixes, bread, Danish and puff pastry, pie crust, cookies,

crackers, icing, creams and fillings, coating fat, nondairy products, and frying.

Specialty shortenings may be of any general type depending on the requirements

for that specific application, and their SFI profiles will be characteristic of that

particular type.

High-Stability Shortenings. A steep SFI profile is indicative of a narrow plastic

range. Products with this type of profile are often referred to as high-stability short-

enings. The SFI values may be 50 or greater at 10�C (50�F) but usually less than 10

at 40�C (104�F). As their SFI profiles indicate, these shortenings are not intended to

be workable over a wide temperature range. They tend to be hard and brittle below

18.3�C (65�F) and soft above 32.2�C (90�F). High-stability shortenings are used for

deep frying, as center fat for confectionery and bakery items, replacements for but-

ter and coating fats, in vegetable/dairy systems, and for crackers and hard cookies.

Figure 1. Typical solid fat indices for margarine oils. (Courtesy of Kraft Food Ingredients,

Memphis, Tennessee.) ——, Table-grade stick; - - - -, soft tub.
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All-Purpose Shortenings. All-purpose shortenings were developed for household

use and to allow production of a wide variety of baked goods by firms that cannot

stock individual types formulated for every specialty item. Typical all-purpose plas-

tic shortenings contain 15–30% solid (crystalline) fat and retain many of these

solids over their intended temperature usage range of 16–32�C (60–90�F) (4). A

wide plastic range is essential as these products must resist breakdown during

creaming and are subject to wide temperature variations in the workplace and dur-

ing shipping and storage. All-purpose shortenings for baking contain emulsifiers to

enhance creaming ability and to improve air retention. As they reduce the smoke

point, emulsifiers should be omitted from the formulation when this type shortening

is used for deep frying. All-purpose shortenings are formulated as a compromise of

individual properties but yet to possess capabilities making them suitable for frying,

baking, and confectionery uses.

Pourable Shortenings. It is not unusual to classify an edible fat or oil as short-

ening simply to differentiate it from products such as margarine that contain moist-

ure and other nonfat materials. Liquid shortenings include clear oils as well as fluid,

opaque pourable products. The SFI profiles for clear oils are very flat as they nor-

mally contain very low levels of oil-soluble emulsifiers or hard fat. Clear oils can be

used in household grilling and frying and in institutional deep frying provided the

turnover rate is high enough (15–25%) so that stability is not a concern. The flavor

and oxidative stability of such oils is greatly improved by partially hydrogenating

soybean, safflower, corn, sunflower, or other source oils. After hydrogenation, the

oil is fractionated and the clear liquid oil is separated from solid portion. Above

16�C (60�F), these oils are usually free of suspended solids.

Fluid shortenings can be distinguished from liquid shortenings by their

opacity resulting from the suspension of high-melting emulsifiers or fully

hydrogenated fats. The total amount of suspended solids ranges between 5%

and 15%. These products are usually fluid between 18.3�C (65�F) and 32.2�C
(90�F); outside of this range, opaque shortenings may loose their pourability or

become more fluid depending on how temperature has altered their solid content.

Fluid shortenings are widely used in commercial frying but have also been

formulated and marketed successfully for baking cakes, bread, buns, rolls, and

pie crust.

Specialty Shortenings. Roll-in shortenings are specialty products used almost

exclusively for baking. Their primary use is as an ingredient in puff pastry. Puff

pastry is prepared by placing a layer of shortening on a layer of dough. This is

folded and sheeted until there are more than 700 fat–dough layers. When baked,

the shortening melts, liberating moisture that becomes steam ‘‘puffing’’ the thin

dough layers into a very delicate flaky structure. The SFI profile for puff pastry

is fairly flat with solid levels of 40% or higher at 10�C (50�F) to about 20% at

33.3�C (92�F).

Dry shortenings are fats that have been encapsulated in a water-soluble coating

material; their fat content is generally between 75% and 80%. Dry shortenings are

used in ready-to-use mixes where only water is added to form a batter ready for

baking.
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Ambient temperatures, source oils, performance requirements, and storage

conditions change throughout the world, requiring SFI profile adjustment to meet

varying product needs. Typical SFI shortening profiles are shown in Figure 2.

2. PLASTIC THEORY

2.1. Plastic Solids

Modern edible fats are blends of one or more of about a dozen common oils. Those

with higher fat levels such as shortening, margarine, and spreads are formulated to

possess special physical characteristics. These products appear to be solid yet, when

subjected to a shearing force great enough to cause a permanent deformation, all

assume the rheological flow characteristics of a viscous liquid. Such solids are

referred to as plastic solids. Their plastic nature enables them to spread readily

and combine thoroughly with other solids or liquids without cracking, breaking,

or liquid oil separating from the crystalline fat. These solids are usually relatively

soft at ambient temperature and may actually contain as little as 5% solidified fat;

assuming that fat crystals are uniform spheres packed in a close cubical pattern, the

theoretical maximum solid content is slightly more than 52%.

2.2. Process Definition for Shortening

Shortening is a classic example of a plastic solid. In fact, from a process view,

shortening can be defined as a highly functional plastic solid commercially

Figure 2. Typical solid fat indices for shortening. (Courtesy of Kraft Food Ingredients, Memphis,

Tennessee.) ——, High stability frying; - - - -, all-purpose; � � � � , all-purpose emulsified; – �– �–,

bread; - - � - - � , liquid (fluid) frying.
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prepared by carefully cooling, plasticizing, and tempering correctly formulated

blends of molten, edible fats and oils.

2.3. Conditions Essential for Plasticity

Plastic solids derive their functionality from their unique plastic nature. Three con-

ditions are essential for plasticity (5): (1) both liquid and solid phases must be pre-

sent; (2) the solid phase must be so finely dispersed that the entire solid–liquid

matrix can be effectively bound together by internal cohesive forces; and (3) proper

proportions must exist between the phases. Incorrect phase ratios adversely influ-

ence product rheology. For example, deficient solids content may result in oil

separation, whereas excessive solids can cause hardness or brittleness instead of

the desired viscous flow.

2.4. Influence of Crystal Size

Crystal size has a major influence on the rheological properties of plastic solids and

is therefore a critical factor that must be considered in their formulation. Fats exist

as a three-dimensional liquid–solid matrix in which the liquid oil must be con-

tained. Statically cooled molten fats always form large crystals; crystal population

is low and, when the total surface area is insufficient to bind the liquid phase within

the crystalline matrix, oil separation occurs. Products become progressively firmer

as the crystal size decreases. Rapidly chilling the same fat produces many more and

much smaller crystals with a far greater combined surface area enabling the liquid

phase to adhere more effectively to the crystal surface. A rapidly chilled shortening

formulation will be more stable, much firmer, and possess a greater plastic range

than a statically or slowly cooled fat. Typical commercially prepared shortenings,

especially those formulated from vegetable or marine oils, usually have mean

crystal sizes ranging from 5 mm to 9 mm (6).

3. FORMULATION

3.1. Crystalline Nature

Commercial fats solidify in several crystalline polymorphic forms. Two desirable

stable forms are commonly designated by the Greek letters beta (b) and beta-prime

(b0). Table 2 (7) lists many common fats and oils and their most commonly exhib-

ited polymorphic crystalline form.

When the higher melting portion of a solidifying fat crystallizes in a stable b0

form, the entire fat will crystallize in this same b0 configuration. Plastic shortenings

in this polymorphic form consist of small, uniform needlelike crystals, exhibit a

smooth texture, aerate well, have excellent creaming properties, and make good

cake and icing shortenings. Palm or cottonseed oils in their liquid and partially

hydrogenated forms are often included in shortening and margarine formulations

to promote b0 crystallization ensuring these qualities.
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Fats that crystallize in the b polymorphic form tend to be more coarse textured

with large granular crystals. They are poor aerators; yet they function well in pie

crust applications. Lard crystals tend to be large and grainy, but pie crusts formu-

lated from it have earned wide acceptance because of their flaky texture.

The degree to which these crystallization tendencies will be exhibited is influ-

enced somewhat by blending but more significantly by the hardness of the fat in the

formulation. For example, fluid margarine, stick products with 75–80% oil, and soft

polyunsaturated tub types can be formulated by blending a high level of liquid oil

with a low level of a high-melting-point fat. Stick and soft tub products containing

50% oil can be blends comprising an intermediate level of a liquid oil plus an

intermediate level of a moderately hard fat. Base stock blending is the basis for

the successful formulation of stick margarine using 100% soybean oil—an oil

with a definite predisposition toward b crystallization (8).

3.2. Fatty Acid Distribution

Fats and oils are essentially triglycerides—glycerol molecules to which three fatty

acids are attached. The symbolic representation of this chemical structure is shown

in Figure 3.

Three different fatty acid chains are represented in Figure 3 by R1, R2, and R3. In

actuality, either two or all three may be the same. However, each source oil has

characteristic fatty acid compositions and distributions within their triglyceride

molecules that influence the melting point and crystalline structure of the solidified

fat in ways that are not always beneficial or desirable. For example, if all of the fatty

acid chains represented by the letter R are different or R1 and R2 the same but dif-

ferent than R3, the triglyceride is asymmetrical. Fat blends with a high proportion of

asymmetrical triglycerides tend to develop a granular consistency on cooling that is

objectionable for most shortening and margarine compositions. Palm or cottonseed

oil is often included in blends because their b0 behavior promotes small needlelike

TABLE 2. Classification of Fats and Oils According to

Crystal Habit (7).

b Type b0 Type

Soybean Cottonseed

Safflower Palm

Sunflower Tallow (beef)

Sesame Herring

Peanut Menhaden

Corn Whale

Canola Rapeseed (high erucic acid)

Olive —

Coconut Milkfat (butter oil)

Palm kernel —

Lard Modified lard

Cocoa butter —
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crystals that result in smooth-textured products. One reason for this behavior may

be that palm and cottonseed oils have a high ratio of symmetrical triglycerides (9).

Fat and oil are interchangeable terms. The distinguishing criterion is their phy-

sical state at ambient temperature; oils are usually thought of as liquids while fats

are considered as solids. Table 3 (10) lists the melting point, titer, and iodine value

(IV) of many oils commonly used to formulate shortening. Melting points for liquid

oils are usually not measured, but titer and iodine value are general indicators of the

relative fluidity of these oils. Titer is an analytical method for determining the con-

geal point of fats and for measuring the melting point of fatty acids. Although the

melting point of a triglyceride is not the same as its titer, it generally approximates

within a few degrees the actual melting point of harder fats. A high IV is a

Figure 3. Structure of a triglyceride.

TABLE 3. Melting Point, Titer, and Iodine Value of Selected Oils (10).

Fat or Oil Melting Point (�C) Titer (�C) Iodine Value

Coconut 24–27 20–24 7.5–10.5

Palm kernel 24–26 21–27 14–22

American lard 36.5 36–42 46–70

Tallow — 40–46 35–48

Butter oil 38 34 33–43

Palm oil 38–45 43–47 48–56

Sunflower — 16–20 125–136

Sesame — 20–25 103–116

Corn — 14–20 103–128

Safflower — — 140–150

Rapeseed — 11.5–15 97–108

Soybean — — 120–141

Cottonseed — 30–37 99–113

Peanut — 26–32 84–100

Cocoa butter — 45–50 35–40

Herring — 25 115–160

Menhaden — 32 150–165

Whale — — 110–135

Olive — 17–26 80–88
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characteristic of a liquid oil while a low IV is indicative of a solid fat. Some fats

such as lard, palm, and cocoa butter are solids only at the highest ambient tempera-

tures while sesame, soybean, and peanut are clearly liquid except in cold climates.

To achieve shortening products with desirable physical and functional end prop-

erties, the melting and crystallization habits of commercial fats are manipulated

through hydrogenation, fractionation, interesterification, or combinations of these

processes. Each process is a legitimate topic for study. Without these processes,

or more specifically, without the modified oil products obtained from them, margar-

ine and shortening manufacture would be much more difficult. This chapter deals

briefly and only in a general way with these processes and the role of each in the

formulation of edible fat products. It is assumed that properly modified oil products

are available and used correctly.

Producers normally rely on only a few source oils indigenous to their geographic

area or that can be imported economically. Soybean is the primary oil used in the

United States while very little palm is consumed and none is produced. Canada’s

major oil is canola (low-erucic-acid rapeseed). Malaysia, Indonesia, and Central

America are the largest producers and users of palm oil. Eastern Europe, like Canada,

relies on low-erucic-acid rapeseed (LEAR), sunflower, and soybean oils. It is appar-

ent from Table 3 that it is virtually impossible to formulate products with controlled

melting and crystalline properties using only one of these oils. Even in areas where

conditions and economics justify a variety of types, modification methods other than

blending are essential to adequately control rheologic properties.

3.3. Fractionation

Gasoline, lubricating oil, fuel oil, diesel fuel, and various solvents are all familiar

products obtained from petroleum. Several processes are employed in a petroleum

oil refinery to separate and recover these useful ‘‘fractions’’ from the base oil.

Edible oils also contain liquid and solid fractions that can be separated by a frac-

tionation process. Dry fractional crystallization is a process in which two or more

components with different melting points are cooled and separated based on their

solubility or crystallization at different temperatures. Fractional crystallization is

frequently applied to palm oil to separate liquid palm olein from solid palm stearin.

Solvent fraction is a process in which the various fractions are separated by dis-

solving the triglyceride in a solvent. This solution is then carefully cooled until the

desired fraction precipitates. The precipitate is recovered by filtration. Solvent frac-

tionation can be applied to virtually any edible oil (11).

3.4. Hydrogenation

Hydrogenation is a chemical process in which hydrogen gas is reacted with oils to

increase their oxidative and thermal stability by converting liquid components to

semisolid fractions. The melting and crystalline characteristics developed are essen-

tial for formulating shortenings with specific desirable physical and functional

properties.
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It is a catalyzed reaction dependent on catalyst type, temperature, time, pressure,

agitation, and the starting oil. Platinum and palladium catalysts have been used but

nickel, supported on an inert carrier, is now much more common. The catalyst must

be removed after hydrogenation usually by filtration.

Each carbon atom in a fatty acid chain can be bonded to as many as four other

atoms—two hydrogen and two carbon. When four bonds are present, they are

referred to as single bonds and the fatty acid chain is saturated with hydrogen

atoms. Naturally occurring triglycerides contain unsaturated fatty acid chains

with carbon atoms interconnected by double bonds. In the hydrogenation reaction,

hydrogen gas reacts with triglycerides at these selective points of unsaturation in

their fatty acid chains.

Hydrogenation can be conducted in batch converters or continuous reactors. The

reaction is controlled by stopping the flow of hydrogen gas. As hydrogen is added at

the double-bond sites, the melting point of the original oil or fat gradually

increases. If only a small amount of hydrogen is added to liquid oils such as

soybean or cottonseed, the end product can still remain liquid. As more hydrogen

reacts, more saturation is achieved, and soft base fats suitable for shortening formu-

lations will be obtained. Hydrogenation can be continued until all of the double

bonds have been saturated with hydrogen and the oil ‘‘fully’’ hardened. Fully

hardened products are solids at room temperature and, although generally hard

and brittle, are still useful formulation tools.

As the hydrogenation reaction is exothermic, it affords interesting possibilities

for energy conservation. This heat of reaction can be used to preheat the feed oil,

which in turn cools the hydrogenated fat. Systems are also available that use this

heat to produce steam.

Hydrogenation is the most widely used and practical method of preparing fats

and oils capable of imparting essential physical and functional properties to short-

ening. It is presently used to modify and stabilize marine, animal, and all types of

vegetable oils. An excellent synopsis of batch and continuous hydrogenation pro-

cesses is presented by Edvardsson and Irandoust (12).

3.5. Interesterification

Interesterification is an effective tool for raising and/or lowering the melting points

of edible oils. Like hydrogenation, it is a catalyzed chemical reaction; however, it

alters fats by rearranging the fatty acid distributions in their triglyceride molecules.

This rearrangement can be effected in a random or directed manner. Total randomi-

zation is the most widely used practice but either randomization process results in

profoundly different triglyceride compositions, which follow the laws of probability

based on the composition of the starting triglycerides.

The random rearrangement reaction can be conducted in continuous or batch

reactors. The batch reaction vessel is agitated and fitted with a nitrogen sparger

and coils for heating and cooling. Moisture, which poisons the alkaline catalyst,

is removed by heating the fat or oil blend under vacuum. After drying and cooling

to the reaction temperature, the catalyst is added to the reaction vessel and the
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oil–catalyst mixture vigorously agitated for 30–60 min. In the continuous reactor,

the fats are flash dried and the fat–oil slurry is formed continuously by adding

catalyst to the oil as it passes through coils sized to provide adequate time for

randomization. When the reaction is completed, the catalyst is neutralized with

water or acid and the salts formed or removed by filtration or centrifugation.

In directed rearrangement, the randomization process is interrupted by selec-

tively removing one or more of the reaction products through continuous distillation

or fractional crystallization. The remaining reactants continue to randomize

promoting the formation of specific glycerides.

Palm oil production has increased significantly in the last 10 years and may soon

exceed that of all other edible oils. Palm oil is also the only b0 type whose crystal

habit is not changed by interesterification. Interesterification has no effect on the

oils in the b classification either; however, randomization in the presence of another

oil can moderate their b tendency (13).

Interesterification is regularly used to process palm, palm-kernel, and coconut

oils for use in various types of confectionery, margarine, cooking and frying fats,

and as blends with lauric oils in reduced-calorie spreads. These three oils crystallize

slowly, are often difficult to chill and package, and tend to become hard and grainy

during storage. Interesterification often reduces or eliminates these undesirable

characteristics (14).

4. MANUFACTURING PROCESSES AND EQUIPMENT

4.1. General

The ultimate consistency attainable depends on the fats and oils in the formulation,

the processes to which these have been subjected, the equipment and conditions

used to solidify them, and the conditions under which these products are stored

prior to utilization. Properly formulated liquid blends can be converted to true

plastic solids only when the apparatus employed provides controlled cooling,

crystallization, and working techniques. The manner in which these plasticity

and crystallization theories have been applied and employed in practice can be

discerned by examining commercial production apparatus.

4.2. Anco Cooling Roll

The cooling roll is one of the earliest unions of equipment and theory actually

applied to solidifying lard and shortening. Anco, with a commercial installation

in 1881 in Chicago, was a pioneer supplier of this type of apparatus. As shown

in the sketch in Figure 4, the device consisted of a hollow, internally refrigerated

cast-iron cylinder rotating at 7–11 rpm in a trough containing molten fat slightly

above its melting point. As this cylinder revolved, a thin film of fat solidified on

its surface and was continuously removed by a doctor blade. The solidified fat

film dropped into a special screw conveyor called a picker box. The flights of the
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conveyor were interspersed with blades that incorporated air while beating and

working the fat. High-pressure pumps then forced the fat through orifices, slots,

screens, and valves to break crystal aggregates and further disperse the entrapped

air.

Figure 5 is a photograph of a roll with its ancillary equipment. Cylinder sizes

ranged from 610 mm (2 ft) in diameter by 762 mm (2.5 ft) long to 1219 mm (4 ft)

in diameter by 2743 mm (9 ft) long. Capacities for lard ranged from 454 kg/h to

6350 kg/h (1000–14,000 lb/h) and for shortening from 227 kg/h to 3175 kg/h

Figure 4. Anco cooling roll sketch. (Courtesy of Cherry-Burrell, Louisville, Kentucky.)

Figure 5. Anco cooling roll. (Courtesy of Cherry-Burrell, Louisville, Kentucky.)
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(500–7000 lb/h). Although still employed to produce fat flakes, the cooling roll is

now virtually extinct having been replaced almost entirely by the Votator process

for crystallizing and plasticizing shortening and margarine.

4.3. Votator Process

More than 60 years ago, Votator invented what is still the world’s only closed con-

tinuous process for cooling, crystallizing, and plasticizing edible fat. A simplified

diagram for this process is shown in Figure 6. This system employs Votator

scraped-surface heat exchangers (A units) for cooling and agitated holding units

(B units) for working and plasticizing the product as it crystallizes. Positive-

displacement pumps develop high internal product pressure within the cooling

and working units that, when combined with special extrusion valves, ensure that

the crystallized shortening will be free of crystal aggregates, uniformly aerated, and

possess the desired texture and plastic structure.

4.4. Votator Scraped-Surface Heat Exchanger

Scraped-surface heat exchangers are the most commonly used devices for chilling

edible fats. Votator manufactured the first such heat exchanger in the early 1920s.

The name has since become synonymous with the device and many scraped-surface

heat exchangers are now commonly referred to as ‘‘Votators.’’

Figure 7 is a photograph of a two-cylinder Votator with a gravity ammonia

refrigeration system. Its basic construction is shown in Figure 8, which is a

cross-sectional view of a Votator scraped-surface heat exchanger. Each cylinder

consists of a hollow cylindrical tube usually 152 mm (6 in.) in diameter by

1829 mm (72 in.) long. This tube is externally jacketed for cooling using brine or

direct expansion refrigerants such as ammonia. As the molten oil formulation

passes through the tube and cools, an electric motor rotates a shaft centrally located

inside the product tube. This ‘‘mutator’’ shaft is fitted with mechanical seals at each

end and floating blades that, as the shaft spins, constantly clean the heat transfer

surface by scraping and removing the product film from the tube wall. Each mutator

shaft has two effective rows of 152-mm (6-in.) long blades staggered along its

entire length. This staggered blade arrangement provides improved mixing over

the older conventional in-line blade mounting system. All margarine and shortening

cooling units are equipped with a hollow mutator shaft and a rotary joint through

which hot water can be circulated to prevent solids buildup on the shaft body. Stan-

dard shafts are 119 mm (4.6875 in.) in diameter and are rotated at about 400 rpm.

Larger and smaller diameter shafts with three and four rows of in-line or staggered

blades are available for special applications.

Shortening units are constructed of carbon steel. The water phase in margarine

is corrosive, and sanitation procedures require that all of the equipment used to

manufacture it must be chemically cleaned. Margarine processing units contain

chromium-plated commercially pure nickel heat transfer tubes and stainless steel

for all product-contacted metal surfaces.

96 SHORTENINGS: SCIENCE AND TECHNOLOGY



Figure 6. Votator shortening process—block flow diagram. (Courtesy of Cherry-Burrell, Louisville, Kentucky.)

9
7



4.5. Supercooling and Direct Expansion Refrigeration

In order to form small crystals, shortening must be cooled very rapidly; so rapidly

in fact that the flow at the exit of the Votator must contain virtually no crystals

although cold enough for significant levels of solid fat to exist. In reality, the

heat exchanger must be capable of supercooling the molten shortening formulation.

Fortunately, all triglycerides exhibit a definite propensity for supercooling but, to

achieve it, the residence time within the cooler must be limited to invariably less

than 20 s. This mandates highly efficient heat exchangers and the use of refrigerants

with favorable physical properties and effective heat transfer characteristics.

Ammonia and chlorofluorocarbons fulfill these demands and are widely used as

refrigerants in heat exchangers for cooling shortening.

This cooling concept is commonly called direct expansion refrigeration.

Currently there are four basic variations employed: gravity, forced circulation,

pool boiling, and liquid overfeed.

Gravity Refrigeration System. The gravity refrigeration system shown in

Figure 9 is the simplest to comprehend. Liquid refrigerant flows from its receiver

Figure 7. Votator scraped-surface heat exchanger. (Courtesy of Cherry-Burrell, Louisville,

Kentucky.)
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Figure 8. Cross-sectional view of a Votator scraped-surface heat exchanger. (Courtesy of Cherry-Burrell, Louisville, Kentucky.)
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Figure 9. Direct expansion gravity refrigeration system. (Courtesy of Cherry-Burrell, Louisville,

Kentucky.)
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in the compressor plant to a surge drum installed above the freezing cylinder(s). A

modulating thermostatically controlled expansion valve automatically maintains the

correct refrigerant level in this vessel. The temperature of the liquid refrigerant,

even if subcooled, has no detrimental influence on the operation of this type of sys-

tem. Gravity forces the refrigerant into the cooling jacket where product heat

vaporizes a portion of the liquid while reducing the bulk density of the remainder.

The flow of vapor and this density difference combine to create the classic thermo-

syphon effect, which forces liquid refrigerant to circulate from the surge drum to the

cooler. Baffles in the surge drum effectively separate the vapor from the liquid. A

pressure-regulating valve controls the pressure in the surge drum and, consequently,

the temperature of the refrigerant in the cooling cylinder. Makeup liquid enters

through the level control and the entire cycle continues. Individual surge drums

can be provided for each cooling cylinder or a single drum can be used for as

many as three cylinders.

The gravity system protects against freeze-up through an instantaneous current

relay system. The current drawn by the heat exchanger drive motor is continuously

monitored and, at a preset but higher than desired operating level, it closes a sole-

noid valve in the line from the cylinder to the surge drum. Refrigerant circulation is

stopped and residual heat from hot metal surfaces and the product vaporizes enough

refrigerant to build sufficient pressure to instantly force any remaining liquid refrig-

erant to return to the surge drum. When the current draw returns to normal, the sole-

noid valve opens and the heat exchanger automatically resumes cooling. Optional

hot gas controls can be provided to assist in removing refrigerant for pump down.

Forced Circulation Refrigeration Systems. Forced circulation direct expansion

refrigeration systems employ principles similar to gravity systems. Refrigerant

must be physically transported to the cooling cylinder since the surge drum is

generally located below the heat exchanger. Liquid level can be regulated with thermo-

static controls or float valves. Some designs use a mechanical pump while others

depend on pressure differential and gas pressure to force the liquid to flood the heat

transfer tube. Injectors, based on Bernoulli’s theorem, take advantage of the liquid

supply pressure to transport refrigerant from the surge drum to the cylinder. Freeze-

up protection devices sense motor load and either turn off the pump or stop the

motive refrigerant flow to the injector. Since the surge drum is physically below

the cylinder, refrigerant naturally drains to it. Hot gas systems can also be provided.

Pool Boiling Refrigeration Systems. In a pool boiling system, the jacket area

surrounding the heat exchanger tube serves as the refrigerant surge drum. The

heat exchanger tube is flooded with liquid refrigerant, and a level control device

maintains this flooded condition by simply replacing the liquid as it vaporizes. A

valve in the line returning vapor to the compressor plant regulates the pressure and

temperature of the refrigerant in the jacket. This type of system is often provided

with a ‘‘drop tank’’ to which the refrigerant charge is dumped during pump down or

to prevent freeze-up. Hot gas systems are available.

Liquid Overfeed Refrigeration Systems. One commonality of all of the previous

systems is that all of the liquid refrigerant entering is intended to be returned as

vapor. Liquid overfeed (LOF) is a proven direct expansion concept in which only
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25–35% of the liquid flowing to the heat exchanger is actually vaporized. A large

low-pressure receiver replaces individual surge drums. This receiver, normally

located in the compressor plant, is designed to separate the vapor from the circu-

lated liquid (15). Overload protection against freezeup is included and hot gas

systems can be provided.

Where LOF is already employed or when new installations require four or more

surge drums, economics favor LOF. Advantages include:

1. One low-pressure receiver replaces multiple surge drums.

2. Surge drum controls and safety devices are eliminated.

3. Refrigerant volume in the operating area is reduced.

4. Oil does not accumulate in heat exchanger jackets.

5. The low-pressure receiver also serves as a suction trap.

6. Subcooled liquid can be used.

7. Liquid from one receiver can be returned to receivers at higher or lower

pressures.

8. Has extremely rapid boil-off.

9. Refrigerant is immediately evacuated to the low-pressure receiver during

pump down.

Only Votator is known to have designed scraped-surface heat exchangers for

LOF refrigeration and to have plants actually operating successfully using this

principle.

4.6. Crystallization

With efficient heat exchangers cooling through direct expansion refrigeration, the

product delivered is supercooled significantly below its equilibrium temperature

and primed for crystallization. A supercooled fat composition allowed to solidify

without agitation and mechanical work will solidify to form an extremely strong

crystal lattice and exhibit a narrow plastic range. This is a desirable characteristic

for stick margarine formulations but, where specific body and plasticity is neces-

sary, the plastic range can be altered and extended by mechanically working the

fat while it is crystallizing from the supercooled state (16). In general, these fats

require crystallization times with mechanical working of about 2–5 min. Votator

developed a special device for this purpose—the agitated working unit.

4.7. Votator Agitated Working Unit

Figure 10 is a cross-sectional, cutaway view of a Votator working unit often

referred to as a B unit. Depending on the product and the required residence

time, B units vary in size from 76 mm (3 in.) in diameter by 305 mm (12 in.)

long to 457 mm (18 in.) in diameter by 1372 mm (54 in.) long. All sizes contain
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Figure 10. Cross-sectional view of a Votator agitated working unit. (Courtesy of Cherry-Burrell, Louisville, Kentucky.)
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relatively small diameter shafts with pins fixed throughout the length of the shaft. A

photograph of a B unit is shown in Figure 11. Pins welded into the product cylinder

intermesh with the shaft pins as the shaft rotates. The mechanical working accom-

plished by this device during the primary crystallization period distributes the latent

heat evolved uniformly and forms fine discrete crystals throughout the crystallizing

mass. For shortening, the residence time is normally 2–3 min with standard shaft

speeds of 100–125 rpm. Margarine processing generally requires less residence

time but variable and often higher agitation speeds. Although the product tempera-

ture rises within, B units are normally not jacketed for external cooling, but it is

beneficial to jacket margarine B units with hot water to aid in melting and cleaning.

Shortening worker units can be constructed of carbon steel, but stainless steel is

required for margarine units.

4.8. Tempering

Definition. Except for table margarine, plasticized edible fats are usually packaged

and immediately transported to and stored in a constant temperature room for 24–

72 h. This quiescent heat treatment is referred to as tempering. It is generally agreed

that tempering should be conducted at about 27�C (80�F) and that it improves

Figure 11. Votator agitated working unit. (Courtesy of Cherry-Burrell, Louisville, Kentucky.)
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plasticity and creaming properties and a plastic fat’s ability to maintain a uniform

consistency despite reasonable temperature fluctuations during storage.

Theory. Considerable confusion exists and theories abound as to exactly what

happens during tempering. One contends that low-melting-point triglycerides

dissolve and recrystallize to produce a stronger more homogeneous structure

(17). Another proposes that all crystalline forms exist initially and that conversion

to a stable polymorphic form for slowly transforming formulations requires quies-

cent holding at a temperature just below the melting point of the lowest melting

polymorph with 29�C (85�F) being an acceptable temperature compromise (18).

These products have complex triglyceride structures that can and do crystallize

in multiple polymorphic forms. Since they pass from molten oils to packaged

plastic solids in normally less than 5 min, all possible crystalline forms will be pre-

sent. Most of these, however, are not stable but, given time and sufficient energy

input, all will revert to stable structures. Whatever the mechanism, it is generally

agreed that the rheologic properties most affected by crystal transformation are

substantially stabilized during the first 48 h of tempering.

Fluid shortenings are finding increased acceptance in all segments of the bakery

industry. While fluid products based on b0 hard fats can be stabilized by normal

quiescent tempering; products based on b hard fats require tempering under agita-

tion to form a stable suspension. Votator’s current recommendation for bakery

shortening systems and fluid shortenings in general is that agitated tempering for

at least 4 and preferably 6 h is necessary to form a crystalline dispersion with a

viscosity low enough for pumping but high enough for prolonged suspension.

Constant–temperature rooms for tempering shortening are expensive to operate

and create logistic problems maintaining and rotating inventories. While it cannot

be eliminated, tempering time can be reduced in many cases by 50% or more.

Obviously, the material leaving the B unit is not completely crystallized nor has

it crystallized into a completely stable polymorphic form. Nevertheless, it must still

conform to the laws of physical chemistry. Phase equilibria dictate that, if cooled

further, additional liquid must solidify. Further cooling of this viscous crystalline

mass is possible through the use of a special scraped-surface heat exchanger or

‘‘postcooler’’ often called a C unit.

The Votator C Unit. The Votator C unit is essentially an A unit with the mutator

shaft installed 6 mm (1
4

in.) off the centerline of the heat transfer tube. This

‘‘eccentric’’ design forces the scraper blades into a cam-type motion with each

revolution of the mutator, and this continuous oscillation gently kneads the product

while cleaning the tube surface. Consequently, sufficient mixing is developed to

maintain efficient heat transfer even at very low shaft speeds. Since high shaft

speeds are not required, mechanical power input is minimized. The net result is

that the viscous crystalline material from the B unit can be cooled back to the

temperature achieved in the A unit. Liquid fat, which in the quiescent state would

ordinarily crystallize onto existing crystals increasing their size, is forced to crystal-

lize creating more stable individual crystals. The C unit can reduce tempering time

while also providing a means of controlling both viscosity and temperature at

the filling station.
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5. SHORTENING PRODUCTION SYSTEMS

5.1. Votator Carbon Steel Lard and Shortening Systems

Because shortening is a 100% oil product, expensive stainless steel equipment for a

shortening is not required, and the Votator model LS182 shortening system is con-

structed entirely of mild steel. All of the equipment is cleaned simply by circulating

oil until all of the fat has been melted and then purging with air or inert gas. No

chemical cleaning is necessary.

The basic system components are an accumulator for storage of the direct expan-

sion refrigerant and its necessary valves and controls, two 6� 72 Votators located

directly below the accumulator and an 18� 54 agitated working unit. The accumu-

lator is shown on the top right in Figure 12 immediately above the two cylinder

scraped-surface heat exchanger. The working unit is installed on the same frame

beneath the cooling cylinders. The pumping system on the left includes a raw mate-

rial tank and two high-speed rotary gear pumps driven by a single, double-shafted

motor. Special extrusion and backpressure valves are included in the interconnected

product piping provided and installed at the factory.

Figure 12 is the process flow diagram for the Votator model LS182 shortening

system described above. Prepared shortening formulations are normally stored at

between 49�C (120�F) and 60�C (140�F). From storage, the molten oil is either

pumped or gravity flows to a raw material tank located at the lower right-hand

corner of the diagram. A float valve maintains a constant level in this tank as a

high-speed positive displacement rotary gear pump draws oil from it. Air or inert

gas is usually injected into the oil at the suction of this pump. The backpressure

control valve maintains a constant pressure of approximately 24 bar (350 psig) at

the pump discharge. With a controlled level in the raw material tank and a constant-

speed positive-displacement pump, a fixed ratio of oil and air is maintained ensur-

ing a constant product density. Shortening normally contains 10–15% air by volume

although considerably more can be uniformly incorporated in proper formulations.

A water-jacketed shell-and-tube-type heat exchanger precools the molten oil to

just above its melting point, usually 43–46�C (110–115�F). From this precooler, the

oil flows directly to the Votator two-cylinder A unit. The primary function of the

precooler is to reduce the heat load on the A units, thus maximizing their cooling

capacity and ensuring that the greatest number of crystal nuclei are developed as the

fat is supercooled. The A units chill the oil from the precooler to about 18�C (65�F)

or to a previously determined temperature required to produce the desired plasticity.

Very little crystallization actually occurs in the A unit although SFI profiles indicate

that 25% or more solidification is possible at the A-unit exit temperature. The fat

leaves the A unit in a semifluid supercooled state primed for crystallization and

ideally prepared for plasticizing via the B unit.

The supercooled stream from the A unit flows directly to the worker unit. There

is normally a 5–8�C (10–15�F) temperature rise across the B unit most of which

results from latent heat of crystallization; mechanical power does not add signifi-

cantly to the total heat input. The plasticized fat from the B unit is forced through

a special extrusion valve that also maintains an internal pressure of 17–20 bar
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Figure 12. Process flow diagram for a Votator model LS182 shortening system. (Courtesy of Cherry-Burrell, Louisville, Kentucky.)
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(250–300 psig) inside all the A and B units. This pressure combines with the action

of the extrusion valve to ensure thorough gas dispersion and breaks any crystal

aggregates that form. A second rotary gear pump develops the pressure necessary

to transport the viscous crystalline mass to distant filling points while producing

enough pressure for final texturization by a second extrusion valve located just prior

to filling.

By varying the size and number of the coolers and working units, systems with

virtually any desired capacity can be provided. Completely engineered and

prepackaged shortening systems are available in capacities from 1361 kg/h to

9072 kg/h (3000–20,000 lb/h). Pilot plants for 91 kg/h (200 lb/h) are also available.

5.2. Votator Stainless Steel Margarine/Shortening Systems

While many manufacturers produce only shortening, there is an increasing demand

for combination systems capable of processing margarine as well. In 1993, Votator

introduced the stainless steel lard/shortening (SLS) series. Completely engineered,

prepackaged, assembled, and factory-tested SLS combination margarine/shortening

systems are now available with capacities from 1361 to 9072 kg/h (3000–20,000 lb/h)

of shortening or 1043 to 6350 kg/h (2300–14,000 lb/h) of stick or tub-type margarine.

Figure 13 is a photograph of a system that has a capacity of 4536 kg/h

(10,000 lb/h) for shortening and 3175 kg/h (7000 lb/h) for margarine. The metal

Figure 13. Votator model SLS182 margarine/shortening system. (Courtesy of Cherry-Burrell,

Louisville, Kentucky.)
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Figure 14. Process flow diagram for a Votator model SLS182 margarine/shortening system. (Courtesy of Cherry-Burrell, Louisville, Kentucky.)

1
0
9



surfaces in the feed pump, B unit, and all interconnecting valves and piping are

stainless steel as is the mounting frame. All metal product-contacted surfaces in

the Votator A units are also stainless steel except for the heat transfer product

tube, which is commercially pure nickel with a hard chromium plating inside.

Independent gear motor drives are provided for all A and B units.

The process flow diagram for the Votator model SLS182 margarine/shortening

system in Figure 13 is shown in Figure 14. A units supercool the molten oil blend

while B units work and texturize it as it crystallizes. A high-pressure stainless steel

feed pump generates sufficient pressure to overcome the resistance created during

supercooling and plasticizing and to transport this viscous product to the filling

station. A units and B units experience higher internal pressures than with the

two-pump arrangement and must be designed for at least 41 bar (600 psig). Newer

designs are currently capable of operating at 68–102 bar (1000–1500 psig). The

only option required to convert from shortening to soft margarine production are

variable-speed drives for the feed pump and B units. Because of the elimination

Figure 15. Control panel for Votator SLS margarine/shortening systems. (Courtesy of Cherry

Burrell, Louisville, Kentucky.)
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of the raw material tank, one feed pump and several control valves, a Votator SLS

system is only about 20% more expensive than an all-carbon-steel Votator carbon

steel lard/shortening (LS) system despite the upgrade to all stainless steel construc-

tion and individual gear motor drives.

A completely redesigned manual control panel is shown in Figure 15. The opera-

tor panel, now a stainless steel washdown enclosure, also contains the necessary

start/stop push buttons and running lights as well as digital indicators for product

and refrigeration temperatures. The refrigeration temperature is adjustable from the

operator panel. Circuit breakers, conforming to the International Electrical Code

(IEC), have replaced fuse-protected motor starters. Motor current is sensed and

indicated on an ammeter with a digital display. Freeze-up is prevented by stopping

cooling at a factory preset current level. This power level can easily be reset in

the field.

5.3. Chemetator Scraped-Surface Heat Exchanger

In 1993, Crown Iron Works Company of Roseville, Minnesota, acquired controlling

interest in a new U.K.-based joint-venture operation. The new company, Crown

Chemtech Ltd., provides processing systems for the manufacture of margarine

and shortening. Figure 16 is a photograph of a Chemetator model 246-A4M with

four cooling cylinders. Each cylinder has an individual ammonia refrigeration sys-

tem and a separate drive motor for each mutator.

Figure 16. Chemoreactor scraped-surface heat exchanger unit. (Courtesy of Crown Chemtech

Ltd., Reading, U.K.)
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5.4. Gerstenberg & Agger Margarine/Shortening Systems

Gerstenberg & Agger A/S also provides processing systems to manufacture short-

ening and margarine. Figure 17 is a photograph of a shortening system with a pro-

duction capacity of 10,000 kg/h (22,000 lb/h). It has four chilling tubes, two

independent cooling systems, and is also suitable for production of soft margarine.

Special features include a unique drop tank system to ensure product does not

freeze inside the chilling tubes in case of short production breaks, a maximum

allowable product pressure rating of 80 bar (1176 psig), high-efficiency outside

corrugated chilling tubes with chrome plating inside, tungsten carbide mechanical

product seals, and optional separate cooling systems for each tube. The heat

exchangers feature special floating knives as shown in Figure 18.

Figure 19 is a photograph of a puff pastry margarine system with a production

capacity of 4000 kg/h (8800 lb/h). It has six chilling tubes, three independent

cooling systems, a maximum product pressure rating of 180 bar (2646 psig) and

a ‘‘bulldog’’ knife system. This unit also contains the special features described

for the shortening Perfector type (2þ 2)� 92R shown in Figure 18.

Figure 17. Gerstenberg & Agger Perfector type (2þ 2)� 92R. (Courtesy of Gerstenberg &

Agger A/S, Copenhagen, Denmark.)
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Figure 18. Gerstenberg & Agger floating knife mutator shaft system for Perfector type

(2þ 2)� 92R. (Courtesy of Gerstenberg & Agger A/S, Copenhagen, Denmark.)

Figure 19. Gerstenberg & Agger Perfector type (2þ 2)� 180. (Courtesy of Gerstenberg &

Agger A/S, Copenhagen, Denmark.)
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Figure 20 is a photograph of an intermediate crystallizer that can be mounted

directly on each chilling tube to ensure correct plasticity and crystal formation in

all types of products such as table margarine, soft margarine, shortening, and cake

and cream margarine. Intermediate crystallizers can be equipped with T pins that

are especially suited for production of puff pastry.

6. ANALYTICAL EVALUATION AND QUALITY CONTROL

Control of the quality and consistency of the final product depends on understand-

ing, adhering to, and applying the principles underlying cooling, crystallizing, and

texturizing to production and selecting and controlling the ingredients that consti-

tute the formulation. The Official Methods and Recommended Practices of the

American Oil Chemists’ Society (19) is the definitive analytical reference for eval-

uating raw materials and finished products in the fats and oils industry. Referred to

in the industry as simply the AOCS Methods, it is an essential tool for every ana-

lytical laboratory. The fourth edition contains approximately 1200 pages in two

heavy-duty loose-leaf ring binders, details more than 400 collaboratively tested

and verified methods, and is currently used in more than 40 countries. Procedures

and the apparatus required are described for all analyses required to properly char-

acterize shortening. Typically, analytical methods are conducted to measure crystal

size, color, solid fat index or content (SFI or SFC), iodine value, refractive index,

Wiley melting point, dropping and softening point, oxidative stability, peroxide

value, viscosity, penetration, consistency, and texture and color.

Sophisticated instruments have been developed to reduce the time needed to

measure critical factors influencing shortening’s rheologic properties. These include

nuclear magnetic resonance (NMR), polarized light microscopes, x-ray scatterers,

revolving laser beams, gas–liquid chromatography (GLC), high-performance liquid

Figure 20. Gerstenberg & Agger intermediate crystallizer type 15 Ltr. for Perfector type 125.

(Courtesy of Gerstenberg & Agger A/S, Copenhagen, Denmark.)
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chromatography (HPLC), thin-layer chromatography (TLC), and differential

scanning calorimetry (DSC).

Crystal size and distribution was first measured using polarized light microscopy

but the analysis is time consuming and inaccurate. Recently, light or x-ray scatter-

ing and sedimentation methods coupled with computer analysis have provided new

and improved techniques for measuring mean crystal size and size distribution.

A revolving laser beam generated by a laser particle counter can be coupled with

a computer using special software to measure and record crystalline information.

Crystal structure can be viewed by polarized light microscopy.

The SFC and SFI values can be determined by dilatometric methods or by pulsed

NMR. The dilatometric method is still considered the most accurate, but NMR

provides reliable information much more quickly.

Until the advent of chromatography, triglyceride and fatty acid analysis was

difficult and time consuming. With GLC, HPLC, or TLC these analyses are now

routine.

Differential scanning calorimetry is used to determine the melting behavior of

shortenings. A small sample is rapidly chilled using liquid nitrogen and then

reheated. The cooling and heating rates are accurately controlled at about 5�C
per minute. Energy is graphed as a function of temperature. Exothermal crystalliza-

tion appears as a peak in these curves. Curves for most shortenings contain a single

major peak occurring at a temperature 4�C or 5�C (39.2�F or 41�F) higher than the

softening point. Products crystallizing in the b0 polymorphic form exhibit a single

sharp melting peak while those in the b configuration have broader peaks.

Hydrogenated fat may appear as additional peaks at higher melting temperatures.

Differential scanning calorimetry analyses can be used to determine the poly-

morphic form of pure components, but these melting curves are not absolute

indicators of the crystalline structure of compound shortenings (20).

Devices have also been developed to measure hardness and plasticity by com-

pression. A curve is obtained comparing the compressing force applied to the

resulting deformation. Initially, the curve is straight with the degree of deformation

dependant on the formulation and the force applied. If the compressing force is

increased further, a break will appear in most shortenings. Samples that are hard

and brittle have a narrow plastic range and the breaking point occurs after very little

deformation. Viscous flow and plasticity is indicated by curves that round off with

long flat sections.

A cone penetrometer can also be used to determine hardness (AOCS Method Ce

16–60) (21). A cone of specified mass and dimensions is dropped into a prepared

sample. The relative hardness of the sample is determined by dividing the mass of

the cone by the depth of penetration. The cone penetrates farther into soft products

and produces subsequently lower relative hardness values. A single temperature

penetration value is not a true indication of overall relative plasticity. Narrow

differences in penetration values at low and high temperatures indicate a wide

plastic range while huge differences indicate a narrow range. Some products are

formulated to be naturally firmer than others, depending on geographic area and

intended usage.
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Management support is the key to any quality assurance program. High-product

quality standards must be established and line production supervision must have the

technical training, authority, and support of upper management to enforce those

controls and ensure the production of quality shortenings.

7. PACKAGING AND STORAGE

Semisolid plastic shortenings are usually packaged in 0.5-kg and 1.5-kg (1-lb and

3-lb) cans, cubes, 50-kg (110-lb) cartons, and in drums containing about 175 kg

(380 lb). This type of plastic shortening is also available in ‘‘chubs,’’ prints, and

sheets ready for direct end-use application.

Cubes, comprised of cardboard cartons with plastic liners, are probably the most

popular foodservice and food processor packaging form. Systems equipped with

optical sensors assure that an empty carton is in position on a scale before filling

is initiated, and automatic controls then fill it to the correct weight. Most systems

use two scales and switch to the second carton slightly before the first finishes

filling. Cube sizes range from 10 kg to 25 kg (22 lb to 55 lb).

Chub packages are especially popular in Latin America. They are produced by

machines that form plastic into cylindrical sheets and fill the cylinders with from

0.11 kg to 5 kg (0.25 lb to 10 lb) of shortening. The chubs are sealed by crimping

both ends with metal clips.

Prints can be formed by extruding product directly into sticks or bricks with

weights ranging between approximately 0.5 kg and 5 kg (1 lb and 10 lb). Prints

can also be produced using rotary machines to fill plasticized shortening in paper-

lined containers. The quick chilled shortening is fluid enough at filling to assume

the shape of the container as it is filled but rapidly crystallizes into a rigid form.

Puff pastry shortening can be extruded in flat sheets or printed in 2-kg or 4.5-kg

(5- or 10-lb) blocks. It is usually provided in corrugated boxes containing several

sheets or slabs with paper sheets between the slabs to prevent them from sticking

together.

Fluid and liquid shortenings are usually sold in 4-L, 8-L, and 20-L (1-gal, 2-gal,

and 5-gal) containers or in bulk 200-L (50-gal) drums and 40,000-L (10,000-gal) or

larger tanks. The 20-L (5-gal) size is available as a rigid package consisting of a soft

plastic container inserted in a corrugated paper-board box. It is best to package

liquid oil in dark containers since light catalyzes oxidation reactions in fats and

oils. However, for household use, the consumer seems to prefer clear containers

and some brands are packaged in clear glass or plastic. Polyethylene is permeable

to oxygen and, because of low turnover rates, household oil stored in clear poly-

ethylene containers frequently becomes rancid before it can be consumed. Other

oxygen-impermeable plastics such as polyvinyl chloride, opaque polyethylene,

and saran-coated polyethylene seem to be satisfactory packaging materials.

Pockets of free oil sometimes form in the package if the shortening has poor gas

dispersion, a weak plastic structure, insufficient hard fat in the formulation, or the

storage temperature is too high. If exposed to a sufficiently high temperature long

enough for the lower melting fat fractions to liquify, plastic shortenings will
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recrystallize improperly resulting in a loss of functionality. Products that have suf-

fered heat damage during storage must be remelted and completely reprocessed to

restore their plastic properties. In general, solid shortenings need not be refrigerated

during storage but, since they will absorb odor, the storage area should be cool, dry,

and free of odoriferous materials. Plastic shortenings that have been correctly for-

mulated and properly prepared are stable and will tolerate considerable abuse dur-

ing storage and transportation.

Clear liquid cooking and salad oils require no special storage considerations.

They have no crystal structure or suspended solids and, if the storage temperature

is low enough to cause some solids to form, these usually melt when the normal

storage temperature is resumed. Should these solids not remelt, it is advisable to

mix and suspend them before using the affected containers.

Fluid (opaque) shortenings are frequently used in applications where plastic

crystallographic properties are not as important as pourability, homogeneity, and

stability. Because they contain suspended solids, storage temperature is important.

Most fluid products in the United States are formulated to be stored between 18.3�C
and 35�C (65�F and 95�F). Storage below this temperature will cause the shortening

to set up or lose fluidity. Warming normally reverses this condition. Storage at too

high of a temperature results in partial or complete melting of the suspended solids.

This situation is not reversible since reducing the storage temperature will result in

the formation of large crystals that may settle to the bottom of the container. The

loss of these solids may be of little consequence or it may have a disastrous effect

on the functionality of the product.

Dry or powdered products are packaged in multiwalled paper bags or fiber

drums. The bags usually contain 25 kg (50 lb) while drum capacities range from

45 kg to 90 kg (100–200 lb). As is recommended for semisolid plastic products,

the storage area for these shortenings should also be cool, dry, and free of

odoriferous materials.

All types of shortening have been formulated and prepared to possess essential

functional properties. It is apparent that these properties can be impaired or totally

destroyed by even limited exposure to excessively high temperatures during packa-

ging, storage, or shipment.

8. INNOVATIONS

8.1. Automation and Computer Control

With a proven process and time-tested reliable equipment, recent innovations have

been directed toward improved process control and automation. Shortening lines

are now available with semiautomated or completely automated screen-based con-

trol systems.

The process flow diagram for an automatic bakery shortening system is shown

in Figure 21. The heart of the processing system is a standard A and B unit

combination. A C unit can be added after the B unit for additional temperature con-

trol, crystal stabilization, and product flexibility. Shortening from the B unit

is transferred to and held in agitated, jacketed tempering tanks until properly
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Figure 21. Process flow diagram for an automatic Votator bakery shortening system. (Courtesy of Cherry-Burrell, Louisville, Kentucky.)
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Figure 22. Control panel for an automatic Votator bakery shortening system. (Courtesy of

Cherry-Burrell, Louisville, Kentucky.)

Figure 23. PLC for an automatic Votator bakery shortening system. (Courtesy of Cherry-Burrell,

Louisville, Kentucky.)
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Figure 24. Graphic display for an automatic Votator bakery shortening system. (Courtesy of Cherry-Burrell, Louisville, Kentucky.)

1
2
0



tempered and ready for use. Shortening is metered, on demand, from these tanks to

end users. A programmable logic controller (PLC) continuously monitors and

maintains product levels in the tempering tanks, filling each with the proper formu-

lation as required. For each formulation change, the system is automatically purged

to prevent intermixing. A user-friendly message center reports any anomaly and a

graphic panel displays the current system status.

The next three figures are photographs of a typical control panel, PLC, and gra-

phic display for the Votator bakery shortening system in Figure 21. Figure 22 con-

tains all of the high-voltage switch gear, motor starters, as well as an operator

control section with push button stations and running lights. The PLC is shown

in the photograph in Figure 23. Figure 24 depicts the process flow diagram in

Figure 22 and provides a visual indication of the process and equipment status.

Automation and control devices have been integrated into the system to pass

information developed in the semiautomatic system to a full-color screen-based

interface. This interface allows remote access to view, while in operation, process

flow diagrams indicating product and utility status, valve positions, motor loading

conditions, alarm status, and all other critical parameters with the ability to reset

control variables simply by touching the display screen. A fully automatic

screen-based control system is shown in Figure 25. Figure 26 is a typical screen

display of a process and instrumentation diagram.

Figure 25. Graphic screen-based fully automatic control system. (Courtesy of Cherry-Burrell,

Louisville, Kentucky.)
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Figure 26. Schematic of a process flow diagram graphic screen display. (Courtesy of Cherry-Burrell, Louisville, Kentucky.)
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State-of-the-art control systems are also capable of accumulating, storing, and

presenting production records. Many feature trending with records offered as

options for formatted tables and histograms. Of course, all include screens for

indicating and resetting control values and displaying alarm messages.
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4
Shortenings: Types

and Formulations

Richard D. O’Brien

1. INTRODUCTION

Shortening once was the reference to naturally occurring fats that are solid at room

temperature and were used to ‘‘shorten’’ or tenderize baked foods. The material

makeup of shortening has changed from a natural fat to blends of oils with hard

fats to hydrogenated liquid oils to blends with additives like emulsifers, antioxi-

dants, antifoamers, metal scavengers, antispattering agents, etc. With all these

changes, shortenings are still intended to tenderize, or shorten, baked products as

well as to provide many other functional attributes for baked and other food pre-

parations. Today’s shortenings are essential ingredients in virtually every type of

prepared food product. Shortenings affect the structure, stability, flavor, storage

quality, eating characteristics, and the eye appeal of the foods prepared.

1.1. Historical

The first fat and oil products used by humans were probably rendered from wild

animal carcasses. Then, as animals were domesticated, their body fat became an

important food source and was used for other things such as lubricants, illuminates,

and soap. Lard or hog fat became the preferred animal fat for edible purposes,

whereas the other animal fats were used for nonedible applications. The more

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
Edited by Fereidoon Shahidi. Copyright # 2005 John Wiley & Sons, Inc.
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pleasing flavor of lard may have been one reason for choosing it for edible pur-

poses. However, the principal reason undoubtedly was the plastic consistency of

this fat. At room temperature, lard had a good consistency for incorporation into

breads, cakes, pastries, and other baked products. The tallows were too firm for

this purpose and the available marine oils were too fluid (1).

Plastic fat usage has been more prevalent in the Western Hemisphere, largely

because of the meat-eating proclivities of the people and the availability of fats

from the animals eaten. Vegetable shortening with all the physical characteristics

of a plastic animal fat was an American invention; it was created by the cotton rais-

ing industry and perfected for soybean oil utilization. Cotton acreage expansion

between the American Civil War and the close of the nineteenth century resulted

in large quantities of cottonseed oil. At the same time, the pork industry could not

satisfy all of the plasticized shortening requirements. Initially, cottonseed oil was

blended with animal fats and called lard compounds or simply compounds and

were marketed as substitutes for lard. Therefore, meatpackers had a prominent

role in the development of the shortening industry due to the essential ingredient

of the product: hard animal fat (2).

The introduction of the hydrogenation process into the United States about 1910

split the development of vegetable shortenings into two divergent courses. The

meatpackers continued to process compounds or blended shortenings, employing

the hydrogenation process only for the production of hardened oils to serve as occa-

sional substitutes for oleostearine. Other manufacturers abandoned the lard substi-

tute concept to create products with properties better than the traditional properties

of lard. The terms lard compound and compound were replaced with proprietary

names or brands not suggestive of meat fats.

The vegetable shortening manufacturers had to devise methods for improving

their product to gain market share. It was necessary to more carefully refine and

bleach the vegetable oils than had been the custom with the compounds. New deo-

dorization methods with high temperatures and better vacuums were developed

to remove all traces of odor and flavor to produce ‘‘bland’’ shortenings. Further

improvements in the techniques of hydrogenation enabled the production of short-

ening products with increased oxidative stability, improved uniformity, and

enhanced performance characteristics. Additionally, better processes for solidifica-

tion, filling, packaging, and crystal development were devised to enhance the

appearance and improve the keeping qualities and performance of the shortenings (3).

Pure vegetable shortening quickly assumed a position of preeminence and was

accepted as a premium product both by the housewife and the commercial user or

baker. The bland flavor, uniform white color, and smooth texture were probably the

prime factors influencing acceptance by the consumer. Undoubtedly, these factors

also influenced the bakers, but the deciding factors were the increased stability and

the improved creaming properties (4).

The chemistry of natural fats was virtually an unexplored field; it did not attract

many research chemists. However, a rapid expansion of interest in lipid chemistry

began to be evident in the late 1920s. The obvious opportunities presented by the

126 SHORTENINGS: TYPES AND FORMULATIONS



advancements in the hydrogenation of liquid oils attracted new investigators to this

field. This increased activity led toward the development of many new analytical

tools and techniques plus new commercially important products to dispel the pre-

vious academic theory of the simplicity of natural fats and oils. It was found that

these substances were capable of undergoing many of the classic organic chemistry

reactions: isomerization, polymerization, oxidation, esterification, interesterifica-

tion, condensation, addition, and substitution (5, 6).

High-ratio shortenings, introduced about 1933, brought about significant

changes for the baker and the shortening industry. These shortenings contained

mono- and diglycerides that contributed to a finer dispersion of fat particles causing

a greater number of smaller sized fat globules, which strengthened cake batters.

Emulsified shortenings allowed the baker to produce cakes with additional liquids,

which permitted higher sugar levels. Additionally, the high-ratio shortenings had

excellent creaming properties or the ability to incorporate air. Altogether, the super-

glycerinated shortenings produced more moist, higher volume cakes with a fine

grain and a more even texture. Then, as a bonus, it was determined that lighter

icings with higher moisture levels could be produced with these shortenings (7).

Development of emulsifiers and their ability to significantly improve bakery pro-

ducts added a new dimension to the fats and oils industry; it ushered in the era of

tailor-made shortenings. New shortenings, specifically designed for a single appli-

cation, such as layer cakes, pound cakes, cake mixes, creme fillings, icings,

whipped toppings, breads, sweet doughs, and other baked products were developed

and introduced at a rapid pace after World War II (8). Specialty shortening devel-

opment fostered further improvements in all aspects of the fats and oils industry:

processing techniques and equipment, quality control procedures and tools, proces-

sing aids, additives, analytical equipment and methods, packaging containers and

equipment, plus others too numerous to list.

The advances in technology have increased the storehouse of fats and oils infor-

mation allowing the introduction of even more sophisticated products for all aspects

of the food industry: retail consumer, foodservice, and food processor. The speci-

alty shortenings have been responsible for many of the recent advances within the

foodservice and food processor industries. Likewise, new food developments have

created the need for totally new shortening products. Currently, plasticized short-

enings have been joined by three other shortening forms: liquid shortenings, short-

ening chips, and powdered shortenings. These additional shortening products were

introduced to fill needs expressed by the food industry.

1.2. Source Oils

Raw material selection for shortenings has been influenced by availability and

economics. These factors were the main reasons for the development of lard

substitutes, introduction of pure vegetable shortenings, major processing improve-

ments, the development of additives to fortify specific performance characteristics,

and most of the other changes. Table 1 give U.S. information on fats and oils used
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TABLE 1. Fats and Oils Used in U.S. Edible Products, for 2002–2003, �103 lb.a

Oct. 2002–

Oct. 2002 Dec. Feb. Apr. June Aug. Sep. 2003

Coconut oil:

Total edible 27,706 23,207 24,436 24,645 27,201 25,892 280,461

Corn oil:

Baking or frying fats D D D D D D D

Margarine D D D D D D D

Salad or cooking oil D D D D D D D

Total edible 141,092 128,579 116,510 D 129,486 132,085 D

Cottonseed oil:

Baking or frying fats 19,000 15,500 12,464 14,817 12,310 13,973 159,165

Margarine D D D D D D D

Salad or cooking oil 20,100 20,800 27,364 23,198 D 23,479 227,311

Other edible D D D D D D D

Total edible 41,400 37,700 41,257 D 36,192 39,067 386,983

Lard:

Baking or frying fats D D

Margarine 1,821 1,805 782 695 702 477 11,843

Other edible D D D D D D D

Total edible 21,823 21,525 15,425 14,780 17,673 15,340 198,054

Palm oil:

Baking or frying fats D D D D D D D

Total edible D D D D D D D

Peanut oil:

Salad or cooking oil D D D D D D D

Total edible D D D D D D D

Edible rapeseed oil:

Baking or frying fats D D D D D D D

Salad or cooking oil 78,287 66,600 50,015 53,575 61,207 65,490 666,293

Total edible 95,117 81,400 62,594 63,322 72,803 77,530 809,413

Safflower oil:

Consumption, total D D D D D D D

Soybean oil:

Baking or frying fats 818,750 678,675 622,495 672,673 646,872 696,112 7,640,653

Margarine 126,923 116,526 91,382 91,246 87,372 90,723 1,079,206

Salad or cooking oil 707,009 624,782 585,096 677,748 697,105 638,744 7,248,926

Other edible 10,913 8,813 9,383 10,550 10,439 10,143 109,958

Total edible 1,663,595 1,428,796 1,308,356 1,452,217 1,441,788 1,435,722 16,078,743

Sunflower oil:

Total edible 13,586 15,607 11,861 14,928 12,481 15,566

Tallow, edible:

Baking or frying fats D D D D D D D

Total edible 23,288 22,372 18,744 19,852 15,226 18,581 214,217

Total fats and oils

used in edible product:

Baking or frying fats 923,585 770,422 702,737 750,445 728,045 780,565 8,605,542

Margarine 135,511 126,956 97,466 96,655 95,167 96,561 1,156,075

Salad or cooking oil 991,575 881,607 801,231 916,860 941,157 890,675 9,978,189

Other edible 40,128 25,632 30,096 32,569 30,748 33,492 362,630

Total edible 2,090,779 1,804,617 1,631,530 1,796,529 1,795,117 1,801,293 20,102,436

aSelective months shown. Total for Oct. 2002–Sept. 2003 includes entire 12-month period. D¼Withheld to

avoid disclosing figures for individual.

Source: Bureau of the Census.
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in edible products for 2002–2003 (9). Table 2 gives production and disappearance

of edible oils in the U.S. for the period 1988–2002 (10). Note that disappearance as

defined by USDA-ERS means beginning food stocks, production, and imports,

minus exports, shipment to U.S. territories, and ending stocks.

Lard usage in shortening decreased to a low point in 1940 while cottonseed oil

became the major source oil used in shortenings. Interestingly, soybean oil

accounted for almost 18% of the oil used for shortenings at this early date. The

next decade was a time of change as illustrated by the shortening source oils utili-

zation: (1) soybean oil replaced cottonseed oil as the highest volume oil to attain

49% of the total oil used and (2) the introduction of crystal-modified lard-based

shortenings in 1950 returned this raw material to shortening production. Interester-

ified lard shortenings were comparable to good-quality pure vegetable plasticized

shortenings in appearance and creaming properties.

Soybean oil began its rise from a minor, little known, problem oil before 1940

due to the scarcity of other oils during World War II. After the hostilities ended,

these gains were in jeopardy unless the technology could be developed to improve

the flavor stability of soybean oil products. The technologies developed included

metals deactivators, hydrogenation techniques and more selective catalysts, antiox-

idants, surface active agents, other surfactants, etc. These and other considerations

helped soybean oil reach and maintain a dominant shortening source oil position in

1960 with over 50% of the total requirement. The soybean oil share had risen to

75% for the 1992–1993 crop year.

Palm oil threatened to become a major source oil for U.S. shortenings in the

mid-1960s. It grew to command better than 15% of the total shortening requirement

in less than 10 years. Palm oil was found to be an excellent plasticizing agent to

force a shortening’s crystal habit to b0. Therefore, the growth of palm oil usage

in shortenings was primarily at the expense of cottonseed oil and tallow. Palm oil’s

decline, which began in the late 1980s, was due to unfavorable publicity highlight-

ing nutritional concerns with saturated fatty acids. Palm oil dropped to an estimated

2–3% of the total shortening source oil requirement after this time.

Coconut oil and the other lauric oils are not among the more desirable materials

for shortening manufacture because of their short plastic range and tendency to

foam in deep-fat frying when mixed with other source oils. Nevertheless, coconut

oil was a popular frying media for Mexican foods, which probably accounts for the

high usage in 1980–1981. This use also suffered from unfavorable publicity that

convinced the foodservice industry to change to frying shortenings with a more

healthy image. This change probably accounted for the rise in corn oil utilization

in 1990.

Lard and tallow were both important shortening raw materials after the meat

fat shortenings regained popularity during the 1950s: interestified lard in bakery

shortenings and tallow in frying shortenings and as a hardening/plasticizing

agent for shortenings. Later, technology was developed to replace the crystal-mod-

ified lard with tallow. The meat fat usage continued to grow until cholesterol

concerns brought pressure on the major users to provide products that had a

better nutritional image. Meat fats account for less than 11% of the shortening
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TABLE 2. Production and Disappearance of Edible Fats and Oils in the United States from 1990–2002, 106 lb.

Item 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001a 2002a

Imports

Coconut 946 838 1,162 999 1,100 873 1,188 1,440 791 926 1,100 1,150 1,150

Cottonseed 3 18 38 26 0 0 0 0 48 8 0 0 0

Olive oil (net) 211 216 253 262 260 227 304 333 355 397 455 455 455

Palm 284 220 267 368 218 236 322 282 284 345 399 490 460

Palm kernel 306 342 302 304 280 262 392 359 401 393 351 330 379

Peanut 10 1 0 11 4 5 14 10 73 12 79 39 45

Canola 583 815 861 902 938 1,086 1,075 1,088 1,060 1,139 1,193 1,108 1,027

Safflower 22 22 15 16 26 35 30 51 51 33 34 40 43

Soybean 17 1 10 68 17 95 53 60 58 82 73 46 65

Sunflower 33 9 0 7 1 2 22 8 5 4 8 16 5

Production

Corn 1,656 1,821 1,878 1,906 2,227 2,139 2,230 2,335 2,374 2,501 2,403 2,459 2,575

Cottonseed 1,154 1,279 1,137 1,119 1,312 1,229 1,216 1,224 832 939 847 870 865

Lard 934 1,016 1,011 1,015 1,052 1,013 979 1,065 1,106 1,069 1,050 1,080 1,085

Peanut 213 356 286 212 314 321 221 176 145 229 172 230 206

Canola 18 32 49 406 299 355 342 451 548 617 656 713 560

Safflower 78 69 87 111 115 127 103 115 111 91 88 76 89

Soybean 13,408 14,345 13,778 13,951 15,613 15,240 15,752 18,143 18,081 17,825 18,434 18,898 18,930

Sunflower 536 911 730 580 1,165 860 840 959 1,177 1,046 873 713 570

Tallow, edible 1,202 1,515 1,414 1,499 1,542 1,505 1,390 1,517 1,677 1,810 1,814 1,920 1,800

Exports

Coconut 51 22 15 20 18 11 11 7 11 14 8 11 10

Cornb 498 566 712 717 865 977 986 1,118 989 952 843 1,130 1,150

Cottonseed 249 281 177 248 338 221 240 208 111 141 140 140 125

Lardb 107 129 126 116 138 92 102 120 138 187 92 85 98

Palm kernel 2 2 9 4 2 2 2 2 2 2 2 2 2

Palm 4 7 7 7 13 20 9 11 11 11 11 10 11

Peanut 25 151 52 61 97 108 21 13 10 18 14 18 12



Canola 7 15 16 76 153 147 295 349 272 284 187 276 187

Safflower 56 73 65 75 93 122 83 83 92 51 35 37 40

Soybean 780 1,648 1,461 1,531 2,683 992 2,033 3,079 2,371 1,376 1,430 2,500 2,400

Sunflower 359 471 586 450 978 628 709 815 800 630 545 465 235

Tallow, edibleb 239 327 296 301 259 233 176 234 319 214 305 465 290

Domestic disap-

pearance

Coconut 897 906 1,082 1,067 1,082 941 1,111 1,190 1,021 927 968 1,100 1,201

Corn 1,149 1,202 1,220 1,228 1,250 1,298 1,244 1,268 1,397 1,417 1,711 1,342 1,400

Cottonseed 851 1,075 995 873 1,006 996 1,004 1,004 772 833 674 767 725

Lard 825 885 886 890 924 922 880 925 987 886 962 989 982

Olive 211 216 253 262 260 227 304 333 355 397 455 455 455

Palm 256 223 271 359 225 201 298 282 260 335 375 471 474

Palm kernel 362 344 254 315 295 293 362 344 390 414 243 355 440

Peanut 197 179 236 187 206 193 194 217 208 233 244 250 245

Canola 577 801 898 1,162 1,165 1,271 1,134 1,143 1,287 1,435 1,744 1,493 1,389

Safflower 58 15 47 40 57 17 67 73 59 86 102 89 93

Soybean 12,164 12,245 13,012 12,939 12,913 13,465 14,267 15,262 15,655 16,056 16,210 16,958 17,350

Sunflower 200 396 188 129 171 168 207 186 320 385 357 375 315

Tallow, edible 955 1,197 1,109 1,239 1,275 1,345 1,218 1,286 1,360 1,599 1,498 1,474 1,500

1/ Preliminary and estimated.
a ERS and WAOB forecast.
b Lard, corn oil, and tallow exports are net of imports.

Source: Bureau of the Census.



source oil requirements in 1992, after controlling slightly more than 25% for many

years.

The U.S. shortening industry has been able to develop processing technologies

for the utilization of many different source oils. The nutritional challenges may

require that the technology effort be directed toward a change in the source oil’s

composition. Plant biotechnology research has developed the potential for genetic

variation in the fatty acid composition of oils. This means that performance may be

grown into the oil rather than relying on processing to provide these characteristics.

Table 3 illustrates some of the potential changes in the fatty acid composition of

vegetable oils with biotechnology.

2. SHORTENING ATTRIBUTES

The development of a shortening for a food application is dependent on many inter-

laced factors. These requirements may differ from customer to customer depending

on the equipment, processing limitations, product preference, customer base, and

many other contributors. Fat and oil products are now being designed to satisfy

individual specific requirements as well as the general-purpose products with a

broader application potential. The design criteria for the general-purpose products

must be of a less exacting nature than those developed for a specific product or

process.

The important attributes of a shortening in different food products vary consid-

erably. In some food items, the flavor contributed by the shortening is of minor

importance; however, it does contribute a beneficial effect to the eating quality

of the finished product. This fact has been relearned by the developers and experi-

enced by the initial consumers, to their dissatisfaction, with many of the fat-free

products recently introduced. A characteristic failing of the fat-free products was

a lack of the eating characteristics normally contributed by shortening. In many

products, such as cakes, pie crusts, icings, cookies, and other pastries, shortening

TABLE 3. Genetically Modified Vegetable Oils (11).

Fatty Acid Composition (%)

Oil Seed Type C-16:O C-18:O C-18:1 C-18:2 C-18:3 C-22:1

Soybean Normal 11.0 3.0 22.0 56.0 8.0 —

N-87-2122-4 5.3 3.2 48.0 38.9 4.6 —

N85-2176 9.5 3.3 44.4 39.5 3.3 —

A-6 8.4 28.1 19.8 35.5 6.6 —

C-1727 17.3 2.9 16.8 54.5 8.3 —

Sunflower Normal 7.0 5.0 20.0 68.0 — —

G-8 3.3 8.2 84.2 3.5 0.8 —

Rapeseed Normal 4.0 2.0 18.0 14.0 9.0 53.0

M-30 2.4 1.0 91.6 1.5 3.3 0.2
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is the major contributor to the product structure and eating character as well as con-

tributing other significant effects upon the finished product’s quality. Satisfactory

shortening performance is dependent on many factors. Five of the most important

considerations, which affect most applications are: (1) flavor, (2) physical charac-

teristics, (3) crystal structure, (4) emulsification, and (5) additives.

2.1. Flavor

Generally the flavor of shortening should be as completely bland as possible so it

can enhance a food product’s flavor rather than contribute a flavor. In some specific

cases the desired shortening flavor is typical of the original flavor of the source oil,

for example, a lardy flavor is somewhat desirable in some products. Also, artificial

flavors are added to some shortening products to enhance the functionality. Both the

bland or typical flavor must be stable throughout the life of the food product. There-

fore, the oxidative stability requirements of the finished product must be established

to determine the minimum requirements for the shortening. The oxidative reversion

rate of a shortening is directly related to the type and amount of unsaturated fatty

acids available. The expected oxidation rates for the three most common unsatu-

rated fatty acids are as follows (12).

Fatty Acid Oxidation Rate

Oleic C-18:1 1

Linoleic C-18:2 10

Linolenic C-18:3 25

Reversion of deodorized shortenings brings back the flavor characteristics of the

original crude oil. Shortening must be designed with a flavor stability suitable

for the finished product requirements. Reduction of unsaturated fatty acids can

be accomplished with hydrogenation or fractionation to increase flavor stability.

2.2. Physical Characteristics

The characteristics of the fats and oils used for a shortening are of primary impor-

tance in the design of a shortening for a specific use. Oils can be modified through

various processes to produce the desired properties. Hydrogenation has been the

primary process used to change the physical characteristics of oils. Melting points

or hardness of an oil can be completely altered with this process and the changes

controlled by the conditions used to hydrogenate the oil. In the hardening process,

hydrogen gas is reacted with oil at a suitable temperature and pressure in the

presence of a catalyst with agitation. Control of these conditions and the end point

enables the operator to better meet the desired physical characteristics of the short-

ening products. A range of typical shortening solids fat index curves are shown

in Figure 1. This chart illustrates how the hydrogenation process can be used to

produce physical characterisics suitable for the performance desired.
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2.3. Crystal Structure

Each source oil has an inherent crystallization tendency, either b or b0. The

small, uniform, tightly knit b0 crystals produce smooth textured shortenings

with good plasticity, heat resistance, and creaming properties. The large b crystals

can produce sandy, brittle consistency shortenings that result in poor baking

performance where creaming properties are important. However, the large b
crystals are desirable for some applications such as pie crusts or frying. Crystal

habit is controlled by the oil source selection and complemented by the plasti-

cization conditions employed and tempering for slow crystallization after

packaging.

Figure 1. Typical shortening products.
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2.4. Emulsification

Shortening emulsifying properties are accomplished with adjustment of the fat

structure and with the addition of surface-active agents. The typical food emulsi-

fiers supplement and improve the functionality of a properly developed shortening,

i.e., act as lubricants, emulsify fat in batters, build structure, aerate, improve eating

qualities, extend shelf life, crystal modifier, antisticking, dispersant, moisture reten-

tion, etc. Obviously, no single emulsifier or emulsifier system can perform all of

these different functions. In selection of the proper emulsifier or system, the devel-

oper must consider the usage application, the preparation method, emulsion type,

effects of the other ingredients, economics, and any other applicable criteria for the

finished product. Most of the emulsifiers used in shortenings are listed in Table 4

with Code of Federal Regulations (CFR) Title 21 Part numbers and a suggested

application guide.

2.5. Chemical Adjuncts

In addition to emulsifiers a number of other chemical compounds provide a specific

function for certain types of shortenings. These additives can be classified into the

following categories:

Antifoamers. Dimethylpolysiloxane serves as an antifoaming agent that forms a

monomolecular layer on the surface of a heated frying shortening to retard oxida-

tion and foaming. The silicone compounds are added to frying shortenings at levels

of 0.5–3.0 ppm. Higher concentrations do not inhibit foaming any more effectively

and can cause immediate foaming at levels in excess of 10 ppm, the maximum

allowed by U.S. federal regulations. Other potential problem areas with antifoamer

TABLE 4. Emulsifiers Used in Shortening.

Emulsifier CFR 21 Applicationsa

Mono- and diglyceride 182.4505 All

Lecithin 182.1400 All

Lactylated monoglyceride 172.852 C and M

Calcium stearyl lactylate 172.844 B and S

Sodium stearoyl lactylate 172.846 B and S

Propylene glycol mono esters 172.856 C,M,B, and S

Diacetyl tartaric monoglycerides 182.4101 B

Ethoxylated monoglycerides 178.834 B

Sorbitan monostearate 172.842 C and M

Polysorbate 60 172.836 All

Polyglycerol esters 172.854 All

Succinylated monoglycerides 172.830 B

Sodium stearoyl fumarate 172.826 B and S

Sucrose esters 172.859 C,B, and S

Stearoyl lactylate 172.848 C,B, and M

aApplications code: B, bread; C, cake; F, fillings; I, icings; M, cake mix; S, sweet

doughs; All, all applications.
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use are (1) unintentional addition to bakery shortenings can cause cake failures, (2)

glazes may not adhere to donuts fried with an antifoamer present, and (3) potato

chips may lack crispness (13).

Antioxidants. Antioxidants are materials that can retard the development of off-

flavors and odors by inhibiting oxidation. Vegetable oils contain natural antioxi-

dants, tocopherols, that can survive most processing. Several phenolic compounds

have been identified that can also provide oxidative stability. Table 5 presents active

oxygen method (AOM) stability data for select source oils treated with four differ-

ent phenolic compounds (13). This data should only be used as a guideline to dis-

tinguish effectiveness of the antioxidants. In general, tertiary butylhydroquinone

(TBHQ) is the most effective synthetic antioxidant in unhardened vegetable oils,

followed by propyl gallate. TBHQ also appears to be effective for the meat fats,

but protection is also afforded by butylated hydroxytoluene (BHT) and butylated

hydroxyanisole (BHA).

Metal Inactivators. Fats and oils obtain metal contents from the soils where the

plants are grown and later from contact during crushing, processing, and storage.

Many of the metals promote autoxidation that results in off-flavors and odors

accompanied by color development in the finished shortening. Studies have identi-

fied copper as the most harmful metal with iron, manganese, chromium, and nickel

following. The results of a lard study is presented in Table 6. Metal scavengers,

added at low levels during or immediately following deodorization, facilitate

removal of the harmful metals. The most widely used chelating agent is citric

acid at 50–100 ppm. Phosphoric acid at 10 ppm and lecithin at 5 ppm have also

been used to inactivate metals.

Colorants. Pigments used in shortenings are usually the oil-soluble carotenoids

in the yellow to reddish orange range. The carotenoids with U.S. Food and Drug

Administration (FDA) approval include the carotenes, bixin, and apo-6-carotenal.

Carotenoids are heat sensitive but can be stabilized with BHA and BHT for greater

heat stability. Lakes are FDA approved and heat stable but violent agitation is re-

quired to keep these oil-insoluble colorants in suspension. Apocarotenal, a synthetic,

FDA-approved pigment is used primarily as a color intensifier for b-carotene (15).

TABLE 5. Antioxidants Effect Upon AOM Stability.

AOM Stability (h)

70 PV End Point 20 PV End Point

Antioxidanta Soybean Cottonseed Lard Tallow

None 11 9 4 16

TBHQ 41 34 55 133

BHA 10 9 42 95

BHT 13 11 33 138b

Propyl gallate 26 30 42 c

a200 ppm added.
b100 each of BHA and BHT.
cNot analyzed.
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Flavors. Most of the flavors used in shortenings are butterlike. Diacetyl was the

major butter flavor used in fat and oil products until improved analytical techniques

identified other flavor components in butter. Today, the U.S. FDA regulations allow

safe compounds that impart a suitable flavor to the finished product (16). The

choice of a particular flavor or blend of flavors depends on the expertise and the

taste preference of the product developer.

3. BASE STOCK SYSTEM

In the past, prepared food products were formulated with the ingredients available.

Today, most prepared foods are formulated with ingredients designed for their

applications or, in many cases, specifically for the particular product and/or proces-

sing technique employed by the producer. These customer specialty products have

expanded the product base for fat and oil processors from a few basic products to

literally hundreds.

A shortening manufacturer could formulate products so that a special base fat or

series of base fats is required for each different product. This practice, with the

ever-increasing number of finished products, would result in a scheduling night-

mare with a large number of product heels tying up tank space and inventory. A

base stock system using a limited number of hydrogenated stock products for

blending to meet the finished product requirements is practiced by many shortening

producers.

3.1. Base Stock System Advantages

The advantages provided by a base stock system are twofold (17).

Control.

1. Blending of hydrogenated oil batches to average minor variations.

2. Improved uniformity by producing the same hydrogenated product more often.

TABLE 6. Trace Metals Concentration

Required to Reduce Lard AOM by 50%

(14).

Trace Metal ppm

Copper 0.1

Manganese 0.6

Iron 0.6

Chromium 1.2

Nickel 2.2

Vanadium 3.0

Zinc 19.6

Aluminum 50.0
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3. Cross-product contamination reduction by scheduling more of the same

product consecutively.

4. Reduction of product deviations from attempts to use finished product heels.

5. Eliminate rework created by heel deterioration before use.

Efficiency.

1. The hydrogenation process scheduled to maintain base stock inventories

rather than reacting to customer orders.

2. Hydrogenation of full batches instead of some smaller batches to meet

demands without creating excessive heels.

3. Better order reaction time to improve customer service.

3.2. Base Stock Uniformity Control

Base stock consistency control is the secret to first pass yield, i.e., meeting finished

product specification limits with the specified blend of base stocks. Most finished

shortenings’ physical characteristics are controlled with solids fat index (SFI)

iodine value (IV), and/or a melting point analysis. However, time restraints during

hydrogenation do not allow the long elapsed times required for these results. More

rapid techniques to control base stock end points are:

1. Soft base stocks with IV of 90þ are adequately controlled by refractometer

(RI or RN) determinations performed within the hydrogenation department.

Mettler dropping points and most other melting point analysis have poor

reproducibility at this level or are too time consuming.

2. Intermediate base stocks (55–89 IV) preferred controls are a combination of

RI or RN readings and Mettler dropping point (AOCS Method Cc 18–80)

(18). The oil is hydrogenated to the predetermined refractometer end point

and then the reaction is stopped until a Mettler dropping point result can be

determined. The melting point is the controlling analysis. If the analysis indicates

that the base stock is softer than desired, hydrogenation is continued and the

process repeated until the internally specified end point has been attained.

3. Low iodine value hard stocks can be controlled with ‘‘quick titer’’ determina-

tions. There are many versions of this evaluation, but basically, the test

involves dipping the bulb of a glass thermometer into liquid fat heated above

the melting point, then rotating the thermometer stem to cool the fat. The end

point is the temperature when the fat on the bulb clouds. Constants can be

determined to add to the quick titer result to approximate ‘‘real tier’’

determined by AOCS Method Cc 12–59 (19).

The time-consuming but more accurate analytical methods should be performed

as an audit function to ensure that the correlation with the quicker controls are still

valid.

138 SHORTENINGS: TYPES AND FORMULATIONS



3.3. Soybean Oil Base Stocks

Base stock requirements will vary dependent on the customer base served, which

obviously dictates the finished product mix. A wide variety of source oils are avail-

able that could be used for shortening base stocks, as illustrated by Table 1. The

choices are narrowed by factors such as customer specifications, costs, religious

prohibitions, traditional preferences, crop economics, legislation, availability, trans-

portation, and others. These factors have favored soybean oil in the United States

for several decades. Therefore, most U.S. shortening processors have base stock

systems dominated by soybean oil with only minor representation by the other

source oils. The minor oils in most base stock systems serve as b0 promoters for

plasticity, like cottonseed and palm oils, or those source oils required for specialty

product preparation.

Table 7 outlines a soybean-oil-based system with seven hydrogenated base

stocks; ranging from a partially hydrogenated 108 IV base stock to a saturated

hard stock with a 5 max IV. An eighth base stock is refined and bleached liquid

soybean oil, the same oil that serves as the feedstock for the hydrogenated bases.

Utilization of a similar base stock system should enable the processor to meet most

shortening specifications by blending two or more base stocks, except for some

specialty products that can only be made with special hydrogenation conditions.

Hydrogenation has two principal aims: to produce solid or semisolid products

with certain plastic properties and to increase the stability of the oil. A huge variety

of products can be produced with the hydrogenation process depending on the con-

ditions used and the degree of saturation. The fatty acid composition and resultant

characteristics of the hydrogenated products depend on the controllable factors:

temperature, pressure, agitation, catalyst type and activity, and catalyst concentra-

tion. Agitation is fixed on most converters by design and, therefore, cannot be

TABLE 7. Soybean Oil Base Stock.

Solid Fat Index Mettler Quick

Iodine Dropping Titer

Point (�C) (�C)Value 10.0�C 21.2�C 26.7�C 33.3�C 40.0�C

108 4.0 max. 2.0 max. — — — — —

85 15–21 6–10 2–4 — — 28–32 —

80 22–28 9–15 4–6 — — 31–35 —

75 38–44 21–27 13–19 3.5 max. — 34–37 —

65 59–65 47–53 42–48 23–29 3–9 41–45 —

60 65–71 56–62 51–57 37–43 14–18 45–48 —

>5 a a a a a a 50–54

Hydrogenation Catalyst

Conditions Temperature Pressure Concentration Agitation

Nonselective Low High Low Fixed

Selective High Low High Fixed

Selectivity unimportant High High High Fixed

aToo hard to analyze.
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considered an operator controllable factor. Changes in the reaction conditions affect

the selectivity of the hydrogenated base stock; e.g., saturation of linoleate over ole-

ate and the rate of trans acids formation. Selectivity affects the slope of the SFI

curve; steep SFI slopes are produced with selective hydrogenation conditions while

flat SFI slopes are the result of nonselective hydrogenation conditions.

The soybean oil base stock system in Table 7 uses both selective and non-

selective conditions for the partially hydrogenated bases. Selectivity is not impor-

tant for low-IV hard stocks because these reactions are continued to almost

complete saturation. The main objective for these products is to reach maxi-

mum saturation as quickly as possible. Actual values for the hydrogenation condi-

tions were not identified because results vary from one converter to another due

to design and other variables within each plant (20). It is necessary to develop

conditions for each installation separately to meet the SFI, IV, and melting point

relationships.

4. SHORTENING FORMULATION

Most shortenings are identified and formulated according to usage. Figure 1 illus-

trates the diverse SFI and melting point relationships among five different shorten-

ing products. This figure indicates the differences in plastic range necessary to

perform the desired function in the finished products. Shortenings with the flattest

SFI curves have the widest plastic range for workability at cool temperatures as

well as elevated temperatures. All-purpose shortenings have the widest plastic

range. Nondairy and solid frying shortenings have relatively steep SFI curves,

which will provide a firm, brittle consistency at room temperature but will be

almost fluid at only slightly elevated temperatures.

The product with the very flat SFI slope is a fluid opaque or pumpable liquid

shortening that has become popular due to the convenience offered, handling

cost savings in some situations, and lower saturated fatty acid levels. In these

systems, the b-crystal form is necessary to produce and maintain fluidity.

Shortening chips are a somewhat recent development as a specialty ingredient

for addition to doughs, biscuits, cookies, and other baked products. These specialty

products are modifications of fat flakes, which formerly indicated only the saturated

oil products or hard fats. The chips are formulated with selectively hydrogenated

base stocks with melting points high enough to flake but low enough for good eat-

ing characteristics. This product type now includes the traditional hard fat flakes,

shortening chips, and stabilizers for icings and glazes.

4.1. Wide Plastic Range Shortenings

The basic all-purpose shortening has been the building block for shortenings where

creaming properties, a wide working range, and heat tolerance are important. The

functionality of an all-purpose shortening at any temperature is largely a function of
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the solids content at that temperature. The all-purpose shortenings are formulated

to be not too firm at 10–16�C (50–60�F) and not too soft at 32–38�C (90–100�F).

Initially, a liquid oil was blended with a hard fat to make a compound shortening

that had a very flat SFI curve, which provided an excellent plastic range. However,

the low oxidative stability of these shortenings preclude their use today for most

products. Currently, most of these products are formulated with a partially hydro-

genated soybean oil base stock and a low-IV cottonseed or palm oil hard stock.

Hard fats are added to shortenings both to extend the plastic range, which improves

the tolerance to high temperatures, and for crystal type and stability. The b0-crystal-

forming cottonseed oil hard stock functions as a plasticizer for improved creaming

properties.

Hydrogenation of a shortening base increases the oxidative stability. As a rule,

the lower the base IV the longer the AOM stability. However, as base hardness is

increased, the level of hard stock required to reach a desired consistency decreases.

Hard stock reduction reduces the plastic range and heat tolerance. Therefore, oxi-

dative stability improvements are achieved at the expense of plasticity. The extent

that one attribute can be compromised to improve another must be determined by

the requirements of the intended food product.

Shortening plastic range is important for bakery shortenings intended for roll-in

and creaming applications alike because of the consistency changes with tempera-

ture. Shortenings become brittle above the plasticity range and soft below the range;

both conditions adversely affect creaming and workability alike. Shortenings are

normally plastic and workable at SFI values between 15% and 25%. Therefore,

shortenings with flatter SFI slopes fall within the plasticity window for a much

greater temperature range than products with steep SFI slopes. The all-purpose

shortening in Figure 1 has a plastic range of 23�C (73.4�F) while the frying short-

ening has only a 4�C (39.2�F) plastic range. Theoretically, the frying shortening

should perform equally as well as the all-purpose shortening for baking applications

if it is used within the 4�C (39.2�F) range from 29�C to 33�C (85�F to 92�F). The

frying shortening’s use for the baking application would require very strict

controlled temperatures probably not available in most bakeries. The 23�C
(73.4�F) range from 10�C to 33�C (50�F to 92�F) for the all-purpose shortening

is decidely more practical.

Two of the basestocks outlined in Table 7 are designed for shortenings requiring

a wide plastic range, e.g., the nonselectively hydrogenated 80 and 85 IV base

stocks. Even these two base stocks with only a 5 IV difference provide measurable

differences in plastic range and stability when cottonseed oil hard fat is added to

produce equivalent consistencies at 26.7�C (80�F). The softer 85 IV base stock

required 2.5% more hard fat to achieve the targeted 20% SFI at 26.7�C (80�F).

The higher hard fat level indicates greater heat resistance and a wider plastic range

but a lower AOM stability from the lower IV value. The firmer 80 IV base stock

required 2.5% less hard fat to attain the 20% SFI at 26.7�C (80�F), which helped

reduce the plastic range by 4.5�C (40.1�F) but increased the AOM stability to 100 h

verses the 65 h for the shortening with the 85 IV base. Figure 2 graphically illus-

trates these effects.
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The effect of hard stock upon the SFI slope and plastic range is illustrated by

Figure 3. Cottonseed oil hard fat was added to the 85 IV soybean oil base stock

to demonstrate the plasticizers effect; as the hard fat level is increased the shorten-

ing becomes firmer with a flatter slope. The higher hard fat levels are used to

formulate roll-in, puff pastry, and other shortenings where a plastic but firm consis-

tency is desired.

The use of a partially hydrogenated base plus hard fat to produce a wide plastic

range with good creaming properties has been expanded into a whole family of spe-

cialized shortenings. The development of these products has involved the selection

of the proper hydrogenated base stock and hard fat to produce the desired plastic

range and AOM stability. These developments have taken two directions: (1) the

addition of an emulsifier or an emulsifier system to an all-purpose shortening

base or (2) formulating nonemulsified products for a specific functionality.

Table 8 outlines shortening types in these two categories.

Figure 2. Base stock effect.
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Figure 3. Hard fat effect.

TABLE 8. Wide Plastic Range.

Nonemulsified Emulsified

All-purpose Household

Danish roll-in Cake and icing

Puff pastry Icing and filling

Cookie Cake mix

Pie crust Specialty cakes

Donut frying Yeast raised
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4.2. Narrow Plastic Range Shortenings

Plasticity is of minor importance and can be a detriment for products requiring high

oxidative stability and/or sharp melting characteristics. Shortenings specially

designed for specific frying situations, nondairy systems, cookie fillers, and confec-

tionery fats require flavor stability’s and eating characteristics not possible with

blends of moderately hydrogenated oils with hard fats. These products require low-

er IV shortenings for oxidative stability with steeper SFI slopes and a melting point

lower than body temperature for good eating characteristics. The frying and non-

dairy shortenings plotted on Figure 1 illustrate the steep SFI slopes.

The frying shortening meets the restaurant industry requirements for a stable

heat transfer media that becomes a part of the food to supply texture, mouth

feel, and to enhance the food flavor. The nondairy shortening requirements are

similar to those of the frying shortening. Shortening effects both texture and mouth

feel of the finished products. A shortening with a flat SFI will mask the desirable

flavors and coat the mouth rather than melt cleanly. Flavor stability is also a concern

because reverted or oxidized flavors change the flavor profile of dairy-type

products.

The steep SFI products are generally produced with selectively hydrogenated

bases that have high solids at the lower temperature readings but fall off rapidly

to a low melting point for the desired eating or mouth feel characteristics and excel-

lent oxidative stability. These products are usually composed of a single straight

hardened base or possibly two selectively hydrogenated bases for a slightly differ-

ent slope than available with a single base. For example, the nondairy shortening in

Figure 1 is composed of one straight hydrogenated base; it is the 75 IV selectively

hydrogenated soybean oil base stock. The frying shortening can be produced with a

blend of the 65 and 75 IV base stocks.

4.3. Liquid Shortenings

Liquid or pumpable shortenings are flowable suspensions of solid fat in liquid oil.

The liquid oil phase may or may not be hydrogenated depending on the finished

product’s consistency and oxidative stability required. Low-IV soybean oil hard

fat seeds crystallization. It can vary from as low as 1% to higher levels as required

to produce the desired finished product viscosity. The ease in which soybean oil

converts to the stable b crystal form makes it ideal for liquid shortenings (21).

Liquid opaque shortenings have been developed for food products where pour-

ability or pumpability at room temperature and below is important. The major uses

identified for these products are:

1. Frying. Liquid frying shortenings provide a convenience to the operator; it

can be poured directly into the fryer and quickly heated to frying temperature.

2. Bread and Cake. Bakery liquid shortening systems usually contain high

melting emulsifiers, which provide optimum performance, combined with the

oil phase, which allows bulk handling without heating while still maintaining

the desired specialty product performance.
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3. Nondairy. Liquid shortening systems offer the room temperature pumpable

convenience with a stable shortening high in polyunsaturates, which are

attractive for some nondairy applications such as creamers, filled milks,

toppings, etc.

Typical compositions and SFI results for four different types of liquid shorten-

ings are compared in Table 9. These products must contain high levels of liquid or

only lightly hydrogenated oils to maintain fluidity. Therefore, additives must con-

tribute heavily to the product performance in all liquid shortenings. The major addi-

tives in liquid shortenings, as indicated with the compositions in Table 9, are

antifoaming agents for frying applications and emulsifiers for the cake and nondairy

products. Bread shortenings are the only product where an additive is not manda-

tory for liquid shortening performance. Lubrication is the primary function of a

bread shortening. However, the emulsifiers that improve bread shelf life are usually

produced with fully saturated fats that are difficult for the baker to add to doughs.

Liquid shortening is an ideal carrier for these emulsifiers, providing another conve-

nience for the user.

Other additives used with liquid shortenings are color and flavor. Butterlike fla-

vors and yellow colors have been added to the nondairy liquid shortenings to make

them more complete systems. In the foodservice area, a modification of the liquid

frying shortening has become another product type—pan and grill liquid shorten-

ing. Additions of butterlike flavors, yellow colors, and lecithin to the liquid frying

shortening are the usual procedure employed for making the pan and grill liquid

products. Lecithin, a natural emulsifier, functions as an antisticking agent in this

application.

4.4. Shortening Flakes and Chips

Shortening flake describes the high melting edible oil products solidified into a thin

flake form for ease in handling, quicker remelting, or for a specific function in a

TABLE 9. Typical Liquid Opaque Shortening Formulations.

Soybean Oil Basestock (%) Frying Bread Cake Nondairy

135 IV — 90 — —

108 IV 98 — 99 98

5 IV 2 10 1 2

Base total 100 100 100 100

Additives

Dimethylpolysiloxane 1.0 ppm None None None

Emulsifiers (%) None None Yes Yes

Analytical limits:

% SFI at 10.0�C 4.0 max 13.0 7.0 5.5

% SFI at 26.7�C 2.0 max 12.0 5.5 2.5

% SFI at 40.0�C 0.5 max 10.0 1.0 1.0

a monoglycerides (%) — — 1.5 4.0

PGME (%) — — 2.8 —
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food product. The traditional flaked products have been the saturated oil products

known as low IV hard fats or stearines. The hard fat flakes have been joined by

products formulated for special uses where the flake form is desirable. These speci-

alty flaked products are shortening chips and stabilizers for icings and glazes.

Hydrogenation selectivity is not important for the hard fats or stearines because

the reactions are carried to almost complete saturation. However, selectivity is very

important for the proper functionality of both the shortening chips and icing stabi-

lizers. The shortening chips are selectively hydrogenated to attain a steep SFI slope

with a melting point as low as possible to still allow the product to maintain the chip

form after packaging, during shipment to the food processor, while processing into

the finished product, and until heated by the homemaker during baking to produce a

flaky, tender product. The chips can be formulated from the base stock system with

a blend of the 60 and 65 IV base stocks depending on the desired melting point and

SFI requirements. Shortening chips made with nonlauric oils, melting points usual-

ly range from 43�C to 48�C (110�F to 118�F). Shortening chips can be made with

hydrogenated lauric oils (palm kernel or coconut) as well. The lauric-oil-based

chips offer a sharper melt with a lower melting point than the chips made with

soybean or cottonseed oils. The melting points for the lauric oil chips normally

range from 38�C to 42�C (101�F to 108�F).

Flavors, colors, and/or spices can be encapsulated in the shortening chips to

leave pockets of color and flavor where the chips have melted during baking. Short-

ening chips have been commercially available in flavors such as plain, butter, cin-

namon sugar, and blueberry.

Icing stabilizers are also selectively hydrogenated with melting points centered

at 45�C, 47�C, and 52�C (113�F, 116.6�F, and 125.6�F) and formulated with and

without lecithin dependent upon the desired degree of fluidity in the finished icing

or glaze. Lecithin addition increases fluidity up to 0.5% but restricts this function

at higher levels. The icing stabilizers must be hydrogenated specially to meet the

SFI–melting point requirements, except for the 45�C (113�F) melting point product;

it can be blended like the shortening chips. In either case, low-IV hard fats should

not be used to adjust melting points, due to the effect upon mouth feel.

4.5. Powdered Shortenings

Two types of powdered shortenings are produced: (1) spray dried fat emulsions

with a carrier and (2) spray chilled or beaded hard fat blends. The spray dried pow-

dered shortenings are partially hydrogenated shortenings encapsulated in a water-

soluble material. The fats can be homogenized in solution with a variety of carriers;

i.e., skim milk, corn syrup solids, sodium caseinate soy protein isolate, and others.

Emulsifiers may be included with the fat for finished product functionality. Fat con-

tents range from 50% to 82% depending on the original emulsion composition (22).

The spray dried powdered shortenings are used in some prepared mixes for their

ease in blending with the other dry ingredients.

Hard fats can be powdered or beaded without the aid of a carrier. Spray chilling

in a tower or solidification on a chill roll followed by grinding and screening for
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particle sizing are two methods used for powdering or beading the hard fats (23).

Some of the uses for these products are as peanut butter stabilizers, specialty pre-

pared mix products, and in place of flaked hard fats where more rapid melting is

desirable.

5. SHORTENING CRYSTALLIZATION

The functionality of solidified edible oil products is influenced by three basic pro-

cesses: (1) formulation, which includes the choice of source oils and the hydroge-

nation techniques used for the base stocks; (2) chilling, which initiates the

crystallization process; and (3) tempering, where the desirable crystal nuclei are

developed and stabilized. Formulation, the first requirement for consistency control,

has been reviewed in the preceding section. Chilling and tempering, which develop,

mature, and stabilize the desired crystal structure introduced by the product com-

position, is discussed in this section.

Chilling and tempering processes are employed when shortenings are packaged.

The physical form of edible oil products is important for the proper handling and

performance in food products. The importance of shortening consistency cannot be

overemphasized, many applications depend on the physical properties peculiar to

each packaged product, such as softness, firmness, oiliness, creaming properties,

melting behavior, surface activity, workability, solubility, aeration potential, pour-

ability, and others. In the case of plastic shortenings, consistency is important from

the standpoint of usage and performance in bakery and related products. And the

importance of the consistency for a liquid shortening is obvious; it must be main-

tained as a uniform, homogeneous suspension to perform properly (24).

5.1. Fat Plasticity

Edible fat products appear to be soft homogenous solids; however, microscopic

examination shows a mass of very small crystals in which a liquid oil is enmeshed.

The crystals are separate discrete particles capable of moving independently of each

other. Therefore, shortenings possess the three conditions essential for plasticity in

a material:

1. A solid and a liquid phase.

2. The solid phase dispersed finely enough to hold the mass together by internal

cohesive forces.

3. Proper proportions of the two phases.

Plasticity, or consistency, of an edible oil product depends on the amount of solid

material, the size, shape, and distribution of the solid material, and the development

of crystal nuclei capable of surviving high-temperature abuse and serving as start-

ing points for new desirable crystal growth. The factor most directly and obviously

influencing the consistency of a plastic shortening is the proportion of the solid
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phase. As the solids contents increase, an edible oil product becomes firmer. The

proportion of the solid phase is influenced by the extent of hydrogenation and atten-

dant isomerization. Shortening products are also firmer with smaller crystal sizes

due to an increased opportunity for the solids particles to touch and resist flow. Stif-

fening is also increased more with the interlacing of long needlelike crystals than

with more compact crystals of the same size. The crystal nuclei (‘‘memory’’) are

developed by the further treatment of a newly solidified product. Exposure imme-

diately after chilling to 29�C (85�F) for 24þ h before cooling to 21�C (70�F)

provides a softer consistency with the ability to withstand widely fluctuating tem-

peratures and still revert back to the original consistency at room temperature (25).

5.2. Fat Crystal Habit

Fat crystals represent lower energy states of molecular configuration. At elevated

temperatures, fats retain enough molecular motion to preclude organization into

stable crystal structures. Edible oils go through a series of increasingly organized

crystal phases with cooling until a final stable crystal form is achieved. This process

can occur in fractions of a second or over a number of months. The crystal types

formed define the textural and functional properties of most fat-based products.

The crystal structure of a shortening or other fat-based product is determined by:

(1) source oil composition, (2) processing, and (3) tempering or maturing. Crystal-

lization is induced when melted fat is cooled rapidly to initiate the formation of

crystal nuclei or seed. The seeds form templates upon which crystals grow. Formu-

lation, cooling rate, heat of crystallization, and agitation levels affect the number

and type of crystals formed.

Each source oil exhibits inherent crystallization tendencies. A fat may pass

through one or more unstable crystalline stages before assuming either b or b0 crys-

tal forms. The differences among the three crystal forms are (26).

1. a-crystal forms are unstable and will convert into the more stable b or b0

crystal forms.

2. b crystals are large, coarse, and self-occluding.

3. b0 crystals are small and needlelike and can pack together into dense fine-

grained structures.

Each common fat or oil has a definite crystal habit that is determined by four

factors: (1) palmitic fatty acid content, (2) distribution and position of palmitic

and stearic fatty acids on the triglyceride molecule, (3) degree of hydrogenation,

and (4) the degree of randomization. Table 10 identifies the crystal habit of hydro-

genated edible oils (27).

Many edible oil products contain various combinations of b and b0 tending com-

ponents. The ratio of b–b0 crystals helps to determine the dominant crystal habit,

but the higher melting triglyceride portions of a solidified fat product usually force

the fat to assume that crystal form. The crystal form of the solidified fat product has

a major influence upon the textural properties. Fats exhibiting a stable b0 form
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appear smooth, provide good aeration, and have excellent creaming properties for

the production of cakes, icings, and other bakery-type products. Conversely, the b0-
polymorphic form tends to produce large granular crystals for products that are

waxy, grainy, and provide poor aeration. These b formers perform well in applica-

tions such as pie crusts where a grainy texture is desirable (28) and opaque liquid

shortenings where the large granular crystals are preferred for stability and main-

tenance of fluidity.

6. PLASTICIZED SHORTENING CONSISTENCY

The consistency of a shortening is the culmination of all the factors influencing

crystallization and plasticity: chilling, working, creaming gas, pressure, and tem-

pering. Each process is individually and collectively important; a shortening’s per-

formance can be adversely affected if any of the consistency factors do not conform

to the standards established for each individual shortening product during develop-

ment. Table 11 summarizes the effects of the crystallization processes upon short-

ening consistency covered in greater detail in the following paragraphs.

TABLE 10. Hydrogenated Oils Crystal

Structure.

b b0

Canola oil Cottonseed oil

Cocoa butter Butter oil

Coconut oil Herring oil

Corn oil Menhaden oil

Olive oil Modified lard

Lard Palm oil

Palm kernel Rapeseed oil

Peanut oil Tallow

Safflower oil Whale oil

Sesame oil

Sesame oil

Soybean oil

Sunflower oil

TABLE 11. Factors Influencing Shortening

Consistency.

Soft Process Firm

Cold Chilling Warm

More Working Less

High Creaming gas None

High Pressure Low

Warm Tempering Cold
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6.1. Chilling

One of the earliest methods of solidifying shortenings involved the use of a chill roll

that was internally refrigerated by circulating cold brine. The melted fat was fed

into a trough from which a thin film of the liquid was picked up as the roll revolved

and crystallized into a semisolid state during a revolution. A blade removed the

solidified fat film, which fell into a trough equipped with a rotating shaft with metal

fingers called a picker box, which worked the product to make it homogeneous and

to incorporate air. Pumps then picked up the shortening for transfer to filling

machines. This process has now become obsolete in the United States except for

some very special products. The reason for obsolescence for shortening processing

was the difficulty in controlling the variables to produce a uniform product (29),

poor thermal efficiency, and moisture condensation on the chilled roll surface.

Most shortenings are now quick-chilled in closed thin-film scraped-surface heat

exchangers. The principal of operation for most of these units is a combination of

chilling the fat in a very thin film, which is continually removed by scraper blades

with concise temperature control. The residence time within the heat exchanger

tubes is very short, almost always less than 20 s. Since all triglycerides exhibit a

high propensity for supercooling, the product exits from the heat exchanger cooled

well below the equilibrium crystallization temperature, usually within a range of

15.5–26.7�C (60–80�F) depending on the shortening type.

The chilling unit temperature control limits are determined by fill tests to iden-

tify the condition necessary to produce the consistency and plasticity requirements

for each shortening product. The initial guidelines are usually identified by trial and

error to determine the temperature and pressure where the shortening forms a slight

rounded or mounded surface upon filling plus evaluation of the product character-

istics after tempering. The finished shortening’s consistency becomes softer as the

temperature is decreased and firmer more brittle shortenings develop with higher

temperatures. After the operating limits are identified for a product, the processing

control should be within 1�C (33.8�F) for uniformity. Thereafter, if the plasticiza-

tion controls and the formulation specifications are met, the original product should

be duplicated.

6.2. Working and Filler Pressure

If the product is allowed to solidify without agitation at this point, it will form an

extremely strong crystal lattice and exhibit a narrow plastic range. This consistency

may be desirable for stick margarine but is harmful for products requiring a plastic-

like consistency. Therefore, processing after the initial quick chilling cycle has been

adapted to the product consistency or form desired (30, 31). Enclosed worker units

with speed controls have replaced the picker boxes that followed the chill roll in the

early plasticization process. The heat of crystallization is dissipated rapidly in these

units while working the product to provide fine crystals. Extrusion valves are

employed in most systems to deliver a homogeneous smooth product to the filler

at 17–27 atm (250–400 psig) (29).
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6.3. Creaming Gas

Air incorporation, while agitating in the open picker box, has been replaced with

nitrogen injection into the inlet side of the chiller, in precisely controlled quantities,

normally 12–14% by volume for standard plasticized shortenings, which provides a

white creamy appearance and increases the shortening’s workability. The correct

gas content is important for appearance and stability. Shortenings containing the

proper levels are white and creamy with a bright surface sheen. Too low a gas con-

tent gives a yellowish greasy appearance and shortenings packed without creaming

gas develop a Vaseline-like appearance. High gas levels cause dead-white chalky

appearances with a lifeless surface appearance and often large air pockets within

the product, which give a puffy feel or consistency. Nonuniform dispersion of

the gas gives an unattractive streaked appearance.

Gas levels are varied from none to as high as 30% in the shortenings produced

depending on the product requirements. The typical creaming gas additions for

the different shortening types are identified in the following: regular plasticized,

12–14%; precreamed, 19–25%; puff pastry, none; liquid shortening, none; shortening

chips, none; and speciality shortenings, as needed.

6.4. Tempering

Most technologists agree that a shortening is tempered when the crystal structure of

the hard fraction reaches equilibrium by forming a stable crystal matrix. The crystal

structure entraps the liquid portion of the shortening. The mixture of low- and high-

melting components of the solids undergoes a transformation in which the low-

melting fractions remelt and then recrystallize into a higher melting, more stable

form. This process can take from 1 to 10 days depending on the shortening formu-

lation and package size. After a shortening takes an initial set, some a crystals are

still present. These crystals remelt and slowly recrystallize in the b0 form during

tempering. b0 crystals are preferred for most plastic shortenings, especially those

designed for creaming or laminating (31). Therefore, soybean-oil-based shortenings

requiring a plastic range are formulated with 5–20% of a b0 tending hard fat. The b0

hard fat must have a higher melting than the soybean oil base stock in order for the

entire shortening to crystallize in the stable b0 form.

The effect of tempering on a plastic shortening can be demonstrated best by per-

formance testing. In some cases penetration values undergo some change during

tempering, showing a softening of the conditioned shortening versus a nontempered

one. The effect of tempering can be identified with the feel or workability of the

shortening; a tempered product is more smooth with good plasticity while the non-

tempered shortening will be more brittle with less plasticity. b0-crystal-forming

shortenings transferred to a cool temperature immediately after filling become per-

manently hard and brittle and attempts to recondition these products by subjecting

them to tempering conditions have not been successful.

Immediately after packaging, a shortening requiring a plastic consistency should

be stored 40 h or more in a quiescent state at a temperature slightly above the fill
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temperature. In practice, holding at 29�C (85�F) for 24–72 h or until a stable crystal

form is reached is an acceptable compromise (28). The primary purpose of temper-

ing is to condition the solidified shortening so that it will withstand wide tempera-

ture variations in subsequent storage and still have a uniform consistency when

brought back to 21–24�C (70–75�F), which is the use temperature for a majority

of the plasticized shortenings (30).

6.5. Quick Tempering

The expense and logistical problems associated with constant temperature rooms

for tempering have led several equipment manufacturers to investigate the develop-

ment of mechanical systems to eliminate the need for tempering. The majority of

the systems developed do not claim complete elimination but rather a 50% or more

reduction in tempering time. Most of the so-called quick tempering systems add a

postcooling and kneading, or working, unit to the conventional-type chilling and

working systems used with tempering. The theory postulated for these systems is

that liquid fat is forced to crystallize individually and rapidly, thus creating smaller

more stable crystals, rather than crystallizing onto existing crystals and increasing

their size as happens with normal tempering (30, 31).

Performance characteristics equivalent to well-tempered shortenings with only

24 h conditioning have been claimed for the quick temper products (32). These sys-

tems have been accepted by some shortening processors, but the standard tempering

procedures are still practiced by many for shortenings requiring a wide plastic

range.

6.6. Quality Assurance Evaluations

The consistency of a shortening is controlled by two dominating factors: (1) the

SFI, which depends on the composition of the fat blend and (2) the processing con-

ditions used to solidify, package, and temper the product. When the solidification

conditions are constant, a strong correlation is expected between the analytical

characteristics of the blend and the consistency of the shortening. Solidified short-

ening’s appearance, texture, and consistency characteristics should be evaluated

after tempering to identify potential plasticization defects and devise corrective

actions for future production. A suggested evaluation method is to inspect a pack-

age of the shortening visually and physically. The physical evaluation involves

picking up a small portion and kneading it in your hand. A good wide plastic range

product will be smooth and will not become sticky or fall apart when worked. A

review of shortening faults previously encountered with corrective actions are:

1. Streaking can be caused by a number of plasticization deficiencies: (1) chilling

too low for the operating backpressure; (2) erratic creaming gas dispersion;

(3) channeling, which allows semiliquid oil to pass through the chilling unit

insulated from chilling properly; (4) mixing different chiller unit streams

operating at different temperatures; and (5) erratic chilling unit pressures (33).
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2. Sandy or small lumps can be caused by too cold chilling unit temperatures or

precrystallization prior to the chilling unit.

3. Ribby is a condition of alternating layers of hard and soft product caused by

(1) too cold chilling unit with low pressure, (2) mixing streams from two

chilling units operating at different temperatures, or (3) too cold chilling with

excessive mounding when filling.

4. Puffy conditions are caused by too high creaming gas content or too low

pressure to finely distribute the air cells.

5. Brittle feel is contributed by (1) high chilling unit temperature, (2) absence of

low working after chilling, or (3) a formulated narrow plastic range.

6. Oil separation or Free oil, is caused by (1) high chilling unit temperature, (2)

precrystallization (3) temperature abuse after packaging, or (4) formulation.

7. Chalky appearance is caused by too high creaming gas content.

8. Vaseline-like or a yellowish greasy appearance is typical of shortenings

packaged without creaming gas.

9. Whiteness may be controlled by the amount and degree of dispersion of the

creaming gas (34).

7. LIQUID OPAQUE SHORTENINGS

Liquid opaque shortenings are distinguished from liquid oils by composition and

appearance. Both are pourable, but liquid oils are clear while liquid shortenings

are opaque due to their suspended solids. The suspended solids may be hard fats,

emulsifiers, or a combination of the two depending on the intended use, i.e., frying,

bread, cake, or nondairy products. Simply described, liquid shortenings are flow-

able suspensions of solid fat and/or emulsifiers in liquid oil.

7.1. Crystallization Processes

1. b tending hard fats, such as the >5-IV soybean oil hard fat identified in the

base stock system, serve as quick-forming nuclei that cause solids in the base

oil to precipitate in small enough crystals to ensure pourability and prevent

separation. Many different crystallization procedures for liquid opaque

shortenings have been patented, some of which are briefly described below

(35–38):

2. Gradual cooling of melted product to form large b crystals with gentle

agitation. This procedure normally requires 3–4 days elapsed time.

3. Gradual cooling followed by comminution with a homogenizer or colloid

mill. An estimated 3–4 days elapsed time required for processing.

4. Rapid cooling with a swept-surface heat exchanger followed by a holding

period of at least 16 h with gentle agitation, to fluidize, just prior to

packaging.
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5. Suspension of finely ground hard fat or emulsifier in a cool liquid oil with

subsequent comminution using a homogenizer, colloid mill, or shear pump.

6. Quick chilling a concentrated mixture of hard fat in liquid oil followed by a

holding period in an agitated tank to allow b-crystal growth. The stabilized

concentrate is then blended with a diluent oil at room temperature and seeded

with an oil containing b-hard fat crystals.

7. Quick chilling a solution of b-crystal-forming hard fat in liquid oil to 38�C
(100�F) and allowing the heat of crystallization to carry the temperature of

the cooled oil to not over 54�C (130�F). Complete crystallization reportedly

requires 20–60 min.

8. Recirculating a hot oil solution of hard fat from an agitated holding tank

through a scraped-surface heat exchanger and back into the holding tank. The

oil in the tank cools slowly and the crystals formed in the early stages melt in

the hot oil. Eventually the mass cools to a point where the crystals do not melt

but form a, then b0, and finally stable b crystals. At this point, further chilling

is stopped and the resulting opaque pourable shortening is packaged.

9. Double chilling/tempering system of first cooling from 65�C to 43�C (150�F
to 110�F) followed by a 2-h crystallization period with gentle agitation and

subsequent supercooling to 21–24�C (70–75�F) followed by a second crystal-

lization period of approximately 1 h. The opaque liquid shortening is

packaged after an expected heat of crystallization rise of approximately

9�C (15�F) has been experienced.

The summarized processing procedures for opaque liquid shortenings agree on

several points: (1) all are dispersions of solid and liquid fractions, (2) b-forming

hard fats is the preferred solid fraction to seed crystallization, and (3) heat of crys-

tallization must be dissipated before a stable product is achieved. Another agree-

ment is that aeration of the liquid shortenings must be avoided at all stages of

processing before, during, and after crystallization. Air incorporation makes the

product more viscous or less pourable and promotes product separation. Storage

studies indicate an air content of less than 1.0% is required for a stable suspension

stability.

7.2. Tempering and Storage

Opaque liquid shortenings do not require any further tempering after packaging, but

the storage temperatures are critical. Storage below 18�C (65�F) will cause the

liquid shortenings to solidify with a loss of fluidity. Storage above 35�C (95�F)

will result in partial or complete melting of the suspended solids. The solidification

due to cool temperatures can be reversed by a controlled heating not to exceed the

melting point. However, the damage caused by high temperature cannot be reme-

died except by complete melting and reprocessing.
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8. SHORTENING CHIPS AND FLAKES

As stated previously, shortening flake describes the higher melting edible oil pro-

ducts solidified into a thin flake form for ease of handling, quicker remelting, or for

a specific function in a food product. Flaking rolls, utilized for the chilling of short-

ening and margarine prior to the introduction of scraped-wall heat exchangers, are

still used for the production of shortening flakes. Chill rolls have been adapted to

produce several different flaked products used to provide distinctive performance

characteristics in specialty formulated foods. Consumer demands have created

the need for such specialty fat products. Specialty high-melting fat flakes have

been developed for specific applications with varied melting points as shown on

Table 11. Instead of becoming obsolete, chill rolls have fulfilled an equipment

requirement to produce specialty-fat-based products.

8.1. Chill Rolls

Chill rolls are available in different sizes, configurations, surface treatments, feed-

ing mechanisms, etc., but most are a hollow metal cylinder with a surface machined

and ground smooth to true cylindrical form. Rolls, internally refrigerated with

either flooded or spray systems, turn slowly on longitudinal and horizontal axes.

Several options exist for feeding the melted oil product to the chill roll: (1) a trough

arrangement positioned midway between the bottom and top of the roll, (2) a dip

pan at the bottom of the roll, (3) overhead feeding between the chill roll and a smal-

ler applicator roll, and (4) a double- or twin-drum arrangement operating together

with a very narrow space between them where the fat product is sprayed for appli-

cation to both rolls. The coating of fat is carried over the roll to solidify and is

removed by a doctor blade, positioned ahead of the feed mechanism with all of

the designs.

8.2. Flake Crystallization

In the crystallization of hydrogenated edible oil products, the sensible heat of the

liquid is removed until the temperature of the product is equal to the melting point.

At the melting point, heat must be removed to allow the crystallization of the pro-

duct. The quantity of heat associated with this phenomenon is called heat of crystal-

lization. Sensible heat (specific heat) of most common hard fat products is equal to

about 0.27 cal/g (0.5 Btu/lb) and the heat of crystallization is equal to 27.8 cal/g

(50 Btu/lb). The amount of heat that must be removed to crystallize hardened

oil is 100 times the amount of heat that must be removed to lower the product

temperature (39).

8.3. Flaking Conditions

The desired shortening flake product dictates the chill roll operating conditions and

additional treatment necessary before and after packaging. However, some general-

izations relative to chill roll operations and product quality can be made.
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1. Crystal structure: each flaked product has crystallization requirements

dependent on source oils, melting points, degree of saturation, and the

physical characteristics desired.

2. Flake thickness: four controllable variables help determine flake thickness:

(1) oil temperature to the roll, (2) chill roll temperature, (3) speed of the chill

roll, and (4) the feed mechanism.

3. In package temperature: heat of crystallization will cause a product tem-

perature rise after packaging if it is not dissipated prior to packaging. The

product temperature can increase to the point where partial melting coupled

with the pressure from stacking will cause the product to fuse together into a

large lump.

4. Flake condition: glossy or wet flakes are caused by a film of liquid oil on the

flake surface due to incomplete solidification. Either too warm or too low

chill roll temperatures can cause this condition. High roll temperatures may

not provide sufficient cooling to completely solidify the flake. Low roll

temperatures may shock the oil film, causing the flake to pull away from the

surface before completely solidified. Wet flakes from either cause will lump

in the package.
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5
Confectionery Lipids
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Lystrup, Denmark

1. INTRODUCTION

Chocolate not only has nutritional value, but it is an emotional confection—it can

be used to comfort, apologize, celebrate, and as a token of gratitude. Chocolate is

derived from the cocoa bean, which in turn comes from the cacao (ka-ka-o) tree,

Theobroma cacao. Theobroma means ‘‘food of the gods,’’ and cacao is as rich in

history as it is in flavor.

The tree is said to have been discovered in the Amazon or Orinoco basin at least

4000 years ago. Christopher Columbus was the first European to encounter the

beans, during his fourth voyage to the New World in 1502, but he virtually ignored

them. It was two decades later that the Spanish conquistador Hernando Cortés helped

spread the valuable cocoa bean crop to the Caribbean and Africa, and then he intro-

duced drinking chocolate into Spain in 1528. The cacao tree is now cultivated in

West Africa, South America, Central America, and the Far East. At world level,

the demand for cocoa is generally measured by reference to world grindings. The

world grindings of cocoa beans in 2003/2004 approached three million metric tons.

2. CHEMISTRY OF CHOCOLATE

Cocoa beans are converted into chocolate liquor by a combination of roasting,

winnowing, and grinding. Until 1828 the only known product was ‘‘drinking

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
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chocolate,’’ but high fat levels were a deterrent to an acceptable product. It was not

until the 1828 invention of the cocoa press, by Van Houten in Holland, that a more

acceptable product was forthcoming. The chocolate liquor could now be further

processed by pressing into cocoa butter and cocoa powder. The availability of quan-

tities of cocoa butter made it possible to produce ‘‘eating chocolate.’’ Cocoa liquor,

cocoa butter, and cocoa powder are now all important ingredients in the chocolate/

confectionery industry. Out of these, cocoa butter is the most expensive one,

followed by cocoa liquor and cocoa powder. Cocoa powder is mainly used in cho-

colate drinks and in confectionery coatings. Chocolate liquor, cocoa butter, lecithin,

and sugar are the main ingredients in dark chocolate. Milk crumb or milk powder

may be also added to produce milk chocolate. Various vegetable confectionery fats

described in detail later are also used to implement new functionalities to the

chocolate system. Chocolate is produced by a combination of techniques such as

refining, conching, standardizing, and molding.

3. CHARACTERISTICS OF COCOA BUTTER

The total fat content of the whole bean on a dry basis is around 48–49%, and

triacylglycerol is the major storage component. A mature cocoa bean can store

up to 700 mg of cocoa butter. As a tree may produce as many as 2000 seeds a

year, a single tree could yield up to 15 kg of cocoa butter annually.

Cocoa butter is the most expensive constituent of chocolate formulations as well

as an extremely important component. It is composed predominantly (>75%) of

symmetrical triacylglycerols with oleic acid in the 2-position (1). Approximately

20% of triacylglycerols are liquid at room temperature, and cocoa butter has a

melting range of 32–35�C and softens around 30–32�C. This is essential to the

functionality of cocoa butter in its applications. It contains only trace amounts of

the unsymmetrical triacylglycerols (PPO, PSO, and SSO). (P¼ palmitic acid,

O¼ oleic acid, and S¼ stearic acid; the order of letters indicates the position of

the acids in the triacylglycerols molecule.)

The unique triacylglycerol composition together with the extremely low level of

diacylglycerols gives cocoa butter its desirable physical properties and its ability

to recrystallize during processing in a stable crystal modification. The complexity

of the crystallization of cocoa butter is because triacylglycerols can crystallize

in a number of different crystal modifications, dependent on triacylglycerol

composition and on crystallizing and tempering conditions during manufacturing

and storage.

The fatty acid composition, various analytical constants, and triacylglycerol

composition of different cocoa butters are presented in Tables 1–3, respectively.

These results show that Malaysian cocoa butter contains the highest levels of mono-

unsaturated triacylglycerols. The Brazilian cocoa butter contains the lowest levels

of monounsaturated triacylglycerols and the highest levels of other unsaturated tria-

cylglycerols. The cocoa butters from India and Sri Lanka are close to Malaysian

cocoa butter in terms of hardness and triacylglycerol composition.
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TABLE 1. Fatty Acid Composition of various Cocoa Butters by GLC (wt%).

Sample

Cocoa Butter C14 C16 C16:1 C17 C18 C18:1 C18:2 C18:3 C20 C20:1 C22 C24

Ghana 0.1 24.8 0.3 0.3 37.1 33.2 2.6 0.2 1.1 Trace 0.2 0.1

India 0.1 25.3 0.3 0.2 36.2 33.5 2.8 0.2 1.1 0.1 0.2 Trace

Brazil 0.1 23.7 0.3 0.2 32.9 37.4 4.0 0.2 1.0 0.1 0.2 Trace

Nigeria 0.1 25.5 0.3 0.3 35.8 33.2 3.1 0.2 1.1 0.1 0.2 0.1

Ivory Coast 0.1 25.4 0.3 0.2 35.0 34.1 3.3 0.2 1.0 0.1 0.2 0.1

Malaysia 0.1 24.8 0.3 0.3 37.1 33.2 2.6 0.2 1.1 Trace 0.2 0.1



TABLE 2. Analytical Constants of Various Cocoa Butters.

Sample Pulsed NMR Extendedb Pulsed NMR BS684 methodc

Cocoa Butter IV C3a % DAG % FFA 20�C 25�C 30�C 35�C 20�C 25�C 30�C 35�C

Ghana 35.8 32.2 1.9 1.53 84.0 78.0 36.0 0.1 76.0 69.6 45.0 1.1

India 34.9 32.4 1.5 1.06 88.1 83.3 44.7 1.8 81.5 76.8 54.9 2.3

Brazil 40.7 32.0 2.0 1.24 67.7 56.6 18.5 0.6 62.6 53.3 23.3 1.0

Nigeria 35.3 33.1 2.8 1.95 83.7 77.3 35.4 0.1 76.1 69.1 43.3 0.0

Ivory Coast 36.3 32.0 2.1 2.28 82.3 74.8 32.7 0.9 75.1 66.7 42.8 0.0

Malaysia 34.2 34.3 1.8 1.21 89.3 83.7 49.6 1.8 82.6 77.1 57.7 2.6

Sri Lanka 35.2 33.2 1.1 1.58 — — — — 79.7 74.2 50.4 0.1

IV: iodine value; DAG: diacylglycerols; FFA: free fatty acids.
aMelting Point Stabilization 64 hours at 25 �C.
bTempering 64 hours at 20 �C.
cBS 684: British Standard method 684. Tempering 40 hours at 26 �C.



There is a good correlation between the triacylglycerol composition and solid fat

content of these cocoa butters. Malaysian, Sri Lankan, and Indian cocoa butters

are the hardest, and Brazilian is the softest, whereas others lie in between. The qual-

ity of the Brazilian cocoa butter can be improved by mixing it with Malaysian

cocoa butter, which will result in higher solid fat content at various temperatures.

At International Food Science Center, we have measured diacylglycerols levels

varying between 1.5% and 2.8%. Higher diacylglycerol levels affect the crystalli-

zation of cocoa butters remarkably, and thus all efforts should be made to reduce

these levels in good quality cocoa butters.

The main drawbacks of Malaysian cocoa beans are their excessive acidic flavor,

weak chocolate flavor, and certain other off flavors. Several attempts have been

made to improve these characteristics (2).

The deodorization of cocoa butter is necessary to reduce free fatty acid content

and to give a product that satisfies the present day requirement of a neutral bland

flavor. Deodorization is a suitable method for partially eliminating chlorinated

insecticides from cocoa butter. The normal deodorization temperatures are in the

range 160–180�C. The oxidative stability of various cocoa butters listed in

Table 4 shows extremely high values, and these are unaffected during the deodor-

ization process. Stability against oxidation depends on natural antioxidants present

in cocoa butters. The tocopherol composition in Table 5 shows a predominance of

TABLE 3. Triglyceride Composition (Mole %) of Various Cocoa Butters by High-Speed

Liquid Chromatography.

TAG Ghana India Brazil Ivory Coast Malaysia Sri Lanka Nigeria

Tri. PPS 0.3 0.6 tr. 0.3 0.8 0.3

Saturated PSS 0.4 0.5 tr. 0.3 0.5 1.9 0.5

Total 0.7 1.1 tr. 0.6 1.3 1.9 0.8

Mono- POS 40.1 39.4 33.7 39.0 40.4 40.2 40.5

Unsat. SOS 27.5 29.3 23.8 27.1 31.0 31.2 28.8

POP 15.3 15.2 13.6 15.2 15.1 14.8 15.5

SOA 1.1 1.3 0.8 1.3 1.0 1.0 1.0

Total 84.0 85.2 71.9 82.6 87.5 87.2 85.8

Di- PLiP 2.5 2.0 2.8 2.7 1.8 2.5 2.2

Unsat. POO 2.1 1.9 6.2 2.7 1.5 2.3 1.7

PLiS 3.6 3.1 3.8 3.6 3.0 1.4 3.5

SOO 3.8 3.3 9.5 4.1 2.7 3.9 3.0

SLiS 2.0 1.7 1.8 1.9 1.4 1.8

AOO 0.8 0.5 0.5 0.5

Total 14.0 12.8 24.1 15.5 10.9 10.1 12.7

Poly- PLiO 0.6 0.5 1.5 0.8 0.3 0.8 0.4

Unsat. OOO 0.4 tr. 1.0 tr. tr.

SLiO 0.3 1.2 0.5 tr. 0.3

ALiO 0.4

LiOO 0.3

Total 1.3 0.9 4.0 1.3 0.3 0.8 0.7

TAG: triacylglycerol.
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a-tocopherol and total tocopherol levels ranging between 100 mg/kg and 300 mg/kg.

Dimick has found phospholipids levels ranging from 3.62 mg to 4.72 mg per 500 mg

in cocoa butters of differing origins (Table 6). Dimick is extending the scope of this

research to determining the influence of phospholipids during the crystallization of

hard and soft cocoa butters (3).

The results of thermorheographic experiments presented in Table 7 show very

high correlation with the pulsed NMR data in Table 2. Thus, Malaysian cocoa

butter crystallizes quickly, and Brazilian is the slowest crystallizing, which correlates

with the hardness of these cocoa butters as measured by pulsed nuclear magnetic

resonance technology.

TABLE 4. Oxidative Stability of Cocoa Butters.

Samples Induction time at 120 �C in hours

CB Trinidad 42.3

CB Brazil 35.3

CB Colombia 38.4

CB Venezuela 41.3

CB Ecuador 19.1

CB Ivory Coast 42.9

CB Ghana 42.2

TABLE 5. Tocopherol Composition of Various Cocoa Butters by High-Speed Liquid

Chromatography.

Tocopherols (mg/kg)

——————————————————————————————–

Sample Total a-T b-T t-T d-T a-TT t-TT d-TT

Brazil 176 0.7 1.2 164 6.9 — 2.0 0.7

Ghana 198 2.7 1.5 183 6.8 0.6 2.3 0.7

India 265 6.5 2.2 245 9.1 — 2.3 —

Ivory Coast 126 0.4 0.4 117 6.2 — 2.3 —

Malaysia 149 0.5 — 140 7.4 — 0.6 —

TABLE 6. Phospholipid Quantities of Origin Cocoa Butter Samples

(% by wt).

Cocoa Butter Phospholipid (ug) % by weight�

Malaysia 3.62 0.72

Ivory Coast 4.35 0.87

Ghana 4.72 0.94

Ecuador 3.80 0.76

Dominican Republic 4.72 0.94

Brazil 4.54 0.91

�Ratio of phospholipid mass divided by sample mass (500 mg) times 100.
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The addition of milkfat to cocoa butter (4) results in marked lowering of the melting

point, adversely affecting the crystallization behavior and the hardness as shown in

Table 8. An obvious decrease is clearly evident in the solid fat content and a dete-

rioration in solidification properties as shown in the values of the Jensen curve.

These results are further confirmed by comparing the curves for milkfat and cocoa

butter in various proportions. There are two reasons for this strong decrease in hard-

ness (5, 6);

� Liquid oil components of the milkfat soften the cocoa butter because of their

fluidity.

� The solid fat components form eutectics with the triacylglycerols of cocoa

butter.

The analytical results of the fractionation of Malaysian cocoa butter are given in

Table 9. The stearin thus produced is primarily a mixture of POP, POS, and SOS

and has virtually no components that are liquid at or near room temperature. With

the removal of the moderating influence of the more liquid components of cocoa

butter, the cocoa butter fraction (CBF) becomes more crystalline and complex,

the melting range becomes shorter, and the heat of fusion increases.

This stearin is extremely hard and can be used effectively to improve the quality

of soft cocoa. Attempts have been made to improve the quality of Brazilian cocoa

butter by fractionation.

4. CONFECTIONERY FATS

The historical uncertainty in the cocoa butter supply and the volatility in cocoa

butter prices depending on fluctuating cocoa bean prices forced confectioners to

seek other alternatives, which may have a stabilizing influence on the prices of

cocoa butter. Ever increasing demand for chocolate and chocolate-type products

increases the demand for cocoa beans from year to year. However, it is difficult

to predict the supply of cocoa beans. This ensures a continuing need for economical

TABLE 7. TRG Values of Different Types of Cocoa Butters.

Measuring temperature: 22 �C
Times of different MPS (minutes)

———————————————————

Cocoa Butter 30 mp 50 mp 80 mg

Malaysia 13 16 20

Sri Lanka 12 14 15

Ghana 31 36 42

Brazil 178 187 199

TRG: thermorheogram.
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TABLE 8. Analytical Constants of the blends of Cocoa Butters (CB) and Milkfats (MF).

Pulsed NMR BS684 Method 2 Solidification Curve (Jensen)

——————————————————————— ——————————————————————–

IV Max. Temp. Time Temperature Rise

Sample (Wijs) 20 �C 25 �C 30 �C 35 �C (�C) min/max (min) (�C)

CB Malaysia 35.6 82.1 78.3 57.9 2.1 31.0 40.0 7.3

CB Malaysia (90%)

MF (10%) 35.4 69.1 63.9 43.0 1.2 29.5 39.0 6.0

CB Malaysia (85%)

MF (15%) 35.3 61.4 56.7 37.1 1.0 29.0 37.0 6.1

CB Malaysia (80%)

MF (20%) 35.2 53.9 49.3 31.0 1.0 28.5 35.0 5.7

CB Malaysia (75%)

MF (25%) 35.1 46.0 42.1 25.5 1.3 27.5 32.5 5.0

CB Brazilian 39.7 62.8 53.5 29.9 0.4 29.0 30.5 4.6

CB Brazilian (90%)

MF (10%) 39.1 53.5 42.9 19.8 0.0 27.5 37.0 5.9

CB Brazilian (85%)

MF (15%) 38.8 46.1 36.1 13.0 0.5 26.5 34.5 4.9

CB Brazilian (80%)

MF (20%) 38.4 36.3 29.9 11.5 0.0 26.0 37.5 4.7

CB Brazilian (75%)

MF (25%) 38.1 27.2 17.9 6.3 0.0 25.5 45.0 4.6

CB Ghana 35.6 77.8 72.9 49.2 0.6 30.5 36.5 5.6

CB Ghana (90%)

MF (10%) 35.4 64.2 58.6 35.2 0.0 29.0 35.0 5.0

CB Ghana (85%)

MF (15%) 35.3 56.8 51.7 29.7 0.3 28.5 37.0 5.2

CB Ghana (80%)

Brazilian (20%) 35.2 48.3 43.3 24.5 0.0 27.5 42.0 5.2

CB Ghana (75%)

MF (25%) 35.1 39.6 34.9 18.4 0.1 27.0 47.5 4.4



TABLE 9. Fractionation of Malaysian Cocoa Butter.

Sample Pulsed NMR BS684 method 2 Triglyceride composition (Mol%)( (HPLC)

IV Monounsaturated Diunsaturated

% Yield (Wijs) 20�C 25�C 30�C 35�C POP POS SOS Total PLiO PLiP POO PLiS SOO SLiS Total

Malaysian

Cocoa Butter 82.1 78.7 58.3 2.4 12.5 45.3 37.2 95.0 tr. 2.2 0.7 0.6 1.6 5.1

Cocoa butter

Stearine 79.4 29.7 96.6 95.7 89.1 13.7 11.4 51.3 37.3 100.0 tr. tr.

Cocoa Butter

Oleine 20.6 52.2 1.2 0.0 0.0 0.0 11.3 19.1 17.5 47.9 3.6 16.3 6.6 9.0 15.6 1.0 52.1

HPLC,

High Performance Liquid Chromatography

BS 684: British Standard, method 684.



vegetable fats to replace cocoa butter in chocolate and confectionery products.

Attempts were made as early as 1930 by confectioners to use fats other than cocoa

butters in their formulations. These experiments did not succeed because of the

incompatibility of the fat blends used, which resulted in discoloration and fat

bloom. However, these experiments demonstrated the need for cocoa butter-type

fats in the chocolate and confectionery industry.

The continued research in the field of confection science resulted in the devel-

opment of fats resembling the characteristics of cocoa butter. These fats have

become known by the term hard butters. These fats were developed using palm-

kernel, coconut, palm, and other exotic oils such as sal, shea, and illipe as raw

materials. The processes involved in producing such fats included hydrogenation,

interesterification, solvent or dry fractionation, and blending. The most elementary

hard butters are manufactured by combining the processes of hydrogenation and

fractionation.

5. HARD BUTTERS

The hard butters can be divided into the following three main groups based on their

characteristics and raw materials used to produce them:

1. Lauric cocoa butter substitutes (lauric CBS). These are fats that are incom-

patible with cocoa butter but that have physical properties resembling those of

cocoa butter.

2. Non-lauric cocoa butter substitutes (non lauric CBS). These are fats that are

partly compatible with cocoa butter.

3. Cocoa butter equivalents or extenders (CBE). These are fats that are fully

compatible with cocoa butter (chemical and physical properties similar to

those of cocoa butter).

Other terms used to describe hard butters include cocoa butter partial replacers,

total replacers, modifiers, and extenders. All of these categories can be further

subdivided into a range of speciality fats, tailored to suit particular purposes.

6. LAURIC CBS

This category offers a range of confectionery fats with different levels of physical

properties, but all having triacylglycerol compositions that make them incompatible

with cocoa butter; i.e. they are all used in formulations with cocoa powder, mainly

for compound coating.

Cocoa butter substitutes are produced from lauric fats that are obtained from var-

ious species of palm tree, the main varieties being palm, which yields palm-kernel

oil and coconut. These fats differ from non-laurics in that they contain 47– 48%
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lauric acid, together with smaller amounts of other medium- and short-chain fatty

acids. This gives the fats a solid consistency at cool ambient temperatures, but they

nevertheless melt below 30�C. From a practical point of view, cost economy prob-

ably has been the main incentive behind the search for suitable and reliable substi-

tutes for cocoa butter. The introduction of hydrogenation added another dimension

to the alteration of lauric fats, but it must be emphasized that the palm-kernel stear-

ins exhibit characteristics considerably better than those of hydrogenated palm-

kernel oil (HPKO), all dependent on the sharpness of the fractionation.

Palm-kernel stearins today have functional properties similar to those of cocoa

butter: a steep NMR curve, a very brittle texture, and a narrow melting range that

ensures a quick meltdown and a pleasant mouthfeel. The interval between setting

and melting points is short. This offers a technological advantage over cocoa butter.

The tempering is simplified or may be omitted for normal coating purposes. Vege-

table fats can crystallize in several polymorphic forms, the most common being

alpha, betaprime, and beta, which in the same order display an increasing stability,

melting point, heat of fusion, and density. In general, lauric fats are stable in beta-

prime form. The rate of crystallization of the alpha form is higher than that of the

betaprime form, which in turn crystallizes faster than the beta form. The other

sources for the manufacture of lauric CBS includes coconut, South American

palm-kernel oils, tucum, cohune, babassu, and ouri-curi. Most of these minor

varieties are seldom encountered in Europe except in the country of origin and

they do possess specific properties.

The principal advantages and disadvantages of lauric CBS are as follows.

6.1. Advantages

1. Good oxidative stability, long shelf life.

2. Excellent eating quality and flavor release, no waxy aftertaste.

3. Texture very similar to that of cocoa butter, i.e., excellent hardness and snap

and not greasy to the touch.

4. Solidify quickly tempered or untempered.

5. Excellent gloss and gloss retention.

6. Available at a cost far less than cocoa butter.

6.2. Disadvantages

The principal disadvantages of lauric CBS include the following:

1. Mixing with cocoa butter results in a eutectic state. If the manufacturer is to

change from chocolate to confectionery coatings, an absolute cleanout of all

tanks and enrobing systems is required. Separate production lines are

preferred. These fats do not tolerate more than 6% cocoa butter.

2. When lauric CBS are exposed to moisture and fatsplitting enzymes (lipase),

there is a danger of fat hydrolysis and the liberated lauric acid has a distinct
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soapy flavor that can be detected even at low concentrations. These liberated

fatty acids also have a lower flavor threshold as compared with the longer

chains. This is shown below:

Butyric acid (C4) 0.6 ppm
Caproic acid (C6) 2.5 ppm
Caprylic acid (C8) 350 ppm
Capric acid (C10) 200 ppm
Lauric acid (C12) 700 ppm
Stearic acid (C18) 15000 ppm

3. Relatively low milkfat tolerance.

7. NON-LAURIC CBS

Non-lauric CBS consists of fractions of hydrogenated oils: soybean, cotton, corn,

peanut, safflower, and sunflower oils. These oils are hydrogenated under selective

conditions to promote the formation of trans-fatty acids, thereby increasing the

solid contents considerably. The melting point of oleic acid—the cis-configura-

tion—is 14�C, whereas the isomer elaidic acid melts at 51.5�C.

As a result of the similarity in the chain length and the molecular weight, pro-

ducts of this type can tolerate up to 25% cocoa butter on a fat basis when used in a

confectionery coating.

Non-lauric CBS possesses good flavor, odor, and color properties and does not

need tempering.

8. COCOA BUTTER EQUIVALENTS (CBEs)

CBEs are nonhydrogenated specialty fats containing the same fatty acids and sym-

metrical mono-unsaturated triacylglycerols as cocoa butter. They are fully compa-

tible with cocoa butter and can be mixed with cocoa butter in any ratio in the

chocolate formulations.

From the data presented earlier in Table 3, it is clearly evident that cocoa butter

is a simple three-component system consisting of POP, POS, and SOS triacylgly-

cerols, and if these three triacylglycerols are mixed in appropriate proportions, then

the resultant vegetable fat will behave as 100% cocoa butter equivalents. Although

CBEs are not produced by mixing individual triacylglycerols as they are very

expensive to produce, this is the logic behind the whole game of producing CBE.

Palm oil is fractionated to produce a middle-melting fraction rich in POP, and

exotic fats such as shea, sal, illipe (Borneo Tallow),and so on are fractionated to

get triacylglycerol cuts rich in POS and SOS. A careful preparation and blending

of these results in a tailor-made fat equivalent to cocoa butter in physical properties.

Therefore, these fats are called cocoa butter equivalents. The formulation of a

suitable CBE is the greatest art in fat technology.
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8.1. Disadvantages

The main drawbacks of cocoa butter are as follows:

1. Low milkfat tolerance.

2. Lack of stability at elevated temperatures.

3. Tendency to bloom.

8.2. Advantages

The principal advantages of incorporating CBEs are as follows:

1. Reduction in the production cost of chocolates as CBEs are cheaper than

cocoa butter.

2. Stabilizing influence on fluctuating prices of cocoa butter.

3. Improvement of the milkfat tolerance.

4. An increasing resistance to storage at high temperatures.

5. Bloom control.

The greatest technological advantages lies in the compatibility of these fats with

cocoa butter.

The most recent monograph on confectionery fats was developed by Society of

Chemical Industry UK out of a symposium held in Oct. 1996 and chaired by the

Author. (7).

9. ORGANIC CHOCOLATE AND CONFECTIONERY

The market for organic chocolates and confectionery has not been very successful

earlier because of nonavailability of various ingredients in designing the final pro-

ducts. This market is booming as several new chocolate, ice cream, and other con-

fectionery products are made available in the market. We have recently designed a

number of organic products for organic ice cream, compound chocolate, and coffee

creamer production. These products open new avenues for the future development

in this field (see Table 10).

9.1. Ten Good Reasons to Go Organic

1. Safe, nutritious, unadulterated food.

2. No artificial chemicals, pesticides, and fertilizers.

3. Absence of antibiotics and growth-promoting drugs.

4. Environmentally friendly.

5. Produced without GMOs.
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6. Places great emphasis on animal welfare.

7. Reduces dependence on nonrenewable resources.

8. Based on modern and scientific understanding of ecology.

9. Based on soil science and ensures soil fertility by crop rotation.

10. Better taste.

9.2. Advantages

1. There is a continuously growing demand for organic foods driven primarily

by consumer perceptions of quality and safety (25–50% increase each year).

2. The establishment of regional (EU) and international (Codex) guidelines for

production, processing, labeling, and marketing of organic foods has been the

key step in the international harmonization of requirements for organic foods.

3. The organic label is not a health claim; it is a process claim. No clear trends

have been established in terms of organoleptic quality differences between

organic and conventional food.

4. Because of lower chemical usage in organic food production, we have to

apply better principles of storage and transport to guarantee freshness of the

product.

5. Future research must focus on critically designed experiments to reveal the

nutritional quality of organic food as compared with conventional food.

10. RECIPÉ ENGINEERING AND OIL PROCESSING

In the management of speciality fats, recipé engineering plays a major role. The

major analytical techniques such as gas liquid chromatography, high-performance

liquid chromatography, low-resolution pulsed nuclear magnetic resonance spectro-

scopy, differential scanning calorimetry, various static and dynamic crystallization

measurement techniques, and rheology are the tools employed to define the final

product and its application in the confectionery industry.

TABLE 10. Designer Organic Fats developed by the industry.a

Solid Fat Content (SFC) by Pulsed NMR

Product Name Iodine Value 10�C 20�C 25�C 30�C

Coffee Creamer Fat 43–49 45–55 15–23 6–13 Max 5

Ice Cream Coating Fat 22–30 54–64 14–22 Max 2 Nil

Ice Cream Coating Fat 16–22 67–74 24–34 2–9 Max 1

Ice Cream Filling Fat 43–50 44–54 14–22 6–12 Max 6

Palm Shortening 50–55 52–62 23–31 13–21 6–12

aA courtesy of IFSC.
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Large food manufacturers demand and receive ever improving standards and

consistency. Equipment for monitoring trace impurities and physical and chemical

properties has led to new sophisticated standards, which are directing the way in

which we transport our raw materials and refining equipment construction. In

this context, the type of heating systems in use can also be important. Refiners

everywhere are being asked by their customers to change from traditional oil heat-

ing systems to systems using high-pressure steam, because of the real risk of

product contamination using thermal fluid heating systems. There are ways of con-

verting older plants without scrapping their boilers, but generally the best option is

to simply build new and take advantage of the sophisticated equipment available

today.

Finally, fats not only provide functionality and structure to products but can be

dominant in their contribution to taste and flavor, including off-flavors. Thus, it is of

utmost importance to process speciality products, taking into account minute details

to produce a product that not only tastes fresh but also lasts longer (8).

11. CONCLUSIONS AND FUTURE PROSPECTIVES

Confection science is extremely complicated because of the great diversity of tria-

cylglycerol molecules and the presence of several surface-active components that

play a major role in defining the quality of the final products.

Sophisticated analytical methodologies play a major role in unfolding the

mysteries of speciality fats in chocolate. Recent harmonization of European Union

law for speciality fats in chocolates will demand newer sources of exotics to be

evaluated to fulfill future requirements.
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6
Cooking Oils, Salad Oils,

and Dressings

Steven E. Hill and R. G. Krishnamurthy

1. INTRODUCTION

Lipids used in food products have been conventionally divided into two classes

based on their consistency at about 25�C (72�F): (1) liquid oils, such as soybean,

cottonseed, sunflower, safflower, peanut, olive, and rapeseed oils, and (2) solids and

semisolids, such as lard, tallow, palm oil, coconut oil, palm-kernel oil, and cocoa

butter. In the preparation of some foods, it is of no particular consequence whether

the lipid material is liquid or solid, but in others the consistency is important,

depending on the amount of the lipid used. For example, in the preparation of dres-

sing for green salads, the object is to provide an oily mouthfeel; hence, a liquid oil

must be used. When the oil content of such a dressing is low, a low melting fat may

be desired for texture benefits. On the other hand, baked food products generally

require plastic fats for the incorporation of air needed for leavening. But with the

development of emulsifiers, in many of these areas, it is possible to use liquid oils

with a suitable emulsifier (1, 2) to achieve this goal.

In the past, for reasons related to both history and climate, there were distinct geogra-

phical divisions of people by fat- and oil-consuming groups. Inhabitants of central and

northern Europe derived most of their lipids from domestic animals. Consequently, the

food habits and cuisine of these people developed around the use of plastic fats. On the

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
Edited by Fereidoon Shahidi. Copyright # 2005 John Wiley & Sons, Inc.
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other hand, the main form of lipids used by people from the warmer climates of south-

ern Europe, Asia, and Africa were liquids. In the Western Hemisphere, plastic fats are

the most widely used lipids because of the predominantly northern European extraction

of the early settlers. However, a significant shift in this distinction has taken place

because of the global movement of peoples, the implication of plastic fats in cardiovas-

cular diseases, and the development of new oil compositions through biotechnology. In

general, there is greater use of liquid oils except where functionality, such as highly

developed dough structure, cream icings, or fillings, dictates use of a plastic fat.

In addition to their household uses, cooking oils are in considerable demand for deep-

fat frying of many food products that are consumed immediately after frying. In the past,

for reasons of stability during storage, fats were the preferred frying medium for packaged

foods, such as potato, corn chips, and other snack products that remain in storage for

considerable periods. In recent times, the use of oils, which are less unsaturated and

more stable in such operations, has significantly increased. Products like doughnuts still

require plastic fats for frying, because liquid oils tend to give them a greasy appearance.

Most cooking oils are of vegetable origin, although such oils can be produced by

fractionation (3) of animal fats, like butter fat and tallow, and vegetable oils like

palm oil. The only naturally occurring liquid oil from animal sources is of marine

origin. But marine oils in their natural form are highly susceptible to oxidation, and

therefore, special handling is desired for their use. In various parts of the world,

considerable quantities of marine oils are used in food after hydrogenation.

However, stabilization technologies (4) are being developed for use of liquid

marine oils because of the health benefits (5) of highly unsaturated fatty acids,

such as eicosapentaenoic (EPA) and docosahexaenoic acids (DHA).

2. NATURAL AND PROCESSED COOKING AND SALAD OILS

Cooking oils are used either in their natural state or after processing, depending on

the method of production, local taste, custom, and nutritional beliefs. In the Old

World, oils were used in their natural state. In Occidental countries, the oil is pro-

cessed to a bland state. This geographical difference in the use of oils is probably

caused by the different methods of obtaining the oil from its source. However, use

of processed oils has become more common in all parts of the world because of the

global expansion of the more efficient technologies, such as high-pressure expres-

sion and solvent extraction to obtain higher yields of oil, which also produce an oil

with considerable amounts of nontriglyceride components, such as coloring bodies

and gums. These oils, because of the presence of nontriglyceride substances and

their strong flavor and pronounced color, must be suitably processed to make

them acceptable and edible. In general, bland neutral oil is produced from crude

oils by refining, bleaching, and deodorizing. An important distinction between salad

and cooking oils is the difference in their oxidative and thermal stability. Cooking

oils have to be more stable than salad oils at higher temperatures, such as deep-fat

frying. The term salad oil is applied to oils that remain substantially liquid in a

refrigerator, i.e., about 4.4�C (40�F). The standard method of evaluating salad
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oils (AOCS Method Cc 11–53) is the cold test. The oil sample is put in a sealed

4-oz bottle and placed in an ice bath at 0�C (32�F). If the oil remains clear after

5.5 h, it meets the criterion of a salad oil or suitably winterized oil. Well-winterized

oils remain clear for periods much longer than 5.5 h. From a practical standpoint,

the number of hours required for the oil to cloud is of less significance than the

character and the amount of the crystals deposited after a prolonged storage at

0�C (32�F), or refrigeration temperature. Oils with good cold test hours are neces-

sary for manufacture of stable emulsions. Crystallization inhibitors, such as lecithin

and polyglycerol esters, have been used for extending the cold test. Other crystal

inhibitors, such as disaccharide esters (6), monosaccharide esters (7), and polysac-

charide esters of hydroxy fatty acids (8), have been patented. The extent of com-

mercial use of these additives is not known. Oxystearin, which is produced by

controlled oxidation of partially hydrogenated cottonseed oil, was once extensively

used, however, is no longer used as a crystal inhibitor. Sunflower, safflower, and

corn oils need dewaxing before they can meet the criteria of a salad oil. Soybean,

high erucic, and low erucic rapeseed oils conform to the definition of a salad oil.

However, because they contain significant amounts of relatively unstable linolenic

acid, they are partially hydrogenated to improve stability for many food applica-

tions. However, both soybean and low erucic acid rapeseed (LEAR or Canola)

oils are used without hydrogenation in the preparation of salad dressings. Cotton-

seed oil, because of its high content of higher melting triglycerides, must be

winterized to obtain a salad oil. Oils meeting the criteria of a salad oil cannot be

prepared from peanut oil (because of a noncrystalline gel structure of its higher

melting fraction) or palm oil (because of its high content of palmitic acid and result-

ing crystallization). However, liquid cooking oil is manufactured from palm oil by

winterization.

High oleic (up to 80%) safflower and sunflower oils (9, 10), created through crop

biotechnology, can serve as stable cooking and salad oils. More recently, a sun-

flower oil (termed NuSun, with oleic levels of approximately 50–60%) has been

developed through conventional breeding (11) and has been found to be a suitable

cooking oil. Dewaxed rice bran oil, because of its stability, is gaining significant

commercial status, particularly in Asian countries. Linola (a low linolenic flax

seed oil created through crop biotechnology) was approved in Canada for food

use. Lines of peanuts that contain high levels of oleic acid have been described

(12). Benefits of a high oleic peanut oil are obtained by the food manufacturer in

the form of increased stability and by the consumer for the improved nutritional

aspect. Olive oil, a high oleic oil, is used as both a cooking oil and a salad oil in

many parts of the world. Olive oil, because of its unique natural flavor, is relished

by users; however, its use is limited by its high cost. Manufacture of naturally

flavored salad oils such as olive oil require nothing more than expression of the

oil from oil-bearing materials and clarification of the oil by filtration. Commercial

olive oil is typically a blend of oils from different sources. The quality and the

flavor of olive oil vary considerably from one season and one locality to another.

To make a product of uniform quality, the packer must have access to a variety of

oil sources to blend.
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There is a substantial market for cold-pressed peanut, sesame, safflower, and

sunflower oils in many countries. In the United States, the use of such unprocessed

oils has become more popular in recent years because of nutritional considerations

and an interest in less processed foods. However, there are no reliable data available

for the quantities of such oils consumed. Consumption of all types of food fats and

oils has been gradually increasing all over the world. Fats and oils consumed as part

of foods can be conveniently divided into two broad categories: visible fats that are

used in the preparation of foods and invisible fats that are present in the food

naturally. Per capita consumption of visible fats in the United States grew from

104.9 kg (47.7 lb) in 1965 to 144.5 kg (65.7 lb) in 1992, and to 149.6 kg (68.0 lb)

in 2002 (13).

Predominate use of a particular oil in a given region of the world is dependant on

world trade movement. For many years, cottonseed oil was the main source of

cooking and salad oils in the United States. However, since World War II, soybean

oil has become the most prominent oil. Other oils, particularly those with high oleic

content or low linolenic content, are becoming more important, as they do not

require hydrogenation for stability (14, 15). Typical compositions of some commer-

cially important cooking and salad oils are shown in Table 1.

3. STABILITY OF SALAD AND COOKING OILS

By proper handling and processing, most oils can be made bland and stable.

Complete removal of the ‘‘corny’’ flavor from corn oil is rather difficult. However,

TABLE 1. Typical Composition of Regular and Modified Salad Oils of Commerce.

Fatty Acid Composition (% total)

Oil Source Palmitic Stearic Oleic Linoleic Linolenic Others

Soybeana 11.0 4.0 23.0 55.0 7.0 1.0

Canolaa (LEAR) 4.0 2.0 61.0 20.0 9.0 4.0

Sunflowera 7.0 2.0 20.0 70.0 0.0 1.0

Sunflowera (high oleic) 4.0 4.0 86.0 3.0 0.0 1.0

Sunflowerb (NuSun) 4.5 3.7 58.9 30.9 0.0 1.5

Safflowera 6.5 2.5 20.0 75.0 0.0 1.5

Flaxa 6.4 3.5 20.2 17.1 53.0

Cottonseeda 25.0 2.0 18.0 53.0 0.0 2.0

Corna 11.0 2.0 26.0 59.0 1.0 2.0

Palma 45.0 5.0 39.0 9.0 0.0 2.0

Peanuta 10.0 3.0 56.0 24.0 0.0 7.0c

Rapeseeda 4.0 1.0 15.0 14.0 9.0 55.0d

aValues from (16).
bValues from (17).
cMostly C20–24 acids.
dPrimarily C22:1 (45%) and C20:1 (10%).
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this flavor of corn oil is preferred by many consumers in the preparation of some

foods, such as corn chips. During storage and cooking, even bland oils undergo

physical and chemical changes, because they are sensitive to heat and light. In

addition, trace metals (e.g., copper and iron), chlorophyll, and other pro-oxidants

of unknown nature catalyze such chemical changes, particularly in the presence

of oxygen.

At low levels of oxidation, the degree and type of change known as flavor rever-

sion is characteristic for each oil. For example, soybean oil develops a flavor that

is described as beany or grassy. This flavor has been attributed to the formation of

2-pentylfuran (18) and 3-cis-hexenal (19). Canola oil (LEAR) develops flavors

similar to those of soybean oil. The flavor reversion of sunflower seed and safflower

seed oils are described as ‘‘seedy.’’ Similarly, corn and palm oils develop flavors of

distinct type. These reversion flavors are observed long before other objectionable

oxidative off-flavors are formed. With many of these oils, the cause of the reversion

flavors is not well understood. In the case of most well-processed oils, the reversion

flavor is not a frequent problem.

The initial product of reaction of oils with oxygen is the hydroperoxide, which

has no odor or flavor. When hydroperoxide decomposes, it forms diverse com-

pounds, including aldehydes, ketones, acids, alcohols, hydroxy compounds,

lactones, hydrocarbons, dienals, epoxides, and polymers. The breakdown products

are often the cause of off-flavors observed in oils and their products. Many of these

compounds are present only in parts per billion, and not all of these compounds

are objectionable. Many of the related esters, alcohols, acids, ketones, and lactones

are responsible for the desirable flavors of tomato juice, ripened banana, butter,

olive oil, and other foods. Similarly, the flavor of fried foods has been attributed

to 2,4-decadienal, which is also a component of off-flavor soybean oil. The amounts

and proportions of these compounds in the oil are more important in determining

whether a given flavor is objectionable or favorable, rather than the types of com-

pounds (20). Shelf stability of oils and fats depends on many factors, such as

composition and structure, initial quality of the crude oil, conditions of processing

and subsequent handling, presence and amount of natural antioxidants, type of

container, conditions of light, and temperature of storage (21). However, it can

be generally stated that the oils containing linolenic acid—whether hydrogenated

or unhydrogenated—are less stable than oils with corresponding iodine value but

without linolenic acid. It has been shown that the oxidative stability of polyunsatu-

rated oils can be improved by blending with a less polyunsaturated oil, probably

because of a decrease in total polyunsaturation (22).

In the case of cooking oils, both thermal and oxidative degradation are impor-

tant. Thermally caused changes result in polymer formation and other types of

alteration of the oil. These changes have important nutritional and aesthetic aspects.

Therefore, they have been extensively studied and discussed (23–31). Unfortu-

nately, many of these studies have been conducted on fats and oils degraded under

conditions far different from practical cooking operations. This has caused a consi-

derable amount of uncertainty about the nutritional qualities of cooking oils that are

consumed through fried foods. It has been shown that in fast oil turnover frying
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operations, the changes slow down after initial rapid changes (32). Both volatile and

nonvolatile decomposition products of different cooking oils have been reported

(33–37).

4. QUALITY EVALUATION OF SALAD AND COOKING OILS

Handling and storage of finished oils have been reviewed (38). Minimizing the oxi-

dation of oils and fats from harvest to consumption is important to the quality and

stability of oils and the products in which they are used. Therefore, many quality

control methods have been used to measure the extent of such oxidation. The most

important quality criterion in the case of salad and cooking oils is their blandness,

which is changed by any degree of oxidation. A common method of determining

blandness is organoleptic evaluation, which is subjective and is influenced by many

variables. To minimize variability, a certain amount of expertise is developed by the

tasters through training. In addition, several objective methods to evaluate the qual-

ity of oils and fats are in use. These methods are generally based on the fact that

oxidative degradation produces both volatile and nonvolatile chemical compounds

with functional groups that can be measured by chemical and physical methods.

However, for any method to be useful, the results must correlate with the organo-

leptic properties of the oils and fats in question. A second, but equally important

requirement, is that the method should be capable of predicting the storage stability

of the oils as well as any products made with them. Older methods, like the Kreis

test and carbonyl value, are rarely used (39–41).

4.1. Peroxide Value

Peroxide value is the most widely used method (AOCS methods Cd S-53 and Cd 8b-

90) to determine the quality of the oil. The primary oxidation products of oils and

fats are the hydroperoxides. They can be quantitatively measured by determining

the amount of iodine liberated by their reaction with potassium iodide. The perox-

ide content is expressed in terms of milliequivalents of iodine per kilogram of fat.

However, when these hydroperoxides start breaking down to produce off-flavor

compounds, correlation to the quality and stability of the oil will no longer be valid.

Freshly deodorized oil should have zero peroxide value. In most cases, for the pro-

duct to have acceptable storage stability, the peroxide value of oils used should be

less than 1.0 meq/kg fat at the point of use.

4.2. Benzidine or Anisidine Value

The benzidine or anisidine value method uses the reaction of nonvolatile a- and

b-unsaturated aldehydes with these reagents (42, 43). Absorption readings are

made at 350 nm in l-cm cells. Originally, benzidine was used as a reagent. Later,

because of the carcinogenicity of benzidine, anisidine was recommended. This

method of determining the degree of oxidation is extensively used in Europe and
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other parts of the world. Results, thus far, indicate that this method is more useful in

determining the quality of crude oils and the efficiency of processing procedures

than the quality of the finished oil during shipment and storage. An extension of

this method is the total oxidation (TOTOX) value (44), which is the sum of anisi-

dine value and two times the peroxide value.

4.3. Pentane and Hexanal Values

One of the compounds produced by the oxidation of salad and cooking oils is pen-

tane. The quantity of pentane is measured by gas liquid chromatography (GLC)

procedure. There is good correlation of this value with the organoleptic qualities

of the oil for the first few weeks of storage life. However, correlation at later periods

of storage has not been unequivocally established. Similarly, level of hexanal

has been used as a quantitative indicator of the quality of oils and products made

with them. As the oil or the product degrades during storage, other degradation

products seem to be more important than hexanal in determining the organoleptic

quality (45, 46).

4.4. Thiobarbituric Acid Test

The thiobarbituric acid test (AOCS method Cd 19-90), developed initially for mea-

surement of malondialdehyde, is used to measure the oxidative degradation product

of polyunsaturated fatty acids (47, 48). However, it lacks sensitivity (49).

All the preceding methods serve as useful tools under a given set of conditions,

but seem to fail in their universal applicability to measure the quality or predict the

stability of oils, fats, and their products.

4.5. Volatile Profile Method

The volatile profile method is a direct gas chromatographic method to examine the

volatiles in oils, fats, and their products (50–54). Under control conditions, the

method has good reproducibility. When the results are statistically treated, good

correlation with organoleptic results is obtained. Two methods have been developed

and standardized for this approach (AOCS methods Cg 4-94 and Cg 1-83)

4.6. Accelerated Tests

Storage stability studies of salad oils are time-consuming and require several

months to complete. From a commercial standpoint, it is necessary to complete

this determination in a shorter period. Therefore, partially successful attempts

have been made to develop accelerated tests using light- and temperature-susceptible

properties of oils and fats. Moser et al. (55) have designed an apparatus using fluo-

rescent light to accelerate the aging of oils and fats. Radtke et al. (56) have studied

the influence of the intensity and wavelength of light on the oxidative deterioration

of salad oils. They observed that photochemical action depended on the wavelength
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and increased with decreasing wavelength to a much greater extent than could be

predicted from energy considerations. Similar studies have been done by others (57,

58). From these light studies, it may be possible to reduce the time of the storage

stability test by exposing the oils to short wavelengths, followed by an analysis of

the volatiles, using volatile profile methods. These methods can indicate compara-

tive stability, but cannot predict absolute stability.

Several temperature-catalyzed stability tests are used in evaluating the oxidative

stability of oils and fats. The oldest method is the Schaal oven test (39). It is inex-

pensive but subjective, because it uses organoleptic and odor intensities in the pro-

cedure and still requires days to obtain the result. This approach has been

standardized into a recommended practice (AOCS method Cg 5-97). In the active

oxygen method (AOM) (39), the development of peroxide is measured with time.

As the formation and decomposition of peroxides are dynamic processes, the results

obtained by this method do not correlate well to the actual stability of the oils and

fats observed under practical application conditions. Other methods that have been

based on oxygen absorption are the gravimetric (59) and the headspace oxygen con-

centration measurement (60, 61).

Recently, with the advent of more sophisticated technology, the older thermal

methods are being replaced by procedures using automated instruments (Rancimat,

oil stability index or OSI, and oxidograph) for measurement of oil stability. The

Rancimat and OSI plot the change in electrical conductivity of distilled water

with time by the dissolution of gaseous products from the oxidizing oil (62–65).

In both of these instrumental procedures, just as in AOM, air is passed through

heated oil under defined conditions of temperature and flow rate. The decomposi-

tion products are absorbed in distilled water. The end of the induction period is indi-

cated by the rapid increase in the conductance of the distilled water. The OSI

method has recently been adopted as a recommended method (AOCS method Cd

12b-92). The oxidograph (66) is a modified version of FIRA Astell apparatus (67)

and is based on a plot of the change in oxygen pressure of the system containing the

oil with time. The plots from this method resemble the conductivity versus time

graphs from Rancimat.

In the case of cooking oils, degradation similar to that observed in salad oils

occurs, but to a lesser degree. However, during cooking, more severe types of break-

down are caused by high temperatures and the presence of moisture, oxygen, and

food materials. These changes are reflected by increases in color, free fatty acids,

polymers, polar materials, foaming, and so on. Even today there are no reliable

methods to predict the performance of a cooking oil and establish a discard point

for the used oil. However, several empirical methods have been suggested to deter-

mine the extent of damage to the oil caused by the frying process (68).

4.7. Free Fatty Acid

Free fatty acids are probably the most widely used characteristic of oil quality con-

trol (AOCS Ca 5a-40). Deodorized oils, generally, have a free fatty acid level of less

than 0.05%. During use for frying, there is a buildup of free fatty acids. In the initial
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stages of cooking, free fatty acids are produced by oxidative breakdown, but in later

stages, hydrolysis of the fat caused by the presence of moisture in the food causes

free fatty acids to increase. This is a dynamic process, as some of the free fatty

acids are lost through oxidation and steam distillation from the food. Furthermore,

free fatty acids seem to catalyze hydrolysis of the cooking oils. An increase in free

fatty acid decreases the smoke point of the oil. When significant amounts of free

fatty acids have accumulated in the oil, smoking becomes excessive and the quality

of the food decreases. The oil then must be discarded.

4.8. Color

Oils used for cooking darken because of the formation of oxidative materials, inclu-

ding polymers and the presence of oil-soluble products from the fried food. Gene-

rally speaking, mere darkening of the oil without corresponding increase in the

other degradative products will simply make the food look slightly darker, but

does not significantly affect the taste of the food. Color (AOCS Cc 13b-45) alone

as a measure of the extent of degradation of the cooking oil is highly unreliable.

4.9. Oxidized Fatty Acids

Many methods have been proposed to measure the amount of oxidized lipids in a

cooking oil (69, 70). Oxidative degradation will affect the appearance, the taste, and

the nutritional quality of the food.

4.10. Polymers

When a cooking oil oxidizes, polymers are formed that cause the oil to foam. In

addition, the viscosity of the oxidized oil increases, making the cooked food look

oily as a result of retention of a higher amount of oil on the surface of the food. Many

methods have been proposed for the determination of polymers in the oil (71–74).

5. ADDITIVES FOR SALAD AND COOKING OILS

Salad and cooking oils have varying amounts of natural antioxidants, mostly toco-

pherols. With the introduction of synthetic antioxidants, it has been customary to

supplement the natural antioxidants with the synthetic ones. Most commonly used

synthetic antioxidants are butylated hydroxy anisole (BHA), butylated hydroxy

toluene (BHT), propyl gallate (PG), ascorbyl palmitate, and tertiary butyl hydro-

quinone (TBHQ). As a result of the questionable health implications of BHA

and BHT, use of BHA and BHT is becoming rare. In recent times, TBHQ, because

of its superior performance, has been used more extensively than the other synthetic

antioxidants. Application and status of antioxidants have been reviewed (75).
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Antioxidants derived from sage, rosemary, and green tea are becoming more

popular because they are from natural sources (76–78). In addition, the antioxidants

from these sources show a greater thermal stability than the synthetic antioxidants,

particularly in meat products. However, they do impart flavors and colors to the pro-

duct in which they are used.

Citric acid is added primarily to chelate trace metals, which otherwise accelerate

the oxidative process. Methyl silicone (dimethyl polysiloxane), which act at the

interface of oil, air, and cooking utensil surface, is added in 1–10 ppm quantities

to cooking oils as an anti-foaming agent that also reduces the rate of oxidation at

high temperature usage. Many other additives have been suggested or patented

to improve either stability or functionality, but none are being used commercially

(79–82).

6. NUTRITION-ORIENTED SALAD AND COOKING OILS

The U.S. diet, as well as diets of many industrialized nations, is rich in calories

contributed by oils and fats. Technological innovations are, therefore, directed

toward finding low- or no-calorie substitutes that will perform like normal oils

and fats and that do not affect the aesthetic or health values of food products

(83–85). The manufacturers of many of these synthetic fats must still establish

that the substitutes are fit for human consumption. Even sucrose polyesters, which

have been shown to be safe for food use and have been granted FDA approval for

certain foods, still have not gained significant use in food products because of cer-

tain side effects. Other attempts to improve on the nutritional significance of salad

and cooking oils have been made (86, 87).

Recently, several reports and patents have been published that document the pro-

cess, composition, and effect of a diacylglyceride (DAG) oil. The DAG oil literature

indicates unique metabolic effects associated with reduced-fat deposition and

weight loss (88–90). The DAG oil is unique in structure, as it contains fatty acids

in the 1 and 3 position of the glycerol molecule, but not the 1 and 2 or 2 and 3 posi-

tions. In this molecule, the hydroxy group in the 2 position is free. The biochemical

mechanism by which the DAG oil works to affect body weight and body fat mass is

poorly understood. However, the DAG oil is being used as both a salad and cooking

oil in Japan and, recently, was introduced into the U.S. market. With the increased

polarity of the 1,3 DAG structure, creation of a high-oil-containing food, like

mayonnaise, can only be accomplished if formulation modifications are taken to

emulsify the oil. Reports indicate that flavor of the DAG oil is bland similar

to that of a salad or cooking oil (91).

7. NEW SALAD AND COOKING OILS

As a result of the health concerns of certain fatty acids, such as saturated fatty acids

and trans-fatty acids produced by hydrogenation and erucic acid in rapeseed, there
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has been significant biotechnological work to develop crop oils with low saturates

and oils that will be stable at high frying temperatures. Some of the oils (high and

mid oleic sunflower, low erucic acid rapeseed, high oleic soybean, and high oleic

canola) are already in commerce. Approximate compositions of some other oils in

early commercialization stages or in development are shown in Table 2

8. OIL-BASED DRESSINGS

Oil-based dressings are divided into two broad categories by their texture: spoon-

able dressings (salad dressings, mayonnaise, and their reduced-calorie counterparts)

and pourable dressings (various varieties, including reduced calorie).

9. VISCOUS OR SPOONABLE DRESSINGS

9.1. Usage

Beginning about 1988, there was an increased consumer awareness of the contri-

bution of dietary fats to various debilitating diseases. The consumption of many

oil-containing products, including salad products, slowed as consumers began seek-

ing healthier alternatives in their diet. Data from AC Nielson, a company that mea-

sures sales of consumer products, has documented the general decline of the

purchases in the salad dressing and mayonnaise categories from 1988 through

2003. This measured decline in purchases can be linked to a decreased consump-

tion. Reduced-calorie salad dressings and mayonnaise peaked in volume in 1989,

then declined as fat-free versions were introduced in 1989. However, fat-free salad

dressing and mayonnaise-type products peaked in volume in 1994, and have been

TABLE 2. Composition and Functionality of Some Cooking and Salad Oils Commercia-

lized and in Development (16).

Approximate Fatty Acid Composition (% total)

Crop Functionality Palmitic Stearic Oleic Linoleic Linolenic Others

Soybean Multifunctional 11.0 4.0 23.0 55.0 7.0 1.0

Low saturate Nutritional 3.5 2.8 22.7 60.3 9.8 1.0

High oleic High Temperature 11.0 4.9 26.2 53.1 3.5 1.0

Stability

High Stearic Stability 8.0 24.7 17.2 39.2 8.3 2.4a

Canola (LEAR) Multifunctional 4.0 2.0 61.0 20.0 9.0 4.0

High oleic Stability 4.0 2.0 65.0 26.0 2.5 —

Peanut Stability 10.0 3.0 37.0 41.0 0.0 7.0a

Peanut Stability 7.0 3.0 76.0 4.0 0.0 9.0a

(high oleic)

aMostly C20-24 acids.
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decreasing in consumption from 1994 through 2001. According to AC Nielson data,

since 2001, consumption of fat free has plateaued.

9.2. Composition

9.2.1. Mayonnaise The official definition adopted in 1950 by the U.S. Food and

Drug Administration (FDA) describes mayonnaise as follows: ‘‘Mayonnaise is the

semisolid food prepared from edible vegetable oil, egg yolk, or egg whites (fresh or

frozen or dried); any vinegar diluted with water to an acidity, calculated as acetic

acid, of not less than 2.5% by weight; lemon and/or lime juice; with one or more of

the following: salt, sweetener, paprika, monosodium glutamate, and other suitable

food seasonings. The finished product contains not less than 65% of edible vegeta-

ble oil.’’ This definition is not universal, and other types of dressings, with different

percentages of oil, are marketed as mayonnaise in other countries around the world.

The Standard of identity is indicated in Table 3. The sweetener used may be

sucrose, dextrose, corn syrup, invert sugar syrup, nondiastatic maltose syrup,

TABLE 3. Standard of Identity of Mayonnaise (section 169.140

Code of Federal Regulations). Description: Mayonnaise is the

emulsified semisolid food prepared from vegetable oil(s), one

or both of the acidifying agents specified (below), and one or

more of the egg containing ingredients specified (below).

Ingredient Percent by Weight

Oil Ingredient Vegetable oil, not less than 65%

Acidifying Ingredients 1. Vinegar or vinegar plus an optional

acidifying agent contributing an

acidty, calculated as acetic acid, of

not less than 2.5%

2. Lemon Juice and/or lime juice

contributing an acidity, calculated

as citric acid, of not less than 2.5%

Egg Ingredient Egg yolk containing ingredients includ-

ing forms of egg yolks and whole eggs,

to which can be added egg whites

Optional Ingredients 1. Salt

2. Nutritive carbohydrate sweeteners

3. Any spice (except saffron or

turmeric) or natural flavorings

4. Monosodium Glutamate

5. Sequesterant(s), including but not

limited to EDTA

6. Citric and/or malic acid in an

amount not greater than 25% or

the weight of the acids of the

vinegar, calculated as acetic acid

7. Crystallization inhibitors
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glucose, honey, or high-fructose corn syrup. Mustard, paprika, other spices, or any

spice oil or spice extract can be used, but not turmeric, saffron, spice oil, or spice

extract, which imparts to the mayonnaise a color simulating the color imparted

by egg yolk. Both mustard and oleoresin paprika impart a yellow color, but,

because of the small amounts used, do not cause any variance from the standard

of identity. Monosodium glutamate, because of its implications as an allergen,

has come under the scrutiny of the FDA and various consumer watchdog groups.

Although not delisted, monosodium glutamate is rarely used in mayonnaise. Any

other harmless food seasoning or flavoring can be used, provided it is not an

imitation and does not impart to the mayonnaise a color simulating the color

imparted by egg yolk.

Acidity, calculated as acetic acid and contributed by vinegar, lemon, or lime

juice, should not be less than 2.5% by weight of the product. When an optional

acidifying ingredient such as citric acid is used, the label on the package must

bear the statement ‘‘citric acid added.’’ As of January 1, 1978, malic acid has

been permitted as an acidifying agent by the FDA.

Calcium disodium ethylenediaminetetraacetic acid (EDTA), or disodium EDTA,

is permitted to protect the flavor. Physically, mayonnaise consists of an internal or

discontinuous phase of oil droplets dispersed in an external or continuous aqueous

phase of vinegar, egg yolk, and other ingredients. Therefore, it is an oil-in-water

emulsion. Consistency of the emulsion depends, to a large extent, on the ratio of

its aqueous and oil phases and the amount and type of egg solids. Stability of the

emulsion not only depends on the ingredients, but is also greatly affected by the type

of equipment and how it is operated during manufacture. Table 4 gives a general

composition for mayonnaise. The color of mayonnaise is pale yellow and is

obtained mainly from the egg rather than from the oil.

Edible vegetable oil used in mayonnaise may contain not more than 0.125% by

weight of crystal inhibitors to prevent crystallization of high melting triglycerides.

Mayonnaise may legally contain as little as 65% oil. However, in practice, most

mayonnaise manufactured in the United States has 75–82% oil, usually nonhydro-

genated soybean oil. Other salad oils, including winterized cottonseed oil, safflower

oil, corn oil, and partially hydrogenated winterized or nonwinterized soybean oil,

can be used in mayonnaise (92, 93). Oils with large quantities of saturated acids,

TABLE 4. Typical Composition of Mayonnaise.

Ingredient Percent by Weight

Vegetable Oil 75.0–80.0

Vinegar (4.5% acetic acid) 9.4–10.8

Egg yolk 7.0–9.0

Sugar 1.5–2.5

Salt 1.5

Mustard 0.5–1.0

White pepper 0.1–0.2
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such as palm oil, or oils that solidify at refrigeration temperatures, such as peanut

and olive oils, are seldom used because they tend to break the emulsion at refrig-

erator temperatures. Oil levels 1–2% higher than the range given in Table 4 are used

in mayonnaise when a stiffer body is needed. If the oil content exceeds 85%, the

emulsion tends to be unstable.

Vinegar has a dual purpose in mayonnaise and in most other dressings. The

acetic acid acts as a preservative against microbial spoilage, including some types

of yeasts (94). The theory of action of acetic acid on microbes has been reviewed

(95). Acetic acid also serves as a flavor ingredient when used at the proper level.

However, excessive quantities of the acid will impair the flavor. Added water and

the water in vinegar forms the continuous phase in the emulsion. Generally, the con-

centration of acetic acid is about 3.5% of the volatiles present in vinegar. Vinegar

may contain high quantities of trace metals that can be detrimental to the stability of

the mayonnaise. Therefore, the quality of the vinegar used is important.

The main function of the egg solids in mayonnaise is to serve as an emulsifying

agent. The mayonnaise emulsion is built around egg yolk, which is one of nature’s

perfect emulsifiers. One of the factors influencing the stiffness and the stability of

the emulsion is the amount and kind of egg yolk. Egg yolk is a complicated che-

mical entity with a high lipid content. The lipids of the egg yolk form about 65% of

the total solids. The composition (96) of the lipids in egg yolk is as follows: gly-

cerides 40.3%, phospholipids 21.3%, and cholesterol 3.6%, based on the total

solids. Of the fatty acids, 30% are saturated and the rest are unsaturated. Lipid

components of egg yolk have a profound effect on flavor, color, and stability of

mayonnaise and other dressings. Egg white is a complex system of proteins that

aids in emulsification by forming a gel structure on coagulation by the acid

component (97). More detailed information on egg and egg protein composition

is available (98).

Mustard is generally used in mayonnaise in the form of a flour. There are two

varieties of mustard: white and brown. White mustard is hot to taste but practically

odorless. The brown variety, on the other hand, has a sharp odor. Therefore, the two

varieties are blended in various proportions to achieve a desired level of flavor and

pungency (99). Mustard contains a glucoside that, when hydrolyzed, releases the

pungent oil of mustard, allyl isothiocyanate. This compound imparts the bite to

mayonnaise. According to Corran (100), in addition to its flavor contribution, the

nature, the origin, and the method of addition of mustard influence the emulsion.

He stresses that mustard is an efficient emulsifier and is effective if incorporated

with egg yolk.

As a result of the variation in the essential oil content and immiscibility of the

mustard flour with the vegetable oil, Cummings (101) recommends the use of oil

of mustard in place of mustard flour. If oil of mustard is used, the advantage of

mustard flour as an emulsifying adjunct and as a possible contributor of color in

mayonnaise may be lost.

Of the other optional ingredients permitted, paprika adds to the flavor and salt

and sugar contribute taste and flavor and impart some microbial and physical sta-

bility to the mayonnaise.
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9.2.2. Other Spoonable Salad Dressings About 1935, salad dressings were

first developed as an alternative to mayonnaise during the Depression years. These

products are commonly called salad dressings and, like mayonnaise, have a stan-

dard of identity as defined by the FDA. The composition of salad dressings as

defined in the standard of identity is as follows. Salad dressing is the emulsified

semisolid food prepared from not less than 30% vegetable oil; acidifying ingredi-

ents (usually vinegar); not less than 4% egg yolks; and a starchy paste component

prepared from one or more of a combination of tapioca starch, wheat starch, rye

starch, or corn starch (dent or amioca). The starches can be native or chemically

modified to impart physical stability against syneresis, or acid breakdown. The

starch paste is prepared, usually with vinegar and spices, and then blended with

a modified mayonnaise base to yield the finished spoonable salad dressing. The fol-

lowing optional ingredients may also be included: salt, nonnutritive sweeteners,

spices, monosodium glutamate, thickeners and stabilizers, sequestrants, and crystal-

lization inhibitors. The oils selected use the same criteria as for mayonnaise. How-

ever, a process for making stable salad dressings containing mixtures of liquid

triglycerides that have an iodine value greater than 75 and solid triglycerides that

have an iodine value not exceeding 12 has been patented (102).

9.3. Manufacture: Mayonnaise

As mayonnaise contains seven times more oil than water and the emulsion is an oil-

in-water type, preparation of a stable mayonnaise emulsion is difficult. Thus, major

manufacturers of these products have developed proprietary techniques to achieve

this goal. Interactive effects of various factors on the stability of mayonnaise emul-

sions are not well understood. Therefore, production of stable mayonnaise has

remained an art to some degree. Although egg solids are the backbone of a stable

emulsion, processing conditions whose interactions are only partially understood

play an important role.

A batch process for making mayonnaise in a batch mixer is to mix egg yolks,

sugar, salt, spices, and a portion of the vinegar, followed by gradually beating in the

oil and then thinning out by mixing the remainder of the vinegar. This method of

mixing is believed to give a product of better consistency than is obtained by adding

all the vinegar at the beginning of the operation.

Gray et al. (103) studied the effect of the method of mixing on the consistency of

the emulsions and recommended that one-third of the vinegar be added initially

and the balance be added at the end. On the other hand, Brown (104) recommended

that the mixture of eggs and other ingredients be as stiff as possible when the oil

is incorporated. The stiffness can be controlled during the addition of the oil by

adding small portions of vinegar. This method of preparation has been claimed

to produce small oil droplets, thus making the emulsion highly stable.

The temperature of the oil and other materials during mixing also influences the

body characteristics of mayonnaise. A thin product results if the operation is carried

out with materials that are warm. Gray and Maier (105) suggest a temperature of

15.5–21.1�C (60–70�F). The inconvenience of attempting to operate at temperatures
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below 15.5�C (60�F) was not worthwhile, as the initial superiority of the low tem-

perature processed product is lost with slight aging of the product. Brown (104),

however, recommends a temperature of 4.4�C (40�F).

The equipment most popular in the manufacture of mayonnaise and salad dres-

sings are the Dixie mixer and the Charlotte colloid mill connected suitably with

valves and pumps. A colloid mill is a mechanical device in which the product

passes between a high-speed rotor (3600 rpm) and a fixed stator. Product enters

the area at a low velocity and is subjected to a high shear with reduction of the

particle size. Clearance between these two parts determines (1) the amount of shear

imposed and the viscosity of the final product and (2) throughput of the mill. Weiss

(99) recommended an opening within a range of 25–40 mils. The mixer is used to

prepare a coarse emulsion that is then passed through the colloid mill to give the

creamy texture. A second system is the AMF system (106), which consists of a

premix feed tank and two mixing stages. In the premix tank, slow agitation is

maintained to keep the ingredients well dispersed, but not to thicken the emulsion.

The mix containing all the ingredients except a portion of the vinegar from the

premix tank is converted to a coarse emulsion in the first stage of mixing and is

then pumped to the second stage. At this stage, the balance of the vinegar solution

is added. This mixer rotates at about 475 rpm, which is much slower than a colloid

mill, but, because of its teeth design, the mixing is very intense. It is claimed that

this system produces much smaller and more uniform droplets of oil than the

colloid mill does and, thus, makes a highly stable emulsion.

Other equipment suggested are the Girdler CR mixer (107) and the Sonalator

(108), which is an ultrasonic homogenizer. A comparative study of homogenizers

and colloid mills for producing dressings showed that homogenizers can be used for

certain types of dressing, but not for mayonnaise (109). Automation techniques

for the salad dressing industry have been discussed (106). Advanced techniques

for making mayonnaise and other salad dressings have been reviewed (110). Conti-

nuous systems that can improve productivity and have built-in versatility to permit

production of different dressings have been described (111–114). A streamlined

production line intended to assure quality of dressings has been outlined (113).

9.4. Quality Control and Stability Measurements

Mayonnaise may be classified as a semiperishable product. It is sufficiently stable

to keep for reasonable lengths of time without refrigeration. Mayonnaise gradually

becomes thinner with age. Thinning and separation of the phases of mayonnaise are

greatly accelerated by mechanical shock. Separation of phases can also be caused

by exposure to low temperatures. Gray (115, 116) studied the breakdown of mayon-

naise and concluded that the higher the water content, the greater the amount of egg

solids needed to stabilize the emulsion. Other causes of breakdown are rapid addi-

tion of the oil and unregulated agitation during emulsifying, high-temperature

storage, and vibration during transit.

Other common forms of spoilage in mayonnaise are a result of oxidative degra-

dation of various components, especially vegetable oil and egg lipids. Microbial
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spoilage is a rare occurrence, as the product is well protected by the high acid

content. However, molds and yeast and, to a lesser extent, Lactobacilli may some-

times find conditions favorable for growth (117).

As the quality of the oil plays a major role in the flavor stability of mayonnaise

and other dressings, only the best grade of oil should be used. The quality of flavor is

generally judged by the subjective method of tasting. However, Dupuy et al. (50) have

developed a gas chromatographic method to evaluate the flavor quality objectively.

Poor oils will produce inferior quality products with shortened shelf life. Simi-

larly, the quality of the egg, both microbiologically and chemically, should be high;

otherwise, both flavor and emulsion stability problems can be encountered. Mustard

flour must be free from impurities. Strict microbiological control of raw materials

is important. During processing, control must be exercised in maintaining correct

temperature and emulsification procedures. Proper sequential addition of ingredi-

ents and mixing times are important for emulsion stability (119). For good emulsi-

fication, the oil globules should be even and should be 1–4 m in size (120). It is

reported that freshness of mayonnaise can be retained substantially longer by pro-

cessing in the absence of oxygen (121). Processing under nitrogen increased the

shelf life of mayonnaise from 180 days to more than 240 days (117). Specific gra-

vity of the product with proper amount of inert gas is about 0.90–0.92, and that of

product without gas injection is about 0.94. Amount of entrapped gas must be con-

trolled below 6%; otherwise, shrinkage during transit will cause deterioration of the

product (117). Tryptophan or tryptophan derivatives (122), as well as L-cystine

(123), have been found to improve the storage stability of mayonnaise.

Various instruments have been proposed for testing the important properties of

consistency, stability, and flavor quality of mayonnaise and other dressings. Consis-

tency is measured by a device that is a modified form of the Gardner mobilometer

(124), which was originally designed for testing paints, varnishes, and enamels. The

mobilometer is, in reality, a special form of viscometer in which a weighted, per-

forated plunger is allowed to fall through the sample. Consistency of the product is

reported in seconds. Kilgore (125) devised a simple method that is particularly

suitable for control work, as it involves nothing more than dropping a pointed rod,

or a ‘‘plummet,’’ into a sample from a definite height and noting the depth of its

penetration. Penetration correlates inversely with viscosity. The Brookfield Helipath

viscometer is commonly used to measure viscosities. These consistency measure-

ments do not totally describe the attributes of body and texture of mayonnaise or

salad dressing. The ability of mayonnaise emulsion to resist mechanical shock is

commonly evaluated by testing samples under simulated shipping conditions.

10. POURABLE DRESSINGS

Pourable dressings are relative newcomers as a grocery store food category

compared with mayonnaise and spoonable dressings. They first appeared on the

market in limited flavors, such as French and Thousand Island. Over the last several

decades, many more varieties have become available. The only legal definition in
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the United States for pourable dressings pertains to French dressing. To be labeled

‘‘French dressing,’’ the product requires a minimum of 35% oil and one or more of

the following ingredients: salt, nutritive sweeteners, mustard, paprika or other spice

extractives, monosodium glutamate (MSG), any suitable flavoring other than imita-

tions, tomato in any suitable form, sherry wine, color additives, vegetable gums or

thickeners, sequestrants, such as EDTA, or crystallization inhibitors. The lack of

restrictions in legally defining a ‘‘dressing’’ gives the dressing manufacturer flexi-

bility to make any flavored product using almost any formula and call it a ‘‘dres-

sing,’’ with the exception of French dressing.

Unlike salad dressings and mayonnaise, pourable dressings have shown a slow,

steady increase in production from 1988 through 2003. Reduced-calorie pourable

dressings peaked in volume in 1989, which is also the year fat-free pourable dres-

sings were introduced. The fat-free pourabIes category has continued to grow

through 1993, at the expense of the reduced-calorie category. However, since 1994,

this trend has reversed. The fat-free market has slowly declined, while reduced-

fat products began to increase again. Partially contributing to these trends are the

healthier lifestyles and dietary awareness of the buying public during these years.

Salads have become a staple food in the American meal, and production of total

pourable dressings reflects this trend.

Most pourable dressings are distributed and sold at ambient temperature. As many

of the ingredients used support microbiological growth, spoilage can occur. Most

pourable dressings are formulated within acid-salt-preservative tolerances to avoid

spoilage on the grocery store shelves. Refrigerated dressings (discussed below)

are marketed in the grocery store produce section.

Dressings may be formulated in two different finished forms. These are broadly

described as two phase and single phase. This distinction generally represents the

presence or absence of homogenization. Two-phase dressings are characterized by

the presence of a layer of free oil above the aqueous layer. Two-phase dressings

usually contain seasonings and flavors in the aqueous portion and the oil is added

at the time of filling. Examples of two-phase dressings include oil and vinegar,

Italian dressing, and some French-style dressings. These products are shaken before

use, and they return to separated phases after sitting.

Single-phase dressings can be homogenized or blended. If homogenized, they are

passed through a homogenizing device that reduces oil droplet size to produce a

smooth, creamy dressing. Examples of homogenized dressings are Ranch, French,

and Creamy Cucumber varieties. Blended dressings are characterized by the pre-

sence of both oil and aqueous portions in a loose blended matrix that is stabilized

and thickened with gums. Typical blended examples are certain sweet French-style

dressings and Italian varieties.

10.1. Composition

As a result of the variety of pourable dressings, the number of ingredients used in

their manufacture is large. The following is a discussion of some of the major func-

tional and flavor ingredients used in pourable dressing manufacture.
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10.1.1. Vegetable Oils Vegetable oils have traditionally been a major ingredient

in many dressing varieties. The first vegetable oil used in pourable dressings was

cottonseed oil. As supplies of high-quality soybean oil became plentiful in the

United States during the 1960s, its use became predominant. More recently, health

concerns have opened the way for use of canola and other low-saturated vegetable

oils. Canola oil is predominately used in Canada; other oils, such as sunflower,

rapeseed, and soybean, are used in European markets. Vegetable oils impart lubri-

city and a creamy, pleasant mouthfeel to dressings. The action of homogenization

on an oil-water dressing mixture causes an increase in viscosity. Other functions of

vegetable oil include the solubilization of certain oil-soluble flavors and the contri-

bution of an overall balanced flavor profile.

10.1.2. Water Water is present in all dressings. Its presence contributes liquidity

to the dressing system and serves as a vehicle for delivering water-soluble flavors.

Many ingredients must be dissolved to be functional, and water is the major solute

for these ingredients. Water content is a critical consideration for developing a

microbiologically stable dressing system.

10.1.3. Vinegar Vinegar, as in the case of spoonable dressings, has a dual role:

flavor and microbiological preservation. Its role in flavor is emphasized in dressing

varieties such as zesty-style Italian, but in buttermilk-based dressings, vinegar fla-

vor is not desired. Shelf-stable dressings are formulated to a pH of 4.2 or less to

control pathogenic organisms. Other acidifying agents have been used, and several

patents are in effect that claim the use of lactic acid, phosphoric acid, malic acid,

citric acid, etc. (126–129). Most of these acids impart tart flavors and control micro-

bial growth. However, certain acids (such as phosphoric and lactic) are more effi-

cient in pH reduction as a result of their relatively low pKa. They are valuable in

controlling pH in dressings with high levels of buffering ingredients, such as but-

termilk and blue cheese.

10.1.4. Dairy Ingredients Dairy products are used in pourable dressings to give

characteristic flavors and textures. Buttermilk is a major ingredient in Ranch and, of

course, buttermilk dressings. Sour cream and yogurt have been used in some crea-

my-style dressings. Blue cheese is a popular dressing variety; if its process of man-

ufacture includes cooking, it yields a smooth, creamy dressing. Blue cheese can

also be added after emulsion formation, which yields a chunky Blue Cheese dres-

sing. Buttermilk and cheese also supply protein, which aids in emulsification of the

oil. This protein also contributes to development of a pleasing mouthfeel. Protein

from milk and cheese buffers pH upward, and formulation adjustment may be

needed to meet pH criteria.

10.1.5. Salt Salt has been a known preservation agent for centuries. Its use in

dressings complements vinegar and other preservatives in producing shelf-stable

dressing products. Salt also serves as an important source of zesty flavor as well

as a flavor enhancer for a number of other ingredients.
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10.1.6. Sugar Sugar is included to add flavor to dressings as well as to counter-

act the harsher flavor effects of vinegar and salt. Sugar may be used in any of

several different forms, which include sucrose, fructose, corn syrup, and maltodex-

trins. Sugar also increases the solids level in dressings, which contributes to

smoothness and a creamy mouthfeel. In addition to its own flavor contribution,

which may differ with different sugars, sugar is also a flavor enhancer for other

ingredients.

10.1.7. Spices The essence of pouring a dressing on a salad is to add flavor to

otherwise relatively bland vegetables. Spices deliver characteristic flavors to variety

dressings. Thus, clove is added to Thousand Island dressing, mustard is used in

French dressings, and thyme and oregano are associated with Italian dressings. Cer-

tain spices also contribute antimicrobial and antioxidant properties.

10.1.8. Emulsifiers Emulsifiers help form one continuous emulsion phase of

water and oil. Two-phase dressings, such as oil and vinegar, have no emulsifier

or a very low level of emulsifier. A small amount of emulsifier may be added to

stabilize the loose emulsion of two-phase dressings momentarily, after shaking

but before pouring on the salad. Several different ingredients function as emulsifiers

and are used in pourable dressings. Eggs (yolks or whole eggs) are used as emulsi-

fiers in Thousand Island dressing and also contribute some flavor. Polysorbate 60 is

a synthetic emulsifier that is often used in creamy-style dressings. It produces small

oil droplets and yields a very white emulsion. Emulsifiers also help solubilize fla-

vors and improve overall flavor perception.

10.1.9. Gums Gums are added to dressings to produce creaminess, increase or

modify viscosity, and control pourability. Commonly used gums include xanthan

gum, propylene glycol alginate (PGA), carrageenan, and cellulose gums. Xanthan

gum is the most commonly used gum in pourable dressings. It resists hydrolysis by

the acidic dressing medium and maintains the product viscosity over shelf life.

Each of these materials contributes characteristic rheological properties to the

dressing; they are often used in combination. In addition to viscosity modification,

certain gums, such as PGA, also aid in emulsion formation and stabilization.

10.1.10 Stabilizers In dressing manufacture, two different types of ingredients

are often referred to as stabilizers: chelating agents (EDTA) and hydrocolloids

(gums). Gums have already been discussed.

Chelating agents are used in dressings to stabilize the oil component against oxi-

dation. EDTA is the most commonly used chelating agent, and the usual form of

this material in dressings is the calcium disodium salt. Vegetable oils are prone to

oxidation, which causes off-flavors in dressings. Oil oxidation is accelerated by the

presence of iron and copper ions, but chelating agents inactivate, or chelate, these

metal ions so they are not available to promote oil oxidation. EDTA also helps

stabilize flavor and color in finished dressings.

194 COOKING OILS, SALAD OILS, AND DRESSINGS



10.1.11. Colors Several different colors used in dressings include b-carotene,

apo-carotenal, FD&C colors, tumeric, and titanium dioxide. They are added to

make pourable dressings eye appealing and to augment naturally occurring colors.

10.1.12. Flavors Flavors are used to extend the range of dressings available to

the consumer. They can be either natural or artificial. Flavors are added to supple-

ment the use of more expensive ingredients or when certain flavors cannot be

obtained from the ingredients.

10.1.13. Preservatives Although vinegar is often the preservative of choice, the

level of vinegar needed to ensure microbiological stability in mild-tasting varieties,

such as Ranch, produces a dressing product that has too tart and too harsh a flavor.

In these products, preservatives can be added to give the additional microbiological

stability needed while still maintaining a desirable mildly acidic-tasting dressing.

The most commonly used preservative is sorbic acid (sometimes added as potas-

sium sorbate). Sodium benzoate is another preservative; it is not commonly used.

10.2. Manufacture

Pourable dressing manufacture is a relatively simple unit process. There are some

order of addition considerations that should be incorporated when designing man-

ufacturing procedures. Most gums tend to dissolve rather slowly with simple mix-

ing into water. Their hygroscopic nature causes the outer layer of a gum particle to

hydrate rapidly, but does not allow hydration of the inner layers of the gum parti-

cles. This results in partially hydrated gum particles, commonly called ‘‘fish eyes.’’

There are three methods used to incorporate gums into water. First, high shear mix-

ing can be used, but this often incorporates a large amount of air. Second, preblend-

ing gums with other dry substances (sugar, salt) will keep the individual dry gum

particles separated. When this mixture is added to water, the gum will disperse

effectively. This method is used in dry mix dressings, sauces, and gravies. Another,

more common, method is to disperse the gums in vegetable oil before addition to

the water. Vegetable oil effectively separates the individual gum particles, and

hydration is effected on addition to water.

Mustard flour should be added to water without vinegar or salt. The hydration of

mustard flour initiates an enzymatic process that develops the proper flavor. How-

ever, in the presence of acid, this enzyme process results in less desirable flavor

components.

Most pourable dressing manufacturing process are batch designed. As a result of

the large number of varieties usually produced, variety changeover is more efficient

in a batch process than in a continuous or semicontinuous process.

10.2.1. Gum Slurry The gum slurry tank is usually adjacent to the main mix

tank and contains about 0.1 of the volume of the main mix tank. Gums are dispersed

in a portion of the formula vegetable oil with a lightening mixer or similar type

agitator.
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10.2.2. Primary Mix Tank Water is added to the mix tank, and the gum slurry

mixture is added. Between two and three minutes of mix time is required for the

gum to dissolve and hydrate. Additional dry ingredients and water-soluble liquid

ingredients are then added. Certain ingredients, such as mustard flour, PGA, garlic

powder, and microcrystalline cellulose, should be added before salt and acids.

These ingredients are sensitive to salt and acid and may lose functionality if added

in their presence. Addition of the acid follows most other ingredients, and vegetable

oil is usually the last ingredient to be added.

10.2.3. Homogenization Homogenization produces a uniform, stable emulsion.

There are several pieces of equipment that can be used for homogenization, includ-

ing piston type, static shear, and colloid mills.

10.2.4. Particle Addition Following homogenization, additional ingredients that

should not be homogenized are added in the secondary mix tank. These items are

often large spice particles (typical of Italian dressings) and pickle relish (a common

ingredient in Thousand Island dressing).

10.3. Quality Control and Stability Measurements

Quality control considerations for pourable dressings are similar to those discussed

for mayonnaise. The use of high-quality ingredients is an important consideration

for producing a high-quality dressing that will maintain its flavor for 8–12 months

of shelf life. Certain pourable dressings contain a relatively high content of spices

and seasonings. Spices, in particular, can contribute a significant load of micro-

organisms. Appropriate microbiological specifications must be adhered to, espe-

cially ingredients such as root crops. Spices and other ingredients used in pourable

dressing manufacture can also contribute a high level of iron and copper ions,

which catalyze the oxidation of oils and contribute to poor flavor.

Ranch dressings containing fermented dairy products, such as buttermilk, are

often a source of wild cultures. These cultures, often heterofermentative Lactoba-

cillus, can cause gassiness and product spoilage. Processing often includes pasteur-

ization of the dairy component.

Quality measurements most often employed in pourable dressing manufacture

include percent fat, moisture, and salt. Acidity and pH are critical control points

to ensure a microbiologically stable dressing. Viscosity depends on gum hydration

and mixing conditions. Viscosity is most often determined by a Brookfield visc-

ometer, using standard spindles.

11. REDUCED-CALORIE DRESSINGS

Before 1993, dressings (both spoonable and pourable) could be manufactured and

claimed to be reduced calorie if the caloric contribution was at least 30% reduced

from a similar full-calorie product. Reduction in calories is largely obtained by
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reducing the oil content. The Nutrition Labeling Education Act (NLEA) of 1993

(130) changed the requirements for reduced-calorie claims. This causes quality

problems in terms of lower viscosity, shelf-life stability. and flavor-mouthfeel

perceptions.

Use of proper stabilizers to improve the quality of reduced-calorie dressings has

been discussed (131). The advantages of using apo-carotenal, a naturally occurring

carotenoid that can be synthesized, as a coloring agent in nonstandardized dressings

and spreads has been reviewed (132). Freeze-thaw stable salad dressings have been

prepared using cooked starch mixtures made from freeze-resistant starch and non-

winterized oil (133). Use of highly esterified sugar esters to reduce the caloric con-

tent of dressings has been described (134). A stable, low-calorie, cream-type salad

dressing containing only 10–12% of fat and 5–20 Kcal per tablespoon has been

claimed (135). A patent has claimed the use of agar and methocellulose mixture

to produce a low-calorie dressing (136). An emulsion base prepared by homogeniz-

ing fats and oils like sunflower, coconut, lard, and cottonseed, with a solution con-

taining proteins from whey, whole milk, sunflower seed globulins, or rapeseed, has

been used for preparing low-calorie dressings (137). Combination use of carragee-

nan and carob bean or guar gum to prepare low-calorie dressings has been patented

(138). Weidemann and Reinicke (139) prepared a dietetic salad dressing with only

15–35% oil. In addition to protection provided by the low pH, pasteurization of the

product at 95�C for 40 min gives the product longer life.

11.1. Composition

In 1993, the NLEA (130) was implemented. This law set a new standard for

reduced-calorie dressings. Briefly, with reference to pourable dressings, the act

states that to be declared ‘‘reduced calorie,’’ a dressing must contain 25% fewer

calories than a reference dressing. The reader is referred to the text of the act for

more information (130). In addition, the act declared the serving size for pourable

dressings at two tablespoons. (Previous regulations were based on a 1-tablespoon

serving size.)

This law set a new direction for dressings with lower calories. Many products on

the market had to be reformulated to retain the claim; some were discontinued. Oil-

free dressings were entering the market at about the same time, and these new pro-

ducts offered another option for the consumer.

Reduced-calorie pourable dressings generally follow the flavor trends of full-

calorie dressings. Similar ingredients are used. However, adjustments for microbio-

logical stability must be made. Reduced calorie is usually synonymous with

reduced oil, because carbohydrates are present in low amounts and contribute

only a small portion of calories in most products. To produce a reduced-calorie

dressing, the fat is often reduced and replaced with water and additional gums.

The higher level of water increases the susceptibility to microbial spoilage. Acetic

acid (vinegar) and salt are concentrated in the aqueous phase and control microbial

growth. As fat is reduced, the percentage of water must be increased. More acid and

salt are needed to maintain the concentrations necessary to control spoilage. In
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practice, salt is usually held constant, and additional vinegar is added to maintain

microbiological stability. The additional acidity contributes to a harsher acidic fla-

vor in the reformulated dressing. The challenge the product developer faces is to

use the correct amount of additional acid needed to ensure microbiological stability

while choosing other ingredients that will offset the higher acidic taste. Reduced-

calorie dressings, both spoonable and pourable, are processed similar to regular

(full-fat) dressings.

12. FAT-FREE DRESSINGS

Health trends in the 1980s initiated a relentless spiral of food product development

activity centered around products with very low fat or no fat. Oil-free (fat-free)

dressings had appeared on the market before 1980; but these products gained little

consumer attention and effectively were niche products. Most, if not all, could be

described as poor quality; they exhibited watery textures and harsh acidic flavors as

a result of the relatively high amount of acid needed to stabilize them against

microbial spoilage. The definitions surrounding what constituted fat free abounded,

but with little uniformity either in composition or product labeling. In the late

1980s, there was some agreement in the pourable dressing category that less than

0.5 g of fat per serving (1 tablespoon¼ 16 g) was fat free.

12.1. Composition

In 1993, the FDA unveiled the NLEA (130). This act set the maximum amount of

fat permitted for a dressing to be called fat free. It also defined a format for labeling

the nutritional composition of most food products and redefined the serving size for

pourable dressings. Previously, the serving size was one tablespoon (16 g); NLEA

defined a serving of pourable dressing as two tablespoons. To be labeled fat free,

pourable dressings must contain less than 0.5 g of fat per serving. This is equal to

1.56% fat in the product formulation.

The serving size for viscous (spoonable) dressings remains one tablespoon.

Here, too, fat free requires less than 0.5 g of fat per serving. Therefore, a fat-free

viscous dressing product may contain about 3% oil or fat in the formulation.

12.2. Fat Replacement

Fat or vegetable oil plays a key role in the mouthfeel and flavor release of dressings.

Addition of enough oil to produce a reduced-calorie dressing yields a product with

considerable mouthfeel and acceptable flavor quality. In essence, small quantities

of oil, about 5–15% contribute generously to the eating quality of dressings.

When no oil is present, the flavors are perceived as harsh, the mouthfeel is

absent, and the dressing just does not taste good. Consumers generally are un-

willing to trade flavorful eating satisfaction for the benefits associated with a fat-

free dressing.
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Many types of fat replacers have been developed with the goal of replacing fat in

food products. These materials have generally been classified as fat substitutes and

fat mimetics.

12.2.1. Fat Substitutes A fat substitute is a material that has fat properties, but

reduced calories or no calories. Several of the latter materials have been developed.

These materials have been reviewed, but only olestra has received FDA approval

for food use (140, 141).

12.2.2. Fat Mimetics A fat mimetic is a material that mimics the role of fat

when properly processed. Many different food ingredients can be produced to

give texture properties that mimic some of the properties of oil. The challenge

for the product developer designing fat-free dressings is to choose existing food

ingredients and process options that mimic the eating qualities of fat-containing

dressings.

12.3. Flavor Quality

From an empirical view, fat in a dressing causes a slow buildup of flavor in the

mouth. The desirable flavor plateaus for a distinct time and then slowly dissipates,

with a lingering desirable aftertaste. The same dressing formulation without fat

will immediately give a very sharp flavor peak, sometimes two to three times higher

in intensity than the fat-containing product, then rapidly decline with minimal or no

desirable lingering aftertaste. The flavor developer is challenged to shape the flavor

perception of fat-free products to match more closely the fat-containing dressing

through choice of ingredients.

12.3.1. Bulking Agents A common approach to improving low-fat dressings is

the addition of bulking agents. A number of different bulking agents are used in

dressings; among them are microcrystalline cellulose, polydextrose, starches, and

dextrins. Patents have been granted for specially processed microcrystalline cellu-

lose (142) and a combination of microcrystalline and other bulking agents (143). As

these materials are soluble or dispersible in water, they help build body and mouth-

feel in fat-free dressings. Bulking agents also increase solids, which lowers water

activity and aids in preservation. The technology of fat replacement through the use

of various bulking agents has its roots in the fat mimetic theory, and many different

types of bulking agents have been developed for dressings.

12.3.2. Flavor Technology Flavor compounds are complex chemicals, some of

which are fat soluble and some of which are water soluble. In conventional fat-con-

taining products, the partition of flavors seeks a natural equilibrium between the fat

and aqueous phases. This natural partitioning provides a desirable release of flavor

throughout the eating experience. If fat or oil is removed, the natural partitioning is

removed. If the same flavor system used in fat-containing products is attempted in

fat-free versions, the flavor will seem unbalanced.
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Fat also functions as a coating for the flavor receptors in the mouth, effectively

slowing the perception of the flavor. Again, the absence of fat results in a quick per-

ception of flavor that often seems unnatural.

Many attempts have been made to overcome these flavor problems. Flavor

suppliers have developed many prototype products that address the flavor problem.

Suffice to say the technology of flavor development for oil-free dressings and other

foods is in an evolutionary state.

12.4. Microbiological Stability

The issue of microbiological stability, discussed earlier, is more significant with fat-

free dressings than with reduced-calorie dressing because the entire formulation is

aqueous based. Microbiological stability is commonly addressed through use of

various preservatives, such as sorbic acid-potassium sorbate and sodium benzoate,

in addition to adjusting the level of vinegar. Acid harshness can be a problem and

can be addressed through the selection of combinations of fillers and bulking agents

that mask the harsher acidic sensation. Commonly, microbiological stability is

evaluated by inoculation of product with organisms isolated from spoiled dressings.

12.5. Processing

Conventional dressing manufacture involves the mixing of liquid and dry ingredi-

ents together with the development of viscosity during the process. Fat-free dres-

sing manufacture involves the hydration of various bulking agents. This unit

operation often requires high shear mixing to disperse and hydrate the fat mimetics

adequately. As there is no oil in these formulas, gums are dry blended with sugar

before dressing manufacture. This dry blending helps prevent the formation of ‘‘fish

eyes.’’ No homogenization step is necessary, but, through intimate mixing, it is

necessary to effect full functionality from the fat replacer system.

13. REFRIGERATED DRESSINGS

Refrigerated dressings comprise a small portion of the pourable dressing category.

They are marketed in the produce section of the supermarket and appeal to the con-

sumer interested in freshness. Although generally thought of as refrigerated and

distributed under refrigeration, they are often displayed at room temperature. As

a result, they are generally formulated in a similar manner as shelf-stable products

to resist spoilage during periods of nonrefrigeration.

14. HEAT-STABLE DRESSINGS

Improvement in the shelf stability of dressings can be expected if the product can

be heated to high temperatures without losing body or color. Furthermore, such
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heat-stable dressings can be incorporated into canned meat, fish, vegetable salads,

and other foods. A certain microcrystalline cellulose imparts this stability (144),

even when the product is retorted at 115.5�C (240�F) in the presence of food acids.

Similarly, xanthan gum has been shown to produce a product with no visible signs

of oil separation and with a viscosity that remains practically unchanged over a

wide range of temperatures.

A dry preparation of the ingredients that may be reconstituted to form a salad

dressing simply by the addition of water has been patented (145). Several such

preparations are being marketed by different companies in the United States.
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7
Fats and Oils

in Bakery Products

Clyde E. Stauffer

1. INTRODUCTION

1.1. Shortening in Bakery Usage

Fats and oils have been important bakery ingredients for centuries. Indeed,

‘‘shortening’’ is a baker’s term; fat in a bakery item ‘‘shortens’’ (tenderizes)

the texture of the finished product. In bakery foods, shortenings impart tender-

ness, give a moister mouthfeel, contribute structure, lubricate, incorporate air,

and transfer heat.

Properties of a fat or oil that determine its ability to carry out these functions are:

The ratio of solid to liquid phase.

The plasticity of a solid shortening.

The oxidative stability of the fat or oil.

Oil (or the oil fraction of a plastic shortening) in a baked food gives a tender

bite, moist mouthfeel, and lubricity (the product clears more readily from the

surfaces in the mouth). The solid portion of a shortening contributes to the struc-

ture of the dough and the final product, and entraps air bubbles during mixing.

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
Edited by Fereidoon Shahidi. Copyright # 2005 John Wiley & Sons, Inc.
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These two functions are the key to selecting the proper shortening for a given

application. Also, the fatty acids in the oil fraction are generally more unsatu-

rated than those in the solid part, and polyunsaturated fatty acids are subject

to the development of oxidative rancidity. Oxidative stability is especially important

in shortenings that are exposed to air (cracker spray oils) and high temperatures

(frying fats).

1.2. Other Uses: Icing, Filler, Coating Fats

In addition to inclusion in the dough, fats are also applied to the baked piece, pro-

viding additional enhancement of consumer appeal. Examples are: creme icings on

cakes, aerated fillings in cornettos, fillings in sandwich cookies and sugar wafers,

and chocolate and compound coatings on snack cakes.

These enhancements are primarily carriers of flavors and sweetness (they are

typically high in sugar content). The solid portion of the fat is a major structural

element in the material, while the oil part also enhances mouthfeel, particularly

lubricity (1).

2. BREAD AND ROLLS

In yeast-leavened baked foods the volume and texture (fine-grained crumb with

small, evenly distributed air cells) depends upon the strength of the gluten matrix.

This is a mixture of hydrated storage proteins (glutenin and gliadin, found in

wheat flour), surface active lipids (both those native to flour and added surfac-

tants), and nonpolar fats. The structure of this matrix is still not clearly defined,

but it is known that shortening is an integral part of it. During baking the protein

is denatured, forming a glass that is in part responsible for the elasticity of the

cooled bread. Shortening modifies both the baking process and the characteristics

of the final product.

2.1. Effect on Texture

Up to 5% fat (flour weight basis) may be used in ordinary white pan bread although

the usual level is 3 to 4% of a plastic fat such as all purpose shortening or lard.

These amounts produce the optimum effect in the bread. In soft rolls such as ham-

burger buns 6 to 8% may be used to give a softer bun. This tenderizing effect also

slows down the staling process so bread made with shortening remains softer after

storage for several days as compared to bread made with the same formula but with-

out fat in the dough.

The shortening is simply added to the mixer at the beginning of dough mixing.

The statement has been made that the presence of fat slows down development of

gluten (lengthens the required mixing time), but in experiments both in the labo-

ratory and in the plant this thesis has not been confirmed.
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2.2. Effect on Volume

Loaf volume of bread increases as the amount of plastic shortening increases, up to

about 5% (flour basis), then remains roughly constant (Figure 1). This is because

the dough expands in the oven for a longer time when shortening is present, as com-

pared to a dough made without added fat (2). Fat (or oil) seems to interact with

dough components (starch and gluten) and delay the reactions that end loaf expan-

sion during baking. In other words, in bakery terminology, the addition of shorten-

ing increases ovenspring of the bread.

2.3. Use of Oil Versus Plastic Fat

The tenderizing effect of shortening is due to the liquid phase. Since all-purpose

shortening contains about 25% solid fat at room temperature, 3 kg of vegetable

oil is equivalent to 4 kg of plastic fat in softening bread crumb. The solid fat portion

of traditional bread shortening does play a structural role. It provides dough strength

during proofing, contributing resistance to shocks during transfer from the proofer

to the oven, and also appears to strengthen sidewalls of baked bread, minimizing

‘‘keyholing’’ of the finished loaf. In the continuous bread process hard flake [fat

hydrogenated to an iodine value of about 5, and a melting point of about 60�C
(140�F)] is often melted into the warm oil being pumped to the developer. When

a switch is made from plastic fat to oil, it is necessary to use a dough strengthener

such as sodium stearoyl lactylate (SSL) or diacetyl tartrate esters of monoglyceride

(DATEM) to get good volume.

Figure 1. Final loaf volume of white bread, as a function of added plastic shortening.
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2.4. Frozen Doughs

Extremely lean bread doughs deteriorate more rapidly in frozen storage than doughs

that contain sugar and shortening. For a lean French-type bread the inclusion of

0.5 to 1% vegetable oil in the formula will extend the shelf life by several weeks.

In regular doughs (i.e., for baking pan bread or hamburger buns) the usual amount

of shortening is used: 3 to 4% in bread, 6 to 8% in buns. The function in these cases

is the same as in standard baking, that is, the shortening improves ovenspring and

tenderizes the finished product.

3. LAYERED DOUGHS

In many bakery products, fat is layered between sheets and dough, and this is mani-

pulated to make a dough sheet consisting of up to 100 alternating layers of dough

and fat. Such roll-in doughs include Danish pastry, puff pastry, and croissants. The

dough is mixed, divided into pieces of about ten kilograms each, then cooled to

5–10�C in a retarder. The cooled dough is rolled out, two to three kilograms of

fat is spread over part of the sheet, and the dough is folded over to cover the fat.

The ‘‘sandwich’’ is then rolled out and folded; this is repeated several times, often

with a retarding step included to keep the dough/fat mass cool.

The primary goal during the roll-in process is to preserve the structure of alter-

nate layers of dough and fat. There are several important factors to consider in

selecting the correct shortening or margarine for such a process. Some of them

are: solid fat index (SFI) and plasticity of the fat; complete melting point of the

fat; consistency (softness) of the dough; retarder temperature; number of folds given

the dough before returning it to the retarder; and proofing temperature. Many of

these factors are unique to a given product in a particular bakery, and they influ-

ence the specification for the roll-in fat which gives the best final product in that

bakery.

3.1. Danish Pastry

The dough for Danish pastry contains higher levels of sugar and water than a bread

dough, making it quite soft at the usual mixing temperature of around 20�C. After it

is mixed (the gluten matrix is fully developed) it is divided and cooled as described

above. The cooling and rest time (during which some fermentation occurs) makes

the dough cohesive enough to handle, but if it is over-worked or allowed to warm up

too much during the roll-in step, it again becomes soft, sticky, and easily torn. The

plastic range of the roll-in fat must be rather broad. The consistency of the fat

should nearly match that of the dough across the temperature range, which usually

includes the temperature of the retarder (on the cool end) to room temperature or

above. If the fat is significantly harder than the dough at the cool temperature, then

when a retarded dough is rolled out, the fat does not spread into a uniform layer

between the dough layers, but is likely to tear holes in the dough sheet. If the fat
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is softer than the dough at room temperature, then as the dough mass warms up

(during rolling and folding) the shortening soaks into the dough, the adjacent dough

layers knit together, and the layering effect is lost. The proper plasticity of roll-in

fat requires a relatively shallow SFI profile, and stabilization in the b0 crystal phase.

The latter is particularly important. If the shortening has begun to transform to the

more solid b phase, the additional hardness due to b crystals will cause excessive

tearing during roll-in.

The melting point of the fat must be higher than the proofing tempe-

rature for the Danish. If the proof box temperature is above the fat melting point,

the fat layers turn to oil. This allows the dough layers to knit together to some

extent during proofing, and the final product is less flaky than desired. As a gene-

ral rule, the complete melting point should be at least 5�C higher than proof box

temperatures.

A standard all-purpose shortening having a complete melting point of about

45�C usually works well in most Danish pastry production lines. This gives a flaky

finished product. Some manufacturers use an emulsified shortening containing 3%

monoglyceride, but with similar SFI and melting point specifications. This produces

a Danish having a somewhat gummier mouthfeel, which is preferred in some parts

of the country.

3.2. Croissants

A croissant dough is similar to Danish dough, although it generally contains some-

what less sugar and water, so it is somewhat firmer at the optimum mixed dough

temperature of 20�C. As with Danish, the dough pieces are usually retarded before

roll-in is begun. The best quality croissants are produced using unsalted butter for

roll-in. The amount used varies from 20 to 35% of dough weight; higher levels give

a product that has less volume and flakiness, and is often perceived as greasy in the

mouth. The optimum is usually about 25% roll-in fat.

The factors involved in successful processing are similar to those discussed

above for Danish pastry. Because butter has a steeper SFI curve than all-purpose

shortening (it is much harder at retarder temperatures) more care is required to

prevent tearing the dough as it is being rolled. The melting point is lower than

that of shortening, so proofing temperatures are lower than for Danish. Puff

pastry margarine is an acceptable substitute, although it does not contribute as

much flavor as butter. Since puff pastry margarine has a higher melting point,

the proofing may be done at a higher temperature (and for shorter times) if

time is a factor.

3.3. Puff Pastry

Rolled-in doughs that contain no yeast (puff pastry) depend upon steam generation

in the oven for their leavening. Usually margarine (which contains about 17–20%

water) is used for the roll-in fat for these doughs. The water is trapped and held in
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the fat layers in the dough. It evaporates and expands in the oven, giving an expanded

structure to the final product. If the fat portion of the margarine is too soft, the

water migrates into the dough during the roll-in step, and the leavening action in

the oven is decreased. Puff pastry margarine has a higher SFI curve than all-purpose

shortening, and it is some-what more brittle during roll-in. In this case a smooth,

continuous layer of fat between dough layers is not particularly desirable. The

roll-in process is adjusted somewhat to achieve numerous discrete particles of

margarine between the dough layers. These produce somewhat larger voids in

the finished product, desirable in a puff pastry.

4. CAKES

4.1. Emulsified Plastic Fats

In layer cakes and related items the closeness of the internal grain, and to some

extent the final volume, are strongly influenced by the characteristics of the short-

ening used. In the finished cake a high percentage of the total volume is open space,

present as finally divided cells. These spaces are created by carbon dioxide (from

the leavening system) and steam, formed during baking. When these gases are gen-

erated, by heat, they migrate to the nearest air bubbles that have been incorporated

into the cake batter during mixing. If there are many small air bubbles in the batter

the leavening gases are distributed widely. Each of the bubbles is small, and does

not rise rapidly to the surface of the cake. The leavening gases are retained in the

cake and contribute to final volume. If the air incorporated during mixing is present

as relatively few, larger, bubbles, then during baking the bubbles are expanded by

the leavening gases, and many of them are large enough that they rise to the surface,

escaping and yielding a lower final cake volume.

If the original air bubbles are fewer and larger, the final cake will have less

volume and a coarse (open) grain. If the original batter contains many small air

cells, the final cake will have larger volume and a fine (close) grain. These two situa-

tions are exemplified in Figure 2. The shortening used plays a large role in deter-

mining the degree of subdivision of the air.

In the usual two-stage process of cake production, the shortening and sugar are

combined and mixed. During this step the air is dispersed into the solid phase. Then

the eggs are incorporated, followed by the flour, liquids, and other ingredients. Dur-

ing the first creaming step, the plastic shortening entraps air bubbles. In the pre-

sence of an emulsifier such as 4% monoglyceride, these bubbles are divided into

numerous small air cells by the action of the beater. The shortening must be solid

(so the bubbles do not escape), but also plastic so it can fold around each air pocket.

This is best accomplished by a plastic shortening, crystallized in the b0 phase. If the

shortening has transformed into the b phase, the large plates of solid fat are much

less effective in entrapping the fat. A good shortening for this type of cake batter

production has the SFI profile of all-purpose shortening, containing added mono-

glyceride. Plastic shortening containing 5 to 8% of an a-tending emulsifier such
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as propylene glycol monoester plus 2 to 4% monoglyceride is also sold. These pro-

ducts are successfully used in one-stage cake production.

4.2. Oil Shortening with a-Tending Emulsifiers

It is also possible to make cakes in a one-stage production process, in which

all the ingredients are added at the beginning and the batter is mixed. In this

case the air is entrapped in the water phase rather than in the shortening. In order

to form the air-in-water foam, which is stabilized by proteins contributed from

flour and eggs (3), it is necessary to prevent the defoaming action usually asso-

ciated with fats and oils. This is accomplished by including an a-tending emulsi-

fier in the shortening; typical ones used are propylene glycol monoesters (PGME)

or acetylated monoglyceride (AcMG). At high enough concentrations these emul-

sifiers form a solid film at the oil/water interface (Figure 3). This solid interfacial

Figure 2. Emulsifiers help subdivide air particles in shortening. (a), Microphotograph of batter

made with unemulsified shortening, showing large air bubbles: (c), cake baked from this batter.

(b), Microphotograph of batter made with emulisified shortening, showing smaller air bubbles;

(d), cake baked from this batter. (From Reference 3 by permission.)
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film segregates the fat from the water phase, so it cannot destabilize the protein

foam.

The film-forming tendencies of a-emulsifiers enable the use of liquid oil as the

shortening in a cake or muffin batter. Cakes made with oil shortening are more

tender than when they are made with a plastic shortening. The cake gives an impres-

sion of moistness when eaten, even after storage for a week or longer. Packaged dry

cake mixes, for use in the home, are usually made with oil containing 10 to 15%

a-tending emulsifier dissolved in the oil. Other emulsifiers such as Polysorbate 65

are also used in oil cakes. Because of the tenderness of the cake layer, this type of

formulation is usually not suitable for commercial cake production.

4.3. Muffins, Cupcakes

Muffins and cupcakes are quite similar to layer cakes in the batter characteristics

and reactions during baking (timing of release of leavening gases, setting of the

structure). They are less sweet than most cakes, and generally have a somewhat

more open crumb structure (a close, fine grain is not desired). The shortening

used is an all-purpose (nonemulsified) type. In some instances a vegetable oil short-

ening is used, when an extremely open texture accompanied by a moist mouthfeel

is desired, for example, in a high fiber muffin. Shortening levels vary widely, from

18 to 35% based upon the amount of flour; tenderness of the finished product varies

accordingly.

Figure 3. (a) Microphotograph of batter of oil cake, with PGME in the oil, showing good air

incorporation. (b) A water droplet was suspended in oil containing PGME, then some water was

withdrawn through the syringe tip. The crumpled material is solidified emulsifier at the interface.

(From Reference 4 by permission.)
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4.4. Creme Icings

Layer cakes are generally covered with an icing, giving increased sweetness

and flavor. Creme icings are made by creaming together the fat and sugar (in a

ratio of about 3 to 4), then adding flavor and egg whites and perhps a small

amount of water, and mixing at high speed until the specific density is in the

range of 0.4 to 0.6 g/cc. The fat used varies widely. Traditionally butter was

used, giving a flavorful icing. Due to economics, some or all of the butter is fre-

quently replaced with an emulsified shortening having an SFI curve similar to

that of butter. It is important that the melting point of the shortening be about

37�C (body temperature), otherwise the residual hard fat leaves an undesirable

greasy or waxy impression in the mouth.

Monoglyceride at 2 to 3% is commonly used as the emulsifier. At higher levels

(e.g., the 4% level found in emulsified cake shortening) the aeration of the icing is

less efficient. Polysorbate 65 at a concentration of about 0.5% is also included in

some icing shortenings. It has a higher HLB, and allows the incorporation of some-

what more water in the icing (5).

5. CAKE DONUTS

Donuts are fried in hot (180–190�C) fat rather than being baked. Yeast-raised

donuts are a sweet dough, cut into rings and proofed before being fried. Cake donuts

are chemically leavened and similar to cake or cupcake batter in composition. In

a cake donut batter the degree of subdivision of air entrapped in the shortening

phase has much to do with the openness of grain in the final donut. Thus an emulsi-

fied cake shortening is generally used. The batter is extruded in a ring shape into the

hot fat, where it is fried. Initially the ring sinks in the fat, but the leavening soon

causes it to rise to the surface; it is flipped halfway through the frying cycle so both

sides are cooked. A significant amount of the batter water is evaporated during the

process, and an equal volume of frying fat is absorbed into the donut, accounting

for about half the fat in the finished donut. The nature of the frying fat has much to

do with the eating characteristics of the finished donut. If it has a rather high SFI

curve and a high melting point, the cooled donut will have a solid texture and a dry

mouthfeel. On the other hand, if a high stability frying oil is used (with a melting

point at or below room temperature) the donut will be greasy and unappetizing. A

good donut frying fat has an SFI somewhat higher than an all-purpose shortening,

but with a lower melting point.

If the donut is to be coated with powdered sugar, the consistency of the absorbed

fat is important to obtaining proper coverage. If the fat in the cooled donut is too

hard, sugar pickup will be too small. On the other hand, if the fat is too soft the sugar

will ‘‘melt’’ when the packaged donut is stored. For best results, in warm weather

the SFI curve of the frying fat should be on the upper side of the specifications given

in Table 1, while in cold weather it should be on the low side. The proper selection

of frying fat is of major importance to the quality of the finished cake donut.
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6. COOKIES

6.1. Effect on Texture, Spread

Entrapped air bubbles in the shortening phase of a cookie dough serve as nuclei for

leavening gas during baking, as in cakes. Thus if a fine-grained cookie, for example,

a soft sugar cookie, is desired an emulsified shortening should be used. For a thin,

crisp cookie a lightly hydrogenated oil may give the best product characteristics.

For most wirecut cookies an all-purpose shortening works well. As the amount

of shortening in the formulation increases, the tenderness of the baked cookie

also increases, as would be expected.

The diameter of the baked cookie is important in commercial bakeries, where the

finished product must fit a previously designed container. The height is also some-

times a factor, depending upon the type of packaging equipment in use. The amounts

of both sugar and shortening (relative to flour) in the dough affect diameter and

height, but in a rather complex fashion (6, 7). Briefly, in a 50% sugar (flour basis)

dough, increasing shortening increases diameter and decreases height. In a 90% sugar

formula, increasing shortening decreases diameter and has little effect on height.

6.2. Processing Considerations

Dough. For wirecut cookies, where the dough is extruded through a die

and portions are cut and dropped onto the baking band, the main dough function

TABLE 1. Typical Physical Properties of Bakery Shorteningsa.

Solid Fat Index

10�C 21�C 27�C 33�C 40�C AOM

Shortening Type (50�F) (70�F) (80�F) (92�F) (104�F) (min. h)

RBD oilb 0 — — — — 10

Lightly hydrogenated oil <5 <1.5 — — — 25

Deep frying fat 47� 3 32� 3 25� 2 12� 1 <2 200

All-purpose 28� 3 20� 2 17� 1 13� 1 7� 1 75

Cake, icingc 32� 3 25� 2 22� 2 16� 1 11� 1 75

Pie crust 26� 3 17� 1 14� 1 10� 1 6� 1 75

Wafer filler fat 55� 4 39� 3 29� 3 4� 1 <1 100

Sandwich cookie filler 38� 3 24� 2 18� 1 9� 1 <2 100

Coating fat 64� 5 52� 4 44� 4 20� 2 0 200

Puff pastry margarine 34� 3 30� 3 27� 2 22� 2 16� 1 200

General use margarine 28� 2 21� 2 18� 1 15� 1 10� 1 200

Butterd 32 12 9 3 0 —

Cocoa butterd 62 48 8 0 0 —

aGeneral chemical characteristes: peroxide value, 1 meq/kg max.; free fatty acid (as oleic acid), 0.05% max.;

phosphorous content, 1 ppm max.
bRBD¼Refined, bleached, and deodorized oil.
cContains 3–5% a-monoglyceride for cake, 2–3% for icing.
dTypical values. As natural products, these can vary somewhat.
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is incorporation of finely divided air bubbles. As the cookies bake, leavening gases

(steam, carbon dioxide) collect in the air bubble nuclei. If the air cells are few and

large, the grain of the resulting cookie will be open, while if the air nuclei are many

and small, the cookie will have a finer grain. The shortening also lubricates the

dough as it is extruded. If a low-fat cookie is being developed, difficulty is often

seen at the wirecut depositor; the dough does not extrude readily. Using oil as

the added allowable lipid may help this problem.

In rotary-molded cookies, air incorporation is important, but shortening also

makes a structural contribution to cookie processing and quality. The solid phase

of the shortening influences the consistency of the dough; if the fat is too soft (the

SFI profile is too low) the dough will be soft, and not machine properly at the molder.

Also, oil will tend to leak from the shaped pieces, and saturate the cloth takeaway

belt, causing problems. If the SFI profile is too high, the dough will be stiff, it will

not fill the mold properly, and it will not release cleanly from the die. In the former

case the shortening is making an inadequate contribution to dough structure, while

in the latter case lubrication by the shortening is lacking. It is necessary to maintain

the proper balance between the solid and liquid phase in the shortening to have

good machinability. To obtain the precise balance required it may be necessary

to use a combination of lightly hydrogenated oil plus all-purpose shortening in the

dough. The exact ratio for best results is determined by experiment: if bits of dough

stick in the mold, use a little more oil, while if the pattern tends to smear out, use

less oil (or a plastic shortening with a higher SFI profile).

For sheeted cookies, such as Marias biscuits, dough structure is primarily due to

a modest amount of gluten development, and the grain of the final product depends

upon proper extrusion and sheeting. The main contribution of shortening in these

items is tender eating quality in the finished product. This is an attribute of the oil

phase, and a liquid oil shortening should give good results, when used at about 75%

of the amount of plastic fat in the formula. Cookies are a long shelf life item, and

they must be acceptable to the consumer for up to six months or more. If oil is used

in the dough, it should have good oxidative stability, so rancidity does not develop

in the product during storage.

Wafer batter does not ordinarily contain fat or oil. However, on occasion a small

amount of oil is included in the batter, to facilitate release of the baked wafer from

the griddle. The amount used is just enough to effect release (perhaps 0.5% of total

batter weight). An oil with high oxidative stability would give the best lubrication

in this application.

Filling Fat. Fillings for sugar wafers or sandwich cookies consist of fat and

sugar, with flavor and color added as desired. The consistency of the filling is deter-

mined to a large extent by the SFI profile of the fat used. This profile must meet

three requirements:

1. The blend must have a soft consistency, so it can be extruded onto the

basecake or wafer

2. The extruded filling must be firm at room temperature and below, so that it

does not slide when the cookie is eaten
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3. The fat must melt almost completely at mouth temperature, so it does not

have a waxy mouthfeel

To achieve these goals, the SFI profile of a filler fat is rather steep, higher than that

for all-purpose shortening at low temperatures, and lower at high temperatures. The

plastic range is much narrower, and close control of temperature at the mixer and

extruder is necessary.

The solid fraction of filler fat for wafers and sandwich cookies gives body to the

filling. When the filled wafer or sandwich cookie is cooled to room temperature the

cream sets up to the firm consistency needed. In the production of filled wafers it is

crucial that the crystal structure be b0. If the shortening has started to go beta, the

resulting oiliness causes the wafer sheets to slide during the transport and cutting

operation. Also, b crystals set up slower than b0 crystals, causing delays between

the extruder and the cutting operations. In sandwich cookies this is not such a factor,

because they are not cut after filling. Wafer filler fat has a higher SFI profile than

sandwich cookie filler fat; because it must prevent slippage between the top and

bottom wafer sheets during cutting. Filler fats with a wide range of SFIs are avail-

able and individual plants may want to develop their own specification to fit their

equipment, processing conditions, and geographical locations.

Coating Fat. Cookies and other snack items are frequently coated with choco-

late. The SFI profile of cocoa butter is unique among natural fats, being very high at

room temperature and below, but melting rather sharply and completely at about

32–35�C. This characteristic is accepted as the norm for coating fats. A number of

substitutes for cocoa butter have been sold. These are based upon shea butter, frac-

tionated palm kernel oil, or soy and similar vegetable oils that have been hydrogen-

ated in a special fashion. Such a fat is called a ‘‘hard butter.’’

Hard butters do not have such a sharp SFI profile as cocoa butter and their melt-

ing point is generally slightly higher, around 38–42�C (the melting point is adjust-

able, by making slight changes in process parameters). When used to make a coating

for a cookie or wafer, they are blended with cocoa powder, sugar, and milk solids.

While the fat does not melt completely at mouth temperature, this is not a problem

because it is chewed along with the other, nonmelting parts of the cookie and the

slight residual solid fat is not noticed. The confectionery coating has an advantage

over chocolate; it does not melt as readily when held in the fingers or when exposed

to warm summer temperatures.

The crystallization behavior of cocoa butter is complex. Careful tempering of the

chocolate is necessary, to obtain a covering that is smooth, glossy, and stable. If the

cocoa butter in the covering undergoes crystal transformation, because of tempera-

ture fluctuations or a variety of other reasons, it takes on a dusty look, referred to as

chocolate ‘‘bloom.’’ Hard butters are generally less complex in their crystal habit,

tempering is easier, and bloom formation less likely to be a problem. The two kinds

of fat generally are not compatible, and a coating made with hard butter should not

contain any more cocoa butter than the few percent that is present in the cocoa pow-

der, used for flavor and color. Likewise, trying to extend chocolate by adding hard

butter enhances the tendency for bloom formation.
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Crackers. Two main types of crackers are produced commercially: soda and

snack. In both types about 10 to 12% of a plastic shortening is incorporated in the

dough, providing tenderness and a desirable crisp ‘‘bite’’ in the final product. In

addition, snack crackers are sprayed with oil as the hot product exits the oven to

improve mouthfeel and help seasonings adhere to the piece. Traditionally lightly

hydrogenated coconut oil with a complete melting point of 33�C has been used,

but in recent years selectively hydrogenated soy oil has been successfully used.

The polyunsaturated fatty acids are reduced to almost zero, but the m.p. is around

35�C. If a shiny appearance is desired an oil with an SFI around 10 at 20�C is used,

while one with an SFI of about 20 at 20�C will give a drier appearance. Because the

oil is on and near the surface of the cracker, and because the cracker should have

a shelf life of up to six months, the spray oil must have good oxidative stability:

AOM values should be at least 100 hours.

7. PIE CRUST, BISCUITS

7.1. Texture

Shortening functions in pie crust and American-style biscuits analagous to its action

in layered doughs: layers of fat create regions of low tensile strength within the

dough, giving it a flaky texture. The means of achieving this effect, however, is dif-

ferent, necessitating adjustment in the properties of the plastic shortening used. The

shortening is mixed into the blended dry ingredients in such a way as to form small

(pea-sized) pieces. Then liquid is added, the dough is gently mixed until it is just

cohesive (the flour gluten is not developed), then it is sheeted out, the piece (crust or

biscuit) is cut, and baked. The dispersion of shortening is more like that in puff

pastry than in croissants. Intimate contact between all the shortening and the flour

is not desired. The shortening should be slightly harder than the all-purpose short-

ening used, for example, for Danish roll-in. Alternatively, the crust or biscuit dough

should be kept cool (even refrigerated) during processing to maintain the integrity

of the fat pieces.

On the other hand, shortening used in biscuits should not have a melting point

markedly higher than body temperature, or a waxy mouthfeel results. A shortening

having an SFI profile similar to that suggested for sandwich cookie filler fat has

been successfully used to accomplish all these aims.

8. SPECIFICATIONS FOR BAKERY SHORTENINGS

Certain properties of shortening are of particular importance to bakers. The solid

fat index, plasticity, and oxidative stability of shortening are determined by the

supplier’s production process. The source of the starting oils, the conditions and

extent of hydrogenation, the blending and crystallization of various basestocks, the

storage conditions after packaging, these production variables determine the factors

which influence shortening functionality. Some understanding of the nature of the
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three factors mentioned above clarifies their role in the bakery production process,

and contributes to improved selection of shortenings for different bakery products.

8.1. Solid Fat Index/Content

The solid fat index (SFI) relates to the percent of shortening which is solid at vari-

ous temperatures. This curve can have a variety of shapes, being rather humped like

cocoa butter, or almost straight over most of the range, with a steeper or shallower

slope. The whole curve cannot be predicted from a determination made at just one

temperature. Curves for different fats may cross; the whole SFI curve is required in

order to understand the properties of the shortening at different temperatures.

Solid fat index is measured by placing a sample of the fat in a dilatometer and

measuring the volume at various temperatures. When a solid fat melts it expands. A

solid triglyceride has a coefficient of expansion of about 0.00040 mL/g/�C, while a

liquid triglyceride has a coefficient of expansion of about 0.00084 mL/g/�C. A short-

ening is a mixture of triglycerides that melt over a range of temperatures, and the

actual volume change resembles the solid line shown in Figure 4. In this hypo-

thetical example, the actual percent of solids in the fat at 20�C is S/T, or about

47%. While the specific volume line for oil is easy to determine, the corresponding

line for fully solid fat is difficult to define. The standard SFI method (AOCS Meth-

od Cd 10-57) circumvents this difficulty by adopting a convention: the lower refer-

ence line is given the same slope as the line for the liquid, and is located 0.100 units

Figure 4. A curve exemplifying the determination of solid fat index by dilatometry.
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below it (the dotted line in Figure 4). For the example the SFI value is S/T0, or

about 40%.

The dilatometric method is time-consuming and subject to the bias introduced

by the convention described. More recently pulsed Nuclear Magnetic Resonance

(pNMR) has been used to measure the relative amounts of liquid and solid fat in

a sample, based upon the difference in rates of relaxation of protons in the two

phases after the sample has been pulsed (AOCS Method Cd 16-81). With proper

calibration this gives a direct determination of the percentage of solid fat, and the

results are termed solid fat content (SFC). The analysis takes less time than dilato-

metry, but the equipment is more expensive.

The relationship between SFI and SFC is a complex function of both temperature

and the level of SFI. A comprehensive study of 46 plastic shortenings across the

temperature range of 10–45�C provided data for deriving equations relating the two

values (8). A study of 14 hard butters (9) showed that the relationship was not as

complex as that for plastic shortenings.

Analytical measurements of SFI and SFC are relatively precise; duplicate deter-

minations should agree within �1 unit. The suggested values given in Table 8.1 for

SFI and SFC have rather large tolerances specified, because it is difficult to control

the steps in shortening production to closer tolerances than those given.

Functionality of a plastic fat in the bakery depends not only on solids content,

but also on the slope of the SFI curve. Meeting an SFI specification implies that the

values for a particular batch lie within the specified ranges, and also that deviations

from the target values are all on the same side, either higher or lower. This is parti-

cularly important in producing basestocks for blending for margarine and shorten-

ing production.

8.2. Plasticity

The plasticity of a fat is defined operationally; the shortening is smooth, not

grainy, deforming readily when squeezed but holding its shape when set on a flat

surface. No precise method of measuring these characteristics objectively has been

developed to date. Various sorts of penetration tests give approximate results

which are useful, although they must be used with some caution. One such test

is the cone penetrometer method (AOCS Method Cc 16-60). A metal cone is set

on the top surface of the fat, and the depth of penetration after a fixed time period

is determined. The extent of penetration is larger for a soft fat than for a hard fat.

A second method which is of value on the shortening production line employs a

thick needle. A tube is held vertically on the surface of the fat, and the needle is

dropped from the top of the tube. The depth of penetration is read from markings

on the needle.

The plastic range refers to the range of temperatures over which a shortening will

have the properties listed above. Plasticity is a function of two factors: SFI and crystal

structure. Assuming the shortening has the proper b0 crystal structure then it will be

plastic over a range of about 10 to 25 SFI units (Figure 5). The choice of upper and

lower limits of plasticity depend upon the experience of the individual choosing
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them, and the application; they are broader for bakery shortening than for margar-

ine for use in the home.

Triglyceride fats crystallize in three different crystal forms. Rapid cooling of

melted fat forms a waxy solid called the alpha (a) form (Figure 6a). This is a rather

unstable crystal which quickly changes into long needle-like elusters of beta prime

(b0) crystals (Figure 6b). This is the preferred crystal form for plastic shortenings.

The long, thin crystals join together into a ‘‘brush heap’’ which immobilizes several

times its own weight in liquid oil. The thin needles are readily broken when

squeezed (and reform when deformation ceases) so the overall feeling is one of a

very smooth, creamy solid.

If this crystal phase is not stabilized by proper tempering at the time of manu-

facture, or if the shortening is stored at too warm a temperature, the solid phase

reorganizes into the most stable structure, beta (b) crystals (Figure 6c). These

are platelike, firm structures. Because there is less surface area per gram than

in the case of b0, the b crystals immobilize less liquid. A fat that has converted

to the b form feels grainy or sandy, and also oily. A shortening that has ‘‘gone beta’’

has lower plasticity than the same shortening stabilized in the b0 phase.

Shortening made from 100% hydrogenated soy or sunflower oil converts to b
crystals rather readily, but the addition of 5 to 7% hydrogenated palm or cottonseed

oil stabilizes the b0 phase. Most plastic shortening used in the United States today is

made from partially hydrogenated soy oil plus a small amount of palm or cotton-

seed hard flakes (iodine value of 5). There are a few shortenings for which some b
crystals are preferred, mainly in fluid shortenings and in puff pastry margarine.

Figure 5. Plastic range of three shortenings having different SFI profiles.
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Figure 6. Microphotographs of fat crystals, taken in polarized light. From left to right: a crystals: b0 crystals: b crystals.
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The function of plasticity in various bakery products was discussed previously. In

ordinary cookie production the plastic shortening is combined with sugar and then

mixed, or creamed, to incorporate air bubbles. These air bubbles are the nuclei for

gas expansion during baking. The air is physically trapped, and the brush heap

structure of b0 shortening is better able to do this than the plates of b crystals.

The air is actually in the liquid oil, so if SFI is too high there is not enough oil

volume for adequate aeration. On the other hand, if SFI is too low the air is not

trapped, and it escapes before dough mixing is complete. There is a range of SFI

values giving optimum aeration of the creamed shortening, corresponding to the

plastic range.

The machining of doughs, preparatory to baking, often causes some warming. If

the SFI gets too low oiling out may be observed. The plasticity is suitable for the tempe-

ratures experienced in mixer operation, but because of warming during machining

the shortening causes problems at the front of the oven. The plastic range of the

shortening is too short to accommodate both the mixing and the forming operations.

This is most often seen when a simple shortening (e.g., palm oil, as depicted in

Figure 5) is used. Switching to a shortening with a broader plastic range will usually

solve the problem.

Filling fat for wafers and sandwich cookies must meet a different set of require-

ments. If the solid fat index is too low at room temperature the wafers will tend to

slide. The plastic range of filler fat is narrower, with less temperature tolerance at

the mixer. When the wafer is cooled to room temperature the cream sets up to the

firm consistency needed. In the production of filled wafers it is crucial that the crys-

tal structure be b0. If the shortening has started to go beta, the resulting oiliness

makes the wafer sheets slide during the transport and cutting operation. Also, b
crystals set up slower than b0 crystals, causing delays between the extruder and

the cutting operations.

8.3. Oxidative Stability

The importance of oxidative stability of a fat or oil depends upon the intended use

of the oil, in particular the use temperature and the finished product storage time.

Two extremes are bread and a deep-fat fried snack. In bread the maximum tempera-

ture to which fat is exposed is 95�C (the final internal temperature during baking)

and the storage time is at most 7 days; the least stable shortening, RBD oil, can be

used for this application without danger of rancidity. The oil for deep-fat frying is

heated to about 180�C, exposed to air during the frying operation, and has an

expected shelf life up to 1 year. A stable fat is needed, so that rancidity does not

make the snack prematurely unacceptable.

Autoxidation of fats occurs with unsaturated fatty acid chains. The relative rates

of oxidation of oleic, linoleic, linolenic, and arachidonic acids (one, two, three, and

four double bonds, respectively) are 1, 12, 25, and 50. Autoxidation is a free radi-

cal reaction, initiated and propagated by free radicals reacting with methylene

(��CH2��) groups adjacent to double bonds (Figure 7). A hydrogen radical is

extracted and one of the double bonds migrates into a conjugated position, moving
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the radical site to the outer carbon. Dissolved oxygen adds to this site generating a

peroxyl radical; this abstracts a hydrogen from a donor, perhaps another methylene

group, making a hydroperoxide. The hydroperoxide splits to generate two free radi-

cals, a hydroxyl and an alkoxyl radical. This cleavage is catalyzed by traces of

metal ion such as copper or iron. The net result is three free radicals, each of which

can initiate another chain of reactions. The rate of reaction is self-enhancing, i.e., it

is an autocatalytic reaction.

The reactions detailed above can occur in the dark, as long as molecular oxygen

and an initiating free radical species is present. If the oil is exposed to light, dis-

solved oxygen may be photoactivated to singlet oxygen, which can initiate the reac-

tion chain at the second stage shown in Figure 7.

The extent of autoxidation of a fat is often measured as the Peroxide Value (PV),

which is the amount of chemically reactive peroxide in the sample (AOCS Method

Cd 8-53).

Four main factors contribute to oxidative rancidity:

1. Chain initiation by trace free radicals

2. Chain propagation by molecular oxygen

Figure 7. Reactions involved in autoxidation of a polyunsaturated fatty acid.
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3. Hydroperoxide cleavage catalyzed by metal ions

4. Chain initiation by photoactivated oxygen

Proper refining and deodorization removes peroxides which are the source of trace

free radicals. Oil should be processed, transported, and stored under a nitrogen

atmosphere. Metal ions in the oil can be inactivated by chelation with citric acid.

Finally, the exposure of oil to light should be minimal. With these precautions oxi-

dative stability can be increased several-fold.

Antioxidants also increase oxidative stability. These bind active free radicals,

thus preventing initiation of new reaction chains. If free radicals continue to form,

due to the presence of oxygen and trace metals, eventually all the antioxidant will

react, and the autocatalytic sequence will develop without hindrance.

Fat oxidative stability is measured by the active oxygen method (AOM, AOCS

Method Cd 12-57). Oil or fat is held at 97.8�C while air is bubbled through it. The

time required to develop a peroxide concentration of 100 meq/kg is the AOM stab-

ility of the sample. A closely related method, the oil stability index (OSI, AOCS

Method Cd 12b-92), also bubbles air through hot oil. One of the breakdown pro-

ducts is formic acid, which is trapped in a water cell. The machine continuously

monitors conductivity of the water, and records the time when it rises sharply.

Rancimat times obtained at 110�C are 40–45% of the AOM times, so an OSI sta-

bility of 4 h is equal to an AOM stability of 10 h.

Oxidative stability is important for obvious reasons. The baker does not want the

shortening or oil to develop rancidity in storage before use, and wants to avoid ran-

cidity in the finished product as long as possible. The fat or oil as delivered to the

bakery should have a peroxide value below 1 meq/kg. If the amounts of oil used are

large enough, the baker may consider blanketing his storage tanks with nitrogen to

extend storage stability.

8.4. Typical Specifications

Complete specifications for any bakery shortening include many factors beyond

those discussed above and those listed in Table 8.1. These may include such items

as the source material desired, packaging, storage, and numerous other factors

related to Good Manufacturing Practices and HACCP guidelines. The items pre-

sented in Table 8.1 are related to the direct functionality of shortening in baked

goods, as discussed in this Chapter. The conscientious Quality Assurance person

writing the actual specification will want to include many more items.

The maximum peroxide value given relates to the potential resistance of the

shortening against oxidative rancidity; a higher peroxide value means that the short-

ening will develop rancidity sooner. The value for AOM speaks directly to this char-

acteristic. The free fatty acid and phosphorous limits given should be met by any

supplier doing a good job of refining the initial raw materials (e.g., soybean oil)

used to produce the shortening.

No melting points are given, because in general these have little relevance to

functionality in baking. For reference, it is noted that different methods are used to
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determine m.p., and they relate to the SFI curve roughly as follows: Wiley m.p. cor-

responds to an SFI of 3; Mettler dropping point m.p. corresponds to an SFI of about

1.5; and the complete m.p. is at an SFI of 0.

Finally, it is emphasized that Table 8.1 gives typical physical specifications

for a number of bakery shortenings: adjustments can and should be made to meet

requirements for a particular product or equipment line. The values given are meant

as guidelines, and a complete ingredient specification should be developed in con-

sultation with shortening suppliers.
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8
Emulsifiers for the

Food Industry

Clyde E. Stauffer

1. EMULSIFIERS AS AMPHIPHILES

Surfactant is a coined word (from surface active agent) that is applied to molecules

that migrate to interfaces between two physical phases and thus are more concen-

trated in the interfacial region than in the bulk solution phase. The key molecular

characteristic of a surfactant is that it is amphiphilic in nature, with the lipophilic

(or hydrophobic) part of the molecule preferring to be in a lipid (nonpolar) environ-

ment and the hydrophilic part preferring to be in an aqueous (polar) environment

(Figure 1). By the word preferring it is actually meant that the thermodynamic free

energy of the system is at a minimum when the lipophilic part is in an oil (or air)

phase and the hydrophilic part is in water (1). If a surfactant is dissolved in one

phase of an ordinary mixture of oil and water, some portion of the surfactant will

concentrate at the oil–water interface, and at equilibrium the free energy of the inter-

face (called interfacial or surface tension, g) will be lower than in the absence of the

surfactant. Putting mechanical energy into the system (e.g., by mixing) in a way

that subdivides one phase will increase the total amount of interfacial area and

energy; the lower the amount of interfacial free energy per unit area, the larger

the amount of new interfacial area that can be created for a given amount of energy

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
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input. The subdivided phase is called the discontinuous phase, and the other phase

is the continuous phase.

As shown in Figure 1 surfactants have a lipophilic (fat-loving) and a hydrophilic

(water-loving) part; for this reason they are sometimes called amphiphilic (both-

loving) compounds. The lipophilic part of food surfactants is usually a long-chain

fatty acid obtained from a food-grade fat or oil. The hydrophilic portion is either

nonionic (e.g. glycerol); anionic (negatively charged, e.g., lactate); or amphoteric,

carrying both positive and negative charges (e.g., the amino acid serine). Cationic

(positively charged) surfactants are usually bactericidal and somewhat toxic, and

they are not used as food additives. Examples of surfactants are monoglyceride

(nonionic), stearoyl lactylate (anionic), and lecithin (amphoteric). The nonionic

surfactants are relatively insensitive to pH and salt concentration in the aqueous

phase, while the functionality of the ionic types may be markedly influenced by

pH and ionic strength.

Numerous books have been written on the subject of emulsions, but three good

sources are Adamson (1), Larsson and Friberg (2), and Becher (3). They summarize

and discuss all phases of emulsifier technology for the practical working scientist.

Figure 1. Generalized amphiphilic molecular structure. The lipophilic portion is the long-chain

fatty acid stearic acid.
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2. SURFACES AND INTERFACES IN FOODS

Table 1 lists five systems whose properties are influenced by interfacial tension.

Usually emulsions are of the oil-in-water (o/w) type, where the continous phase

is polar (an aqueous solution of salts, sugars, proteins, etc.) and the discontinuous

or divided phase is nonpolar (lipid, i.e., fat or oil). The suspension of whey in melted

fat, used in margarine manufacturing, is a water-in-oil (w/o) emulsion. In foams,

the discontinuous phase is usually air; the continuous phase may be either aqueous

or lipid. The interface between the continuous aqueous phase of a dough and inso-

luble components (starch granules, gluten proteins) typifies a sol or dispersion. Fogs

are usually found in processing steps (e.g., a spray application of an ingredient such

as oil); aerosols are formed during spray drying of food ingredients. In these two

instances, particle sizes are usually larger than sizes generally associated with the

terms fog and aerosol.

3. SURFACE ACTIVITY

3.1. Energetics

Surface Tension, Surface Free Energy. Consider a soap bubble film contained in a

rectangular wire frame (Figure 2). One side of this frame, of length l, is move-

TABLE 1. Food Systems Involving Interfaces (4).

System Continuous Phase Divided Phase

Emulsion Liquid Liquid

Foam Liquid Gas

Sol (dispersion) Liquid Solid

Fog Gas Liquid

Aerosol Gas Solid

Figure 2. Sketch of a wire frame with one movable side, containing an interior film.
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able. The work necessary to move this side to the right by a distance dx is given

by:

work ¼ gldx ¼ gdA ð1Þ

where g is the free energy of the water–air interface. The total surface free energy

equals glx. The usual units for g is milli-Newtons per meter (mN/m), which is

numerically equal to the older (non-SI) units of dynes per centimeter or ergs per

centimeter squared. The concept is general; the surface could be the interface

between two condensed phases, e.g., water and oil, in which case the term is inter-

facial tension (free energy).

If the surface is curved, the radius of curvature plays a role. Given an air bubble

of radius r the total surface energy is 4pr2g. Decreasing the radius by the amount

dr, decreases total surface energy by 8prgdr ¼ 4pr2gdr. This change must be

balanced by a pressure increase, �P, otherwise the bubble would be compressed

to nothingness. This pressure difference times the change in surface area equals

the change in total surface energy:

�P4pr2dr ¼ 8prgdr ð2Þ

and

�P ¼ 2g=r ð3Þ

Equation 3 indicates that the internal pressure of a small bubble is greater than that

of a large bubble. This has practical consequences in aerated food systems. In a

cake batter, for example, time-lapse photography shows that small bubbles (con-

taining carbon dioxide) disappear and large bubbles increase in size (5). The carbon

dioxide in the small bubbles dissolves into the aqueous phase because of a higher

pressure, then enters the larger bubbles, which represent a region of lower internal

pressure. Similar effects are expected in other foods where the continuous phase

may act as a conduit for dissolved gases.

The surface tension of a solution of a surfactant is lower than that of the pure

solvent. Surface tension is roughly a linear function of ln(surfactant concentration)

up to the critical micelle concentration (CMC) (Figure 3). Above the CMC the ther-

modynamic activity of the surfactant does not increase with the addition of more

surfactant, and the surface tension remains constant. Interfacial tension also decreases

with the concentration of an emulsifier dissolved in one of the phases. In Figure 4

the decrease in g does not level off, because the emulsifier (PGMS) does not form

micelles in the organic solvent phase (heptane). The changes in the slope of the plot

are attributed to changes in orientation of emulsifier molecules at the interface (7).

3.2. Concentration at the Interface

Surface Excess of Emulsifier. Surfactant molecules concentrate at the interface,

with the lipophilic portion being in the nonpolar phase (air, organic solvent) and
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the hydrophilic portion being in the polar (water) phase. This migration of some

surfactant lowers the free energy of the total system. The result is a higher con-

centration of surfactant in the region that includes the interface (Figure 5). The

difference between this concentration and the bulk concentration is called the sur-

face excess, �.

Figure 3. Surface tension of laurylsulfonic acid solutions (6).

Figure 4. Interfacial tension at the interface of water and solutions of propylene glycol

monostearate in heptane (7).
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The surface excess is calculated from a plot of g versus the thermodynamic activity,

a, of the surfactant:

� ¼ �ða=RTÞðdg=daÞ ð4Þ

For dilute solutions, surfactant activity equals concentration, and � is calculated

from the plot of g versus molar concentration.

When surfactant molecules concentrate at the interface, some solvent mole-

cules are displaced, so the surface solvent concentration is lower than the bulk

solvent concentration. The Gibbs convention defines the dividing line between the

two phases so that the (negative) surface excess of solvent equals zero. Then

equation 4 gives the surface excess of (say) laurylsulfonic acid at the air–water

interface. When the actual interfacial concentration of surfactant is needed, the

situation is more complicated. Methods for handling these complications have

been discussed (1,7).

3.3. Interactions between Surfaces

When two surfaces approach each other, two forces exist: one repulsive and one

attractive. Whether or not the surfaces touch and coalesce depends on the relative

sizes of the two forces. This is equally true for liquids (e.g., oil droplets in an emul-

sion), solids (e.g., finely divided CaCO3), and films (air bubbles in a foam). The

description of these interactions is stated in the DLVO theory (8).

Figure 5. Demonstration of the excess concentration of a surfactant at a water–oil interface.
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Electrical Double Layer. Electrical repulsion exists when the surfaces carry net

charges of the same sign and the continuous phase is water. For example, if an o/w

emulsion is stabilized by an anionic surfactant, the oil droplets have a negative

charge on their surface. Electrical repulsion then tends to keep the droplets from

making contact. At the oil surface, the electrical potential is co, and the potential

decreases as the square of the distance from the surface, because cations are attrac-

ted into the region, partially neutralizing the surface negative charge. This change is

shown in Figure 6.

The rate of decrease of c is directly related to the ionic strength of aqueous

phase. Ionic strength, m, is related to the concentration of individual salt ions and

the square of the ionic charge ðzÞ of each ion:

m ¼ 1

2
�ciz

2
i ð5Þ

Divalent ions are four times as effective as monovalent ions in decreasing c. Thus

0.25 M zinc sulfate, for example, is as effective as 1 M sodium chloride in promot-

ing emulsion flocculation or coalescence. If gravity (creaming) is the only force

bringing the droplets together, they will approach to a distance where repulsion

Figure 6. Dependence of electrostatic potential (c) and van der Waal’s attraction as a function

of distance between two surfaces.
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due to c is just balanced by gravitational effects, and the emulsion will then be

stable.

Attractive Forces. Attractive forces, collectively called van der Waal’s forces,

exist between two oil droplets. Simplistically, these forces may be thought of as

the attraction between oil molecules at the o/w interfaces that have lower energy

when in contact with each other than when in contact with water. Several pheno-

mena are involved: hydrophobic interactions and London dispersion forces are most

commonly considered. These are effective as (roughly) the fourth power of the dis-

tance between the surfaces and are unaffected by ionic strength. The attraction due

to van der Waal’s forces is shown in Figure 6. Suspensions of solids (cellulose

fibers, finely divided CaCO3, etc.) are stabilized in the same way. Ionic surfactants

are used that selectively adsorb to the solid surface, generating a c potential and

making possible a stable suspension.

Drainage of foams is governed by similar principles. In a soap foam, for example,

carboxylate molecules are concentrated at the air–water interface, and the surface

has a net negative charge. Water drains from between two air bubbles until the ionic

repulsion between the two surfaces equals the gravitational force on the water; at

that thickness, the film becomes stable. The presence of salt in the water phase

decreases the thickness of the final drained film, until the ionic strength is high

enough to allow the surfaces to touch, when the foam collapses. Stabilization of pro-

tein foams (e.g., meringues) is due to a somewhat different mechanism (discussed

below).

4. EMULSIONS

4.1. Formation

Division of Internal Phase. Simply adding oil to water does not result in emul-

sion formation. Input of mechanical energy subdivides the droplets of internal

phase until they reach the final average droplet diameter, in the range 1–100 mm.

A cylinder of liquid whose length is more than 1.5 times its circumference is

unstable and tends to break up into droplets. Mechanical stirring of an oil–water

mixture forms drops of liquid that are then distorted into cylinders (along the lines

of flow) and that break up into smaller droplets (Figure 7). The process is repeated

until the droplets are so small they cannot be further distorted, and further sub-

division ceases.

A suspended liquid drop forms a sphere, because this shape has minimum sur-

face area (hence minimum interfacial free energy) for a given volume; area is

related to the cube of droplet radius. Distortion is a flow shear effect, depending

on droplet cross-section, related to the square of the radius. At large diameters,

shear forces are greater than interfacial tension forces, droplets are distorted into

cylinders, and subdivision occurs. Droplet radius decreases, until the interfacial

tension forces balance (or exceed) shear forces, and further division stops. In emul-

sification experiments in which the amount of mixing energy is constant and g
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is changed by adding emulsifier, it is found that the average oil droplet diameter

parallels g, i.e., as more emulsifier is added, g decreases and so does average droplet

size. If g is unchanged but mixing energy is increased, droplet size is also

decreased. This is due to the change in the balance of shear and interfacial forces,

allowing cylindrical distortion of smaller droplets. Equipment design that enhances

shear is more effective at dividing droplets.

Oil–Water Versus Water–Oil Emulsions. If oil and water are vigorously shaken,

they form a dispersion of water droplets in oil and oil droplets in water. When shak-

ing is stopped the phases start to separate; small water drops fall toward the inter-

face, and oil drops rise. The ‘‘emulsion’’ quickly breaks. Adding an emulsifier to the

system changes the outcome; after standing, one phase becomes continuous, while

the other remains dispersed. The nature of the emulsion is determined by the emul-

sifier. As a general rule, the continuous phase is the one in which the emulsifier is

soluble. Thus sodium stearate promotes an oil-in-water (o/w) emulsion, while zinc

distearate promotes a water-in-oil (w/o) emulsion. Several qualitative theories have

been advanced to explain this empirical rule.

The oriented wedge theory states that the emulsifier at the interface is wedge

shaped. The ionized end of a sodium soap has a wider (effective) radius than the

hydrocarbon chain, hence the oil–water interface should be curved with the convex

side oriented toward the water phase. This favors oil droplet formation, hence gives

an o/w emulsion. The polar end of zinc distearate, on the other hand, is smaller than

the two hydrocarbon chains, the interface is convex toward the water phase, and a

w/o emulsion is formed.

Figure 7. Stages in subdivision of a liquid drop subjected to shear.
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A second theory considers the relative ease with which the two types of droplets

can coalesce. Upon shaking, drops of both phases are formed. Sodium stearate

ionizes, and the electrical potential hinders approach and coalescence of oil drop-

lets; water droplets, on the other hand, experience no such hindrance and readily

touch and coalesce. Zinc distearate, being un-ionized, does not interfere with the

mutual approach of oil droplets, whereas van der Waal’s forces favor subsequent

coalescence. Thus the type of emulsion formed depends on the relative kinetics

of oil–oil and water–water coalescence.

HLB System. The concept of hydrophilic–lipophilic balance (HLB) as a number

for characterizing surfactants is an extension of the general rule of thumb stated

above (4,9,10). The HLB scale as originally proposed ranged from 0 to 20, with

the low end signifying an emulsifier that is much more soluble in oil than in water,

and the high end meaning the reverse. A listing of HLB values for some food sur-

factants is given in Table 2. HLB is recommended as a guide for selecting emul-

sifier systems to give high emulsion stability to manufactured foods such as salad

dressings, whipped toppings, and similar oil–water mixtures that must retain their

emulsified character during a shelf life of up to 1 year.

The basic idea is that the HLB of a blend of two emulsifiers is equal to their

algebraic sum, i.e., the weight fraction of A times its HLB plus the weight fraction

of B times its HLB value. Boyd and co-workers (11) used a test system comprising

equal volumes of water and Nujol (food grade mineral oil) and made blends of vari-

ous Span (sorbitan fatty acid esters) and Tween (polyoxyethylene20 sorbitan fatty

acid esters) surfactants to cover the HLB ranges 8.5–16.5 (for o/w emulsions)

and 2.0–6.5 (for w/o emulsions). After the emulsions were made under controlled

conditions, the rate of oil globule coalescence was used to measure emulsion stabi-

lity. It was found that o/w emulsions were most stable at an HLB of about 12 and w/o

emulsions were most stable when HLB was about 3.5. In a practical system that

includes other ingredients such as sugar, salt, protein, and other typical food com-

ponents, the value for this optimum might shift, and a series of tests are necessary to

TABLE 2. Hydrophilic–Lipophilic Balance.

Surfactant HLB

Sodium stearoyl lactylate 21.0

Polysorbate 80 PE(20) sorbitan monooleate 15.4

Polysorbate 60 PE(20) sorbitan monostearate 14.4

Sucrose monostearate 12.0

Polysorbate 65 PE(20) sorbitan tristearate 10.5

Diacetyl tartaric ester of monoglyceride 9.2

Sucrose distearate 8.9

Triglycerol monostearate 7.2

Sorbitan monostearate 5.9

Succinylated monoglyceride 5.3

Glycerol monostearate 3.7

Propylene glycol monostearate 1.8
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determine the exact blend of surfactants that gives the best results. As a rule of

thumb, w/o emulsions are favored by HLBs in the 3–6 range, o/w emulsions are

stabilized with HLBs in the 11–15 range, and intermediate HLBs give good wetting

properties but not good emulsion stability.

Microemulsions. It is possible to make emulsions in which the diameter of the

oil droplets is in the range 1.5–150 nm. The droplet size is less than the wavelength

of visible light, and the emulsion appears transparent because no light scattering

occurs. Several different strategies for making microemulsions have been tried

(12), but a simple example using mineral oil and water demonstrates the principles

involved. With pure liquids, g is 41 mN/m, but the inclusion of 0.001 M oleic acid

in the water phase reduces g to 31 mN/m; a reasonably stable emulsion may be

formed. Neutralization of the acid with 0.001 M NaOH lowers g to 7.2 mN/m

and gives a stable emulsion. Making the water phase 0.001 M in NaCl further

lowers g to less than 0.01 mN/m. This system will spontaneously form an emulsion;

Brownian movement provides sufficient shear forces to elongate droplets into cylin-

ders and cause further subdivision.

Spontaneous emulsions such as this one are frequently opalescent, because

some particles have a diameter approaching the wavelength of light: 400 nm.

Transparent microemulsions generally require a surfactant plus a cosurfactant,

for example, acetyl monoglyceride plus hexanol. For use in food, various poly-

glycerol esters have shown some promise for making w/o microemulsions (13).

The technology is promising but needs further refinement before it is readily

applied to food systems.

4.2. Flocculation

Creaming and Adhesion. Oil droplets in an o/w emulsion float to the top, because

the density of vegetable oil is about 0.91 g/mL, 0.08 g/mL less than that of water.

The rate at which they rise depends on particle diameter. A drop having a 1 mm dia-

meter rises at a rate of 4 cm/day, while one with a 10 mm diameter rises 4 m/day.

Obviously, reducing the average droplet size reduces the rate of creaming. Fat glo-

bules in raw milk have an average diameter of 3 mm; after homogenization the

average diameter is 0.5 mm. In raw milk, the average flotation rate is 36 cm/day,

while in homogenized milk it is 1 cm/day. Creaming brings the oil droplets closer

together, and if contact is not prevented (say, by ionic repulsion) coalescence

occurs. A simple creamed layer of oil drops is readily redispersed by inverting the

container a few times.

In some circumstances the oil drops actually adhere to each other and are not

readily redispersed. This occurs when the emulsifier is polymeric (e.g., protein,

gum, or polyoxyethylene derivative). By one mechanism, different segments of a

polymer molecule adsorb to the surfaces of two drops, thus forming a bridge that

holds them together. Another mechanism obtains when polar parts of two polymer

molecules (adsorbed to separate drops) approach each other and intertwine. This

‘‘tangle,’’ say of long polyoxyethylene chains, then holds the drops in proximity,
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although they are not in actual contact. The creamed layer is said to be flocculated,

although it is also stable against coalescence.

4.3. Stabilization and Coalescence

Ionic Repulsion. As discussed above, two surfaces carrying an identical net charge

repel each other. The thickness of the electrical double layer (the region where

c > 0) is affected by ionic strength. As long as ionic strength is low, electrical

repulsion is greater than van der Waal’s attraction, and the droplets remain sus-

pended. If, by addition of salt (particularly divalent or trivalent salts) the c potential

is markedly suppressed, the surfaces can approach so closely that van der Waal’s

forces override repulsion, and the droplets can touch and coalesce. At some inter-

mediate ionic strength, the two forces are approximately equal. There is actually a

small free energy minimum, and the droplets will remain separated by about one

droplet diameter (Figure 8). The practical conclusion to be drawn from this is as

follows: if the emulsifier used is ionic in nature, the salt concentration of the aque-

ous phase markedly affects emulsion stability. Low salt concentration enhances sta-

bility, while high salt concentration increases flocculation and/or coalescence.

Figure 8. Net free energy of interaction between two droplets.
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Steric Hindrance. Another form of stabilization is relatively independent of

ionic strength: the oil droplets are prevented from making contact by simple steric

hindrance. This may take two forms, either an immobilized water layer at the inter-

face or a solid interfacial film. Emulsion stabilization by proteins, gums, and

polyoxyethylene derivatives occurs by the first mechanism. Hydrophobic parts of

the stabilizers adsorb at the oil surface, but adjacent large hydrophilic segments

are hydrated and form an immobilized layer on the order of 10–100 nm thick (Fig-

ure 9). As mentioned, these hydrated segments frequently interact to cause floccu-

lation, while coalescence of the oil drops themselves is prevented. Such emulsions

are frequently used as carriers for oil-soluble flavors, essences, and colorants.

The a-tending emulsifiers such as propylene glycol monostearate are oil soluble.

The emulsifier adsorbs at the oil–water interface, but under certain conditions

(low temperature, presence of a free fatty acid) the emulsifier forms a solid inter-

facial film (Figure 10). While the oil droplets may make contact, the film prevents

Figure 9. Hydrophilic polymeric surfactant at the interface in an oil-in-water emulsion.

Figure 10. The interfacial film formed by an a-tending emulsifier. A water drop was suspended

in vegetable oil containing 10% propylene glycol monoester; after a few minutes some of the

water was withdrawn. Reprinted by permission from Ref. 14.
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coalescence. The interfacial layer actually appears to be crystalline, with a well-

defined melting point (15).

5. FOAMS

5.1. Formation, Film Drainage

For the purposes of this Chapter, air is a nonpolar medium. Surfactants concentrate

at the air–water interface, with the hydrophobic portion extending into the gas

phase. When the gas phase is finely divided, a foam is formed. In regard to the ener-

getics involved, a foam is nearly identical to an o/w emulsion. The terminology is

somewhat different, but the results are the same: a foam is stable or else the gas

bubbles coalesce and the foam breaks. Rather than referring to ‘‘creaming,’’ a foam

is said to ‘‘drain’’; the effect is the same, with the water phase concentrating at

the bottom and the dispersed phase concentrating at the top of the container. The

volume fraction (f) of gas in a foam is usually much higher than the f of oil in

an emulsion. Whipping egg white, for example, may easily give a 10- to 15-fold

expansion (f ¼ 0:9–0.93), while mayonnaise (f ¼ 0:7–0.8) is the food emulsion

with the highest oil content.

The mechanism of air incorporation and subdivision in a foam is the same as

for an emulsion; large bubbles are elongated, and the unstable cylinders sponta-

neously divide. In a wet foam ðf < 0:7Þ, the initial drainage of liquid from the

regions between the bubbles is due to gravity and is governed primarily by visco-

sity. Figure 11 shows how the film between three bubbles meets at a 120� angle,

after drainage. In three dimensions, four touching bubbles meet at the tetrahedral

angle of 109�280. In the real situation, the bubbles assume the shape of regular poly-

hedra, but the contact angles remain fairly close to the ideal value. The thicker

liquid in the corners, known as the plateau border, has a lower pressure relative to

the straight contact films, and liquid moves into these regions. Drainage of a dry

foam ðf > 0:7Þ is probably via these borders, connected throughout the foam.

5.2. Stabilization

Foam stability is governed by similar factors as emulsion stability. Thus in a soap

foam the negative charges located at the air–water interface lead to repulsion as the

Figure 11. Drainage of liquid from between bubbles, forming the plateau border.
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two surfaces of the film approach each other, and drainage stops when an equili-

brium film thickness is reached. This thickness is influenced by the ionic strength

of the aqueous phase; increasing the ionic strength gives foams of lower stability.

Protein stabilizes foams by a combination of steric hindrance and surface viscosity.

When egg whites are whipped, the protein molecules unfold, with the hydrophobic

side chains entering the air phase and the hydrophilic chains remaining in the water

phase. In Figure 12 the heavy lines in the magnified section represent unfolded

albumin proteins adsorbed at the air–water interface. The portion of the proteins

located in the aqueous phase hold water, preventing it from draining away from

this region and hence preventing the air bubbles from coalescing and destabilizing

the foam.

Film breakage is thought to be due to random fluctuations (e.g., Brownian move-

ment) that momentarily bring the two surfaces into contact, allowing the air bubbles

to merge. These fluctuations are minimized when the surface viscosity is increased.

The addition of an alcohol to a soap solution (e.g., dodecanol added to sodium lau-

rate) increases surface viscosity and also increases foam stability. Surface viscosity

of some (but not all) protein solutions is quite high, and there is some correlation

between this property and the ability of the protein to give a stable foam. Bulk

viscosity does not correlate with stability of drained films, but if a wet foam is

desired, increasing bulk viscosity (say, by adding a high viscosity gum) extends

the usable life of the foam.

6. WETTING

6.1. Liquid Spreading on Solid Surface

As mentioned above, surfactants with HLBs in the 8–10 range are not good emul-

sion stabilizers but are good wetting agents. This property is useful in many circum-

stances: enhancing dispersion of dry mixes in liquid, improving spreadability of

chocolate and cocoa-based coatings, and incorporation of dietary fiber materials

Figure 12. A protein foam, showing unfolded protein molecules at the air–water interface.
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in dressings. Qualitatively, a drop of water is placed on the solid surface. If the con-

tact angle y > 90� (Figure 13), the water does not spread; it is said that the solid is

not wetted. If y < 90�, the water spreads, and the solid is wetted.

The angle y is determined by the surface tension at the three interfaces involved:

cos y ¼ ðgSV � gSLÞ=gLV ð6Þ

The spreading coefficient is defined as:

SL=S ¼ gSV � gLV � gSL ð7Þ

When SL=S > 0, wetting occurs, and the liquid spreads. An efficient wetting agent

is one that minimizes the surface tension of the air–water and solid–water inter-

faces, while leaving the air–solid surface tension unchanged. This is the situation,

for example, when dry beverage powder is added to water. Sodium lauryl sulfate

lowers the air–water and solid–water interfacial tensions and enhances dispersi-

bility. In the absence of the surfactant, the contact angle at many of the (irregular)

solid surfaces is > 90�, and the powder with its entrapped air floats on the top of

the water.

In chocolate coating, the liquid phase is an oil (cocoa butter). The addition of

lecithin aids the wetting of solid cocoa particles by this oil, most probably by low-

ering gSL. This lowers the viscosity of the heterogenous mass as well as giving a

smoother mouthfeel to the final product.

7. PHYSICAL STATE OF EMULSIFIER PLUS WATER

7.1. Phase Diagrams

Mixtures of surfactant and water form a number of different physical structures,

depending on the surfactant: water ratio and the temperature. These mixtures

are frequently opalescent dispersions, called liquid crystals, but are more pro-

perly termed mesophases. In publications on the subject these are usually shown

as phase diagrams with temperature as the y-axis and percent water on the x-axis;

the interior of the graph is divided into regions that represent the various

Figure 13. The contact angle between liquid, solid, and air phases.
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mesophases (Figure 14) (16). Phase diagrams provide guidance to researchers

who are trying to produce surfactant systems that are functional under use

conditions. They are used to characterize detergent systems and industrial

applications of surfactants as well as for food emulsifiers, which are the present

concern.

Figure 14. Phase diagrams of monoglycerides in water. (a) Refers to a distilled monoglyceride

made with hydrogenated lard; (b) shows distilled monoglyceride made from sunflower oil (16).
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7.2. Mesophase Structures

The main mesophase structures of interest in the baking industry are depicted in

Figure 15 (16,17). A monoglyceride such as GMS crystallizes in bilayers, with

the thickness of each bilayer being defined by the length of two monoglyceride

molecules end to end. When heated in water, the crystals melt (the fatty acid chains

gain thermal mobility and lose their ordered structure) and water begins to intrude

between the bilayers along the plane defined by the glycerol head groups. Under the

proper conditions of temperature and water content, this intrusion results in the for-

mation of the lamellar mesophase. The thickness of the water layer may be from

Figure 15. Three mesophasic crystalline structures found in studies of surfactants (16).
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60 nm to 1.75 mm, depending on various conditions (17), while the distance

between the water layers due to the lipid bilayer remains relatively constant at

around 400 nm. This material is rather fluid, but when the mixture is cooled, the

lipid layers solidify in the a-crystalline state, and the material becomes a gel

with a lipid bilayer about 550 nm thick; the water layer also may increase in thick-

ness, and some of the water may become free. This phase is of particular interest to

bakers, because there is evidence that the lamellar mesophase is the most efficient

in promoting the interaction between monoglyceride and starch, producing the

antistaling effects (18). If this gel is cooled even further and allowed to come to

equilibrium, all the water is expelled from the gel and the a-crystalline layers of

monoglyceride transform into the more stable b-crystalline form, yielding a suspen-

sion of b crystals in water. At higher water levels and within a limited temperature

range, the lamellar mesophase is transformed into spherical multilamellar vesicles

(liposomes), which is sometimes called a lamellar dispersion.

At higher temperatures and water concentrations, the system may shift into the

cubic mesophase structure (see Figure 15). The water is present as spheres totally

surrounded by monoglyceride. This phase has a high viscosity and is sometimes

called viscous isotropic in the literature; the two terms refer to the same structure.

In the presence of more water than can be accommodated in the internal spherical

phase, one obtains a mixture of lumps of this cubic structure dispersed in excess

water. With a saturated monoglyceride such as GMS, the lamellar structure is the

main mesophase found under practical conditions, while with unsaturated monogly-

cerides this cubic phase is the predominant one at lower temperatures. At lower

water concentrations, the spherical water ‘‘micelles’’ are farther apart, so the visco-

sity of the mixture becomes lower, approaching that of melted pure surfactant. This

is the fluid isotropic mesophase, sometimes referred to as the L2 phase.

The third important mesophase structure is formed by unsaturated monoglycer-

ides and also by most of the other surfactants of interest to bakers. The hexagonal

structure (see Figure 15) consists of rods of the internal phase arranged hexagonally

within a matrix of the external phase. In the case of monoglycerides and SSL, the

internal phase is water, forming the hexagonal II structure as shown in Figure 15.

With highly water-soluble surfactants of the polyoxyethylene type (polysorbates,

ethoxylated monoglyceride), the internal phase is the lipophilic tail of the material

and the external phase is water, giving the hexagonal I mesophase (16).

The lamellar mesophase of monoglyceride is stabilized if an anionic surfactant,

such as SSL or a neutralized free fatty acid (soap), is part of the lipid fraction. The

lipid–water interface takes on a negative charge, and electrostatic repulsion pre-

vents the collapse and expulsion of water at the lower temperatures described

above. As expected, this electrostatic stabilization can be counteracted by adding

salts, and low concentrations (0.3%) in the aqueous phase will counteract the favor-

able effects of the anionic surfactant. Anionic monoglyceride derivatives, the

succinate and diacetyltartrate esters, form lamellar mesophases under most condi-

tions. This penchant is enhanced if the carboxyl group is partially neutralized so

that the pH of a water dispersion of the surfactant is in the typical pH range for

dough of 4–6.
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Finally, the inclusion of a nonpolar triglyceride (oil) in the system tremendously

complicates the phase diagrams. As an example, GMS forms a lamellar mesophase

with water, as was noted above, but when soybean oil is added, the system converts

into the hexagonal II structure (19). The ternary phase diagrams from combinations

of flour lipids, water, and salt have been studied (20,21). The structures listed above

were all found in some region of the phase diagram. The studies are interesting, but

as of this writing the direct relevance to the practical application of surfactants in

dough systems is not clear.

8. EMULSIFIERS FOR FOOD APPLICATIONS

The actual food emulsifier of commerce is seldom exactly like the organic chemical

structures that are discussed in this section but is a mixture of similar compounds

derived from natural raw materials. As a simple comparison, sodium chloride is one

single, relatively pure chemical entity, accurately described by the formula NaCl.

Glycerol monostearate, on the other hand, is made from a hydrogenated natural fat

or oil, and the saturated fatty acid composition may well be something like 1% C12,

2% C14, 30% C16, 65% C18, and 2% C20, reflecting the chain length distribution in

the source fat. In addition, the monoglyceride will be approximately 92% 1-mono-

glyceride and 8% 2-monoglyceride, which is in chemical equilibrium. Keep in

mind, then, that the chemical structures shown here represent the major components

in the commercial material and that related molecular species will also be present.

8.1. Monoglycerides and Derivatives

The manufacture and application of monoglycerides and derivatives have been

reviewed by several authors (22–24). Roughly 18 million kg (40 million lb) of

monoglyceride are used annually in the United States in yeast-raised goods for

retarding staling (24). At least an equal amount finds its way into cakes, icings,

and other applications. The third major use of monoglycerides is in the manufacture

of margarine. Overall, this group of surfactants is the single most important one for

food uses, representing about 75% of total emulsifier production.

The use of monoglycerides in baking first began in the 1930s, when ‘‘super-

glycerinated shortening’’ became commercially available. Glycerin was added to

ordinary shortening along with a small amount of alkaline catalyst, the mixture

was heated, causing some interesterification of triglyceride with the glycerin,

and the catalyst was removed by neutralization and washing with water. The result-

ing emulsified shortening contained about 3% monoglyceride and was widely used

for making cakes, particularly ones containing sugar at high levels. The effective-

ness of monoglyceride in retarding staling (crumb firming) in bread became known

at about the same time, and bread bakers sought a more concentrated source of

monoglyceride. This need was met by suppliers of plastic monoglyceride, which

is made by altering the ratio of glycerin to fat to achieve a final concentration of

50–60% monoglyceride, with most of the remainder being diglyceride. When
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industrial-scale molecular distillation processes became available it was logical to

subject the plastic monoglyceride to this step, producing distilled monoglyceride

containing a minimum of 90% monoglyceride, the rest of the mixture being digly-

ceride and small amounts of fatty acids, glycerol, and triglyceride. The next stage

was to make a lamellar mesophase product from this distilled monoglyceride, add-

ing some anionic surfactant (usually SSL) to stabilize the hydrated monoglyceride,

which contains roughly 25% monoglyceride, 3% SSL, and 72% water. More

recently, manufacturers have developed a powdered distilled monoglyceride in

which the composition of the original feedstock fat is balanced between saturated

and unsaturated fatty acids, so that the resulting powder is hydrated fairly rapidly

during the process of dough mixing and is functional in complexing with gelatin-

ized starch. Today, bakers use all three monoglyceride types (plastic, hydrated, and

powdered distilled) with about equally good results.

The monoglyceride structure shown in Figure 16 is for 1-monostearin, also

called a-monostearin. If the fatty acid is esterified at the middle hydroxyl the

compound is 2-monostearin, or b-monostearin. Both isomers are equally effective

Figure 16. Structure of monoglyceride and several related compounds.
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at retarding bread staling (24). In technical specifications, manufacturers usually

give the monoglyceride content of their product as percent of a-monoglyceride.

The routine analytical method for monoglyceride (AACC method 58–45) detects

only the 1-isomer; quantitation of the 2-isomer is much more tedious. The total mono-

glyceride content of a product is about 10% higher than the reported a-monoglycer-

ide content. In a practical sense, however, when various products are being

compared for functionality and cost effectiveness, the a-monoglyceride content is

a useful number, since for all products this equals about 92% of the total monogly-

ceride present.

The fatty acid composition of monoglyceride reflects the makeup of the trigly-

ceride fat from which it is made. Commercial GMS may contain as little as 65%

stearate if it is made from fully hydrogenated lard, or as much as 87% stearate if it

is made from fully hydrogenated soybean oil. The other major saturated fatty acid

will be palmitic, and because complete hydrogenation (to iodine value of 0) is not

practical, a few percent of unsaturated (oleic and/or elaidic) acid are also usually

present. A typical commercial GMS will have an iodine value of about 5. Iodine

values for powdered distilled monoglycerides are in the range of 19–36, and for

plastic monoglycerides, a typical range is 65–75. The unsaturated fatty acids are

a mixture of oleic, linoleic, and the trans isomers of these acids. The phase diagram

of a highly unsaturated monoglyceride is quite different from that of a saturated one

(see Figure 14), but the higher melting point of the hydrogenated monoglyceride

makes its phase behavior much more like that of GMS than that of the sunflower

monoglyceride. To the extent that mesophase behavior governs monoglyceride

functionality, the plastic monoglycerides are quite adequate.

The derivatives of monoglyceride shown in Figure 16 are of two types: (1) dough

strengtheners (SMG, EMG, and DATEM) and (2) a-tending emulsifiers (LacGM,

AcMG, and PGME). Details of the functionality of these two groups in baking are

discussed below.

The succinate and diacetyltartrate half esters are fairly discrete compounds,

produced by reacting the respective acid anhydride with monoglyceride in the

presence of alkaline catalyst. The product of the manufacture of ethoxylated mono-

glyceride is somewhat more random in structure. Monoglyceride is treated with

ethylene oxide gas under pressure in the presence of alkaline catalyst and at elevated

temperatures. Ethylene oxide is polymerized via a series of ether linkages and also

forms ether bonds with the free hydroxyl groups on monoglyceride. The average

chain length comprises about 20 units (n ¼ 20 in Figure 16). Chains may be attached

to hydroxyls at both the number 2 (b) and number 3 (a) positions of the mono-

glyceride, although many more chains will be located at the a position than at

the b spot because of the difference in their chemical reactivities. The exact distri-

bution of polymer chain lengths and distribution between a and b positions are

functions of reaction conditions, e.g., catalyst type and concentration, gas pressure,

temperature, agitation, and length of reaction time.

The second group of monoglyceride derivatives, the a-tending emulsifiers,

find their main use in cake production. These emulsifiers are dissolved in the

shortening phase of the cake formulation, and they contribute to the emulsification
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of the shortening in the water phase as well as promoting incorporation of air into

the fat phase. The particular property of these emulsifiers that makes them valuable

in liquid shortening cakes is that they form a solid film at the oil–water interface,

not only stabilizing the emulsion but also keeping the lipid phase from preventing

air incorporation (protein-stabilized foam formation) during cake batter mixing.

8.2. Sorbitan Emulsifiers

When the sugar alcohol sorbitol is heated with stearic acid in the presence of a cata-

lyst, two reactions occur: sorbitol cyclizes to form the five-membered sorbitan ring

and the remaining primary hydroxyl group is esterified by the acid. The resulting

sorbitan monostearate (Figure 17) is oil soluble, with a rather low HLB value, and

Figure 17. Structures of food-grade sorbitan derivatives.
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it is the only one of the many sorbitan esters presently approved for food use in the

United States. Other sorbitan esters of importance are the monooleate and the tris-

tearate. Any of the three esters may be reacted with ethylene oxide to give polyoxy-

ethylene derivatives (see Figure 17). The monostearate derivative is known as

polysorbate 60, the tristearate is polysorbate 65, and the monooleate is polysorbate

80. The remarks made in connection with EMG regarding the length and location

of the polyoxyethylene chains apply to these compounds. The average number of

oxyethylene monomers is 20 ðn ¼ 20Þ, and in the case of the monoesters, chains

may be located on more than one hydroxyl group of the sorbitan ring (with the tri-

ester, of course, only one hydroxyl group is available for derivatization).

Sorbitan monostearate finds use as a good emulsifier for making icings that have

superior aeration, gloss, and stability characteristics. It is also used as part of the

emulsifier system in whipped toppings and in coffee whiteners. The polyoxyethy-

lene derivatives have found more acceptance, with the monostearate polysorbate

60 being the most widely used of the group. At a level of 0.25% (flour basis) the

ability of polysorbate 60 to strengthen dough against mechanical shock is greater

than that of SMG and about equal to those of EMG and SSL. Polysorbate 60 has

also been used in fluid oil cake shortening systems, generally in combination with

GMS and PGMS.

8.3. Anionic Emulsifiers

In addition to SMG and DATEM, some other anionic surfactants that have been

tried as dough strengtheners are shown in Figure 18. Presently SSL is the one most

widely used in the United States; sodium stearyl fumarate did not find acceptance,

and sodium lauryl sulfate is used mainly as a whipping agent with egg whites.

Lactic acid, having both a carboxylic acid and a hydroxyl function on the same

molecule, readily forms an ester with itself. In commercial concentrated solutions

Figure 18. Three food-grade anionic surfactants.
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almost all the acid is present in this polylactylic form, and to get free lactic acid it

must be diluted with water and refluxed for a period of time. When stearic acid is

heated with polylactic acid under the proper reaction conditions and then neutra-

lized with sodium hydroxide, a product having the structure shown in Figure 18

is obtained. The monomer lactylic acid shown represents the predominant product;

the dilactylic dimer is also present as well as lactylic trimers and tetramers (25). As

with all compounds based on commercial stearic acid derived from hydrogenated

fats, some percentage of the fatty acid is palmitic, with small portions of myristic

and arachidic acids also being present. Sodium stearoyl lactylate is readily water

soluble, but the calcium salt is practically insoluble. In this respect, it mimics a

soap e.g., sodium stearate is water soluble but calcium stearate is oil soluble. Either

form may be used, depending on the details of the intended application, but as a

dough strengthener, the sodium salt is more commonly used. As a stabilizer for

hydrated monoglyceride the sodium form is used, because ionization in the water

layer is necessary.

Stearyl fumarate is a half ester of fumaric acid with stearyl alcohol (octadeca-

nol). Although stearyl fumarate might be expected to have dough-strengthening

properties similar to those of SSL, this was not found to be so in practice, and

the product was not a commercial success. Stearyl fumarate is still approved by

the FDA for use in bread.

The third structure shown in Figure 18 is sodium dodecyl sulfate (SDS), often

used by research workers for solubilizing proteins. It is a sulfate ester of the C12

alcohol dodecanol. Commercially, this alcohol is produced by reduction of coconut

oil, and the resultant mixture is called lauryl alcohol (from lauric acid, the predomi-

nant fatty acid in coconut oil). The alcohol portion of sodium lauryl sulfate is a mix-

ture of chain lengths, the approximate composition being 8% C8, 7% C10, 48% C12,

20% C14, 10% C16, and small amounts of longer chains. In bakeries the most com-

mon use of sodium lauryl sulfate is as a whipping aid. The compound is added to

liquid egg whites at a maximum concentration of 0.0125%, or to egg white solids at

a level of 0.1%. It promotes the unfolding of egg albumin at the air–water interface

and the stabilization of the foam.

8.4. Polyhydric Emulsifiers

Polyglycerol Esters. Polyglycerol esters (Figure 19) have a variety of applications

as emulsifiers in the food industry. The polyglycerol portion is synthesized by heat-

ing glycerol in the presence of an alkaline catalyst; ether linkages are formed

between the primary hydroxyls of glycerol. In Figure 19 n may take any value,

but for food emulsifiers the most common ones are n ¼ 1 (triglycerol), n ¼ 4 (hexa-

glycerol), n ¼ 6 (octaglycerol), and n ¼ 8 (decaglycerol), remembering that in all

cases n is an average value for the molecules present in the commercial preparation.

The polyglycerol backbone is then esterified to varying extents, either by direct

reaction with a fatty acid or by interesterification with a triglyceride fat. Again, the

number of acid groups esterified to a polyglycerol molecule varies around some

central value, so an octaglycerol octaoleate really should be understood as an
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(approximately octa)-glycerol (approximately octa)-oleate ester. By good control of

feedstocks and reaction conditions, manufacturers manage to keep the properties of

their various products relatively constant from batch to batch.

The HLB balance of these esters depends on the length of the polyglycerol chain

(the number of hydrophilic hydroxyl groups present) and the degree of esteri-

fication. For example, decaglycerol monostearate has an HLB of 14.5, while trigly-

cerol tristearate has an HLB of 3.6. Intermediate species have intermediate HLB

values, and any desired value may be obtained by appropriate blending, as described

earlier. The wide range of possible compositions and HLBs makes these materials

versatile emulsifiers for food applications.

Sucrose Esters. Sucrose has eight free hydroxyl groups, which are potential sites

for esterification to fatty acids. Compounds containing six or more fatty acids per

sucrose molecule have been proposed for use as noncaloric fat substitutes under the

name Olestra; this material acts like a triglyceride fat and has no surfactant proper-

ties. Compounds containing one to three fatty acid esters, on the other hand, do act

as emulsifiers and are approved for food use in that capacity. They are manufac-

tured by the following steps:

1. An emulsion is made of fatty acid methyl ester in a concentrated aqueous

sucrose solution.

2. The water is removed under vacuum at elevated temperature.

3. Alkaline catalyst is added, and the temperature of the dispersion is

raised slowly to 150�C under vacuum, distilling off methanol formed on

transesterification.

4. The reaction mixture is cooled and purified.

Figure 19. Surfactants based on polyglycerol and sucrose.
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The degree of esterification is controlled by the reaction conditions, especially

the sucrose: methyl ester ratio, and the final product is a mixture of esters (Table 3).

The HLB value of a particular product is smaller (more lipophilic) as the degree of

esterification increases, as would be expected.

8.5. Lecithin

Lecithin is a by-product of the processing of crude soybean oil; it is the ‘‘gum’’ that

is removed during the degumming step of oil refining. The crude gum is treated and

purified to give the various commercial lecithin products that are available to the

food processor today (27,28). Oil-free lecithin is a sticky plastic material, but blend-

ing with half its weight of soy oil sharply reduces the viscosity to give the product

known as fluid lecithin. The crude material is dark, almost black (mainly because of

the high temperatures during processing), so it is bleached to give a more accept-

able light brown color. Treatment with up to 1.5% hydrogen peroxide gives the

product known as single-bleached lecithin, and further addition of up to 0.5%

benzoyl peroxide yields double-bleached lecithin (27). Reaction with hydrogen

peroxide at even higher levels, plus lactic acid, hydroxylates unsaturated fatty

acid side chains at the double bond (yielding, e.g., dihydroxystearic acid from oleic

acid). Hydroxylated lecithin is formed, which is more dispersible in cold water than

the other types and is more effective as an emulsifier for o/w emulsions.

Figure 20 shows the structure of the main surface-active components of lecithin.

The phosphatidyl group is a phosphate ester of diglyceride. The fatty acid compo-

sition of the diglyceride is similar to that of the basic oil so a number of different

fatty acids are found, not just the stearic and oleic acids depicted. Little phosphati-

dylserine is present in soybean lecithin, and the other three derivatives are found in

approximately equal amounts. Phosphatidylethanolamine (PE) and phosphatidyl-

choline (PC) are amphoteric surfactants, while phosphatidylinositol (PI) is anionic.

The HLB values of the three species are varied, with PC having a high HLB, PE an

intermediate HLB, and PI having a low value. The HLB of the natural blend is in the

range of 9–10, and emulsifier mixtures having values in this range will tend to form

either o/w or w/o emulsions, although neither type is highly stable. On the other,

hand intermediate HLB emulsifiers are excellent wetting agents, and this is a major

application for lecithin.

TABLE 3. Sucrose Ester-Surfactants (26).

Manufacturer’s Percent Percent Percent Percent

Designation Monoester Diester Triester Tetraester HLB

F-160 71 24 5 0 15

F-140 61 30 8 1 13

F-110 50 36 12 2 11

F-90 46 39 13 2 9.5

F-70 42 42 14 2 8

F-50 33 49 16 2 6
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The emulsifying properties of lecithin can be improved by ethanol fractionation

(29). Phosphatidylcholine is soluble in ethanol, PI is rather insoluble, and PE is

partially soluble. Adding lecithin to ethanol gives a soluble and an insoluble frac-

tion. The phosphatide compositions of the two are (1) ethanol soluble, 60% PC,

30% PE, and 2% PI; and (2) ethanol insoluble, 4% PC, 29% PE, and 55% PI

(30). The soluble fraction is effective in promoting and stabilizing o/w emulsions,

while the insoluble portion promotes and stabilizes w/o emulsions. At the present

time several European companies are using this process to produce industrial food-

grade emulsifiers.

9. INTERACTIONS WITH OTHER FOOD COMPONENTS

9.1. Starch

Starch molecules are polymers composed of a-D-glucopyranosidyl residues joined

primarily by 1,4 acetal linkages (1,6 linkages occur at the branch points in amylo-

pectin). Glucopyranoside is a six-membered ring, not flat, but puckered in what is

called the ‘‘chair’’ configuration (Figure 21). The bond angles from each carbon are

such that the hydrophilic hydroxyl groups project outward to the side of the plane of

the ring, while the hydrogen atoms project either above or below this plane; the

perimeter of the ring is hydrophilic, while the two faces are hydrophobic. The bond

angle of the a-1,4 acetal linkage is such that the starch chain coils to form a helix,

with about six residues per turn (see Figure 21). It is difficult to draw the details of

this helix, but from molecular models it is apparent that the plane of the residue ring

Figure 20. Lecithin structure and components.
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lies parallel to the wall of this helix and the hydrogen atoms on carbons 3 and 5

project into the interior of the helix. The result is a hollow cylinder that has a hydro-

philic outer surface and a hydrophobic inner surface. This inner space is about

45 nm in diameter, and straight-chain alkyl molecules such as stearic acid will fit

into it (see Figure 21), as will other molecules, e.g., iodine. The blue color of an

iodine–starch complex is caused by the presence of iodine in this nonpolar environ-

ment; iodine dissolved in chloroform is blue, but in water, it is brown. The complex

of amylose with n-butanol crystallizes much more readily than does amylose alone,

and it has been used to separate amylose from amylopectin.

The n-alkyl portion of emulsifiers such as glycerol monostearate form a complex

with helical regions of starch, a phenomenon that is thought to be responsible for

the ability of GMS to retard starch crystallization in bread crumb, slowing the

process of staling. Several workers have measured the stoichiometry of complex

formation by using various methods. Some of these studies are mentioned later

in connection with the discussion on bread staling; here three typical reports are

summarized.

Lagendijk and Pennings (31) heated amylose or amylopectin with excess mono-

glyceride, cooled the heated material, and measured the amount of uncomplexed

Figure 21. a-D-glucose, one turn of the helix formed in linear portions of starch, and the complex

between a linear alkane and a starch helix.
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monoglyceride. With amylose, the maximum complexation occurred with mono-

palmitin, with both longer and shorter saturated fatty acid monoglycerides reacting

to a lesser extent. If the average molecular weight of amylose is taken as 150 kDa,

then 1 mole of amylose bound 10.6 moles of monomyristin (23.4 mg/g starch),

16 moles of monopalmitin (37.4 mg/g), 14 moles of monostearin (33.9 mg/g),

10.4 moles of monoolein (24.6 mg/g), and 5.1 moles of monolinolein (12.2 mg/g).

These results show the effect of unsaturation in the alkyl chain; the cis double bond

makes the chain bend so that it is more difficult to form a complex with the sup-

posedly straight cavity of the amylose helix. Amylopectin bound increasing amounts

of the saturated monoglycerides, the weight ratios being 5 mg monopalmitin, 8.3 mg

monostearin, and 11 mg monoarachidin per gram of amylopectin.

Batres and White (32) reacted monoglyceride with amylopectin at 60�C, isolated

the precipitate that separated on cooling, and analyzed this complex. They found

significantly more interaction than Lagendijk and Pennings, obtaining values of

370 mg of monomyristin, 580 mg of monopalmitin, and 250 mg of monostearin

per gram of amylopectin. While there were procedural differences between the two

studies, these differences would not seem to be enough to account for such large

discrepancies. Nevertheless, it is clear that monoglyceride complexes with amylo-

pectin, probably by forming clathrates with the helices in the linear portions of the

molecule.

Eliasson and Ljunger (33) reported that the cationic surfactant cetyl trimethyl-

ammonium bromide (CTAB) slowed down the rate of formation of amylopectin

crystallites in gelatinized waxy maize starch, as measured by differential scanning

calorimetry (DSC).

Krog (34) reacted an excess of amylose with various surfactants at 60�C,

removed the precipitated complex after cooling, and measured the amount of un-

complexed amylose remaining in the supernatant. Taking as a standard ratio 5 mg

of emulsifier per 100 mg amylose he calculated the amylose complexing index

(ACI), which is a measure of the amount of amylose precipitated by 5 mg of the

surfactant. Monomyristin had an ACI of 100, with monopalmitin and monostearin

giving values of 92 and 87, respectively. Unsaturated fatty acid monoglycerides

gave results of about 30, several other stearate esters (of propylene glycol, sorbitan,

or sucrose) yielded ACIs in the range of 10–25, but sodium stearoyl lactylate had

an ACI of about 75. The low results with the stearate esters were thought to be due

to the inability of these materials to form the particular lamellar mesophases that

promote the interaction of the alkyl chain with the amylose helix. Several papers

from his research group have appeared since 1971, relating the complex formation

between emulsifiers and starch to bread making and antistaling properties. The

overall picture is that under the right conditions, the straight-chain hydrophobic

portion of emulsifiers will complex with helical sections of amylose and amylo-

pectin as shown in Figure 21, and this complexation has advantageous conse-

quences for bakery foods.

Surfactants modify the gelatinization behavior of starch. Figure 22 shows the

changes in amylograph gelatinization curves for wheat starch caused by the inclu-

sion of 0.5% of various emulsifiers (35). Of the three emulsifiers shown, DATEM is
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the least interactive, raising the swelling temperature by about 5�C but not changing

the viscosity of the gelatinized starch. Glycerol monostearate is the most effective,

raising swelling temperature by about 18�C and also increasing the paste viscosity.

Sodium stearoyl lactylate is less effective in regard to inhibiting swelling, but it

increases paste viscosity to about the same extent as does GMS. Monolaurin effec-

tively prevents gelatinization of potato starch when it is heated for one hour at 64�C
(36). Sodium stearoyl lactylate and GMS reduce the extent of solubilization of

starch molecules on heating in excess water (37). At 85�C, 10% of the starch from

the control sample was soluble, but in the presence of 2% SSL or GMS, only 1.7%

of the starch dissolved. Measures of swelling of the samples followed the same

pattern. The interaction between emulsifier and starch takes place at the surface of

the granules, and the starch–surfactant complex apparently serves to stabilize the

granule, retarding water penetration and swelling as the temperature is raised.

9.2. Protein

Some of the amino acid side chains in proteins are hydrophobic, generally buried in

the interior of the folded protein molecule but exposed if the protein is unfolded.

Sometimes these hydrophobic regions are partially exposed even in the native

folded protein, and they are often referred to as hydrophobic patches on the protein

surface. The lipophilic parts of surfactants interact with these hydrophobic regions,

Figure 22. Amylograph curves obtained with wheat starch and various emulsifiers (35).
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sometimes contributing to unfolding (denaturation) of the protein and further

binding of surfactant. Much work has been done on the binding of surfactants

(sodium dodecyl sulfate in particular) to soluble proteins such as bovine serum

albumin (38) and also on interactions of lipids with food proteins (39,40). The

adsorption of protein at the oil–water interface is frequently altered by the presence

of surfactant and vice versa. As a general rule, surfactant contributes to protein un-

folding, enhancing interfacial absorption and emulsion stabilization. Sodium lauryl

sulfate promotes unfolding of egg white albumin, thus increasing its ability to form

a stable foam. Given the disparate nature of proteins found in various foods, gene-

ralizations about the effects to be expected by adding a surfactant to the food sys-

tem are tenuous at best.

Wheat gluten protein contains about 40% hydrophobic amino acids and interacts

with lipid-type materials such as the surfactant SSL. Figure 23 depicts schemati-

cally the effect of this interaction on gluten characteristics. The addition of acid to

a flour–water dough solubilizes some of the protein. Dough pH (about 6) is roughly

the isoelectric point of the gluten proteins. As the pH is lowered many of the anio-

nic carboxylates are protonated, i.e., become unionized, and the protein molecule

takes on an overall positive net charge. At pH 6 the hydrophobic patches can inter-

act, and the protein aggregates via hydrophobic interaction (38). At pH 3, the net

positive charges cause the molecules to repel each other, and solubilization occurs.

This situation has many similarities to that of emulsified oil droplets stabilized by

Figure 23. A model for the aggregation of gluten molecules affected by protons or by sodium

stearoyl lactylate.
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an ionic surfactant, where the surface charge prevents droplet contact and coales-

cence. As in that case, salt represses the electrostatic repulsion, and protein aggre-

gation is favored. Most dough strengtheners are anionic surfactants, and when

the lipophilic tail of the surfactant binds to the protein hydrophobic patches, it

incorporates this negative charge into the complex, moving the overall charge clo-

ser to zero and promoting aggregation in the dough (see Figure 23). Salt and SSL

have similar effects on dough mixing properties. Salt suppresses the electrostatic

repulsion while SSL neutralizes it; the final effect in both cases is the same, namely

hydrophobic aggregation of the gluten protein and an increase in dough strength.

An excess amount of surfactant can solubilize proteins, presumably by addi-

tional adsorption to the surface and generation of a large net charge at the surface

of the protein molecule. This is the basis for estimation of protein molecular weight

by gel electrophoresis in the presence of sodium dodecyl sulphate (SDS-PAGE).

Such effects are usually found only at surfactant concentrations well in excess of

those normally found in foods, and have more use in laboratory investigations than

in ordinary applications.

10. SOME FOOD APPLICATIONS

The use of emulsifiers in foods is regulated in nearly all countries. Table 4 lists

emulsifiers approved in the United States (by the Food and Drug Administration)

and in Europe (by the European Economic Community). Several emulsifiers that

have FDA sanction are not legally usable in Europe and vice versa. In some cases,

specific limits are placed on the amount of emulsifier that a manufacturer may

include in a food; in other instances the limitation is ‘‘that amount sufficient to pro-

duce the intended functional effect.’’ If there is any question the appropriate regula-

tion (in the United States, chapter 21 of the Code of Federal Regulations, 21 CFR)

should be consulted. (See also Ref. 41.)

One emulsifier, triethyl citrate, is approved only for use as a whipping agent for

egg whites, and this is also the main use for sodium lauryl sulfate. Dioctyl sodium

sulfosuccinate is used only as a wetting agent for various dry desert and beverage

bases. Some emulsifiers may be classified as good for ‘‘general use,’’ whereas others

are emulsion promoters or stabilizers in certain limited applications or have effects

such as the ‘‘dough conditioners’’ discussed above.

10.1. Baked Goods

Bread Antistaling. Monoglycerides added to the dough delay bread staling of baked

bread during storage. During baking, starch gelatinizes when the internal tempera-

ture reaches a temperature of 60–65�C. The amylose (a linear polymer having a

molecular weight of 100–200 kDa) is partially solubilized in the aqueous matrix

of the dough. Amylopectin is a highly branched structure with a molecular weight

of 10–40 MDa, that exists in the native starch granule as microcrystalline regions

connected by amorphous segments of the molecule. During gelatinization, these
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microcrystallites ‘‘melt’’ but remain connected. Bread fresh from the oven has an

extremely soft crumb. Upon cooling the amylose begins to crystallize (retrograde)

and is essentially all crystalline within 24 h. The amylopectin microcrystallites

begin to reform, but much more slowly; the half-life for this recrystallization is

on the order of 2–3 days at room temperature. The progressive firming of bread

crumb during storage is closely connected with this amylopectin retrogradation

process (42).

As discussed above, linear alkyl chains such as the fatty acid moiety of mono-

glycerides can form a complex with helical segments of the solubilized starch mole-

cules. The recrystallization of amylose is apparently little affected by complexation

with monoglycerides. Differential scanning calorimetry (DSC) studies of day-old

bread crumb show that all the amylose seems to be present in a crystalline state.

Complex formation with monoglyceride by the short side chains of amylopectin,

however, markedly slow the rate of retrogradation. The half-life for reformation of

amylopectin crystals (measured by DSC) is increased twofold to threefold when

TABLE 4. Regulatory Status of Emulsifiers.

Emulsifier U.S. FDA (21 CFR) EEC Number

Monoglycerides and diglycerides (GRAS) 182.4505 E 471

Succinyl monoglyceride 172.830 —

Lactylated monoglyceride 172.852 E 472

Acetylated monoglyceride 172.828 E 472

Monoglyceride citrate 172.832 E 472

Monoglyceride phosphate (GRAS) 182.4521 —

Stearyl monoglyceride citrate 172.755 E 472

Diacetyl-tartrate ester of monoglyceride (GRAS) 182.4101 E 472

Polyoxyethylene monoglyceride 172.834 —

Propylene glycol monoester 172.854 E 477

Lactylated propylene glycol monoester 172.850 —

Sorbitan monostearate 172.842 E 491

Polysorbate 60 172.836 E 435

Polysorbate 65 172.838 E 436

Polysorbate 80 172.840 E 433

Calcium stearoyl lactylate 172.844 E 482

Sodium stearoyl lactylate 172.846 E 481

Stearoyl lactylic acid 172.848 —

Stearyl tartrate — E 483

Sodium stearyl fumarate 172.826 —

Sodium lauryl sulfate 172.822 —

Dioctyl sodium sulfosuccinate 172.810 —

Polyglycerol esters 172.854 E 475

Sucrose esters 172.859 E 473

Sucrose glycerides — E 474

Lecithin (GRAS) 184.1400 E 322

Hydroxylated lecithin 172.814 E 322

Triethyl citrate (GRAS) 182.1911 —
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1% (relative to flour weight) glycerol monostearate (GMS) is incorporated in

the dough. The rate of increase of crumb firming (measured as resistance to

compression in an Instron or similar apparatus) is also halved by the addition of

1% GMS.

In bread or roll production monoglyceride is added at a level of 0.5–1% of the

flour weight. There is some evidence that formation of the starch–monoglyceride

complex occurs best when the monoglyceride is present as the lamellar mesophase.

For this reason, many bakers prefer to use hydrated GMS, stabilized in this form.

Plastic monoglycerides and diglycerides (roughly half a-monoglyceride) and

hydratable distilled monoglycerides are also used, with about equally good antistal-

ing results. It is probable that these latter types hydrate during dough mixing and

processing, forming the lamellar mesophase, which can then react with gelatinizing

starch during baking. In any event, about 1% a-monoglyceride is usually the upper

level used, balancing antistaling properties versus cost.

Dough Strengthening. As discussed, some anionic and polyoxyethylene surfac-

tants increase the ability of a proofed bread dough to withstand mechanical shocks

during transfer from the proof box to the oven. These are termed dough strength-

eners or dough conditioners. The ones in common use in commercial bakeries are

sodium stearoyl lactylate (SSL) and diacetyl tartrate esters of monoglycerides

(DATEM). Less frequently calcium stearoyl lactylate (CSL), ethoxylated monogly-

ceride, and polysorbate 60 are used. DATEM may be used at any level in accord-

ance with good manufacturing practices; the practical upper level is 1% (flour

weight basis). The use of the other dough strengtheners is limited to no more than

0.5% of the flour weight. Sometimes bakery suppliers sell a combination ingredient,

containing both a softener (monoglyceride) and strengthener, slightly simplifying

weighing out ingredients for each batch of dough.

Cake. A plastic shortening intended for making cakes contains 3–4% a-mono-

glyceride. This may be produced by superglycerination or by addition of monogly-

ceride to the melted oil before it is plasticized. The primary function is to aid

subdivision of air bubbles in the shortening phase during mixing, giving more

nucleation of leavening gases during baking and improved grain and volume in the

finished cake. A secondary function is to stabilize the dispersion of sugar in the fat

phase, allowing the incorporation of more sugar than flour in the batter (so-called

high ratio formulas).

A liquid oil is not well suited to entrapping air bubbles, but it was found that

the addition of a-tending emulsifiers to the oil before it was incorporated into the

cake mix allowed the production of one-stage, high ratio cakes with good volume,

fine grain, and excellent keeping qualities. The a-tending emulsifiers solidify in a

stable a-crystalline (waxy) form. The main examples in commercial use today are

acetyl monoglycerides (AMG), lactyl monoglycerides (LMG), and propylene glycol

monoesters (PGME). A number of other emulsifiers have also been used, including

polysorbate 60, stearoyl lactylic acid, and sucrose esters, but most commercial cake

emulsifiers now offered by suppliers are based on PGME and/or AMG. At concen-

trations above a certain level, these emulsifiers form a solid film at the oil–water

interface (see Figure 10). The addition of a second surfactant may enhance film
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formation; a mixture of PGME and stearic acid (80:20) is a stronger film former

than pure PGME at the same weight concentration.

Cake mixes made with oil containing an a-tending emulsifier may be used in

a one-stage method, i.e., the dry mix is placed in a bowl, liquid is added, and the

batter is mixed at low speed (to blend ingredients) and then at high speed to incor-

porate air. Air incorporation is primarily as a foam stabilized by protein contributed

by flour, milk, and egg whites. The presence of oil inhibits foam stabilization by

a protein (e.g., a trace of oil makes it almost impossible to beat egg whites into a

meringue), but the solid film at the oil–water interface effectively encapsulates

the oil during air incorporation, thus preventing destabilization.

Icings. Many icings used in the bakery are aerated w/o emulsions. The simplest

example is a butter cream icing, which contains butter, sugar, and egg whites. This

icing has a limited stability, losing air rather readily on standing. Improved versions

use an emulsified shortening. A typical emulsified plastic shortening for icing

manufacture might contain 1–2% monoglyceride and up to 0.6% polysorbate

60. This emulsifier system improves the air-holding properties of the semisolid

water-in-fat suspension; the icing retains its eye appeal and good eating qualities

for several days.

10.2. Dairy-type Emulsions

Whipped Toppings. Numerous formulations of whipped toppings exist in which

the butterfat of ordinary whipping cream is replaced with a fat having a melting

point lower than 38�C, but a rather steep solid fat content (SFC) curve (palm kernel

oil and hydrogenated coconut oil are frequently used). The aqueous phase con-

tains milk protein, either sodium caseinate or whey, and sugars. About 5% of an

a-tending emulsifier (PGME, LMG, AMG) is also used. Since the fat phase is

around 25% of total weight, the concentration of emulsifier in the lipid phase

is up to 17%. This is more than sufficient to form the solid interfacial film men-

tioned earlier. Thus the soluble milk proteins are able to form a stable foam when

the emulsion is whipped.

Margarine. This spread, originally formulated as a less-expensive butter sub-

stitute, is now made with a variety of partially hydrogenated vegetable oils and

often presented as a ‘‘healthy’’ spread, largely because of the presence of some

polyunsaturated long-chain fatty acids and the absence of cholesterol. Standardized

margarine contains at least 80% fat, and is an w/o emulsion. The fat phase contains

0.1–0.3% monoglyceride, sometimes with the addition of 0.05–0.1% lecithin,

b-carotene (for color), and vitamins A and D (if included). The fat is melted,

then the aqueous phase (water, flavors, salt, sometimes whey solids) is dispersed

in a large agitation tank. The emulsion is then chilled (to solidify the fat) and

worked in a scraped-surface heat exchanger. During the working step, the average

water drop size is reduced to 2–4 mm. The finished product is solid, and this fat

crystal matrix prevents water drop coalescence. The rheological properties (solidity,

spreadability) of margarine are governed by the properties of the fat used. With

certain fats, the crystals tend to convert from b0 crystals (which confer a smooth
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texture) to b crystals (giving a sandy texture). This may be counteracted by the

inclusion of sorbitan monostearate or monoglyceride citrate in the fat phase. Mono-

glyceride citrate at a level of 0.1–0.2% also counteracts the tendency of margarine

to spatter when it is used as a frying fat in the kitchen.

Ice Cream and Mellorine. Ice cream contains no less than 10% milk fat and

is basically a mixture of cream, milk, sugar, and flavors that, after emulsification,

is frozen (21 CFR § 135.110). Emulsification of the milk fat is primarily due to

casein proteins present in the milk plus the natural interfacial film present on the

milk fat globules. In ‘‘economy’’ ice creams up to 0.1% of emulsifier is sometimes

added, primarily to improve stiffness, dryness, and texture in the final product.

GMS and polysorbates 65 and 80 are the ones most often used.

Mellorine is similar to ice cream, but contains at least 6% of fat other than milk

fat (usually vegetable oil). Milk protein is, again, the major emulsifier, but 0.1% of

polysorbates 65 and/or 80 may also be used.

Coffee Creamer. Emulsions of vegetable oil in an aqueous phase, including case-

inates, are sold (as pasteurized liquid or as a spray-dried powder) as substitutes for

cream for addition to coffee. For the liquid form, an emulsifier system of some com-

bination of polysorbate 60, polysorbate 65, and sorbitan monostearate is used at a

concentration of up to 0.4%. The spray-dried whitener uses the same emulsifier sys-

tem, at a level of 1–3% of the dried powder. In both cases, sodium caseinate is prob-

ably the major stabilizer of the o/w emulsion.

10.3. Salad Dressings

Mayonnaise and Starch-based Dressings. Egg yolk is the only emulsifier allowed

in the making of mayonnaise. This food is an o/w emulsion, in which the internal

phase constitutes a minimum of 70%, and sometimes up to 82%, of the total

volume. At this level of f, the emulsion may invert (i.e., become an w/o emulsion)

if it is subjected to unfavorable stresses, in particular excess shear in the colloid mill

used to subdivide the oil droplets, and if the emulsifier is inadequate for the job.

Egg yolk contains about 16% protein (much of it lipoprotein), 35% total lipid,

and 10% phospholipids. The protein and phospholipids are both surface active,

and readily coat the oil–water interface. The protein–phospholipid combination

forms an elastic film that stabilizes the emulsion. Mayonnaise manufacture in-

volves two steps: (1) formation of a rather coarse emulsion of oil in the aqueous

phase (egg yolk, vinegar, spices) and (2) reduction of oil droplet size by passage

through a colloid mill. If all the internal phase is present as spheres of the same

diameter, the maximum theoretical f is 0.74. In mayonnaise, the spheres have a

range of diameters, so the small spheres can fit into the spaces between larger drops,

allowing f to be greater than this theoretical limit. The amount of emulsifier must

be sufficient to coat all the additional interface formed during drop size reduction. If

the clearance in the colloid mill is too small (shear is too large), the oil drops

become too small, the interface area is greater than can be covered by emulsifier,

and the mayonnaise inverts.
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The oil used for mayonnaise manufacture must remain liquid even during sto-

rage at refrigerator temperatures. If some portion of the oil solidifies, the fat crystals

disrupt the surface film and the emulsion breaks. The oil is usually winterized, i.e.,

it is held at a low temperature for 1 or 2 days and the solid fraction is removed.

Polyglycerol esters may also be added to the oil to inhibit fat crystal formation

to prevent this problem.

A less expensive alternative (spoonable salad dressing) contains 40–50% oil, and

contains gelatinized modified starch as the stabilizing agent. After treatment in a

colloid mill, the emulsion is cooled; the starch gels and the semisolid matrix

prevents oil droplet coalescence. Up to 0.75% of emulsifiers (polysorbates, mono-

glyceride citrate, or DATEM) may be included in the formulation to enhance emul-

sification of oil during manufacture of the first-stage emulsion.

Pourable Dressings. Numerous pourable dressings (e.g., French, Italian, Thou-

sand Island) contain 30–40% oil in an aqueous phase of vinegar, spices, flavorings,

and stabilizers. For the most part, the stabilizers are gums of various sorts that

increase the viscosity of the aqueous phase and decrease the rate of oil coalescence

when the dressing is shaken before being poured on the salad. Polysorbate 60 may

be used at up to 0.3% of the total dressing weight to enhance the ease of oil dis-

persion on shaking.

REFERENCES

1. A. W. Adamson, Physical Chemistry of Surfaces, Wiley-Interscience, New York, 1967.

2. K. Larsson and S. E. Friberg, eds., Food Emulsions, Marcel Dekker, Inc., New York, 1990.

3. P. Becher, Encyclopedia of Emulsion Technology, Marcel Dekker, Inc., New York, 1985.

4. W. C. Griffin and M. J. Lynch in T. E. Furia, ed., Handbook of Food Additives, 2nd ed.,

CRC Press, Inc., Cleveland, Ohio, 1972.

5. A. R. Handleman, J. F. Conn, and J. W. Lyons, Cereal Chem., 38, 294–305 (1961).

6. J. W. McBain and L. A. Wood, Proc. R. Soc. London, A174, 286–293 (1940).

7. C. E. Stauffer, J. Colloid Interface Sci., 27, 625–633 (1968).

8. E. J. W. Verwey and J. T. G. Overbeek, Theory of the Stability of Lyophobic Colloids,

Elsevier Science Publishing Co., Inc., New York, 1948.

9. J. D. Dziezak, Food Technol., 42(10), 172–186 (1988).

10. Food Additives, Technical literature, Danisco USA, New Century, Kansas, 2003.

11. J. Boyd, C. Parkinson, and P. Sherman, J. Colloid Interface Sci., 41, 359–370 (1972).

12. M. El-Nokaly and D. Cornell, eds., Microemulsions and Emulsions in Foods, American

Chemical Society, Washington, D.C., 1991.

13. M. El-Nokaly, G. Hiler Sr., and J. McGrady in Ref. 11.

14. J. C. Wootton, N. B. Howard, J. B. Martin, D. E. McOsker, and J. Holme, Cereal Chem.,

44, 333–343 (1967).

15. E. S. Lutton, C. E. Stauffer, J. B. Martin, and A. J. Fehl, J. Colloid Interface Sci., 30, 283–

290 (1969).

16. N. Krog, Cereal Chem., 58, 158–164 (1981).

266 EMULSIFIERS FOR THE FOOD INDUSTRY



17. N. Krog and A. P. Borup, J. Sci. Food Agr., 24, 691–701 (1973).

18. N. Krog and B. Nybo Jensen, J. Food Technol., 5, 77–87 (1970).

19. N. Krog in R. B. Duckworth, ed., Water Relations of Foods, Academic Press, Inc.,

New York, 1975.

20. T. L.-G. Carlson, K. Larsson, and Y. Miezis, Cereal Chem., 55, 168–179 (1978).

21. T. L.-G. Carlson, K. Larsson, K. Miezis, and S. Poovarodom, Cereal Chem., 56, 417–419

(1979).

22. H. Birnbaum, Bakers Dig., 55(6), 6–18 (1981).

23. D. T. Rusch, Cereal Foods World, 26, 111–115 (1981).

24. W. H. Knightly, Cereal Foods World, 33, 405–412 (1988).

25. J. Birk Lauridsen, paper presented at the AOCS Short Course on Physical Chemistry of

Fats and Oils, Hawaii, May, 11–14, 1986.

26. C. E. Walker, Cereal Foods World, 29, 286–289 (1984).

27. B. F. Szuhaj, J. Am. Oil Chem. Soc., 60, 258A–261A (1983).

28. B. F. Szuhaj, Lecithins: Sources, Manufacture & Uses, American Oil Chemists’ Society,

Champaign, Ill., 1989.

29. W. Van Nieuwenhuyzen, J. Am. Oil Chem. Soc., 53, 425–427 (1976).

30. O. L. Brekke in D. R. Erickson, E. H. Pryde, O. L. Brekke, T. L. Mounts, and R. A. Falb,

eds., Handbook of Soy Oil Processing and Utilization, American Soybean Association,

St. Louis, Mo., 1980.

31. J. Lagendijk and H. J. Pennings, Cereal Sci. Today, 15, 354–356, 365 (1970).

32. L. V. Batres and P. J. White, J. Am. Oil Chem. Soc., 63, 1537–1540 (1986).

33. A.-L. Eliasson and G. Ljunger, J. Sci. Food Agric., 44, 353–361 (1988).

34. N. Krog, Starch/Stärke, 23, 206–210 (1971).

35. N. Krog, Starch/Stärke, 25, 22–27 (1973).

36. K. Larsson, Starch/Stärke, 32, 125–133 (1980).

37. K. Ghiasi, R. C. Hoseney, and E. Varriano-Marston, Cereal Chem., 59, 81–85 (1982).

38. C. Tanford, The Hydrophobic Effect: Formation of Micelles and Biological Membranes,

John Wiley & Sons, Inc., New York, 1973.

39. E. Dickinson in Ref. 12.

40. B. Ericsson in Ref. 2.

41. L. Somogyi, ‘‘Food Additives,’’ in Kirk-Othmer Encyclopedia of Chemical Technology,

Vol. 12, John Wiley & Sons, Inc., Hoboken, New Jersey, 2005.

42. C. E. Stauffer, Functional Additives for Bakery Foods, Van Nostrand Reinhold, New York,

1990.

REFERENCES 267



9
Frying of Foods and

Snack Food Production

Monoj K. Gupta

MG Edible Oil Consulting

Richardson, Texas

1. INTRODUCTION

Frying of food is an old and traditional means to prepare food quickly and enjoy the

preparation for culinary delight. Fried foods are tasty because of the fried food fla-

vor and the pleasant mouth feel produced by the oil absorbed in the fried food. This

increases the salivation process that helps release of oil the soluble flavors from the

fried food, making it very appealing to the taster. Fried food is popular in North and

South America, Mexico, Europe, India, China, Japan, Malaysia, and elsewhere.

The frying technique has improved over the years and has evolved from kitchen

frying to large-scale industrial frying. Coated products, par-fried products with or

without seasoning, have become popular across the world. The fried products are

packaged and distributed for sale. Innovation of the packaging technology has

enabled the fried food industry to distribute the products that maintain freshness

over an extended period.

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
Edited by Fereidoon Shahidi. Copyright # 2005 John Wiley & Sons, Inc.
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2. FRYING PROCESS

This is a process where the food is dehydrated by using the thermal energy from a

bed of hot oil. The oil is heated either by electrical or gas heating. Frying process

can be divided into three major categories, such as (1) home frying, (2) restaurant or

food service frying, and (3) industrial frying.

Home frying is the traditional frying procedure where the food is either deep-

fried or skillet fried. Frying in a skillet is done with a shallow bed of oil in the skil-

let, heated to the frying temperature, which is maintained manually by the cook by

adjusting the heat. The food is fried until the food attains the desired color and tex-

ture. In the deep frying process, the food is placed in a bed of hot oil. The food to be

fried can be sliced potatoes, seasoned mixed vegetables mixed with some binders,

batter coated vegetables, fish, and so on. Deep fryers vary in sizes, such as (1) the

small countertop fryers, (2) floor-model restaurant or food service fryers, (3) indus-

trial batch or kettle fryers, and (4) continuous industrial fryers. In each type of these

fryers, the food is fried to the desired moisture content and the crust is allowed to

develop a brown to dark-brown color to achieve proper flavor, texture, and appear-

ance. Home-fried foods are consumed soon after frying, whereas the industrially

fried products are packaged and distributed for sale.

Although home frying is on the decline in the United States, it is widespread

in many countries where the people are still serving home-cooked meals to their

families.

The freshly fried foods are consumed almost immediately by the customers at

the restaurants. This practice is carried out even during the rush hours of lunch

or dinner. At the fast food restaurants, the food is fried on demand. However, in

the food service establishment, fried foods are generally prepared in larger amounts

ahead of the rush hour and are kept warm either by a warm oven or by holding them

under an ultraviolet lamp.

Restaurants, fast food restaurants, and the food services use a wide range of

precooked or par-fried products. This includes products such as (1) French fries

and (2) batter-coated and par-fried fish, chicken, meat patties, cheese sticks,

vegetables, and so on. These products are taken out of the freezers and placed

directly in the bed of hot oil in a fryer without thawing.

3. TYPES OF RESTAURANT FRYERS

The principal categories of restaurant fryers are (1) countertop fryers, (2) floor-type

fryers, (3) pressure fryers, and (4) turkey fryers.

3.1. Countertop Fryers

These fryers are suitable for frying small quantities of food at a time. The fryers

may have a single or a dual basket (see Figure 1). In a dual-basket fryer, the oil

capacity may vary from 15 to 30 pounds (6.8–9.1 kg) per pan. These fryers have
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a heat capacity that ranges from 25,000 to 45,000 BTUs (6300 to 11,343 CHUs)/hr.

These fryers are suitable for restaurants where a small amount of food is fried at a

time and less frequently. An electrical heating element, immersed in the oil, or a

gas-fired burner under the pan heat the oil up to 400�F (204.4�C). A thermostatic

‘‘on-off’’ control device controls the oil temperature in the fryer. The control device

Figure 1. Countertop fryers: (a) Gas fired and (b) electrically heated.

Figure 2. Countertop pressure fryer.
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automatically shuts off the heat when the fryer is left idle for several minutes and

allows the oil to cool down to 200�F (93.3�C). The oil remains at this temperature

until frying is resumed.

Countertop pressure fryers (see Figure 2) are especially suitable for frying

batter-coated fish or shrimp in small restaurants and as experimental fryers for

research work. These fryers have a single pressure setting and an automatic shut-

off device.

3.2. Floor-Model Fryers

Restaurants and food services use floor-model fryers (see Figure 3). These fryers

are significantly larger than the countertop fryers. The oil holding capacity widely

varies in these fryers, which ranges from 40 to 90 pounds (18.2 to 40.9 kg.). The

heat capacities of these fryers range from 90,000 to 200,000 BTUs/hr (22,680 to

50,400 CHUs/hr). The fryers have single or dual baskets. Some have split frying

pans with individual temperature controls. The oil is heated either by gas or elec-

tricity. Most of these fryers are equipped with sufficient thermal capacities to

Figure 3. Floor-model restaurant fryer.
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provide rapid heat recovery to the oil in order to respond to the high demand at the

fast food restaurants.

Electrically heated fryers have the heating elements immersed in the oil like in

the countertop fryers. The oil temperature in the fryer is thermostatically controlled.

The fryer has an on-off power switch that turns on power either to the gas control

system or to the electrical heating elements. The control system generally has two

operating modes, namely, (1) standby and (2) high heat (or fry). The fryer is kept on the

standby mode when the demand is low, such as after the lunch rush or in late evening.

A typical restaurant fryer operates at 335–375�F (168–190.6�C). A measured

amount of food is placed in the basket. The basket is lowered into the oil, which

is already heated to the desired temperature. The oil temperature in the fryer drops

immediately, and then it gradually recovers. The recovery time for the oil tempera-

ture within a specific time is critical for French fries, coated vegetables, and so on to

achieve the desired product texture, flavor, and appearance. However, the recovery

time for the fryer oil temperature is especially critical for chicken, fish, and other

meat products, where the interior of the product must reach a specific temperature

to prevent food-borne diseases associated with the meat and poultry products.

The typical oil temperature profile during frying French fries is shown in Table 1.

The frying test was conducted in a countertop twin fryer (Model 5301A, Star Man-

ufacturing International, Inc., Hobson Lane, Smithville, TN). Each pan had an oil

capacity of 15 pounds. The total thermal capacity of the fryer was 45,000 BTUs

(11,364 CHUs) per hour (1).

Par-fried coated chicken, when fried in the same fryer, produced the oil tempera-

ture profile that is shown in Table 2.

TABLE 1. Oil Temperature Profile During Frying French Fries.

Steps Fryer oil temperature

Initial fryer oil temperature 375 þ/� 2�F (190.6 þ/� 1.1�C)

Fryer oil temperature Dropped immediately to <330�F (<165.6�C)

Fryer oil temperature after:

1 min. and 30 sec. 330�F (165.6�C)

2 min. and 45 sec. 345–350 (173.9–176.7�C)

Temperature after recovery 375 þ/� 2�F (190.6 þ/� 1.1�C)

(Total Fry Time/Batch: 2 min. and 45 sec., Quantity /batch¼ 3/4 pound)

TABLE 2. Fryer Oil Temperature Profile During Frying Par-Fried Chicken.

Steps Fryer Oil Temperature

Initial fryer oil temperature 360 þ/� 2�F (182.2 þ/� 1.1�C)

Fryer oil temperature Dropped immediately to <330�F (<165.6�C)

Temperature after 4 min. 350�F (176.7�C)

Product interior temperature 160�F (71.1�C)

Temperature after recovery 360�F (182.2 þ/� 1.1�C)

(Total Fry Time/Batch: 4 min., Quantity /batch¼ 1 pound)
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Most floor-type fryers have V-shape frying pans. The narrow lower part, which is

called the cool-zone, allows the accumulation of the crumbs and reduces the

scorching of the food during frying. This helps maintain good food color and

reduces the development of burnt or scorched flavor even with an extended period

of frying.

It is necessary to filter the fryer oil at some regular frequency. This is done to

remove the particulate matter that accumulates in the oil, which makes the oil

become dark. The product begins to exhibit a burnt odor or flavor if these particles

are left in the oil. The accumulated particles can also act as catalysts for oil degra-

dation, increasing the risk of fire hazards at the restaurants.

Some floor-model fryers have built-in filters. These filters are made of stainless

steel mesh. Usually, a layer of filter paper is used on the screen. A built-in pump

circulates the oil through the screen for several minutes. The filtered oil is used to

flush the residual solids in the fryer pan, and the filtered oil is put back in the fryer

pan and stored until the next operation. The oil is filtered at least once every day.

For some products, it is necessary to filter the fryer oil twice or three times daily

because of the heavy accumulation of crumbs.

External filters are also used to filter the fryer oils. These filters are similar in

principle to the built-in filters. Operation of these filters is hazardous because of

the high oil temperature and manual handling of the hot oil. Burns from the hot

oil is one of the common accidents in the fast food restaurants. Figure 4 shows

the schematic diagram for an external filter.

3.3. Pressure Fryers

Pressure fryers are used for frying chicken, meat products, and breaded shrimp.

These fryers are equipped with lids that are tightly held to maintain pressure

Manually Rinse

Fryer Pan

Drain
Flexible Hose

Filter Screen

Pump

Figure 4. Filter system for a restaurant fryer.
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inside the fryer. The pressure can range from 5 to 15 PSIG (pounds per square inch,

gauge, or 0.35 to 1.06 kg/cm2). Initial design of these fryers allowed only one pres-

sure setting on the fryer. In 1917, the U.S. Department of Agriculture (USDA)

established the maximum operating pressure for pressure fryers to be 15 PSIG

(1.06 kg/cm2) for the safety of the operators at the food establishments. The later

designs included a jiggle-top load setting on the fryer allowing the operator to

change the operating pressure in the fryer. These fryers have three pressure settings

such as, (1) low pressure (5 PSIG), (2) intermediate pressure (8–10 PSIG), and (3)

high pressure (15 PSIG). Table 3 lists the typical applications for these fryers.

Par-fried foods as well as other products require different pressure settings.

Manufacturers of these fryers indicate the recommended pressure settings for the

various types of products to be cooked in their fryers.

3.4. Benefit of Pressure Fryers

Pressure frying is less time consuming. Pressure fried products appear to have bet-

ter flavor because of the following factors.

� The volatile flavor components, which are normally stripped from the food

during conventional frying, are retained in the confines of the fryer.

� Some of these delicate flavor components are claimed to penetrate into the

food during frying. This improves the flavor of the product compared with the

conventional frying process.

� The oil does not deteriorate in a pressure fryer as rapidly in a conventional

fryer. This is because the oil is not in contact with air during frying.

A good example of a pressure fried product is the Original Recipe of Kentucky

Fried Chicken (KFC), which is fried in pressure fryers. It is claimed by KFC that

the subtle volatile flavor components are better retained in the product due to

enclosed pressure frying. This is a reasonable claim because some of the volatile

flavor components are stripped from the food by the evaporating water during fry-

ing and released into the kitchen, during conventional frying. The pressure fryers

are available in countertop as well as floor models (see Figure 5).

TABLE 3. Applications of the Pressure Fryers.

Operating Pressure Operating Temperature

(PSIG) �F ð�CÞ Type of Food to be Fried

5 220 (105) Fish, Breaded shrimp,

Soft textured vegetables

8–10 235 (113) Rice pudding, Custard

15 250 (121) Every type of food
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3.5. Turkey Fryers

Frying the whole bird has become popular. This is done in the fryer that is referred

to as a turkey fryer (see Figure 6). These fryers can fry a whole bird (turkey or

chicken) in 6 minutes or less. The heating system has a temperature regulator

and a thermal capacity of 150,000 to 200,000 BTUs (37,800 to 50,400 CHUs)/hr.

Figure 5. Pressure fryer (floor model). (This figure is available in full color at http://

www.mrw.interscience.wiley.com/biofp.)

Figure 6. Turkey fryer. (This figure is available in full color at http://www.mrw.interscience.

wiley.com/biofp.)
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The heat source can be either gas or electrical. The heat is applied at the

bottom of the pan, which contains the oil. The bird is lowered into the bed of

hot oil in a stainless steel basket, and the lid is closed. At the end of frying, the

basket is raised, the excess oil is allowed to drain into the frying vessel, and the

bird is removed.

The fryer is equipped with the components as listed: (1) a stainless steel stock

pot, (2) a vented lid, (3) a perforated basket (or rack) for the poultry, (4) a grab hook

on the basket, (5) thermometer, (6) a gas cooker, and (7) a seasoning injector to

inject oil and seasoning into the bird.

3.6. Fryer Operation in a Restaurant

Depending on the product, the restaurant fryers are operated at 335 to 375�F (168–

190.6�C). During slow hours, the fryers are maintained on standby mode to keep

the oil temperature relatively low. The oil is always maintained at the frying tempe-

rature during rush hours.

In a fast food restaurant the following operating mode is common:

1. The fryers are turned on first thing in the morning.

2. The restaurants are very busy during lunch and dinner but the rest of the time

they are slow.

3. The oil is kept hot during the rush hours.

4. The oil is filtered once/day, or sometimes two or three times a day.

5. The fryer is cleaned at night, and refilled with the used oil.

6. A small amount of fresh oil is added for make-up.

4. SAFETY ISSUES

4.1. Pressure Fryers

Consumers try to use a pressure cooker as a pressure fryer. This practice should be

avoided because of the following reasons:

� A pressure cooker IS NOT a pressure fryer.

� A pressure fry pan IS NOT a pressure fryer.

It is important to note that pressure cookers are designed to cook foods under

pressure, and they are safe when they are used for cooking products. However,

when they are used as pressure-fryers, small amounts of oil come in contact with

the gasket and damage it. It eventually can melt the gasket, causing a burst of hot oil

out of the pan. This can injure people or can even cause a fire. Therefore, pressure

cookers are not recommended for pressure frying.
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4.2. Turkey Fryer

Serious accidents have been reported regarding turkey fryers. The Consumer Pro-

duct Safety Commission (CSPC) has issued the following safety guidelines for the

use of turkey fryers.

Since 1998, the CSPC has reported 75 incidents that involved fires, flames, or

burns associated with turkey fryers. Twenty-eight of these incidents were reported

for the year 2002. Turkey fryers are becoming popular. These fryers can be seen in

many fast food restaurants, frying either whole turkey or chicken. Therefore, the

users of this type of fryer must be aware of the safety tips offered by the agency.

The detail of this report can be found on the website of the agency.

4.3. Floor-Model Fryers

Restaurant fires are common. This generally starts when one or more of the follow-

ing conditions exist:

1. The oil in the fryer is used far beyond its good operating life.

2. Smoke coming out from the oil is noticed at the top of the fryer.

3. The safety devices have failed to operate.

The thermostatic control on the fryer automatically switches off the source of

heat when the temperature in a fryer pan exceeds a preset temperature, which is

typically set at 400�F (204.4�C). In addition, every fryer has a high-temperature

protection device, known as the high-temperature cutoff (normally set at 425�F
or 218.3�C). The purpose of the high-temperature switch is to cut off the source

of heat if the thermostatic control fails to turn off the source of heat when the oil

temperature exceeds 400�F (204.4�C). This is to protect the fryer oil from reaching

a very high temperature and cause a fire because of overheated oil. There is another

safety device used to protect against fire in the event the high-temperature cutoff

device fails to function. The system for the gas-fired fryer operates in the following

manner.

When the fryer oil temperature rises beyond control because of the failure of the

high-temperature cutoff device, a certain amount of fire retardant (powder) is dis-

charged on top of the fryer to create a blanket to cut off the oxygen supply to the hot

oil. Simultaneously, the main gas supply line gets automatically turned off by a

solenoid valve on the gas line set to be shut off in the event the fire retardant is

discharged.

The main circuit breaker is tripped in an electric fryer using a temperature sensor

connected to the fire retardant system.

5. IMPROVING RESTAURANT FRYER OPERATION

It is possible to maintain high quality in fryer oil and that of the fried food in a

restaurant by applying the following procedures:
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1. Remove all gums and deposits from the frying pan and the heating elements

every night by scrubbing thoroughly using a scrub brush.

2. Inspect the fryer pan and look for spots with discoloration. These indicate hot

spots caused by localized heat. The pan and the heating element should be

replaced if hot spots are noticed.

3. Fresh oil must be added to the fryer at regular intervals, e.g., every 2 hours.

4. The fryer oil must be filtered at least once or twice every day.

5. Treat the oil every day with proper treating agents that are commercially

available, which does not form soap in the oil.

6. Develop a plan to discard the fryer oil, based on product taste and flavor.

6. MEASURING OIL QUALITY IN THE FRYER

It is difficult to decide on oil discard. The restaurant manager or a senior employee

decides when the oil from a fryer should be discarded.

Traditionally, the restaurants have used oil color or the foam height in the fryer

to decide on oil discarded. However, both approaches are subjective and can lead to

either premature discarding of the oil or the use beyond its limit for optimum pro-

duct flavor and taste.

Various physical and chemical quick test devices are available to check oil qua-

lity in a fryer (2). Unfortunately, many of these devices have not gained popularity

because of the following reasons:

1. They are either difficult to operate or costly.

2. The restaurants also undergo a very high rate of turnover of the kitchen

personnel.

3. The kitchen personnel do not always feel comfortable with the test kits.

Therefore, testing oil at a restaurant is a major challenge.

A few instruments to measure oil degradation have recently been introduced.

They mostly measure the oil decomposition products commonly referred to as polar

compounds. Researchers are testing these instruments to determine their appli-

cability for evaluating fryer oil quality in the restaurants.

The USFDA has not imposed any regulation on frying oil quality at restaurants

or in the industrial frying operations. The USDA requires the fryer oil to be dis-

carded when the free fatty acid (FFA) in the oil exceeds 2%.

Most countries in Europe and Chile have adopted some form of regulations to

control the quality of frying oil at the restaurants. Most of these countries have

decided that the oil reaches the end point when the polar material in the oil exceeds

a certain level. This level is somewhat different for different countries. This regu-

lation compels the restaurant personnel to learn the techniques of testing fryer oil

for quality and to determine when to discard it. Table 4 lists the regulatory limits on

the restaurant oil quality (3).
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Various testing devices recommended as well as practiced in this area can be

divided into the following groups.

7. PHYSICAL TESTING DEVICES

7.1. Noninstrumental

The early test methods used to determine the point of discard for the oil in a restau-

rant fryer are as follows:

� Oil color

� Clarity

� Foam height

Color wands and color strips were promoted to determine the oil quality in a

restaurant fryer. These did not provide any practical help to the restaurant personnel

because a universal color standard does not apply for all types of oil. Sometimes,

cottonseed oil, corn oil, and palmolein turn darker than soybean or sunflower oil in

a restaurant type fryer, even though the oil quality is perfect for frying foods. In

such cases, the restaurant operator may discard the good quality fryer oil just

because the color may appear dark to the restaurant operator.

Oil clarity diminishes as the oil is used. KFC introduced a visual tester that they

called the ‘‘visibility tester.’’ It is a stainless steel rod attached to a shiny silver disk

at the end. The rod has a linear scale showing three indented marks, which are used

to judge shortening quality. The shiny disk is lowered into the oil with the depth of

TABLE 4. Regulatory Guidelines on Restaurant Fryer Oil in Various Countries.

Max. Fry Smoke Pt. Acid Value FFA Polars Ox. FA DPTG Viscosity

Country Temp.�C Min. �C MAX. (%) Max (%) Max (%) Max (%) Max (%) Max mPA’s

Austria 180 170 2.5 — 27 1 — 37

Belgium 180 — — — 25 — 10

Chile — 170 — 2.5 25 1 —

Czech Rep. — — — 1 <25 — <10

Finland — 170 2.5 25 — — —

France 180 — — — 25 — —

Germany 170 — — — 24 0.7 —

Hungary 180 180 2.0 — <25 — —

Iceland 190 — — — — — —

Italy 180 — — — 25 — —

Japan — 170 2.5 — — — 16

The Neth. 180 — — — — — —

Portugal 180 — — — 25 — —

S.Afric — — — — <25 — 16

Spain — — — — 25 — —

FFA FFA

DPTG dimeric and polymeric triglycerides

Viscosity for Liq. Oils 27
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insertion monitored on the rod. A penlight is held next to the rod, turned on, and the

disk is observed. The oil is discarded if the disk is not visible at a certain depth.

The above subjective test methods provided very little practical value and are not

used at many restaurants.

7.2. Instrumental

Several inventors have developed instruments for measuring fryer oil quality.

Unfortunately, some of them are too complex to operate, whereas others can be

applied in monitoring the oil quality in restaurants. These instruments are as follows:

� FRI-CHECK

� Viscosity Meter

� Food Oil Sensor

� Oil Condition Sensor

� 3M PCT tester

� FOM (Food Oil Meter)

� OptiFry

The Fri-Check instrument, designed by Dr. Christian Gertz of Hagen, Germany,

is a device that measures the viscosity and density of the fryer oil, which correspond

to its degradation as determined by concentration of the polar material and poly-

mers in oil. This instrument consists of an electronic box with a removable steel

tube. The tube is filled with the test oil. The oil is maintained at a constant tempera-

ture. A cylindrical metal piece is carefully released from the top of the tube filled

with the test oil. The amount of time required by this object to fall a measured ver-

tical distance through the tube is measured. The amount time is dependent on the

density and viscosity of the oil. Because the density and viscosity of the oil increase

with the formation of polar materials and polymers during frying, the ‘‘falling-time’’

can be related to the degree of oil decomposition. In actual tests, the FRI-CHECK

data correlated well with percent polar material and polymers in the oil. The system

is relatively simple and can be used for monitoring degradation of used frying fats

in the restaurants.

The scientists at Leatherhead Food Research (United Kingdom) developed an

instrument to measure viscosity of oil. The principle of its operation is similar to

that of a tuning fork. Dampening of the vibration of the tuning fork-like device

depends on the viscosity, and resonance depends on the density of the surrounding

fluid. Although the instrument was simple to operate, the actual determination of oil

quality was difficult for the restaurant operators.

An instrument, known as the Food Oil Sensor, has been marketed by the North-

ern Instrument Company since the late 1970s. The instrument measures the change

in the value of the dielectric constant in frying fat. This value increases as the oil

is degraded because of the formation of polar material in the oil. The instrument is

simple to operate and is used by many researchers to study fryer oil quality in the

PHYSICAL TESTING DEVICES 281



test laboratory. However, the instrument is prone to error, if the sample cup is not

properly cleaned after every use. Any amount of oil left in the sample cup is likely

to polymerize and give erroneous readings in the subsequent tests. This makes the

instrument less suitable for restaurants because the fryer operators are not used to

pay such attention to instruments.

An oil condition sensor has recently been introduced by the Tech Town co. to

monitor the oil quality in frying. This also operates on the principle of conductivity

of the oil, which increases as the oil is degraded during frying. This instrument

is relatively new, and the author does not have any information on its long-term

performance.

The 3M Company (Europe) introduced an instrument called the Polar Com-

pound Tester or PCT 120. This instrument operates on the principle of polarity

developed in the oil with frying. Although the instrument is easy to use and pro-

vides good information, some restaurant operators find it difficult to use.

Dresser Instruments of Stratford, CT, under the ebro brand has introduced

a handheld instrument called the Food Oil Meter (FOM-200). This instrument

can repeatedly measure polar compounds within seconds in hot oil to directly

monitor oil quality in a fryer. The results obtained from the FOM-200 correlates

within þ/� 2% of the official IUPAC method 2.507/ DFG method III-3b for polar

compounds and can store many characteristic oil curves for reference. The instru-

ment is being used by several researchers in their frying studies and fast food fran-

chises to better schedule filtering aids additions and oil replacements in order to

improve overall food quality.

OptiFry from MirOil co. (also known as Oil Process Systems of Pennsylvania)

can measure the increase in polar compounds in the fryer oil compared with a refe-

rence value for the corresponding fresh oil. Measurement with this instrument show

excellent correlation with the laboratory test values generated at the institute for

research of the German Health Ministry on cereals, potatoes, and lipids for consu-

mer protection, nutrition, and agriculture. It is possible to establish a program for

fryer oil quality management with the help of this instrument and combining the

data with the consumer acceptability of the product. One can maintain a relatively

uniform oil quality by applying the technology offered by the company.

8. CHEMICAL TESTS

1. Oxifrit—Merck

2. Fri-Test—Merck

3. ACM/PCM*—Mir-Oil add location

4. TPM**, FFA**, WET**—Test Kit Technologies - location

5. AVþ Check—Advantek add location

6. Shortening Monitor-3M—USA

*ACM—alkaline contaminant material; PCM—polar component material
**TPM—total polar material; FFA—free fatty acid; WET—water emulsion titratable.

þ Acid value.
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The Merck Company of Darmstadt, Germany developed the OXIFRIT & FRIT-

EST to measure oil quality in frying operations, especially in restaurants. The

Fritest measures the alkali color number to indicate oxidized fatty acid (OFA)

and the Oxifrit Test measures oxidation products in the fryer oil. Both tests are

colorimetric and use a solvent-based reagent system. The test methodology is too

complicated for the restaurant personnel.

The ACM and PCM tests were developed and patented by Libra Laboratories

(USA). Oil Process Systems of Allentown, PA also known as Mir-Oil, owns the

patent and distribution rights for the testing devices. The ACM test measures alka-

line contaminant materials, which include soaps. The PCM measures polar conta-

minant materials (accumulated polar compounds). These tests provide results that

could be used at the restaurants. However, the test units are relatively expensive

and the restaurants tend to avoid using them after the initial introduction of the

device.

Test Kit Technologies has been manufacturing and marketing rapid tests for

measuring FFA, TPM, and WETs for over a decade. The initial units used the sol-

vent technology and color cards, similar to MirOil and Merc tests. The subsequent

development included the Gel-in-tube Instant Chemistry (GiTIC). In this method,

hot and filtered fryer oil without filtration suspended material is added directly into

the tube containing a gel. The gel melts, and the components from the gel react with

the oil, producing color that can range from light green to deep blue. The tube,

while it is still hot, is inserted in a colorimeter that provides a reading on the oil

sample in the tube. The reading provides information on TPM, FFA, and WETs,

also known as surfactant in the oil. In the GiTIC technique, hot oil samples are col-

lected from the fryer, filtered, and added directly to the gel. The oil melts the gel,

and the components of the gel react with the oil to producing a color. While still

hot, the tube is placed in a small colorimeter and a reading is obtained. The reading

may be directly related to oil quality and used for monitoring oil oxidation. The

TPM test is a single-phase test, whereas the FFA and WET tests are two-phase, pro-

ducing a colored bottom layer, all of which are read by an instrument. The users

must establish their own color limits to reflect the oil quality standards for their

product. This instrument is simple, but the cost of the tubes can be prohibitive

for many restaurants. In addition, the restaurants are not trained to develop their

own oil quality criteria for discarding the oil as required by this instrument.

The 3M Company of St. Paul, MN introduced the Shortening Monitor, which

consists of a white strip of paper, measuring 0.3 � 3.75 inches, which has four

blue bands across it. The strips are used as a dip test to measure accumulated

free fatty acids in the oil. The tests were developed to provide users, especially

those in the fast-food industry, with an inexpensive means to objectively measure

FFA in the cooking oil. This test might be suitable for restaurants because the FFA

in restaurant fryers tend to run high and might be effective to predict the imminence

of reduced smoke point in the fryer oil.

Advantec manufactures and distributes test strips for measuring the acid value

(AV) in the fryer oil. The product is marketed in Asia through Ajinomoto. This

is similar to the 3M test-strip and monitors acid value in the oil. The operator places

a plastic strip with an indicator on the tip into the cooking oil. The color indicator
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changes from dark blue to a light olive green color depending on the acid value of

the oil. The color chart goes as follows:

Color Acid Value, %

Blue 0

Dark Green 0.5

Green 1.0

Light Green 2.0

Olive 3.0

Very Light Olive 4.0

This test strip can be a useful for restaurants. For industrial fryers, it has limited

usefulness.

9. FILTRATION AND TREATMENT OF OIL

The oil from the fryer must be cleaned routinely to obtain good fried food quality.

Oil filtration can be done through an external filter where the oil is collected in an

external tank with a filter screen at the bottom (see Figure 4). A filter paper or filter

cloth is used on top of the filter screen. Using a pump, the oil from the pan is cir-

culated through the filtration chamber. The fryer pan is also rinsed with the clean

oil, and then the filtered oil is put back into the fryer pan. This process removes

most of the particulate matter accumulated at the bottom of the pan (cool zone) dur-

ing frying. This can help reduce the burnt color and flavor in the fried food. Some

fryers have built-in filters.

The impurities in the oil can be removed more effectively by treating the oil with

treatment powders. Some of these materials remove the soap and polar compounds

from the oil. This can significantly improve the fry life for the oil.

However, there are commercial products that remove free fatty acids by chemi-

cally reacting with an alkali. This increases the amounts of soap in the treated oil,

which reduces its stability. The presence of high amounts of soap in the fryer oil can

exhibit the following phenomena:

� Foaming in the fryer, increasing oil oxidation and reducing its fry life.

� Can develop an unpleasant flavor in the fried food.

� Can change the appearance of the fried food.

� According to the regulatory guidelines in many countries, including the

United States, the presence of soap, created in this manner in frying oil

may constitute adulteration.

It is recommended that one must select the treatment powder that does not

chemically react with the FFA, but it removes the oil impurities by a physical

adsorption process.
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The restaurant owner or manager must review the test data from the company

that manufactures the treatment chemicals and make sure that the soap content

in the oil after treatment is not higher than before the treatment. The treatment

temperature for oil is also critical, especially if the material contains citric acid.

Citric acid is a metal chelator and is expected to remove the excess metal ions

that are chemically transferred into the fryer oil during frying. Citric acid breaks

down if the oil temperature is above 284�F (140�C). Fryer oil, transferred to the

filter sump, can be very hot (300�F/149�C). This can break down citric acid at

this high temperature and make it ineffective.

The restaurant fryers do not have oil cooling capability. The operators do not

normally check the oil temperature before the treatment material is added to the

oil. Thus, one can expect less than desirable results from the oil treatment.

The flavor of the fried food improves with the oil treatment, when appro-

priate treatment material is used. However, one needs to look at the overall eco-

nomics. The cost of oil treatment material, the recommended frequency of

treatment, the dosage of the treatment material, and the savings on oil must be

checked carefully to justify the use of the treatment material for treating the oil.

10. INDUSTRIAL FRYING

Industrial frying is one of the major segments in the frying industry. Fried food in

the United States and other countries are prepared and marketed in various forms.

The most popular of these products is the salty snack food segment. This segment

consists of a wide variety of products such as potato chips, tortilla chips, corn chips,

extruded products, pretzels, fried or roasted nuts, and so on. Out of all these pro-

ducts, potato chips has been known to the people for a long time.

10.1. United States

Although the fried snack foods have been enjoyed by people from many countries

around the world and for centuries, the only documented introduction of potato

chips can be found in the United States (4). According to the record of the Snack

Food Association (United States) modern-day potato chips started as a joke at the

resort in Saratoga Falls in 1853.

The railroad magnate Commodore Cornelius Vanderbilt was dining at the resort

one evening when he sent the fried potatoes back to the kitchen because they were

too thick. George Gum, the cook on duty decided to thinly slice potatoes, deep fry,

and salt the fried chips. The chips were thin, crispy, and salty. What was meant to be

a joke turned out to be the birth of the modern-day potato chips. The product was an

instant hit. The Saratoga Chips became a fad with the resort’s socialite patrons.

Soon the recipe spread throughout the eastern region of the country. Subsequently,

it grew in this country and in Europe. The packaging materials were introduced to

package and deliver the product. The fryer operation evolved from its kitchen

and sink stage to kettle frying and eventually to the modern-day fryers with
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sophisticated designs. The Snack Food Association celebrated the one hundred fif-

tieth birthday of potato chips in 2003 at Saratoga Falls.

Today’s leader, Frito-Lay Inc. of Texas, has brought about the most dramatic

evolution in the American snack food industry. In 1932, Mr. Elmer Doolin of

San Antonio started the Fritos brand Corn Chips, and Mr. Herman W. Lay started

to sell potato chips to the stores in Nashville, TN. In September of 1961, just

29 years after the two companies began their ventures, the Frito Company

and H. W. Lay Company merged to become the Frito-Lay Company. In 1965,

Frito-Lay and Pepsi-Cola merged. Today, Frito-Lay is the leading snack food pro-

ducing company in the world. The company sells numerous salty snack food

products that include potato chips, corn chips, extruded products, nuts, and a variety

of other products.

10.2. United Kingdom

Potato chips are one of the popular and oldest savory-snacks sold in the United

Kingdom. It is believed that Sir Walter Raleigh and Sir Francis Drake brought pota-

toes to England from Peru in 1570. Soon the crop expanded into various parts of

Europe, and by the end of the eighteenth century, potatoes were available almost

everywhere in Europe including the United Kingdom.

A man named Frank Smith started his potato chip plant and sold the product in

the early 1900s. The chips were sold in bags made of grease-proof paper.

10.3. Germany

Frank Flessner and his wife Ella started their Stateside Potato Chip Company in

Germany in 1951. The chips were made at home, packaged in glassine bags, and

delivered to the U.S. Army base in Germany. The U.S. soldiers were his primary

clients. By 1961, the company had established two manufacturing plants.

It is difficult to obtain the history of the snack food industry or the list of salty

snack products in other countries because of the lack of documented information.

For example, Indians of the Indian subcontinent consume at least 300 different

varieties of salty snacks that are fried in vegetable oils. These products contain

grains, pounded rice, nuts, vegetables, raisins, legumes, coconut, and seasoning

to suit the palates of the people in the various parts of the country. Although these

products have been used for centuries, no one can determine the date or the place of

origin of most of these products. This market has advanced from a cottage industry

to the manufacturing sector in the past three decades. A large number of these pro-

ducts are being exported to the United Kingdom, the United States, Canada, and

many European countries.

There are various types of fried snack foods that are prepared and sold fresh or

packaged and distributed through retail channels like super market, convenience

stores, restaurants, food services, vending machines, and so on. Most common fresh

fried products are as follows:
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1. Donuts

2. Beignets

3. Varieties of meat and vegetable savory products.

4. Popcorn

The beignets and the savory products are consumed soon after they are prepared.

Popcorn and donuts can be stored for a day or two.

There is a long list of packaged fried food products. These are both salty as well

as products seasoned with sweet and tasty seasonings. Most common salty fried

foods are as follows:

1. Potato chips—plain or seasoned.

2. Tortilla chips.

3. Fabricated products.

4. Extruded corn products—seasoned (salty) and coated (sweet).

5. Batter-coated products.

6. Par-fried products, e.g., French fries, fish, chicken, cheese, vegetables, and

so on.

7. Fried nuts—salty, seasoned, or coated (sweet).

Potato chips and tortilla chips have become household names in North America.

Corn products are not as common in Europe. Fabricated products can be produced

from pellets or from sheeted material made from a preprocessed and formulated

mixture of ingredients. The most commonly known products of this category are

Pringles made by Procter & Gamble co. and Lay’s Stax introduced recently by

Frito-Lay. Products made from formulated sheets as well as from the pellets are

sold as salted as well as seasoned with various seasonings. These products are

now popular in most countries.

Batter-coated fried foods have become popular in the restaurant and domestic

uses in the United States. Flash frying has been used to deliver good stable

batter-coated products. These are coated shrimp, fish, corn dogs, and fried chicken

and are popular restaurant items. All of these products are manufactured on large

scales and distributed in frozen state. The frozen products are fried directly out of

the freezer and served.

Meat products, such as chicken-fried steaks, are manufactured on large scales

and distributed to the restaurants in the frozen state. Frying of a whole bird, such

as turkey or chicken, has become popular in the United States and Europe.

Par-frying of French fries, chicken, and vegetables has grown to become a multi-

billion-dollar business because of the convenience and low cost to the food services

and restaurants.

Potato chips sales are the highest in the snack food industry. The next big seller

is the tortilla chip. Table 5 lists the sales figures for the major snack food products

in the United States (5).
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One can appreciate the size of the snack food market in the United States from

these sales figures. The low oil and no oil category of snack foods, which began to

flourish in the late eighties through the nineties, have shown a significant decline in

their demand. The fat-free product made from olean (Olestra) has also shown a sig-

nificant decline in volume since its introduction and its initial growth. The sales for

pork rinds, cheese snacks, nuts, and the meat snacks increased significantly in 2003

primarily because of the Atkins diet program. The sales of the traditional snack

foods declined. The snack food market showed an overall increase of 4.5% in sales

(dollars). This could be attributed the increased sales of the nuts, meat snacks, and

other high-price products.

The latest challenge in the fried food industry is to produce products with low

trans-fats. This requires oils that are not hydrogenated but stable under the frying

conditions.

The technology in the frying industry has evolved greatly from the early days of

kitchen frying to highly automated industrial frying. Innovative packaging tech-

niques have helped the industry to deliver products with longer shelf life. Frying

equipment development has also allowed the industry to manufacture products

with specific traits that were not possible in the past. There has been significant

improvement in the oil heating techniques to obtain longer life for the frying oil.

11. THE PURPOSE OF FRYING FOODS

Frying process is the quickest way to dehydrate foods and make the product pala-

table. Fried food has better product appeal than baked or cooked products because

of the unique traits of fried products, as listed below:

TABLE 5. Salty Snack Food Sales in the United States During 2003.

Dollar Sales Pound Sales

Segment (Millions) % Change (Million) % Change

Potato Chips 6,037.8 þ1.5 1,815.1 �0.3.

Tortilla Chips/ Tostatda 4,529.4 þ1.1 1,523.6 þ0.2

Corn Snacks 873.1 �2.0 254.1 �2.6

Pretzels 1,255.6 �2.0 564.5 �6.4

Pork Rinds 645.2 þ37.4 107.8 þ36.8

Snack Nuts

Seeds 2,347.3 þ15.9 648.0 þ12.5

Corn Nuts

Micro Wave Popcorn 1,30.5 þ2.8 456.2 �1.8

Ready to Eat Pop Corn 445.3 �3.9 109.5 �3.6

Cheese Snacks 1,181.2 10.9 371.5 þ7.1

Meat Snacks 3,404.3 þ14.4 159.2 þ14.7

Variety Pack 320.8 �3.9 76.3 �1.6

Other 2,062.5 þ2.0 437.8 þ4.2

Total 23,472.0 þ4.5 6,525.6 þ0.2
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� Flavor

� Texture

� Appearance

� Taste/Mouth feel

� Fried food aroma

� Pleasant after-taste

� Overall satisfaction or acceptability

12. DIFFERENCE BETWEEN THE FRYING
AND OTHER COOKING METHODS

Frying is a very distinct process because of the reasons listed below:

1. The dehydration in frying is very rapid. It can vary from 10 seconds up to a

few minutes, depending on the type of product and the frying process.

2. Extreme difference between the fryer oil and the product helps develop the

crust and texture of the fried food.

3. The fried food absorbs a substantial amount of oil during frying that imparts

some unique taste and flavor to the product.

4. Fully fried products, such as salty snacks lose practically of the moisture

because the final product contains less than 1.5% moisture.

5. Par-fried products, such as batter-coated fish, chicken, meat patties, and so

on; the surface coating is dehydrated, whereas the interior is not. For chicken

and meat, it is important for the center of the food to reach certain tempe-

rature (discussed later) for food safely, whereas the fish remains frozen inside

the fried crust. It is important to retain most of the moisture in these products

to maximize the yield and reduce the dryness of the product for the subse-

quent frying process.

13. WHAT HAPPENS DURING FRYING?

The food undergoes a simultaneous process of heat and mass transfer as well as

many chemical reactions during frying. This is a complex process as summarized

below:

1. Hot oil in the fryer begins to heat the surface of the food. The heat penetrates

into the food through the surface.

2. The moisture from the interior of the food begins to migrate to the surface in

the form of water vapor and escapes to the space above the bed of oil.
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3. The surface temperature of the product increases, producing browning and

crispness in the product. The degree of browning of the fried food is affected

by sugars and additives in the food as well as the frying temperature.

Browning of the food surface can be controlled by adjusting the frying

temperature, frying time, and sometimes with certain additives such as

dextrose, coloring, or leavening (to get a lighter surface color).

4. Some changes take place in the appearance, size, and shape of the products

during frying.

5. Excess oil from the food surface is removed by draining the oil or in some

cases with the help of a centrifuge.

6. Fresh oil is added to the fryer either automatically or manually to replace the

oil carried out by the product.

7. The oil chemistry changes because of hydrolysis, oxidation, and polymeriza-

tion. Changes in the oil quality can significantly affect the storage stability

of the fried product. Extreme deterioration of the oil quality in the fryer may

even affect dehydration, degree of browning, and loss of coating from the

coated products.

14. TYPES OF INDUSTRIAL FRYERS

There are two main types of industrial fryers. They are as follows:

1. Batch fryers

2. Continuous fryers

Vacuum fryers are less common but used to fry products where the product is

required to maintain most of its natural color. This is mostly used for frying sliced

fruits and certain vegetables.

14.1. Batch Fryers

These fryers resemble the so-called restaurant fryers, except they are much larger in

size, capable of frying several hundred pounds of product per batch. Figure 7 shows

the picture of a typical batch fryer.

These fryers are used for small-scale production or for frying very specialty-type

products such as kettle-fried Hawaiian-style potato chips. The oil is placed in a

large pan where it is heated by gas burners, located under the pan. In certain instal-

lations, the oil is heated in an external heat exchanger. In this case, the oil is con-

tinuously taken out of the fryer, circulated through an external oil heater, and

returned back into the fryer pan. The former method of heating the oil is known

as the ‘‘Direct Heating’’ system, and the latter is called the ‘‘Indirect Heating’’ sys-

tem. The external oil heaters can be either steam heated or gas fired. The steam heat
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exchangers are generally shell and tube type, with the oil passing through the tubes

and steam on the jacket side. Moderate pressure (180–200 PSI, 17.59–19.4 kg/cm2)

steam is used. The gas-fired heaters are of different designs. In some of the heaters,

the oil in tubes is exposed directly in the path of the flu gas from the burner. The

others use the hot flu gas from the burners to heat air, which in turn heats the oil in

tubes. A level control maintains the oil level, and a temperature control device

maintains the temperature of the oil in the pan.

The operating sequence in batch frying is as follows:

1. The oil temperature is allowed to reach the desired steady state condition.

2. The product is added at specified amounts into the pan.

3. The oil temperature drops sharply and then recovers at the point when the

product has reached the desired end-point moisture content.

4. The product is stirred either with a manual stirrer or with an automatic stirrer.

5. The product is removed from the fryer with a takeout conveyor.

6. The product is sometimes centrifuged to remove the excess oil on the surface.

7. The product is then seasoned and packaged.

14.2. Continuous Fryers

A continuous fryer is used for large-scale production of fried snacks. The oil is

heated in a straight or in a horseshoe-shaped pan with temperature and level con-

trols. The product is fed into the fryer at one end, and the fried product is taken out

from the opposite end by a takeout conveyor. The internal construction of the fryer

varies greatly with the type of product fried.

Like in batch fryers, the oil in a continuous fryer is heated either in direct or

indirect oil heaters.

Figure 7. Batch fryer (Courtesy of Heat & Controls Co.).
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Figure 8 shows the picture of a direct heat fryer, and Figure 9 shows the picture

of an indirect fryer.

14.3. Vacuum Fryers

A vacuum fryer is used to fry fruits or vegetables where it is important to retain the

original product color with minimum browning. These fryers generally do not have

high production capacity. They are also very expensive. Most commonly used

fryers of this category are batch type. Continuous vacuum fryers are extremely

costly and are hardly used. These fryers have several distinctive features, such as:

� The fryer is operated under vacuum. Typical operating pressure is <100 mm

of mercury.

� The frying is conducted at roughly 250�F (121.1�C). The food can be

dehydrated at this temperature under vacuum.

Figure 8. Direct fired fryer (Courtesy of Heat & Control Co.). (This figure is available in full color

at http://www.mrw.interscience.wiley.com/biofp.)

Figure 9. Continuous fryer with direct heat (Courtesy of Heat & Control Co.). (This figure is

available in full color at http://www.mrw.interscience.wiley.com/biofp.)
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� The food is placed in a basket.

� The basket is inserted and placed in the vacuum chamber above the surface of

the oil.

� The vacuum is applied.

� The basket is lowered into the hot oil at an approximate temperature of 250�F.

� Frying begins, and the oil temperature drops (as described in a batch fryer).

� The oil is circulated continuously through an external heater.

� The oil regains the temperature when the moisture content of the product

reaches the predetermined value.

� The vacuum in the fryer is broken slowly.

� The fryer is opened, and the product basket is taken out.

� The excess oil is allowed to drain, and the product is cooled before

packaging.

14.4. Multizone Fryer

These fryers have become popular because of their capability to maintain a more

uniform oil temperature and more controlled dehydration of the product. The oil is

heated in an external heater and is pumped at several predetermined locations in the

fryer. Figure 10 shows the picture of this type of fryer.

This type of fryer may cause more rapid oil degradation than a conventional

fryer of similar capacity because of the following reasons:

� The average oil temperature in the fryer is higher than in a conventional fryer.

This increases oil degradation.

� Without very careful design, the fryer tends to hold a higher volume of oil

than a conventional fryer of equal capacity. This increases the oil turn over

time, causing more rapid oil degradation.

Figure 10. Multi-zone fryer (Courtesy of Heat & Control Co.). (This figure is available in full color

at http://www.mrw.interscience.wiley.com/biofp.)
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15. CRITERIA FOR FRYER SELECTION

It is important that a fryer selected for frying a given product must meet all require-

ments to deliver the desired product attributes. At the very outset, it may appear that

the fryer is selected on the basis of the following criteria:

1. The type of product to be fried.

2. Physical property of the food to be fried, i.e., whether the food floats or sinks

or expands in the fryer.

3. The volume or rate of production needed.

Many snack products tend to float in the fryer, and therefore, they need to be

submerged into the oil with a mechanical submerger. Potato chips, tempura-coated

products, are prime examples of this type of products. Certain products float on the

oil surface, and the frying is conducted in this fashion, such as donuts. Others

are coated products, and therefore, they need different designs for the feed belts.

Chicken-fried steaks, French fries, nuts, and so on are good examples of this

category of products. These products do not float. Products like pellets expand

many folds in the fryer and must be fully submerged. Batter-coated products,

such as tempura products, batter-coated fish, and so on also expand and need to

be submerged during frying.

Thus, based on the above discussions, it is critical for one to know whether the

food product is going to sink or float in the fryer. For a ‘‘semibuoyant’’ product, the

fryer needs the following features:

1. Only a main (bottom) conveyor if the product sinks.

2. A submerger conveyor if the product is buoyant. This keeps the product

submerged in the oil during frying while the main conveyor carries the

product through the fryer. For those products that change buoyancy during

frying, the fryers must have a main and submerger conveyor.

In addition, it is important to consider the following criteria for the selection of

a fryer:

1. Finished product characteristics, such as appearance, texture, and so on.

2. Desired production capacity.

3. Thermal load (also referred to as heat load) required.

4. Desired maximum oil turnover time.

5. Fryer accessories needed.

6. A fines-removal system needed.

7. Ease with which the fryer can be sanitized.

8. Ease of performing the required maintenance on the system.

9. Required emission control for certain geographic locations.
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10. Type of oil heater, e.g.,

a. Direct heating

b. Indirect heating

11. Technical support from the fryer manufacturer.

16. COMPONENTS IN AN INDUSTRIAL FRYING SYSTEM

An industrial frying system consists of a number of components. These include:

1. The preparation system.

2. The fryer.

3. Conveyors for product feed to the fryer and take out.

4. Salt applicator.

5. Seasoning applicator.

6. Toasting oven for tortilla chips.

7. Equilibrator (Cooler) for tortilla chips.

8. Extruder for the extruded products.

9. Stirrers for batch fryers.

10. Optical sorters for product color monitoring.

11. Oil filter.

12. Oil recirculation pump and piping.

13. Oil heating system for direct and indirect heated fryers.

14. Product conveying system to the filling machines.

15. Conveyors and submerger in the fryer.

16. Specially designed conveyor that dredges the frying pan to remove the

accumulated solids or sludge from coated products.

17. Paddle wheels for potato chip fryer.

18. Metal detectors.

19. Filling/packaging machine.

20. Nitrogen flush (if used) at the filling machine.

21. Oil temperature controller.

22. Oil level controller.

23. Process alarm for any process upset.

Thus, one can see that the fryer is probably the center piece for the entire frying

system, and the other peripheral units provide the capability for the fryer to make

the right product. Some of the processes for making fried products are described

below.
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17. CONTINUOUS POTATO CHIP PROCESS

1. Potatoes are washed with clean, cold water to remove the mud, sand, and so

on from the surface. These extraneous materials not only show adverse

effects on the product quality, but also they damage the oil in the fryer

during the process.

2. Rocks and stones are removed in a destoner.

3. A mechanical or a steam peeler is used to remove most of the peel from the

surface of the potatoes.

4. The potatoes pass through an inspection table where the defective potatoes

are manually removed and all large tubers are cut into smaller pieces.

5. Peeled potatoes are held submerged in a bed of cold water before they

pass through the slicers. This operation protects the potato surface from

browning.

6. A high-speed slicer, where the tubers are sliced to desired thickness for the

product. Water is added into the slicer along with potatoes (see Figure 11).

7. The surface starch from the slices is removed in a washer to minimize

darkening of the oil because of charring of the starch. This also protects the

potato chips from turning brown and from developing a burnt flavor. There

are different types of washers, such as drum washers or high-speed washers.

In the former type, the slices are washed in a perforated drum, rotating over

a bed of water that is continuously replenished. The speed washers are

becoming more common because of their simplicity.

8. A high-speed draining cum feed belt feeds the slices to the fryer in a single

layer. This minimizes the amount of water entering the fryer along with the

feed and provides better frying in the free-fry zone. This also reduces

formation of clusters where several chips form clumps (see Figure 12 for

potato chip fryer).

Figure 11. High-speed potato slicer (Courtesy of Urschel Co.).
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9. In the free-frying zone, potato slices come in contact with the highest oil

temperature (360�F or 182.2�C) that produces maximum initial dehydration.

10. The slices (Chips) then enter a zone where their forward-flow along the

length of the fryer is controlled by a set of paddle wheels. The rate of

rotation (RPM) and the intermeshing of the adjoining paddles are set care-

fully by the fryer manufacturer.

11. The chips then pass through a zone where a submerger holds the product

under the oil surface. This completes the last amount of dehydration of the

product.

12. A takeout conveyor carries the fried chips out of the fryer. These conveyors

are specially designed to drain the excess oil from the chips. The total fry-

time is around 2 min., 45 sec. to 3 minutes.

13. Moisture in the fried chips is around 1.5%.

14. At the end of the fryer, the oil temperature drops by 40�F (22.2�C) to 50�F
(27.8�C) as compared with the inlet temperature of 360�F or 182.2�C.

15. The oil leaves the fryer, passes through a filter screen, and is pumped though

an external heat exchanger to heat the oil back to 360�F or 182.2�C.

16. The heated oil enters the fryer at the product inlet end through a manifold

that distributes the oil evenly across the width of the fryer pan.

17. The salt applicator is normally situated near the discharge end of the fryer,

but precautions are taken to prevent the salt being blown into the fryer oil

because of the draft created by the air flow system at the plant. Salt in the

fryer oil can degrade the oil rapidly (6, 7).

18. Seasoning is applied in a tumbler. Most seasonings come preblended with

salt. Therefore, the seasoned products do not require additional salt.

Figure 12. Potato chip fryer (Courtesy of Heat & Control Co.).
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19. The finished product is packaged mostly in metallized bags with nitrogen

flush for long shelf life.

20. The bags are packaged in cases and sent to the warehouse for distribution.

21. The product quality is checked after frying, after applying the seasoning,

and after it is filled in the bags.

22. The quality of fryer oil is checked at a regular frequency.

17.1. Continuous Tortilla Chip Frying System

The main ingredient in tortilla chips is corn. The corn is used in two different ways:

1. Freshly cooked corn

2. Corn flour (masica)

17.1.1. Freshly Cooked Corn

1. Corn is cooked in a vat or in a continuous cooker with a certain amount of

lime (calcium hydroxide), which softens the outer shell of the corn and adds

some flavor of the product.

2. Excess lime from the surface of the cooked corn is removed by washing the

corn in a tumbler using water spray.

3. The corn is then ground in a stone (or stainless steel) grinder to make dough

called the masa. The degree of grinding is controlled carefully to obtain the

right product characteristics.

4. Water is added in the grinder (also known as mill) to provide an approximate

water content of 50% for the masa.

5. The masa is then sheeted and cut to specific size and shape.

6. The raw chips are passed through a gas-fired toaster oven where the

temperature is around 640�F (338�C). The chips lose some moisture and

develop some toast-points on the surface. This gives the pleasant toasted

flavor in the finished product. The degree of toasting is carefully controlled.

Overtoasting can produce burnt flavor in the product. On the other hand,

undertoasted chips develop lower corn flavor after frying.

7. The chips from the toaster-oven then pass through an equilibrator. This is a

chamber with open sides. The chips pass through a series of special

conveyor belts. The object is to achieve an even distribution of moisture

in the chips. This also makes the chip color and texture more uniform.

Moisture of the chips at this stage is around 40% for masa made from

cooked corn and 30% to 35% for the chips made from dry corn masica. (See

Figure 13 for the tortilla system before frying). Temperature of the chips

reaches below 100�F (38�C) in the equilibrator.

8. The product is then fried in either in a horseshoe-shaped fryer or a straight-

through fryer (see Figure 14). The frying oil temperature is approximately

350�F (177�C). The delta-T is 10�F (5.6�C). The value of delta-T in this case
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is much lower than in the potato chip process because of the lower moisture

removal required by the oil.

9. Frying time is very short compared with potato chips. It is typically less than

a minute.

10. The fried chips contain approximately 1% moisture.

11. The product removal, salting, and the seasoning application techniques are

very similar to those in the potato chip operation.

12. The seasoned product is filled mostly in clear bags. Some manufacturers use

metallized bags with nitrogen flush.

18. EXTRUDED PRODUCTS

There are many extruded snack products that are fried, seasoned, and packaged for

distribution. One of the popular products is extruded corn chips, made either from

the cooked corn or from masica, and is extruded through extruders. The product is

Figure 13. Tortilla chip system (Courtesy of Cara Herra Inc.). (This figure is available in full color

at http://www.mrw.interscience.wiley.com/biofp.)

Figure 14. Tortilla chip fryer (Courtesy of Heat & Control Co.). (This figure is available in full

color at http://www.mrw.interscience.wiley.com/biofp.)
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added directly into the fryer and is generally fried at a higher temperature than

either tortilla chips or potato chips. These fryers have shallow frying pans.

Figure 15 shows a typical corn chip fryer.

18.1. Frying Coated Products

These products are batter coated and par-fried for the distribution to the restaurants,

food services and the super markets. The products are frozen in blast freezers using

liquid nitrogen immediately after frying. The products are shipped in freezer-trucks

and then stored in freezers at the destination (storage temperature �5 to �10�F
(�21 to 23�C). The products are taken out of the freezer and fried without thawing

them.

Various products in this category are as follows:

� Fish

� Chicken

� Beef

� Cheese sticks

� Vegetables

18.1.1. Fish The fish arrives at the plant in frozen packages. The product is cut

to sizes or the pieces separated. They are coated with batter and dusted with the

mixture of starch, dextrose, flavoring leavening (for tempura), and so on. Batter

coating and dusting process is repeated more than once to get better adhesion of

the coating. The fish inside is still frozen.

Frying is done at a temperature of 380� (193.3�)–390�F (198.9�C) for sufficient

time to set the outer coating. The fish inside is still frozen. The product is then fro-

zen in a blast freezer at �25�F (�32�C) to �30�F (�34�C).

One category of fish product is fully cooked. This is sold for cooking in micro-

wave ovens. In this case, the temperature in the interior of the fish must reach 145�F
(62.8�C) and then frozen like the others.

Figure 15. Corn chip fryer (Courtesy of Heat & Control Co.).
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Chicken and the beef patties are fully cooked before they are frozen. The interior

of the product must reach a certain temperature to prevent the growth of pathogens;

these are shown below:

Chicken (Boneless) 160�F (71.1�C)

Chicken with bones* 185�F (85�C) to 195�F (90.6�C)

Beef patties 145�F (62.8�C)

*In New York City School System it is 205�F (96.1�C) to take out all

redness from the outside of the bone and the marrow.

Cheese sticks and vegetable sticks are fried in a manner similar to that for the

frozen fish. A hard crust is set without affecting the product inside.

All of these products are non-floating type except the tempura coated product.

The tempura product fryer has a submerger to keep the product under the oil sur-

face. The others are carried on conveying belt. All of these fryer conveyors have the

bottom dredging capability. The sludge from the bottom of the frying pan is

collected into a sump. The solids are separated in a series of paper and metal screen

filters. The filtered oil is put back into the fryer continuously.

18.1.2. Special Challenges in Frying Coated Products Several products are

easy to handle such as potato chips, tortilla chips, corn chips, and so on. On the

other hand, the coated products are different and require more involved handling

before and during frying.

Coated products have to go through the batter application and the dusting

procedure. The product feed to the fryer is also specific to reduce any marriage

(joining) of the individual pieces. The interior design of the fryer is critical for con-

veying the product through the fryer. There must be a submerger for the product

that tends to float in the fryer. Accumulation of the fines can get burned and impart

a dark color to the product and/or burnt flavor to the product.

It is important to ‘‘set’’ the outer surface of the coating in hot oil before the pro-

duct touches the internal conveyor of the fryer. This zone is called the ‘‘free-fry’’

zone, which is located at the beginning of the fryer. This applies to coated products,

potato chips, and various other fried products. This prevents sticking of the product

to the fryer conveyor or to each other (clumping) before the product reaches the

frying zone. The free-fry zone and the in-feed system vary with the product to

be fried.

Both direct and indirect heated fryers can be used for frying coated products

equipped with proper feed and conveyor systems.

18.2. French Fries

French fries are similar to fish or meat patties in physical behavior in that the pro-

duct does not float. French fries are fried with and without the coating. The coated

products have become popular. There are different cuts. The straight cut is most

common. The other types of cut are Julienne and spiral.
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French fries use potatoes with a high solid content. However, the potatoes con-

tain 80–82% moisture. The process for making French fries is involved. The various

steps are outlined below:

1. The potatoes are peeled and washed. French fries processors generally use

steam peelers.

2. The washed potatoes are cut typically 0.29 inch2 (7.4 mm2) cross section in

water flume and using an in-line water knife.

3. The potato strands are washed to remove the surface starch as they are

conveyed to a strainer. Excess water is drained through the strainer.

4. The raw potato strands are blanched in a two-stage blancher:

a. The first stage is maintained at 165�F (73.9�C). The product stays there

for 7 minutes.

b. The second stage is operated at 175�F (79.4�C). The product stays there

for approximately 3 minutes.

5. The blanched product is then soaked for 45–60 seconds in a vat containing

0.6% solution of sodium acid pyrophosphate (SAPP), solution maintained at

145�F (62.8�C).

6. The soaked product then passes through a dryer. This is operated in three

sections, maintained at approximately 83�F (28.3�C). This is to achieve

equilibration of the moisture in the product before it is fried.

7. The product is fried in a French fry fryer for 1 minute and 5 seconds, with an

oil inlet temperature of 365�F (185�C).

8. The product is then conveyed into a freezer, directly from the fryer.

9. The freezer has two zones, the first zone is typically maintained at �14�F
(�25.6�C) and the second zone is maintained at �26�F (�32.2�C). Typical

residence time in the freezer is 20 minutes.

10. The product is collected in containers and stored at �10�F (23.3�C). They

are later packed in paper bags, with inner plastic lining.

11. The packed product is stored back in the same freezer, maintained at �10�F
(23.3�C).

12. Moisture content of the product at this point is approximately 64% to 65%,

and the oil content is approximately 14% to 18%.

18.3. Comments on Par Frying Process

Par frying offers large-scale product and distribution capability. A par-fried product

absorbs less oil than in a fully fried product. Lower oil pickup by the product

increases the oil turnover time in the par-fried product fryer, causing high degrada-

tion to the oil. This produces high concentration of free radicals (oxidation pro-

ducts) in the fryer oil. The par-fried product absorbs the oil containing a high

concentration of free radicals. These free radicals then catalyze the oxidative degra-

dation process of the oil in the product during storage.
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Subsequently, during final frying of the par-fried product, an exchange of oil

takes place between the par-fried product and the frying oil at the finishing fryer.

This increases the free radical concentration in the finishing fryer oil, causing a

rapid oxidative breakdown of the frying oil. This is why the par-fried product devel-

ops an unpleasant oil flavor when the product is held in a package after finish fry-

ing. This oxidation in the product cannot be minimized even when the refried

product is packaged in metallized bags with nitrogen flush. The product exhibits

a fraction of the shelf life of the same product fried under normal process (not

par fried and refried). Therefore, this process cannot be used for large-scale manu-

facture of par-fried salty snack food to distribute them to the final processors for

refrying and sales.

18.4. Other Common Fried Snacks

18.4.1. Donuts Fresh donuts are popular and used for breakfast or snack. These

are made from yeast-raised dough and fried in hydrogenated shortening to provide

the taste and the mouth feel. Shelf stable donuts are sold in the super markets,

convenience stores, or gas stations. These products are generally baked, instead

of being fried.

18.4.2. Fried Nuts Peanuts, cashews, sunflower seeds, pumpkin seeds, and so on

are sold in various forms, such as fried, dry roasted, coated, and glazed. The fried

nuts absorb very little oil from the fryer. This makes the oil turnover time in a fryer

very long. Oils used in this process must have good oxidative stability in order to

have good product shelf life.

19. HEAT WAVE FRYERS

Figure 16 shows the picture of the heat wave fryer developed by Heat & Control

Co. In this fryer, the individual product pieces travel in a miniature frying basket

Figure 16. Heat wave fryer (Courtesy of Heat & Control Co.). (This figure is available in full color

at http://www.mrw.interscience.wiley.com/biofp.)
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that is the part of a fryer conveyor. Hot frying oil gently cascades over the product

being fried. This fryer has several advantages over the conventional fryers that are

used for frying formed products, nuts, and so on. Because of the gentle treatment of

the oil, there is significantly lower oil oxidation.

20. EVOLUTION OF THE FRYING INDUSTRY
INTO DIVERSE PRODUCTS

There has been a great deal of evolution in the frying industry from the early days

of frying potato chips in kettles. The fryers have become larger and more sophis-

ticated in terms of product-feed, internal construction, oil temperature control, and

distribution.

Efforts have been made to reduce the volume of oil in the frying system in order

to reduce the oil turnover time to preserve the quality of the oil.

Batch fryers have traditionally been used to produce smaller volumes and harder

texture in the fried chips. New continuous fryers have successfully duplicated the

harder texture of the kettle-fried chips, but at a much higher production rate.

Continuous fryers with very specialized design of the frying bed have been intro-

duced to fry preformed chips with very low oil turnover time. These products

require very short fry time, and the traditional design for the fryer for these products

shows a high degree of oil degradation because of high oil turnover time.

Par-fried products, such as French fries, potato nuggets, chicken, chicken fried

steaks, and so on are all par-fried products that are frozen immediately after frying

and stored at �5�F (�20.6�C) to �10�F (�23.3�C). The product is distributed in

freezer trucks. These products are fried directly from ‘‘Freezer to Fryer’’ without

any thawing and served immediately at the restaurants, food services, and even

at homes. These products have the great advantage of convenience and reduced

cost. Products, such as par-fried French fries, chicken, and coated vegetables,

require shortening with a fairly high level of solids, which can be achieved through

the standard hydrogenation process as it is done in the United States and several

other countries. Batter-coated fish-fillet is fried in either lightly hydrogenated oil

or nonhydrogenated oil. The storage temperature of �5�F (�20.6�C) to �10�F
(�23.3�C) helps protect the oil from rapid oxidation. This allows the food proces-

sors use nonhydrogenated oils.

Three countries, the United States, Canada, and the Netherlands are the major

producers and exporters of frozen French fries. According to the Department of

Commerce, U.S. Census Bureau, Foreign Trade Statistics, the United States

exported nearly 316 million dollars worth of frozen French fries in 2002. The other

par-fried frozen products are fish sticks, breaded shrimp, and par fried chicken.

21. LOW OIL SNACKS

The consumers started to look for reduced fat in food including snack food in the

eighties. The demand for reduced-fat and no-fat product was rising in the nineties,
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but it tapered off and the demand has not increased. However, there is a market for

reduced-fat snack food.

According to the Food & Drug Administration, the food can be called ‘‘Reduced

Fat’’ if the oil content is reduced by 33 1/3% of the original (standard) level.

Low-oil potato chips are made using the following steps:

1. Potato chips are partially dehydrated in the fryer (moisture content 8–12%).

2. The partially dehydrated fryer then passes through a de-oiler, where some of

the oil from the surface of the product is blown off by high-velocity steam,

air, or nitrogen at high temperature.

3. The cooking of the chips is completed in the de-oiler.

4. The moisture content of the finished product is around 1.5%.

5. The finished product contains 1/3 less oil than the conventional potato chips.

6. The product is handled in the same manner as regular potato chips.

Figure 17 shows the picture of a low-oil chip-making system made by Heat &

Control Co.

22. GENERATION OF FINES AND THEIR REMOVAL

The fines accumulate in the fryer pan during frying. These are primarily carbo-

hydrate material (can be proteinaceous material from poultry, meat, or fish). The

crumbs get charred during frying. Thus, accumulation of fines can darken the fryer

oil. This leads to darker colored product with burnt taste. This is why it is necessary

to remove the fines from the fryer either continuously or at a certain frequency. The

coated products generate a lot of fines accumulated at the bottom of the pan.

One can remove the fines from the fryer by using a continuous filtration system.

Certain amounts of fines accumulate in the fryer even after using a continuous filter.

Fryer sanitation removes the residual fines from the fryer. A continuous oil filtration

Figure 17. Low-oil potato chip-making system (Courtesy of Heat & Control Co.).
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system is highly desirable for products that generate large amounts of fines during

frying. Indirect-heat fryers with continuous and high oil flow make it easier to

remove a large portion of the fines from the fryer via the continuous oil filtration

system. However, with very high accumulation of crumbs or sludge, it is recom-

mended to have a set of bottom-dredging bars that push the accumulated material

from the fryer pan into a filter. The filtered oil is recycled through the fryer with

appropriate system design.

Various types of filters are used to remove fines. Paper filters are not the best.

They cause high oil loss and the hot oil is exposed to air for long. The fryer system

generally contains a filter to remove the coarse material from the oil. Sometimes,

this is augmented with a finer filter that removes the smaller particles from the

fryer oil. In many applications, one needs to use a combination of a motorized

and a centrifugal filter (or a rotary drum filter; see Figure 18).

The type of filter for a fryer should be carefully chosen based on the size, the

amount, and the degree of hardness of the fines to be removed from the fryer oil.

For products that produce heavy amounts of fines, such as breaded products, sugar

infused products, and so on, a bottom-dredging system is used as described earlier.

This is a specially designed conveyor system. The fryer manufacturer should be

informed of the need for heavy fine removal during frying.

Sometimes, a continuous filtration system is used to clean the fryer oil. In this

process, it is recommended to take out approximately 5% of the fryer oil, filtered

through an in-line filter, and returned to the fryer. This system can be good, but in

most cases, the flow of oil through the fryer is not uniformly distributed because of

various factors. This allows fines to accumulate on the fryer pan at various spots and

not be removed by the filter. In other words, a continuous filter of this type is as

good as the system’s capability to push all the fines through the filter, with mini-

mum accumulation in the fryer.

Figure 18. Rotary oil filter (Courtesy of Heat & Control Co.).
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In many operations, an oil treatment system is used. This takes out the fines and

treats the oil to reduce free fatty acid, color, and oxidized material and soap from

the fryer oil. This has been proven to improve the fry-life for the oil and extend

product shelf life. The oil can be treated at the end of frying or during frying. In

the former case, a batch system is used. In the latter case, a small amount (typically

5%) of the fryer oil is treated through a system.

There are many treatment agents that are commercially available for oil treat-

ment. Although oil treatment can be beneficial, not every treatment material on

the market is satisfactory. Some of them reduce the free fatty acid via acid/base

reaction. The base metals in these materials are typically calcium and magnesium

salts that react with the free fatty acid, forming calcium and magnesium soaps.

These soaps in the oil cause rapid rise in free fatty acid and cause rapid oil oxida-

tion. Therefore, one must make certain that the reduction of the free fatty acid is not

accomplished via an acid/base reaction (8).

23. TERMINOLOGY USED IN INDUSTRIAL FRYING

23.1. Batch Versus Continuous Fryer

Both batch and continuous fryers have been discussed earlier.

24. FRYER CAPACITY

The fryer capacity is chosen on the basis of the production volume needed for the

business. Various factors are taken into account to determine the actual capacity of

a fryer, as outlined below:

1. The number of operating hours per day (8, 16, or 24).

2. Frying time needed for proper moisture and texture control of the product.

3. Frequency of fryer sanitation required.

4. Company’s warehousing and distribution system.

5. Required product code date based on the shelf life and sales and distribution

requirements.

The above information is used to determine:

1. The physical dimension of the fryer.

2. Belt width.

3. Belt loading, defined as:

a. Product in pounds per square-foot area of the belt

b. Pounds of product per foot of the belt

c. The number of pieces per linear foot
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25. KEY POINTS IN DETERMINING THE FRYER SIZE

It is important to have the following information to size a given fryer.

1. Desired production rate in pounds per hour.

2. Physical dimension for the product.

3. The fry time required.

4. The belt loading, typically in pounds per square foot (kilograms per square

meter).

25.1. Fryer Size

This indicates the number of pounds of product produced per hour in a given fryer.

For example, PC 2000 means it is a continuous potato chip fryer that is capable

of producing 2000 pounds of fried potato chips per hour under standard operating

conditions.

25.2. Numbers Used to Designate the Physical Size of a Fryer

A number like 2410 indicates that the fryer pan (in a fryer) is 2400 wide and 10 feet

long.

25.3. Cook Area

Cook Area¼ Fryer pan width � cook length¼ square feet. In the above example,

the fryer has a cook area of 20ð2400Þ � 10 ¼ 20 sq.ft.

25.4. Cook Time

It is the time that the product takes from the time it enters the fryer and when it goes

out as fully cooked. This time is dependent on the type of product and the desired

moisture content for the final product. This also depends on the fryer design and

heat input among others.

25.5. Belt Loading

This is the weight of product per square foot of fryer surface. It is expressed as lb/ft2

for products like chips or pieces/ft2 for certain products such as meat patties or fish

fillet with a specified weight per piece of product.

Example:
Desired Production Rate ¼ 3000 pounds/hr (1367 kg/hr)

Recommended Product

Loading ¼ 1.5 pounds/ sq.ft (0.81kg/m2)

Cook Area Needed ¼ (3000 pounds/hr.) / (1.5 pounds/sq.ft X 60 min.)

¼ 33.3 sq.ft. (2.97 sq.m)
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25.6. Calculating the Fryer Length

Process (fry-time) ¼ 1 min.

Assume Fryer width ¼ 3.33 feet (1.01 m)

Fryer Length ¼ 33.3 sq. ft /3.33 ft¼ 10 feet

¼ 2.97/1.01¼ 2.95 m

25.7. Direct Heating

The oil is heated by the hot flu gas from the burner. The hot gas passes either

through the tubes that are immersed in the oil or through a heat chamber directly

located under the fryer pan.

25.8. Indirect Heating

Indirect heating is oil heated by hot thermal fluid that is heated in an external heater

and then pumped through a bunch of tubes that are immersed in the oil.

25.9. External Heat Source

In this type of system, the oil from the fryer is pumped continuously through an

external heater and returned to the fryer. The heater uses either high-pressure steam

or gas-fired burners as the source of heat. The gas-fired heaters can be of direct or

indirect heating type. In the direct heating type of a gas-fired heater, the oil passes

through a bunch of tubes and the hot flu gas heats the oil from the outside of the

tubes. The type of oil heating system can overheat the inner film of the oil inside the

tube, damaging the oil. In an indirect heat system, the flu gas passes through a

bunch of tubes. Ambient air is allowed to pass across these tubes when the air

becomes heated. The heated air then heats the oil passing through a ‘‘tube bundle’’

(a number of tubes that are bundled together in the heat exchanger). This system is

gentler to the oil film inside the tubes.

25.10. Oil Film Temperature

Fluid passing through a pipe forms a film along the inside of the tube. The thickness

of this film decreases with increased flow rate of the fluid. Oil temperature at this

film is significantly higher than the temperature at the center of the pipe or the

mass average temperature of the oil passing through the tube. In direct gas-fired

oil heaters, the oil film just inside the pipe wall can be heated to a very high tempe-

rature. This damages the oil, resulting in lower product shelf life, unless this film

temperature can be controlled. In an indirect gas-fired heater, the film temperature

can be maintained at a much lower value, providing better oil quality in the fryer.

25.11. Delta-T

This is the temperature difference between inlet (feed-end) and outlet (discharge-

end) seen in the fryer when it is operated at the designed capacity. When the fryer is

KEY POINTS IN DETERMINING THE FRYER SIZE 309



idle, the temperatures at the inlet and outlet of the fryer are essentially the same

(i.e., the Delta-T is Zero). A temperature differential is established between the inlet

and the outlet of the fryer once frying resumes. For example, the delta-T is 40�F
(4.4�C), when the oil inlet temperature is 360�F (182.2�C) and the outlet tempe-

rature is 320�F (160�C). The value of delta-T depends on the moisture content of

the incoming feed and that of the final product. This temperature differential is criti-

cal to achieve the desired product characteristics (dehydration rate, amount of de-

hydration, development of texture and color, etc.).

In an indirect-heat fryer, this temperature differential can be designed into the

system to a precise degree. By designing the oil flow through the fryer at a specific

velocity range, the energy (heat) absorbed by the product at fryer inlet can produce

a predictable temperature gradient (Delta-T) down the length of the fryer. Most

direct-fired fryers have dual-control heat banks (either fire-tubes or thermal radia-

tors) that can be set to different temperature set-points at each end of the fryers and

can provide a fairly reliable Delta-T.

25.12. Oil Turnover

This is the theoretical time required by the product to pick up all the oil from the

fryer filled to its designed level in the pan. This is expressed in hours. Sample cal-

culation for oil turnover time is shown below:

Fryer requires 4000 lbs. of oil to fill to the designed capacity.

Pounds of finished product 2000/hr.

Oil content of the fried product 25%

Oil picked by the product 0:25� 2000 ¼ 500 lbs/hr.

Oil turnover time 4000 lbs of oil/500 lbs per hr.

¼ 8 hrs.

Eight hours is considered desirable for designing a potato chip fryer. In actual

operation, the turnover time is 9.5 to 10 hours. This is because the startup, shut-

down, product changeover, and mechanical down time reduce the fryer utilization

to 80–90%.

Oil turnover times for various fryers are listed below.

Type of Fryer Actual Oil Turnover Time, Hours

Potato chips 9.5 to 11.0

Tortilla chips 6.5 to 8

Corn chips (Extruded Product) 4.0 to 5.0

Batch (Kettle) fryer 20 to 30

Restaurant fryer 18 to 20 days

26. HEAT LOAD REQUIREMENT

This is the theoretical amount of heat required to cook a product without

considering system loses. This is expressed in BTU/lb or CHU/kg. The fryer
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manufacturers can provide the net heat loads for individual products. These data-

bases are treated as their trade secrets. No published values can be found in the

literature.

The primary function of a fryer is to remove the moisture from the product being

fried. The fryer oil supplies:

1. The heat of vaporization of the free water present in the food.

2. The sensible heat to the product to heat it up to the frying temperature.

The majority of the heat is needed for vaporizing the free moisture from the pro-

duct. There are several areas in the process where thermal energy is lost. Therefore,

the thermal capacity of the fryer must be in excess of the theoretical amount of

energy required just for the dehydration and heating of the product. Following

are the examples of the areas where heat is lost during frying and must be taken

into account in designing the oil heating system:

� Heating the product feed from room temperature to the final fryer temperature.

� Dehydration of the fried product.

� Rate of dehydration of the product.

� Heating all physical equipment, including the piping, filters, and so on.

� Radiation heat loss from the fryer, furnace, and other ancillaries.

� Heat loss through the fryer exhaust.

� Heat loss through the gas heater flu.

� Thermal efficiency of the heat exchange system.

Heat load calculations are made to determine the actual heat load requirement

for designing a fryer for a specific product and the production volume.

The typical heat required for various products are listed below:

Heat Requirement

Product Frying Oil Temperature �F BTUs/lb

Potato Chips 370 (188�C) 4500 (1136 CHU)

Tortilla Chips 375 (190.6�C) 1500 (378.8 CHU)

Corn Chips 390 (199�C) 2250 (568.2 CHU)

Batter-Coated & Par-Fried Prod.* 375 (190.6�C) 350 (88.4 CHU)

Egg Rolls & Burritos** 355 (179�C) 200 (50.5 CHU)

Nuts 325 (163�C) 500 (126.3 CHU)

Fried Snack Pies 365 (185�C) 1000–1500

(252.5–378.8 CHU)

*Heat is used only for setting the crust and not for cooking the fish inside.
**This is only to fry the shell. The filling inside is precooked.
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Data: Courtesy of Sea Pack Corp.

As one can see, these numbers vary greatly with the type of product. Potato chips

require the highest amount of heat energy because of the high moisture content of

the raw potatoes (around 80% moisture).

One must consider the following factors in order to estimate heat load for fryer

design:

1. Temperature differential across the length of the fryer, known as ‘‘Delta-T’’.

2. Recovery time or the response time for the heating system to maintain proper

oil temperature.

3. Minimizing temperature overshoot.

26.1. Example of Frying Heat Load Calculation

Product type: 3-pass coated (pre-dust, batter, bread) Chicken Tender

Production rate: 4000 #/hr

BTU Requirement: 350 BTUs of heat per pound

Heat required: 4000� 350 ¼ 1;400; 000 BTUs/hour

The above-estimated thermal requirement must be corrected for the various

sources of heat loss listed above.

26.2. Recovery (Response) Time

This represents the capability of the fryer to respond to increased frying load. This

is influenced by several factors:

1. Available thermal energy beyond the amount required to fry the product at the

designed rate of production with compensation for all sources of heat loss.

2. Type of heat exchanger used in the system.

3. Tube-fired (direct-fired) fryers have the slowest response rate. These systems

take the longest time to heat up or cool down the oil in the fryer.

4. There is always a time lag between the time the set point is increased on the

controller and the time the oil begins to indicate any change in temperature.

This causes a 10�F (5.6�C) to 15�F (8.3�C) swing in the temperature of the

fryer oil.

5. Temperature response is more predictable in a direct heat fryer heated by

thermal fluid radiator. This is primarily because the system uses thermal fluid

flow through the radiator to regulate the heat supply to the tubes. When the

internal thermostat senses the need for a change in the heat requirement, a

control valve regulates the flow of thermal fluid through the radiator. A

temperature swing of 7�F (3.9�C) to 10�F (5.6�C) is common for this type of

heating system.
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6. Indirect heat external heat exchangers have the fastest response to the change

of heat load requirement. It also has a temperature swing of þ/� 2�F (1.1�C).

This can be further reduced by using continuous fresh oil makeup and

precision oil flow.

27. AIR REQUIREMENT (FOR COMBUSTION)

A combustion system requires air in two parts as described below:

1. Air needed for the primary combustion.

2. Air required for the secondary combustion.

The primary air for combustion is generally sufficient for complete combustion

of the natural gas. However, complete combustion of the fuel (natural gas) is never

attainable without adding a secondary stream of air to the initial product of com-

bustion. This is called the secondary air for combustion.

Besides the total amount of air for combustion, the plant needs the supply of air

for the room and replenish the air lost through the exhaust system. Therefore, the

air handling system must be carefully designed so that there is no shortage of air for

any of the systems mentioned above.

28. PRODUCT BULK DENSITY

This is an important consideration for designing the fryer. For example, tortilla

chips show some increase in specific volume after frying. However, the pellets

expand tremendously in volume during frying. The internal design of the fryer

must accommodate for this increase in volume. Product bulk density also impacts

the size of packaging.

29. OIL QUALITY MANAGEMENT

Oil quality is better maintained in a continuous fryer compared with a batch fryer.

This occurs primarily because of the lower oil turnover time. However, the oil qua-

lity can become poor and produce a reduced shelf-life product if the oil is not pro-

perly handled even outside of the fryer. It is important to receive high-quality fresh

oil, store them under nitrogen, and use them under proper conditions (discussed in

the chapter on Frying Oils).

Most commercial frying operations monitor the FFA in the fryer oil to determine

its quality. Based on the discussions in the chapter on frying oils, one should be able

to appreciate that this is not the best measure for fryer oil quality. Some manu-

facturers analyze their fryer oils for para anisidine value, PM, and polymers. Others

focus on FFA and PM analysis. There is no general rule for oils from fryers of every
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type of product because the shelf-life prediction cannot be made for every product

based only on one oil quality parameter.

The oil quality in frying is better managed by operating the fryer at its designed

capacity and for long hours at a time. The fryer should be shut down only for sani-

tation at the end of the week’s production, product changeovers, and unforeseen

mechanical issues.

The fry life of the oil is further improved by timely and proper sanitation of the

frying system. This involves washing the frying system with caustic or sanitation

chemicals, rinsing, and neutralization of the residual soap or caustic left in the sys-

tem after rinsing the fryer post the caustic wash.

30. FRYER SANITATION

The hood and other inaccessible parts of fryer are equipped with spray nozzles

as part of the cleaning-in-place (CIP) system installed by the fryer manufacturers.

The CIP systems are common with equipment designed for operation in the

plants processing meat, poultry, or fish where daily sanitation of the frying system

is mandatory. However, the fryer pan, the piping, and the external oil heater must be

washed with caustic solution or sanitizing chemical to remove the residual oil and

crumbs left after the fryer is emptied.

Specific logistics for cleaning may vary depending on the type of fryer. For

example, a direct-fired fryer with no oil recirculation will require more manual

procedure compared with that with an oil recirculation pump because the pump

can move the caustic solution through the entire system. Similarly, a kettle fryer

will require manual scrubbing for sanitation, whereas a continuous potato chips

fryer can use the recirculation pump to get the cleaning action.

Fryer sanitation is essential for maintaining the fryer oil quality. Any amount of

residual oil as well as crumbs can catalyze the oil degradation reactions.

31. SUMMARY

Fried food is an important segment of the food industry. There are two segments,

namely, (1) the restaurant/food service sector and (2) the industrial packaged pro-

duct sector. Both sectors use fryers that are designed to produce specific types of

products. Par frying has become a significant part of the frying industry. This has

provided the convenience and economic benefit to the restaurant and the food ser-

vice sector.

The restaurants and food services consume the fried products soon after their

preparation. Therefore, the shelf life of the product is not a significant factor for

these products. The industrial products are sold in various types of packages that

protect the products from becoming rancid during storage and distribution. The

oil in the restaurant fryer degrades rapidly because of the constant exposure

to high temperature and the extended hours of idle time. The continuous fryer

314 FRYING OF FOODS AND SNACK FOOD PRODUCTION



maintains better oil quality. However, frequent shutdowns, lack of sanitation, and

overheating of the oil can cause rapid degradation. The kettle fryers are more gentle

than the restaurant fryers on the oil but significantly poorer than the continuous

fryers.
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10
Fats and Oils in

Feedstuffs and Pet Foods

Edmund E. Lusas and Mian N. Riaz

Fats and oils are used for many purposes in animal feeds and pet foods, including

the following:

Increasing caloric density of feeds (by about 2.25 times that of similar dry

weights of proteins or carbohydrates).

Improving feed palatability and appearance.

Reducing total feed intake, increasing feed efficiency, and minimizing feed

costs.

Increasing blood glycogen levels and endurance in working animals like horses

and sled dogs.

Lowering the heat of reaction during digestion and metabolism—important for

comfort and productivity of large animals in hot weather.

Delaying digestion of feedstuffs beyond the rumen by use of inert forms of fats

and coatings.

Providing needed molecular structures through dietary essential fatty acids

(EFA) and phospholipids.

Improving appearance of skin and hair, and prevention of dermatitis.

Modifying fatty acid profiles in ‘‘designer food’’ animal products.

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
Edited by Fereidoon Shahidi. Copyright # 2005 John Wiley & Sons, Inc.

317



Carrying fat-soluble vitamins and color compounds.

Binding heat-sensitive flavorings, vitamins, medications, and ‘‘instant gravy’’

mixes to pet foods and feeds after extrusion or drying.

Improving dispersion of dry mixes, e.g., lecithin in calf milk replacers.

Preventing segregation of mixed feeds.

Reducing dustiness of feeds and feeding operations and of grain elevator dust.

Lubricating feed processing machinery.

Nutritional values of fats and oils differ with fatty acid composition, with the

species, age, physiological stage, environment of the animal, and adequacy of the

overall diet. Care should be exercised in regard to the following:

Avoid overtaxing the fat-handling capabilities of digestion systems of the

respective species, especially young animals and ruminants.

Avoid contamination of fats, oils, and oil-bearing materials with toxic or

unwholesome constituents.

Handle oil-bearing feedstuffs with active antinutritional or toxic constituents,

including mycotoxins, properly and legally.

Avoid excessive levels of fat that interfere with making cohesive pellets (more

than 4%) or restrict the desired puffing of starches and development of

lamellar soy protein textures (more than 6%) in extruded feeds.

Edible animal fat in the United States can be rendered only in food grade plants

under inspection of the U.S. Department of Agriculture (USDA) (1). The majority

of tallows and greases used domestically in animal feeds and pet foods are feed

grade. The National Renderer’s Association (NRA) describes rendering as a process

that

heats raw animal by-products to release fat (71.1–82.2�C; 160–180�F) and remove

moisture (115.6–126.7�C; 240–280�F). Ninety percent of the fat is removed from

the protein by presses, leaving approximately 10% in the protein meal. Fat quality

is determined by hardness, color, moisture, impurities, stability, and free fatty acids

(FFA) content.

In the United States, inedible fats are called tallows if, after saponification in the

American Oil Chemists’ Society’s titer test (AOCS Cc 12-59), solidification occurs

above 40�C (104�F), and greases if solidification occurs below this temperature (1).

The demarcation temperature varies among countries and 38�C (100.4�F) is used by

some. Throughout this chapter, the term tallow refers to both tallows and greases,

which also may contain vegetable oils, recycled by renderers.

Fat and oil usually refer to semisolid and liquid forms of triacylglycerols (trigly-

cerides), respectively, although the use of these terms is not consistent throughout

industry. In this chapter, the term fats means the group of commercial lipids (mono-,

di- and triacylglycerols, fatty acids, and phospholipids), whether in solid or liquid
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state. In endorsement of the movement to improve the value of by-products of var-

ious agribusiness operations, the term coproduct is used throughout this chapter,

except where established regulations are being quoted.

Individuals who are not fats’ and oils’ chemists may benefit from the following

orientation. Polyunsaturated fatty acids is abbreviated as PUFA. Essential fatty

acids (EFA) are required by the host animal but are not synthesized and are avail-

able only through the diet. The notation C18 indicates a fatty acid chain, 18 carbons

long. C18:0 and C18:3 identify the number of unsaturated (‘‘double’’) bonds. C18:0

represents a completely saturated fatty acid, 18 carbons long, in this case, stearic

acid. C18:3 represents a fatty acid, 18 carbons long and with 3 unsaturated sites, but

does not indicate the location of the double bonds.

Linolenic acid (9,12,15-octadecatrienoic acid; IUPAC convention) is also

9,12,15-C18:3, meaning an 18-carbon fatty acid with double bonds occurring after

the 9, 12, and 15 carbons counted from the carboxyl end of the chain; this is the

major linolenic acid isomer and also is called a-linolenic acid. Another C18:3 fatty

acid that has received considerable interest from nutritionists in recent years is

6,9,12-octadecatrienoic acid (g-linolenic acid), actually a reduced member of the

linoleic family. The symbol � has been retained from the Geneva naming conven-

tion for limited use here. For example, a �5 desaturase enzyme installs a double

bond after the fifth carbon, counting the carboxyl carbon as number one. When

working with polyunsaturated fatty acids, sometimes it is more convenient to count

from the methyl end. The terms omega (o) and n are sometimes used for this pur-

pose. The notation C18:2n-6 signifies linolenic acid, an 18-carbon chain fatty acid

with two unsaturated positions, the first one occurring after the sixth carbon atom

counting from the methyl end. (Linolenic acid is represented by C18:2n-3.)

Throughout this chapter, the all-cis forms of fatty acids are intended unless identi-

fied otherwise.

1. HISTORY

1.1. Evolution of Uses

Occasional feeding trials of extracted fats and oils to animals have been reported in

the United States since about the 1890s when the first state agricultural experiment

stations were established. However, significant quantities did not become available

at prices affordable for volume feeding until the late 1940s. Feeding applications in

the 1950s and 1960s focused on high energy broiler rations and on improving palat-

ability of dry pet foods. Research on feeding fats and oils to swine and ruminants

grew rapidly in the 1970s and 1980s, and was extended to aquaculture species in

recent years.

1.2. Demands for Better Feeds and Foods

Improvements in genetics and biotechnology manipulations of metabolic systems,

including feeding of growth-stimulating hormones (bovine somatotropin, BST, and
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porcine somatotropin, PST), have developed animals with increased capabilities for

producing milk and meat. Increasing the caloric and amino acid intakes to realize

these abilities are difficult with traditional feedstuffs, and calorie-dense and nutri-

tionally balanced feedstuffs are increasingly sought.

Concerns by the public about the amounts and types of fats in the human diet

have led to increased demands for poultry, fish, and leaner red meats. The latter

need is being met by hand and mechanical trimming until animal genetics and feed-

ing practices are developed to produce lean animals directly. Various snack and

convenience food manufacturers, and fast food shops, have changed from frying

in tallow to frying in vegetable oils. Currently, rendered animal fats and inedible

recycled tallows are in surplus in the affluent countries and are sold at prices that

place them among the lower cost sources of concentrated metabolizable energy for

feed uses.

The types of fat fed affect the fatty acid composition of animal tissues (meat)

and products (milk and eggs) as well as the fat metabolism in consumers of these

products. This has led to the ‘‘designer foods’’ concept—animal products with fat

compositions intentionally altered by feeding for human health benefits (2).

Although nutritionists are not fully in agreement on optimum fatty acids profiles,

designer eggs with increased contents of linolenic and other n-3 PUFA fatty acids

are being marketed. The question of which fats or fractions are suitable for achiev-

ing the desired designer foods is materializing and may dominate feeds applications

research for the next decade or longer.

1.3. Feeding of Whole Oilseeds

Oilseed producers have recognized that it may be more profitable to process and

feed whole oilseeds on the farm, rather than sell them into the elevator–oil mill–

refinery infrastructure and purchase extracted protein meals, tallows, and spent res-

taurant yellow greases (mixtures of animal fats and vegetable oils). Technologies

have been developed to minimize the effects of natural toxic and growth-inhibitor

components in raw cottonseed, soybeans, and canola seed. Feed processors and

livestock feeders can now switch between using in-seed and extracted fats and

oils, depending on price. Both options must be considered in a comprehensive

review of feeding fats.

2. INFORMATION SOURCES, AUTHORITIES, AND OBLIGATIONS

2.1. Early Technology Transfer

The modern feeding of commercial animals and pets has become a quantifiable,

information-based science with alternative choices and accompanying responsi-

bilities. The exploration and codifying of animal nutritional requirements and feed-

stuff nutrient compositions have long been ongoing processes. Major contributions

to transferring knowledge have been made by the 22 editions of Feeds and Feeding,

published from 1898 to 1956 (by W.A. Henry and later by F.B. Morrison). This
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bible was succeeded in 1978 by Feeds and Nutrition—Complete (3). Updated infor-

mation is published in the more compact Feeds and Nutrition Digest (4). Other

feeding and feedstuffs reference books also have been published during the years

(5,6). The newer editions of books on feedstuffs and feeding management are more

guarded in generalized statements about nutrients metabolism than publications of a

decade ago. This is probably because different metabolic pathways are being found

between species as well as alternative pathways within the same species.

2.2. National Research Council Nutrient Requirements

The developing knowledge about nutrient requirements of different species in

various life stages has been monitored, interpreted, and summarized by expert sub-

committees of the Committee on Animal Nutrition of the Board on Agriculture of

the National Research Council (NCR). Various editions of Nutrient Requirements

are currently available for beef cattle (7), cats (8), dairy cattle (9), dogs (10), fish

(11), goats (12), horses (13), mink and foxes (14), nonhuman primates (15), poultry

(16), rabbits (17), sheep (18), and swine (19). Each publication contains recommen-

dations for various life stages of the respective species, a literature review and

bibliography of feeding trials, and tables of ingredients commonly fed to that spe-

cies. Respective nutrients composition, digestibility, and metabolizable energy

values are available in the more recent editions. Gradually, the older general nutri-

ents composition references, including the United States–Canadian Tables of Feed

Composition (20), are being replaced by species-specific information.

Some of the recent Nutrient Requirements publications, notably for dairy cattle

(8) and horses (13), include computer discs with interactive programs for calculat-

ing nutrients requirements based on age, weight, sex, physiological stage, and work

or performance of the animal. Various compendiums of feedstuff compositions and

animal requirements, based on NRC publications, are published periodically, in-

cluding the annual Feedstuffs Reference Issue.

2.3. Association of American Feed Control Officials Regulations

NRC nutrient requirements are advisory and have no regulatory status. The Asso-

ciation of American Feed Control Officers (AAFCO) establishes the official defini-

tions and names of feed ingredients, nutritional and labeling requirements for dog

and cat foods, regulations on medicated feeds, labeling practices, and other require-

ments for selling feeds. AAFCO official ingredient names must be shown in listings

on the product package, tag, or delivery invoice, in order of diminishing content for

fixed (‘‘closed’’) formula products and percentage-wise for open formula mixed

feeds. Uniform regulations have been developed to expedite interstate commerce

in feedstuffs, but each state also has reserved the right to establish independent

regulations and interpretations. All commercial feedstuffs must be registered

directly with the feed control official in each state where sold. AAFCO definitions

and regulations are updated and published annually in the Official Publication.

Copies can be obtained by contacting local feed control officials.
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Ingredients and regulations continuously evolve. For example, the 1994 Official

Publication includes the first listing and temporary status of feed grade ‘‘hydro-

lyzed sucrose polyesters’’; these are nutrient-containing coproducts from the man-

ufacture of low calorie fat substitutes. The establishment of an ingredient definition

in the Official Publication is not an endorsement of its efficacy for specific nutri-

tional objectives, but rather affirmation of its general safety under the conditions of

intended use within the scope of current expert knowledge.

2.4. International Feed, AAFCO Ingredients, and FDA Numbers

Ingredients in NRC publications are identified by their international feed numbers

(IFN) and names, currently developed and maintained by the Feed Composition

Data Bank (FCDB) at the National Agricultural Library in Beltsville, Maryland.

Ingredient definitions in the Official Publication use AAFCO numbers and also

include the IFN. Several different IFN specifications and commercial quality

trading grades for a similar material may qualify under the same AAFCO name.

Some AAFCO ingredients (essentially isolated chemicals) also carry FDA identity

numbers under the Food Additives Amendment of the Code of Federal Regulations

(21 CFR).

2.5. Formulating Feeds for Minimum Ingredients Costs

The published tables of animal nutrient requirements and feedstuffs composition

are crude approximations across the industry at best. A formulator usually will

be more effective if he or she applies local experience in feeding animals of similar

genetic origin under the environmental conditions at hand and relies on actual

analyses of the ingredients received or the historical performance of the specific

supplier—if such information is available.

Modern techniques for measuring metabolism and instrumental analysis have

enabled rapid estimations of animal needs and nutrient availability in specific feed-

stuffs. Uniformity in feedstuffs, despite origin, is being advanced by global trade,

harmonization of product definitions, and trading standards and by total quality

management (TQM) programs like the ISO 9000 movement in Europe. The avail-

ability and decreasing costs of desktop and notebook computers in the last decade

has made the calculation of least-cost feed formulas by linear programming avail-

able to many feed formulators. These factors, coupled with instantaneous knowl-

edge of costs and availability of alternative feedstuffs, regionally and globally,

through on-line communication networks are rapidly exhausting the undiscovered

bargains in feedstuffs. In the future, profits in animal feeding are increasingly likely

to result from private knowledge about (1) responses of animals with known genetic

abilities, (2) ensuring animal health and comfort in extreme climates and weather

conditions, and (3) improved effectiveness in feeding management practices. Claims

of improved feed conversion abilities and improved health status already are being

made for genetically controlled broilers and swine. Computer programs are now

able to formulate feeds at least cost on the basis of digestible, metabolizable, or
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net energy, protein, crude fiber, ash, essential amino acids, and specific vitamins and

minerals for different growth stages of selected species. Formulas also may be

flexed for specific EFA and triacylglycerol structures in the future.

2.6. Consequences of Feedstuffs Contamination

The consolidation of feeds processing and rendering into fewer but bigger installa-

tions has also set up the conditions for large and widespread economic losses when

mistakes or accidents occur. One example is the chick edema and death problems in

the early to mid 1970s that were traced to feeding fats and fatty acids contaminated

with polychlorodibenzo-p-dioxins (21, 22) and polychlorophenols (23) possibly of

herbicide origin. This led to purchase specifications that tallows be guaranteed free

of chick edema factors by renderers or distributors.

Another example is the 3-year outbreak of polybrominated biphenyls (PBB)

poisoning that occurred in Michigan during 1973–1976 from a one-time acci-

dental mislabeling of a toxic fire retardant and its inclusion in an animal feed con-

centrate mix. An unknown quantity of meat, dairy products, and rendered materials

entered the food and recycling chains before the problem was recognized and

the involved farms quarantined. By 1978, an estimated 8 million of Michigan’s

9.1 million residents had detectable levels of PBB in their bodies (24). Later studies

continued to find PBB in samples of serum, body fat, and breast milks of most

Michigan residents (25).

Finally, dairy cows fed whole cottonseed that contains aflatoxins, at levels

higher than the 20 ppb permitted by FDA, can transfer them to milk in amounts

greater than the 0.5 mmg/kg FDA action level (26). State and national programs

for monitoring aflatoxin content in milk have been implemented as the feeding

of whole cottonseed to cattle has increased and expanded to states not producing

cotton. Even nontoxic substances like polyethylene packaging materials, which

melt at rendering temperatures can cause nuisance problems by solidifying at

80�C and forming lumps that clog fat application spray nozzles (27).

3. AVAILABILITY, CHARACTERISTICS, AND COMPOSITION

3.1. Supply and Uses of Feeding Fats

Stability of Obligatory Coproducts Supplies. Many fats and oils are generated as

obligatory coproducts of other endeavors, with the supply relatively inelastic to

price change. Examples include (1) slaughtering and dressing of animals and poul-

try, with hand trimming of the fatty tissues at the packing plant or in-store meats

department; (2) disposal of spent frying oils from restaurants, skimmings from

grease traps, and dead animals from pastures and feedlots—all necessary for sani-

tation, public health, and environmental interests; (3) production of high protein

content soybean and fish protein meals; (4) growing of cotton fiber for domestic

and world markets, with cottonseed as a coproduct; and (5) development of the
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domestic corn starch and sweeteners industry, which has generated enough corn

germ to make corn oil the second major oil currently produced in the United States.

Because of these situations, the production of the major portion of feed grade

fats and some oil-bearing feedstuffs is likely to continue regardless of their market

prices. However, future prices will reflect (1) domestic competition between feed,

oleochemicals, and detergent industries needs; (2) opportunities to ship into global

markets; and (3) abilities to import lower cost fats like palm oil and stearin.

Sources of Fats, Oils, and Tallows. The total world production of fats and oils

is estimated at 76.2 million MT. It consists of 59.2 million MT of edible vegetable

fats and oils (soybean oil, 16.9 million; palm oil 11.5 million; rapeseed and canola

oil, 9.1 million; sunflower seed oil, 7.6 million; cottonseed oil, 4.2 million; peanut

oil, 3.4 million; coconut oil, 2.9 million; olive oil, 2.1 million; and palm kernel oil,

1.5 million), butter fat, 5.3 million; total marine oils, 1.1 million; and total tallows

and greases, 7.0 million (28).

Approximately 4.1 million MT of inedible animal fats are rendered in the United

States annually (Table 1). The major sources, in order of decreasing tonnage, are

beef packing, pork packing, spent restaurant fats, and broiler and turkey processing.

Only about 5% of the total supply of inedible fat is recovered from dead stock (1).

Use of Domestically Produced Tallows. Currently, approximately 35% of

domestically produced inedible tallow is exported, leaving about 2.7 million MT

available for domestic use (1). Rouse (29) reported that domestic use of inedible

tallow increased by 63%, from 0.81 million MT in 1950 to 1.3 million MT in

1991. In 1950, about 72% of the available domestic inedible tallow (0.58 million

MT) was used in making soap and hardly any in animal feeds. With the develop-

ment of synthetic detergents, the use of edible tallows in soap making dropped to

0.15 million MT or 12% of the total in 1991, and animal feeds rose to using about

62% of the domestic supply.

The largest use for inedible fats worldwide is in animal feeds. Domestic use in

various feeds is shown in Table 2. Approximately 56.2% is used in broiler and tur-

key feeds, and another 2.7% in feeding poultry layers (29). It has been estimated

TABLE 1. U.S. Sources of Rendered Animal Fats and Oil (1).

Fat Produced

Source Number Slaughtered

(or Kilogram of Product) Percent of Total Metric Tons

Steers and heifers 28,000,000 37.3 1,527,000

Cull cows and bulls 7,000,000 3.9 159,000

Market pigs 83,000,000 21.3 874,000

Cull sows and boars 5,000,000 2.2 91,000

Broiler 5,200,000,000 8.7 355,000

Turkey 242,000,000 1.4 57,000

Dead stock (1,636,000,000) 5.2 213,000

Restaurant grease (1,023,000,000) 16.7 682,000

Miscellaneous — 3.3 136,000

Total domestic inedible — 100.0 4,125,000
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that inclusion of 3–4% fat in all feeds, a level favored by some nutritionists

and feeders, would use about 2.5 million MT of fats in domestic animal feeds (1).

3.2. Definitions of Fats and Related Products Used in Feeding

Industrywide definitions for feed fats products are still being developed. USDA and

NRA definitions of rendering and tallows and greases were already discussed.

NRA Recommended Standards and Definitions. AFOA grading standards for

tallows and greases for industrial uses are shown in Table 3 (1). Typical analyses

TABLE 2. Estimated Use of Fats and Oils in Domestic

Animal Feeds in 1993 (29).

Fat Used

Type of Feed Percent of Total Million Metric Tons

Broilers 34.8 591

Turkeys 21.4 364

Pet foods 16.0 273

Swine 10.7 182

Beef cattle 5.4 91

Dairy cattle 4.8 82

Layers 2.7 45

Veal 2.1 36

Fish 2.0 34

Total 100.00 1,698

TABLE 3. American Fats and Oils Association Grading Standards for Tallow

and Grease (1).

Titer FFA FAC Color Specifications MIUa

Grades (Min.�C) (Max. %) (Max.) (R & B, Max.) (%)

Edible tallow 41.0 0.75 3 None b

Lard (edible) 38.0 0.50 c None b

Top white tallow 41.0 2 5 0.5 1

All-beef packer tallow 42.0 2 None 0.5 1

Extra fancy tallow 41.0 3 5 None 1

Fancy tallow 40.5 4 7 None 1

Bleachable fancy tallow 40.5 4 None 1.5 1

Prime tallow 40.5 6 13–11B None 1

Special tallow 40.0 10 21 None 1

No. 2 tallow 40.0 35 None None 2

‘‘A’’ tallow 39.0 15 39 None 2

Choice white grease 36.0 4 13–11B None 1

Yellow grease d 15 39 None 2

a Moisture, insolubles, unspecifiables.
b Moisture, maximum 0.20%; insoluble impurities, maximum 0.05%.
c Lovibond color 5.25-inch cell, maximum; 1.5 REd. Lard Peroxide Value 4.0 ME/K maximum.
d Titer minimum, when required, to be negotiated between buyer and seller on a contract by contract basis.
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of feed-grade fats of different origins are shown in Table 4 (30). Quality speci-

fications suggested by the NRA for commonly traded feeding fats are shown in

Table 5 (1). The NRA additionally suggests the following.

Feeding fats pass a minimum of 20-h active oxygen method (AOM) test.

Blended feeding fats contain only tallow, grease, poultry fat, and soapstocks; any

other products should be included only with the knowledge and approval of

the purchaser.

All fat products must be below tolerances for toxic chemicals and pesticide

residues; certification is available from most renderers; fats used in poultry

rations must be free of the chick edema factor; and all fats should be devoid

of contaminants such as heavy metals.

TABLE 4. Typical Analyses of Feed Grade Fats (30).

Percent Fatty Acids

Titer FAC Color MIUa Iodine FFAb Satu- Unsatu- Lino-

Fat Source (�C) (Maximum) (%) Value (Maximum %) rated rated leic

FGF (for all 34–38 37 2 55 15 44 56 10

feeds)

FGF (for milk 38–41 9 1 45 5 50 50 4

replacers)

All-beef tallow 38–42 7 1 40 5 56 44 2

All-pork fat 32–38 37 2 58 15 36 64 12

All-poultry fat 28–35 19 2 65 15 28 72 20

Butter fat 28–35 — — 32 — 63 37 2

Vegetable fat 28–36 — 2 53 — 42 58 10

(palm oil)

a Moisture, insolubles, and unsaponifiables.
b Free fatty acids.

TABLE 5. National Renderer’s Association Suggested Fat

Quality Standards for Feeds (1).

Choice White Yellow Hydrolized

Standard Tallow Grease Grease A/V Blend

Total fatty acids (%) 90 90 90 90

Free fatty acids (%) 4–6 4 15 40–50

FAC color 19 11A 37–39 45

Moisture (%) 0.5 0.5 1.0 1.5

Impurities (%) 0.5 0.5 0.5 0.5

Unsaponifiables (%) 0.5 0.5 1.0 2.5

Total MIU (%) 1.0 1.0 2.0 4.0

Iodine value 48–58 58–68 58–79 85

AOM (h) 20 20 20 20
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Fats for poultry rations should not contain cottonseed soapstock or other

coproducts.

Changes to new sources of fats, especially in ruminant and swine feeds and pet

foods, should be gradual due to potential differences in palatability from

previous sources (1).

No standards exist for polyethylene in fats; the practical way to remove it is

by filtering tallow at low temperatures using special filter aids; most custo-

mers can use tallow containing up to 30 ppm polyethylene, and a few up to

150 ppm (31).

Maximum pesticide residues tolerances are 0.5 ppm for DDT, DDD, and DDE;

0.3 ppm for Dieldrin; and 2.0 ppm for PCB (31).

Some buyers also have a rate of filtration (ROF) specification, which is defined

as the milliliters of tallow at 110�C (230�F) that will pass through a filter

paper in 5 min under specified test conditions; a commonly sought value is

35–40 ROF; the test identifies fats that may give processing difficulties such

as slow filtration, emulsion, and foaming (31).

Poultry fat is rendered mainly from poultry offal collected in packing plants but

may include renderings from mortalities, hatchery rejects, and condemned or

unmarketable parts of birds. Much of the rendered poultry fat and meal is produced

and recycled in integrated growing–processing plant operations, and only limited

amounts are available in the open market.

AAFCO Definitions—Fats and Oils. Many feed ingredients are coproducts of

agribusinesses and are of secondary interest. With some exceptions, little is done

currently to process them further, and they are sold as made. The AAFCO defines

feed fats as follows.

Animal fat (AAFCO number 33.1) is obtained from the tissues of mammals

and/or poultry in the commercial processes of rendering or extracting. It consists

predominantly of triacylglyerol esters of fatty acids and contains no additions

of free fatty acids or other materials obtained from fats. It must contain, and be

guaranteed for, not less than 90% total fatty acids, not more than 2.5% unsaponifi-

able matter, and not more than 1% insoluble impurities. Maximum free fatty acids

and moisture must also be guaranteed. If the product bears a name descriptive of its

kind or origin (e.g., beef, pork, or poultry), it must correspond thereto. If an anti-

oxidant is used, the common name or names must be indicated, followed by the

words used as a preservative. Includes IFN 4-00-409 (animal poultry fat).

Vegetable fat, or oil (33.2) is the product of vegetable oil origin obtained by

extracting the oil from seeds or fruits that are commonly processed for edible pur-

poses. It consists predominantly of glyceride esters of fatty acids and contains no

additions of free fatty acids or other materials obtained from fats. It must contain,

and be guaranteed for, not less than 90% total fatty acids, not more than 2% unsa-

ponifiable matter, and not more than 1% insoluble impurities. Maximum free fatty

acids and moisture must also be guaranteed. If the product bears a name descriptive

of its kind or origin (e.g., soybean oil or cottonseed oil) it must correspond
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thereto. If an antioxidant is used, the common name (or names) must be indicated,

followed by the words used as a preservative. Includes IFN 4-05-077 (vegetable

oil).

Hydrolyzed fat, or oil, feed grade (33.3), is obtained by the fat-processing

procedures commonly used in edible fat processing or soap making. It consists

predominantly of fatty acids and must contain, and be guaranteed for, not less

than 85% total fatty acids, not more than 6% unsaponifiable matter, and not

more than 1% insoluble impurities. Maximum moisture must also be guaranteed.

Its source must be stated in the product name, e.g., hydrolyzed animal fat or

hydrolyzed animal and vegetable fat. If an antioxidant is used, the common

name (or names) must be indicated, followed by the words used as a preservative.

Includes IFN 4-00-376 (animal fat hydrolyzed) and IFN 4-05-076 (vegetable oil

hydrolyzed).

Ester, feed grade (33.4), is the product consisting of methyl, ethyl, and other

nonglyceride esters of fatty acids derived from animal and/or vegetable fats. It con-

sists predominantly of the ester and must contain not less than 85% total fatty acids,

not more than 10% free fatty acids, not more than 6% unsaponifiable matter (2% for

methyl esters), and not more than 1% insoluble matter. Its source must be stated in

the product name, e.g., methyl ester of animal fatty acids or ethyl ester of vegetable

oil fatty acids. Methyl esters must contain not more than 150 ppm (0.015%) free

methyl alcohol. If an antioxidant is used, the common name or names must be indi-

cated, followed by the words used as a preservative. This feed fat includes FDA

regulation 573.640:

IFN 4-00-377 (animal fatty acids of ethyl ester).

IFN 4-00-378 (animal fatty acids of methyl ester).

IFN 4-00-379 (animal fats of nonglyceride ester).

IFN 4-12-240 (vegetable fatty acids of ethyl ester).

IFN 4-05-075 (vegetable fatty acids of nonglyceride ester).

IFN 4-05-074 (vegetable fatty acids of methyl ester).

Fat product, feed grade (33.5), is any fat product that does not meet the defi-

nitions for animal fat, vegetable fat or oil, hydrolyzed fat, or fat ester. It must be

sold on its individual specification, which will include the minimum percentage of

total fatty acids, the maximum percentage of unsaponifiable matter, the maximum

percentage of insoluble impurities, the maximum percentage of free fatty acids, and

moisture. The above listed specifications must be guaranteed on the label. If an

antioxidant is used, the common name or names must be indicated, followed

by the words used as a preservative. Includes IFN 4-00-414 (animal vegetable

fat product).

Corn endosperm oil (33.6) is obtained by the extraction of oil from corn gluten.

It consists predominantly of fatty acids and glycerides and must contain not less

than 85% total fatty acids, not more than 14% unsaponifiable matter, and not more

than 1% insoluble matter. If an antioxidant is used, the common name or names
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must be indicated, followed by the word preservative. Includes IFN 4-02-852

(maize endosperm oil and FDA Reg. 8.322).

Vegetable oil refinery lipid, feed grade (33.7), is obtained in the alkaline refining

of a vegetable oil for edible use. It consists predominantly of the salts of fatty acids,

glycerides, and phosphates. It may contain water and not more than 22% ash on a

water-free basis. It is to be neutralized with acid before use in commercial feed.

Includes IFN 4-05-078 (vegetable oil refinery lipid).

Calcium salts of long-chain fatty acids (33.14) are the reaction products

between calcium and long-chain fatty acids of vegetable and/or animal origin. They

shall contain a maximum of 20% lipid not bound in the calcium salt form and

the percent total fat shall be indicated. The unsaponifiable matter (exclusive of

calcium salts) shall not exceed 4% and moisture shall not exceed 5%. If an anti-

oxidant is used, its common name must be indicated on the label. Before conduct-

ing an assay for total fats, hydrolysis of the calcium salts should be performed to

liberate the lipid fraction.

Hydrolyzed sucrose polyesters, feed grade (T33.15) is the product resulting from

acid hydrolysis of sucrose polyesters, such as olestra, to make them digestible. It

shall consist predominantly of fatty acids and contain, and be guaranteed for, not

less than 85% total fatty acids, not more than 2% sucrose polyesters (hex ester and

above), not more than 2% unsaponifiable matter, and not more than 2% insoluble

impurities. Maximum moisture must also be guaranteed. Its source must be stated

in the product name (e.g., hydrolyzed animal sucrose polyesters, hydrolyzed vege-

table sucrose polyesters, or hydrolyzed animal and vegetable sucrose polyesters).

If an antioxidant is used, the common name must be indicated, followed by the

words used as a preservative. This definition was proposed in 1993 and is tentative

at this time.

Fish oil (51.8) is the oil from rendering whole fish or cannery waste. It includes

IFN 7-01-965 (fish oil).

Salts of volatile fatty acids (60.73) is a blend containing the ammonium or

calcium salt of isobutyric acid and the ammonium or calcium salts of a mixture

of 5-carbon acids/isovaleric, 2-methyl-butyric, and n-valeric. The contained ammo-

nium or calcium salts of volatile fatty acids shall conform to the specifications in 21

CFR 573.914. It is used as a source of energy in dairy cattle feed. The label of the

product shall bear adequate directions for use, including statements expressing

maximum use levels. For ammonium salts of volatile fatty acids, not to exceed

120 g per head per day thoroughly mixed in dairy cattle feed as a source of energy,

and for calcium salts of volatile fatty acids, not to exceed 135 g per head per day

thoroughly mixed in dairy cattle feed as source of energy. Includes FDA Reg. 21

CFR 573.914.

Soy phosphate or soy lecithin (84.10) is the mixed phosphatide product obtained

from soybean oil by a degumming process. It contains lecithin, cephalin, and inosi-

tol phosphatides, together with glycerides of soybean oil and traces of tocopherols,

glycosides, and pigments. It must be designated and sold according to conventional

descriptive grades with respect to consistency and bleaching. Includes IFN 4-04-

562 (soybean lecithin).
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AAFCO Definitions—Fat-associated Vitamins and Essential Compounds. Fat-

associated feed ingredients include sources of natural or synthetic fat-soluble vita-

mins. AAFCO defined vitamin A sources include

90.3, vitamin A oil (IFN 7-054-141).

90.14, vitamin A supplement (IFN 7-05-1244).

90.25, vitamin A acetate [IFN 7-05-142, FDA Reg. 582.5933 (GRAS)].

90.25, vitamin A palmitate [IFN 7-04-143, FDA Reg. 582.5936 (GRAS)].

90.25, vitamin A propionate (IFN 7-26-311).

Defined vitamin D sources include

90.4, vitamin D2 supplement (IFN 7-05-149).

90.7, cholecalciferol (D-activated animal sterol) (IFN 7-00-408).

90.8, ergocalciferol (D-activated plant sterol) (IFN 7-03-728).

90.15, vitamin D3 supplement (IFN 7-05-699).

96.3, irradiated dried yeast, irradiated dried yeast (IFN 7-05-524).

Defined vitamin A and D sources include

90.1, cod liver oil (IFN 7-01-993).

90.2, cod liver oil with added vitamins A and D (IFN-7-08-047).

90.25, herring oil (IFN 7-08-048).

90.25, menhaden oil (IFN 7-08-049).

90.25, salmon oil (IFN 7-08-050).

90.25, salmon liver oil (IFN 7-02-013).

90.25, sardine oil (IFN 7-02-016).

90.25, shark liver oil (IFN 7-02-019).

90.24, tuna oil (IFN 7-02-024).

Vitamin E is a biological antioxidant necessary to prevent cell membrane

damage. It is essential for proper growth, hormone functions, and proper muscle

and nervous system activity. Vitamin E also retards fats and oils oxidation. Defined

sources are as follows.

90.12, vitamin E supplement (IFN 7-05-150).

90.25, tocopherol [IFN 7-00-001, FDA Reg. 582.5890 (GRAS)].

90.25, a-tocopherol acetate [IFN 7-18-777, FDA Reg. 582.5892 (GRAS)].

90.25, wheat germ oil (IFN 7-05-207).

Choline (bilineurine) is a lipotropic factor in the metabolism of fatty acids in the

liver of fish, poultry, and swine. It is a nonspecific source of biologically active
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methyl groups and is essential in the synthesis of acetylcholine (the main chemical

in transmission of nerve impulses), for building and maintaining cell structure, and

for prevention of perosis (slipped tendon) in poultry (3). Choline also is a precursor

for phosphatidylcholine, which is active in absorption of lipids in the small intestine

and for their transport. AAFCO defined sources include the following.

90.25, choline chloride [IFN 7-01-228, FDA Reg. 582.5252 (GRAS)].

90.25, choline pantothenate (IFN 7-01-229).

90.25, choline xanthate (IFN 7-01-230, FDA Reg. 573.300).

90.17, betaine (hydrochloride or anhydrous), IFN 7-00-722; this is sometimes

included in diets as a methyl group donor and partial replacement for

choline.

90.25, inositol (myo-inositol, meso-inositol, i-inositol) [IFN 7-09-354, FDA

Reg. 582.5370 (GRAS)]; this is a lipotropic growth factor for some animals.

6.12, taurine (IFN 5-09-821, FDA Reg. 573.980), this is a sulfonic amino acid;

the bile salts of most mammals are a mixture of taurine and glycine conju-

gates but are exclusively taurine conjugates in the cat; deficiencies have led to

central retinal degeneration and blindness in cats; it is normally found in

muscle flesh; supplementation is recommended in kitten and cat diets that

might not contain sufficient proteins of animal origin; it is listed as a required

nutrient for cats by the NRC (8) and in the AAFCO’s Official Publication.

AAFCO Definitions—Chemical Preservatives (Antioxidants). Antioxidants are

used to retard oxidation of unsaturated fatty acids in fats, oils, and fish and meat

meals, and to slow the destruction of fat-soluble vitamins, especially vitamin E.

Their presence must be identified on the label when used. Use of the following

compounds is permitted alone or in combination at levels not to exceed 0.02% of

the fat present.

18.1, butylated hydroxyanisole (BHA) (IFN 8-01-044, FDA Reg. 582.3169);

either the full name or BHA may be used in the ingredients listing.

18.1, butylated hydroxytoluene (BHT) (IFN 8-01-045, FDA Reg. 582.3173);

either the full name or BHT may be used in the ingredients listing.

18.1, tertiary butyl hydroxyquinone (TBHQ) (IFN 8-04-829, FDA Reg.); in the

informal review process.

18.1, thiodipropionic acid (IFN 8-04-830, FDA Reg. 582.3109).

18.1, dilauryl thiodipropionate (IFN 8-04-789, FDA Reg. 582.3280).

18.1, distearyl thiodipropionate (IFN 8-01-792, FDA Reg. 582.3280).

18.1, propyl gallate (IFN 8-03-308, FDA Reg. 582.3660).

18.1, resin guaiac (IFN 8-03-909, FDA Reg. 582.3336); same as guaiac gum,

may be used at 0.1%, or equivalent preservative 0.01%, in fats and oils.

18.1, ethoxyquin (FN 8-01-841, FDA Reg. 573.380); may be used not to exceed

0.015% in or on feed.
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18.1, tocopherols (IFN 7-05-0348, FDA Reg. 582.3890); no statutory maximum

exists for tocopherols, but their use should conform to good manufacturing

practices.

The formulator needs to know the properties of each antioxidant. For example,

most of the antioxidants are easily distilled by heat or steam. Propyl gallate will

form strong purple complexes with iron. The preservative effects of antioxidants

also can be enhanced by addition of metal chelating agents like citric acid. Further-

more, many crude feedstuffs of plant origin, including soybean meal, crude soybean

oil, and lecithin, contain a variety of natural quinone-type compounds with bene-

ficial antioxidant properties that do not require labeling.

AAFCO Definitions—Special-Purpose Products. Fat-based or associated

special-purpose products include the following.

85.5, diacetyl tartaric acid esters of mono and diglycerides of edible fats or oils,

or edible fat-forming fatty acids (IFN 8-07-248, FDA Reg. 582.4101); used as

emulsifying agents.

85.5, ethoxylated mono and diglycerides, (FDA Reg. 172.834); used as emulsifiers.

85.5, lecithin (IFN 8-08-041, FDA Reg. 582.1400); used as stabilizer.

85.5, methyl glucoside coconut oil ester (IFN 8-09-346, FDA Reg. 573.660);

used as surfactant in molasses.

85.5, mono and diglycerides of edible fats or oils, or edible fat-forming acids

(IFN 8-07-251, FDA Reg. 582.4505); used as emulsifying agents.

85.5, monosodium phosphate derivatives of mono and diglycerides of edible fats

or oils, or edible fat-forming fatty acids (IFN 8-07-252, FDA Reg. 582.4521);

used as emulsifying agents.

AFIA Definitions. The American Feed Industry Association definitions include

the following.

Animal and vegetable fat blends, feed grade, are blends of rendered animal

fats, cooking fats, crude vegetable fats, by-products of fat splitting and hydrolyzed

fats in any combination that have been processed under good manufacturing prac-

tices. They shall be of a quality suitable for use as an animal feed ingredient. Typi-

cal analyses include total fatty acids, 93%; free fatty acids, 40%; moisture, 1.0%;

impurities, 0.4%; and unsaponifiables, 3.5%. Fatty acid profiles and iodine values

should be consistent from one load to another. Metabolizable energy claims should

be substantiated by research data. Fat should be stabilized with an acceptable

feed- or food-grade antioxidant and at levels recommended by the antioxidant

manufacturer. Fish oil and fish oil by-products should be avoided in other fowl,

unless agreed on between the purchaser and the supplier. Fats must be within the

pesticide and industrial chemical tolerances set by federal and state agencies.

Blends for poultry should pass the color test for fat acceptance (a modification of

the Liebermann-Burchard test), an indicator of the presence of the chick edema
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factor. This is not a specific test for the chick edema factor, and results must be

carefully evaluated. Physical properties are color, brown to black; odor, typical

and not rancid; density, 7.5 lb/gal. animal and vegetable fat blends are primarily

used as sources for energy in livestock and poultry feeds, especially for broilers,

turkeys, and cattle. Blended fats are also added to dairy and swine feeds. These

are not defined by the AAFCO, but tentative definition has been requested. Must

be declared on mixed feed labels as animal fat and vegetable fat (31).

Acidulated cottonseed soapstock is the product obtained from the complete

acidulation and thorough setting of soapstock, which itself is the by-product ob-

tained from the alkali refining of cottonseed oil. It is sold on a basis of 95% total

fatty acid content. If it falls below 85% total fatty acid content, it may be rejected.

It should not have more than a total of 6% unsaponifiable plus insoluble matter.

Typical analyses are total fatty acids (TFAs), 90% and moisture, 2.5%. The amount

of gossypol present in acidulated cottonseed soapstock is variable and difficult

to determine with existing methods of analysis. Physical properties include dark

brown to greenish black color, appearing as an oily mixture. It has a slightly sour

odor with a pH of 4. It is soluble when cold and is a pumpable liquid at 49�C
(120�F). It is used as a feed-grade fat for ruminants. Caution must be exercised

when used with other species due to the gossypol content. It is not to be used

with layer rations. It qualifies under AAFCO 33.3, IFN 4-17-942 or IFN 4-05-

076 (31).

Acidulated soybean soapstock is the product obtained from the complete acidu-

lation and thorough setting of soapstock, which itself is the by-product obtained

from the alkali refining of soybean oil. It is sold on a basis of 95% total fatty

acid content. If it falls below 85% total fatty acid content, it may be rejected. Typi-

cal analyses are TFAs, 90%; moisture, 1%; and iodine value 125. In practice, soy-

bean soapstock may be found in combinations with other vegetable oil soapstocks.

The buyer should determine if cottonseed soapstock is present, as it may contain

gossypol, which is detrimental in nonruminant feeds. Physical properties are med-

ium brown color; odor somewhat typical of soybeans, slightly nutty; solid when

cool; and liquid and pumpable at 38–44�C (100–110�F). It qualifies under AAFCO

33.3, IFN 4-17-893 (31).

3.3. Definitions of Extracted and Whole Seed Products

Mechanically Extracted Meals. Solvent extracted oilseed meals typically contain

less than 1.5% residual fat unless the gums (hydrated phosphatides) or soapstock

have been added back to the meal before the desolventizer–toaster or meal dryer.

Mechanically extracted (expeller or screw-pressed) meals can contain 4–9% oil,

which can be a significant calorie source in animal feeds. Fat contents of

extracted meals are not part of the definition, although typical analyses are shown

below.

AAFCO Definitions—Extracted Products. The words mechanical extracted are

not required when listed as an ingredient in a manufactured feed.
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T24.10, cottonseed meal, mechanical extracted; contains anticaking agent;

will replace definition 24.10 if adopted (IFN 5-02-045; cottonseeds meal

mechanical extracted 36% protein); a typical NRC composition (9) is 4.6%

oil ether extract (EE), and dry matter basis (dmb).

71.1, linseed meal, mechanical extracted (IFN 5-16-280; flax seeds meal

mechanical extracted); NRC: 6.0% oil EE, dmb.

71.9, peanut meal, mechanical extracted and solvent extracted (IFN 5-03-649:

peanut seeds without coats meal mechanical extracted); NRC: 6.3% oil, EE, dmb.

71.25, rapeseed meal, mechanical extracted (IFN 5-03-870: rape seeds meal

mechanical extracted); NRC: 7.9% oil EE, dmb.

71.130, safflower meal, mechanical extracted (IFN 5-04-109: safflower seeds

meal mechanical extracted); NRC: 6.7% oil EE, dmb.

71.210, sunflower meal, dehulled, mechanical extracted (IFN 5-04-738: sun-

flower seeds meal without hulls meal mechanical extracted); NRC: 8.7% oil

EE, dmb.

71.220, sunflower meal, mechanical extracted (IFN 5-27-477: sunflower seeds

meal mechanical extracted.)

84.60, soybean meal, mechanical extracted (IFN 5-04-600: soybean seeds meal

mechanical extracted); NRC: 5.3% oil EE, dmb.

Full-fat Soybeans. AAFCO definitions do not exist for whole oilseeds per

se. Considerable variations in composition occur between species, location and

weather during crop maturation. Soybeans typically contain 19% oil at 92% total

solids and 21% oil at 100% total solids (dmb). Definitions for full-fat soybean pro-

ducts are as follows.

84.1, ground soybeans are obtained by grinding whole soybeans without cooking

or removal of any of the oil; includes IFN 5-04-596 (soybean seeds ground).

84.11, heat-processed soybeans are the result of heating whole soybeans without

removing any of the component parts; they may be ground, pelleted, flaked,

or powdered; the maximum pH rise using the standard urease testing

procedure should not exceed 0.10 pH units; they must be sold according to

their crude protein, crude fat, and crude fiber content; includes IFN 5-04-597

(soybean seeds heat processed).

84.15, ground extruded whole soybeans are the result of extrusion by friction

heat and/or steam of whole soybeans without removing any of the component

parts; the meal must be sold according to its crude protein, fat, and fiber

content; includes IFN 5-14-005 (soybean seeds extruded ground).

The AFIA (31) has further elaborated on quality factors and feed applications

of whole (full-fat) soybeans. Whole soybeans must be properly heated to provide

optimum protein nutrition for critical animals, especially poultry, swine, lambs, and

calves as well as pets and fur-bearing animals.
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Underheating of whole soybean may fail to destroy the trypsin inhibitor and

reduce urease and lipase activity, resulting in low protein efficiency for critical

feeds. An underheated soybean meal greatly increases the need for vitamin D to

prevent rickets in turkey poults. Overheating of whole soybeans tends to inactivate

or destroy the essential amino acids lysine, cystine, and methionine and possibly

others (31).

Laboratory tests such as urease activity, protein dispersibility index (PDI), nitro-

gen solubility index (NSI), thiamine, and water absorption have been found valu-

able in monitoring daily production for protein quality. But biological chick and/or

rat assays are the only reliable means currently available for predetermining the

nutritional value of whole soybean protein; they must be conducted periodically

to verify results of chemical tests (31). If whole soybeans are to be used in a mix-

ture containing 20% or more soybean meal, 5% or more urea, and 20% or more

molasses, or an equivalent mixture, and exposed to hot, humid storage conditions,

it is advisable that the urease activity of the whole soybeans not exceed 0.12

increase in pH (31). Extruded or roasted soybeans properly treated for cattle

to increase bypass protein should have urease values of less than 0.05 pH rise.

A urease rise of 0.05–0.20 is an indication of proper treatment for swine and

poultry.

Whole soybean may be fed to gestating swine (ground form) and to mature

ruminants (whole or rolled form). However, feeding whole soybeans to all other

livestock will result in reduced performance and is not recommended. Extruded

soybeans may be fed to all livestock, especially swine and poultry. Extruded soy-

beans fed to lactating dairy cattle increase by-pass protein but most often will

reduce butterfat. Roasted soybeans may be fed to all livestock, especially mature

ruminants. Roasted soybeans fed to lactating dairy cattle will increase by-pass pro-

tein and slightly increase butterfat.

Poultry and swine will perform as well on pelleted rations containing extruded or

roasted soybeans as on isocaloric, isonitrogenous ration containing soybean meal

and soybean oil. The improved performance from pelleting with rations contain-

ing extruded soybeans is primarily because of increased ration nutrient density.

The improvement with rations containing roasting soybeans is primarily because

of increased fat digestibility (the oil vesicles are ruptured to allow the oil to be

more available for digestion). Bulk densities are whole soybeans, 737–769 kg/m3

(46–48 lb/ft3); whole soybeans, ground, 384–545 kg/m3 (24–34 lb/ft3); extruded

soybeans, 384–497 kg/m3 (27–31 lb/ft3); and roasted soybeans, 720–753 kg/m3

(45–47 lb/ft3) (31).

Cottonseed and Cottonseed Products. Whole cottonseed and its oil-bearing

(screw press/expeller) meals can be economically attractive sources of oil and

protein but must be used properly. Currently, approximately 35–40% (1.5 million

tons) of the domestic cottonseed crop is fed whole to adult ruminants (primarily

dairy cattle) annually. Whole cottonseed is not defined by AAFCO but is identified

as IFN 5-01-614; it is called feed-grade cottonseed by the National Cottonseed

Products Association’s trading rules (32). It consists of the entire seed of the cotton

plant after the cotton fibers have been removed by ginning at a fiber:seed ratio
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of approximately 1:1.65. Naked (Pima-type) cottonseed exists, and operations

have been installed between the gin and the oil mill to intercept the seed and

remove the linters for other uses. Whole cottonseed is sold in three grades: prime

feed-grade cottonseed (moisture, 13% maximum; free fatty acid in oil, 3% maxi-

mum; crude protein and crude fat, 34% minimum, dmb); delinted prime feed-grade

cottonseed (lint, 5% maximum; moisture, 13% maximum; free fatty acid in oil, 3%

maximum; crude protein and crude fat, 34% minimum, dmb; and feed-grade cotton-

seed, off quality. Fuzzy (‘‘white,’’ ‘‘with lint’’) whole cottonseed contains approxi-

mately 21% fat at 92% total solids and naked seed contains about 23% fat at

the same moisture level. Rolling (flaking) naked seed before feeding reduces

whole seed passage through dairy cattle (33). Bulk density for undelinted cotton-

seed is 288–401 kg/m3 (18–25 lb/ft3) and 401–561 kg/m3 (25–35 lb/ft3) for delinted

seed.

Cottonseed is added to feeds for ruminant animals as a source of highly con-

centrated energy and rumen undegradable protein and fiber. It typically is fed

whole—not ground or pelleted—although a process for extruding whole seed and

soybeans was patented in 1993 (34). Whole cottonseed contains 0.5–1.2% gossy-

pol, a yellow-green pigment that is toxic to monogastric animals and young calves,

lambs, and kids whose rumens are not yet functional. It can be fed to cattle, sheep,

and other ruminant animals due to bacterial detoxification in the rumen. Care

should be exercised in feeding so ruminal detoxification abilities are not over-

stressed, resulting in gossypol toxicity. The typical feeding rate is 2.3–3.6 kg

(5–8 lb) whole cottonseed per day per cow. ‘‘Free’’ gossypol in cottonseed products

can be deactivated (‘‘bound,’’) either during processing or by use in conjunction

with iron (ferrous) salts. Levels of gossypol typically present in common cottonseed

products, and tolerances in feeds by selected species, are presented in Tables 6 and

7, respectively (35).

TABLE 6. Analyzed Gossypol Levels in Common

Cottonseed Products (35).

Gossypol

Product Percent Total Percent Free

Cottonseed kernel 0.39–1.7a 0.39–1.4a

Whole cottonseed — 0.47–0.63b

Delinted whole cottonseed — 0.47–0.53b

Cottonseed meal

Screw press 1.02a 0.02–0.05a

Prepress solvent 1.13a 0.02–0.07b

Direct solvent 1.04a 0.1–0.5a

Solvent (expander process) — 0.06–0.1b

Cottonseed hulls — 0.06a

Glandless whole cottonseed 0.01a —

aDry matter basis.
bAs-fed basis.
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The AFIA (31) advises that (1) 200 ppm (0.02%) dietary free gossypol does

not affect egg production, (2) 50 ppm (or 150 ppm with addition of FeSO4 at 4

parts iron to 1 part gossypol) avoids (green) egg yolk discoloration during refrige-

rated storage, and (3) up to 150 ppm free gossypol (or 400 ppm with addition

of FeSO4 at 1 part iron to 1 part free gossypol) can be used for growing broilers.

Levels of 100 ppm free gossypol (or higher levels, but no more than 400 ppm

FeSO4 added at a weight ratio of 1 part iron to 1 part free gossypol) can be used

for growing and fattening pigs.

Jones (36) reviewed the natural antinutrients of cottonseed protein products—

gossypol and the cyclopropenoic fatty acids (CPFA; malvalic and sterculic acids).

The CPFAs participate in forming the pink color complex in the Halphen reaction, a

test specific for the admixture of cottonseed oil with other oils and fats. They also

inhibit �9 desaturase, an enzyme that converts stearic acid into oleic acid, and thus

increase hardness of fats from animals (e.g., pig backfat and lard) raised or finished

on feedstuffs containing high levels of polyunsaturated oils like corn. Feed industry

practice is to limit cottonseed lipids to no more than 0.1–0.2% in the diet of laying

hens to avoid pink discoloration of egg whites and alterations of the vitelline mem-

brane that cause pasty yolks.

Other Whole Oilseeds. Various oilseeds have been fed whole, or dehulled,

when available for feed at competitive prices or in grades substandard for extraction

but still wholesome for feeding. Examples include safflower (Carthamus tinctorius),

fat content 35%, dmb; and oil-type sunflower seed fat content 44%, dmb. Currently,

interest is high in feeding whole canola seed (41–46% oil) in Canada and northern

European countries. ‘‘Double-zero’’ strains of Brassica napus (rapeseed, oilseed

rape, swede rape, and Argentine rape) and Brassica campestris (turnip rape, oil

TABLE 7. Reported Effect and No Effect Levels of Free

Gossypol (35).

Free Gossypol Intake (ppm)

Class of Livestock Effect No Effect

Ruminants

Preruminant calves — 100a

Young lambs 824b —

Mature dairy cows 1076b —

Nonruminants

Yearling horses — 115a

Weanling horses — 348

Catfish — 900b

Tilapia — 1800

Rainbow trout 1000a,c 250a,c

Shrimp — 170b

aAs-fed basis not reported.
bDry matter basis.
cFed-as gossypol acetic acid.
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TABLE 8. Fatty Acid Composition of Common Feed Animal Fats, Fish Oils, and Vegetable Oils.a

Percentage of Total Fatty Acids

18:2 18:3 18:4 20:4 20:5 22:5 22:6

Lipid Source IFNb 14:0 16:0 16:1 18:0 18:1 n-6 n-3 n-3 20:1 n-6 n-3 22:1 n-3 n-3 �n-6 �n-3 n-3:n-6

Animal fat

Beef tallow 4–08–127 3.7 24.9 4.2 18.9 36.0 3.1 0.6 — 0.3 — — — — — 3.1 0.6 0.19

Pork fat 4–04–790 1.3 23.8 2.7 13.5 41.2 10.2 1.0 — 1.0 — — — — — 10.2 1.0 0.10

Poultry fat 4–09–319 0.9 21.6 5.7 6.0 37.3 19.5 1.0 1.1 0.1 — — — — — 19.6 1.0 0.05

Fish oils

Anchovy 7.4 17.4 10.5 4.0 11.6 1.2 0.8 3.0 1.6 0.1 17.0 1.2 1.6 8.8 1.3 31.2 24.0

Cod liver 7–01–994 3.2 13.5 9.8 2.7 23.7 1.4 0.6 0.9 7.4 1.6 11.2 5.1 1.7 12.6 3.0 27.0 9.0

Capelin 7–16–709 7.9 11.1 11.1 1.0 17.0 1.7 0.4 2.1 18.9 0.1 4.6 14.7 0.3 3.0 1.8 12.2 6.78

Channel catfish, cultured 1.4 17.4 2.9 6.1 49.1 10.5 1.0 0.2 1.4 0.3 0.4 — 0.3 1.3 12.7 3.2 0.25

Herring, Atlantic 7–08–048 6.4 12.7 8.8 0.9 12.7 1.1 0.6 1.7 14.1 0.3 8.4 20.8 0.8 4.9 1.4 17.8 12.71

Herring, Pacific 5.7 16.6 7.6 1.8 22.7 0.6 0.4 1.6 10.7 0.4 8.1 12.0 0.8 4.8 1.0 15.7 15.7

Menhaden 7–08–049 7.3 19.0 9.0 4.2 13.2 1.3 0.3 2.8 2.0 0.2 11.0 0.6 1.9 9.1 1.5 25.1 16.73

Redfish 4.9 13.2 13.2 2.2 13.3 0.9 0.5 1.1 17.2 0.3 8.0 18.9 0.6 8.9 1.2 19.1 15.92

Salmon, sea caught 3.7 10.2 8.7 4.7 18.6 1.2 0.6 2.1 8.4 0.9 12.0 5.5 2.9 13.8 2.1 31.4 15.00

Vegetable oil

Canola 4–06–144 — 3.1 — 1.5 60.0 20.2 12.0 — 1.3 — — 1.0 — — 20.2 12.0 5.94

Coconut 4–09–320 16.8 8.2 — 2.8 5.8 1.8 — — — — — — — — 1.8 0.0 0.0

Corn 4–07–882 — 10.9 — 1.8 24.2 58.0 0.7 — — — — — — — 58.0 0.7 0.01

Cottonseed 4–20–836 0.8 22.7 0.8 2.3 17.0 51.5 0.2 — — — — — — — 51.5 0.2 0.0

Linseed 4–14–502 — 5.3 — 4.1 20.2 12.7 53.3 — — — — — — — 12.7 53.3 4.2

Palm 1.0 43.5 0.3 4.3 36.6 9.1 0.2 — 0.1 — — — — — 9.1 0.2 0.02

Peanut 4–03–658 0.1 9.5 0.1 2.2 44.8 32.0 — — 1.3 — — — — — 32.0 0.0 0.0

Safflower 4–20–526 0.1 6.2 0.4 2.2 11.7 74.1 0.4 — — — — — — — 74.1 0.4 0.0

Soybean 4–07–983 0.1 10.3 0.2 3.8 22.8 51.0 6.8 — 0.2 — — — — — 51.0 6.8 0.13

Sunflower 4–20–833 — 5.9 — 4.5 19.5 65.7 — — — — — — — — 65.7 0.0 0.0

aAdapted with permission from Ref. 11. A dash indicates that the measurement was taken but no values were detected.
bInternational feed number.



turnip, and Polish rape), which contain greatly reduced levels of erucic acid and

thioglucosinolates, are used (37). Canola is the name coined for low-erucic acid

rape (LEAR), compared with the traditional high-erucic acid rape (HEAR), in

Canada where the crop was developed.

Factors to be considered before feeding whole oilseed include fiber content,

natural toxic components, and fungal contaminations. The high hull/fiber content

of many oilseeds often restricts their use as ruminant feeds. Almost every oilseed

has one or more recognized toxic or antigrowth components. Fortunately, most are

labile to processing by dry or moist heat. The only exception is sunflower seed, but

animal growth still is improved by heating before feeding (38).

3.4. Compositions of Fat Sources Used in Feeding

Fatty Acid Compositions of Tallows and Fish and Oilseeds Oils. Fatty acid

compositions of tallows and fish and vegetable oils used as feed ingredients are

shown in Table 8 (11). Profiles for palm oils are not shown; they typically are

chill crystallized and fractionated into oleins and stearins and can vary greatly in

fatty acid compositions. The principal fatty acids of major marine oils are shown

in Table 9 (39).

Lecithins. Soybean lecithin is identified as AAFCO 84.10; IFN-4-04-562, and

lecithin as AAFCO 87.5, IFN 8-08-041, 21 CFR 582.1400 GRAS in the AAFCO’s

Official Publication. Lecithin is also known as ‘‘gums’’ or ‘‘phospholipids’’ when

hydrated and recovered wet from oil. Commercial crude, dried, soybean lecithins

are standardized before trading to meet the NOPA specifications for fluid natural

lecithin, containing 62% minimum acetone insolubles, 1% maximum moisture,

0.3% maximum hexane insolubles, 32 maximum acid value (AV), 10 maximum

Gardner color, and 150 poises maximum viscosity at 25�C (77�F). This is usually

accomplished by adding fatty acids and oil to ensure fluidization. The crude lecithin

may then be deoiled, fractionated by alcohols and other solvents, and granulated for

specific applications (40–42).

TABLE 9. Principal Fatty Acids of Major Marine Oils of Commerce (g/100 g).a,b

FA M SM P C H A CL MA HM NP S SA

C14:0 9 7 8 7 7 9 3 8 8 6 1 7

C16:0 20 15 18 10 16 19 13 14 18 13 16 15

C16:1 12 10 10 10 6 9 10 7 8 5 7 8

C18:1 11 15 13 14 13 13 23 13 11 14 16 9

C20:1 1 3 4 17 13 5 0 12 5 11 10 15

C22:1 0.2 2 3 14 20 2 6 15 8 12 14 16

C20:5 14 17 18 8 5 17 11 7 13 8 6 9

C22:6 8 10 9 6 6 9 12 8 10 13 9 9

aReprinted with permission from Ref. 39.
bM, menhaden; SM, specially processed marine oil (menhaden); P, pilchard; C, capelin; H, herring; A, anchovy;

CL, cod liver; MA, mackerel; HM, horse mackerel; NP, Norway pout; S, sprat; SA, sand eel.
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The major lecithin sold domestically in commercial quantities is extracted from

soybeans. Corn and sunflower seed lecithins are available in limited amounts. Canola

is being reviewed as a lecithin source in countries that do not grow significant

quantities of soybeans. Lecithins may be added to feeds in crude or refined forms,

remain as residuals in solvent- or mechanical-extracted oilseed meals, be returned

to oilseed meals as extracted gums or soapstocks at combined solvent extraction-oil

refinery operations, or simply be native to an oilseed fed whole.

As the shortest carbon chain members, the polar lipids in lecithins are tradi-

tionally depicted in the sn-3 triacylglycerol position. The major polar lipids and

fatty acids in deoiled lecithins from various oilseed species are presented in

Tables 10 and 11, respectively (44, 45). In the trade, the term lecithin sometimes

is used interchangeably with phosphatidylcholine, and cephalin is interchanged

with phosphatidylethanolamine.

TABLE 10. Composition of Polar Lipids in Deoiled Lecithins of Various Speciesa

Soybean Cottonseed Corn Sunflower Rapeseed Peanut Rice Bran

Compound (%) (%) (%) (%) (%) (%) (%)

Phosphatidylcholine 29–39 34–36 30 13–27 16–24 49 20–23

(PC)

Phosphatidylethanol- 20–26 14–20 3 15–18 15–22 16 17–20

amine (PE)

Phosphatidylinositol 13–18 — 16 7–8 8–18 22 5–7

(PI)

Phosphatidyilserine 5–6 7–26 1 — — — —

(PS)

Phosphatidic acid 5–9 — 9 — — — —

(PA)

Phytoglycolipids 14–15 — 30 — — — —

(PGL)

Other phospholipids 12 — 8 — — — —

aReprinted with permission from Ref. 39.

TABLE 11. Composition of Fatty Acids in Deoiled Lecithins of Various Speciesa

Soybean Cottonseed Corn Sunflower Rapeseed Peanut Rice Bran

Fatty Acid (%) (%) (%) (%) (%) (%) (%)

Myristic (C14:0) 0–2 0.4 — — — — —

Palmitic (C16:0) 21–27 31.9 17.7 11–32 18–22 12–34 18

Palmitoleic (C16:1) 7–9 0.5 — — — — —

Stearic (C18:0) 9–12 2.7 1.8 3–8 0–1 2–3 4

Oleic (C18:1) 17–25 13.6 25.3 13–17 22–23 30–47 43

Linoleic (C18:2) 37–40 50.0 54.2 42–69 38–48 27–36 34

Linolenic (C18:3) 4–6 — 1.0 — 7–9 — 2

Arachidic (C20:0) 0–2 — — — — — —

Total gossypol — 9.1 — — — — —

Free gossypol — 0.02 — — — — —

aReprinted with permission from Ref. 39.
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4. DIGESTION METABOLISM AND FATS FEEDING
REQUIREMENTS

4.1. Comparative Fat Digestion Systems

An orderly system does not exist for discussing the use of fats over the breadth of

domesticated animals; thus a survey approach is used here. Metabolism is the sum

of processes by which nutrients are handled in the living organism. Digestion is the

process of reducing foods into smaller particles and finally to compounds that are

absorbed for physiological processes. The relative nutritional value of a component

is the product of its concentration in the feedstuff times its digestibility coefficient.

Current research on fat metabolism is intensive, and new information is conti-

nuously reported; the reader is referred to technical journals for the latest details

and concepts.

Within a period of several hundred years, people have learned how to breed

selectively for broad-breasted turkeys and low-profile dachshund dogs, to get eggs

from chickens and milk from cows the year around, and to feed cooked oilseeds

and cereals to carnivores like dogs and cats. Although meat, milk, and egg produc-

tion have been increased, the animals remain limited by their primordial digestive

and metabolic systems, which must be respected in feeding management. Currently,

recommended levels of fat supplementation often result in doubling the level

already consumed by the respective species, with the existing digestive and meta-

bolic system expected to handle about equal parts of indigenous and supplemented

fats.

Short-chain fatty acids consist of 6 or less carbons; medium-chain fatty acids,

6–10 carbons; and long-chain fatty acids, 12–24 carbons (45). Considerable interest

exists in the medium-chain fatty acids and triacylglycerols (MCTs), especially in

young animal nutrition and human medical applications (46). These compounds

are quickly catabolized or elongated in everyday nutrition, but will be mentioned

only briefly here. Most of the storage triacylglycerols found in nature consist of

long-chain fatty acids, called long-chain triacylglycerols (LCTs).

Familiarity with the comparative differences between digestive systems helps

identify the opportunities and limitations in feeding fats to various species. Animals

have been classified as (1) carnivores, flesh eaters who derive their nutrients and

energy primarily from proteins and fats (dogs, cats, and mink among the mammals);

(2) herbivores, vegetarians who depend entirely on plant materials (cattle, goats,

sheep, and horses); and (3) omnivores, flesh and plant consumers (humans and

swine). Carnivores have short digestive tracts and require concentrated food sources.

Herbivores have relatively long digestive tracts, with additional structures like

rumens and enlarged cecum-colons for microbial fermentation of fiber. The diges-

tive tracts of omnivores are intermediate in length, complexity, and efficiency in

using plant matter (3–6).

Birds, a major nonmammalian group without teeth for mastication, but with

adaptations for reducing the size of their food, typically are described as avians;

however, carnivores, herbivores, and omnivores exist among birds. Fish, who do

not chew their food, must rely on strong digestive enzymes.
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Lipids occur in cell walls, cellular cytoplasm, and in fat storage cells in animals.

In contrast, specialized fat storage cells per se do not exist in plants or seeds.

Rather, fatty acids are found in surface waxes that reduce the loss of moisture

from leaves, stems, fruits, and seeds of plants; in seed cell walls and cytoplasm;

and as stored triacylglycerols in dispersed spherical organelles in cells of seed

embryos (48).

Fat digestion is a two-step process. The first step is gaining access to fats through

proteinaceous matrixes of flesh, matrixes consisting mainly of nonstructural carbo-

hydrates and proteins in seeds and fruits, or more complex matrixes, including

structural carbohydrates (fiber). The second step is splitting the triacylglycerols

into fatty acids and absorbable components and bringing these into the bloodstream

by various pathways.

Overview of Digestion Systems. The basic digestive system can be described as

monogastric (one stomach) consisting, sequentially, of the following:

A mouth for biting off and chewing food and for admixing saliva containing

enzymes to initiate hydrolysis of carbohydrates and fats.

An esophagus for conveying the digesta.

A stomach (pH 1.5–3.5), where many proteins are brought below their iso-

electric point (e.g., the curdling of casein), proteolytic enzymes are intro-

duced, and protein-based matrixes are further reduced by churning; gastric

lipases may also be introduced into the digesta.

A small intestine, where the fat is emulsified by bile salts; the triacylglycerols

are hydrolyzed at the sn-1 and sn-3 positions by pancreatic lipases at near-

neutral pH to produce fatty acids and sn-2-monoacylglycerols; and these

products are absorbed by several alternative processes.

A colon (large intestine), where water is absorbed, and fermentation of remain-

ing nutrients may occur.

A rectum for holding the extracted digesta.

An anus or vent for discharge of feces.

In all species, the small intestine is the main site for simultaneous hydrolysis of

fats, proteins, and carbohydrates by selective enzymes and absorption of the result-

ing nutrients. It consists of three sequential sections: duodenum, jejunum and

ileum, each with villi and mucosal linings. During the process, the pH of the digesta

is raised from that of the stomach, to near neutrality over the length of the small

intestine. In swine, the pH profile is as follows: stomach, 2.4; proximal duodenum,

6.1; distal duodenum, 6.8; proximal jejunum, 7.4; distal jejunum, 7.4; and ileum,

7.5. In sheep, the profile is abomasum, 2.0; proximal duodenum, 2.5; distal duo-

denum, 3.5; proximal jejunum, 3.6; distal jejunum, 4.7; and ileum, 8.0 (48). Several

types of contractive and peristaltic actions mix and move the digesta down the

intestine. The lower pH at the proximal duodenum of ruminants plays a critical

part in fatty acid reabsorption. Hydrolysis of triacylglycerols by pancreatic lipase
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starts at the duodenum, but different absorption sites in the three sections are

reported for the various species.

In ruminants (cattle, sheep, goats), the digesta is intercepted after the esophagus

and processed in a four-section stomach before being returned to the basic digestive

system at the small intestine. Fermentation is conducted by bacteria, protozoa, and

fungi at near neutrality in the rumen. Fiber is digested to produce two- to 4-carbon

acetic, propionic and butyl volatile fatty acids (VFA), which are absorbed through

the rumen wall. Maximization of acetic VFA is preferred. Breaking down the fiber

matrixes makes the nonstructural carbohydrates, proteins, and fats accessible to

microbial enzymes. Within the capacity of the system, the triacylglycerols are hy-

drolyzed to fatty acids, the glycerol is metabolized, the short-chain fatty acids are

absorbed through the rumen wall, and the polyunsaturated long-chain fatty acids are

biohydrogenated and allowed to proceed to the small intestine for absorption (3–6).

But the overfeeding of high-grain (carbohydrate) rations can result in a buildup

of lactic acid and a reduction of rumen pH to 4–5, resulting in conditions uninhabi-

table by rumen bacteria. This arrests normal fermentation, and the animal goes off

feed with acute digestive problems, at the minimum. Part of this problem can be

offset by feeding sodium bicarbonate or other buffers. Ammonia also is lost from

proteins digested in the rumen, and the amino acid profiles of microbial protein

typically are lower in quality than those of the original animal or oilseed protein

supplements. Excessive free oil coats the fiber and interferes with its digestion and

with the fermentation process. The need to get more nutrients into dairy cattle to

increase milk production, despite the natural physiological limitations of the rumen,

has led to the development of various commercial bypass, or escape, proteins and

fats. These products are not accessible to rumen bacteria and are digested later in

the monogastric part of the digestive system.

The nonruminant herbivores (horses, rabbits, guinea pigs) have a functional

cecum and enlarged colon, where microbial fermentations are conducted on the

digesta after the small intestine. Capabilities for absorption of selected microbe-

digested products, primarily VFA and simple nitrogenous compounds, are extended

to the large intestine for these animals. Most mammals have at least rudimentary

cecums, but these usually are not efficient sites for fiber digestion due to limited

size. Although the fiber matrix is not attacked until after initial digestion and

absorption of accessible nonstructural carbohydrates, proteins, and lipids is com-

pleted, considerable metabolic energy is still generated and absorbed as VFA.

Rabbits and guinea pigs practice coprophagy (the eating of their own feces) to

increase the absorption of essential amino acids, vitamin K and the B complex vita-

mins produced in the cecum (3, 4). Horses also will coprophage if fed protein-

deficient diets.

Fatty Acids Synthesis, Elongation, and Desaturation. The main objective of

feeding fats to animals is to provide a concentrated energy source, not to have

the fat stored in the tissues. Recognized EFA requirements are no more than several

percent of dry matter at the most, but the critical roles they play in maintaining

the metabolic machinery has attracted the majority of current research on dietary

fat utilization.
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New (de novo) fatty acids are synthesized from two-carbon acetyl units pro-

duced during metabolism. Two enzyme complexes, acetyl-coenzyme A carboxylase

and fatty acid synthetase, work in concert to build up fatty acid chains, two carbons

at a time, until released by the complex. The primer in plants and animals is essen-

tially a two-carbon acetyl group and the fatty acid chains have even numbers of

carbons. If the primer is a three-carbon propionate group, odd-number carbon chains

result. Odd-number fatty acids are common in microbial lipids and also are syn-

thesized de novo from propionic VFA by rumen bacteria and deposited in adipose

tissue. The length of the fatty acid synthesized depends on the tissue. Palmitic acid

is produced in the liver and adipose tissue, and shorter-chain fatty acids are also

produced in the mammary glands (49).

Palmitic acid produced by fatty acid synthetase is lengthened (or shortened), two

carbons at a time, by (1) the mitochondria, which use acetyl-CoA and NADH,

or NADPH for reduction, or (2) the microsomes, which use malonyl-CoA and

NADPH, but in a different pathway from the cystolic enzyme fatty acid synthetase.

Palmitic acid is elongated to stearic acid and desaturated to oleic acid (cis 9-C18:1)

by the acyl-CoA �9 desaturase complex. All saturated long-chain fatty acids melt

above body temperature range (lauric acid, 44�C; myristic acid, 58.5�C; palmitic

acid, 63.6�C; and stearic acid, 69.5�C) and must be combined with polyunsaturated

fatty acids in the triacylglycerols to ensure fluidity of body lipids. Desaturation

is necessary to maintain fluidity of adipose tissue and of phospholipids in mem-

branes and to enable elongation and conversion of the major dietary essential

fatty acids (linoleic and linolenic) into even longer and more unsaturated fatty

acids (50).

PUFA are required for synthesis of prostaglandins, cell wall lipids, and various

other chemical structures. But, unlike plants, the vertebrate animals do not have

enzymes able to insert double bonds between the 9-carbon and the terminal methyl

group in C18 fatty acids. It has been known for many years that linoleic acid is the

precursor for arachidonic acid synthesis and must be obtained through the diet.

Unfortunately, early rat studies led to the mistaken belief that animals are able to

interconvert linoleic acid to all other EFA. Gradually, it became apparent that there

are at least four families of polyunsaturated fatty acids (n-7, palmitoleic; n-9, oleic;

n-6 linoleic; and n-3 linolenic). Given the shortest member of each polyunsaturated

C18 family, fatty acids can be elongated and desaturated to as many as 22 carbons

and six double-bond sites, with various essential intermediate compounds also

produced. A schematic diagram of pathways for synthesis of highly unsaturated

fatty acids (HUFA) in fish is shown in Figure 1 (41). Elongation and desaturation

is done by the same enzyme complex, and contemporary pathway diagrams show

products of two alternative routes, desaturation first or elongation first. However,

only products of the elongation first pathway are reported in typical fish oil ana-

lyses. The names of selected HUFA are shown in Table 12.

Since animals are able to desaturate up to, but not including, the C12 position,

products of the n-7 (palmitoleic acid) and n-9 (oleic acid) families and the lesser-

known n-5 myristoleic (9-C14: 1n-5) family are interesting but not dietary essential.

However, n-6 and n-3 fatty acids must be provided in food or feed to enable
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Figure 1. Pathways for synthesis of saturated and polyunsaturated acids. Reprinted with permission from Ref. 42.
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synthesis of their other family members. Linoleic and linolenic acids are plentiful in

oilseeds and typically the least-cost sources, respectively.

Complete metabolic pathways may not be operational in certain animal species

and in human fat metabolism disorders. Some animals require linoleic and arachi-

donic acid supplementation, although both are members of the n-6 family. Some

carnivorous fish require eicosapentaenoic acid (EPA; 5,8,11,14,17-20:5n-3) and

docosahexaenoic acid (DHA; 4,7,10,13,16,19-22:6n-3) rather than linolenic acid

(9,12,15-18:3n-3) alone.

Nonruminant Mammalian Systems. Fat digestion is described in greater detail

in the following sections. The digestive systems of monogastric animals (swine,

mink, and fish), a ruminant (bovine), a nonruminant herbivore (horse), and an avian

(hen) are shown in Figure 2 (4).

In neonate, suckling mammals, short- and medium-chain fatty acids are prefer-

entially split at the sn-3 triacylglycerol position by oral and gastric lipases and are

absorbed in the stomach, while the long-chain fatty acids are hydrolyzed at the sn-1

and sn-2 positions and by pancreatic lipases and are absorbed in the small intestine

(50, 51). With growth, the neonate fat digestion system becomes less active, and is

replaced by the small intestine–pancreatic lipase pathway. But residual oral and

gastric lipase activities and direct absorption of short-chain fatty acids in the

TABLE 12. Members of Polyenoic Fatty Acid Families.a

Series Unsaturated Common Name IUPAC Nomenclature

Palmitoleic (family)

C16:1 n-7 9–16:1 Palmitoleic acid 9-Hexadecenoic acid

C18:1 n-7 11–18:1 trans-Vaccenic acid 11-Octadecenoic acid

C18:2 n-7 8, 11–18:2 — 8,11-Octadecadienoic acid

Oleic acid (family)

C18:1 n-9 9–18:1 Oleic acid 9-Octadecenoic acid

C18:2 n-9 6, 9–18:2 Octadecadienoic acid 6,9-Octadecadienoic acid

C20:2 n-9 8, 11–20:2 Eicosadienoic acid 8,11-Eicosadienoic acid

C20:3 n-9 5, 8, 11–20:3 Eicosatrienoic acid 5,8,11-Eicosatrienoic acid

Linoleic acid (family)

C18:2 n-6 9, 12–18:2 Linoleic acid 9,12-Octadecadienoic acid

C18:3 n-6 6, 9, 12–18:3 g-Linolenic acid 6,9,12-Octadecatrienoic acid

C20:3 n-6 8, 11, 14–20:3 Dihomo-g-linolenic acid 8,11-14-Eicosatrienoic acid

C20:4 n-6 5, 8, 11, 14–20:4 Arachidonic acid 5,8,11,14-Eicosatetraenoic acid

C22:4 n-6 7, 10, 13, 16–22:4 Adrenic acid 7,10,13,16-Dicosatetraenoic acid

C22:5 n-6 4, 7, 10, 13, 16–22:5 — 4,7,10,13,6-Dicosapentaenoic acid

Linolenic acid (family)

C18:3 n-3 9, 12, 15–18:3 a-Linolenic acid 9,12,15-Octadecatrienoic acid

C18:4 n-3 6, 9, 12, 15–18:4 — 6,9,12,15-Octadecatetraenoic acid

C20:4 n-3 8, 11, 14, 17–20:4 — 8,11,14,17-Eicosatetraenoic acid

C20:5 n-3 5, 8, 11, 14, 17–20:5 EPA 5,8,11,14,17-Eicosapentaenoic acid

C22:5 n-3 7, 10, 13, 16, 19–22:5 Culpadonic acid; DPA 7,10,13,16,19-Docasapentaenoic acid

C22:6 n-3 4, 7, 10, 13, 16, 19–22:6 DHA 4,7,10,13,16,19-Docosahexaenoic acid

aAll are cis isomers, unless noted.
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Figure 2. Digestive systems of representative animals. (1) Monogastrics with nonfunctional

cecums: swine (omnivore), mink (carnivore), and catfish (omnivore). (2) Nonruminant herbivore

with functional cecum and colon: horse. (3) Ruminant: bovine. (4) Avian : hen. Reprinted by

permission from Ref. 4.
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stomach continue at reduced levels in some species and individuals. These factors

help explain why young animals use long-chain fatty acids less efficiently and have

inspired the use of medium-chain coconut oil fatty acids in human and calf milk

replacers.

The digestion of triacylglycerols in adult nonruminant mammals has been

described as initiated in the mouth by lingual lipase released in the saliva at the

base of the tongue (52). Up to 6% of the fatty acids are hydrolyzed and initiate

emulsion formation in the stomach. The digesta (called chyme at this location) is

released from the stomach slowly into the duodenum to ensure complete mixing

with the bile salts and emulsification. Lipolysis occurs by association of pancreatic

lipase and co-lipase at the surface of the bile salt-stabilized emulsion. Amphipathic

molecules (fatty acids, sn-2 monoacylglycerols, and lysolecithins) are produced

and associate with the bile salts to form water-soluble micelles from which absorp-

tion occurs.

Short-chain fatty acids and some medium-chain fatty acids are absorbed directly

through the mucosa in the small intestine and are transported to the portal circu-

lation and liver. In contrast, the long-chain fatty acids and 2-monoacylglycerols

are first incorporated into bile salt micelles and transferred across the microvilli

membranes. Then the fatty acids are activated into acyl-CoA esters and resynthe-

sized into triacylglycerols. Resynthesis is favored if the sn-2-monoacylglycerol is

unsaturated. The resulting hydrophobic triacylglycerols are coated with amphiphilic

compounds (phospholipids—mainly phosphatidylcholine, cholesterol, and apopro-

teins) to form chyclomicrons. Chyclomicrons also can be produced by other path-

ways, including exocytosis (51), also called pinocytosis (4). The chyclomicrons

enter the lymphatic system as chyle, pass through the thoracic duct, and enter

the blood circulation in the jugular vein (52). Digestibility of fats depends on the

unsaturated: saturated (U:S) ratio of fatty acids in the total diet. Digestibility is

high (85–92%) at ratios above 1.5, but decreases linearly below U:S of 1.5 (52).

This also helps explain the often seen improvements in digestible energy in tallow-

vegetable oil blends. Differences in digestibility of various fats between species

have been reported.

Ruminants. Ruminants (cattle, sheep) offer many exceptions to the basic one-

compartment stomach digestive system model. The first is a four-compartment

stomach (located ahead of the small intestine): the rumen, reticulum, omasum,

and abomasum. Food in the mouth is mixed with saliva, which provides enzymes,

bicarbonate and phosphate buffers, and lubrication, and passes through the esopha-

gus into the atrium ventriculi, a convex area formed by the rumen and reticulum.

The reticulum has a honeycomb-like interior that serves as a collection point for

foreign objects and as an organ for digestion. The rumen is essentially a fermenta-

tion vat, operating at pH 6.2–6.8, and is inhabited by bacteria and protozoa that are

later swept down the digestive system as food. Fats deposited in their cells become

available to the animal through nonrumen digestion. The omasum contains numer-

ous tissuelike leaves that help grind the food and is also believed to reabsorb water

from the partially digested food. The abomasum, with a pH of 1.6–3.2, functions

essentially like a true stomach (3, 4).
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Young ruminants initially function as young monogastric mammals. In calves,

nursing stimulates a reflex closing of the esophageal grove, formed by muscular

folds of the rumen and reticulum, and results in conveying milk from the esophagus

directly to the abomasum. There, it is curdled by acid and rennin action, and the fat

is digested by saliva and gastric lipases. The rumen starts developing as the young

animal consumes increasing amounts of solid food; it is often considered to be

operating at 2 months of age. Mature rumen size in lambs and goats is reached

at 8 weeks, and at 6–9 months in cattle (3, 4). Rumen microorganisms are able

to detoxify limited amounts of compounds, such as free gossypol in whole cotton-

seed and cottonseed meal, and reduce the effects of trypsin inhibitor in raw soy-

beans. Despite possible economic pressures for early feeding of cottonseed

products to young animals, it is critical that the rumen first be operating.

Not having upper incisor teeth, cattle break off plant stems between their tongue

and upper dental plate when grazing or eating dry hay, and swallow the mouthful

without chewing. Bulk feed in feedlots is also swallowed by similar action. The

feed is later regurgitated as soft lumps called boluses; the ‘‘cud’’ is chewed and

again swallowed. This crushing action, after initial soaking, enhances breaking

down the typical fibrous matrix. Microbes in the rumen rapidly digest carbohydrates

and cellulose, to produce VFAs, which are absorbed through the rumen wall and

can provide 60–80% of the animal’s energy needs from roughage alone (3).

The ether-extractable material in typical forages is 5–8%, of which about half

is fatty acids occurring in monogalatosyldiacylgycerols and digalatosyldiacyl-

glycerols. The fat content of most feeds is less than 5%, unless whole oilseeds or

supplemental fats are added. In the rumen, fats are hydrolyzed to fatty acids and

glycerol, which is metabolized immediately. Once in the unesterified form, 65–

90% of the fatty acids are biohydrogenated, with the major products being stearic

acid (C18:0) and vaccenic acid (trans 11-C18:1), a member of the palmitoleic (n-7)

family. The presence of large amounts of free fatty acids and free oils and reduction

of rumen pH by high grain feeding, increases the proportion of trans isomers

formed. The saturated fatty acids are adsorbed to hydrophobic feed particles and

are carried to the duodenum. The only esterified fatty acids reaching the duodenum

are in the phospholipids of microbial cells. The fatty acids are dissociated from the

feed particles by the detergent action of bile salts at the low pH of the proximal

duodenum. In the absence of monoacylglycerols, lysolecithin (formed from the

action of a pancreatic lipase on bile and microbial phospholipids) and oleic acid

serve as amphipaths to form soluble micelles (52).

Factors favoring inhibition of microorganisms that digest cellulose and produce

VFA and other compounds include the following (52):

Feeding supplement fats at concentrations greater than 2–3% of feed dry matter.

Degree of fatty acid solubility, with medium-chain (12- to 14-carbon) and

unsaturated (vegetable oils, fish oils) being most inhibitory.

Unesterified fatty acids are more inhibitory than triacylglycerols.

Free oils are more inhibitory than those fed in whole seeds.
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Factors minimizing inhibitory effects include:

Increasing roughage in the diet to induce more salivation results in increased

buffer supply and rise in rumen pH; there is more surface area for fat

absorption.

Removing the fatty acid or source from solution.

Ruminants are equal to or superior to nonruminants in their ability to digest satu-

rated fatty acids, but unsaturated fatty acids fed conventionally have lower digesti-

bility due to rumen biohydrogenation. Unsaturated fatty acids, fed in protected

form, are digested equally in ruminants or nonruminants. Moderate levels of added

fat (up to 3% of feed dry matter) are 85% truly digestible (52).

Although polyunsaturated fatty acids are biohydrogenated to stearic acid (C18:0)

in the rumen, they are desaturated to oleic acid in the small intestine, mucosa

adipose tissue, and mammary gland. Thus the ratio of C18:1 to C18:0 is greater

in the fatty tissue and the milk lipids than in plasma triacylglycerols. Ruminant

milk also contains 40–50% C4:0–C14:0 fatty acids by weight synthesized in the

mammary glands from acetate (52).

Acetate is simultaneously produced and used (oxidized) by the gut, possibly

accounting for up to 50% of the gut’s energy requirement in ruminants. Propio-

nate and butyrate produced in the rumen and/or hind gut fermentations (nonrumi-

nant herbivores) are extensively metabolized by the visceral tissues, so that only

insignificant amounts reach the portal circulation. Plasma fatty acids, rather than

acetate, are the major energy source for skeletal muscle energy in ruminants and

other mammals (53).

Avians. Considerable specialization in digestive systems exists among avians.

The focus here is on chickens, turkeys, and ducks (essentially omnivores) and

ratites (herbivores). The flesh eaters are not discussed. The avian digestive system

begins with the mouth and esophagus, which empty into the crop where feed is

stored and soaked (see Figure 2). The feed then passes to the glandular stomach

(proventriculus), where it is mixed with digestive juices, and then to a muscular

organ (gizzard), which contains stones or grit to help crush and grind the feed.

The digesta then moves through the small intestine where fat is digested and

absorbed; to the ceca; the large intestine; and finally, the cloaca (3). Digestion, from

the mouth to the cloaca, is rapid and takes about 2.5 h in the laying hen and

8–12 h in the nonlaying hen (4).

Following uptake, triacylglycerol resynthesis from long-chain fatty acids

occurs in the small intestine mucosa of fowl by both the monoacylglycerol and

glycerol-3-phosphate pathways. In contrast to mammals, the lymphatic system is

poorly developed in poultry, and all nutrients are absorbed by the mesenteric portal

system. The absorbed lipids are principally transported as triacylglycerols of the

very low density lipoprotein fraction (VLDL). Lipoprotein synthesis in the liver

is active in the laying hen. VLDL are present in the serum at high concentrations

and appear to be the major lipid precursor for egg yolk synthesis (51, 54). Thus

poultry and poultry products seem to be an almost direct way for transferring
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selected fatty acids from feed into foods with little modification. Fats high in unsa-

turated fatty acids content are more readily absorbed by poultry. This partially

explains the ‘‘extra caloric value’’ observed when vegetable oils are mixed with

tallows in feeding broilers (55).

Ratites are flightless birds with heavily muscled legs for running and defense

against enemies. The group includes the ostrich (Sutruhio camelus), emu (Dromaius

novaehollandiae), common rhea and Darwin’s rhea (Rhea americana and Ptero-

cnemia pennata, respectively), Australian cassowary (Casuarius), and the kiwi

(Apteryx australis). Although they are generally considered as zoo animals in the

United States, there has been considerable interest recently in raising ostriches and

emus for their hides, plumage, meat, and oil.

Ratites are equipped to subsist primarily on roughage in nature and have ceca of

various activities. Emus have been reported to digest 35–45% of neutral-detergent

fiber (NDF) in their diets (containing 26–36% NDF). This can contribute up to

63% of the standard metabolism and 50% of maintenance requirements for emus.

Passage of feed though the gastrointestinal tract is rapid and 4.1� 0.2 h has been

observed (56,57). Relatively little has been published on the use of fat in raising

ratites, with about 6% total being the norm.

Fish. It is estimated that at least 130 aquaculture species are being cultivated.

Even so, today’s emerging industry already deals with far more species than the

economic land animals and pets combined. Each species offers a potential chal-

lenge in unravelling a unique combination of metabolic pathways and nutrient

needs. Fish are cold blooded, and are at one with their water environment in tempe-

rature and disposal of metabolic wastes.

Fish have been grouped into four classes: (1) herbivores, who eat green plants

(carp, giant gourami, milkfish, perch, rabbit fish, tilapia, and Siamese gourami); (2)

detritus feeders, who eat dead organic matter at the bottom of the pond, (mud carp);

(3) omnivores (channel cat fish, common carp, gray mullet); and (4) carnivores

(black carp, catfish, grouper, marble goby, salmon, sea bass, and trout). The relative

intestine length of fish is shorter than that of land animals, but as with the land

animals, carnivorous fish have shorter digestive tracts than the herbivores. The

approximate ratios of intestine to body lengths of fish and land animals are trout,

1.0–1.5; carp, 2.0–2.5; dog and cat, 5; horse, 12; swine, 15; cattle, 20; and sheep,

30 (41).

Approximately 97% of the total fatty acids in fish oils consist of even-number

carbon chains, but odd-number carbon chains and branched-chain odd-carbon acids

are also present (58). Digestibility of fish fatty acids in poultry and swine feeds

decreases with increasing chain length and increases with increasing unsaturation

(59).

Green plants are able to synthesize the most complex lipids. As with land ani-

mals, fish function as gatherers and concentrators—in this case, of fatty acids that

originated in plankton or may first have been cycled through lesser aquatic animals.

Some carnivorous fish, in particular, have lost the ability to synthesize certain fatty

acids and require supplementation. The marine food chain above 30�N latitudes

is particularly rich in n-3 family fatty acids. In North Atlantic and Pacific fish,
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eicosapentaenoic acid (C20:5n-3) and docosahexaenoic acid (C22:6n-3) account for

about 90% of total PUFA, and linoleic acid (C18:2n-6) plus arachidonic

acid (C20:4n-6) account for less than 2%. As a result, the n-6:n-3 ratio is low

(0.15� 0.1) compared with 0.38–0.93 in fish from Australian waters, where arachi-

donic acid is the major fatty acid in the southern latitude food chain. As the habitat

moves farther south from 10�S Australia to 70�S Antarctica, the content of C20:4n-6

decreases in fish lipids, but C20:5n-6 increases. Among other documented observ-

ations is the fact that all desaturase enzymes are more active at lower (5�C) than

higher (10�C) temperatures. A shift from C20:4n-6 to C22:6n-3 occurs in oil com-

position as fish adapt from freshwater to saltwater. The total lipids content is higher

in cultivated fish than in wild fish and eels, but the total contents of C20:4n-6 and

C18:3n-3 are higher in wild fish (60).

The feeding of soybean lecithin to cold-water fish and cold-water crustaceans—

as a source of choline, inositol, ethanolamine, and PUFA—has been promoted in

recent years. Levels as high as 7–8% of diet dry weight have been recommended

(40, 41).

4.2. Energy Requirements and Availability

Feedstuffs provide water, energy, protein, mineral elements, and also organic

chemical structures that the animal cannot make itself, and therefore are termed

dietary essential. This group includes vitamins, certain amino acids, and certain

fatty acids. All organic materials, including the essential structures, also have value

as energy sources for muscular movement, body heat, synthesis of tissue, and

storage nutrients, and metabolic reactions. The buildup of complex compounds

requires energy, and their hydrolysis or breakdown gives up energy.

NRC Definitions. The majority of terms, used for describing energy assess-

ments of feedstuffs have been defined by the NRC (61). A calorie (cal) is the heat

required to raise the temperature of 1 g of water from 16.5 to 17.5�C, and is equiv-

alent to 4.184 international joules (a term used for relating mechanical, chemi-

cal, and electrical energies as well as heat). A kilocalorie (kcal) consists of

1,000 calories, and a megacalorie (Mcal) equals 1 million cal, 1,000 kcal or 1 therm.

The British thermal unit (BTU) is 252 calories, the amount of heat energy required

to raise 1 lb of water 1�F, but is rarely used in nutrition. The joule equals 107 ergs

(1 erg is the amount of energy expended to accelerated mass of 1 g by 1 cm/s) and

was selected by Le Système International d’Unités (International System of Units)

and the U.S. National Bureau of Standards as the preferred term for expressing all

forms of energy (16). The kilocalorie is used here because it is the standard termi-

nology used by nutritionists and industry in the United States.

Somewhat different terms and techniques are used between species for estimat-

ing or calculating different types of metabolic and production energies. The general

relationships used in poultry are shown in Figure 3 (16).

Gross energy (E, GE) is the energy released as heat when a substance is com-

pletely oxidized to carbon dioxide and water. It is generally measured at 25–30

atmospheres of oxygen in a bomb calorimeter and is called the heat of combustion.
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Apparent digestible energy (DE) is the gross energy of feed consumed minus

the gross weight of the feces. Birds excrete feces and urine together at the cloaca,

and it is difficult to separate the feces and measure digestibility. DE values are used

for many animals, but generally not with poultry.

Apparent metabolizable energy (ME) is the gross energy of the feed consumed,

minus the gross energy contained in the excreta (feces, urine, and gaseous products

of digestion). A correction term for nitrogen retained in the body is usually

applied to obtain MEn, the most common measure used in formulation of poultry

feeds.

True metabolizable energy (TME) for poultry is the gross energy of the feed

consumed minus the gross energy of the excreta of feed origin. A correction for

retention of nitrogen is applied to give TMEn. Most MEn values are determined

by assays in which the test material is substituted for some ingredient of known

ME value. When birds are allowed to consume the feed on an ad libitum basis,

the MEn values obtained approximate the TMEn values for most feedstuffs.

Net energy (NE) is metabolizable energy minus the energy lost to the heat

of increment. NE may include the energy used for maintenance only (NEm) or

for maintenance and production (NEmþ p). Because NE is used at different levels

of efficiency for maintenance or for production, there is no absolute NE value for

each feedstuff. Productive energy, once a popular measure of the energy available

to poultry from feedstuffs and an estimate of NE is seldom used (16).

Energy requirements can be partitioned in various ways, according to the needs

for tending the species. For example, the DE requirement for the growing pig is

the sum of its requirements for maintenance (DEm), protein retention (DEpr), fat

retention (DEfr) and cold thermogenesis (keeping the body warm) (DEHc) (19)

and is expressed as:

DE ¼ DEm þ DEpr þ DEf þ DEHc

Figure 3. Disposition of dietary energy ingested by a laying hen. Reprinted with permission from

Ref. 16.
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Net energy of lactation (NEL, NEL) is used for assessing energy requirements

of dairy cattle (9). The relationships between different energy partitions for fish

(11) are shown by a balance sheet in Figure 4. By this scheme, NE for fish is con-

ceptually similar to NEmþ p for poultry, and recovered energy (RE) is equivalent to

NEp.

Gross (combustion) energies for carbohydrate, fat, and protein are 4.15, 9.40,

and 5.65 kcal/g, respectively. Digestible and metabolizable energies have not

been determined for all feedstuffs, and it is common nutrition practice to use

4 kcal/g for carbohydrates and proteins, and 9 kcal/g for estimating metabolizable

energy (ME) values. However, calculated ME values for feed-stuffs generally over-

estimate actual feeding trial results.

Analytical Techniques. Lipids in feedstuffs typically are determined by Soxhlet

extraction, using diethyl ether as solvent. But this technique also extracts waxes,

chlorophyll, and other pigments as well as galactosides and other lipid-soluble mater-

ials, thus overestimating the quantity of lipid energy available to the animal. Fatty

acid contents of ether extracts are 90% in triglycerides, 70–80% in cereal grains,

and as low as 50% in forages (52). Because some insoluble salts of fatty acids are

formed during digestion, it is important to use acidified solvents in determining fatty

acid content of feces. The differences between conventional ether extract and an acid-

ified ether extract of feces is often reported as ‘‘fecal soap.’’

Figure 4. Schematic presentation of fate of dietary energy for fish. RE is available for new

tissue.
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4.3. NRC Species Fat Feeding Considerations

The NRC subcommittees prepare extensive critical reviews when updating nutrient

requirements for different species. Their reports probably have the broadest consen-

sus of any available sources of nutritional information.

Pet Foods. Pet foods are a special consideration among the feedstuffs. Although

formulated essentially from feed-grade ingredients, they are expected to have an

anthropomorphic, or people foodlike, appearance and odor when used for house

pets. Substantial quantities of pet foods are sold in discount chains and farm supply

stores. ‘‘Professional’’ diets are also produced for dog breeders and trainers, guard

services, police, and the military.

Dogs and cats are carnivores that have adapted to also eating cooked cereal car-

bohydrates and oilseed proteins. Cats are the more obligate carnivores, typically

requiring higher protein content foods on a dry matter basis. Currently, they are

the only domesticated animal for which a dietary essential level of taurine, an amino

acid found mainly in meat, has been established.

Unlike the production-oriented economic animals (poultry, swine, cattle, fish,

and shrimp) pets typically are allowed to live their full life cycles, and thus experi-

ence problems of aging, including kidney, vision, backbone, and hip failures, and

obesity if food intake is not adjusted to the animal’s activity level. Special puppy,

kitten, and life-cycle series pet foods have been marketed.

Pet foods are the main products, regulated by the Association of American Feed

Control Officials, that reach urban and suburban households. AAFCO has chosen

to establish its own nutrient requirements, rather than enforce the NRC nutrient

requirements (8, 10). The following information was taken from the NRC recom-

mendations (8, 10) and perhaps are still the most broadly examined and published

consensuses available on dog and cat nutrition.

Dogs. Far greater extremes in breed adult size and expected performance are

seen among dogs than cats. Mature body weights range from 1 kg for the Chihua-

hua to 90 kg for the St. Bernard. Dogs are exposed to extreme temperatures and

physical activities, like guard duty, pulling sleds, and hunting, not required of cats.

The breeds differ in the effectiveness of their coats to keep them comfortable

over the range of temperatures encountered and the DE required to stay warm.

Commercial dry dog foods usually contain 5.0–12.5% fat dmb. Nutritional deficien-

cies may be encountered in feeding high fat diets formulated without consideration

for the higher energy value of fat. Dogs generally eat less of a high fat diet to main-

tain near normal energy intake, but in doing so, the daily intake of protein, minerals,

or vitamins may be inadequate.

The apparent digestibility of fat by dogs varies from 80 to 95% when mixtures

of plant and animal triacylglycerols are fed. Fatty acids are the primary source of

energy for skeletal muscle during exhaustive exercise. Compared with a high

carbohydrate diet, a high fat diet has been shown to lengthen the time to exhaustion

of beagles on a treadmill by approximately 30% and to cause a greater elevation

in plasma-free fatty acid concentration during exercise of sled dogs. Sedentary adult
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dogs have a greater tendency for obesity when fed high fat diets ad libitum rather

than high carbohydrate diets.

Linoleic acid is the only essential fatty acid recommended, and a minimum

linolenic acid requirement has not been established. Signs of linoleic acid defi-

ciency in puppies progress from coarse, dry hair to scaly skin, to lesions. The

NRC recommends that a dog food contain at least 5% fat on a dry basis, including

2.7 g linolenic acid in the diet per 1,000 kcal ME, or 1% on the dry basis for diets

containing 3.67 kcal ME/g) (10).

Cats. Mature body weights of domestic cats (Felis domesticus) range from 2 to

6 kg. Dry commercial cat foods usually contain 8–12% fat, and purified diets, con-

taining 25–30% fat and 30–40% protein have been commonly fed. Fat adds to the

palatability of diets, with cats having shown preference for beef tallow over butter

and chicken fat, but no preference among beef tallow, lard, or partially hydro-

genated vegetable oil. A diet containing 25% hydrogenated coconut oil has been

reported to be unpalatable. Diets containing medium-chain triacylglycerols have

been poorly accepted, and as little as 0.1% caprylic acid (C8:0) has caused diets

to become unpalatable.

Cats have the capacity to tolerate and utilize high levels of dietary fat. Diets

containing 25% fat have been selected over those containing 10–50%. Apparent

digestibilities of 90% of fat (when fed at 10% of dry matter) and 97–99% (when

fed at 25–50% of dry matter) have been reported. Fat in experimental diets has been

raised to 64% of dry matter, without an increase in the proportion of fecal fat,

indications of ketonuria, or significant pathological changes in the cardiovascular

system.

Experiences in cat nutrition underscore the fallacy of assuming that metabolic

pathways found in one species are automatically present in others. Early studies

on metabolism of PUFA were conducted on rats, which have high �6 and �5 desa-

turase abilities to convert linoleic acid (18:2n-6) to the prostaglandin precursors

dihomo-g-linolenic acid (20:3n-6) and arachidonic acid (20:4n-6), respectively.

This led to the assumption that other species can desaturate polyunsaturated fatty

acids equally well. Over a period of time, it was shown that cats are not able to

convert 18:2n-6 to 20:3n-6 or 20:4n-6. The NRC currently recommends the inclu-

sion of 5 g linoleic acid and 0.2 g arachidonic acid/kg diet dry matter.

Symptoms of EFA deficiency in cats include listlessness, dry hair coat with

dandruff, poor growth, and increased susceptibility to infection. The effects of pro-

longed deficiencies include reduced feed efficiency without change in body weight,

water loss through the skin, fatty livers, fat infiltration, and mild mineralization of

kidneys as well as changes in blood platelet aggregation. Steatitis (yellow fat dis-

ease, a presumed vitamin E deficiency) has been often associated with consumption

of high fish based diets, particularly canned tuna, red meat, and tuna oil. Supple-

mental vitamin E (D-a-tocopherol acetate) has been commonly included in diets

containing tuna oils to prevent steatitis. A minimum of 30 mg a-tocopherol/kg

diet has been set for cats by the NRC (8). Compositions and metabolizable energies

for fats from various sources, including animal organ meats, that might be used in

cat foods are shown in Table 13 (8).
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TABLE 13. Fat, Fatty Acid, and Estimated Metabolizable Energy Contents of Oils for Potential Cat Feeding.a

International Dry Matter Etherb Saturatedb Unsaturatedc Linoleicb Linolenicb Arachidonicb ME

Common Name Feed Number (%) Extract (%) Fat (%) Fat (%) Acid (%) Acid (%) Acid (%) (kcal/kg)

Bran oil 4-14-504 100.0 100.0 18.5 81.1 36.5 — 0 8047

Fat

Swine (lard) 4-04-790 100.0 100.0 35.9 64.1 18.30 — 0.3–1.0 7850

Bacon 4-15-582 100.0 100.0 42.3 56.7 6.8 0.6 — —

Beef 4-25-306 100.0 100.0 44.9 55.1 1.9 1.2 1.0 —

Lamb 4-24-921 100.0 100.0 52.1 47.9 2.4 2.4 — —

Rabbit 4-24-923 100.0 100.0 43.3 56.7 19.9 9.4 1.8 —

Turkey 4-24-924 100.0 100.0 36.5 63.5 19.0 1.0 4.8 —

Brain, lamb 4-15-583 100.0 100.0 41.4 58.6 0.2 0.8 2.4 —

Kidney, lamb 4-15-584 100.0 100.0 45.4 54.6 6.1 3.0 5.3 —

Kidney, beef 4-15-585 100.0 100.0 56.3 42.7 3.6 0.4 1.9 —

Kidney, swine 4-15-586 100.0 100.0 43.5 56.5 8.7 0.4 5.0 —

Liver, beef 4-15-587 100.0 100.0 49.6 50.4 5.5 1.9 4.8 —

Liver, swine 4-15-588 100.0 100.0 41.6 58.4 11.0 0.4 10.7 —

Margarine

Hard animal and vegetable oils 4-15-589 84.0 96.4 37.5 62.5 4.2 0.1 6.6 —

Hard vegetable oily only 4-15-590 84.0 96.4 38.2 61.8 9.1 0.5 0 —

Soft animal and vegetable oils 4-15-591 84.0 96.4 30.7 69.3 8.1 0.4 6.1 —

Soft vegetable oils only 4-15-592 84.0 96.4 33.1 66.9 19.3 1.8 0 —

Soft, polyunsaturated vegetable oils only4-15-593 84.0 96.4 24.7 75.3 49.3 0.6 0 —

Offal fat, poultry 4-09-319 100.0 100.0 39.1 60.9 22.30 — 0.5–1.0

Oil

Coconut 4-09-320 100.0 100.0 90.3 9.7 1.10 — 0 8047

Corn 4-07-882 100.0 100.0 12.3 87.7 55.40 1.6 0 8047

Fish, menhaden 7-08-049 100.0 100.0 40.0 60.0 2.70 — 20.0–25.0 —

Flax, common (linseed oil) 4-14-502 100.0 100.0 8.2 91.8 13.90 — 0 8047

Safflower 4-20-526 100.0 100.0 10.5 89.5 72.70 0.5 0 8047

Evening primrose 4-15-591 100.0 100.0 8.5–13.5 86.5–91.5 73.0 10.4 0 8047



Soybean 4-07-983 100.0 100.0 14.7 85.3 51.9 7.4 0 7283

Cotton seed 4-20-836 100.0 100.0 26.8 73.2 53.0 1.4 0 8047

Rapeseed low erucic acid 4-20-834 100.0 100.0 6.9 93.1 23.0 10.0 0 8047

Sunflower 4-20-833 100.0 100.0 10.4 89.6 65.7 — 0 8047

Tallow, animal 4-08-127 100.0 100.0 47.6 52.4 4.3 — 0.0–0.2 8343

White grease 4-20-959 100.0 100.0 — — 1.1 — — —

aReprinted with permission from Ref. 8
bExpressed as percent (by weight) of the ingredient on a dry basis (100% matter).
cExpressed as percent (by weight) of the total fatty acids in the ingredient as fed: fatty acids make up about 95% of the weight of triglycerides, assuming the average triglyceride

contains one glycerol, one 16-carbon fatty acid, and two 18-carbon fatty acids: conversion factors for fat in brain, kidney, liver, and eggs were as recommended by Ref. 62.

TABLE 13 (Continued )
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Beef Cattle. Nearly 50% of the tallow and grease produced domestically is of

bovine origin, but only about 12% of the amount used in domestic feeds is con-

sumed by the combined beef, dairy and veal industries. The principles of feeding

fats to beef cattle, sheep, and meat goats are similar to those for dairy cattle. In

recent years, dairying has essentially abandoned pastures and switched to intensive

feedlot nutrition and animal health care practices. In contrast, beef cattle continue

to be grazed on dispersed pastures and range-lands as the most profitable use of

the land and might be finish fed in feedlots before marketing. Opportunities to

observe individual animals and keep daily records on performance have not existed,

and economics have not favored use of the concentrated feedstuffs common in

dairying.

Although knowledge of bypass proteins have been applied in beef operations,

there has been relatively little use of bypass fats or direct feeding of whole cotton-

seed, again perhaps because of economic considerations. However, beef cattle

nutrition and feeding management currently are two of the more active research

areas rejuvenated by the challenge of designer foods. The beef cattle industry

has recognized that the ability to deliver leaner meats with a more favorable nutri-

tional image, at a cost competitive to other meat, poultry, and fish alternatives, is

critical to its future (7).

Dairy Cattle. Perhaps the greatest strides in modifying feedstuffs for use by

any species has occurred with dairy cattle. The challenge is shown in Figure 5

(9). When a high yielding dairy cow calves, dry matter intake greatly declines

and remains depressed on an average of 15% during the first 3 weeks of lactation.

Body energy reserves are quickly mobilized, the animal falls into negative energy

balance, and weight is lost. Peak milk production is reached in 4–8 weeks, but the

animal does not start gaining weight until about week 10 when milk production has

started to decline. In simple terms, full advantage is not taken of the animal’s ability

to increase and extend milk production because not enough nutrients are provided

during the critical period. Various feeding strategies, including the use of protected

fats as a high energy source, have been improvised in attempts to restore energy

levels and maximize milk production.

The newborn dairy calf requires fat in its diet until the rumen becomes func-

tional. About 10% fat in milk replacers is sufficient to supply the EFA, carry

fat-soluble vitamins, and provide adequate energy for normal growth. Higher fat

(15–20%) content milk replacers are recommended for colder climates and for veal

production. Forages and grains usually contain less than 3–4% fat. Dairy cows

can use approximately 0.45 kg fat/day, or 2–3% added fat in their diet.

Maximizing forage (fiber) intake is an important consideration in successful

feeding of supplementary fat. Also, partial substitution of fat for starch and grain

can correct the low milk fat syndrome caused by inadequate fiber and excessive

grain diets. As much as 20–30% supplemental calcium and magnesium above

recommended levels should be included to provide for calcium and magnesium

soaps formed in the rumen when dairy cattle are fed unprotected long-chain fatty

acids. Feeding unsaturated fats to dairy cattle is less desirable because of their

inhibitory effects on rumen fermentation and digestion if the biohydrogenation
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ability of rumen microorganisms is exceeded. Animal fats, and blended animal–

vegetable fat mixtures, have given the best results. The principles of feeding a

maximum of about 0.5 kg fat/day, or to limit cottonseed to 2.5–3.0 kg/day/cow,

have generally been successful.

Figure 5. Relationships between milk production, dry matter intake, body weight, and mean

energy balance of dairy cows during a typical lactation cycle. Reprinted with permission from

Ref. 9.
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An increase in long-chain fatty acids in the diet increases their secretion in the

milk and inhibits synthesis of short- and medium-chain fatty acids in mammary

tissue. Added dietary fat and whole cottonseed decrease the protein content of

milk by about 0.1%. ‘‘Dry fats’’—calcium salts of fatty acids that are 82% fat

content—and prilled (beadlet-form) fats have been introduced in recent years.

These products are free-flowing and easy to mix with the ration, do not coat the

fiber, and are not biohydrogenated in the rumen. It has been suggested that cows

can be fed up to 15% of their requirements as fat, the equivalent of 6–7% of total

dry matter (9).

Horses. Horses are among the most visible nonruminant herbivores and have

a highly active cecum–colon that enables microbial fermentation of fiber, but after

opportunities for digestion and absorption of fat, proteins and nonstructural carbo-

hydrates in the small intestine have been passed. Apparent prececal digestibilities

of 71% for nonstructural carbohydrates have been reported for a high corn diet and

46% for a high alfalfa diet. Fermentation produces the VFA (acetic, propionic,

isobutyric, isovaleric, and valeric acids). Approximately 7% of total glucose pro-

duction (gluconeogenesis) from cecal propionate has been observed in ponies.

Body lipids are mobilized during exercise and are oxidized readily during

strenuous exercise like galloping. Physically conditioned horses oxidize fat more

efficiently than nonconditioned horses. Hyperlipidemia is an important clinical

problem in small pony breeds. It is most common in mares in late gestation and

lactation and occurs when the animal is in negative energy balance.

Horses accept added fat in the diet readily if it is not rancid. Corn oil was found

to be preferred among different fats and mixtures evaluated at 15% of the diet.

Increasing fat levels in the diet, in the form of rendered fat, has resulted in decrea-

sed feed consumption, early growth advantage for foals, and increased milk fat con-

centration. Horses fed a diet containing 12% fat (9% added corn oil) performed

better and had higher blood glucose levels at the end of the ride than horses fed

3% fat. Rendered animal fat has been shown to spare muscle glycogen reserves.

EFA requirements of horses are not known, and inclusion of 0.5% linoleic acid

in the diet is recommended until more data are available (13).

Swine. Cold thermogenesis, the amount of energy required for the animal to

stay warm, is important in swine nutrition. A total of 25 g (80 kcal of ME) of

feed/day to compensate for each 1�C below the critical temperature has been

recommended for 25–60-kg pigs during their growth period, and 39 g/ (125 kcal)

for 100-kg pigs during their finishing period. It is further estimated that DE is

reduced by 0.017% for each degree Celsius that the effective ambient temperature

(EAT) exceeds the upper critical temperature of the animal (19).

The value of adding fat to the diet of weaning pigs is uncertain. Pigs cannot

synthesize linoleic and arachidonic acids, which must be supplied in the diet.

The linoleic acid requirement of 0.1%/kg diet is more than adequately met in typi-

cal corn–soy diets, and requirements have not been set for arachidonic acid. The

nutritional value of fat as an energy source for pigs is influenced by its digestibility,

quantity of fat consumed and its ME, and the environmental temperature in which

the pigs are housed. Substitution of fat for carbohydrate calories in a diet for pigs
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TABLE 14. Characteristics and Metabolizable Energy of Various Fats Used for Feeding Poultry.a

Selected Fatty Acids, Percentage

of Total Fatty Acids Energy Content ‘‘As Fed’’

MIUb Free Fatty

Sample (%) Acids (%) 16:0 16:1 18:0 18:1 18:2 18:3 kcal ME/kg Methodologyb

Animal tallows

Beef 0.3 4.3 26.1 5.1 25.2 37.4 1.9 — 6,683–6,916 —

— — 35.4 2.7 36.5 24.5 0.9 — 7,268–7,780 MEn poults 10%

Commercial 3.5 1.6 22.0 2.7 15.8 47.6 8.7 1.9 7,628 —

0.5 2.4 25.8 3.7 18.1 42.1 4.6 — 6,808–8,551 MEn poults 2–8 weeks

2.2 4.8 26.9 3.3 17.4 41.5 7.5 0.1 6,020–7,690 MEn chicks 10–20%

4.1 6.0 19.9 1.5 14.0 47.2 12.7 1.7 6,060 —

3.0 10.2 21.2 5.9 15.5 45.4 9.6 1.2 7,148 —

4.0 15.5 22.0 3.6 13.1 49.6 8.4 1.7 6,258 MEn chicks 9%

3.6 16.5 22.5 3.0 16.0 47.9 7.0 1.6 6,709 —

2.9 19.1 25.5 4.0 19.3 40.0 4.9 <0.1 6,633–9,353 MEn chicks 2–6%

Soap stocks 5.9 65.1 36.2 0.9 9.6 44.1 8.2 — 4,900 —

Animal–vegetable

blends

Commercial 3.6 61.0 21.0 1.4 6.0 25.4 38.6 4.2 7,114–8,924 MEn poults 2–8 weeks

Commercial edible — — 21.1 2.1 16.2 41.3 10.3 0.6 9,360 —

Tallow, crude canola — — 16.8 2.2 10.3 47.6 12.1 4.6 8,710 —

Tallow, crude soy 0.8 13.6 19.8 1.6 10.3 34.4 29.9 6.3 7,660 MEn chicks 10%

0.9 2.6 19.0 1.7 10.7 34.3 27.8 3.8 8,110–8,820 MEn chicks 10%

Tallow, refined corn — — 20.9 2.1 10.4 32.2 30.5 0.4 9,570 —

Tallow, refined soy 0.7 13.8 19.4 1.5 10.3 34.8 29.5 6.4 7,830 —

Tallow, vegetable oil soap stocks 1.5 49.2 24.7 2.3 9.6 34.6 21.9 0.5 8,490 —

Animal soap

stock, soy soap-stock 1.7 68.7 23.9 0.5 6.9 34.1 32.6 5,834 —

Beef, crude soy 0.9 36.3 17.7 1.0 12.5 34.5 31.2 3.9 7,571 MEn chicks 9%

0.8 36.2 16.0 3.1 12.2 32.4 31.0 3.9 7,788 MEn chicks 9%

Lard, crude canola — — 17.2 1.3 9.5 51.1 13.7 3.2 10,000 —

Canola oil

Crude oil — — 4.9 0.4 1.9 61.0 18.8 7.7 9,210 TME 15%

Soap stock — — 9.9 0.4 4.8 52.4 22.4 7.5 7,780–8,930 MEn TME regression



Coconut oil

24 oils, MCFA¼ 57% — — 8.2 0.4 3.0 5.7 1.8 — — —

Undefined, MCFAd¼ 34% — — 12.8 — 2.9 13.7 23.1 — 8,812 MEn chicks 9%

Corn oil

Refined — — 12.2 0.5 0.7 24.7 60.5 1.4 9,639–10,811 MEn poults 10%

— — 12.4 0.1 1.9 26.9 57.0 0.7 9,870 TME 15%

Fish oil

Menhaden — — — — — — — — 8,450 MEn chicks 4–12%

Hydrogenated — — 18.6 5.8 4.8 18.5 24.1 1.3 6,800 MEn chicks 9%

Lard

Edible — — 28.7 2.1 19.6 40.9 8.7 — 9,114–9,854 MEn poults 10%

— — 28.9 2.2 16.9 38.0 9.7 0.2 9,390 TME 15%

0.2 0.1 26.6 3.1 15.8 42.4 9.1 <0.1 9,926–10,236 MEn chicks 2–6%

1.1 0.2 22.4 2.1 17.7 46.1 8.0 2.1 7,337 MEn chicks 9%

Palm oil

Fatty acid composite — 100 46.4 0.2 5.0 38.7 6.9 0.1 7,710 TME 15%

Refined oil 1.8 0.2 40.7 0.3 5.2 41.6 11.4 — 5,800 MEn chicks 9%

Used in cooking 1.8 1.0 38.0 1.5 5.5 44.3 9.0 — 5,302 —

Poultry fat

Commercial 0.7 0.7 21.6 4.8 7.2 42.3 23.0 — 8,625–8,916 MEn TME chick 7%

3.9 0.5 18.1 5.9 4.6 46.2 23.3 1.1 9,360 TME 7%

Soybean oil

Crude 1.4 0.6 11.3 0.3 3.9 27.2 49.8 7.5 8,650–8,020 MEn chicks 10–20%

Dried gums 1.3 12.2 21.0 0.3 4.5 17.1 45.9 1.8 6,440 —

Crude — — 12.2 0.1 3.2 26.0 51.6 6.3 9,510 TME 15%

Refined 2.0 1.3 10.6 <0.1 3.9 25.1 52.1 7.0 9,687–10,212 MEn chicks 2–6%

1.8 0.1 11.6 — 3.9 19.8 57.9 6.8 8,375 MEn chick 9%

Soap stocks 4.2 72.3 7.9 — 4.1 24.0 56.9 7.1 6,111 —

Used in cooking 4.0 1.1 28.5 — 5.0 35.8 28.0 2.7 6,309 —

Sunflower oil

Refined — — 6.7 0.1 4.3 27.4 57.1 3.7 9,659 MEn chick 2–8%

aReprinted with permission from Ref. 16.
bMoisture, ether insolubles, and unsaponifiable matter contents as a percentage of the fat.
cMEn, apparent metabolizable energy corrected for nitrogen retention; TME, true metabolizable energy using the rooster unless otherwise stated, and level(s) of fat used in the

test diet. Some ME values are not corrected for nitrogen retention, particularly those before 1970.
dMedium-chain fatty acid contributions (C8.0þC10:0þC12:0).



maintained in a thermoneutral environment increases growth rate and decreases

the ME required/unit of live weight gain. For pigs housed in a warm environment,

voluntary ME intake increases by 0.2–0.6% for each additional 1% of fat added to

the diet. This increase is thought to occur because of the reduced heat increment of

fat compared to that of carbohydrate.

The age of the pig, chain lengths of the fatty acids, and the unsaturated: saturated

(U : S) fatty acid ratio influence the apparent digestibility of short- or medium-

chain fatty acids (14 carbons or less). The apparent digestibility of fatty acids of

14 carbons or less is 80–95%; and that of fats from diets containing a ratio of

U : S fatty acids greater than 1.5 : 1 is 85–92%. Apparent fat digestibility decreases

by 1.3–1.5% for each additional 1% of crude fiber in the diet. Digestible energy

(DE) and metabolizable energy (ME) of different fats for pigs is estimated as lard,

7,860 and 7,750, respectively; poultry fat, 8,635 and 7,975; tallow, 8,200 and 7,895;

corn oil, 7,620 and 7,350; and soybean oil, 7,560 and 7,280 (19).

Poultry. The science of nutrition economics is perhaps more advanced for

chickens than for any other species. The most appropriate energy level in selecting

diets is the one that results in the lowest feed cost per unit of product (weight gain

or eggs). Depending on the relative cost of high energy grains and feed-grade fats,

this may vary between low energy and high energy diets throughout the world. Fat is

usually added to the feed for meat-type poultry to increase overall energy concen-

tration and improve productivity and feed efficiency. The moisture, insoluble, and

unsponifiable compounds (MIU components) of rendered fats usually are of no

value and act as diluents. Fatty acid chain length, extent of unsaturation, and

nature of esterification all influence intestinal absorption. The percentage MIU

and percentage digestibility combine to influence the MEn value. All feed fats

should be stabilized by an antioxidant to preserve unsaturated fatty acids.

Improved utilization of dietary fats has been shown to occur after 2–6 weeks of

life for chickens, and is particularly evident with long-chain saturated fatty acids.

When animal tallow is added to feed at a low level, it may be advantageous to blend

it with a small amount of vegetable oil (55). The resulting MEn values of blends are

higher than can be accounted for on an arithmetic basis. Use of saturated fatty acids

is improved by the presence of unsaturated fatty acids in the blend. In trials, fat

utilization increased rapidly in the U : S ratio of 0–2.5, nearly reaching an asymp-

totic maximum at U : S of 4. For broilers, nearly 75% of the variation in fat utiliza-

tion and MEn was due to differences in the chemical composition of the fat fraction.

High level fat feeding apparently increases intestinal retention time of feed and

allows for more complete digestion and absorption of the nonlipid constituents.

Adding fat to feed as an isogenic substitute for carbohydrate usually improves pro-

ductive energy at the same level of MEn. Characteristics and metabolizable energy

contents of fats that have been fed to poultry are shown in Table 14. Equations for

estimating metabolizable energy content of fats for feeding poultry are presented in

Table 15 (16).

Fatty acid synthesis in fowl occurs primarily in the liver. The rate of fatty acid

synthesis and deposit of body fat increase rapidly just preceding sexual maturity.

Fat absorbed from the intestine is transported to the liver; the unsaturated fatty acids
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are unchanged for the most part, but the saturated fatty acids, especially stearic acid

may undergo desaturation to be converted to oleic acid. Elongation and further

desaturation of 18 : 2n-6 and 18 : 3n-3 may occur in the liver. Most lipid in egg

yolk is formed in the liver using fatty acid obtained from the diet or formed by

de novo synthesis. Providing fats avoids the cost of synthesis and is more energy

efficient than synthesis from carbohydrate. Directly employing dietary fat in the

assembly of either body or egg lipids results in a fatty acid composition similar

to that of the diet. Depot fat is most affected by the source of dietary fat and is

more influenced by the vegetable oils having high proportions of polyunsaturated

fatty acids than by saturated animal fats (16). The feeding of fish oil to chicks signi-

ficantly improves growth and antibody production (63).

Linoleic acid (18 : 3n-6 and a-linolenic acid (18 : 3n-3) are metabolically essen-

tial fatty acids, but linoleic acid is the only essential fatty acid for which a dietary

requirement has been established. Characteristic EFA deficiency symptoms

observed in poultry include an increased need for water and decreased resistance

to disease. A dietary requirement for linoleic acid has been set at 1% of diet dry

matter. No major special considerations are mentioned for turkeys, ducks, ring-

necked pheasants, Japanese quail, and bobwhite quail (16).

Fish. Energy requirements in fish are lower than in animals that maintain con-

stant body temperatures, thus leaving more of the net energy in production diets

available for growth and maintenance. Proteins and lipids are highly available

energy sources for fish, while the value of carbohydrates is variable among species.

Nile tilapia and channel catfish (warm-water omnivorous species) digest more than

70% of the gross energy in noncooked starch; rainbow trout (cold-water carnivore)

digests less than 50%. Extrusion processing and other forms of cooking increase

TABLE 15. Equations for Estimating Energy Value (kcal/kg Dry Matter) of Feed

Ingredients from Proximate Composition for Feeding Poultry.a,b

Ingredient Prediction Equation

All fats and oils MEn¼ 8,227� 10,318(-1.1685) [unsaturated : saturated ratio]

MEn¼ 28,119� 235.8 (C18:1þC18:2)

� 6.4 (C16:0)� 310.9 (C18:0)þ 0.726 (IV� FR1)

� 0.0000379 [IV (FR1þ FFA)]2

Vegetable oils (free fatty acid <50%) MEn¼�10,147.94þ 188.28 IVþ 155.09

FR1�1.6709 (IV� FR1)

Vegetable oils (free fatty acid >50%) MEn¼ 1,804þ 29.7084 IVþ 29.302 FR1

Animal fats (free fatty acid <40%) MEn¼ 126,694þ 1645 IVþ 838.4

C16:0� 215.3 C18:0þ 746.61

FR1þ 356.12 (FR1þ FFA)� 14.83 (IV� FR1)

Animal fats (free fatty acid >40%) MEn ¼ �9;865þ 194:1IVþ 300:1 C18 : 0

aReprinted with permission from Ref. 16.
bMEn, nitrogen-corrected metabolizable energy; IV, iodine value; C16:0, percent palmitic acid; C18:0, percent

stearic acid; C18:1, percent oleic acid; C18:2, percent linolenic acid; FFA, percent fatty acid, calculated as

oleic acid equivalents; FR1, first fraction from a column chromatography separation that contains the

practically unaltered triglycerides plus other apolar components.
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digestibility of starch for fish. Studies have shown extrusion-processed corn to have

38% higher DE for channel catfish than compression-pelleted corn; gelatinized

starch has a 75% higher DE for rainbow trout than raw starch. The challenge in

the coming years will be to learn how to make low cost carbohydrate feedstuffs

usable in feeding fish and other aquaculture species.

Maintaining life takes priority over growth and other functions, and energy con-

centration is the first consideration in developing diets for fish. Protein usually is

given first attention because it is more expensive than other energy-yielding diet

components. Fish convert dietary protein to tissue as efficiently as warm-blooded

animals. A dietary balance is then established between protein and energy, which

may be expressed as carbohydrates—or as lipids in the case of the salmonoids.

In common with other vertebrates, fish cannot synthesize linoleic or linolenic

acids de novo and vary considerably in abilities to convert 18-carbon unsaturated

fatty acids to longer-chain, more highly unsaturated fatty acids of the same series.

The EFA requirements for selected species of fish are presented in Table 16 (11). In

general, freshwater fish require either linoleic acid (18 : 2n-6) or linolenic acid

(18 : 3n-3) or both, whereas stenohaline marine fish (those unable to withstand a

wide variation in water salinity) require dietary eicosapentaenoic acid (EPA,

20 : 5n-3) and/or docosahexaenoic acid (DHA, 22 : 6n-3).

Among the freshwater species, the ayu, channel catfish, coho salmon, and

rainbow trout require 18 : 3n-3 or EPA and/or DHA. Chum salmon, common

carp, and Japanese eel require an equal mixture of 18 : 2n-6 and 18 : 3n-6. Nile

TABLE 16 Essential Fatty Acid Requirements of Fisha,b

Species Fatty Acid Requirement

Freshwater fish

Ayu 1% linolenic acid or 1% EPA

Channel catfish 1–2% linolenic acid or 0.5–0.75% EPA and DHA

Chum salmon % linoleic acid; 1% linolenic acid

Coho salmon 1–2.5% linolenic acid

Common carp 1% linoleic acid; 1% linolenic acid

Japanese eel 0.5% linoleic acid; 0.5% linolenic acid

Rainbow trout 1% linolenic acid; 0.8% linolenic acid; 20% of lipid as linolenic

acid or 10% of lipid as EPA and DHA

Nile tilapia 0.5% linoleic acid

Zillii’s tilapia 1% linoleic acid or 1% arachidonic acid

Striped bass 0.5% of EPA and DHA

Marine fish

Red sea bream 0.5% EPA and DHA or 0.5% EPA

Giant sea perch 1% EPA and DHA

Striped jack 1.7% EPA and DHA or 1.7% DHA

Turbot 0.8% EPA and DHA

Yellowtail 2% EPA and DHA

aReprinted with permission from Ref. 11.
bLinolenic acid, 18:3(n-3); EPA (eicosapentaenoic acid), 20:5(n-3); DHA (docosahexaenoic acid), 22:6(n-3);

linoleic acid, 18:2(n-6); and arachidonic acid, 20:4(n-6).
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tilapia and Zillii’s tilapia require only 18 : 2n-6 for maximum growth and feed

efficiency. Stripped bass cannot elongate 18 : 3n-3 and require 22 : 5n-3 and 22 : 6n-3.

The EFA function as components of phospholipids in all biomembranes and as pre-

cursors of eicosanoids required for a variety of metabolic functions. Principal gross

signs of EFA deficiency reported for various fish include fin rot, a shock syndrome,

myocarditis, reduced growth rate, reduced feed efficiency, and increased mortality.

Lipids serve as an important source of dietary energy for all fish and to a greater

extent for cold-water and marine fish, who have a limited ability to use dietary car-

bohydrates for energy. Increasing the lipid content of some diets has also been

effective in decreasing protein requirements in some applications (11).

5. FAT UTILIZATION PRACTICES

5.1 Fat Selection Principles

Extensive reviews on feeding of fats to animals have been prepared (64, 65). It has

been reported that feeding fats at high levels to ruminants decreases digestibility of

protein and fat by overwhelming the fat absorption capacity (66). Fatty acid intake

affected fatty acid digestibility quadratically.

Sources and compositions of fatty materials, and characteristics of animals that

will use them, were reviewed above. Approximately 3000–4000 citations on research

in feeding fats to various species are available in computer-searchable databases,

now approaching their twenty fifth year. The reader is referred to these for the

role of fat in additional feedstuffs and animal species. Several principles stand

out, which are discussed in the following paragraphs.

Fats are best fed back to the same species. Tallows are best used by cattle. Fish

oils should only be used in levels that do not cause off-flavors in eggs, broilers,

pork, or bacon. They are not recommended for cats and mink because of potential

steatitis problems (67), unless the diet is adequately supplemented with vitamin E.

Fish oils are valuable in growing fish, and are more effective in feeds if obtained

from species whose metabolism focuses on the same HUFA family (n-6 or n-9) as

the species cultivated.

In nonruminant species (poultry and swine), digestibility increases as chain

lengths of fatty acids shorten and as polyunsaturation increases. Corrected digesti-

bility and energy equivalent (the product of digestibility and heat of combustion)

of beef tallow have been improved appreciably by adding up to 20% soybean oil

(Figure 6) (55).

Fats not protected for ‘‘escape’’ or ‘‘bypass’’ will be altered if fed to ruminants.

Within limits, triacylglycerols are hydrolyzed, and the polyunsaturated fatty acids

are biohydrogenated by rumen bacteria enzymes.

Consistent performance in today’s feed conversion–animal production indus-

tries requires consistent feedstuffs. In addition to providing products free of chick

edema factors, pesticides, herbicides, polychlorinated biphenyls (PCBs), and other

hazardous contaminants, the tallow and grease supplier is expected to deliver

products with increasingly consistent fatty acid profiles. This requires appropriate
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raw materials purchasing, classification, segregation, and blending abilities. Fat

suppliers likely have users with different needs. Modern quality-control procedures

for fats already have gone beyond iodine value (IV)—a measurement of unsatura-

tion in the product)—to gas liquid chromatography (GLC) for monitoring fatty

acids profiles as well as potential contaminants.

Increasing use is being made of the peroxide value (PV, POV) as a means of

screening feeding fats for potential toxic fat oxidation products. Fish larvae and fin-

gerlings are the most sensitive to these compounds, but PV is also used for moni-

toring fat quality in feeding poultry and other animals. Peroxides are unstable

compounds formed during oxidative deterioration of fats and oils and may not

themselves be the toxic constituents. Thus a fat that has undergone oxidation

may have reduced peroxide values but still contain significant quantities of toxic

components. Despite these limitations, PV currently is preferred in practice over

2-thiobarbituric acid (TBA), diene value (DV), triene aldehyde value, p-anisidine

value, and totox (two times the peroxide value plus the anisidine value).

As background, the AOCS active oxygen method (AOM) test uses 100 meq

peroxide/1000 g sample as the end point for predicting hours of stability of a fat

sample heated at 97.8� 0.2�C, under controlled aeration. But, in food-grade appli-

cations, major buyers of frying oils typically specify 1 or 2 as the maximum allow-

able PV at receipt. In soy oil, 1.0–5.0 PV is considered low oxidation, 5.0–10.0 PV

moderate oxidation, and 10þ high oxidation. The flavor of oil with a PV above

20 usually is so unacceptable that the product is of little interest.

Currently, PV generally is not included in industry product definitions or trading

specifications, but increasingly appears in buyer purchase specifications. Oils with

wide ranges of PV values have been reported fed to different species with varying

toxic effects. The AOCS will table the AOM method as means for predicting the

Figure 6. Synergistic effect of soybean oil on corrected digestibility and energy equivalent of

beef tallow. Data from Ref. 55.
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oxidative stability of fats and oils in 1996, with endorsement of oil stability index

(OSI) and other methods that estimate the time for an oil to reach the state of oxi-

dation induction, instead of a specified PV value. Interest in the healthfulness of

polar compounds formed in oils during deep fat frying of foods is also increasing

and is likely to lead to reviews on use of spent restaurant frying oils in animal feeds.

Anything that is written on this topic today is likely to become outdated rather quickly. It

is recommended that readers check with the prevailing industry practices regarding

measurement and use restrictions of oxidized and heated oils in feeding animals.

Processing fats and oils for feeds use includes:

Mixing liquid tallows, greases, and oils into dry feeds.

Coating (‘‘enrobing’’) extruded and pelleted feeds.

Extrusion of high fat content feeds.

Preparation of free-flowing granular fats for mixing into dry feeds.

Preparation of free-flowing rumen-protected fats.

Feeding whole cottonseed.

Extrusion of full-fat oilseeds.

Dry roasting of soybeans.

Not all decisions regarding the use of fats are technical or engineering-based. For

example, liquid fats wick through kraft paper feed bags. In using a multiwalled bag,

the fat barrier should be inside, next to the product. Some feed manufacturers prefer

to use ‘‘harder’’ (higher melting point) fats to minimize this problem and possibly

save on packaging costs. Undesirable fatty odors, and tendencies of products to oxi-

dize (become ‘‘rancid’’) during storage, also can be reduced using higher melting

point fats.

5.2. Fat Storage and Application

Storage Tanks. There is no major reason for not making full use of permitted anti-

oxidants and metal scavengers in feed fats. These ingredients should be added to

fats, with thorough dispersion, as soon as they are made. Nitrogen blanketing,

to form a cover of inert gas, is often used in storage and handling of edible fats.

Costs of maintaining a nitrogen blanket may not be justified for storage of inedible

fats, but at least every effort should be made to avoid mixing in air, including tight

seals on the suction side of truck unloading pumps and bringing fat into tanks through

internal down pipes with tips submerged or floating to avoid splattering of fat.

Fats must be liquid to be pumpable, whether for addition to feeds or for further

processing. Heat accelerates all deterioration processes. Quality of the final product

is improved by storing fats at temperatures slightly above the melting point (50�C;

121�F). They should then be heated as needed, by heat exchangers to 80�C (175�F),

to improve mixing and absorption in feeds. In cold climates, or in wintertime, it

may be necessary to heat to higher temperatures to avoid formation of ‘‘fat balls’’

when added to cold ingredients at the mixer.
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Tanks typically are made of mild steel, but stainless steel may be required when

continuously handling fatty acids, acidified soapstocks, or fats containing high

levels of free fatty acids. Approved epoxide-type internal coatings are sometimes

used. Moisture in the oil should be kept low; an increase in moisture content from

1 to 2% is reported to double the corrosion rate. The tank should be built and

leveled so the bottom drains to the discharge port. An external thermostatically con-

trolled jacket steam heating ring or electrical element should surround the tank

near the bottom. Internal steam heating coils can develop unnoticed leaks and

should be avoided. Some operators prefer/to take oil from the tank slightly off

the bottom, allowing water and precipitate to collect in the low spot. The installa-

tion of a side-mounted mixer may be desirable if the fat is of a quality that separates

or forms precipitates on standing. The propeller should be of a size, speed, and

placing that does not incorporate air into the fat. A side manhole is preferred for

cleaning and inspecting the tank. The top of the tank should have a vent or vacuum

release valve to avoid collapsing the tank when unloading, and equipped to avoid

intake and condensing of moist air. Insulation of the tank is a good investment in

almost any location. The tank should be enclosed by a containment dyke large

enough to hold its contents in case of leakage.

If the installation is large enough, welded piping is preferred, and an expansion

loop may be warranted if long horizontal runs are required. Galvanic corrosion

always occurs between dissimilar metals and can be reduced by the use of bolted

flanges and gaskets. Copper and brass valves should be avoided. All lines should be

chased with steam-heated copper tubing or electrical heating wire, with thermostat

controls to prevent hardening of tallows. Condensate traps should be included to

drain the tubing. Unless the pipes are designed to drain completely, they should

be blown down by compressed air to prevent solidification of fat when the installa-

tion is not operating. The fat should be filtered at the time of receipt, after storage,

and before application to the product. Two parallel filters with crossover valves are

preferred at each location to enable continued flow of fat while one is being

cleaned. Characteristics of typical feed fats include specific gravities of 0.893

and 0.866 at 49�C (120�F) and 93�C (200�F), respectively, weights of 7.44 and

7.22 lb/gal, and viscosities of 24 and 8 centipoise, respectively (68, 69).

Most deliveries of feeding fats are made by insulated tank truck, which allows

users without railroad sidings to be serviced, just-in-time deliveries, reduced

numbers of local storage tanks, and rapid delivery while the fat remains hot. The

industry and its contract haulers take pride in their equipment, and an inedible

tallow tank truck looks little different from other milk or liquid ingredients trucks

if kept clean.

Liquid Fat Application to Mixed Feeds. The typical operation consists of a

horizontal batch dry feed mixer, equipped with fat addition ports. Hot fat is added

to the batch after the dry ingredients have been mixed to minimize segregation of

ingredients into fat balls. Some operators spray the fat, and others prefer to let it run

into the mixer through small distributor lines or horizontal pipes with diagonal cuts.

Much can be said in favor of the distributor line approach. Spray nozzles clog, even

if equipped with screens. A spray fan pattern, that doesn’t deposit fat on the sides of
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the mixer, must be chosen and the installation examined periodically to ensure the

nozzles stay in alignment. Also, the production of spray mists cool the fat, reducing

its temperature and wicking into the dry feedstuff.

In recent years, the addition of tallow has moved directly to dairy and beef feed

lots. Small, heated, insulated tanks have been developed to receive and hold fat

shipments (Figure 7). As described earlier, beef tallow is the most compatible fat

for ruminants. It may be sprayed or flowed, at 2–3% of dry matter onto rations of

chopped hay, other roughages, grains, or concentrates while in the mixer, or

top-dressed on hay or other forages. Feed mixing operations like these require a

positive displacement pump, like a Moyno or gear pump with variable-speed drive

set to deliver a known amount of fat within a specific time period. As an alternative,

mixers in feed mills can be mounted on load cells and equipped with controllers to

stop the flow of fat when the desired weight has been added.

Hydrolyzed animal and vegetable fats, containing more than 90% fatty acids but

no cottonseed oil, are available and used in feeding poultry. Their estimated meta-

bolizable energy is 8360 kcal ME/kg.

Fat Coating. Historically, about 2–3% fat at the maximum could be added to

feed ingredients before pelletizing and still obtain pellet integrity. About 6% fat,

total, could be present in extruded feeds and retain expansion. (Levels of 10–

12% fat can be included in extrusion premixes for ‘‘semimoist’’ pet foods, pre-

served by controlled-water activity, but these products typically are not expanded.)

The upper limits of internal fat content have been raised in recent years by moist

heat conditioning and holding (‘‘ripening’’) of starch-containing feedstuffs before

pelleting and by more thorough precooking of starch in extrusion.

Figure 7 Insulated tanks for holding liquid fat at feeder lots. Note thermostatic controls for

electrical heater (bottom center of each tank) and waterproof vinyl-coated covers. Courtesy of

Griffin Industries, Cold Spring, Kentucky.
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Fat coating of the pellet machine or extruded pellets improves animal acceptance

of the feed because of surface fat aroma; binds heat-sensitive vitamin mixtures, fla-

vorings, and rapidly hydrating ‘‘instant gravies’’ to dry pet foods; and enables addi-

tion of antioxidants, which steam distill easily and would be lost if included before

extrusion. If emulsion-type coatings are used, they may be added to extruded feeds

before the drying oven. Otherwise, the typical practice is to apply coating fats

to warm pellets after the dryer, at 60–70�C (140–160�F) to enable the hot fat to

soak partially into the product. The maximum amount of fat used for coating is

about 5%. Cooling before packaging may be necessary to minimize wicking of

liquid fat into the feed bag liner or container wall.

A slowly turning horizontal batch mixer, equipped with fat spray nozzles, can be

used for coating small amounts of pellets or extruded collets. The mixing action

should be gentle to avoid breakage of pellets. A simple continuous fat application

system can be made by using a flat belt conveyor, straddled by a hopper and adjust-

able height gate to deliver a constant height (volume) of pellets. These are allowed

to cascade off the end through a spraying chamber and then to continue through a

slightly inclined barrel tumbler to finish distributing the fat.

Figure 8 shows a commercial fat applicator. The pellets enter through a hopper,

are metered by a loss-in-weight belt feeder to cascade through a spray box, and

then are mixed while being conveyed by mixing screw. A less expensive fat

Figure 8. Gravimetric fat coating–blending system. Granular product enters through chute or

hopper (A). A constant feed rate is maintained by a gravimetric weigh belt feeder (B). Liquid fat

falls through a spray chamber (C). Coating is completed by tumbling in continuous open screw

conveyor (D). Product is discharged (E). A lower cost volumetric coating–blending system, with

the gravimetric feeder replaced by an adjustable-flow drag feeder, is available. Courtesy of

Hayes & Stolz, Ft. Worth, Texas.
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applicator, which uses a volumetric belt rather than a weight belt feeder, is also

available from the same manufacturer.

A rotary pellet coating system is shown in Figure 9. Pellets and fat both are spun

off separate rotating disks and mixed in a conveyor mixer. Elimination of spray noz-

zle clogging is claimed as the major advantage of this design.

Nozzles have the limitation of spraying only fat and fat-soluble materials alone.

Dry materials must then be dusted onto the particles while sufficient liquid fat is

at the surface to bind them. Another option is to add slurries of all coating ingre-

dients to pellets passing through a continuous screw conveyor mixer. Fine particles

often occur in the pellet stream, either from breakage, polishing of coarse edges, or

disintegration of pellets. As shown in Figure 10, fine particles can be removed

(scalped) from the stream either before or after fat coating.

Extrusion of High-Fat Content Feeds. Aeration (expansion) is required to pro-

duce floating fish feeds. In turn, this limits the amount of fat used in the extrusion

formula. Calorie-dense feeds can be made if the ability to float in water is not a

necessity. Dry pet foods containing 9–12% fat have been produced for many years.

Trout and salmon have evolved as carnivores that obtain their caloric needs from

either fat or protein. Special techniques have been developed to produce 20–25%

fat content feeds on single-screw extruders and 25–30% fat content feeds on twin-

screw extruders. (The twin-screw extruder has corotating, intermeshing, self-wiping

double screws that essentially enable it to operate like a positive displacement

pump. In contrast, fat-caused slippage between the screw and barrel limits the

Figure 9 Disk-Coater fat coating system. Product is metered into a steam-coil heated chamber

through a rotary lock feeder and is thrown off the upper rotating disk by centrifugal force. The

particles fall through a thin spray of fat simultaneously thrown off the lower rotating disk. Mixing

and absorption are continued in the takeaway conveyor. Courtesy of ASIMA Corp.,

Independence, Kansas.
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ability of single-screw extruders ability to push product against the resistance of

steam locks and the die plate.)

Techniques used in making high fat content feeds include (1) using nonextracted

cereals and oilseeds with full content of indigenous fats, (2) using starch-containing

cereal fractions, (3) operating the extruder at moisture levels above 30% (well

within starch gelatinization requirements, rather than the lower-moisture dextrini-

zation range), (4) long-time (4–5 min) moistening and heating of cereals and other

feed ingredients in the preconditioner, (5) use of special-design screw worm and

barrel segments in single-screw extruders, (6) injection of steam into the extruder

barrel to enhance starch cooking and formation of a starch-fat gel, and (7) pressure

injection of fat into the screw barrel. After shaping, cutting, and drying, an

additional 5% fat may be added by coating to obtain single-screw extruded

feeds containing about 30% fat and twin-screw extruded feeds containing 35%

fat (70).

A major advantage in extrusion is the ability to make various size feeds simply

by changing the die plate. Particle sizes can range between 1.5 mm diameter for

shrimp and eel larvae feeds, up to 2.5 cm (1 in.) for cattle feeds. One domestic

manufacturer of commercial trout/salmon feeds offers products with the following

particle diameters:

Meal. <0.600 mm (<U.S. mesh 30).

Figure 10. Two typical installation arrangements for coating feeds with liquid fat. Courtesy of

Hayes & Stolz, Ft. Worth, Texas.
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Crumbles. No. 1, 0:850� 0:600 mm (U.S. mesh 20/30); no. 2, 1:18� 0:850 mm

(U.S. mesh 16/20); no. 3, 2:00� 1:18 mm (U.S. mesh 10/16); and no. 4,

3:35� 2:00 mm (U.S. mesh 6/10).

Pellets. 2.4 mm (3/32 in.), 3.2 mm (1/8 in.), 4.0 mm (5/32 in.), 4.8 mm (3/16 in.)

(pigment available on request).

Brood Pellets. 6.4 mm (1/4 in.).

A large twin-screw extruder that is capable of making 6.3–15 MT of aquatic feeds

and pet foods per hour and requires 450 kW (600 hp) is shown Figure 11. A process

flow chart for making dry-expanded or semimoist pet foods and aquatic feeds is

shown in Figure 12.

Free-flowing Fats. The objective in making free-flowing fats is to produce

‘‘dry’’ ingredients that can be readily mixed into feeds when rumen bypass is not

required (primarily swine feed and milk replacers). Various mixtures of fats and

cereal fractions, peanut and other hulls, and vermiculite were tried before the cur-

rent spray-dried or chill-granulated products were developed. Choice white grease

(including lard with its higher levels of unsaturated fatty acids) and coconut oil

(containing medium-chain fatty acids) are often included. Milk or whole or delac-

tosed whey solids, soybean protein, or corn syrup solids are included to help in pro-

cessing the products. Typically, hardness of purchased fat (partially estimated by

iodine value) increases with the percent fat content of the product. Products sold

domestically currently include (1) 40% choice white grease and 7% protein from

Figure 11. Large twin-screw extruder for producing pet foods and high fat content aquaculture

feeds. Notice the differential diameter preconditioner (DDC). Machines available in sizes to 450

kw/600 hp, 15 MT/h. Courtesy of Wenger Manufacturing, Inc., Sabetha, Kansas.
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nondelactosed whey; (2) 15% coconut oil, 45% edible lard, and 7% dairy protein;

(3) 60% choice white grease and 7% dairy protein; (4) 80% edible beef tallow and

4% soy protein; (5) 80% coconut oil and 4% soy protein; (6) 80% choice white

grease and 4% soy protein; (7) 80% animal fat, 4% dairy protein, and corn syrup

solids; and (8) 90% animal fat. Lower fat content products (30% fat or less), spray-

dried with skim milk, whey, or sodium caseinate, are available in addition to dry

complete calf, lamb, and pig milk replacers.

Rumen-protected Fats. Rumen-protected fats are designed to be unavailable to

rumen microorganisms, and pass to the stomach (abomasum) and small intestine

for hydrolysis by pancreatic lipase and absorption. Free-flowing products are also

desired. There is little advantage over the tallows, greases, and vegetable oils in

using protected fats for nonruminants. Inertness in the rumen can be achieved by

encapsulating the fat with a nondigestible protein, making the fat insoluble as a

fatty acid–calcium soap, or by hydrogenation to raise the melting point of tallows

(triacylglycerides) or fatty acids above the temperature of the rumen.

Scott and co-workers pioneered the development of rumen inert fats by demon-

strating that the polyunsaturated fatty acids content of milk can be increased

by feeding polyunsaturated oils encapsulated in formaldehyde-treated casein (71–

74). Various types of domestically sold rumen inert fats are show in Table 17. Palm-

quist and co-workers pioneered the feeding of calcium soaps to dairy cattle (75–

77). Their work became the basis for Megalac, made from palm oil and stearin.

Figure 12. Process flow sheet for making dry expanded or semimoist pet foods, and aquatic

feeds. Courtesy of Wenger Manufacturing, Inc., Sabetha, Kansas.
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Calcium soaps dissociate as they move from the rumen into the acidic aboma-

sum. pKa values have been estimated for the following calcium soaps: soy oil, 5.6;

palm fatty acid distillate, 4.6; tallow, 4.5; and stearic acid, 4.5. Unsaturated fatty

acids soaps are less satisfactory for maintaining normal rumen function because

their pH of dissociation is higher (78). The feeding of calcium salts of long-chain

fatty acids to goats significantly increased milk fat content from 3:4� 0:1% to

3:7� 0:2%, but the content of short- and medium-chain fatty acids decreased (79).

Supplemental feeding of methionine, protected by coating with C14 : 0–C18 : 0

fatty acids and calcium carbonate, has been reported to increase the protein content

of milk (80, 81).

Preformed calcium soap is highly available to laying hens, with about a 99.2%

availability. True metabolizable energy of calcium soap has been reported as

7,200 kcal ME/kg, estimated by regression and 8,140 kcal ME/kg calculated

from retention (82).

Feeding of Whole Cottonseed. Whole cottonseed was one of the earliest

forms of protected fats fed to ruminants, although its mechanism did not become

apparent for many years. Feeding research on this crop was reported as early as

1890 in Mississippi (83) and 1894 in Texas (84). Because of its ready availability,

cottonseed became the main source of edible oil domestically, from the 1890s until

the late 1930s when soybean acreage increased rapidly. Competition and improve-

ment in soybean and corn oil quality narrowed the price premium once enjoyed by

cottonseed oil. Interest in feeding whole cottonseed was rekindled by a feasibility

study by Stanford Research Institute in 1972. Currently, an estimated 35–40% of

the cottonseed produced domestically is used for feeding dairy cattle. This practice

has essentially spread throughout the country. Relative to other nutrient sources,

cottonseed is worth enough to the dairy industry to outbid oil milling for the first

1.5–2 million tons produced in the United States even in low harvest years.

A typical response from feeding 3.6 kg (8 lb) cottonseed daily has been reported

(85). Milk production rose by 4.9%, milk fat content by 15.3%, and total milk

solids secreted by 1%, but milk protein content decreased by 6.4% compared

TABLE 17. Domestic Rumen Inert Fat Products.

Product Company Ingredient Composition Fat (%)

Alifet Alifet U.S.A Hydrogenated tallow mixed with

wheat starch and crystallized

95

Biopass Bioproducts, Inc. Hydrogenated long-chain fatty acids 98

Booster fat Balanced Energy Co. Tallow plus soybean meal treated

with sodium alginate

95

Carolac Carolina Byproducts Hydrogenated tallow—prilled 98

Dairy 80 Morgan Mfg. Hydrogenated tallow—prilled;

contains some phospholipid, flavor,

and coloring agents

92

Energy booster Milk Specialities Co. Relatively saturated free long-chain

fatty acids—prilled fat

98–99

Megalac Chuch & Dwight Co. Calcium salts of palm oil 82

FAT UTILIZATION PRACTICES 377



with a no-cottonseed diet. Other studies have had similar results (86). It also has

been reported that feeding cottonseed decreases the proportion of medium-chain

fatty acids (C6-16) in milk and increases stearic and oleic acids (87). Since substan-

tial premiums were paid for butterfat at that time, the return through the increased

value of fat in the milk made the feeding of whole cottonseed profitable.

In contrast, milk production and fat contents typically decreased in feeding stu-

dies of other oilseeds and liquid oils (88–90). Various studies were conducted to

explain the different response in feeding whole cottonseed. While this question has

not been answered, various researchers have noted that protein in cottonseed has a

higher bypass property than soy protein. Furthermore, the kernel in fuzzy cotton-

seed is enmeshed in a porous cocoon and shell, which the cow crushes but does not

disintegrate while chewing its cud. One study that used nylon bags and rumen

fistula showed only 16% digestibility of linters during 24 h in the rumen, 0.0%

protein digestibility in whole (non-chewed) cottonseed, and 64% protein digesti-

bility in finely ground cottonseed. The linters cocoon and seed protein may act

Figure 13. Dry extruder for making full-fat soybean meal and shaped extruded feeds; 272 kg

(600 lb)/h. This machine also can be run by a farm tractor power take-off (PTO). Courtesy of

InstaPro International, Inc., Des Moines, Iowa.
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together to provide a physical bypass effect in the rumen, which shifts the major

portion of the protein and fat digestion to the small intestine.

Extrusion of Full-fat Oilseeds. Because oil in oilseeds exists in a protein-

aceous matrix, its usability by animals depends on the treatment given to protein.

Whole soybeans contain about 18% fat, and 38% protein, with the best balanced

essential amino acid profile available in significant quantities from one plant source.

Ruminants are able to tolerate trypsin inhibitor (an antigrowth factor) to a limited

degree; however, most of the trypsin inhibitor should be inactivated before the

soybeans are fed to monogastric species, especially poultry and swine. Extruders

are used to shred soybeans and inactivate trypsin inhibitor simultaneously. During

this process, other toxic or anti-nutritional factors (hemagglutinins, goitrogens, and

others) are also inactivated.

A farm-size dry extruder, with a capacity of 273 kg (600 lb) per hour, is shown

in Figure 13. This model also can be run by the power take-off of a farm tractor.

The manufacturer also makes larger units. A diagram of a processing line for

making full-fat soybean meal by wet extrusion is shown in Figure 14. The manu-

facturer recommends that the machine be operated, using soybeans at 8–10%

moisture content and a product exit temperature of 145�C (295–300�F). Metaboliz-

able energies (kcal ME/kg) for growing poultry (3850), adult poultry (3960), swine

(4180), and ruminants (3335) have been reported for full-fat soybean meal made by

this machine (91).

Figure 14. Process flow sheet for production of full-fat soybean meal. Courtesy of Anderson

International Co., Cleveland, Ohio.
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Almost a parallel relationship exists between deactivation of trypsin inhibitor

and urease activity by heat. The latter component is often tracked because it is

easier to analyze. Moisture plays a significant role in the rate of enzyme deactiva-

tion. For example, at 15% moisture content and an extrusion temperature of 135�C
(275�F), approximately 12% trypsin inhibitor is inactivated with a corresponding

urease activity of 1.0 pH units. But at 20% moisture content, 89% of the trypsin

inhibitor is inactivated (urease activity 0.1 pH units). The protein efficiency ratio

(PER) is 1.82 and 2.15 at these moisture levels, respectively (92).

Extruders are also used for extrusion of secondary resources (coproducts render-

ing). Poultry mortalities, eggshells, feathers, shrimp heads, and various other meat

and fisheries coproducts have been mixed with solvent-extracted soybean meal and

extruded at sterilization temperatures for use as animal feeds. Significant amounts

of fats can be recycled in this manner, while fresh and near the site of production

(92).

Extrusion of whole double-O rapeseed, with 30–70% peas or 47–53% wheat

meals, at 150�C (302�F) decreased trypsin inhibitors by 20–40%, total glucosi-

nolates by 20–40%, and progoitrin by 46–60%. Rapeseed lipids had apparent

digestibilities of 70.1% and 80.5% in pigs 4 and 7 weeks of age, respectively, and

were similar to corn (maize) oil (93).

Dry Roasting. Roasters are simple to operate and maintain and do not have

parts that wear as rapidly as those of extruders. A diagram of a commercial unit

is shown in Figure 15. Roasting of soybeans is done for two effects: deactivation

of trypsin inhibitor, and increasing bypass properties of the protein. The manu-

facturer recommends a roaster exit temperature of 115–127�C (240–260�F) for

feeding pigs and a final temperature of 149�C (300�F) plus 30 min hot holding

for increased bypass. Roasted soybeans with a protein dispersibility index (PDI)

of 9–11 have been deemed as optimally heated; PDI 11–14, as marginally under-

heated; and PDI above 14, as underheated (94).

Figure 15. Schematic drawing of a crop roaster adapted for soybeans. Courtesy of Sweet

Manufacturing Co., Springfield, Ohio.
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In one study, lactating cows were fed 8% soybean oil, either by direct addition of

oil or as 50% coarsely ground raw soybeans (95). Both rations decreased content

and yield of C10 : 0, C12 : 0, C14 : 0, C14 : 1, C16 : 0, and C16 : 1 fatty acids in

milk fats but increased content and yield of C18 : 0, C18 : 1, and C18 : 2 fatty acids.

Direct addition of soybean oil to the diet also reduced the percentage and yield of

C6 : 0 and C8 : 0, while inclusion of raw soybeans increased the percentage of

C4 : 0 and yields of C4 : 0 and C6 : 0 in the milk fat.

The feeding of roasted soybeans increases milk yield over the feeding of raw

soybeans. But particle size has no apparent effect, indicating that whole or cracked

roasted soybeans can be used as feed (96, 97).

It has been shown that heating soybeans reduces their protein degradability in

the rumen and postpones digestion to the small intestine (98). However, the pro-

duction of unavailable protein is also increased (Figure 16). The relative effects

of feeding soybean meal, roasted soybeans, extruded soybeans, and raw soybeans

on milk yield, protein, and fat content are shown in Table 18. Extruded soybeans

gave the highest yield of 3.5% fat corrected meal (FCM) and was second to soybean

meal in total protein produced. However, fat and protein contents of milk from

extruded soybeans were lower than for the other treatments.

The effects of two commercial rumen inert fats and whole roasted soybeans on

yield of milk and its fatty acid profile were evaluated (99). Fatty acid profiles of the

three fat sources are shown in Table 19. Whole roasted soybeans produced

more total and 3.5% FCM milk, total protein, and total fat than the two rumen inert

fat sources (Table 20). However, Megalac produced the milk with the highest fat

Figure 16. Effects of heating soybean on protein (and fat) bypass in cattle (98).
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content. Protein content in the milk decreased by about 0.1% for all fat sources.

Fats of milks produced with Megalac (of palm oil origin) and Alifet (a hydroge-

nated tallow) contained more C16 : 0 and less C18 : 0, C18 : 2, and C18 : 3 than

milk produced with roasted soybeans (Table 21). Feeding roasted soybeans whole

apparently achieves fat bypass and milk production equivalent to rumen inert fats

costing $0.40–0.50/lb.

Dust Control. The use of soybean oil (100, 101) and inedible animal fats (102)

to reduce dustiness in swine feeding operations, especially during months of low

TABLE 18. Effect of Supplemental Protein and Fat on Feed Intake,

Body Weight Change, Milk Yield, and Milk Composition (98) (a,b,c,d

Means in the Same Row with Different Superscripts Differ at Given

p Value).

Soybean Roasted Extruded Raw

Item Meal Soybeans Soybeans Soybeans

Intake

DM, kg/da 24.7a 22.5b 25.1a 22.7B

DM, % of BWa 4.01a,b 3.83a,b 4.10a 3.74b

CP, kg/db 4.32 3.87 4.29 3.88

UIPc, kg/d 1.49c 1.61b 1.79a 1.20d

NELd, Mcal/d 38.3 35.6 39.7 35.9

Yield, kg/d

Milka,e 36.0b 37.5a,b 39.0a 35.9b

FCM, 3.5%a 35.7a,b 36.6a,b 37.6a 35.2b

Proteina 1.16a 1.06b 1.14a 1.06a

Milk Composition, %

Fata,f 3.48a 3.35a,b 3.25b 3.45a

Proteina,g 3.10a 2.95b,c 2.89c 3.00b

aMeans were covariately adjusted.
bNo statistical analysis.
cUndegraded intake protein.
dNet energy lactation.
eSignificant week� treatment interaction ðp < :10Þ.
fSignificant week� treatment interaction ðp < :01Þ.
gSignificant week� treatment interaction ðp < :001Þ.

TABLE 19. Fatty Acid Profile of Fat Sources (99)a.

C14:0 C16:0 C18:0 C18:1 C18:2 C18:3 Saturatedb Unsaturatedc

Fat Source (%) (%) (%) (%) (%) (%) (%) (%)

Soybeans — 12.5 4.5 22.0 52.9 8.13 17.0 83.0

Megalacd 1.8 50.9 4.1 35.1 8.1 — 56.8 43.2

Alifete 3.6 26.7 37.2 31.7 0.8 — 67.5 32.5

aPercent by weight of fatty acids reported.
bSaturated fatty acids (C14:0, C16:0, C18:0).
cUnsaturated fatty acids (C18:1, C18:2, C18:3).
dCalcium salt of palm oil fatty acids.
eHydrogenated tallow.
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humidity, have been reported. Particle counts and total dust on a mass basis have

been reduced by 50–99% at levels of 2% oil. Fewer bacterial spores and respiratory

problems, improved pig health and survival, and improved feed efficiency and

daily gain have been claimed.

It is estimated that, each time grain is handled, about 0.15% weight is changed

into dust, which potentially could reach explosive levels. The loss is equivalent to

1.5 kg/MT (3 lb/short ton). Use of 200 ppm (0.02%) of soybean oil sprayed onto

the grain at the point of entry into commercial elevator and trading channels has

TABLE 20. Effects of Fat Source on Milk Yield, Milk Composition, and Blood (99).

Treatmenta

Parameter CTL RSB MG AL

Milk yield (kg/d) 32.3 34.0 32.1 33.8

3.5% FCMb (kg/d) 31.6 33.8 32.6 32.5

Fat (%) 3.41b 3.45b 3.62a 3.25c

Protein (%) 3.01a 2.95a,b 2.92b 2.91b

Fat yield (kg/d) 1.10 1.18 1.16 1.11

Protein yield (kg/d) 0.96 1.00 0.94 0.99

Gross feed efficiencyc 1.27b 1.31b 1.45a 1.31b

Blood plasma glucose (mg/100 mL) 70.7 69.8 70.3 69.9

aCTL, no fat supplement; RSB, roasted soybeans as fat supplement; MG, Megalac as fat supplement; AL,

Alifet as fat supplement.
b3.5% FCM, kg/d¼ 0.432 kg milkþ 16.2 kg fat.
cGross feed efficiency values were calculated on an individual cow basis (kg 3.5% FCM/kg DMI).

TABLE 21. Effect of Dietary Fat Supplementation on Milk

Fatty Acid Composition (99)a (A,B,C,DMeans in the Same

Row with Different Superscripts Differ ( p < .001).

Treatmentb

Fatty Acid CTL RSB MG AL

C4:0 2.5 2.5 2.5 2.6

C6:0 2.1A 2.0B 1.8C 2.0B

C8:0 1.5A 1.4B 1.2C 1.3B

C10:0 3.7A 2.9B 2.4C 2.8B

C12:0 4.5A 3.2B 2.9C 3.3B

C14:0 13.6A 10.8C 10.5D 11.9B

C16:0 37.1A 27.2C 37.4A 32.8B

C18:0 10.2C 14.0A 9.8C 11.8B

C18:1 20.2B 27.3A 26.2A 26.7A

C18:2 3.3C 6.1A 3.5B 2.9D

C18:3 1.5C 2.2A 1.5C 1.9B

aFatty acid percent by weight.
bCTL, not fat supplemented; RSB, roasted soybeans as fat supple-

ment; MG, Megalac (calcium salt of palm oil) as fat supplement; AL,

Alifet (hydrogenated tallow) as fat supplement.
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been claimed to suppress 99% of the dust that typically becomes airborne. The FDA

and the U.S. Federal Grain Inspection Service have approved the application of

refined soybean oil at this level. Suggested techniques for applying food-grade

(refined) soybean oil by spraying onto flowing grain are shown in Figure 17. Appli-

cation should be made at temperatures (10.0�C, 50�F) where the oil flows freely

(105).

5.3. Modification of Fatty Acid Profiles—Designer Foods

A recent survey of consumer attitudes and viewpoints found that the majority of

U.S. consumers believe that natural substances in food can play a role in disease

prevention (104). The designer foods movement to modify food components is

broad and promotes increased uses of natural source phytochemicals; bioflavo-

noids; fiber, calcium, and/or vitamin-enriched milks and cereal products; probiotic

yogurt, and isotonic beverages in addition to meat and eggs (105).

Fatty acid profiles of animals are automatically altered somewhat by the feed.

Designer foods are modified for specific objectives. Chickens and swine readily

translate fatty acids from feeds into meat and other products (106, 107). Cattle

also have this ability, provided the fat is rumen inert (108).

It has been shown that the fatty acid profile of milk can be changed through feed-

ing (109). Table 22 shows the fatty acids profiles of fat sources fed, and Table 23

shows the fatty acids profiles of the resulting milks. The pattern as seen by earlier

researchers is repeated. Supplemental dietary fats reduce the level of medium-chain

fatty acids but tend to increase the content of long-chain C18 : 0 and C18 : 1 fatty

acids. Many of the researchers have also found that blood cholesterol levels in-

crease in the presence of long-chain fatty acids.

Figure 17. Recommended spraying procedures for applying soybean oil to reduce dust in grain.

Oil may be sprayed on top of grain on conveyor (A) and/or on the underside of a cascade (B).

The spray pattern (C) should be broad enough to cover the grain but not the sides of the

conveyor. Courtesy of American Soybean Association, St. Louis, Missouri.
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As mentioned earlier, the lymphatic system is poorly developed in poultry.

Absorbed lipids pass into the portal circulation and then are principally transported

as triacylglycerols of the VLDL fraction. VLDLs are present in the serum at high

concentrations and appear to be the major lipid precursor in the liver for egg yolk

synthesis. Furthermore, fats high in unsaturated fatty acids are absorbed more

readily than fats low in unsaturated fatty acids (51, 54).

Designer eggs with higher n-3 fatty acids content and lower saturated fatty acids

and total fat contents have been in U.S. and Canadian supermarkets since 1992.

TABLE 23. Effect of Dietary Fat Source and Level on Milk Fatty Acid Composition in a

Feeding Triala,b (A,B,CValues with Different Superscripts Differ (p < :05); X,Y,ZValues with

Different Superscripts Differ (p < :01)).

Animal-Vegetable Calcium Hydrogenated Saturated

Fatty Acid Basal Blend Soap Animal Fat Fatty Acids Tallow

C4:0 3.34 3.66 3.81 3.79 3.62 3.49

C6:0 2.70A 2.40AB 2.48AB 2.53AB 2.46AB 2.34B

C8:0 1.75X 1.34Y 1.35Y 1.39Y 1.41Y 1.34Y

C10:0 3.97X 2.51Y 2.57Y 2.63Y 2.72Y 2.60Y

C12:0 4.64X 2.75Y 2.84Y 2.88Y 3.03Y 2.89Y

C14:0 13.01X 9.33Y 9.54Y 10.28Y 10.10Y 10.30Y

C14:1 1.46A 1.08B 1.07B 1.26AB 1.26AB 1.31AB

C15:0 1.28X 0.87Z 0.84Z 1.07Y 1.06Y 1.04Y

C16:0 29.87B,Y 26.45C,Z 34.15A,X 28.42 32.67A,XY 28.41BC,Z

C16:1 1.68Y 1.64Y 1.64Y 1.72Y 1.99X 1.80XY

C17:0 0.60Y 0.52Y 0.39Z 0.88X 0.78X 0.82X

C18:0 9.05B,YZ 11.50A,XY 7.71C,Z 11.68A,X 9.86B,XY 10.43AB,XY

C18:1 17.22C,Z 25.74A,X 22.80AB,XY 22.89AB,XY 20.30B,YZ 23.26AB,XY

C18:2 2.24B,XY 2.00BC,YZ 2.58A,X 1.67C,Z 1.74C,Z 1.59C,Z

C18:3 0.55C,Z 1.16A,X 0.63C,YZ 0.72BC,YZ 0.62C,YZ 0.91

aReprinted with permission from Ref. 109.
bn ¼ 12; numbers are in g/100 g of methyl esters.

TABLE 22. Fatty Acid Content in Feed and Composition of Test Fats in a Feeding Trial on

Fat Digestibility and Milk Fat Compositiona.

Fatty Acid (g/100 g)

Fatty Acid Trans Cis

Fat Source (% of DM) C14:0 C16:0 C16:1 C18:0 C18:1 C18:1 C18:2 C18:3 IV

Basal diet 1.1 5.2 19.7 — 2.9 — 20.2 37.3 3.1 94

Animal-vegetable 88.7 0.7 21.7 5.1 5.1 — 34.9 28.6 1.5 92

blend

Calcium soap 83.8 1.5 50.1 — 4.2 — 34.1 7.8 0.3 45

Hydrogenated 83.6 3.0 24.8 1.2 34.5 12.8 15.3 1.1 0.4 30

animal fat

Saturated fatty 100 2.2 44.1 0.9 34.7 2.9 9.4 0.9 — 14

acids

Tallow 81.0 2.8 23.7 2.8 20.9 4.0 37.7 2.0 0.4 45

aReprinted by permission from Ref. 106.
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Typically, they are produced by feeding poultry diets containing whole flax seed or

flax seed oil or by eliminating animal coproducts and feeding poultry diets

containing vitamin E, kelp, and canola oil (110). Use of deodorized seal blubber

oil has also proven effective (111).

General experience in increasing the n-3 lipids contents of eggs and poultry

meat includes the following. The feeding of linseed oil, menhaden oil, and soybean

oil to chickens has resulted in similar blood plasmas with VLDL and LDL lower

than those fed chicken fat. The levels of C20 : 5n-3 in tissue lipids of chickens

fed linseed oil approached those of chickens fed menhaden oil. Chickens fed lin-

seed oil had the highest levels of polyunsaturates in tissues while those fed chicken

fat had the lowest. Chickens fed soybean oil maintained the highest levels of

linoleic (C18 : 2n-6) and arachidonic (C20 : 4n-6) acids in tissue lipids, but linseed

oil and menhaden oil resulted in reduced C20 : 4n-6 content (112). Other research-

ers have also reported similar decreases in arachidonic acid, and increased levels of

eicosapentaenoic (C20 : 5n-3) and docosahexaenoic (C22 : 6n-3) in the fatty acids

of egg yolks from chickens fed menhaden oil (113–116).

Human trials of four eggs/day have shown that control eggs significantly increa-

sed plasma cholesterol levels but were unchanged by eggs with high n-3 fatty acids

contents. Mean plasma triglyceride concentration was decreased by n-3 eggs but

increased by control eggs. Both systolic and diastolic blood pressures were signi-

ficantly decreased in one group of participants consuming n-3 eggs, and systolic

pressure was significantly decreased in a second trial. Blood pressure did not change

when participants consumed control eggs (117).
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11
By-Product Utilization

M. D. Pickard

1. BY-PRODUCTS OF SEED PROCESSING

1.1. Soybean

The by-products resulting from the processing, i.e., solvent extraction, of, soybean

in the major producing countries—Argentina, Brazil, and the United States (1) are

defatted protein meal and, to the extent that the beans are dehulled prior to extrac-

tion, hulls (2). A portion of the separated hulls may also be added back to the meal.

Over 90% of the protein meal obtained from processing in the United States is used

directly as livestock feed, after appropriate heat treatment (toasting) to inactivate

trypsin inhibitors and other antinutritive factors (2, 3). Relatively minor quantities

are milled into flour or grits, primarily for edible applications, or used in the

preparation of protein concentrates and isolates having food, feed, and industrial

applications (3).

Utilization of Soybean Meal in Animal Feeds. Soybean meal is the most exten-

sively used of the oilseed meals and serves as a protein supplement for all classes of

animals. It has become the standard to which all other protein sources are compared,

and its quality, acceptance, and reputation are widely known (4). The meal contains

from 44 to 50% crude protein and from 2500 to 2800 kcal of metabolizable energy

per kilogram, depending on the amount of hull present and the species of animal

being fed. Dehulling increases the metabolizable energy values by about 5% for

cattle and 12% or more for pigs and poultry (5).

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
Edited by Fereidoon Shahidi. Copyright # 2005 John Wiley & Sons, Inc.
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Soybean meal is an excellent protein supplement for lactating dairy cattle and

for calves following weaning, as it is highly palatable and well digested. It also

serves well as the supplemental protein in rations for growing and fattening cattle.

However, in many ruminant feeding applications, soybean meal may not be cost

competitive with other proteinaceous and nonprotein-nitrogenous ingredients (4, 5).

Extensive research related to the development of ‘‘protected’’ or rumen bypass pro-

tein from soybean meal has resulted in the development of commercial products

(4), which should increase the utilization of soybean meal in ruminant feeds.

Nearly 80% of the soybean meal consumed in the United States is fed to non-

ruminants. Soybean meal is the most economic high-quality protein available to

feed manufacturers; hence it assumes a dominant role (3, 4). Cereal-based rations

for pigs and poultry may contain soybean meal as the only protein supplement, as a

previous requirement for the inclusion of some animal or marine origin protein has

been supplanted by the addition of lysine, methionine, and vitamin B12, where eco-

nomics dictate (5).

Soybean meal is used effectively in the formulation of pet foods, particularly for

dogs, where simple corn–soybean meal mixtures perform as well as complex diets

containing high levels of animal protein, and at substantially lower cost (4). Rapid

growth in aquaculture over the last 10–15 years has resulted in significant new

opportunities for utilization of soybean meal in finfish and shrimp diets. Whether

additional heat processing of soybean meal to further reduce levels of antinutri-

tional factors or supplementation with lysine or methionine or both is beneficial to

performance appears to be species dependent (4, 6).

Utilization of Soybean Hulls. Soybean hulls are high in cellulose but low in

lignin and, therefore, highly digestible by ruminants (4, 7). In fact, the digestible

energy content of soybean hulls, for ruminants, approaches that of grain (7). Conse-

quently, soybean hulls may be used, to economic advantage, in high-forage diets in

lieu of grain, with various additional functional advantages. For growing cattle and

sheep, replacing grain with soybean hulls eliminates the risk of acidosis and reduces

the negative effect of starch on fiber digestion. In the case of lactating cows or ewes,

soybean hulls can replace a significant portion of the grain in a grain–forage diet with

no reduction in fat content or milk yield (4, 7). Soybean hulls are seeing increasing

use in human food as a source of dietary fiber. Fiber-enriched pasta and white bread

appear to be the most popular vehicles for inclusion of soybean hulls at this time.

Edible Products Derived from Soybean Meal. The primary edible products

derived from soybean meal/flakes are flour/grits (at 50% protein), protein concen-

trates (containing 65–70% or more of protein) and protein isolates (90% protein).

The nutritional quality, availability, price, and functionality of these products has

resulted in substantial usage in a wide variety of food and feed products. Given

current trends in food consumption, strong growth in the use of soy protein pro-

ducts in foods appears assured (8, 9). A number of excellent articles on the manu-

facture of soy protein products exist; processing will not be described in detail

here (8, 10–13).

Soybean flour and grits are essentially ground soybean meal/flake products dif-

fering primarily in particle size, both having received heat treatment appropriate to
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their required functionality and expected end use. Flours and grits are primarily

employed as fat and water binders in baked goods and pet foods and as raw material

in the manufacture of soy sauce. Residual beany flavor and poor mouthfeel limit the

use of soy flour and grits in many applications. Soy flours containing lecithin or

various levels of fat (soybean oil) are also commercially available (8, 12, 13).

Protein concentrates with improved flavor and functionality relative to soy flour

may be prepared from undenatured soy flour/flakes by a variety of processes includ-

ing acid or alcohol leaching, alkaline extraction, heat denaturation followed by aqu-

eous leaching, and membrane filtration. Products are ultimately spray or dispersion

dried. Currently, acid-and alcohol-washed products dominate the marketplace and

are available in a variety of functionalities for use wherever the nutritional, fat and

water binding, emulsification, foaming, or viscosity modifying characteristics of

casein or nonfat dry milk would otherwise be exploited. Typical applications of soy

protein concentrates include comminuted meat products, baked goods, baby foods,

cereals, milk replacers, pet foods, and snacks. The expanding market for meat ex-

tenders and substitutes employs extrusion-texturized soy concentrates that, when

rehydrated, possess to a remarkable extent the chewiness and mouthfeel of meat

(8, 10, 12, 13).

Protein isolates are produced from undenatured soy flour/flakes by dilute alka-

line extraction and subsequent acidification of the protein extract to the isoelectric

point, approximately pH 4.5. The precipitated protein curd is recovered by centri-

fugation, washed, slurried in water, and usually neutralized prior to being spray

dried. Ultrafiltration or other protein recovery techniques may also be employed

in isolate production. Soy protein isolates are relatively expensive but highly func-

tional. Their binding, emulsification, foaming, and nutritional properties are explo-

ited in a variety of products including comminuted meats, dairy-type products, and

infant formulas (8, 11–13). Due to their inherent insolubility at acidic pH, pectin-

aggregated soy isolate particles show potential as clouding agents in citrus bever-

ages (14). Soy isolates may be modified by hydrolysis, addition of substituent

groups, or texturization (spinning), thereby expanding their range of functionalities

and applications (12, 13).

Industrial Uses of Soybean Protein Products. The historical, current, and poten-

tial industrial use of soybean proteins has been described recently in excellent

fashion (15, 16). Consequently, this topic will be discussed only briefly here.

The early promise of plastics manufactured from acid- and formaldehyde-treated

isolated soy protein was never realized, for economic and functional reasons.

Soy flour has seen significant use in glues for plywood and other laminated

wood products. These have been displaced by petroleum-based glues that exhibit

superior microbial and water resistance. Textile fibers prepared from soy isolate

or flour never saw commercial production due to poor wet strength and an

unpleasant odor when wet. Soy protein isolate is currently used in paper-coating

applications (15, 16).

Potential new uses for soy protein are driven primarily by environmental con-

cerns and the search for new value-added uses for agricultural commodities. In addi-

tion, prices for petroleum-based polymers have increased relative to prices for
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agricultural products (15–17). Examples of products currently under development

include biodegradable plastics, edible soy protein films and soy protein–carbohydrate

films intended to reduce packaging waste, and a soy flour-recycled paper composite

material (sold under the trademark Environ) with the appearance of granite and

the handling characteristics of hardwood. In addition, soy protein-based glues and

adhesives and textile fibers, with functional characteristics superior to products

from earlier efforts, are being developed (15, 16, 18, 19). Still another use is as a

feedstock for fermentations.

1.2. Rapeseed/Canola

Rapeseed has become an important crop in the temperate zones of the world, with

production in more than 30 countries on 5 continents. The productive capacity of

the crop and the nutritive value of its protein have made rapeseed a leading potential

source of food and feed protein ingredients. Oilseed rapeseed was grown in India

over 3000 years ago, and at least 2000 years ago in China and Japan. It is not clear

when rapeseed oil became a food oil in addition to its use as a fuel for lamp lighting

and for soap and candles. Throughout most of the long history of this crop, the cake

or meal was used as a fertilizer or soil conditioner, a practice that persists today in

China and Japan (5).

The early nutritional experiences with the meal were probably not encouraging

as the meal was unpalatable. Glucosinolates present in the meal release goitrogenic

factors, such as oxazolidinethione, isothiocyanates, and thiocyanates, when hydro-

lyzed by the enzyme, myrosinase, also present in the seed/meal. These compounds

interfere with iodine uptake and thyroxine synthesis by the thyroid gland. Under

certain conditions, highly toxic nitriles may also be produced (5). Processing tech-

niques that inactivate myrosinase and, therefore, prevent glucosinolate hydrolysis

have become standard operating practice around the world (20, 21). Typically,

seed containing 6–10% moisture is rapidly heated to 80–90�C. A second deterrent

to the use of rapeseed meal as a nutritional supplement is its high fiber content. Most

rapeseed varieties have a dark, hard seed coat containing a condensed polyphenol-

based complex that contributes a substantial amount of fiber to commercial rape-

seed meal (22).

The reduction of glucosinolate levels in rapeseed through extensive plant breed-

ing programs has provided a major breakthrough in the utilization of rapeseed meal.

The meal is becoming increasingly available as a protein supplement for animal

nutrition as more of the genetically improved varieties, known as canola, are grown.

Canola is a trademark name and a generic term to distinguish specific seed varieties

containing less than 2% of erucic acid in the oil fraction and having a solid com-

ponent containing less than 30 mmol/g of glucosinolates. Successful feeding of

canola meal still requires knowledge of its glucosinolate status as well as the age

and class of animal involved (23, 24).

Composition of Canola Meal. Canola meal is an internationally traded commo-

dity. Excellent summary information on canola meal composition has been devel-

oped to aid the animal feed industry (25). Canola meal contains 36–38% crude
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protein and a favorable assortment of essential amino acids in its protein. It is higher

in crude fiber, at 12%, than is soybean meal and consequently has lower metaboliz-

able energy values (1900–2300 kcal/kg, depending on the species being fed). The

crude fiber is largely in the hull fraction, which comprises 16–25% of the meal.

Hulls are poorly digested, especially by nonruminants, and are largely responsible

for the relatively low metabolizable energy values. Dehulling would improve meta-

bolizable energy values, but hull utilization and loss of oil and cotyledon material

in the hulls remains problematic (5).

Use in Animal Feeds. Pigs. Canola meal is a proven supplemental protein

source in pig diets. Although poor palatability and reduced digestibility with young

(6–20 kg) pigs prevent its use at levels higher than 25% of supplemental protein,

research has confirmed that canola meal is a desirable supplemental dietary protein

for growing, finishing, and reproducing swine. Canola meal can be used at 50–75%

of the supplemental protein source in diets for growing (20–60 kg) pigs and as the

sole supplementary dietary source for finishing pigs (60–100 kg) and dry and nur-

sing sows (26).

Poultry. Canola meal is widely accepted for use in poultry diets. It is usually

limited to 10% of the diet in layer feeds because of increased bird mortality at

higher levels. Long-term studies of egg production show no effect of canola meal

on the number of eggs produced per bird. However, there is a small decrease in

egg size due to slightly lower feed intake. Canola meal and rapeseed meal have

an interesting effect on brown-shelled layers. These birds are deficient in an enzyme

responsible for the breakdown of trimethylamine. As canola and rapeseed have high

levels of choline and sinapine (precursors of trimethylamine), the eggs of these

layers have a fishy taint. For this reason, a maximum of 3% of canola meal may be

used in the diets of brown-shelled egg layers. There is no concern about increased

mortality at high canola meal inclusion rates for growing poultry such as broilers,

turkeys, pullets, or waterfowl. When grower diets are appropriately balanced for

energy and levels of digestible amino acids, canola meal can be effectively used

as the major supplemental protein source (27, 28).

Beef and dairy cattle. Canola meal has gained widespread acceptance as a

protein supplement in beef and dairy rations. Research has shown its effectiveness

in a variety of production and management situations. Lactation trials have demon-

strated that canola meal will maintain or slightly improve milk production relative

to soybean meal-based rations. Improved milk production may in part reflect

the amino acid content of the bypass protein fraction of canola meal. In beef cattle

rations, animal performance has been shown to meet or exceed industry standards

when canola meal is incorporated. Canola meal can be used as the sole protein

supplement in rations for growing and finishing cattle (29).

Use as Human Food. Rapeseed, as a protein source for humans, has many obsta-

cles to overcome. The glucosinolate and fiber contents require application of new

processing technology (22, 30) to eliminate antinutritional qualities. Rapeseed flours,

protein concentrates, and isolates are lower in protein but higher in crude fiber and

ash contents than corresponding soybean products. Rapeseed flours are comparable

to soybean flour in water adsorption and give much higher fat adsorption, oil
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emulsification, and whippability values. Rapeseed flour viscoamylograph curves

exhibit high viscosities but poor gelation properties. The utilization of rapeseed pro-

ducts may also be limited by green or brown colors in aqueous systems (31).

Other Uses. Rapeseed or canola meal has been used as a fermentation substrate.

It has been included as an additive in compost for commercial button mushroom

(Agaricus bisporus) production with good success (32). Canola meal has also been

tested as a substrate for xylanase production by Trichoderma reesei. Results from

this work indicate that the hydrolysis of canola meal by this enzyme system might

be useful in converting this material to fermentable sugars that could be further

processed to expensive end products such as solvents and chemicals (33).

1.3. Sunflower

Sunflower Meal. The vegetable oil extraction industry produces three types of sun-

flower meal: undehulled meal containing 28% protein and 25–28% fiber, partially

dehulled meal containing 35–37% protein and 18% fiber, and double-dehulled

sunflower meal containing 40–42% protein and 12–14% fiber. Thus, the composi-

tion of sunflower meal is dependent on the efficiency of the dehulling process (34).

The protein concentration and amino acid composition of sunflower meal also

vary with the source of seed, and high-temperature processing may have a deleter-

ious effect on its lysine content. Generally, however, sunflower meal exhibits a

well-balanced amino acid composition with an essential amino acid index of 68,

compared to 79 for soybean meal and 100 for whole egg (35).

The energy content of sunflower meal compares favorably with that of other oil-

seed meals and increases as the residual oil content increases and as the fiber content

decreases. Sunflower meal also compares favorably with other oilseed meals as a

source of calcium and phosphorus (36) and is an excellent source of water-soluble

B-complex vitamins, namely nicotinic acid, thiamine, pantothenic acid, riboflavin,

and biotin.

Sunflower meal contains the polyphenolic compound, chlorogenic acid, which

results in a yellow-green coloration following oxidation in the presence of alkali.

The production of protein isolates and concentrates from sunflower meal/flour

would require the removal or inactivation of chlorogenic acid (35, 37).

Use as Animal Feed. Sunflower meal can be fed to all classes of livestock. Most

sunflower meal is fed to ruminants and is comparable, nutritionally, to cottonseed

meal. High levels of sunflower meal are used in dairy, beef, and sheep rations (5).

For swine, low-fiber sunflower meal is inferior to soybean meal as the sole

source of supplemental protein. This inferior performance is the result of lower

palatability and nutrient content. In swine rations, with 20–30% of the protein

from sunflower meal, rates of gain are similar to soybean meal, but larger quanti-

ties of meal are required. Lysine supplementation reduces this requirement.

Studies have indicated that sunflower meal can effectively replace 50% of the

soybean meal in growing–finishing swine rations. Higher rates of utilization are

possible as animals increase in weight because of the decreased requirement for

essential amino acids (38).
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Rations for laying chickens could incorporate low-fiber sunflower meal, to a

level of 50% of the protein concentrate portion, without significantly reducing egg

production (39). Higher levels of addition are possible with lysine supplementation

but may cause egg staining due to the presence of chlorogenic acid in the meal (35).

Metabolizable energy trials with laying hens yielded a value of 2205 kcal/kg (dry

matter basis) for dehulled, solvent-extracted meal (38).

The use of sunflower meal is often limited by its availability. Adequate volumes,

available on a sustained and consistent basis, would ensure a high utilization of sun-

flower meal in animal nutrition. Despite its dark appearance, lower energy, and

higher fiber content, as compared to soybean meal, sunflower meal is a competitive

product with potential for continued improvement through the use of tail-end

screening to further reduce its fiber content (40).

Use in Human Foods. Confectionery sunflowers have a history of use in the snack

trade and the trend continues (41). The roasted seed has a pleasant nutty flavor.

Dehulled and roasted sunflower kernels can be used as a nut substitute in many con-

fectionery and bakery formulas. Physical and organoleptic analysis of color, flavor,

texture, and acceptance indicate that a 10–15 min roast at 177�C is the most desirable

processing technique (37).

Chemical and physical analysis of hexane-extracted sunflower meal indicates

that discoloration due to the oxidation of chlorogenic acid is a problem. An attrac-

tive cream color, relatively bland flavor, and excellent stability are possible if the

processing conditions do not induce chlorogenic acid oxidation. Unfortunately, the

conventional methods of making protein isolates promote the oxidation of chloro-

genic acid. Studies have shown that organic solvents produce good extraction of

polyphenols from sunflower seed and meal (42). The physicochemical properties

of proteins from such extracted meals indicate no significant differences in amino

acid content and only slight changes in nitrogen solubility due to protein denatura-

tion. Sunflower flour and protein isolates have excellent emulsion and whipping

properties and thus have great potential as functional agents and protein supple-

ments in human food products, provided the polyphenols are removed or care is

taken to prevent their oxidation (36).

Sunflower Hulls. Chemical composition of sunflower hulls. The hull, a by-

product of oil extraction, comprises 22–28% of the total weight of oilseed sunflower

and may be removed before or immediately following oil extraction or may remain

in the meal. Sunflower hulls contain: 4% crude protein; 5% lipid material, including

wax, hydrocarbons, fatty acids, sterols, and triterpenic alcohols; 50% carbohy-

drates, principally cellulose and lignin; 26% reducing sugars, of which the majority

is xylose; and 2% ash (35). The high fiber content and low protein and energy con-

tent of sunflower hulls reduce their nutritional value.

Use in animal feeds. Hulls can be used in ruminant feeds when finely ground and

mixed with other ingredients. When adequate energy is provided, sunflower hull pel-

lets may be used as a portion of the roughage component in ruminant rations due to

their high content of cellulose and lignin. They are used to add bulk to concentrated

rations and to absorb liquids such as molasses. Sunflower hulls are sold to feed man-

ufacturers and livestock feeders at prices comparable to those of other ingredients (38).
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Hulls as a source of fuel. The utilization of sunflower hulls as a source of fuel

has been studied. The heat value of hulls alone is 19.2 MJ/kg, whereas the heat

value of hulls and meal combined is 23.6 MJ/kg. The higher heat value suggests

that the combination of hulls and meal makes a better fuel (43). In many countries,

the burning of sunflower hulls offers an alternative to higher priced fuels. The

resulting ash has a high percentage of potassium and can be used as a fertilizer (34).

Hulls have been pressed into cylinders with wood waste and sold as fire logs (35).

It has been reported that because of their high content of reducing sugars, it is

possible to produce furfural and ethyl alcohol from sunflower hulls (40). Sunflower

hulls also represent a source of lignocellulosic material for acid hydrolysis and fer-

mentation. As a lignocellulosic waste material, sunflower hulls can be hydrolyzed

with acid to yield material suitable for the production of single-cell protein (44).

Purple-hulled sunflowers contain anthocyanin, which may be useful as a natural

red food colorant. North Dakota State University has extracted, quantified, and

scaled up processing techniques to extract the pigment. Economic analysis suggests

that the processing of these unique hulls may be economically justifiable (45).

Sunflower Stalks. Finely chopped and dried stalks could be used as deburring

and polishing abrasives in the metal manufacturing industry and are a replacement

for peat moss in plant starter mix. It has been reported that stalks are easily pro-

cessed and decolorized by existing pulping and fiber processing techniques. The

processed material can be made into acoustical tile. This material weighs less than

60% of standard acoustical tile and has better sound absorbency and strength (46).

Sunflower heads and stalks also represent a potential source of low-methoxyl pectin

for use in low-sugar jams and jellies (47, 48).

1.4. Safflower

Safflower is a minor oilseed crop limited in production by environmental con-

straints and by the plant’s spiny nature. Unless the seed is well dehulled, the oilcake

resulting from oil extraction will have a high fiber content. Undecorticated oil cake

has a protein content of 20–22% and an end use as manure. In contrast, removal of

the hull improves the protein content to 40%, making it acceptable as cattle feed

despite low lysine levels. Leftover hulls and husks are added to cattle feed or are

used to manufacture cellulose, insulation, and abrasives (5, 49).

1.5. Cottonseed

Gossypol is a yellow-green polyphenolic pigment contained in discrete bodies in

cotton leaves, stems, roots, and seeds. This form of gossypol is readily extractable

with 70% aqueous acetone. The glands are ruptured during processing and the

released pigment structures are highly reactive with other cottonseed components

such as protein. The gossypol binds to the biologically available lysine, effectively

reducing the concentration available to an animal. Gossypol also causes toxic

effects in monogastric animals, including humans. An additional complication

related to the presence of gossypol is the production of dark-colored pigments
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in the oil and meal that cannot be removed by conventional refining and bleaching

operations (50, 51).

The adverse physiological effects of free gossypol on monogastric animals may

be counteracted by making free gossypol a bound form during processing, either by

precooking, followed by pressure and shearing in a screw-expeller, or by binding to

ferrous salts (50, 51). A polar solvent, such as aqueous acetone, acetone–hexane–

water, or hexane–acetic acid, may then be used to extract residual free gossypol

from the meal (51). The presence of bound gossypol reduces the protein efficiency

ratio, presumably by reducing the availability of lysine. Care is required to prevent

thermal damage to protein, which would further decrease the nutritive value of the

meal (51).

Utilization of glandless cottonseed strains is an alternative to the extensive seed

treatment necessary to lower the gossypol content. The goal of plant selection pro-

grams has been to minimize the total gossypol concentration in the raw material

(50). The Hopi Moencopi variety (Gossypium hirsutum var. punctatum) was used

in the late 1940s by McMichael to produce plants with almost complete elimination

of pigment glands from leaves and bolls. His findings stimulated an exploration of

commercial-type cotton crosses with glandless lines when the results were finally

reported in 1959 (52). Presently, the glandless strains that have been developed are

not widely produced due to concerns related to the influence of these gossypol-free

characteristics on the yield and the quality of the commercially more valuable cot-

ton fiber. Studies indicate that this concern is unfounded. An additional concern that

has been addressed is that gossypol and related terpenoids are natural insecticides,

such that the use of glandless cotton may encourage insect preference for the gland-

less cotton. It has been shown that insects do not prefer either strain (52).

Despite the presence of gossypol, interest in the cottonseed cake has developed

as a result of its high content of protein, the valuable component in cottonseed by-

products (51). A number of commercial products from defatted cottonseed have

been extensively used in the past. Proflo flour was produced from 1939 to 1975,

and contained 55–60% protein and 4.5% fat (52). This product was a nonallergenic

dietary protein source contributing functionalities such as emulsification, antioxida-

tion, and water absorption to bakery-type products. Commercial production was

suspended due to the limited market, but it is still produced for nonfood industrial

purposes (52). Incaprina, or INCAP Vegetable Mixture 9, was produced in the

1950s and 1960s and contained 38% cottonseed flour. It had a content of 0.05%

free gossypol that was high enough to warrant supplementing the product with

lysine to offset binding losses. Incaprina was vital as a low-cost vegetable protein

source in South America (52). In addition to human consumption, the post–oil ex-

traction cake is also used for animal feed and, in the past, as fertilizer.

Cottonseed Meal. Cottonseed meal is second only to soybean meal with respect

to the quantity produced worldwide. This by-product of oil extraction is used in

rations for cattle, sheep, goats, horses, and mules. Neither glandless nor normal

cottonseed meal is palatable to young pigs (5).

Broiler poultry feeds often contain cottonseed meal, with the potential to cause

depressed weight gain and reduced feed efficiency (53). Cottonseed meal is not
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used in layer feeds since the gossypol produces a yellow discoloration of the yolks

and whites of the eggs. Ferrous iron is added to most poultry diets containing cot-

tonseed (5). A recent study of low-gossypol cottonseed meal found that it success-

fully replaced soybean meal in the diet of broiler chickens with no harmful effects

(53).

A number of alternative uses for cottonseed meal exist. Adhesive and fiber

production have used cottonseed meal as a protein source. Plastics that contain

cottonseed meal in equal parts with cottonseed hulls and phenolic resin have

excellent flow properties, a short curing cycle, water resistance, and strength

(50).

Cottonseed Hulls. Hulls are used as roughage in animal feed and as mulch and

soil conditioner. Additional uses for cottonseed hulls include fuel, insulation, and a

xylose and furfural source. Raffinose derived from cottonseed hulls is used in cul-

ture media (50).

1.6. Palm

The major producers of oil palm products are located in the equatorial tropics and

include Malaysia, Nigeria, Indonesia, China, Zaire, and Cameroon (54). Palm fruit,

when pressed, yields approximately 43% of crude palm oil and 57% of press cake,

which consists of 35% pericarp (fiber) and 65% nuts. Palm nuts consists of 83%

shells and 17% kernels, which, when pressed, yield approximately 50% of each

of palm kernel oil and palm kernel cake (55).

Palm Kernel Cake. Palm kernel cake (PKC) protein is of average quality, which,

at a level of 19%, is the lowest of the commercial oil cakes. The positive character-

istics of PKC are a valuable calcium to phosphorous ratio, a 48% carbohydrate

level, a 5% oil content, and a 13% fiber content (54).

The gritty texture of PKC limits its use in feed for monogastric animals. It is

used in poultry diets at an optimum level of 15% in broiler and 20% in layer diets

and provides 1500 kcal/kg of metabolizable energy (56). Pig diets may contain

PKC if blood meal is added as a supplement. Pigs will consume 20–30% of

PKC in their rations if it is introduced gradually to young animals, which otherwise

find it distasteful. The use of PKC results in a firmer pork (57).

Ninety-five percent of the 430,000 tons of PKC produced annually in Malaysia is

exported to Europe. European farmers use a ration containing 7–10% of PKC for

dairy cattle (58). The high fiber of PKC is necessary for dairy cattle to prevent

metabolic and digestive problems. Each adult animal requires 2–3 kg each day.

The level of fiber found in PKC prevents deficiency problems in lactating cows

and may increase the fat content of the milk (57).

Palm Fiber. Palm press fiber or pericarp fiber includes not only palm press fiber

from the oil extraction process but also empty fruit bunches and kernel shells. Its

high fiber and lignin content, comparable to wood, and low palatability limit its

use in animal feed (55). It exhibits very slow digestion in the bovine rumen

such that processing to increase its nutrient content is required prior to use (59).

Supplementation with molasses, urea, and vitamins allows palm press fiber to be
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used as a fiber source. Urea produces an alkaline effect on the fiber and adds nitro-

gen to the feed.

The predominant use of palm press fiber is as biomass fuel for oil mill plants.

The palm press fiber and kernel shells are burned to produce steam for generation of

electricity. The potential heat energy of palm fiber is 4420 MJ/kg and of the shell

4848 MJ/kg. One ton of shells and fiber used for fuel produces 578 kg of steam. For

example, Malaysia required 413 million kWh of electricity in 1985 to process

20.65 million tons of fresh fruit bunches. The industry, therefore, by burning palm

shells and fiber, saved 140 million liters of diesel fuel that would have been required

to produce this amount of electricity. This source of energy has saved the palm oil

industry in a monetary sense and is a convenient disposal method for fiber and

shell wastes (60). The ash from the burning of this solid waste does not contain suffi-

cient nutrients to be used as a fertilizer, and dumping creates an airborne hazard

and pollutant (58). It has been incorporated in concrete as a replacement for cement

with a slight increase in the setting time but within American and British standards

(58).

Palm shells are composed of 20% free carbon and are suitable for production

of charcoal or activated charcoal. Empty bunch waste can also be used as a field

mulch (55).

1.7. Coconut

Coconut palms have the greatest economic value and distribution of all the palms

and are considered the most useful of all plants, after grasses. Coconut products

service both local and international markets (61).

Copra Cake. Copra cake is a by-product of oil extraction from coconut. The

dehusked coconut is split and the meat is scraped from the kernel cup and dried.

The oil is extracted via expeller or solvent processes from the dried coconut

meat copra. This product is available throughout the year, making it a cheap local

source of animal feed. The cake is ground to meal for use in feed for poultry, cattle,

sheep, and swine. Copra cake can be used as a substitute for fish meal in swine feed

but may cause constipation. Germany has been an importer of the majority of the

cake produced in the Philippines (61).

There are problems associated with the use of copra cake in feed. As the amount

of cake in the feed increases, its palatability decreases. Copra meal tends to be less

digestible than fresh coconut meal. Despite a protein content of greater than 20%,

the addition of methionine and lysine improves growth and feed utilization. The

method of oil extraction does not appear to influence the quality of meal produced.

Neither expeller-extracted nor solvent-extracted copra meal, at levels of 10–14% in

poultry diets, caused any difference in egg production, mortality, or efficiency of

feed conversion (61).

Coconut Flour. Coconut flour is produced from the shredded kernel, dried in

a continuous countercurrent drier, and subsequently extracted with solvent to

remove the residual oil. The white meal produced contains 25% protein and 65%

carbohydrate, as well as various minerals and vitamins (62). This coconut product

BY-PRODUCTS OF SEED PROCESSING 401



is used as a high-protein additive to enrich other flours such as wheat, rice, and corn

flour. Coconut flour has properties compatible with those of wheat flour in the pre-

paration of bread, biscuits, and other food products (62). The protein quality of

coconut flour may be very high (lysine, 19%; cystine, 8–9%; histidine, 5–6%;

methionine, 3–9%), making it desirable for use in baby food and convalescent food

drinks. Its content of essential amino acids may be reduced, however, if excessive

heat is generated during mechanical oil extraction. The flour also possesses a rela-

tively high crude fiber content (62).

Coconut Shell. The coconut shell comprises 27% of a dehusked nut by weight.

This by-product of oil production has many local uses. Coconut shell has a compo-

sition similar to that of hardwoods but has a slightly higher lignin content and a

lower cellulose content (61). In southern India and Sri Lanka, the shells are used

directly as fuel in villages and small holdings and by local industries such as laun-

dries, bakeries, and iron foundries.

Charcoal is manufactured using a simple process. The air surrounding burning

shells is limited, encouraging slow carbonization rather than ash production. This

process takes place in a kiln over a 3-day period with careful consideration given to

the balance of conditions and time. The final product represents 30% of the original

weight of the shells (61). Charcoal is a preferred fuel as it produces no waste mate-

rial when burned. Hot embers emit infrared wavelengths that are valuable in the

cooking of foods such as fish, meat, or tubers. Coconut shell produces heat energy

at a level of 23 MJ/kg whereas shell charcoal produces 30 MJ/kg. Shell charcoal is

also used to manufacture calcium carbide and the carbon electrodes of electric bat-

teries. Both shell and charcoal generate producer gas. Reactors utilizing this product

are sold for refrigeration, water pumping, and ground and marine vehicle operation

(63).

Destructive distillation of the shell produces some interesting substances. Upon

exposure to very high heat in the absence of air, the shell forms products from all

three phases (gaseous, liquid, and solid) as noncondensible gases, pyroligneous

liquor, settled tar, and retort charcoal will be generated. The pyroligneous liquor,

a dark red and odorous liquid, yields acetic acid, methanol (locally called ‘‘wood

naptha’’), and a variety of other products. The liquor may be used as boiler fuel, and

noncondensible gases may be compressed in cylinders for use as domestic cooking

gas (62).

Coconut shell is the source of two other products, coconut shell flour and acti-

vated charcoal. Powdered coconut shell is used in the plastics industry as a com-

pound filler for synthetic resin glues. It is also used as a filler and extender of

phenolic molding powders that give a smooth and lustrous finish to molded articles,

thereby improving their resistance to moisture and heat. Activated charcoal is an

adsorbent for toxic agents. It has been used in gas masks, but can also be used

to remove odors and industrial stench. As well, this by-product is a contact catalyst

used to facilitate some industrial chemical reactions (61).

Coconut Husk. The husk represents 35% of the intact, mature coconut by

weight. A number of products are derived from this by-product of oil production.

Particles of husks may be consolidated with little or no adhesive (64). Pith is
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chipped with the husk material to produce the best bonding characteristics. The

resulting self-bonding chips can be formed into boards of varying densities that

are strong, durable, water repellent, and fire retardant. These boards are used as

low-cost construction products such as roofing panels. Boards with a density of

less than 400 kg/m3 are used for thermal insulation whereas medium-density boards

of 500–900 kg/m3 are used in construction and furniture (64). A combination of

25% finely ground coconut husk and 75% andesitic sand by volume has been

used as a potting medium in nurseries (65).

Coir. Coir is a valuable and versatile fiber derived from the coconut husk. The

best quality coir is produced from green coconut, which is more difficult to harvest

and has a lower copra yield than more mature coconut. The amount of copra and

the quantity of coir produced are inversely related (61). Husks must be retted to

manufacture coir. This process involves holding the husks under water, away from

air, with mud and leaves for a period of a few months to a year. Fermentation is

accomplished by short rod bacteria such as Pseudomonas, Rerobacter, and Bacillus.

The microbial process is a polyphenolic degradation in which the pectic substances

are decomposed. Slow moving and slightly saline water in a natural source speeds

the process and produces a better quality fiber (66).

1.8. Groundnut

Groundnut is comparable in nutritional value to more expensive animal-derived

foods. Protein from this oilseed has the highest quality of the vegetable proteins,

equivalent to casein. The oilseed cake from commercial-grade groundnuts is used

for animal feed, whereas solvent-extracted edible-grade groundnut cake is milled

into flour (67). The digestibility of groundnut meal is high when it is well dehulled.

Groundnut meal is lower in available lysine than soybean meal but contains a great-

er quantity of sulfur amino acids (5). Peanut flour has an amino acid content com-

parable to that of raw and roasted peanuts, indicating that moderate heat treatment

does not alter the amino acid composition (67).

A new process for peanut flour production has been developed that requires

treatment of the seed with both heat and moisture prior to oil extraction. The flour

end product is white and bland, contains 65% protein, and is devoid of peanut fla-

vor. This allows the addition of this product to a variety of food products without

disturbing color, flavor, or texture. A high-quality flour has been used in the treat-

ment of hemophiliac patients (67).

Protein produced from solvent-extracted meal has been used as a thickening

agent in soups, baby foods, high-protein foods, institutional meals, and meat pro-

ducts. Groundnut proteins have also been used to manufacture a soft, wool-like,

cream-colored fiber, adhesive products such as plywood glue and wettable glue,

and for paper coating.

Fermentation of peanut protein with microorganisms increases the level of

some essential amino acids. Rhizopus oligosporus is widely used to produce a

tempehlike product (68). A similar product, oncom or ontjom, is produced in

Indonesia using the fermenting agent Neurospora sitophila (51). The difference
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between the two products is the red color of oncom, derived from the red hyphae

of N. sitophila.

The seed coat of peanut is a commercial source of tannins and thiamin and sees

limited use in feeds, primarily as a bulking agent in reduced-calorie pet foods. The

presence of the seedcoat in meal may lead to a decrease in the availability of lysine

(5). This apparent waste product is also used as mulch, fuel, litter for poultry houses,

and in the production of a high-grade activated charcoal.

The hull of the peanut is low in crude protein and exhibits low digestibility. This

has limited the utilization of this by-product, although use as a source of roughage

for ruminants has been reported (69). Physical and chemical treatments of the

hulls have been applied to promote digestibility, with little success (69,70). Hulls

are generally considered waste products.

1.9. Olive

Olive oil is produced in warm-temperature and subtropical regions where the olive

tree grows well. The fruit develops maximum oil content during the mid-November

to February or March period in the Mediterranean basin and from May to June in the

Southern Hemisphere. Ninety percent of the olives grown is used to produce oil

(71).

Initial extraction of oil from oil fruit produces a cake of fruit skin, pulp, and

kernel known as olive pomace or orujos. The value of this primary by-product of

oil extraction depends on its oil and water contents, which are, in turn, determined

by the method of oil extraction employed and the operating conditions. Pressure

extraction yields a residue containing 4–5% oil, whereas classical presses leave

8–12% oil in the pomace (72). Pomace flours are used as animal feed due to their

high content of protein, which is also of high quality.

Secondary oil extraction from the pomace produces olive pomace oil containing

large amounts of free fatty acids and is considered an inferior oil compared to virgin

olive oil. Pomace must be dried in long revolving horizontal cylinders through

which hot air is passed before the oil can be extracted (73). The exhausted olive

pomace is called kernel wood or orujillo. This product has few uses due to its

low protein content and its high content of woody and cellulosic materials (73).

Kernel wood is predominantly used as fuel for operation of the processing plant.

Ash from kernel wood is used as fertilizer because of its potassium, phosphorus,

and calcium content. The low value of this by-product negatively influences the

overall value of olive products, contributing to the high price for olive oil (71).

1.10. Sesame

Sesame has declined in international trade due to a market preference for other

oilseeds that are cheaper and easier to produce, such as groundnut. World trade

tends to be in whole seed with only a small amount moving as oil and cake. There

is great value in dehulling if the product is to be used as a foodstuff, as removal of

the hull lowers the oxalic and phytic acid levels in the meal. The presence of these
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components may decrease the bioavailability of calcium, magnesium, zinc, and,

perhaps, iron. The protein content, acceptability, and enzymatic digestibility of

the meal will also increase (74). There are problems associated with dehulling,

however. It is difficult to remove the hull from sesame, and there will be an asso-

ciated loss of minerals. Whole press cake has a bitter taste due to the presence of the

testa and is best used for manure and soil conditioning (51, 75).

Cake or meal from oil extraction contains 40–50% protein when processed

in a screw press and 56–60% protein after solvent extraction. Sesame products

have a pleasant flavor and contain high levels of methionine and cysteine. The flour

produced from sesame meal has a high nutritive value compared to other oilseed

flours (75).

Sesame has specific uses in confectionery products such as halva, sesame seed

cake, candies, and as a garnish on bread and rolls. Microatomized protein food for

feeding unweaned babies represents another use for sesame and other oilseed flours

when enriched in vitamins and minerals (75).

1.11. Linseed/Flax

Linseed is grown predominately for its quick drying oil and for the fiber from its

stalks. Whole seed is often shipped without processing at the location of harvest

(76). Oil cake contains approximately 30% protein and is used in feed for sheep,

horses, and dairy and beef cattle. A high mucilage content endows many positive

properties to the meal. Linseed meal is comparable to soybean meal in composition

but energy and protein digestibility are lower than for most other oilseeds. Linseed

meal endows ‘‘bloom’’ and mellowness to the hide, which is most valued in the pre-

paration of animals for shows. These qualities can be attributed to residual oil in the

cake, slight laxative effects, and appetite stimulation (5). Care must be taken when

linseed meal is used as feed for poultry. It contains a vitamin B6 antagonist, N-(g-L-

glutamyl)-amino-D-proline, such that supplemental vitamin B6 must be used to pre-

vent any detrimental effects from occurring. Low levels of lysine and methionine

must be balanced using supplements before linseed meal can be used for swine

feed. In addition, the possible presence of hydrocyanic acid should be monitored

since it varies in concentration according to growing conditions. The cake has seen

limited use as a soil conditioner (77).

2. BY-PRODUCTS OF OIL REFINING

2.1. Lecithin

Lecithin, an edible by-product of oil processing possessing a variety of useful func-

tionalities, is primarily a mixture of phospholipids such as phosphatidylcholine,

phosphatidylethanolamine, phosphatidylserine, phosphatidylinositol, and phospha-

tidic acid and contains minor quantities of other water-soluble or hydratable com-

ponents such as glycolipids and oligosaccharides (78). The degumming of oil with
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water or a degumming agent such as citric acid, phosphoric acid, oxalic acid, acetic

anhydride, or maleic anhydride yields a lecithin sludge and a degummed oil. Conti-

nuous agitated thin-film evaporation removes the approximately 50% water content

of the lecithin sludge, resulting in a highly viscous semiliquid or powdered product

(79).

Soybean is the predominant vegetable source of lecithin due to its availability

and outstanding functional characteristics. Lecithin products from rapeseed and

sunflower are increasing in market share. Glandless cottonseed and corn are also

potential commercial sources (79–82). The composition of rapeseed lecithin is

very similar to that of soybean but is considered to be of lower quality with respect

to color, flavor, taste, and general appearance. This product has been predominantly

used as a dust control agent in rapeseed meal and is added to livestock and poultry

feeds (79). The development of canola or low-erucic-rapeseed varieties and specia-

lized refining processes have increased the use of rapeseed lecithin. Glanded cotton-

seed contains more phospholipids than any other oilseed with the exception of

soybean. Solvent extraction methods, however, cause toxic gossypol to bind to the

phospholipids. The resulting lecithin is dark brown in color, limiting its use in

food products (81).

Purification and Fractionation of Crude Lecithin. Purification consists of the

removal of nonlecithin components such as carbohydrates, proteins, and other con-

taminants. Vegetable lecithin is more difficult to purify compared to other sources

of lecithin because of its higher viscosity. The crude product obtained during

degumming is contaminated with fines derived from seed material, hulls, and other

seed impurities. Regulatory standards require that these contaminants be removed

because of the high levels of iron and heavy metals in the impurities, which inter-

fere with the oxidative stability of the products to which lecithin is added. Methods

used for purification include filtration, which can be performed on the crude oil,

lecithin, or miscella, partitioning between organic solvent and water or salt solu-

tion, dialysis, and adsorption on cellulose or Sephadex columns (80, 81, 83).

Fractionation takes advantage of the varying solubilities of different phospho-

lipids in different organic solvents. Many options are available for large scale

production of marketable lecithin. The de-oiling process is one fractionation system

in which the separation of neutral and polar lipids is based on the insolubility of

polar lipids in acetone; more than 60% of lecithin consists of acetone-insoluble

substances. Oily lecithin is combined with excess acetone and mixed vigorously,

thereby solubilizing triglycerides in the acetone. This process is repeated, after

which the polar lipid material is dried and sold as a light yellow powder or in

the form of granules (79). De-oiling on a smaller scale can be accomplished using

adsorption of lecithin, in a hexane solution, on a silica column. Also, a new techno-

logy has been developed for treating the lipid mixture with a supercritical fluid.

For example, carbon dioxide at a temperature of 40�C and a pressure of 300 bars

has a solubility similar to that of liquid acetone. The gas may be recovered and

reused. Oxidation of the lecithin does not occur since oxygen is displaced by carbon

dioxide. As well, the absence of solvent residues in either the oil or the lecithin

eliminates flammability and environmental concerns. This process, however, has
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a number of drawbacks, and its commercial feasibility has not been established

(79).

Crude fractions can be obtained by solvent fractionation treatments utilizing

lower alcohols, such as ethanol, or alcohol–water mixtures. The product is a soluble

fraction rich in phosphatidylcholine, whereas phosphatidic acid and phophatidyli-

nositol predominate in the insoluble fraction. The shift in the ratio of phosphatidyl-

choline to phosphatidylethanolamine improves the emulsification and antispattering

capabilities of the soluble fraction. The products of this process can be used as they

are or can be further purified with adsorbents. The soluble fraction is an excellent

oil-in-water emulsifier and is predominately used in margarine. The acidic phos-

pholipids of the insoluble fraction are used in water-in-oil systems. The chocolate

manufacturing industry uses this fraction to increase the viscosity of chocolate

masses, thereby reducing the requirement for cocoa butter (83, 84).

It is not possible to obtain pure phospholipids from lecithin by solvent frac-

tionation. Chromatographic adsorption processes are capable of separating this

complex mixture but cannot be used, in practice, to generate large quantities of

the pure phospholipids. Chromatographic adsorption methods include aluminum

oxide with ethanol or chloroform/methanol, silica gel with a variety of solvent sys-

tems, and a diethylaminoethyl–cellulose system. A high price is demanded for puri-

fied phospholipids (83).

Functionality and Utilization of Lecithin. There exist a number of functional

groups in lecithin that can be modified. Phospholipid products derived by hydroly-

sis, hydroxylation, and acetylation are the most likely to be used commercially.

Hydrolysis can be performed with phospholipase A, acid, or alkali. The resulting

lecithin contains 56% or more of acetone-insoluble material. Products of hydrolysis

have improved hydrophilic and emulsifying properties. Hydrolyzed lecithins are

highly viscous or pasty fluids and tend to be light brown to brown in color (85).

The products resulting from hydroxylation of lecithin have improved oil-in-water

emulsifying properties and improved water dispersibility. Acetylation of phospha-

tidylethanolamine creates improved fluid and emulsifying properties, as well as

improved water dispersion. Modification of the polar phosphoric acid ester or the

glyceride moiety of phospholipids is legally restricted in the food industry (78).

The wide range of functionalities of lecithin has been applied in a variety of

industries, including pharmaceuticals, cosmetics, and food. Lecithin components

have both lipophilic and hydrophilic groups that respond to changes in pH and dif-

ferences in ionic strength. These charged surfactants stabilize emulsions of water

and oil. The selection of the appropriate raw material and the use of techniques

such as fractionation, modification, and compounding can be combined to generate

the phospholipid characteristics best suited to a desired application. Different phos-

pholipid and fatty acid combinations influence solubility, emulsifying quality, the

type of emulsion (whether oil–water or water–oil), instantizing properties, dietetic

value, and sensitivity to oxidation (86).

Lecithin acts as a lubricant and release agent between solids by coating the

surface of the solids. A reduction of the surface tension and particle attraction

occurs when lecithin coats solids in a solid–liquid mixture, which allows for stable
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dispersion and suspension of the solid in the liquid. Lecithin also reduces surface

tension and enhances emulsification in immiscible liquid mixtures (87).

Lecithin makes up 0.5–1.0% of the composition of many cosmetic products. The

surfactant properties are most valued for the ‘‘skin feel’’ that is produced. Longer

wearing cosmetics evolve from pigments and particulates coated in lecithin since

they have smoother surfaces, increased adhesion to the skin, and improved color

stability. Due to film adhesion, the presence of lecithin reduces the oily or greasy

feeling of many products and reduces the transfer of cosmetics to clothing. The

emulsification properties, ease of spreading, and wetting ability of lecithin are also

utilized in cosmetic products (88).

Lecithin may become a useful component of magnetic recording equipment due

to its ability to act as a surfactant, thereby facilitating dispersion of magnetic parti-

cles on pigment surfaces. The magnetic and physical properties of the recording

tape are enhanced as a result. For lecithin to be active in this capacity, it must func-

tion in a variety of solvents including methylethylketone, tetrahydrofuran, cyclo-

hexane, and toluene. Another valuable property of lecithin is its ability to adsorb

to the surface of a variety of pigments such as iron oxide, chromium dioxide,

iron metal, and barium hexafurite (89).

Industrial coatings, paints, and inks utilize lecithin because of its pigment dis-

persal characteristics. Lecithin binds to pigment surfaces allowing wetting of the

pigment by the vehicle in which it is being dispersed. Lecithins with different func-

tionalities can function in both oil-based and water-based formulations (87).

The food industry relies on lecithin in bakery, beverage, and confectionery pro-

duct development. The lecithin functionalities of emulsification, release, mixing

and blending, and instantizing, many of which were discussed above, are put to use

in many aspects of food production (86). Lecithin is used in baking as a dough con-

ditioner for cookie, cake, and doughnut mixes with many positive effects including

improved handling, a drier and more elastic dough, improved pan release, more uni-

form color, texture and grain, and decreased mixing time. Lecithin acts as a dis-

persor, aiding the mixing of unlike ingredients such as fat and flour or sugar. The

activity of lecithin as a surfaceactive agent has been shown to retard the rate of

staling in yeast-leavened products. Lecithin plays a valuable role in the instantizing

of beverage and food mixes by promoting the incorporation of powders into aqueous

environments. Dry edible powders such as cake mixes, nutritional supplements, and

milk powders can be quickly integrated into liquids such as milk or water with the

aid of lecithin (90).

The confectionery industry utilizes the emulsification, antistick, and viscosity

properties of lecithin and benefits from the concurrent effects of shelf-life exten-

sion, texture improvement, and decreased production costs (83). A product such

as caramel will not blend correctly in the absence of lecithin. Uniform dispersion

of fat, aided by lecithin, will decrease stickiness and provide tenderness for ease of

cutting. The natural antioxidant properties of lecithin slow the decay of any product

in which it is incorporated. Viscosity is very important in the chocolate industry

where shape is often a requirement for consumer acceptability. High concentra-

tions of butter, such as cocoa butter, impart high viscosity, which in turn makes
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production more efficient. Alternatively, lecithin may be used to provide a portion

of the viscosity requirement and to eliminate greasiness in the finished product (84).

2.2. Refining By-Product Lipid (Soapstock)

Refining by-product lipid, commonly referred to as RBL, results from the refining

of crude oil, where continuous mixing of crude oil with a dilute sodium hydroxide

solution produces a by-product consisting of free fatty acids, hydrolyzed phospha-

tides, and unsaponifiable materials (91). Free fatty acids are the valued component

in RBL, the composition of which varies with the oil source, oilseed condition at

crushing, the oil removal method used, the solvent employed, the extent of extrac-

tion, and the refining conditions. Larger quantities of RBL are produced as the oil

becomes more refined. The concentrations of free fatty acids, gums, and impurities,

and the efficiency of refining, influence the amount of RBL formed. Refining by-

product lipid tends to be the item of lowest value produced in oil refining (92).

Acidulation of RBL using sulfuric acid stabilizes it and reduces its weight for ship-

ment. Debris such as phosphatides, proteins, and mucilaginous substances are

present in varying quantities depending on the quality of degumming and refining

and may cause emulsification to occur and prevent effective acidulation (91). The

acidulation of RBL is the greatest wastewater producer in the refining system. Dis-

posal of the effluent or acid water requires expensive treatment measures to comply

with environmental regulations (91). The Daniels Fertilizer Company (Shrewsbury,

Mass.) views this acid water as a potential resource. The use of nutrient chemicals

in the refining, acidulation, and neutralization steps produces an acid water suitable

for use as a liquid fertilizer. Vegetable oils are refined with caustic potash (KOH)

instead of caustic soda (NaOH), and acidulation with sulfuric acid is followed by

neutralization with ammonia rather than NaOH. This is an innovative method that

closes the loop of agriculture processing (93). Animal feed is the dominant sink for

RBL. Refining by-product lipid can be returned to meal to increase its weight and

its fat content. This has been done to a level of 0.9% for cottonseed meal and 0.4%

for soybean meal (91). Soybean RBL provides 6694 kcal/kg of digestible energy

and 6599 kcal/kg of metabolizable energy to pigs (94). Refining by-product lipid

not only increases caloric content but also provides essential fatty acids and in-

creases food utilization. Refining by-product lipid may also be added to feed for pur-

poses of dust control, appearance, ease of handling, and improved pelletability (95).

Raw and acidulated RBL are combined in different ratios with animal tallow to

produce soaps of varying characteristics. Palm oil and coconut oil are the dominant

fatty acid sources for soap manufacturing. Coconut oil and tallow are complemen-

tary in fatty acid composition such that in combination they provide the ingredients

of toilet soap (96). There has been speculation regarding the use of safflower and

sunflower RBL in this capacity if alterations were made to processing methods.

Cottonseed and soybean RBLs are available in large quantities but the cost of up-

grading these to the quality necessary for use in toilet soap inhibits their use.

Refining by-product lipid has been considered as a growth medium for micro-

organisms. It appears to provide a satisfactory supply of nutrients for growth, due
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in part to its high sodium content and its suitable trace element composition. Des-

pite its residual oil content and high pH, many species of microorganisms will grow

on this substrate (97).

2.3. Spent Bleaching Earth

Spent bleaching clay from oil refining contains substantial absorbed oil (20–40% w/w).

This product is both a problem and a potential source of recoverable oil. The pro-

blems of spent clay are well known (98). Fat-containing clays are prone to sponta-

neous combustion when in contact with air, particularly if the bleaching earth

contains highly unsaturated oils. Spent clay also represents an environmental con-

cern, both as a fire hazard and as a threat to ground waters through fat-containing

runoff when discarded in landfills. In addition, there is an economic loss of oil in

the clay.

Technical solutions to the recovery of oil from spent clay can be categorized

into four areas:

1. Steam Treatment. This method, whereby steam is blown through the cake, is

commonly practiced in refineries to reduce the oil content of the cake to

approximately 20% (99).

2. Aqueous Extraction. In its simplest form, this procedure involves pump-

ing 95�C water through the cake for approximately 30 min to reduce its oil

content. The oil must then be separated from the water (98). A pro-

cedure employing extraction with sodium carbonate has been described

(98, 99) where spent clay was mixed with an aqueous 5% sodium carbonate

solution. The slurry was heated to 95�C and stirred slowly for 30 min.

Although the procedure is simple, hot carbonated water sometimes failed to

displace the fat. The quality of the resultant oil was low and disposal of

residual slurry [containing clay, water, and salt (NaCl)] was difficult. Sug-

gested methods of slurry disposal include inclusion in cement manufac-

ture or blending into sandy soils to improve soil structure. Boiling the spent

clay in a water suspension containing 1.5–2.5% concentrated sodium

hydroxide as a surface-active agent has also been described (100). This

procedure yielded a dark-colored oil that could only be used for technical

purposes. After extraction, the residual slurry was centrifuged and the

liquid effluent appropriately treated. The solid material was used as a

landfill material or as a replacement for earth or sand for the covering of

refuse dumps (100).

3. Solvent Extraction. Spent clay oil recovery by solvent extraction with

hexane may be accomplished after filtration, either directly from the cake

in the filter or after the cake has been removed from the filter (99). Any

exposure of the cake to air prior to extraction will cause rapid deterioration

of the fatty material. Depending on the intended use of the oil, perchloro-

ethylene or methyl chloride may be effectively employed as solvents (98).
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4. Pressure Extraction. The use of pressure (5–30 bars) in combination with

water and sodium hydroxide has been shown to produce acid oils from spent

clay that can be easily separated by decanting (98).

Other options for recovery of oil from spent clay include mixing the spent clay

filter cake with milled oilseeds en route to solvent extraction. This procedure is

used in some refineries having associated crushing and refining plants and is con-

venient if the fire hazard of the spent clay can be overcome and the level of addition

is small enough to not significantly alter the mineral content of the meal (99).

Evaluations of spent bleaching clay as a feed supplement indicate that, for

poultry diets, inclusion rates of up to 7.5% spent clay in diets produced no deleter-

ious effects on feed intake, growth rate, or feed efficiency (101). These results

suggest that spent clay could be added to poultry feed at 0.5–2.0% which is similar

to the amount of bentonite clay currently used as a pellet binder in poultry diets.

The metabolizable energy (ME) of spent clay was determined to be 2870 kcal/kg

(dry matter basis) but would vary with oil content. Other studies have also demon-

strated the feeding value of spent clay (102).

Spent clay and its associated disposal problems represent a concern for all

refineries. Additional research may yield new and more valuable uses for this by-

product material.

2.4. Deodorizer Distillates

Deodorizer distillate is the material collected from the steam distillation of vege-

table oils, as it occurs in the process of deodorization or physical refining (103).

The material has a sludgelike appearance and consistency so is often referred to

as scum or scum oil.

The use and value of deodorizer distillate is dependent on its composition. Deo-

dorizer distillate is a complex mixture of tocopherols, sterols, esters of sterols,

mixed fatty glycerides, hydrocarbons, and other materials contained in a substantial

amount of fatty acids (104). If the material is high in unsaponifiable components,

the tocopherols can be used in the manufacture of natural source vitamin E and

sterols for drug manufacture. The quality of the distillate is dependent on the feed-

stock oil composition, processing equipment, and operating conditions.

Comparisons of the tocopherol and sterol contents from various oils indicate

that some oils have appreciably higher contents of specific tocopherols and sterols

(94). For example, sunflower is high in a-tocopherol, whereas soybean is higher in

g-tocopherol. As deodorization strips tocopherols and sterols from the oil, different

feedstock oils yield different concentrations and types of tocopherols.

Direct contact cooling of the deodorizer discharge vapor with a stream of circu-

lating distillate is the most common method of condensing distillate vapor. Although

designs of distillate recovery towers and their position in the deodorization system

vary, the purpose remains the cooling of the vapor sufficiently to condense most of

the distillates (105). The operation of the deodorizer has a direct impact on distillate

composition and quality. In general, higher deodorization temperatures, longer
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exposure times, and lower vapor pressures will increase the yield of distillate and

decrease the tocopherol and sterol content remaining in the oil (103). Distillate is

frequently collected and sold, representing value to the refinery. The demand and

value is based on the total tocopherol content, as it relates directly to the economics

of vitamin E production. The value of distillate varies and has been as high as

$1.45/kg ($0.65/lb) (103). End users of the distillate use a series of chemical and

physical treatments such as saponification, esterification, and molecular distillation

to separate tocopherols and sterols (106). Research has been conducted on the use

of supercritical fluid extraction to separate and concentrate tocopherols and sterols

from the sludge (107).

With the increasing interest in natural source antioxidants, such as tocopherols,

and the use of both stigmasterol and b-sitosterol as raw materials for the production

of progesterone and esterone by the pharmaceutical industry, it is likely that deo-

dorizer distillates will continue to be an important by-product for some vegetable

oil processors.

2.5. Spent Catalyst

Catalysts are required in the hydrogenation of fats and oils. The most commonly

used catalyst is finely divided nickel having a large surface area and used in a flaked

or granular form. The nickel component and clay support each make up 50% of the

catalyst in a surrounding hydrogenated fat medium. Spent catalyst is removed from

the hydrogenated oil using filtration methods such as plate and frame or pressure

leaf-type filter presses. The recovered catalyst product contains nickel, clay materi-

als, and residual fat or oil, as well as any filtration media used to aid in filtration of

the physically fine spent catalyst. The heat content of spent catalyst ranges from

4500 to 8700 kcal/kg (108).

The use of spent nickel catalyst in its posthydrogenation form is limited. The

only available example of its use is by the M.A. Hanna Company (Cleveland,

Ohio). This company mines and smelts nickel, producing a ferro-nickel product

of primary use in the production of stainless steels. To conserve its nickel supplies,

Hanna modified its system for feeding the production line to allow mixing of spent

nickel catalyst with the nickel containing ores at up to 10% of the total nickel feed

(108).

Landfills have been the most popular depositories of spent nickel catalyst.

Environmental concerns regarding the impact of nickel and conservation efforts to

preserve nickel supplies have stimulated recycling and reclamation of the nickel

component. Solvent extraction of organic material from the nickel is most effective

with polar solvents such as isopropanol and methyl ethyl ketone (108).

Incineration is another reclamation technique in use. The multiple-hearth fur-

nace can operate under designed conditions for years with low maintenance and

low energy consumption (108). The fluid-bed incinerator is also very effective

(108). Tests have shown that all organic compounds are decomposed and most

carbon residue oxidized. The ash is of high nickel value being predominately
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composed of nickel oxide and silica. The energy input of these reclamation proces-

sing methods is fractional compared to the total heat content of spent catalyst. Gen-

eration of thermal energy through these processes has the potential for electricity

generation as well.

Spent nickel catalyst is a product with limited potential for further utilization. In

the future, however, the entire composition of the spent catalyst, including the

organic fraction, may be found to have value beyond heat generation (108).

REFERENCES

1. 2003 Soya & Oilseed Bluebook, Soyatech, Inc., Bar Harbor, ME, 2003.

2. W. R. Fehr in G. Robbelen, R. K. Downey, and A. Ashri, eds., Oilcrops of the World:

Their Breeding and Utilization, McGraw-Hill, New York, 1989, pp. 283–300.

3. T. L. Mounts, W. J. Wolf, and W. H. Martinez in J. R. Wilcox, ed., Soybeans: Improve-

ment, Production and Uses, American Society of Agronomy, Crop Science Society

of America, and Soil Science Society of America, Inc., Madison, Wis., 1987, pp. 849,

854–856.

4. K. J. Smith in A. R. Baldwin, ed., Proceedings of the World Conference on Emerging

Technologies in the Fats and Oils Industry, American Oil Chemists’ Society, Cham-

paign, Ill., 1998.

5. J. M. Bell in Ref. 2, pp. 192–207.

6. R. T. Lovell in L. McCann, ed., Soybean Utilization Alternatives, University of

Minnesota, St. Paul, Minn., 1988, pp. 235–245.

7. T. Klopfenstein and F. Owen in Ref. 6, pp. 227–234.

8. E. F. Sipos in Ref. 6, pp. 57–93.

9. A. E. Sloan, Food Tech, 48, 89 (1994).

10. K. E. Beery in T. H. Applewhite, ed., Vegetable Protein Utilization in Human Foods and

Animal Feedstuffs, American Oil Chemists’ Society, Champaign, Ill., 1989, pp. 62–65.

11. D. W. Johnson and S. Kikuchi in Ref. 10, pp. 66–77.

12. A. Visser and A. Thomas, Food Rev. Internat, 3, 1 (1987).

13. W. J. Wolf in I. A. Wolff, ed., Handbook of Processing and Utilization in Agriculture,

Vol. II; Part 2, CRC Press, Boca Raton, Fla., 1983.

14. J. A. Klavons, R. D. Bennett, and S. H. Vannier, J. Food Sci. 57, 945 (1992).

15. L. A. Johnson, D. J. Meyers, and D. J. Burden, INFORM 3, 282 (1992).

16. B. Fitch Haumann, INFORM 4, 1324 (1993).

17. L. A. Johnson, D. J. Meyers, and D. J. Burden, INFORM 3, 429 (1992).

18. A. Gennadios and C. L. Weller, Cereal Foods World 36, 1004 (1991).

19. A. Gennadios, A.H. Brandenburg, J. W. Park, C. L. Weller, and R. F. Testin, Ind. Crops

Prod. 2, 189 (1994).

20. M. D. Pickard in D. Hickling, ed., Canola Meal Feed Industry Guide, Canola Council of

Canada, Winnipeg, MB, 1993, pp. 4–5.

21. C. G. Youngs and L. R. Wetter in Rapeseed Meal for Livestock and Poultry, Rapeseed

Association of Canada, Winnipeg, Manitoba, Publ. No. 3, 1969, pp. 2–3.

REFERENCES 413



22. J. D. Jones, J. Am. Oil Chem. Soc. 56, 716 (1979).

23. J. M. Bell, J. Anim. Sci. 58, 996 (1984).

24. R. Hill, Nutrition Abstracts and Reviews, Series B. Livestock Feeds and Feeding (UK)

61, 139 (1991).

25. D. Hickling, ed., Canola Meal Feed Industry Guide, Canola Council of Canada,

Winnipeg, MB. 2001.

26. A. B. Pierce in Ref. 20, pp. 12–15.

27. D. Hickling and A. Freig in Ref. 20, pp. 16–20.

28. S. Leeson, J. O. Atteh, and J. D. Summers, Can. J. Anim. Sci. 67, 151 (1987).

29. P. J. McKinnon and D. A. Christensen in Ref. 10, pp. 449–462.

30. Y.-M. Tzeng, L. L. Diosady, and L. J. Rubin, J. Food Sci. 55, 1147, 1156 (1990).

31. F. Sosulski, E. S. Humbert, K. Bui, and J. K. Jones, J. Food Sci. 41, 1349 (1976).

32. D. L. Rinker in M. J. Maher, ed., Mushroom Science XIII Proceedings of the 13th

International Congress on the Science and Cultivation of Edible Fungi, Vol II, A. A.

Balkema, Rotterdam, Netherlands, 1991, pp. 781–789.

33. L. D. Gattinger, Z. Duvnjak, and A. W. Khan, Appl. Microbiol. Biotechnol. 33, 21

(1990).

34. Z. Liebowitz and C. Ruckenstein in Ref. 4, pp. 208–212.

35. D. G. Dorrell in J. F. Carter, ed., Sunflower Science and Technology, American Society of

Agronomy, Crop Science Society of America, Soil Science Society of America, Inc.,

Madison Wis., 1978, pp. 407–440.

36. J. A. Robertson, Crit. Rev. Food Sci. Nutr. 6, 201 (1975).

37. L. D. Talley, J. C. Brummett, and E. E. Burns in Proc. 4th Int. Sunflower Conf. (Memphis,

Tennessee), National Cottonseed Products Assoc., Memphis, 1970, pp. 110–113.

38. D. H. Kinard, Feedstuffs, 26 (Nov. 3, 1975).

39. K. O. Lewis in Ref. 37, pp. 271–272.

40. H. O. Doty in Ref. 35, pp. 457–488.

41. Oil Crops Outlook (OCS-05a), Economic Research Service, USDA, Jan. 13, 2005.

42. G. Sripad and M. S. N. Rao, J. Agric. Food Chem. 35, 962 (1987).

43. P. K. Saxena and L. C. Buchanan, Canadian Society of Agricultural Engineers, Paper No.

82–106 (1982).

44. E. Eklund, A. Hatakka, A. Mustranta, and P. Nybergh, Eur. J. Appl. Microbiol. 2, 143

(1975).

45. D. Wiesenborn and co-workers, N. D. Farm Res. J. 49, 19 (1991).

46. D. MacGregor in Ref. 37, pp. 107–109.

47. K. C. Chang and A. Miyamato, J. Food Sci. 57, 1435 (1992).

48. A. Miyamato and K.C. Chang, J. Food Sci. 57, 1439 (1992).

49. P. F. Knowles in Ref. 2, pp. 363–374.

50. J. P. Cherry and H. R. Leffler in R. J. Kohel and C. F. Lewis, eds., Cotton, American

Society of Agronomy, Crop Science Society of America, and Soil Science Society of

America, Inc., Madison, Wis., 1984, pp. 511–569.

51. J. Redhead, Utilization of Tropical Foods: Tropical Oilseeds, FAO Food and Nutrition

Paper 47:5, Food and Agriculture Organization, Rome, 1989.

414 BY-PRODUCT UTILIZATION



52. E. W. Lusas and G. M. Jividen, J. Am. Oil Chem. Soc. 64, 839 (1987).

53. T. Yo, Agribiol. Res. 44, 357 (1991).

54. D. K. Salunkhe and B. B. Desai, Postharvest Biotechnology of Oilseeds, CRC Press,

Inc., Baco Raton, Fla., 1986, pp. 147–159.

55. D. A. Okly in Proceedings of the 1987 International Oil Palm/Palm Oil Conferences:

Progress and Prospects. Conference II: Technology, Palm Oil Research Institute of

Malaysia, Kuala Lumpur, Malaysia, 1988, pp. 434–437.

56. S. W. Yeong, 1st Asian-Australian Animal Science Congress, Serdang, Malaysia, 1980,

pp. 217–222.

57. W. L. Siew, PORIM Tech. 14, 111 (1989).

58. J. H. Tay, Resour., Conservat. Recycl. 5, 383 (1991).

59. M. Shibata and A. H. Osman, Jpn. Agricult. Res. Quart. 22, 235 (1988).

60. M. A. Ngan and A. S. H. Ong, Potential Biomass Energy from Palm Oil Industry,

PORIM Bulletin No. 14, Research Institute, Malaysia, 1987, pp. 10–15.

61. J. G. Woodroof, Coconuts, AVI Publishing Co., Westport, Conn., 1979.

62. T. V. P. Nambiar in N.M. Nayar, ed., Coconut Research and Development, Wiley

Eastern, New Delhi, 1983, pp. 245–253.

63. J. A. Banzon, Energy Agricul. 3, 337 (1984).

64. J. George in Ref. 62, pp. 284–290.

65. R. Erwiyono and D. H. Goenadi, Indonesian J. Crop. Sci. 5, 25 (1990).

66. J. V. Bhat in Ref. 62, pp. 259–273.

67. pp. 35–56 in Ref. 54.

68. T. N. Bhavanishankar, T. Rafashekaran, and V. Sreenivasa Murthy, Food Microbiol. 4,

121 (1987).

69. G. M. Hill and P.R. Utley, Nutr. Rep. Internat. 36, 1363 (1987).

70. M. D. Lindemann, E. T. Kornegay, and R. J. Moore, J. Anim. Sci. 62, 412 (1986).

71. pp. 194–195 in Ref. 54.

72. C. Carola in J. M. Moreno Martinez, ed., Olive Oil Technology, Food and Agriculture

Organization, Rome, 1985, pp. 78–87.

73. A. K. Kiritsakis, Olive Oil, American Oil Chemists Society, Champaign, Ill., 1990,

pp. 80–85.

74. L. A. Johnson, T. M. Suleiman, and E. W. Lusas, J. Am. Oil Chem. Soc. 56, 463 (1979).

75. pp. 105–117 in Ref. 54.

76. pp. 171–186 of Ref. 54.

77. R. S. Bhatty and P. Cherdkiatgumchai, J. Am. Oil Chem. Soc. 67, 79 (1990).

78. G. L. Dashiell in Ref. 6, pp. 355–363.

79. M. Schneider in Ref. 4, pp. 160–164.

80. J. P. Cherry, M. S. Gray, and L. A. Jones, J. Am. Oil Chem. Soc. 58, 903 (1981).

81. J. P. Cherry and W. H. Kramer in B. F. Szuhaj, ed., Lecithins: Sources, Manufacture and

Uses, American Oil Chemists Society, Champaign, Ill., 1989, pp. 16–31.

82. L. Somogyi, ‘‘Food Additives,’’ in Kirk-Othmer Encyclopedia of Chemical Technology,

Vol. 12, Wiley, Hoboken, New Jersey, 2005.

REFERENCES 415



83. G. L. Dashiell in D. R. Erickson, ed., Edible Fats and Oils Processing: Basic Princi-

ples and Modern Practices, American Oil Chemists’ Society, Champaign, Ill., 1990,

pp. 396–401.

84. R. C. Appl in Ref. 81, pp. 207–212.

85. G. R. List in Ref. 81, pp. 145–161.

86. G. L. Dashiell in Ref. 81, pp. 213–236.

87. E. F. Sipos in Ref. 81, pp. 261–276.

88. C. Baker in Ref. 81, pp. 253–260.

89. M. Chagnon and J. Ferris in Ref. 81, pp. 277–283.

90. E. H. Sander in Ref. 81, pp. 197–206.

91. J. B. Woerfel in Ref. 4, pp. 165–168.

92. D. R. Erickson in Ref. 6, pp. 95–105.

93. R. S. Daniels, Can. Pat, 1,256,449 (1989).

94. E. T. Fialho, L. F. T. Albino, and E. Blume, Pesquisa Agropecuaria Brasileira 20, 1419

(1985).

95. K. Zilch in P. J. Wan, ed., Introduction to Fats and Oils Technology, American Oil

Chemists’ Society, Champaign, Ill., 1991, pp. 251–266.

96. N. O. V. Sonnlag, J. Am. Oil Chem. Soc. 58, 155A (1981).

97. C. W. Hesseltine and S. Koritala, Proc. Biochem. 22, 9 (1987).

98. J. M. Klein in Ref. 4, pp. 169–171.

99. J. T. L. Ong, J. Am. Oil Chem. Soc. 60, 314 (1983).

100. C. Svensson, J. Am. Oil Chem. Soc. 53, 443 (1976).

101. R. Blair, J. Gagnon, R. E. Salmon, and M. D. Pickard, Poultry Sci. 65, 2281 (1986).

102. W. M. M. A. Janssen, P. J. W. van Schagen, A. A. Siegerink, and A. J. N. Bisalsky, Fette

Seifen Anstrichmittel 88, 25 (1986).

103. R. L. Winter in Ref. 4, pp. 184–188.

104. S. K. Kim and J. S. Rhee, Korean J. Food Sci. Technol. 14, 174 (1982).

105. A. M. Gavin, J. Am. Oil Chem. Soc. 58, 175 (1981).

106. F. Z. Sheabar and I. Neeman, Riv. Ital. Sostanze Grasse 64, 219 (1987).

107. H. Lee, B. H. Chung, and Y. H. Park, J. Am. Oil Chem. Soc. 68, 571 (1991).

108. F. J. Hennion in Ref. 4. pp. 172–183.

416 BY-PRODUCT UTILIZATION



12
Environmental Impact and

Waste Management

Michael J. Boyer

AWT-Agribusiness and Water Technology, Inc.

Cumming, Georgia

1. INTRODUCTION

Oilseeds processing, refining and processing of vegetable oils, and further pro-

cessing into edible products and oleochemicals, produces a variety of waste pro-

ducts. In no other industry is the proper handling of these wastes as dependent

on the understanding and control of the processes. This article reviews major pro-

cesses and facilities, particularly as they relate to waste generation and control.

Wastes from a well-run facility are first defined, followed by an analysis of those

processes that are the largest potential waste generators. In addition, those factors

are reviewed that affect process control as it relates to waste generation, followed

by a review of current issues.

A final section addresses the fundamentals of wastewater treatment processes

often employed in fats and oils and oilseeds processing. This article addresses

air and solid waste aspects of the industries as well, but the primary focus is on

wastewater.

The article is directed mainly at conventional caustic refining and related

downstream processes with related considerations in physical refining and new

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
Edited by Fereidoon Shahidi. Copyright # 2005 John Wiley & Sons, Inc.
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processes. The article also references oleochemicals. For further information on

oleochemicals, the reader is referred to Fatty Acids in Industry, by Johnson

and Fritz (1).

2. PROCESS COMPONENTS AND MAJOR
WASTEWATER SOURCES

Figure 1 is a conceptual flow diagram that shows the major processes of a typical

oilseed processing and refining facility. For the purposes of this presentation, the

following processes are considered:

Milling and extraction

Caustic refining

Further processing and handling (bleaching, winterization, hydrogenation)

Deodorization

Acidulation

Tank car washing

Packaging

Margarine production

Salad dressing/mayonnaise production

Primary Parameters. Table 1 lists these processes and associated wastes load-

ings. Separate subtotals are presented with and without salad dressing and mayon-

naise, as these processes are often absent and portions of this article do not consider

them. See (2) for clarification of terms and test methods. Table 1 excludes waste-

water flows without organic contamination such as noncontact cooling tower blow-

down and boiler blowdown.

Note that only freon extractables (fats, oils, and grease, FOG) and 5-day

biochemical oxygen demand (BOD) are listed. Numerous other parameters are

often discussed, monitored, and interpreted, but treatment and control strategies

can usually be reduced to these two items. Loadings are presented as average

and maximums; however, the variable operations of an oilseeds fats and oils

facility are such that a true average is less relevant than an operating range.

Maximums are reasonable upper figures, with higher loadings possible in spil-

lage situations.

Control of pH is important in the wastewater stream, but it ultimately becomes a

byproduct of controlling FOG and BOD. Chemical oxygen demand (COD) is a use-

ful parameter, and it can usually be predictably estimated at 1.4 to 1.6 times BOD

for the model plant discussed in this section. These ratio values can vary based on

processes in-place and other unusual circumstances. Measurement of COD is more

often a tool to determine whether BOD tests are being correctly conducted and are

useful in that results can be obtained in a matter of hours rather than days.
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Figure 1. Conceptual flow diagram, oilseed processing.
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Many effluent permit limitations also include total suspended solids (TSS). The

test procedure for TSS also measures oil and grease that is removed in the filter

paper used in the test. Non-oil-suspended solids are normally low in vegetable

oil handling wastewaters; therefore, the parameter is not really of significance in

most applications. There are some exceptions, such as milling and extraction

area wastes along with salad dressing and mayonnaise.

The data in Table 1 are developed around the following criteria:

Milling and extraction of soybeans: 2800 m3 bushels per day.

Caustic refining with single-stage water wash: 27,000 kg/hr nondegummed

soybean oil.

Semicontinuous deodorization with scrub cooler, barometric condenser with

atmospheric cooling tower.

Acidulation of soapstock and washwater with 90% to 95% TFA recovery

efficiency.

Bottling line and/or other extensive liquid oil packaging.

Margarine, mayonnaise, and salad dressing production and packaging.

Tank car washing of finished oil cars only; no crude oil cars.

Clearly, operations of different size, and lacking some processes, will have dif-

ferent waste loads. This applies particularly to acidulation as well as mayonnaise

and salad dressing processing. In addition, variations in refining process methods

will greatly impact wastewater characteristics. This is addressed in more detail in

Section 7. The effects of process control and its impact on wastewater loading are

outlined in the next section. The values in Table 1 can be adjusted for different

processing sizes; however, this adjustment should be done with caution and not

TABLE 1. Oilseeds Processes and Wastewater Loads.

Waste Loada

Flow (m3/day) BOD (kg/day) FOG (kg/day)

Process Average Average Max. Average Max.

Milling and extraction 95 168 272 11 29

Caustic refining 42 100 454 52 181

Further processing 19 68 136 34 68

Deodorization 19 18 45 9 23

Acidulation 72 1451 2268 11 363

Tank car washing 19 113 680 57 113

Packaging 38 113 454 57 227

Subtotal 304 2031 4309 231 1004

Margarine production 265 272 454 136 227

Salad dressing/mayonnaise 189 907 1588 454 771

Total 758 3210 6351 821 2002

aEffluent from good in-plant gravity separation of free oils and solids
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by simply applying a waste load per unit of production. Many processes use equip-

ment that is available only in various increments. Also, smaller or larger sized

processes may make other downstream (or upstream) processes inherently uneco-

nomical or imply a fundamentally different process approach. For example, in North

America, the economics of onsite soapstock acidulation starts becoming inherently

uneconomical at refining capacities less than 12,500 Kg/hr.

These loadings represent a reasonably well-run operation from a process loss

control standpoint. Loadings will vary from better or poorer managed facility

operations. In addition, the figures in Table 1 assume that all waste streams have

been subject to at least a modest degree of gravity separation for removal of large

quantities of floatable oils and solids.

A final source of wastewater is contaminated runoff from truck and rail loadout

areas, tank farm drainage, and related sources. This runoff can contribute the equi-

valent of 20 to 40 L/min to total daily average flow during rainy periods and affect

peak flows to a much greater extent.

Other Significant Parameters. Other parameters of interest include nickel, phos-

phorus, and sulfates.

Nickel may enter the wastewater stream from cleanup and minor losses in the

hydrogenation process areas caused by nickel catalysts. Caustic cleaning of filter

screens from the catalyst are a particularly significant source. Often, this problem

can be controlled at the source.

Crude oils, particularly soybean oil, contain significant quantities of organic

phosphorus in the form of phosphatides. These compounds are removed to a large

extent from the oil phase in the refining process. If refinery washwaters and soap-

stock are acidulated, the phosphorus is then carried into the water phase. Other

sources of phosphorus are in an oilseeds operation, but the majority results from

the mechanism described above.

Sulfates are present from the use of sulfuric acid in the soapstock acidulation

process. Concerns for sulfates are generated from their contribution to dissolved

solids as well as their potential to form odor-causing compounds under anaerobic

conditions. Sulfate levels in the model plant presented herein would be on the

order of 2000 mg/L. Where controlled, regulatory limits are in the range of 200-

300 mg/L.

3. PROCESS FACTORS AFFECTING WASTEWATER
GENERATION AND CHARACTERISTICS

Soapstock Handling. The largest factor affecting wastewater loading is handling of

refinery soapstock when caustic refining is employed. Four methods are routinely

employed:

1. Acidulate soapstock for fatty acid value.

2. Sell as raw soapstock on the open market.
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3. Spray on meal as fat additive (if an oilseed extraction operation is present).

4. Partially neutralize and dewater soapstock.

Acidulation is probably the most misunderstood and maligned process in the

entire fats and oils industry. The easiest part of an acidulation design is production

of acceptable quality acid oil. The difficult challenge is the minimization of the

middle phase and creating an oil-free wastewater, which implies that the facility

is to be properly designed from the standpoint of reaction kinetics as well as the

mechanical aspects of acid/oil mixing, decanting, and middle phase recovery.

Methods 2 and 3 above do not produce any wastes other than from handling

losses; however, they are often not the most economical method of dealing with

soapstock as the value of the acid oil is not realized.

Method 4 is directed at reducing water content of soapstock sold for acidulation

elsewhere. The water phase generated in the decant can have as much or more waste

load as that generated from a well-run acidulation plant. Figure 2 shows a relation-

ship developed from one such operation. Note that some gain is realized by a mode-

rate pH reduction; however, in later phases, the operation essentially becomes an

inefficient acidulation process.

In summary, the economic advantage of freight cost gained should be weighed

against additional waste handling costs.

Deodorization. This process should be a minor contributor; however, it can pro-

duce significant waste loads if the deodorizer does not have a well-operated scrub

cooler. The barometric recycle should have its oil separator/skimmer. In certain

instances, an indirect heat exchange system is employed to reduce odor problems

Figure 2. Partial acidulation waste loading.
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off the barometric water stream. In any event, the waste load should be no greater

than the deodorizer steam load, with about 500 mg/L FOG, the soluble oil fraction

in the water phase at steady state recycle. Several processors are using polymer

addition to enhance this. Most deodorgic systems in North America now rely on

surface condensers rather than on atmospheric ‘‘greasy’’ cooling towers. These sur-

face condensers normally employ a 45–70-L/min caustic wash to keep the conden-

ser surface clear, which results in an overall wastewater load contribution in the

same range as that from the blowdown of a contact barometric cooling tower sys-

tem with a scrub cooler.

As a final note regarding deodorizers, these units experience a maintenance boil-

out with sodium hydroxide and citric acid about once a year. This is an extremely

high waste load and must be stored for regulated release into the process sewer

system. If appropriate, this wastewater can be released on a regulated basis into

wastewater neutralization, (assuming low pH wastewater) and some benefit is

gained for the waste sodium hydroxide.

Refining. The water wash centrifuge stage is, at times, susceptible to oil break-

over because of back pressure control. Many plants have a method to monitor or

control this other than visual. These breakover conditions can represent substantial

quantities of free neutral oil. A secondary gravity separator should be used in-line

on the wash water stream to recycle the floatable refined oil directly to the crude oil

stream, rather than allowing it to downgrade as acidulated material.

Cleanup, Handling Losses. There is no end to the potential to create, and elimi-

nate, waste load water flow through in-house control, which is a matter of employee

training and attitude and how management views the importance of training to

achieve results. This is an extremely important area; however, it cannot be addressed

effectively in detail here. Several references are included (3,4).

There are physical aspects to consider. For example, vacuum pump seal water

can make up a large percentage of total water flow if not recycled or otherwise

minimized.

To properly address this issue, a plant-wide study of oil loss and wastewater gen-

eration points should be conducted and evaluated. From there, a cost-effectiveness

analysis of potential operational and physical remedial measures can be conducted.

Very few plants exist where such a study cannot produce plenty of opportunities for

loss reduction and money savings.

4. AIR EMISSIONS, SOURCES, AND CONTROLS

4.1. Sources

Major sources of air emissions considered for this presentation include the

following:

1. Process dust particulates

2. Solvent from extraction and meal processing
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3. Odors from meal cooling and oil deodorization

4. Boiler emissions

Table 2 summarizes loadings and/or limitations in these areas.

An excellent overview of the subject in general is ‘‘Air Pollution Issues Asso-

ciated with Soybean Process Facilities’’ (3).

1. PROCESS PARTICULATE MATTER—This arises from a variety of sources

throughout the handling and processing of oil seeds and byproduct meal.

Elevator losses as a whole usually average 2% to 3%. This loss is a combination

of moisture reduction, seed spillage, and dust loss/emissions. The dust portion of

the loss is a smaller absolute number; however, it can create substantial challen-

ges when measured as particulate air emissions. Additionally, a portion of these

losses can manifest as water-born contaminants in plant site rainfall runoff.

2. SOLVENT EXTRACTION—The facilities are regulated as major sources of

solvent emissions. The industry controls itself to a certain degree because of

the cost of the solvent—normally ‘‘commercial’’ hexane. The U.S. Federal

Clean Air Act provides a basis for controlling solvent emissions as volatile

organic compounds and, because a major constituent is typically n-hexane, as

a hazardous air pollutant.

The Federal Clean Air Act requires the U.S. Environmental Protection

Agency to establish hazardous air pollutant emission criteria per unit of

production. These standards have been promulgated and range from 0.2 to

0.25 kg for 100 kg of oilseeds processed, for specific categories of extraction

and oilseed type. Attainment of this figure requires a properly designed vent

and cooling water system with minimal interruptions to the operations.

3. ODORS FROM MEAL DRYER AND OIL DEODORIZATION—Odor is a

qualitative parameter from the standpoint of both measurement and control.

Motivation for abatement usually arises out of complaints of citizens residing

nearby a facility. Sources of odor can be meal driers and refined oil deo-

dorization. Acidulation has been an odor producer in some isolated instances;

however, is most often because of basic poor design and operation usually

coincident with batch processing in open-topped kettles.

The other two processes also can be inherent producers of odors. Meal

drying odors vary according to the seed processed and the equipment design.

TABLE 2. Major Air Emission Sources.

Source Loss

Hexane at extraction 0.10–0.30 kg/100 kg crush

Odor in meal dryer and deodorizer —

Coal-fired boilers, particulates 14–23 g/M BTU input

Particulate emissions —

424 ENVIRONMENTAL IMPACT AND WASTE MANAGEMENT



In deodorization, oil is subject to high temperatures to drive-off volatile

fractions to strip odor-causing compounds from the oil. The control of these

compounds has become an integral part of the process.

4. BOILERS—Steam generation is an integral component of oilseed processing

facilities, sometimes coupled with the generation of electricity. Several

processors operate coal-fired boilders as a hedge against fluctuating natural

gas and fuel oil costs. Particularly in the Midwestern United States, tax

incentives expanded intrastate use of coal. More recent increased air emission

concerns for coal combustion have reversed some of this. Coal-fired boilers

for steam and electrical generation are common in other areas of the world at

oilseed plants.

Concerns with boiler emissions now include NOx and CO irrespective of

the fuel. For coal, the pollutants of concern include not only these constitu-

ents, but also ash particulate emissions and associated visual plumes, SO2, Hg

and other trace metals, and HCl.

Certain oilseed processors use byproducts of production as alternative

fuels, which is particularly true in sunflower and peanut processing where

hulls are burned as boiler fuel. This creates additional combustion challenges,

but reduces solid waste.

4.2. Controls

1. PARTICULATE MATTER —This is generated primarily because of mecha-

nical handling of grain and meal solids. Good design and maintenance of

transfer and handling facilities is essential for dust minimization and control.

Speed spillage and resulting dust emissions are minimized by the use of

enclosed and interlocked conveying systems with flow monitors. Also, as it

relates to internal elevator dust formation, for which control and cleanup is

essential to prevent fires and explosions, facility designs minimizing internal

conveying equipment are common.

Current industry trends are toward the installation of enclosed conveyors

and the construction of enclosed areas with negative pressure aspiration for

oilseed unloading and meal load-out. Highly efficient dust collection systems

and control equipment (cyclones and bag houses) are used throughout the pro-

cesses to control both fugitive and point source emissions.

2. SOLVENT—Adequate control of the extraction solvent loss is primarily a result

of sound extraction, distillation, vent and cooling water component and system

design, operation, and maintenance. Computer monitoring and control systems

can enable improved operation, which results in enhanced solvent control.

3. ODOR—As noted in Section 2 facilities to control odor have become essen-

tially a part of the process.

Deodorization of fats and oils is a necessary process for removing dis-

agreeable flavor and odor components that are naturally present or created
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during processing. The deodorization of oils produces off-gases that histori-

cally have produced the greatest challenge to the industry for odor control.

Three steps eliminate these odor problems. The first is a distillate recovery

system that recovers most of the fatty acid as a byproduct and many of the

associated odors in the deodorizer vapor discharge. The second is a closed-

loop cooling system that keeps the fat-laden hot well water out of the cooling

tower. The third is a vapor scrubbing or oxidation system to eliminate volatile

organic compounds that are not removed in the previous two steps.

A typical distillate recovery system consists of a scrub cooler located at

some point in the deodorizer vacuum system. The deodorizer vapor effluent is

stripped of about 95% of the condensable organic material by direct contact

in the cooler. The circulating distillate is then cooled to remove the heat of

condensation before being returned to the stripping tower. Several equipment

companies offer design/equipment packages for this.

The remaining deodorizer vapors and the stripping steam are then con-

densed in either barometric condensers or shell-and-tube condensers. When

barometric condensers are used, the condensate and cooling water from the

direct contact condensers and the air discharge of the last ejector is

discharged to a hot well. From the hot well, the cooling water then passes

to a cooling tower before recirculation to the condensers. This system is the

source of characteristic oilseed processing odor of oil process facilities.

This system normally uses a condenser discharge directly to a hot well and

then to a cooling tower, often by gravity. The cooling tower overflow and

blow down is discharged to a wastewater treatment facility as part of the plant

oily wastewater handling needs.

If odors from the cooling tower required further control, the cooling water

from the hot well is pumped through plate heat exchangers, which allow for

indirect cooling. However, because of fouling problems, an extra heat

exchanger must be provided to enable off-line heat exchanger cleaning.

Either steam or water and detergent are used for the cleaning. One benefit of

using steam is that the fatty material is more easily reclaimed. The closed-

loop system is more expensive to install (more equipment) and has higher

energy costs for pumping water and motive steam in the vacuum system.

When non-contact cooling water is used with shell and tube condensers,

the deodorizer distillate not recovered in the scrubbing system will not build

up and foul the cooling tower but is confined to the hot well. The insides of

the tubes of the condensers require continuous scrubbing with caustic water

to eliminate fouling, which also enters the hot well. The floating distillate is

skimmed from the hot well into a recovery tank, whereas a portion of the high

pH water is recirculated for cleaning the tubes and the excess water overflows

to the wastewater treatment facility.

4. BOILERS—The control of combustion products varies with the fuel com-

busted and boiler design. For natural gas and fuel oil combustion, the control

mechanism for NOx and CO emissions is typically a burner system that
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recirculates combustion gasses to the burner to control the combustion

temperature. These burners are also available as a retrofit for existing boilers;

however, a reduction in steaming capacity may result.

Most coal-fored boilers are equipped with baghouse collections for particu-

late control. Where NOx and SO2 control is an issue, fluid bed boiler design

can normally enable fire-box control because of lower combustion tempera-

tures and the use of a limestone bed. Another alternative for SO2 reduction is

the combustion of low sulfur coal. Trace metal and HCl emissions are

regulated as hazardous air pollutants. Their concentrations in coal can vary

significantly within a coal vein and from vein to vein. Control strategies

include switching coals or cooling the boiler exhaust gasses, injecting a

sorbent, and collecting the resulting particulate with a baghouse collector.

5. SOLID AND HAZARDOUS WASTES, SOURCES,
AND CONTROLS

5.1. Sources

Generation and handling of solid and hazardous waste has not been a challenge in

this industry on the same scale with wastewater or air emissions. However, several

significant sources exist. These sources are discussed below, and potential control

technologies are presented in the previous section. Table 3 summarizes generation

rates.

Refinery Bleach. Various bleaching clays purify and remove color bodies from

refined oils. These wastes contain 5% to 35% oil. The characteristics of these mate-

rials are such that they will combust spontaneously, which has created problems for

disposal in sanitary landfills, as well as at factory locations in some instances, but

this condition can be overcome by several methods. The model refinery presented

in the previous section will generate about 2500 kg of waste earth per day, of which

570 kg is oil.

The material is not normally considered hazardous, other than spontaneous com-

bustion; however, some landfills are reluctant to accept this material because of

combustion and/or oil content. The spontaneous combustion is caused by excess

heat generated from oxidation of organics. Methods to prevent contamination

TABLE 3. Major Solid Waste Sources in Oilseeds

Processing.

Source Loss

Meal and grain solids 1–10 kg/100 m3

Bleaching earth 2500 kg/day

Waste nickel catalyst 100 kg/day
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include addition of antioxidants or water sprays to the waste earth. The addition of

lime is also reported to prevent the spontaneous combustion.

Spent Hydrogenation Nickel Catalyst. Nickel catalyst is used in the hydrogena-

tion of oil. Depending on the processor, catalyst may be recycled many times;

therefore, waste generation rates differ. However, the model refinery will generate

about 100 kg of spent catalyst per day.

This material has been either recycled or disposed of in sanitary landfills (or

onsite). The recycling for nickel recovery has been spotty and not well organized

until now in the United States and North America.

Although nickel has not yet been designated as hazardous by the EPA. Several

states have classified nickel as hazardous and it is anticipated that it will soon be

universally treated in that manner. As discussed above, a more organized infrastruc-

ture to recycle these materials is developing. Active facilities for spent nickel cata-

lyst recycle are known to exist at this time in the United States, Mexico, and

western Europe.

5.2. Controls

Bleaching Earth. The quantity of earth used is primarily a function of crude oil

quality and press efficiency. In both cases, there is already a high degree of problem

recognition because of the process and economic implications. Therefore, there will

generally not be substantial opportunities to reduce waste earth through process

control simply for environmental purposes. Certain brands and types of filter media

are better for various crude mixtures and presses; however, this is also dictated by

process conditions out of necessity. This subject is addressed in more detail else-

where in other articles.

There is a tendency to use excess clays to ensure final product quality, and

proper dosage should be maintained. Also, physical refining uses greater quantities

of waste earth. To some extent, physical refining essentially trades wastewater

problems for solid waste.

Spent Catalyst. Opportunities may exist to reduce the volume of waste catalyst

by reusing the catalyst through several hydrogeneration batches; however, experts

disagree on the final benefit of this. The measurement of this can be made by

measuring hydrogeneration efficiency versus catalyst disposal costs. Other cata-

lysts have been explored; however, their costs and effectiveness are less desirable.

These catalysts have environmental problems of their own because they are heavy

metal-based.

Grain and Meal Solids. In this area, the improvements in solid waste can be

made through loss control. Transport of these materials is highly mechanical, invol-

ving conveyors, elevators, pneumatic systems, and related mechanisms. Losses tend

to occur at transfer points along the conveyance system as well as at loading and

unloading points (barge, railcar, and truck). In addition, building dust collectors,

cyclones, and similar air emission control devices are a constant potential source

of grain and meal solids losses because of plugging and overflow. Of importance

is that many points are located on building roofs; therefore, the losses may go
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unnoticed and undetected. This situation is receiving better because of regulations

on control of pollution in stormwater.

A program of good maintenance and repair is essential to minimizing these

losses. Again, physical measures can be installed on a cost-effective basis, which

include loadback bins at loss points to allow material to be recovered as product

rather than as waste. Also, closed chutes and other conveyance devices, particularly

at discharge points into railcars, will add greatly to loss control.

These wastes are not considered hazardous and can be disposed of in a sanitary

landfill. It is extremely important that these grain solids be kept out of the process

and storm sewers as they will exert a substantial wastewater loading.

6. CURRENT ISSUES

6.1. Wastewater

Selected wastewater issues in oilseeds processing that have application to numerous

processors in the United States and elsewhere are discussed here.

1. Increasingly stringent FOG limits in discharges to publicly owned municipal

sanitary sewage works.

2. Increasing stringent BOD and TSS limits to POTW discharges of 250 mg/L

or less.

3. Increased emphasis on phosphorus control in discharges.

4. Increased emphasis on ‘‘unconventional’’ pollutants/toxins such as heavy

metals and chlorinated organics. This category is more relevant to

oleochemicals.

5. Increased emphasis on water quality in stormwater discharges.

6. Water costs and availability.

The oil and grease discharge limitation issue has been argued tirelessly by the

industry and other groups in the United States to the EPA, states, and municipalities

for many years. Although it has been shown that these animal and vegetable oils

and greases are readily biodegradable and should not be regulated as stringently

as petroleum oils, many municipalities are reverting back to an FOG limit. This

might be the more conventional 100 mg/l, or a range of 150–200 mg/l. This results

from a combination of real and perceived problems at POTW facilities, all of which

can be avoided, at a considerable expense to industry, by more stringent controls on

pretreated discharges to POTWs. This subject has been and will continue to be

extremely important (5,6).

The BOD and TSS limits are also tightening in many cities, which often is in res-

ponse to increased regulatory pressure on the municipality to bring their POTW dis-

charges into compliance. Under certain conditions, these more stringent limits are

mandated by enforcement directives toward the municipalities. Compliance with such

limits by the oilseed processors virtually demands a biological pretreatment facility.
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Phosphorus in high levels is associated primarily with acidulation; however, it

can be found in varying levels in several other waste streams. Concerns for phos-

phorus are centered primarily around its impact on algal production in receiving

streams, particularly at impounded lakes. Other than acidulation, much can be done

to control phosphorus at the source. A major difficulty in treating for phosphorus

in this application is that it is an organic form and not readily precipitated using

lime or alum. If the wastes are biologically treated, the resulting effluent will con-

tain predominantly inorganic phosphorus and can be readily precipitated.

The issues of nonconventional pollutants is an evolving subject and related pri-

marily to oleochemicals. Parameters involved include various chlorinated organics,

heavy metals, and phenols. Each must be addressed on its merits. Solutions involve

a variety of pretreatment techniques and occasionally result in a source control

solution such as a product being discontinued.

Portable water supply and wastewater treatment costs, coupled with water avail-

ability concerns, are causing the industry to look at internal and end-of-pipe recycle

options. These projects could not have been justified and/or the technology was

not readily available 10 years ago. This situation is addressed further in the next

section.

6.2. Solid Wastes

Salable Oils. The issue of recovering suitable oils for resale or reuse from gravity

separation of wastewaters and other secondary recovery units is a major problem,

and it will only get worse. More locations recover oils and greases to sell into the

feed fat industry, which will drive prices down and quality requirements up.

Sludge Disposal. Waste sludges are generated from several areas in oilseeds

wastewater treatment, including lime neutralization and dissolved air flotation

phase separators, and biological waste.

These materials are becoming much more difficult and costly to properly dispose

of. Three options have been used, depending on site-specific economics and other

constraints.

1. Divert sludge to meal dryer for introduction to meal stream.

2. Land apply sludge to agricultural row crops.

3. Dewater sludges, and dispose in an appropriate sanitary landfill.

4. Process sludge off-site through contract dewatering or other means. A limited

number of municipalities offer this as a service to their industrial discharge

customers. Also, several private waste processors offer this service in North

America.

On the upper east coast in the United States, the population density and

land costs have increased to the point where the market for animal feed has

virtually disappeared and no other outlet is available for such recovered

materials.
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6.3. Air Emissions

Hexane. Control of hexane emissions is a major issue and will continue to be so for

several years. In the United States, hexane is classified as an ‘‘air toxic’’ compound.

Air toxic compounds are, for the purposes of this article, a list of potentially toxic

compounds emitted primarily to the atmosphere in quantities of 909 Kg per year or

greater, from stationary (industrial) emission sources. As a result, total hexane

emissions for all extraction plants will need to meet the same standards as the

best 12% in the industry are now achieving. As a minimum, this will require a

well-run mineral oil absorber and excellent control of other loss points throughout

the system.

Toxicity analysis at the plant boundary line will be required for all plants. As a

minimum, increased stack height for the meal dryer will be required in most

instances.

Permitting requirements under the U.S. Federal Title V for air emissions will

essentially encompass most stand-alone refineries because of the volume of hexane

brought in as part of the crude oil and removed (‘‘emitted’’) during oil processing.

Particulate Emissions and Stormwater Runoff. Increased emphasis is being

placed on control of particulate emissions, with ‘‘pollution’’ taxes being imposed

on a selective plant-by-plant basis. More importantly, particulate emissions ulti-

mately end up on the plant site grounds. In the United States, a program of enforce-

ment of excess contamination in stormwater is now underway. Organic particulates

along with fats and oils that reach storm drains are the most significant contami-

nants. Stormwater discharge limitations have yet to be set; however, it is clear

that no reasonably attainable goals can be met without also controlling particulate

emissions.

7. WASTEWATER TREATMENT PROCESSES
AND TECHNOLOGIES

This section briefly describes the various treatment systems encountered in fats and

oils and oilseed applications along with their capabilities relative to the parameters

of interest. The processes listed are generally consistent with the order in which

they might appear in a treatment facility. Table 4 presents the potential effluent

quality for oil and grease for various physical–chemical processes.

7.1. Gravity Oil Separation

This process can be considered as in-plant process control or as a wastewater treat-

ment process. In either case, it is essential that adequate gravity separation be pro-

vided at every fats and oils handling facility. The author felt compelled to address

this subject in some detail as numerous poorly conceived gravity separation faci-

lities have been observed.
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Where is the best place to locate gravity separation facilities in an oilseeds

operation? The answer is in as many places as possible and as close to the source

as possible. This is not always practical or efficient. The main considerations are

listed below.

1. Prevent cross-contamination of a higher quality recoverable product with a

lower quality material whenever possible; i.e., do not combine packaging area

drainage with deodorizer cooling water blowdown.

2. Place gravity separators wherever wastewater gravity flow ends and pumping

begins. If any kind of a wet pit is involved in the pumping, the oil will float to

the surface despite whatever attempts are made to keep it in suspension.

Therefore, one should take advantage of this and construct a gravity sepa-

ration section as part of, or adjacent to, the wet pit.

3. All waste streams must receive oil separation of some sort before any

further treatment. Every oilseeds processing and oil processing plant

requires facilities for capturing of floatable fats and oils resulting from

both day-to-day losses and larger spill situations.

Gravity separators need to be designed both to contain a defined oil spill size, as

well as for managing routine process wastewater flows. Gravity oil separators for

these applications should be designed for rise rate loadings to accommodate peak

flows, if practical. Experience dictates rise rates in the range of 10 to 20 L/min per

square meter of effective separator surface area.

The rise rate concept is applicable to the design of continuous flow separation

devices. Many designers use retention time for separator sizing, which is acceptable

if desirable separator geometry dimensions such as length to width ratios are main-

tained. The concept of retention time may be applied directly for design of batch

settling vessels.

TABLE 4. Influent—Wastewater Comparison (Flow Diagram/Figure 4, Reference Point 1).

Conventional Refining, Conventional refining, Activated Silica Organic Acid

Parameter w/Acidulation w/o acidulation Refining Refining

Flow, gpd 100,000 100,000 85,000 55,000

Cubic meters 378 378 321 207

per day

BOD, lbs/day 3,400 1,200 700 512

Kg/day 1554 544 318 232

COD, lbs/day 5,700 2,000 1,165 850

Kg/day 2,590 907 530 386

Oil and grease,

lbs/day 290 290 290 290

Kg/day 132 132 132 132

pH 2.5–4.0 6–8 6–8 6–8
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Skimming of oil and grease from the surface of separation vessels can be

performed on a manual or continuous basis. The viscosity of many oils used

in vegetable oil processing at ambient temperature is such that surface contact-

skimming devices (belts, ropes) are not particularly effective. Chain and scrapper

type skimmers are effective, but not physically adaptable to every skimming situa-

tion. Shop fabricated, manually operated decant devices have been effective.

A portion of the flow to a separator often originates in rainfall from oil-

contaminated runoff areas, which may result in flow rates too high to practically

handle at desirable rise rates. This result often dictates a need to handle process

waste flows and contaminated runoff in separate systems.

7.2. Equalization

The variance in process conditions, rainfall contributions, and related considera-

tions make equalization facilities for stabilization of waste flow and strength

essential.

The volume of equalization required will depend on the variation of incoming

flows and strength over a reasonable time duration. Experience indicates that the

volume of equalization required for flow and strength for the typical oilseeds opera-

tion defined in the previous section will be about the same. The only wastewater

stream not requiring equalization is the effluent from the milling and extraction

operation. This stream is composed primarily of the sewer water evaporator steam

condensate and is usually without much variation.

The volume of equalization required can be determined with a volumetric influ-

ent hydrograph approach. The required volume can be determined graphically to

the level of accuracy required. A check of influent and resulting effluent strength

variation can be made to confirm the suitability of the volumetric design for a spe-

cific application. Figure 3 is an idealized sample hydrograph.

In general, the equalization surge volume required will vary between 30% and

50% of the daily average flow, but this can vary from each application.

7.3. Dissolved Air Flotation

Dissolved air flotation (DAF) is a technique that uses minute air bubbles to enhance

the flotation of oils and suspended materials not removable in reasonably sized

gravity separators. The bubbles are formed by pressurizing all or part of the waste

flow and introducing air to a pressurization cell. Subsequent depressurization allows

the bubbles to form, according to Henry’s law.

This process is enhanced by the addition of polymers, alum, or other flocculants.

This chemical addition provides for coagulation and flocculation of colloidal oils

and solids into larger particles that can be easily removed.

In fats and oils applications, this technique has been shown to be effective in

removing FOG and associated insoluble BOD; however, significant quantities of

waste sludges are generated. Table 4 shows the removal rates that can be expected

for various processes discussed in this presentation.
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Figure 3. Wastewater influent hydrograph.
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The selection of a chemical flocculent must consider pH conditions as well as

the removals desired. In the application of DAF in a fully integrated oilseeds plant,

alum, and polymers are effective. An alternative approach is to use sodium hydro-

xide, the most commonly used refinery waste neutralization agent, to bring pH up to

a range of about 5.0, and then lime can be a final pH adjustment chemical. The

resulting insoluble calcium sludge will perform the same function as alum at less

cost. The lime sludge may settle better than it floats; however, and flotation should

be evaluated against settling.

As will be described in the next subsection, the use of chemical flotation in this

application may be less desirable considering other processes. DAF has been

applied effectively as a trimmer process following other treatment facilities for

FOG removal requiring a 100-mg/L FOG limit, which can sometimes be accom-

plished using food grade-approved polymers. In that event, the recovered materials

can sometimes be sold as a low-grade feed fat rather than disposed of as a waste

sludge.

7.4. Filtration

In-line filtration using diatomaceous earth is an effective device for reducing FOG

and associated insoluble BOD to very low levels. It will not remove soluble BOD

components because of acidulation wastes.

Filtration has not found extensive use in fats and oils wastewater treatment

application; however, it provides an effective treatment process, particularly as

an alternative to DAF as a trimmer device. Another advantage of filtration is its

familiarity to refinery personnel as it is used in other in-plant processes. The princi-

pal disadvantage of filtration is that it also produces another waste sludge to be dis-

posed of.

7.5. Hydrolysis

An alternative approach used successfully at several fats and oils handling facilities

employs a low-pH, high-temperature hydrolysis effect to recover oils and grease.

If the plant acidulates soapstock and/or washwater, the resulting acidulation

waste will contain sufficient residual heat and acidity to affect the entire waste

stream pH and temperature, which obviously assumes an alkali refining process

rather than a physical refinery. This process will produce an acidulation effect on

residual oils. These oils can then be readily removed in a gravity separation process.

The process can be used at plants that do not acidulate soapstock; however, site-

specific studies should be conducted to determine pollutant removals to be ex-

pected. In the overall scheme of things, acidulation of washwater as part of the

treatment process will greatly improve effectiveness.

This process offers several advantages.

1. Process control is relatively easy. If the waste stream pH stays at 3.5 or

below and a temperature of 37.7�C (100�F) or higher and soapstock and/or

WASTEWATER TREATMENT PROCESSES AND TECHNOLOGIES 435



washwater is acidulated, relatively constant effluent results can be obtained

virtually independent of the raw influent waste characteristics (high FOG and

BOD levels). The exception to this process is carryover of excess middle

phase from an inefficiently operated acidulation system. This material will

not gravity phase separate and will actually inhibit the process effectiveness

for other plant waste streams. Other sources of protein, such as extraction and

milling meal fine carryover into the crude oil, will also have an adverse effect

of this (and other) oil separator processes.

Under proper conditions, the effluent BOD strength in the separator under-

flow will be equal to the soluble BOD load from acidulation plus the addi-

tional contribution from the residual oil and grease in the separator effluent.

2. The material recovered in the separator will contain a relatively low mois-

ture and high total fatty acids (TFA), thus, the material can usually be sold

for feed fat.

3. If the facilities can be constructed near acidulation, existing acid handling,

steam, and recovered oil storage tanks can be used for both purposes. The

primary disadvantage is the need to utilize materials of construction that will

withstand the high-temperature and low-pH conditions. A wide variety of

tankage, process controls, and related equipment have been used in designing

these treatment facilities, which is dependent on refinery size and processes,

client preferences, existing equipment to be used, and other related factors.

Neutralization of the separator effluent is usually accomplished with sodium

hydroxide; however, lime or ammonia are occasionally used. A two-stage system

using well-mixed tankage of suitable size is recommended. The neutralization in-

variably occurs on the steep part of the titration curve in these applications. Any

inappropriate design, such as an excessively remote pH controllers, will result in

a nonfunctional system. As a result, it is highly recommended that an individual

experienced in designing pH control systems reviews the final design.

7.6. Other Processes

Comments are made here relative to processes which have had only marginal suc-

cess in oilseed processing.

Various membrane technologies have been applied to these waste streams for

pretreatment removal of fats and oils. Although pollutant removals are good in

some applications, membrane life and regeneration have presented problems. As

a result, operating costs for periodic membrane replacement are high. This tech-

nology has advanced considerably in recent years and several system suppliers

are working on vegetable oil waste applications. The membranes will have future

use in biological treatment, as noted below.

At least one attempt has been made to use activated carbon to remove residual

organics. The nature of the soluble components in the acidulation stream (the

primary source of solubles) is such that these organic compounds cannot be effec-

tively removed by activated carbon.
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Several processors attempted to use a mixed media (sand, anthracite) filter to

remove residual oils. This technology was adopted from petroleum waste applica-

tions; however, it did not function well in oilseeds applications, because of an inabi-

lity to backwash these units caused by the highly viscous nature of these oils at

ambient temperature.

Attempts have been made to apply inclined plate and other packaged media

separator systems. These have not functioned well in vegetable oil applications,

because of the viscous oil coating over the separator media.

7.7. Pretreatment Applications and Refining Processes

From an applications standpoint, the emphasis is placed on assembling the

various processes noted above in an effective manner and realistically predicting

the anticipated influent and effluent for various refining processes. Figure 4 is a

simplified flow sheet showing an integrated physical/chemical pretreatment scheme

that has effectively been used at a number of oilseed and oil refining operations.

The sizing, materials of construction, and related considerations are a function of

the refining process and related factors.

Tables 4 and 5 reflect anticipated process wastewater influent and effluent for the

model refinery noted in the second section. These values reflect data collected and

analyzed by the author from over fifty facilities in North America and elsewhere.

The values reflect average conditions and values, with reasonably good operations

control and facility maintenance. Note that each table has a reference point within

the process, as shown on Figure 4.

7.8. Biological Treatment

Wastes from oilseeds operations have been successfully treated with biological

treatment in any number of circumstances. Traditionally, pretreated effluent has

been further treated in combination with domestic wastes in publicly owned

pretreatment works (POTWs). Also, several biological systems are in place at oil-

seeds plants either as pretreatment or for direct discharge.

Figure 5 is a diagram that shows relative rates of biodegradation for a variety of

oils. Clearly, it can be seen that oils of animal and vegetable nature are highly bio-

degradable and compatible with municipal domestic wastes.

Good gravity separation of floatable oils is mandatory before further treatment

in a biological facility. Additional oil removal pretreatment may be required for

oil value, prevention of sewer line blockage problems or merely to reduce the

size of the biological facilities.

Various biological processes have been used with good results, including

extended aeration/activated sludge, sequential batch reactors, and biofilm reactors.

Anaerobic treatment has not been effective because of high sulfate levels.

Water availability, in conjunction with water and sewer charges, is causing

the industry to consider installation of facilities that will allow for a much greater

end-of-pipe recycle of process wastewaters. Several refiners are considering the
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installation of a membrane reactor biological wastewater system (MBR). This tech-

nology was developed for use in the municipal wastewater field, and is now well

proven and reliable in that application. The MBR technology utilizes one of several

membrane pressurization equipment systems to filter biological effluent. The fil-

tered water has very low suspended solids and can be used for cooling tower make-

up. The MBR process eliminates the need for a conventional biological clarifier and

allows the bioreactor to operate at much higher biological solids level.

Figure 5. Biological uptake rates.

TABLE 5. Effluent—Wastewater Comparison (Flow Diagram/Figure 4, Reference Point 2).

Conventional Refining, Conventional refining, Activated Silica Organic Acid

Parameter w/Acidulation w/o acidulation Refining Refining

Flow, gpd 100,000 100,000 85,000 55,000

Cubic meters 378 378 321 207

per day

BOD, mg/l 3,427 360 210 125

lbs/day 2,900 300 150 57

Kg/day 1,318 136 68 26

COD, mg/l 5,711 600 350 206

lbs/day 4,833 500 250 95

Kg/day 2,196 227 114 43

Oil and grease, mg/l 20–50 20–50 20–50 20–50

lbs/day 25 25 25 25

Kg/day 11 11 11 11

pH 6–9 6–9 6–9 6–9
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1
A Primer on Oils

Processing Technology

Dan Anderson

1. INTRODUCTION

In the early days of oilseed production, functions were often far removed, and

actions taken by one operation were done for optimization of its own performance

with little consideration on impacts made on subsequent processes. For example,

the elevator dryer operator, in order to get the maximum grain throughput during

busy harvest periods, might dry grain at an excessively hot temperature without

considering the impact on the oil quality. The degumming operator may set the cen-

trifuge to take advantage of trading rule limits without regard of the downstream

impact on the refining operation.

Within the last few years, the emphasis has changed from stand-alone operations

toward the integrated manufacturing facility, producing a more complete range of

value-added products from the raw seed to the dinner table. During this transition,

operations have become more dependent on each other, as the individual functions

involved must now consider the impact of their actions on the total process. At the

same time, the scope of knowledge each operation must have of other functions

has expanded, and it is important that at least a basic understanding of the ‘‘big

picture’’ be available to the decision maker. The purpose of this Chapter is to

provide an overview of the typical processes and interrelations associated with a total

integrated facility. It is also hoped this basic overview will prove to be beneficial

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
Edited by Fereidoon Shahidi. Copyright # 2005 John Wiley & Sons, Inc.
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to those new in the industry. It must be stressed that this Chapter attempts to touch

in a limited number of pages subjects that are the basis for volumes of books and

lifetimes of knowledge. It must also be emphasized that this Chapter does not

expand the many viable options of each type of process, nor does it intend to pro-

vide details for proper operation of each of the unit operations. For a more detailed

discussion, the reader is encouraged to refer to the many fine chapters within this

series and other publications dealing in much greater detail with each of the indi-

vidual functions of the integrated facility.

It is useful to consider the modern manufacturing operation as a set of unit

operations and develop a block diagram representing the facility. Figure 1 illustrates

the processes involved with the subsequent sections of this Chapter reviewing these

unit operations.

2. STORAGE

The typical operations associated with storage include receiving, sampling, drying,

storage, and cleaning prior to processing. Figure 2 illustrates the common functions

of this operation. There are many variants; for example, some processors may clean

the grain both before and after the drying operations. In any case, the basic opera-

tions are designed to accomplish the same task, which is to provide a safe haven

for the grain and deliver it at the proper time and condition to the processing

facility.

As the product is received fresh from the farmer’s field, the grain will contain

foreign material, consisting of naturally occurring sticks and pods, metal and

rock accumulated during handling, and contamination from weed seeds and other

grains. The elevator manager will sample the grain and make adjustments in the

price paid based on the moisture, splits, heat damage, and other factors. Typically

grain receipts are segregated based on these quality factors, with the moisture con-

tent being one of the prime factors for separation. For proper storage and subse-

quent processing, the contaminants must be removed and the grain must be dried

prior to storage. As grain freshly harvested may have a moisture content of up to

20% (although many farm operations are equipped with dryers), the grain must

generally be dried to around 13% moisture for safe extended storage. High moisture

damage typically results in reduced oil content, decreased protein, and increased

color and refining loss of the extracted oil (1). A precursor to this damage is often

indicated by a rising grain temperature, and many storage facilities are equipped

with a series of temperature cables embedded in the grain with indicating and

recording equipment located in the manager’s office. If left unchecked, the grain

will spontaneously heat and become damaged and under extreme conditions, a

serious fire may develop. It is routine practice to monitor the temperature of the

grain daily and, if heating is occurring, immediately process the grain. If this is not

possible, or the degree of heating is not severe, the elevator manager may simply

‘‘rotate’’ the grain by moving it from one location to another.
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Figure 1. Integrated processing facility.3



Drying is usually accomplished in a vertical column, direct fired unit, although

steam, and even solar energy have been used as a heat source for certain installa-

tions. Naturally, the hotter the drying temperature, the faster the drying operation

will be. However, drying temperatures must be closely monitored as excessive

temperatures will damage the seed. It has been found that temperatures in excess

of 63�C will significantly increase the color of both the meal and the oil, denature

the protein, increase the nonhydratable phosphatide levels in the crude oil, and

result in greater potential for grain dryer fires (1).

Storage facilities come in many sizes and varieties, and storage methods are

often limited to the imagination of and the assumption of risk by the elevator man-

ager. It is noteworthy that the design is always concerned with protection against

the elements, and, despite the design, the condition of the material put into storage

always determines the success of the storage program. While on-farm storage is

generally limited to aerated steel or stave silo tanks, storage at the local elevator

and the processing plant may take several forms. Complexes are situated to serve

rail, road, ship, or barge traffic as the locality requires, and the functionality is deter-

mined by the success of movement of products into, out of, and within the complex.

A popular storage method is traditional concrete or steel storage tanks, with typical

sizes of 100,000–750,000 bushels per tank. Structures of this type are normally very

visible in many small towns throughout North America. Muskogee houses, which

are large warehouse bulk storage facilities, have long been popular for cottonseed

and other seeds that are difficult to handle. Undercover ‘‘tents’’ and inflatable ware-

houses with capacities in excess of 2 million bushels are often used, and even

caves with huge capacities are sometimes employed. In small towns, it is common

during harvest to see parking lots filled with grain, with the elevator’s manager and

stockholders praying for the rain to hold off until sufficient storage becomes avail-

able in more permanent facilities.

In some crushing operations producing a high-protein meal, it is common to

dry the grain from its 13% moisture storage conditions to 10.5% processing condi-

tions. This is necessary to shrink the meat away from the hull and to remove excess

moisture that would end up in the extracted meal. After process drying, it is desir-

able to temper the grain for an additional 4–10 days prior to processing to allow

moisture to migrate evenly throughout the grain. Even when the storage conditions

have been at low moisture, it remains common practice to pass the grain through the

Figure 2. Receiving and storage.
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dryer to help shrink the hull from the meat, allowing the subsequent dehulling step

to be performed more effectively. This additional preprocessing step does increase

operating costs, not only because of the energy spent to heat the grain, but also

because this represents one additional unit operating with associated depreciation,

operating, and handling losses. There are new technologies available for dehulling

integrated in the preparation process that largely eliminate the need for a process

dryer.

Cleaning methods vary greatly depending on the seed received, but typically

consist of a magnet designed to remove tramp metal, a scalper designed to remove

large and heavy materials, and a sizing screener designed to remove fine and over-

sized materials. Aspiration may also be employed to assist in removal of light

foreign material. While contaminants removed by the magnet and scalper are nor-

mally discharged as waste, contaminants separated in the cleaner may be ground

and reintroduced into the meal stream, or may be used as fillers in feed rations.

In addition to cleaning, cottonseed is often delinted prior to preparation, with the

lint fibers removed by a series of saw cutters prior to processing.

3. PREPARATION

The function of the preparation process is to properly prepare the seeds for

extraction of the oil, either by solvent or mechanical methods and, if applicable,

remove the hulls and other materials from the seed kernel or meat. While a parti-

cular seed may contain from 20 to 50% oil, the oil is tightly bound within the cell

and mechanical action must be taken to either forcefully remove the oil or to make

the oil more accessible to subsequent solvent extraction. The unit operations typi-

cally involved are illustrated in Figure 3, and usually involve scaling, cleaning,

cracking, conditioning (or cooking), and flaking. Depending on the process and

the oilseed in question, process drying, and dehulling (or decorticating) may be

employed, as may be expanders and collet dryer/coolers. After the preparation pro-

cess, the prepared flakes or collets are delivered to the extraction operation.

Once arriving in the preparation facility, the seed is usually scaled through a

weighing device or other control means. The scale is often used to check the

physical inventory of seed against the production accumulated, with the difference

reconciled as shrinkage. After weighing the seed, it is then delivered to the cleaning

process, which generally follows the same path as that described in the receiving

operation. After cleaning, cottonseed and sunflower seeds may be dehulled by

impacting the seed, breaking and separating the hulls. The hulls may be used as

a solid fuel source for boiler operations or for animal feed supplement. The tradi-

tional process continues with the cracking rolls, which are a set of two- or three-

high corrugated rolls turning at relatively high speeds that break the grain into

several pieces. For the soybean processor producing high-protein meal, the cracking

breaks the bond between the meats and the hulls, and in the traditional process the

hulls are then removed by aspiration. After dehulling, the meats are delivered to
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Figure 3. Preparation for extraction of oil.

6



the conditioner (or cooker) where heat is gently applied to make the cracks soft and

pliable for the subsequent flaking operation described later in this section.

There have been several novel approaches applied to preparation in the past few

years. One concept that has been widely accepted, especially for soybean proces-

sing, is hot dehulling. After traditional cleaning, the seed may be delivered directly

to the crackers or may enter the hot dehulling operation. As mentioned before, use

of this technology generally eliminates the process drying step traditionally identi-

fied with the storage function. The basic principle shared by the three commonly

used hot dehulling systems is to dry the bean from storage moisture to process

moisture, dehull the seed while still hot, and deliver the conditioned cracks to

the flakers without allowing the seed to subsequently cool. This not only saves the

energy of one heating step, as much of the air is recycled reducing the energy

required for the integrated facility, but reduces the fines generated compared with

the traditional system where the grain is cracked cold. One system that has gained

wide acceptance is the Escher-Wyss system, which uses a fluid-bed dryer-heater to

perform the drying process. After the dryer-heater the grain is discharged to speci-

ally designed high-speed cracking rolls, where the seed is cracked while still hot,

and then delivered to special high-shear impactors to separate the meats and hulls.

The product is then delivered to aspirators, where the hulls are removed, and then to

the conditioner, which allows the meats to cool slightly and to temper prior to flak-

ing. Another process that has gained acceptance is the Buhler hot dehulling system,

which uses a conditioning column with steam-heated elements to slowly bring the

beans to 65�C. The beans are then subjected to a short treatment in a fluid-bed

popper where the hull–meat bond is broken. The beans are then broken in half

by impact splitters, the hulls removed in an aspirator, and the splits further cracked

and sent to the flaking rolls. The Crown hot dehulling system uses a similar con-

ditioning column followed by a jet dryer to crisp the soybean hull and free it from

the meat. A proprietary Hulloosenator then splits the bean and rolls the hulls free

where they are aspirated from the meats. The splits are then cracked to the final

size for flaking and sent to the Crown Cascade Conditioner for additional aspiration

with temperature and moisture adjustment. In addition to the obvious energy sav-

ings, these types of systems are reported to reduce residual oil content, improve

extractability, and reduce refining loss (2). In all cases, the comments on drying

temperatures presented during discussion of storage drying are valid with hot dehul-

ling systems.

While having received the greatest attention, cottonseed, sunflower, and soy-

beans are not the only oilseeds suitable for dehulling operations. There is research

underway to produce a dehulled canola seed. Removing the hulls will increase the

protein content and reduce the fiber content of the meal making the product

more attractive for feed formulation. A variety of methods have been tested, with

encouraging results, although no commercial system has yet been installed.

After conditioning, the meats are generally passed to the flaking rolls where the

cell wall is distorted, making the oil more accessible. The rolls being relatively

large (70� 157 cm or larger) are held together with hydraulic or mechanical pres-

sure, squeeze the meats into flakes of approximately 0.30 mm thickness. For grains
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with lower oil content such as soybeans, the flakes are typically delivered directly to

the solvent extraction plant. For oilseeds with higher oil concentrations, such as

sunflower or canola, or installations where solvent extraction is not employed, the

flakes are typically sent to mechanical pressing equipment.

A number of processes have been applied to enhance oil extractability and to

improve conditions for consistent physical refining. One of the greatest problems

associated with physical refining of high-phosphorous oils (such as soybean or

corn) is that nonhydratable phosphatides generally cannot be removed without

extensive bleaching clays and acid treatments. Because of variances in the crop

year, growing conditions, and seed varieties, consistency in the oil is a major factor

affecting successful application of physical refining. It is postulated that the pre-

sence of an enzyme during conditions associated with certain storage conditions

and the subsequent extraction process causes water-hydratable phosphatides to

become nonhydratable. Activity of this enzyme is directly impacted by the seed

and growing conditions. Lurgi’s Alcon process is said to inactivate this enzyme

immediately after the flaking step, and provide an oil consistently acceptable for

physical refining (3). This process is said to also reduce hexane carryover, although

the characteristics of the meal are somewhat different from that obtained from a

conventional process. Lecithin produced from degumming the oil is also affected.

Another process that has gained much popularity, especially for deep-bed extrac-

tion installations, is expanders. These devices, which operate much the same as

mechanical presses but with less pressure, substantially increase the bulk density

of the flakes prior to extraction. This allows the processor to increase the throughput

of the plant with minimal capital investment, as the oilseed extractability and gravi-

metric throughput is greatly enhanced. It was originally postulated that the empha-

sis on thin flaking may be reduced with expanders with one process designer even

proposing elimination of flakers, simply grinding the grain prior to the expander.

While elimination of the energy, maintenance, and capital investment associated

with flaking is certainly attractive, tests to date indicate that thin flaking is still

necessary to produce an acceptable residual flake fat.

The use of expanders does have an impact on the quality of the oil that the inte-

grated processor should be aware of. An interesting phenomena of the expander is

that while phosphorous levels in the extracted crude oil are normally increased over

traditional flake extraction (typically as much as 200 ppm as P in soybean oil), non-

hydratable levels in the degummed oil are normally lower. It is postulated that

partial inactivation of the lipase enzyme (blamed for conversion of nonhydratable

phosphatides) occurs in the expander and, while the crude oil has a higher neutral

oil loss, the quality of the degummed oil is higher. In fact, one processor reported

that despite all efforts to make a soybean oil physical refining plant function, the oil

was of substandard quality until the plant installed expanders. Once installed, the

plant could consistently produce a quality physical refined oil (4).

Expanders do have an impact on lecithin production as well, not only in terms of

higher quantity but also with respect to the quality. Expanders continue to gain

acceptance, and several variations have been introduced for high oil content appli-

cations. For oilseeds containing in excess of 30% oil and for instances when the
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material cannot be extracted directly, at least one manufacturer has installed drai-

nage cages on the discharge end of an expander, eliminating the need for a tradi-

tional mechanical press for certain applications (5). Another manufacturer has

designed a set of extruder parts that can be added to its existing prepress. With this

equipment, the product can be pressed and extruded within the same unit with

reports of a press capacity increase of approximately 20% (6). Many processors

take advantage of the increased extractability and percolation rate of collets and

send full-fat collets directly to the extraction plant. This not only reduces operation

and maintenance costs but also reduces the need for separate oil setting and filtra-

tion systems.

The collets from the expander are hot and moist and are often cooled and dried

prior to entering the extraction process. The dryers, which may be equipped with

steam heating, typically remove about 2% moisture (most of that added by live

steam in the expander) and reduce temperature by about 40�C. The dryers also

allow time for the collets to approach a more uniform moisture and temperature.

Some plants report an increased tendency for the miscella in the second effect

evaporator to foam or to coat or plug the evaporator tubes. It is thought that this

may be related to a lack of drying and a nonuniformity of the collet such that

the center is hot and moist, causing water-related problems in extraction.

4. MECHANICAL EXTRACTION

As the electrical classification of a mechanical extraction operation is generally the

same as that in the preparation area, many processors locate the pressing operation

in the same building as the preparation process. In the pressing plant, the seed is

subjected to extreme heat and pressure with oil mechanically forced from the oil

cell. A typical pressing operation is shown in Figure 4, and involves cooking, press-

ing, cake cooling and finishing, and oil filtration.

Like most processes, the operation and configuration of almost every plant is

different, and while the following description refers to a generic pressing operation,

the reader is reminded that there are many variances in system design. In this gene-

ric operation, pressed meats from the flakers enter a vertical stacked agitated cooker

where heat is applied and protein is denatured. After the cooker, the hot meats enter

a mechanical press, where roughly 60% of the available oil (or nearly 90% for full

press operations) is removed by application of intensive mechanical pressure. The

cake passes through the end plate, where through the application of the high fric-

tion, it has been cooked, compressed, and often quite hard, while the extracted oil

exits through drainage bars in the press. After the pressing operation, the cake is

normally broken and cooled, with the prepressed cake usually sent to the solvent

extraction plant for final oil removal. Where economics do not permit solvent

extraction, a higher degree of oil removal is performed in the press plant (known

as a full press operation), with the cake used directly as animal feed. As the material

is subjected to great heat during the operation, naturally occurring urease activity is

inactivated and protein is denatured, making the product suitable for feed purposes.
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Figure 4. Mechanical extraction/meal finishing.
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Oil from a mechanical pressing operation usually contains a high concentration of

meal fines, which are removed in a screening tank followed by a pressure leaf or

plate and frame filter, prior to delivering the crude oil to the refining process. The

quality of this oil may be higher than that obtained from solvent extraction, as less

oil-soluble impurities (such as phosphatides, etc.) are removed. In fact, oil from

some pressing operations (such as olive or evening primrose) is suitable for direct

consumption without additional processing. Removed fines are collected and typi-

cally recycled back to the press inlet.

A great number of variations may be used in the pressing operation. As indicated

earlier, expanders may be used either before the press or, in some instances, after

the press to agglomerate fines and provide consistency to the solvent extraction

operation. Material entering the cooker may be flaked, as indicated above, or

may be rolled seed with flaking operations taking place on the cake after the press.

5. SOLVENT EXTRACTION

After leaving the preparation process, the flakes (or collets) are delivered to the sol-

vent extraction operation. As this process typically uses a flammable solvent (and is

classified as a hazardous flammable environment), the operation is usually some-

what removed from other facilities, and access to the controlled area is restricted.

Figure 5 illustrates the typical unit operations associated with solvent extraction,

which include extraction, solvent distillation, and liquid-phase recovery. Upon dis-

charge from the extractor, solid-phase extracted material is desolventized, toasted,

dried, and cooled prior to meal finishing.

In the extractor, which is a countercurrent flow device, the solid material moves

in an opposite direction of solvent–oil miscella with an increasing oil concentration.

As the material to be extracted enters the unit, it is contacted with miscella at nearly

full oil concentration. After this first wash, the miscella, containing around 25–30%

oil, leaves the extractor for solvent distillation and recovery. After passing through

the various washing stages, finally being contacted with fresh solvent and allowed

to drain for a brief period, the extracted material, commonly known as white flakes,

is removed from the extractor and is conveyed to the desolventizing process.

Several types of extractors are in existence today, with one of the most discern-

ing differences being that of a deep- or shallow-bed philosophy. The rotary, or deep-

bed extractor, operates largely in a semicontinuous fashion with a number of indi-

vidual baskets with flake depths of 2–3 m being quite common. The baskets are

initially filled with the flakes, which are supported on a drainage screen, allowing

the miscella to pass but retaining the solidphase material. The screens can be either

rotating or stationary, depending on the configuration of the extractor, as can the

baskets and washing manifolds. As the rotary extractor is constantly moving at a

slow speed, an empty basket is present at the filling mechanism just as the previous

basket is filled. The operator adjusts the speed of the extractor to keep the baskets as

full as possible, with typical total retention time in the extractor of 30–45 min. After

final drainage, the screened basket bottom either drops, or in the case of the stationary
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Figure 5. Solvent extracting/meal finishing.
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basket bottom design, has an opening strategically placed to allow the solid phase to

discharge. As the extracted material drops, the screen is closed, and the cycle begins

anew. Extracted material is kept in a discharge hopper prior to conveying to the

desolventizing equipment. In this manner, a continuous flow is provided to down-

stream equipment while the plug of material in the hopper helps prevent the

possibility of desolventizer-toaster (DT) sparge steam from entering the extractor.

Shallow-bed extractors, with bed depths generally less than 1 m, provide similar

drainage screens in the form of slotted bars. The oil-bearing material is continuously

conveyed through zones in the extractor where the countercurrent washing of mis-

cella occurs. At the discharge end of the extractor the white flake material is

dropped into a hopper and is conveyed to the desolventizing system. Shallow-bed

extractors have gained significant popularity in recent years and, as they lend them-

selves very well to automated control, are well suited for modern programmable

logic control (PLC)-based operations.

Temperature control is extremely important during the extraction process. As

extractibility is enhanced with high temperatures, the operator generally desires

to keep temperatures as high as possible without flashing the solvent or creating

excess pressure in the extractor. However, phospholiapase enzyme activity affects

the oil quality at these elevated temperature conditions, partially causing an increase

in nonhydratable phosphatides. While this trade-off is generally not a problem,

when processing field-damaged seed it may be necessary to reduce extraction tem-

perature, sacrificing residual fats somewhat, in order to produce an oil that can be

acceptably processed without undue refining losses. As mentioned earlier, several

processes have been developed to help inactive enzyme activity prior to extraction.

While hexane is widely accepted as the most effective solvent used today, there

are concerns about its flammability, exposure, and environmental impacts. Research

has focused on various alternative solvents in the hopes of finding one with accep-

table performance while providing greater safety. Alternative solvents that have

received some attention include isopropyl alcohol, supercritical carbon dioxide,

and other fluids. However, no economical alternative to n-hexane has been accepted

at this point, and the best available control technology emphasizes containment and

limiting fugitive hexane emissions.

The extracted white flake material, containing around 25–35% residual solvent,

is conveyed from the extractor to the DT. In the traditional system; steam is used to

countercurrently flash the volatile solvent from the solid phase. The vapor phase

then passes through the distillation system on its way to condensing and collection.

The desolventized meal contains a high amount of urease activity (measured as a

pH rise) that is detrimental for certain animal feeding purposes. Under conditions of

heat, moisture, and retention time this enzyme is inactivated, and these variables

provide the basis of control for the DT operation. After the desolventizing section,

the solid-phase material passes through a series of steam-jacketed heating trays that

provide the environment necessary for toasting.

The DT is one of the largest single energy users in the solvent extraction opera-

tion. The desolventizing process is also responsible for the bulk of solvent sepa-

ration and recovery. As much of the DT steam is sparged in direct contact with
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the meal, with the condensate not recoverable, much attention has been focused on

the efficiencies and economies of this unit operation. New technology has been

developed to minimize the amount of sparge steam and provide greater countercur-

rent contacting of the vapors with the meal. One extremely popular concept is the

Schumacher DT, which provides true counterflow contact of the vapor and solid

streams. Rather than perform desolventizing exclusively in the top section of the

DT, the counterflow design allows maximum effective vapor contact with the mate-

rial throughout the unit. Recent modifications to the counterflow DT have included

addition of pre-desolventizing steam-heated surfaces prior to the DT inlet as an

inexpensive way to improve the dry heat-sparge steam ratio.

After the traditional DT, the meal may contain in excess of 18% moisture and

may be 100�C or hotter. As trading rules and practical handling conditions do

not allow for these types of conditions, the meal must be dried and cooled prior

to storage and loadout. Traditional drying methods have utilized a slowly rotating

steam-tubed kilnlike dryer or other device with forced aeration to reduce the mois-

ture to proper storage levels. After drying the meal still contains excessive heat,

which is removed by another rotary kiln where cooling takes place either through

indirect contact with cooling water or by exposure to large amounts of air. Not only

is this equipment energy and maintenance intensive but introduces a number of

environmental problems with particulate emissions even with high-efficiency

cyclones. Wet scrubbing equipment has been introduced on some airstreams to col-

lect much of the fugitive emissions, but the resulting high biological oxygen

demand (BOD) loads in the scrubber effluent must be dealt with in an environmen-

tally acceptable manner. Quite often this effluent is introduced into the plant meal

or mill feed stream for moisture correction prior to loadout.

Using the same concept as the counterflow DT, the integrated dryer-cooler (DC)

reduces energy consumption and combines functions into a single vertical stacked

unit. Toasted hot meal enters the dryer section, where hot air is passed counterflow

through the meal bed, removing excess moisture. The meal then passes through the

cooler section, where the temperature is reduced by a countercurrent fresh airflow.

The DT and DC functions can be further integrated in a single vessel (DTDC), not

only reducing space and initial capital requirements but energy and operating costs

as well.

Of obvious concern in any DT application is the potential for overtoasting the

meal and adversely affecting the water solubility of the protein, often expressed

in terms of the protein dispersion index, or PDI. For certain edible flour and other

applications demanding a high PDI, the DTDC process may be replaced with a flash

desolventizing system. These systems, which typically use superheated solvent to

evaporate volatiles present in the freshly extracted white flakes, maintain the high

PDI while desolventizing the feedstock.

After cooling, the meal is screened to separate large particles from those of

acceptable size. This screener is typically either a multilayered inclined reciprocat-

ing bed screener or based around a continuously brushed cylindrical screen. Large

meal particles (or balls) are ground in a hammer mill and resifted prior to being

blended back into the meal stream. At this point, it is common to add mill feed,
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the mixture of hulls and other materials removed earlier in the process and a flow-

ability agent, such as calcium carbonate prior to storage. Meal storage can be pro-

vided by placement either in concrete or steel tanks and silos or, for longer storage

period, a flat storage facility. It is important that meal placed in storage be low in

moisture and well cooled. It is common practice to limit silo storage to 2–3 days,

but longer storage periods have proven acceptable with occasional meal transfer, or

‘‘turning.’’ As the meal is loaded into customer transport, it is common to add water

for moisture adjustment. For certain markets, the meal is passed through a pellet

mill directly after the meal dryer. This not only increases the bulk density of the

material, allowing for lower shipping costs, but also eliminates the grinding and

sizing operations. Belt dryers are normally installed after the pellet mills to cool

the product for storage and shipping.

Upon exiting the extractor, the miscella is passed through a series of distillation

equipment to separate the oil and recover the solvent. The process usually involves

a series of falling film evaporators and stills with the miscella on the tube side and

vapors on the shell side. The first effect evaporator, using steam and solvent vapors

liberated from the DT, concentrate the miscella from around 28% up to 80% or

higher. The liberated vapors are condensed, sent to the work tank for water–solvent

separation with the solvent reintroduced into the extractor. The miscella then passes

to the second-stage evaporator, typically operating at atmospheric or vacuum con-

ditions, where the miscella concentration is increased up to 95–98% oil. Finally, the

miscella enters the oil stripper or still, which, operating at 50 mm Hg abs or less,

removes most of the remaining volatiles. The oil typically leaves the extraction plant

at this stage with moisture and volatiles (M&V) less than 0.15% or passes through a

second oil dryer or ‘‘superstripper’’ to obtain a very low M&V oil. The oil is then

cooled and sent to storage. It is extremely important to minimize moisture levels in

the final oil, as phosphatides have a great affinity for residual moisture and will

separate as gums from the crude oil in the presence of moisture. In fact, one pro-

cessor considered introducing water in the oil leaving the processing facility and

using its long-term storage tanks essentially as batch degumming vessels, decanting

the top phase as degummed oil. In practice, this plan was rejected, as the heavy

phase gums can be quite difficult to remove from transport vessels and storage

tanks, and excessive deposition may result in rejection of an oil shipment. Moisture

retained in crude oil can also increase the free fatty acids (FFA), and corresponding

neutral oil loss, under certain storage conditions.

Miscella refining of some oils, especially cottonseed, has gained great popularity

in recent years. In this process, caustic is added to the half miscella between the first

and second effect evaporator, and the mix is subjected to centrifugation separation.

The refined light-phase miscella continues on to the distillation system while the

heavy-phase soapstock is blended back in the meal stream in the DT. Although

there is a legitimate concern about locating high-speed centrifugal equipment in

a hazardous environment, there are substantial benefits to be considered. A major

advantage, especially with cottonseed, is that color bodies are removed before they

are ‘‘set’’ in the oil by exposure to high-temperature distillation equipment. Not

only is the oil of excellent quality, but refining losses are considerably lower
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than the traditional methods. Other advantages include elimination of the water

washing system, and a convenient disposal means for the soapstock. While the mis-

cella refining typically requires a half miscella concentration of about 60% oil, with

a resulting higher hydraulic load through the centrifuge, the difference in specific

gravity between the two phases is substantial, allowing very high capacity through

the centrifuge. Additional miscella processing has been practiced, including miscel-

la bleaching and fractionation.

6. DEGUMMING, LECITHIN PROCESSING, AND PHYSICAL
REFINING PRETREATMENT

A solvent extraction free, caustic refining free process for producing refined soy-

bean oil has been described (7). Oils high in phosphorus, such as soybean, corn,

and sunflower, may be degummed prior to refining. Degumming may be considered

the first step in the refining process, especially for processors with an integral gums

disposal option, and is designed to remove the phosphatides that interfere with sub-

sequent processing. The degumming process is not a mandatory process, as the

phosphatides can generally be effectively removed in subsequent processes. In

fact, some processors prefer to refine crude oil than crude-degummed oil as a better

‘‘break’’ is obtained in some older style centrifuges (8). This may be especially

applicable for solid bowl machines where an additional amount of ‘‘bowl flush’’

water is injected with the feedstock to facilitate removal of the heavy-phase mate-

rial. Addition of this bowl flush not only increases potential refining losses but

represents an additional hydraulic load on the plant acidulation system. With the

advent of self-cleaning centrifuges, this bowl flush is not as critical, and coupled

with increasing environmental concerns associated with soapstock utilization, the

preference for crude over degummed oils may shift.

The fact remains that today the primary reasons for degumming are to either pro-

vide a crude-degummed oil suitable for storage or long transit, to prepare oil for

physical refining, or to produce lecithin. Processing degummed oil does provide

a side benefit for the stand-alone refiner lacking a lecithin disposal option. Phospho-

lipids are an excellent emulsifier (which explains much of the demand for lecithin)

and, when discharged as soapstock, introduce problems for oil–water separation

in the acidulation process. Processors who experience problems meeting water

effluent limitation without extensive waste treatment costs may be forced to specify

degummed feedstock for this reason alone.

Traditional water degumming is effective only for water-hydratable phosphatides,

those having a greater affinity for a water phase existence than remaining in the oil

phase. However, significant amounts of nonhydratable phosphatides (NHP) exist that

cannot be effectively removed without special treatments. The presence of signi-

ficant quantities of NHP usually indicates a poor-quality oil, for soybean oil

from fresh good-quality beans about 90% of the phosphatides are normally hydra-

table. However, when seed is severely damaged, the hydratable phosphatide may be

reduced by as much as 50% over time (9).

Figure 6 illustrates a typical degumming operation integrated with lecithin pro-

cessing. If lecithin is produced for edible purposes, the crude oil is first filtered to
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Figure 6. Degumming and lecithin processing.
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remove meal fines and other insoluble impurities. For straight degumming purposes

(without lecithin production), the fines from a well-maintained facility are generally

not a major problem for centrifugal removal. The oil continues to hydration, where

a rationed amount of softened water is added to the oil, intimately mixed, and then

introduced in a gently agitated hydration tank. During this retention period, the

gums agglomerate and begin to separate from the oil phase. The mixture is then

gently delivered to the centrifuges, with the light-phase oil passed through the mois-

ture dryer, cooled, and finally delivered to storage.

When not used as lecithin, the heavy-phase gums can be reintroduced into the

meal stream through the DT, adding energy to the meal and assisting with dust

control. When sold as non-food-grade lecithin, the gums are simply dried from

35 to 50% moisture concentration and used either as a plastic, high-AI (acetone-

insoluble) product, or blended with either degummed oil or distilled fatty acids

for consumption as a fluid product. Gums used for food-grade lecithin may require

color correction and after separation in the centrifuge are generally single bleached

(using hydrogen peroxide) or double bleached (using benzoyl peroxide) in an

agitated retention vessel. Bleaching agents can also be introduced in the oil hydra-

tion tank. It should be noted there have been concerns expressed about decompo-

sition products associated with these bleaching agents, especially benzoyl peroxide,

which prohibit their use for certain markets. After reaction with the bleaching

agent, the phosphatides are introduced into the gums dryer. Divalent metals can

also be introduced at this point to improve flowability. The dryer, which generally

consists of a vertical or horizontal wiped film evaporator operating at less than

50 mm Hg abs, uses carefully controlled steam jacket heating to evaporate the

moisture in the hydrated gums. After leaving the dryer, the lecithin is slightly

cooled, and depending on the quality of the product, may be sold as plastic product

(AI > 65%) or blended with degummed or refined oil, and sold as a fluid product.

Oil or distilled fatty acids may be added to reduce the viscosity and increase the

lecithin acid value. Special attention must be paid to the design of the lecithin

storage and handling system as the products are very viscous and potentially

hard to handle. Storage tanks and lines are generally jacketed with low-pressure

steam or hot water to ensure flowability without overheating and darkening of

the product. Lecithin is usually sold in drums, pails, or truckload lots.

Production of a clear and sparkling lecithin product is highly vulnerable to effects

caused by upstream conditions. Field- or storage-damaged beans can result in a

cloudy, dark lecithin that may be unacceptable for use as edible product. The quality

is also highly affected by grain drying, conditioning, extraction, and oil distillation

temperatures and exposure times. Lecithin periodically seems to develop a cloudy

haze, which is extremely difficult to remove using traditional methods. It is postu-

lated that this haze is a form of sugar, starch, or other material extracted from the

oilseed. Lecithin from plants using expanders seem to experience this phenomenon

more frequently, possibly related to greater extractability of collets.

Lecithin may also be deoiled and sold as a granulated product high in phospha-

tyol choline. This process typically involves an acetone extraction, leaving a

granulated product for packaging.
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When the production of lecithin is an objective of degumming, maximum removal

of phosphatides from the crude oil becomes a primary concern. It is interesting to

note that a significant economic benefit is provided by producing lecithin, not only

because of manufacture of an added-value product but also because of its impact on

the meal. In a protein control meal situation, approximately 1.25 kg of mill feed can

be added for every kilogram of gums diverted from the meal stream. This is due to

the protein content of mill feed and may provide as much of the justification of a

lecithin production operation as the increased value of the lecithin itself. The effect

of producing lecithin is negative, however, in a fiber control situation. When

lecithin is not produced as part of a degumming operation, then a controlling factor

usually becomes the maximum level of phosphorus permitted in the degummed

product. Generally the processor has little trouble removing sufficient gums to meet

the trading rules limits, as most of the gums are water hydratable. There are times

when simple water degumming is not sufficient as there are, as indicated earlier,

several factors that affect the amount of nonhydratable phosphatides in the crude

oil. In addition, physical refining continues to gain popularity, and the degumming

system is called upon to produce a lower phosphatide oil than normally possible

with a traditional water hydration system. These factors have resulted in consider-

able new approaches for more complete phosphatide removal in the degumming

operation. Lecithin recovered from solvent extracted soybean oil had different

phospholipid class compositions from those produced by mechanical pressing (10).

Several acid treatment and other processes have gained acceptance in producing

a lower phosphorous degummed oil. These processes, including Unilever’s super

degumming, the TOP process, total degumming, and others, focus on the fact that

calcium, magnesium, and iron salts of phosphatidic acid have a greater affinity for

the oil phase than the water phase and as such must be removed from the oil by

a special process. Pretreatment of oil with phosphoric acid, citric acid, or another

agent with proper temperature, time, and agitation conditions, followed by a water

hydration as described above, is generally effective in removing phosphatide con-

taining components. Silica absorption processes are also effective in precipitating

these phosphatides. Use of these pretreatment systems can produce a degummed

oil that when properly bleached will have phosphorous levels less than 3 ppm,

although these processes are generally not as flexible or ‘‘forgiving’’ as a traditional

alkali refining process. Oil of this quality is generally acceptable feedstock for phy-

sical refining, which is discussed later in this Chapter.

As acid degumming has proven to be cost effective, many variations have been

developed to improve the consistency of its results. One method, especially deve-

loped for canola, suggests introduction of a small amount of dilute caustic after

acid pretreatment immediately prior to the degumming centrifuge. The system is

said to produce an oil of equal quality to caustic refined oil without the problems

of soap generation and requirement for subsequent water washing (5). While super-

degumming systems do have advantages both in terms of capital and operating cost

reductions, the impact on the gums must be considered. The lecithin resulting

from an acid pretreatment system is usually darkened in color and generally consi-

dered unsuitable for edible purposes. Wet gums from an acid-treated degumming
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system should be neutralized before introduction into the meal stream. Finally, as

many degumming and lecithin processing installations are located in the extraction

plant, there is concern about the safety of storing the acid (and peroxides for

lecithin) in an environment containing flammable solvents.

While the concept of wet degumming usually involves the processes described

above, there is an alternate process called dry degumming (as pretreatment for phy-

sical refining) for lower phosphatide oils, such as coconut. This process is usually

integrated into the bleaching operation and involves introduction of acid, usually

phosphoric, with either a brief retention high temperature, high shear retention,

or a longer retention lower temperature, less vigorous agitation system. The acid

and precipitated phosphatides are removed in the subsequent bleaching operation.

While the continuous degumming operation has become the standard for most

operations, some older and specialty processors practice batch degumming. This

operation, which is frequently combined in a single vessel performing sequential

degumming, neutralization, and bleaching, involves hydration, settling, and decant-

ing the degummed oil from the gums. While initial capital costs of batch operations

may be less than a continuous process, the operating costs of labor, chemicals, and

neutral oil loss make batch processing unfeasible for all but the smallest operations.

Degumming is an integral part of the physical refining operation, which will

see continued growth in response to environmental pressures. While the basics of

the degumming process have been largely unchanged for several years, new mem-

brane separation systems have been gaining recent attention (11). Past problems of

plugging may be solved by new filter media, miscella filtration, or evolution of self-

cleaning designs.

7. CAUSTIC REFINING

Refining is the term liberally applied to the processes designed to neutralize free

fatty acids present in the oil by introduction of an alkali and centrifugal separation

of the heavy-phase insoluble material. Refining is also associated with removal of

phospholipids, color bodies, and other soluble and insoluble impurities. The term

refining can be applied to physical and chemical operations, as they both are

designed to perform much of the same tasks. As physical refining operations are

generally incorporated into degumming, bleaching, and deodorizing systems (also

known as steam refining systems), descriptions of these processes are integrated

into discussions of these areas. Miscella refining shares many similarities with

chemical refining but has specific considerations as described in the extraction

section of this Chapter. The focus of this section will be on the chemical, or alkali,

refining process.

Caustic refining in particular does not only effectively perform the separation

functions described above but is considered ‘‘more forgiving’’ in operation than

alternate physical methods. If the degumming operation has been less than perfect

(or is not used), alkali refining will remove the bulk of the phosphatides. If a high

amount of metals, particularly calcium and magnesium, are present, these can be
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removed in the chemical neutralization process. Caustic refining is also less sensi-

tive to the type of feedstock presented, as a system designed for one oil will gene-

rally produce satisfactory results with other oils. Caustic refining does have its

substantial downfalls, however, which have led to development of the alternate pro-

cesses, such as physical or steam refining.

If degumming is not included, caustic neutralization is the traditional first step

for edible oil processing. It is important to remove the impurities at this stage of

processing as the oil when heated in subsequent steps may turn dark, smoke and

foam, or become cloudy from the precipitation of solids. Figure 7 provides a block

diagram description of the operations associated with the typical continuous long

mix refining process. As the crude or crude degummed oil is delivered from the

extraction plant or crude oil storage facility, the oil is usually measured, cooled,

and injected with a rationed amount of phosphoric or other acid. The acid is

used to facilitate removal of nonhydratable phosphatides, and the mixture is gener-

ally gently agitated in a day tank for 8 h or more before further processing. The pro-

cessor should minimize the use of excessive acid treat, as it is rather aggressive on

piping and equipment, and must be neutralized with alkali. It would be desirable to

accurately measure the amount of nonhydratable phosphorous in a given batch of oil

and adjust the acid treat accordingly, which may be possible with in-line DCP/ICP

analysis equipment. However, the operator generally assumes a phosphorous level

based on historical operating data and provides an excess over theoretical to cover

any variances. After determination of FFA levels, the oil is pumped through tempera-

ture correction exchangers and is injected with a rationed amount of temperature-

controlled dilute alkali solution, normally caustic soda. Preparation of the dilute

neutralizing solution may be accomplished by preparing a batch of heavy caustic

and softened water to a known specific gravity and temperature (16–24 Bé is com-

mon for most seed oils). The solution may also be prepared using a series of mass-

flow equipment measuring precise flow and densities of solutions. This method is

very attractive when coupled with ICP and computer control systems. When deter-

mining the treat amount, the operator must consider the pretreatment acid affects

the FFA titration test, and must be adjusted for accordingly. The total treat is based

on the theoretical amount of alkali to neutralize the FFA plus an excess to remove

other impurities. The minimum amount of excess alkali must be used to perform the

job while minimizing the saponification of neutral oil. The oil–alkali solution is

thoroughly agitated to assure intimate contact normally using an in-line high-shear

mixer or static agitation devices. The flow of both caustic and oil must be carefully

controlled at this point as variations in flow can give variations in the mixture den-

sities in the centrifuge, seriously affecting the separation efficiency (12). Both the

oil and caustic should be cooled to less than 38�C.

While the saponification reaction between the caustic and FFA is nearly instan-

tancous, the mixture requires some time for the excess caustic and water to hydrate

the phospholipids and to react with color pigments. A notable exception is the refin-

ing of certain lauric oils, where, if not physically refined, the oil and caustic are

mixed immediately prior to entering the centrifuge. For other oils, sufficient mixing

with mechanical agitation must be provided during this period, but this agitation
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Figure 7. Caustic refining.
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must not be sufficiently turbulent to create stable emulsions that will not separate in

the centrifuges. The proper retention period is usually provided by zoned mixers

that are generally multiple units provided in series for maximum flexibility in pro-

cessing. For example, while soybean oil may require 5 min or longer for the reac-

tion to be completed, less retention is beneficial for corn oil processing (13). After

leaving the retention mixers, the mixture is heated to reduce viscosity and to pro-

vide a more definite separation of the soap and the oil. While the optimum sepa-

ration temperature must be determined on an individual plant basis, practical

experience suggests that this heating duty is not a good application for an oil–oil

interchanger. While the energy balance between this service and the hot-water-

washed oil certainly looks favorable, it has been observed that separation efficiency

may suffer if the oil is not subjected to the high-temperature gradient provided

by steam. After the heater, the mixture enters the primary refining centrifuge.

Centrifuges are generally of the paring disk, hermetic or semihermetic type,

where changes of the zone of separation occur as the light-phase discharge back

pressure is adjusted. Increasing the back pressure reduces the soap content in the

oil phase but allows more neutral oil to exist with the soapstock, while decreasing

the back pressure has the opposite effect. The centrifuge operator generally sets the

proper back pressure by viewing a slight turbidity in the light-phase discharge sight

glass or tests for separation efficiency of the refined oil with a table-top separator.

While dramatic zone changes can be made by back pressure control in a hermetic

machine, more substantial changes in the separation zone may be made by chang-

ing the centripetal pump in the pressure-type centrifuge. Neutral oil in soapstock

should be 18% or less on a dry basis, while refined oil soaps in excess of 500 ppm

indicate back pressure should be increased. If soaps cannot be effectively reduced

through back pressure control, the centrifuge probably requires cleaning.

From the primary, the heavy-phase soapstock enters the acidulation system or,

in some instances, is introduced back into the meal stream. Care must be taken

with reuse of this material, as the high pH should be neutralized prior to livestock

feeding, and the high moisture and fat concentration will affect feed formulation.

The light-phase refined oil discharged from the centrifuge is generally heated,

mixed with 10–15% hot water and the mixture subjected to an intimate mixing.

To maximize the adsorption of soaps, the oil–water mixture should pass through

another retention zone mixer, again with sufficient but gentle agitation to avoid

emulsification. In some facilities, a water-wash holding tank is provided for this

retention period. This tank is not only designed to provide proper mixing and

residence time but allows a ‘‘wide spot in the road’’ to avoid affecting the line

when the primary centrifuge ‘‘shoots’’ or otherwise disrupts product flow. Phos-

phoric acid can be added in the washwater to reduce the residual soap in the refined

oil, and to provide a better split between the oil and aqueous phase. While common

in double-wash systems, it is thought that at least a portion of the water from a

single-wash system can be reused, not only reducing hydraulic loading on the waste

treatment plant but also maximizing thermal efficiency. At least one processor

uses a portion of this soapy water for bowl flush water. For optimum soap removal,

the oil–water mixture is heated before entering the waterwash centrifuge. This
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centrifuge generally reduces the residual soap by a factor of 10:1, with soap con-

centration in the oil typically less than 50 ppm. After the washing machine, the oil

may be sent to the vacuum dryer, where the residual 0.5% moisture is removed.

With some designs, an oil dryer may not be provided, as residual moisture enhances

absorption efficiency of the certain bleaching agents. Special care must be taken

when storing this wet oil, although most of the natural preservatives are still present

at this point of processing. At a minimum, the oil is cooled prior to storage, and

some installations may begin nitrogen blanketing at this point.

As indicated earlier, the long mix system requires a certain residence time to

allow the caustic to react with certain components in the oil. This system, which

has been the standard in the United States for years, is especially well suited for

removal of gossypol from cottonseed oil and phosphatides from soybean oil.

This system is quite common in large refineries with few stock changes per day.

In Europe and developing countries, the move toward larger, continuous plants

took longer, and the short mix system was developed to provide greater flexibility

and stock change ability. In this process, the zone mixers are generally not used,

pretreatment agents are introduced into hot oil, and the hot oil and caustic are inti-

mately blended in a high-shear mixer and immediately introduced into the primary

centrifuge. The advantage of longer retention times during the reaction between oil

and caustic are becoming more apparent to many seed oil processors. The long mix

system is therefore gaining ground with many traditional short mix processors,

especially those working with soybean and canola oil (5). It is also common prac-

tice in some of these facilities to provide a double water washing, with the water

phase discharge of the second centrifuge used for makeup water for the first

washing machine. While this does represent a potential savings in water consump-

tion, this practice has generally not been adapted in the United States, as the soaps

from the primary centrifuge tend to be lower and may be more easily reduced than

with the short mix operation (5).

Modern refining usually involves the continuous operation with centrifugal sepa-

ration as described above. Refining originally evolved from batch operations, which

are still used in some small and specialty operations, and involve much of the same

process techniques with separation of the heavy phase performed by settling and

draining in the vessel. One serious problem, especially with nondegummed oils,

is the creation of the stable emulsion layer. It is common to add a brine and other

solutions as part of the batch process to help break this emulsion, and a double

(or triple) washing is also common. As one may expect, batch refining is highly

labor intensive, introduces significant environmental problems, requires several

hours to process a batch, and incurs significant losses. For these reasons even small

specialty processors are encouraged to consider continuous refining operations.

An interesting trend in alkali refining is adaptation of acid refining operations.

One design optimized for canola introduces acid into the oil through a zone mixer

immediately prior to caustic addition and a second zone mixer. This system is said

to significantly reduce the refining loss and improve the color. Another interesting

trend is close integration of refining with the bleaching operation. As indicated

earlier, it is now common practice to eliminate the refined oil dryer, leaving the
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residual moisture in the oil to enhance bleaching. A further development is the

elimination of the water wash step, using instead hydrated silica or other materials

to adsorb the soaps and residual phosphorus during bleaching. This topic is covered

more fully in the bleaching section of this Chapter.

Chemical refining is responsible for a great amount of processing loss (and

resulting environmental problems) associated with oilseed processing. For that

reason, a great deal of emphasis has been placed on automation and loss monitoring

of the process streams. On-line instrumentation to determine FFA, phosphorus,

and other process parameters is becoming increasingly feasible. DCP/ICP instru-

mentation, which although expensive, may prove to be justifiable with improved

process control. To date, most control efforts have focused on loss monitoring,

measuring the flows of crude, refined, and washed oil, and controlling the corres-

ponding acid, caustic, and water flow addition rates with mass flow devices. Once

acceptable loses have been established, the operator is notified if upset conditions

are encountered.

While physical refining will continue to receive attention, alkali refining is likely

to continue to be the preferred choice where soapstock disposal issues can be re-

solved economically. Unlike some physical refining systems, alkali refining allows

the processor to properly prepare almost any type (and any condition) of oil to pro-

duce a quality product. Alkali refining introduces its special set of maintenance,

environmental, and neutral oil loss issues for which the processor must continually

be alert.

8. BLEACHING

Bleaching is the term given to describe the adsorptive cleansing process associated

with edible oil refining. This process, as shown in Figure 8, may involve acid pre-

treatment, introduction of and a retention period with a bleaching agent, and

removal of the clay and absorbed materials. While the mechanical process is on

the surface rather simple, the importance of the bleaching operation commands

significant attention.

Bleaching plants have evolved from open batch systems to continuous proces-

sing operations with alternating filters used for clay removal. In practice, oil to be

bleached may be pretreated with acid (known as the dry degumming process for

crude oils), and after a sufficient residence period, the oil may be dosed with the

clay and other agents in a slurry tank. The materials may be introduced in a slip-

stream of the oil with the slurry immediately directed back to the main flow of oil or

may be introduced in a tank designed to hold the entire flow of oil under nitrogen-

blanketed conditions for several minutes. Other materials may also be introduced at

this point, such as activated carbon for canola and other oils and filter aids. After

leaving the slurry system and prior to entering the bleacher, the oil may be heated to

bleaching temperature. Under vacuum conditions, the oil is agitated in the compart-

mentalized bleacher for several minutes and then delivered to one of two bleaching

filters for removal of solid materials. While plate and frame filters may be used for
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Figure 8. Bleaching/dry degumming.
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some applications, the pressure leaf filter is by far the preferred choice for modern

installations. The filters are available in either a vertical or horizontal configuration,

depending on plant preference, and can be fully automated by using a plant PLC

system. During the filtration cycle, as a filter becomes full, as indicated by an

increasing pressure differential between the feed and discharge streams, the filter

is taken off-line for cleaning while the alternate filter is brought on-line. After

removing the residual oil from the filter cake (normally using steam and nitrogen),

removing the cake from the filter screens is accomplished by vibrating the screens.

A horizontal filter with cake discharge by leaf rotation was introduced several years

ago. This design has the advantage of a lower space requirement for bundle with-

drawal and has a reported higher cake retention and lower residual oil. However,

the drawbacks of higher mechanical complexity and costs may be limiting factors.

Regardless of the filter type, the filtered bleached oil passes through a polish filter

to remove any traces of solids, and is then cooled prior to storage. As many of the

natural antioxidants are removed during bleaching, many processors elect to nitro-

gen blanket the oil after the bleaching process.

Several modifications to traditional bleaching plant designs have been intro-

duced in recent years. Steam agitation has been used as an alternative to mechanical

agitation and bleaching materials have been introduced directly into bleaching

vessels without preslurrying the oil in a separate slurry vessel. One interesting con-

cept is to eliminate the traditional retention bleacher, and provide retention time for

the clay–oil slurry through a series of specially designed pipes. After the retention

period a flash vessel is used to drive off moisture in the oil prior to filtration.

Another recent development is introduction of a new filter screen, which is said

to have a longer life and eliminate the need for diatomaceous earth precoating (5).

While the degumming operation is designed to remove phosphatides and the

caustic refinery converts the soluble free fatty acids to insoluble soaps, adsorptive

bleaching provides the processor the last practical opportunity to remove remaining

impurities to acceptable levels. While the traditional control for bleaching has been

color reduction, the modern processor does not simply use the Lovibond scale to

determine the effectiveness of the bleaching operation. While color correction is

an important consideration, modern bleaching operations provide even greater

benefits.

In addition to modifications to equipment and designs, development of adsorb-

ents and modification of processes to optimize the adsorption has received consi-

derable attention. As indicated earlier, color reduction was the traditional indication

of the effectiveness of the bleaching operation. The major color pigments in edible

oil are chlorophyll (green) and carotenoids (orange) and while chlorophyll must

be reduced in the bleaching process, carotenoids can be reduced in later processes.

For high-chlorophyll seeds, such as canola, bleaching clay dosing is quite heavy

and is sometimes augmented by the addition of activated carbon or other agents.

Carotenoid elimination typically occurs in hydrogenation and deodorizing, some-

times called the heat bleach effect. While color correction is certainly important,

bleaching provides the last opportunity to remove remaining phospholipids. Not

only must phosphatides be minimized for proper deodorizing, but these also affect

BLEACHING 27



hydrogenation selectivity and activity at levels down to 4 ppm (14). Residual soaps

created in caustic neutralization should also be removed by the bleaching adsorp-

tion process. Not only can these soaps cause polymerization in the deodorizer,

affecting not only operation but quality of the oil, but they can also interfere with

hydrogenation (15). Products of oxidation, both primary (peroxide value) and

especially secondary (anisidine value), should also be removed during bleaching

to provide a suitable shelf life oil. Finally, trace metals, especially iron and copper,

should also be removed in the bleaching process. While citric acid chelation in the

deodorizing process will help inactivate the catalytic oxidative tendency of these

metals, it is more desirable to remove them as early as possible in the process.

Clearly, while color is an important indicator of bleaching effectiveness (and is easy

to check), residual soaps, phosphorus, peroxide, and anisidine values are also some

key quality indicators associated with the bleaching process.

As an enhancement to bleaching efficiency, silica gel is commonly added to

remove soaps and phospholipids before exposing the oil to bleaching clay. In prac-

tice, the clay normally slurried continuously with the oil is applied on the filter

leaves immediately after precoating. The silica gel is continuously added in the

body feed slurry system and is especially effective when contacting the oil at atmo-

spheric conditions with residual moisture from the water washing step. As indicated

earlier, many processors do not use the refinery dryer, leaving the residual wash-

water moisture in the oil to enhance this effect. For dry degumming systems, water

is sometimes added with the pretreatment acid to increase the crude oil moisture

content. After reaction with the silica, the moisture is removed in the vacuum blea-

cher prior to exposure to the bleaching clay, which has been preloaded on the filters.

An interesting alternative to acid and alkali refining has been developed by W.R.

Grace & Co., using its silica gel product. As this material has a higher ability to

adsorb soap and phospholipids than traditional bleaching clays, it has been used

to eliminate the water washing step altogether. This not only reduces the capital

costs associated with refinery equipment but significantly eliminates hydraulic

load on the plant waste treatment operation. As an increased amount of silica is

required for this adsorption service, any savings must be balanced against the silica

cost and those associated with the increased cake oil loss, solid waste disposal, and

reduced filter cycle time. However, most processors find this economic balance

positive, and more activity in this field can be expected.

An unfortunate consideration associated with bleaching is the generation and

subsequent disposal of the spent cake. Not only does the residual oil in the cake

represent a loss to the processor, but spent cake is prone to spontaneous combustion

under certain conditions when exposed to air. For that reason, spent cake may be

classified as a hazardous material, making its environmentally responsible disposal

difficult. The traditional landfill option may be restricted, not only because of this

classification but also because of the limited space available at many locations.

Spent cake can be added to meal in some cases, but this practice is frowned upon,

especially when processing multiple types of oil. While deoiling the cake does help

reduce the risk of combustion (and work is underway to reuse some of this mater-

ial), most emphasis will be focused on alternate uses for the spent clay. Some
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concepts being explored include use as asphalt additive, replacement for plastic

parts in refractories, re-refining mineral oils, road foundation, soil stabilizers, and

lightweight aggregate applications (16).

9. DEWAXING

Dewaxing refers to the removal of high-melting-point ‘‘waxes’’ extracted from

certain oilseeds, such as corn, sunflower, and canola. While the wax usually does

not negatively affect the functionality of the products, the presence of wax affects

the appearance of the product. As products sold as salad oils are often packaged in

clear bottles, such as PVC or PET, a haze, and possibly a wax deposition, may form

over time when exposed to conditions of the modern supermarket. If refrigerated,

this effect will become more pronounced and the end user, not understanding

melting point characteristics, will assume the oil is of inferior quality. Conse-

quently, dewaxing has become a process tool in the integrated refinery where waxes

are removed by a chilling, settling, and separation process.

Figure 9a depicts a traditional dewaxing process that continues to be used for

oils with wax content less than 500 ppm. The refined oil is cooled, and a propor-

tioned amount of filter aid is introduced into the chilled oil. The mixture then enters

a gently agitated holding tank (using either mechanical or chilled compressed

air agitation), where the wax crystals begin to form. After a certain temperature-

controlled residence period, the oil may be transferred to a second maturing tank

that may or may not be agitated. Another type of dewaxing system that has proven

effective is to simply and quickly cool and filter the oil without use of crystalliza-

tion tanks. With either system, the solution is then gently transferred to a pressure

leaf filter, where the waxy cake is removed. To facilitate filtration, and reduce the

viscosity of the solution, the oil may be heated slightly in a laminar flow heater

prior to introduction into the filter. When the filter is full, the waxy cake is dis-

charged either to a landfill or, in the case of the integrated facility, transferred to

the meal stream. For certain applications, the waxy cake can be slurried with hot

Figure 9. (a) Filter dewaxing.
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soybean or other oil, and the filter aid removed in a small pressure leaf filter. The

oil–wax mixture may be used as hard oil basestock, while the filter aid may be

reused for less critical filtration services.

Several years ago, an alternate process was developed using centrifuges to

process high-wax-content oils. The process is similar in purpose to the traditional

filtration process, but as shown in Figure 9b, it has some significant differences. In

this process, the alkali-neutralized oil is chilled and may be treated with additional

low-concentration caustic added after the primary centrifuge, increasing the soap

content. The slurry is introduced into the first slowly agitated crystallizing tank

where the wax agglomerates around the soap particles. After a residence period,

the mixture flows to a second maturing tank, with a small amount of chilled water

introduced as it enters the tank. After a certain period, the oil may be gently pumped

through a laminar flow shell and tube heater, increasing the oil temperature prior to

centrifugal separation. The centrifuge removes the bulk of the waxes, and delivers

the oil to the hot-water washing equipment as described in the refining section. If

capital is limited, a variant of the system is to perform both the dewaxing and water

washing step in a single machine. Because of the high losses involved with cold

centrifuging, this process has proven to be the least cost-effective approach for

all but the smallest processors. Another variant is a combined cold neutralization

and dewaxing centrifuging after degumming. In this system the oil is chilled before

the caustic is introduced. The reaction is done at a low temperature with very long

retention times, but uses little (if any) caustic excess. Excellent quality results have

been reported, but losses are relatively high, the capacity of the centrifuge is greatly

reduced, and the soapstock is difficult to split (5).

While centrifuge dewaxing is excellent for high-wax oils, this method does not

always ensure sufficient material removal for a cloud-free oil. Residual wax content

from centrifuge dewaxing systems may be generally around 50 ppm, which may or

may not provide a clear oil. One frustration experienced with high-wax-content

sunflower oil is that changes in the oil clarity are not necessarily indicated by the

wax content or cold test results alone. It has been noted that at times, oil from

centrifuge dewaxing will be clear and brilliant while at other times oil with a simi-

lar residual wax content will cloud at room temperatures. It has also been noted that

despite passing a 24-h cold test, oil may develop a haze after a few days of storage

at ambient temperatures in a clear bottle. To help reduce wax content, one variant of

the system described above is to perform cold-water washing after the dewaxing

centrifuge. While this does reduce the wax levels by another 10–20 ppm over stan-

dard centrifuge dewaxing, the cold washing process reduces washing machine

capacity by about one half, oil losses are higher, and even then there are periods

when the oil clouds. It has been observed, however, that with very low wax contents

oils (around 10 ppm) almost always remain clear.

One method used to assure clear oil is to add a polish filtration step after the

centrifuge dewaxing operation, as shown in Figure 9c With this system, a slip

stream of oil is cooled and analyzed through a highly sensitive turbidity meter

immediately after the deodorizer. When a haze is detected, the flow of oil is diverted

through a chiller, filter aid added, and the mixture sent to a crystallizing tank. After
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Figure 9. (b) Centrifugal dewaxing.
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a proper maturing period, the oil passes through a pressure leaf filter, as described in

the traditional system. When the deodorized oil clears, as indicated by the sample

passing through the turbidity meter, the oil is again diverted to storage, bypassing

the polish filter until a haze again develops.

There is no doubt that polish filtration adds additional cost and processing loss to

the operation. One variant of this system is to place the polish filter directly after the

dewaxing centrifuge and avoid multiple cooling/heating steps. While this is effi-

cient from a thermal (and initial capital investment) standpoint, the residual mois-

ture in the oil may interfere with material deposited on the cake. To address this

concern, a special precoating procedure has been developed that may help alleviate

this problem. A second concern dictating the location of the polish filter is that it is

postulated that the haze may not be truly a wax but may be a combination of pro-

ducts of polymerization and other materials created during the bleaching and

deodorizing process. Polish filtration as the last processing step for salad oil produc-

tions appears to be the best use of all resources. The design of systems used after

the deodorizer is very critical as any contaminants introduced cannot be removed

without redeodorizing the product.

Certain types of equipment may be best suited for dewaxing service. While plate

and frame exchangers may be considered for oil cooling, the deposition of wax

occurs very rapidly when this oil is exposed to cold surfaces. The processor will

find a single unit fouls rather quickly, and having a second cooler readily available

will facilitate operations. Scraped surface heat exchangers are excellent for this

duty but are considerably more expensive. While self-cleaning centrifuges are

generally preferred for refining service, an argument can be made for using solid

bowl machines in dewaxing service. While vertical pressure leaf filters can and

have been successfully used for dewaxing service, most processors prefer to use

horizontal design filters. The waxy cake is difficult to remove and at times must

be scraped from the filter leaves. Some facilities are equipped with membrane-

type filter leaves, which squeeze residual oil from the waxy cake before discharge,

improving yield but demanding higher capital costs.

One of the most important factors affecting the operation is the wax level in the

crude oil. Many processors are fortunate to dehull the seed prior to oil extraction,

Figure 9. (c) Polish filtration.
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and as over 90% of the wax occurs on the seed (17), the problem is reduced at the

source. For those extracting the nondehulled seed, it is not uncommon to experience

wax levels in excess of 3000 ppm in the solvent-extracted crude oil. Unfortunately,

the trend is toward increased wax levels, as the hulls from high-oil-yield identity

preserved hybrid seeds have significantly higher wax content than less developed

seed species. Process control is very important to a successful dewaxing operation,

especially those installations using centrifuge separation. In order to provide effec-

tive crystal growth, phosphatides must be fully removed from the oil before enter-

ing the crystallizer vessels. Phosphorus interferes with crystal growth (in fact a

variant of lecithin is sold to inhibit haze formation), and additional pressure is

placed on the degumming operation to remove both hydratable and nonhydratable

phosphatides. Soap and moisture levels must be carefully controlled, as must

temperatures, retention times, and flow rates.

10. HYDROGENATION

While the processes discussed so far are mainly concerned with filtration, purifica-

tion, and removal of soluble and insoluble impurities in the oil, hydrogenation

involves an actual transformation of characteristics and properties of the oil through

chemical reaction in the presence of a catalyst. Hydrogenation allows the processor

to tailor the fat system for very specific applications and functions and is one of the

key functions of a value-added operation. Hydrogenation was developed to allow

vegetable oils as margarine and vanaspati products to substitute for butters and

ghees, and this market provides a huge outlet for much of the edible oils produced

today. Hydrogenation is generally performed for one of two specific purposes. The

first is to provide taste and smell stability and to enhance the shelf life for unsatu-

rated products. The second is to change the functional characteristics of the natu-

rally occurring fats to those required for a specific application. Hydrogenation

allows the baker and others to utilize margarines and shortenings while retaining

the functionality of products prepared with traditional lards and butters.

Simply stated, hydrogenation is designed to saturate (to the degree desired) dou-

ble bonds in the fatty ester of the triglyceride molecule. Hydrogenation (and to a

certain extent conditions found in deodorizing) also promotes isomerization of the

cis orientation to the trans position. While the fatty ester may contain from 12 to

22 carbon atoms and have a range of 0–3 double bonds, the most prevalent fatty

ester of seed oils has a chain length of 18 and has a maximum of 3 double bonds

in any given chain. The common names of these esters, based on the number of

double bonds, are linolenic (3 double bonds), linoleic (2 double bonds), oleic

(1 double bond), and stearic (fully saturated). The number of double bonds greatly

affects the fat properties, as does the orientation of the isomer. For example, the

melting point of a linolenic ester will be �13�C while the stearic ester will melt at

70�C. A cis isomer oleic may have a 16�C mp while the trans isomer oleic may

have a 44�C melting point (18). Clearly, these wide swings in properties are of great

interest to the modern food processor.
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Figure 10 depicts a typical hydrogenation system in use today. This flow-sheet

shows a dead-end reactor, as it is known, which traditionally has been an industry

standard. In operation, bleached oil is pumped from a holding tank with known

characteristics, including phosphorus, soap, and initial iodine value (IV), to the pre-

heating equipment. As the oil must be hot (typically 140�C or higher) before a reac-

tion commences, heating may be performed either externally or internally. In the

system illustrated, the feed oil is preheated with reacted hot oil to be filtered and

then is introduced into the reactor or a fill tank for final steam heating. During final

heating, the head space of the reactor is evacuated, removing not only any moisture

present in the system but also eliminating any gasses that may interfere with the

reaction. After the oil has been evacuated, and is at initial reaction temperature, cat-

alyst slurry is introduced into the reactor. Based on the desired properties of the

batch, the operator normally consults a ‘‘recipe book’’ to determine the reaction

temperatures and pressures, and calculates the required amount of catalyst and

hydrogen gas (usually estimated at 1 standard cubic meter per metric ton per IV

drop). The required values are normally entered into the corresponding measuring

and controlling equipment. After a brief period for agitation of the catalyst, hydro-

gen is introduced into the reactor.

During reaction, the automation equipment monitors the amount of gas delivered

and controls the pressure of reaction. Many U.S. processors control based on head-

space pressure, while many European facilities control based on hydrogen line pres-

sure. While pressures at these locations are usually not the same, especially during

the initial reactive period, consistency is the key, and the plant recipe book is written

according to the practices of the facility. Only the hydrogen that has been dissolved

in the oil is available for reaction, which is an extremely important consideration

in both the reactor and agitator design. As the reaction is exothermic, steam is

normally turned off when the gas is introduced, and after an allowable temperature

rise, cooling water is circulated through the reactor coils to maintain reaction

temperature. The reaction continues, with hydrogen gas delivered to maintain the

desired reaction pressure. Depending on the purity of the hydrogen gas, inert gases

accumulated in the reactor headspace may slow the reaction, and it is common

practice to vent a small amount of these (under 1%) to the atmosphere.

When most of the gas has been delivered, the operator may sample the oil and

measure the degree of saturation, typically using a refractive index. Upon verifica-

tion that the refractometer (correlating to the iodine value, a measure of degree of

unsaturation) shows the reaction is completed, the operator may vent the headspace

gas to the atmosphere or to another reactor and start evacuation of the vessel. It is

important that the headspace hydrogen gas be totally eliminated at this point, to

avoid the risk of a fire or other serious situation. An alternate to this venting pro-

cedure involves maintaining a positive pressure on the reactor at all times to avoid

the possibility of oxygen being introduced into the reactor. After securing the

reactor, the oil may be cooled and held for filtering, or may be discharged into a

drop tank where the feedstock for the next batch is preheated, as described earlier.

After this partial cooling, the oil typically passes through an oil–oil economizer to

bring the hard oil to filtration temperature, prior to entering the catalyst filter, or
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Figure 10. Hydrogenation.
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black press. As the oil is highly reactive at this point and temperature control is very

important, special care is taken not to expose the oil to oxygen. After the catalyst

filter, the oil typically has a residual nickel content, which if used directly may

impart a gray-green appearance to the otherwise white hard fat. To remove the

remaining colloidal nickel, the oil may be slurried with a mixture of filter aid and

bleaching clay, agitated in an evacuated postbleacher and then filtered through a

final polishing filter. The bleaching earth is also used to compensate for any color

degradation that sometimes takes place after hydrogenation in a carbon steel reactor

(5). Chelation of the catalyst, using citric acid in place of the bleaching clay, has

gained acceptance in recent years, especially considering the additional equipment

necessary for the traditional postbleaching system and disposal problems associated

with bleaching clays. Some processors feel postbleaching can be minimized if cata-

lyst is not being reused. Many processors do reuse catalyst, although prediction of

resulting physical and chemical parameters of the hydrogenated product can

become more difficult. Hydrogen gas can be provided from a variety of sources.

For small or infrequent use operations, the processor may purchase commercial

hydrogen gas, stored on site using cryogenic storage or tube trailers. Larger opera-

tions may elect to generate their own hydrogen from steam reforming natural gas,

propane, or similar fuels. Hydrogen can also be generated from electrolytic crack-

ing operations and is generally viable in remote locations without commercial

hydrogen service.

Several options exist in hydrogenation system design. As mentioned earlier, the

dead-end reactor recirculates the hydrogen gas accumulated in the head-space above

the oil by a gas entrainment vortex blade of the turbine agitator. For large opera-

tions, a heat recovery system is often incorporated to utilize the exothermic heat of

reaction, using this heat for washwater/heating, heat tracing, or other imaginative

purposes. The gas recirculation-type converter, used extensively at one time,

operates by circulating large volumes of gas through the oil by means of external

compressors. This arrangement was popular when hydrogen gas contained consi-

derable quantities of inert gases; a small amount of gas could be vented continu-

ously, and the circulated gas provided the agitation (19). Another design popular

in Europe is the Buss reactor, which has no mechanical agitator, but provides

agitation by pumping oil through a headspace eductor. These systems provide

fast reaction times and boast high mass transfer rates, but do not provide the flexi-

bility of the dead-end reactor. Another concept is the helical impeller autoclave,

which is similar to the dead-end reactor but uses a specially designed agitation and

gas entrainment system. Continuous hydrogenation systems continue to be topics of

discussion for plants processing significant quantities of homogeneous product, and

it is expected that installations of this type will become more common.

As indicated earlier, the operator has several variables under his control to selec-

tively tailor the products. There are two types of selectivity the processor is most

concerned with, these being preferential and orientation selectivity. Preferential

selectivity refers to the double-bond position the hydrogen atom attaches itself to

during the saturation process. The study of orientation selectivity is centered on the

fact that during contact with the catalyst, some of the double bonds may be twisted
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to the higher-melting-point trans form. Pressure, temperature, agitation, and cata-

lyst type and concentration are the most effective tools the processor has to affect

selectivity. As this topic is beyond the scope of this Chapter, the reader is referred to

the many texts written about these subjects listed in the general references at the

end of this Chapter.

One cannot review hydrogenation without touching on the health aspects of satu-

rated and modified fats. For several years, the prevailing medical advice was to lim-

it saturated fats. As a result of this advice, the fast-food and other industries have

moved from traditional tallow frying to use of canola, soybean, and other oils. Even

timeless favorites have come under fire as of late. The Center for Science in the

Public Interest recently attacked coconut oil, traditionally used to give movie thea-

ter popcorn its distinctive taste and aroma. As a result of this negative press, many

major theater chains are switching to canola and other oils (20). There have been

studies suggesting a link between trans isomers and health problems, which further

confuses the issue and the ultimate consumer. As a result, some have warned that

consuming partially hydrogenated products containing trans isomers was no better

(and possibly worse) than eating saturated fat products. The market responded with

an immediate drop in margarine sales over a 12-week period while butter volume

increased (21). While some of these studies have been questioned as artificially

high both in trans isomer content of the products used and in the quantity of pro-

ducts consumed (as the total amount of trans isomer content in one study was three

to four times greater than the estimated dietary intake) (22), consumers clearly re-

acted to the news negatively. In response to the market pressures, some companies

are developing products with lower or no trans fatty acids. One of these spreads is a

canola oil with soybean-based flavor compounds to provide a buttery flavor. Other

approaches have been to use high-oleic oils or specialty tailor-made oils to provide

better functionality. High-oleic oils provide the stability normally achieved through

partial hydrogenation and are viewed as a promising replacement to hydrogenated

products. High-oleic canola blended with canola high in stearic acid has been

used in margarine and confectionery products. A dwarf sunflower with high-oleic-

acid content has been introduced, as has a low-linolenic soybean variety. While the

health debate continues, hydrogenation continues to be an important part of the

integrated facility.

11. INTERESTERIFICATION

Interesterification is one of the lesser practiced unit operations of the integrated

refinery. Generally, the transesterification practiced in the edible oil refinery, known

as rearranging (random or directed), modifies the characteristics of the fat without

chemically modifying the individual fatty acid composition. The process of inter-

esterification may be applied to a variety of interchange reactions of fats with other

components. The various types of reactions are (1) alcoholysis (with monohydric

alcohols to produce methyl esters or with polyhydric alcohols to form monoacyl-

glycerols), (2) acidolysis (acid interchange), or (3) transesterification (rearrangement
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of fats). This process has great potential as the ramifications of natural versus mod-

ified fats continue to be debated.

Figure 11 depicts a typical interesterification process. This random inter-

esterification uses a reactor quite similar in design (if not identical) to the hydro-

genation dead-end reactor. Oil is heated after being neutralized and dried to around

90–120�C and is blended in the reactor with a catalyst, such as sodium methoxide

(0.2–0.3%) or an alkali metal (0.1–0.2%). During reaction, the reactants become

orange-brown in color (the first quality check of reaction process). Once the color

develops, the reaction is normally completed within 30 min, where an equilibrium

exists of the random distribution of fatty acids on the glycerol molecule. When

completed, water is introduced to stop the reaction, vacuum is released, and the oil

discharged to a holding tank. As a soap residue is normally present in the oil, the

mixture may be washed and centrifuged from the oil. The oil is dried and bleached

and deodorized in the normal manner.

Continuous interesterification processes exist but to date none have been com-

mercialized. Interesterification is generally performed in small batches by specialty

processors. An alternate method of increasing interest is directed interesterification

using enzymes. The process is generally applied to palm-oil-based materials such

as cocoa butter substitutes and to coconut oils. There is some concern about the

effectiveness of interesterification with physical refined oils as low levels of FFA

must be present or the reaction will not proceed as planned (5). Although not a

hazardous process, interesterification is often included in the hydrogenation section

of the refinery because of the similarity of the reactors.

As the debate concerning health effects of saturated products and that of trans

isomers generated during hydrogenation continues, interesterification may offer a

viable alternative to the refiner. Outside the United States interesterification is used

to produce hardened fats without trans isomers. These products are available in

Canada and continental Europe. This technology has been available for quite some

time, as a patent on the product was granted to Unilever in 1961 (22). The ability

to tailor the melting point and functional crystallization characteristics without

Figure 11. Interesterification.
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changing the fatty acid composition makes interesterification a process with inter-

esting potential. A comprehensive review on hydrogenation can be found in Ref. 23.

12. FRACTIONATION

Fractionation, or winterizing as it is sometimes called, is a practice gaining impor-

tance today. The phenomenon of winterizing was originally observed when storage

of refined cottonseed oil during cold weather caused deposition of high-melting-

point triglycerides leaving clear liquid oil on the top. The later was decanted, deo-

dorized, bottled, and marketed as a ‘‘winter salad oil’’ (24). While the commercia-

lized dry fractionation plant design is only some 30 years old, it is estimated that

around 10% of the world’s production passes through a fractionation plant (25).

Today, edible triglycerides are fractionated for one of the following reasons: (1)

to remove waxes and other nontriglycerides (2) to remove naturally occurring high-

melting-point triglycerides, or (3) to remove high-melting-point matcrials formed

during hydrogenation (26). Fractionation usually refers to the dry process, although

a wet or solvent process is also utilized. The wet fractionation process, which is

usually applied to cottonseed products, uses hexane or acetone, and allows separa-

tion of the various components in the miscella stage. However, the costs incurred

by solvent recovery, the hazardous nature of the operation, and the process losses

make the wet process less frequently used than dry fractionation.

Fractionation is widely practiced with palm oil, especially with the large amount

of palm olein exported from Southeast Asia, but is also used with tallow, lard, and

other fats. Fractionation of partially hydrogenated soybean oil (PHSBO), canola,

and other brush hydrogenated products is gaining importance as well. A typical

fractionation basestock may be a PHSBO with a feed IV of 100, fractionated into

a high stability liquid frying oil with the stearine used for margarine basestock.

Refined, bleached, and deodorized palm (RBD) with a starting 50–55 IV is

commonly fractionated into an 56 IV olein and 48 IV stearine.

A typical dry fractionation process is shown in Figure 12. The process involves

chilling the fat at a prescribed rate allowing the stearine to crystallize and then

Figure 12. Fractionation.

FRACTIONATION 39



separating the two phases by filtration. One of the key factors determining the suc-

cess of the fractionation process is the efficiency of the separation. Consequently,

both the crystallizing and subsequent filtration require careful control. The crystal-

lization cycle usually starts with the operator selecting one of several recipes pro-

grammed into the plant PLC, depending on the feedstock and desired products. The

process then continues by loading a cell (or crystallizer) with a prescribed quantity

of dry (and for seed oils, hydrogenated) feedstock. The oil is normally loaded suffi-

ciently hot to melt any components that could interfere with the crystal deve-

lopment process, and to melt any crystallized fat present in the system from a

previous batch. After a brief holding period, the system controller then starts the

flow of chilled propylene glycol (or water) through the crystallizing cooling coils

and jacket. In some designs, a direct expansion refrigeration system is provided,

eliminating the glycol system so that the crystals form and grow properly; the tem-

perature differential between the oil and coolant is carefully controlled during this

initial cooling period. During this cycle, agitation is introduced by either very slow

rotation of mechanical agitators or by bubbling cold air through the cell. After a

certain period, the temperature differential is changed for the crystal maturing

phase, and the agitation may be reduced or stopped.

For certain products, stearine seeds may be introduced during the cycle to pro-

vide a stable base for crystal growth. Agitation during the crystallizing process is

necessary but also potentially detrimental to the process. Without sufficient agita-

tion, the heat transfer rate becomes very low and the coil surfaces build up with

crystallized fat. Too much agitation breaks up the crystals and imparts mechanical

work into the mixture. A balanced agitation has been shown to be necessary for

proper crystal formation, as an olein–stearine mixture slowly cooled without agita-

tion produces a stiff and nonpourable mass. Photomicrographs showed that large-

sized crystals were formed having long thin tentacles that trapped liquid oil within

the crystal structure (26).

After the proper crystallizing period, the stearine fraction is separated from the

olein by one of several filtration methods. From the crystallizer cells, the oil mix-

ture is either gently pumped or is transferred by gravity or slight pressurization of

the cells to the filter. The olein fraction passes through the filter media while the

solid stearine fraction is trapped. The stearine is then dropped into a receiver where

it is melted and pumped to a holding tank. The olein may be blended with a crystal

inhibitor, such as phosphatides, polyglycerol esters of mixed fatty acids, or other

commercial inhibitors, to increase the time of the cold test. The cold test involves

chilling and holding oil at or near freezing temperature for a certain period of time.

Fractionation is designed to separate the various fractions based on differences

in crystallizing temperatures. Often, the products of a single fractionation are not

sufficiently fine tuned to produce some of the higher value specialty fats. Hence, the

concept of double fractionation was introduced, with one of the phases (usually the

olein) refractionated. This process is used quite frequently with palm oil. The pro-

ducts of the second fractionation are a ‘‘super’’ olein and a stearine used as tropical

margarine base or a confectionery base.
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While the designs of commercially available crystallizer cells have some vari-

ances, all are intended to cool and agitate the oil as a batch more or less in the

same manner. There are, however, several types of filters in use based on the pro-

ducts and style of operation. These basic designs include plate and frame filters,

continuous vacuum systems, membrane systems, and pressure leaf designs.

At one time, plate and frame filters were standard equipment for fractionation

service, especially for cottonseed applications. It is generally necessary to introduce

the oil–stearine mixture into the filter by gravity during the first hour of operation

and then apply low air pressure to the tank forcing the mixture through the filter. As

these designs require location within a refrigerated room, are generally high in

labor requirements, and have slow filtration rates, they have largely been replaced

by other designs. A modern variant of the traditional plate and frame design that is

gaining acceptance is a filter press equipped with membrane plates. When the crys-

tals are rather small and hard, a membrane system provides an excellent olein–

stearine yield. The membrane filter is similar to a traditional plate and frame press,

except that each chamber is equipped with one or more flexible membranes, such as

rubber or polypropylene. The operation of this system involves a filtration step

where olein passes through with the stearine retained in the chamber. Next, a squeez-

ing takes place where compressed air is applied behind the membranes to expel the

trapped olein, leaving the hard stearine cake. Finally, the chambers are opened

and the cake discharged into the melting tank. Yields from membrane filters are

usually quite high, and the entire process has been automated to reduce the labor

requirements. However, membrane filters tend to be rather capital intensive and

require replacement of the limited life membranes.

A very popular filtration system is the continuous vacuum filter. When the stear-

ine crystals are durable and less sensitive to deformation during filtering (such as

cake from PHSBO or palm), this filter provides an excellent separation. The intro-

duction of this technology represented a major advance as filtration rates were

increased several magnitudes over the rates observed with plate and frame systems.

Operation of the vacuum filter is well suited for large-capacity operations as oil

from the crystallizer cell is gently and continuously pumped to the filter receiver.

A slowly rotating drum, partially submerged in the oil, uses vacuum to draw the oil

through the filter of the compartmentalized drum. The air–olein mixture is sepa-

rated and the filtrate discharged to a holding tank. The stearine cake collects on

the rotating drum and is dried as the drum turns. As the drum rotates to the dis-

charge section, the cake is removed from the filter cloth by either a knife blade,

string discharge, or a blast of air, and drops into the stearine receiver for melting

and subsequent pumping to storage. The vacuum filter is often hood shrouded for

hygienic and temperature control purposes.

A popular variant of the rotating drum vacuum filter has been widely applied

especially for the palm oil industry. The Florentine vacuum filter uses a horizontal

stainless steel perforated belt with vacuum applied under the belt. This design

includes a recycle from the first filter section, which is said to allow the first layer

of stearine to act as a continuous precoat (25).
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Another type of filter in use today is a horizontal (or vertical) pressure leaf filter

with a special cake squeezing device. Between each pair of hollow filter leaves is an

impermeable flexible diaphragm that can, when inflated, apply pressure on one side

of each adjacent leaf. As the cake forms, the pressure on the leaf side is less than on

the chamber side. The diaphragms move toward the leaf, compressing the olein

from the stearine cake.

Dry fractionation applications have enjoyed substantial growth in the past

years, and with growing emphasis on value-added specialty fats, the processor

finds fractionation a most valuable tool. It is expected that rapid growth fractio-

nation capacity will occur as processors search for additional revenue enhance-

ment opportunities.

13. DEODORIZATION AND PHYSICAL REFINING

Typically the last step in the edible oil refinery is deodorization, and this process

is included in almost every refining operation, regardless of the other unit opera-

tions selected. While in the past limited natural fats could be utilized as edible pro-

ducts (such as butter and animal fats), most oils used today come from sources

having natural components that if not removed impart objectionable flavors and

tastes. These oils contain not only flavor bodies that must be eliminated to produce

a palatable product but other unit operations, such as hydrogenation, impart a nega-

tive flavor and color that must be removed in the deodorizer. Shelf life and color are

also important considerations upon which the deodorizer has a direct impact.

Deodorizing was developed to remove the relativity volatile odoriferous com-

pounds from the host triglyceride. From the early efforts to boil the volatiles at

atmospheric conditions and high temperatures, the modern practice of applying

heat under low absolute pressure for a particular period of time has developed.

As there is a substantial difference between the vapor pressure of the oil and the

volatile materials affecting the flavor, color, and stability, deodorizing can consist

of any method to evaporate these substances without damaging the oil.

Physical refining refers to the process where the free fatty acids in a crude or

degummed oil are removed by evaporation rather than being neutralized and

removed as soap in an alkaline refining process. In design and operation, the deo-

dorizer is very much like the physical refiner, with the major exception being the

higher load of fatty acid removed in physical refining. While some deodorizing

designs can use carbon steel for certain noncontacted parts (such as the outer shell

for a double-shell deodorizer), the high level of fatty acids (and subsequent corro-

sion if left unchecked) generally demands that a physical refining system be made

from stainless steel or other material not affected by contact with fatty acids. A

physical refining operation should also have sufficient heating capacity to compen-

sate for the cooling produced during fatty acid evaporation, which is normally a

negligible figure for alkali-neutralized feedstocks.

Deodorization is a mass transfer purification process, where the oil is exposed to

surface conditions forcing the volatiles into the vapor state. Deodorizing conditions
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normally involve exposing a thin film of oil to a carrier gas at an elevated tempe-

rature and low pressure. A stripping gas (normally steam) is usually introduced

to agitate the oil, ensuring that all the oil is subjected to surface conditions, and to

carry the volatiles from the deodorizer to the vapor recovery system. One of the key

factors in successful deodorization is to provide thin-film mass transfer for each

particle of oil. Each of the deodorizing concepts described attempts to provide some

type of rapid agitation to accomplish this duty. Heat bleaching is also normally pro-

vided in most deodorizing designs, which refers to the process occurring at these

conditions where the carotenoid pigments and other colorizing compounds either

break down or are evaporated. Effective deodorization requires this exposure and

agitation to be performed for a certain period of time, not only to ensure equili-

brium conditions but also to provide sufficient time for heat bleaching.

Figure 13a depicts the unit functions in a typical deodorizing system in use

today. From the bleaching plant (or physical refining pretreatment process) the oil

(normally at 60–90�C) is first deaerated. This step is extremely vital prior to heating

the oil to temperatures over 100�C, as most oils, especially those derived from seed

sources, will deposit products of polymerization when oil containing oxygen is

exposed to heating surfaces. The deaerator may be a separate vessel or in the

case of certain designs, an integral part of the deodorizer itself. After the deaerator,

the oil normally passes through an oil–oil interchanger, being preheated by freshly

deodorized product. The hot oil is then heated to deodorizing temperature. These

heat exchangers can either be external to the deodorizer or these heating (and cool-

ing) functions can be performed under the same vacuum conditions as the deodorizer

itself. After being brought to temperature, the oil is vigorously agitated in the deo-

dorizing vessel for a certain period of time until the bulk of the volatiles are

removed and heat bleaching is accomplished. The oil is then cooled, normally first

passing through a heat recovery economizer as described above, and then through

final cooling. During cooling, a small amount of chelating agent, such as citric acid,

may be introduced into the oil, as may an antioxidant. The volatiles removed during

the deodorizing process are condensed and usually recovered in a fatty material

direct condenser, known as a vapor scrubber. The balance of the volatile gases,

including the stripping steam and other more volatile compounds, are condensed in

the vacuum system.

While the basic principles behind any deodorizer are essentially the same, there

are several types of systems used to perform these functions. General classifications

include the batch, continuous, and semicontinuous operations.

The batch process, which was the first type of deodorizer to be developed, gene-

rally uses a single vessel to accomplish the functions desired. These units, which

are generally suitable for total daily output of under 60 metric tons per 24 h, consist

of relatively tall vertical cylindrical vessels designed for substantial level rise

during the steam agitation process. A batch of incoming fresh oil is normally slowly

heated under vacuum conditions to deodorizing temperature, at which time sparg-

ing steam is introduced through a sparging pipe, or through a gas-lift pump. After a

suitable agitation period (which is normally several hours) the oil is cooled, under

vacuum conditions, and is discharged to storage. While heating and cooling are
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Figure 13. (a) Semicontinuous deodorizer.
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normally performed in the vessel utilizing internal coils, forced circulation through

external heat exchangers allows for a quicker cycle and possibly lower overall

utility costs. Because of the relatively small batches involved, the long times

between filling and emptying, and the economies of scale, heat recovery is normally

not incorporated in batch deodorizing designs.

The continuous deodorizer, illustrated in Figure 13b, performs the same basic

functions but is designed for a larger operation requiring few changes of stocks

per day. The continuous deodorizer allows for low utility consumption, reduced

labor costs, and high heat recovery and is generally the best choice for the modern

integrated refiner who is sufficiently flexible in scheduling production runs. There

are several options for continuous deodorizer design today, but the following

description follows a typical installation found in a modern integrated facility.

The bleached oil enters the deaerator where, operating at 50 mm Hg absolute or

less, oxygen and some moisture are removed prior to heating to deodorizing tem-

perature. The deaerator is normally fitted with a demister to eliminate oil carryover

to the vacuum system. After the deaerator, the oil passes through the economizer

and then the final oil heater. The final oil heater is normally designed to heat the

incoming oil to final temperature using high-pressure steam or thermal fluid. The

oil then enters the deodorizer, which is normally a single-shell vertical unit (or a

horizontal vessel) designed for operation of 3 torr (or less) at the vapor outlet.

The vessel has several deodorizing compartments fitted with special steam distribu-

tion devices to promote intimate contact between the oil and steam. These devices

can be gas-lift pumps (also called mammoth pumps) or sparge rings. The retention

time in each compartment varies between 10 and 30 min, depending on the design.

As the oil passes through a series of baffles installed in the trays, it overflows

through a overflow pipe or weir to the next lower tray. After a sufficient deodorizing

period, the oil is ready for cooling. In order to achieve the high heat recovery typi-

cal for continuous deodorizers the oil is often brought outside the vessel and is

cooled in an oil-to-oil economizer, as described above. To provide additional cool-

ing or to compensate for a lack of cooling media when changing feedstock, an inter-

mediate cooler is also often provided. After cooling, a small amount of citric acid

(around 200 ppm) is introduced to chelate any trace metals present in the oil. Cer-

tain oils, such as palm and lauric oils, can safely be delivered to storage at this

point, while other oils, such as soybean, may develop flavor and stability problems

if cooled to storage temperatures under pressure conditions. It is theorized that the

development of substances detrimental to flavor occur very rapidly at temperatures

present in the deodorizer, and without constant removal of these volatile compo-

nents, the oil quality is affected. If cooling is accomplished entirely under vacuum,

these volatiles are removed almost as fast as they are formed. To remove these vola-

tiles formed under pressure conditions while the oil is being cooled, the oil is often

reexposed to low-pressure conditions in a flash vessel or a lower section of the deo-

dorizer after external heat exchange. Finally, the oil is passed through a tubular or

polyester bag filtration system to remove any particulate material that may have

been picked up in previous operations.
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Figure 13. (b) Continuous deodorizer.
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Continuous deodorizers can be supplied with many options tailored to the speci-

fic application. For example, while maximum heat recovery is usually accomplished

using external heat exchangers, the continuous vessel can be designed to perform

all heating and cooling functions internally. Orientation of the piping, vessels, and

heat exchangers can be arranged to minimize product contamination during stock

change. A variety of heat recovery options have been developed, including a design

generating steam to assist driving the vacuum system.

As mentioned earlier, there are several configurations of continuous deodorizers

in addition to the traditional vertical tray unit described above. One type uses a

multisectioned tray (box) contained in a horizontal cylindrical vessel. Heat transfer

baffles are used as flow baffles, with agitating steam injected between the baffles.

Another system is based on a series of vertically stacked horizontal single-shell

cylindrical vessels, with agitation steam injected by multiple pipe distributors

running the length of the vessel. Another type of continuous deodorizer takes maxi-

mum use of thin-film processing, using structured packing to maximize the steam–

oil contact. This system provides excellent fatty acid stripping with a minimum of

steam, but because of the relatively short retention times involved, it does not

provide a great deal of heat bleaching unless a retention vessel is provided as part

of the system.

The semicontinuous deodorizer, Figure 13a, again follows much of the same

processes but is specifically designed for an operation demanding frequent stock

changes. Like the continuous deodorizer, many variants are in operation today,

some utilizing multiple deodorizing sections, a greater number of heat recovery

options, etc. The process described is for a typical unit found in operation today.

Semicontinuous deodorizers, developed in the late 1940s, were specifically designed

to process an individual batch of oil in a fixed-capacity tray, allowing the operator to

follow one batch of oil with a different feedstock with minimum lost production

time and contamination. The term semicontinuous stems from the fact that although

each batch is treated individually (with heating, deodorizing, and cooling functions

performed in a specific tray of the vessel), the flow to and away from the deodoriz-

ing vessel is generally continuous. As significant temperature swings occur during

the cycle, and heat exchange ability is limited by physical constraints of the avail-

able surface area and operating conditions, overall heat recovery in the semiconti-

nuous deodorizer is typically around 50–60%. The semicontinuous design requires

considerable control to manage the drop valves and stock change system, and its

installed cost is typically greater than a similarly sized continuous design.

In operation, properly pretreated oil flows continuously to the measuring tank.

This tank, which usually also performs the deaeration function, accumulates oil

at a constant rate. When signaled by the plant control system, a drop valve opens

for 1–2 min to admit a quantity of oil into the top heating tray before closing. In this

first of a typical five-tray configuration, the oil is preheated using a device com-

monly known as a thermosyphon. This process uses the temperature differential

between the cold incoming feedstock and the high temperature of deodorized oil

in a lower holding section using steam or thermal fluid as the heat transfer medium.

This medium is naturally circulated by alternately evaporating in the holding
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section while condensing in this preheating section or is pumped for a single-phase

fluid. After the proper period, the preheat tray drop valve opens briefly to discharge

the oil to the final heating tray. This tray, which is also packed tightly with coils,

uses high-pressure steam or thermal fluid to bring the oil to proper deodorizing

temperature. After a suitable period, the drop valve on this tray opens, and the

oil drains into the deodorizing tray. Now at deodorizing temperature, the oil is sub-

jected to high agitation through either a single or series of mammoth pumps, as

described in the continuous deodorizing section. When the deodorizing period

is over, the drop valve opens, and the oil flows to the holding tray. This tray, which

forms the lower section of the thermosyphon heat transfer system described above,

allows the oil to partially cool and is a main source of heat recovery in the semi-

continuous system. After a suitable period, the oil is discharged to the final cooling

tray, where cooling water (or other cooling fluid) brings the oil to (or close to) final

storage temperature. Finally, the oil enters the holding section, where it is pumped

continuously by the discharge pump through final polish filtration on its way to

storage. An external cooler may also be supplied to reduce the oil temperature prior

to storage.

Traditionally, the deodorizer was considered the last step in the refining process.

For a custom blend shipment, basestocks were blended and after being deodorized

were loaded directly on a customer’s vessel. Even with a homogeneous oil product,

deodorizing was performed almost immediately prior to loadout to provide the

freshest oil possible. With an increased use of stainless steel piping and equipment,

and judicious use of inert gas purging, several commercial operations have found it

acceptable to hold deodorized product for a longer period of time, and in fact per-

form blending of deodorized products without redeodorizing the load. As customer

requirements are quite variable, especially for higher value custom fat blends, and

the concern of scheduling and potential contamination is significant, this practice

allows a longer run of product through a plant system, resulting in smoother opera-

tion without the need for frequent changeovers. This practice also eliminates much

of the previous justification for a stock change deodorizer.

While the deodorizer generally represents the final step in edible oil processing,

and can make a good product from less than perfect feedstock, the deodorizer

cannot forgive the sins made in earlier processes. While the primary products of

oxidation are removed (as indicated by the peroxide value), severely damaged oil

may contain secondary products of oxidation (measured as anisidine value). Phos-

phatides must be at very low levels prior to entering the deodorizing system. Soaps

must also be completely eliminated and the oil must be handled and stored to mini-

mize exposure to oxygen.

14. SHORTENING AND MARGARINE MANUFACTURING

Shortenings are edible fats that have undergone special processing to yield products

with certain physical characteristics. They are suitable in a wide variety of applica-

tions but are primarily used in cooking and baking of foods. Shortenings act to
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‘‘shorten’’ or tenderize foods, particularly baked goods, by their ability to interpose

films of fat through the food in such a manner that the protein and carbohydrate

components do not cook to a hardened mass. In cakes and icings, shortenings also

make possible the incorporation of tiny air bubbles that greatly assist in the attain-

ment of fine, uniform, and stable structures. Liquid oils do not possess this ability.

The simplest type of shortening consists of a fully hydrogenated fat (stearine)

blended with a liquid vegetable oil. These products are plastic at room temperature

and are marketed as ‘‘all-purpose’’ shortenings, generally suitable for general pan

frying and less critical baking operations in the home. Other products have been

developed (which may include emulsifiers and other ingredients) that have greater

creaming qualities and exhibit greater resistance to oxidation.

Figure 14 illustrates a typical shortening manufacturing operation. Configura-

tions of equipment vary widely based on the local conditions, and this discussion

is designed to provide but one example of a typical process. The basestocks and

ingredients are weighed through either a series of scale tanks or mass-flow meters

and are introduced into a feed tank. The mixture is thoroughly blended and intro-

duced into the first scraped surface heat exchangers (SSHE), commonly referred to

as the A unit. The mixture is super-cooled as a fluid, but has the crystal nuclei estab-

lished for fine crystal (b0) growth. The product then passes through a worker unit

equipped with a number of projecting fingers on a rotating shaft, commonly known

as the B unit. In this unit the product is plasticized, and the crystallization process

continues under controlled mechanical conditions. After passing through an extru-

sion (or homogenizing) valve, the product is packaged into either a bulk container

or smaller consumer quantity package. After packaging, the filled containers are

usually moved to a temperature-controlled tempering room for 36–48 h prior to

shipment. Some installations have included an additional controlled cooling step

prior to packaging to reduce the need for the tempering period.

While the process is fairly straightforward, a properly produced shortening re-

quires judicious control over the chilling, plasticizing, and tempering operations to

make it into a satisfactory product. Control of the SSHE equipment, which is

Figure 14. Flow process for shortening.
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normally cooled by direct expansion of ammonia liquid, involves monitoring both the

product and refrigerant temperatures. Plastic fats at room temperatures may contain

between 10 and 30% solid crystal fraction dispersed in the liquid oil, depending on

the formulation and the oils used. The most important factors governing the product

are the number, size, and structure of the crystal solids dispersed in the liquid oil. A

slowly cooled fat crystallizes in relatively few and large granular clusters. Such a fat

exhibits less plasticity and is not as firm as is a rapidly chilled fat where many small

and well-dispersed crystal solids are developed. A fat with large crystals has a

‘‘gritty’’ feel in the mouth and can best be demonstrated by heating and subsequent

cooling of a commercial shortening product. While the properly prepared product

will appear homogeneous and have an agreeable mouthfeel, an uncontrolled heating

and subsequent cooling operation will produce a fat with large crystals, in which

the liquid and solid portions may separate. Because crystals of the solid fat fraction

are polymorphic (existing in more than one crystalline form), quick solidification

and subsequent plasticizing functions require careful control to ensure functional

products with stable crystalline structures. The conditions of supercooling can be

established to take advantage of crystal reorientation, or tempering, which is

allowed to take place during storage. Proper crystal reorientation will yield a higher

melting product and a more stable crystal pattern.

In addition to the operations discussed, it is also common practice to introduce

8–12% nitrogen or air into the chilled product. The effect of incorporating gas into

the shortening is to improve its textural appearance and color, stabilize it by making

it more homogenous, and improve its creaming properties by contributing gas to

expand dough and batter for subsequent baking operations.

While shortening is primarily a fat product, margarine is generally defined as a

plastic fat food product containing 80% (U.S. minimum) edible fat with the balance

of about 20% consisting of an aqueous phase (usually a specially cultured skim

milk) and including salt, vitamins, food coloring, and other additives. In addition,

a host of spreads containing greater aqueous and lessor oil phases have been deve-

loped and widely accepted by the consumer.

Unlike household shortening, consumer margarine is generally consumed as a

spread on bread as well as for home cooking and baking. Margarines must therefore

melt readily and completely in the mouth and impart ‘‘buttery’’ characteristics to

products containing them. Any residue that fails to melt at body temperature may

not be noticeable in a shortening (in fact, such a residue may be desirable to give

shortening high-temperature firmness), but in margarine it imparts an undesirable

‘‘pasty’’ sensation in the mouth. An ideal margarine should be plastic and spread

freely on soft, fresh bread. At refrigerator temperatures, however, it should be suffi-

ciently firm to permit forming into the desired package for marketing. Margarine

also differs from shortening insofar as flavor is concerned. Shortenings are invari-

ably produced to be completely bland whereas margarine is modeled after butter. It

is essential that the basestocks for margarine production are properly processed and

well deodorized.

A typical process flow for margarine production is shown in Figure 15. While

several types of margarine are produced today, and each has its own variant of the
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Figure 15. Flow process for margarine.
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processing stages followed, the basic process is similar with most configurations.

The oil phase (and oil-soluble components) are weighed through a series of scale

tanks or in-line batch metering equipment. Meanwhile, potable water is blended

with milk products and other aqueous-phase ingredients, with inventory of all com-

ponents carefully measured and recorded. As the aqueous phase provides an excel-

lent growth media for harmful bacteria, it must be very carefully prepared and must

be sterilized. To ensure proper blending, aqueous-phase tanks are usually equipped

with hot-water jackets and high-efficiency turbine agitators. After thorough mixing,

the aqueous phase is carefully blended with the oil phase, and the mixture is heated

to pasteurizing temperature either in a batch pasteurization process or in an inline

sterilization process. The mixture is then cooled, often using a regenerative heat

exchanger and, when ready, is pumped to the scraped surface heat exchangers. Pres-

sures associated with margarine manufacturing can be quite high, with some puff

pastry products requiring upward of 50–55 bars pressure at the inlet of the SSHE.

As mentioned earlier, there are several variants of margarine in production today.

Table margarine, a traditional 80% fat product, typically passes through one set of

coolers, then through an intermediate worker/resting unit, and through a final SSHE

prior to packaging as wrapped bricks. Tub-filled margarine may follow a similar

path, except it may not pass through the intermediate worker unit, but rather passes

through a worker unit after the final SSHE, staying somewhat less plastic until after

filling. An example of cake margarine (or biscuit fat) production involves passing

the product through a SSHE, then an intermediate worker, then a second SSHE, and

finally through worker/resting units prior to packaging in cartons. Puff pastry mar-

garine may be subjected to as many as three cooling and subsequent intermediate

working steps prior to final cooling. After final cooling, puff pastry product may

pass through a ‘‘resting tube,’’ which provides a controlled amount of retention

time and mechanical working prior to packaging (27). Several other variants exist,

and it is common for individual facilities to develop their own hybrid process after

observing the impact of the various operations on the product (and often changing)

market. The modern production facility is suitably flexible to change the configura-

tion depending on local conditions. Like shortening manufacturing, control of the

SSHE equipment, which is normally cooled by direct expansion of ammonia gas,

involves monitoring both the product and refrigerant temperatures.

While the basic process of margarine manufacturing is fairly straightforward,

much of the secret for success lies with the formulations and processing conditions

established to develop the functionality demanded for the specific application. Since

plasticity and spreadability are two of the most important physical properties of

margarine, the ratio of crystal solids to oil over a given temperature range should

be used to determine the exact quantities of the various fats and oils to be blended

together. Milk, or milk, powder, may be favored for margarine productions as it

imparts the desired flavor and aroma to the product. Milk also aids in the production

and stabilization of the emulsion and provides certain nonfat ingredients that

give the characteristic aroma akin to butter. It is generally necessary to add special

emulsifying agents to margarine in order to achieve the physical properties associa-

ted with this product. Improperly emulsified or inadequately stabilized margarine
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will tend to ‘‘leak’’ or exude the aqueous phase while in storage. Emulsifiers are

also used to prevent the aqueous and oil phases from separating. Lecithin is a natu-

ral emulsifying agent added with mono- and diglycerides as well as common emul-

sifiers added to margarine formulations. Salt, preservatives, vitamins A and D,

antioxidants, food color, and flavoring are also included in typical formulations.

Of all sectors of the edible oil processing plant, the margarine/shortening facility

usually receives the most attention, both because of hygienic considerations and

customer interest. While the crushing plant, refinery, and other operations are the

subject of many tours, it is the margarine/shortening manufacturing function with

which the nontechnical customer base can best identify. It is not uncommon,

therefore, to find this facility the cleanest and most up to date of all the integrated

plant facilities, as the image portrayed in this operation sets the overall impression

formed of the organization.

15. ACIDULATION

Throughout the process, waste streams have been generated by many of the unit

operations that have been reviewed. Most of these waste streams are a mixture of

oil and oil-soluble products along with aqueous-phase materials. While a few pro-

cessors possess to ability to blend these products directly into the extracted meal,

many do not have this as an option, find that either the quantity or quality of these

materials is incompatible with product formulations, or find the oil products are not

compatible with the meal products. Few producers can afford the transportation

costs involved to sell these waste streams commonly known as raw soapstock. As

the oil and water phase has a very high FOG (fats, oil, grease) concentration, high

TSS (total suspended solids), BOD, and COD (chemical oxygen demand) loads,

and includes a potentially valuable glycerine and fatty acid source, most processors

include acidulation as part of the integrated facility.

Acidulation is one of the least desirable processes in the integrated facility. Not

only is the process rather difficult to perform effectively, but it generally represents

a cost without significant return. Figure 16 depicts a typical acidulation system

based on gravity separation. The separations can be performed in either a conti-

nuous or batch operation. In operation, soapstock, discharge streams from tank farm

collection systems, and other waste streams enter a equalization or holding tank.

The facility may or may not add additional caustic at this point to saponify the

Figure 16. Acidulation.
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fat. Washwaters, fat separator skimmings, and other sources may also be added at

this point, or may be introduced into one of the later settling tanks. The mixture is

heated and is treated with sulfuric or other acid, at a controlled pH of around

2–2.2 and, in the continuous system, enters an acid-resistant reactor. Batch opera-

tions use an acid treatment followed by a boiling period. After reacting with the

acid, the mixture then enters a series of holding/settling tanks, where (in an ideal

world) the oil and aqueous phases split. A small amount of aeration may be intro-

duced in the tanks, and a small amount of washing water may also be sprayed on

the oil surface. Acid oil skimmed from the top surface may be water washed,

boiled, and settled, and either is sufficiently dry to sell as is or may pass through

an evaporative heat exchanger to remove excess moisture. The product is typically

sold as a feed ingredient energy source but may also be used as a feedstock for

soaps, fatty acids, distillation, and purification and other industrial applications.

Acid water passing as underflow through the system is normally neutralized with

lime or other alkaline material prior to leaving the acidulation system. As the pH

has been significantly neutralized by the properly functioning acidulation system,

some facilities blessed with adequate municipal waste treatment plants can dis-

charge the water to these facilities. Often, however, the residual BOD, COD, TSS,

and other contaminants exceed the municipal discharge standard, and a substantial

penalty may be incurred. For these processors, and for others lacking a municipal

option, the water continues to the waste treatment plant for further processing.

Effluent from the extraction operation may be introduced at this point as well. Dis-

cussion of these systems is beyond the scope of this chapter, but some of these facil-

ities can become rather elaborate in design and operating cost to meet the effluent

standards.

One problem with acidulation in the integrated facility concerns the emulsion

tendencies of certain products, especially phosphatides removed as gums. As indi-

cated earlier, if the gums are not removed from the soapstock stream, but are

allowed to enter the acidulation system, a third phase may be evident in the settling

tanks. This phase is extremely difficult to split into separate oil and aqueous phases

and may require several passes through the system until the emulsion is broken.

Several alternative acidulation systems have been developed. Various configura-

tions of the acidulation vessel and settling tanks have been adapted, including a

fairly simple design said to be effective for degummed soybean oil (28). Centrifuge

separation may prove to be an attractive alternative if accurate pH control can be

provided. Separation of raw soapstock by evaporation of the water phase has also

been proposed, which is said to perform as well as commercial feed fats (29). Other

processes are under development and improvements to the separation technology

will be welcomed by the integrated processor.

16. SUMMARY

The industry has evolved over the past decades from small stand-alone operations

to larger, integrated food processing facilities. Both suppliers and processors have
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recognized that integrating operations at a common source allows the operations to

enjoy greater economies of scale, utilize common service functions, and provide a

greater range of services for their customers. As the trend toward integration conti-

nues, the knowledge base of the individual operation must include the impact of its

actions and decisions on other operations of the integrated facility.
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2
Oil Extraction

Timothy G. Kemper

1. EVOLUTION OF OIL EXTRACTION

1.1. Hand Press Extraction

Documented oil extraction dates back to 1650 B.C. when ripened olives were pressed

by hand in Egypt using wooden pestles and stone mortars. The extracted olive oil

was filtered through goat hair filters and used as a lubricant. Sesame, linseed, and

castor oils were recovered in Egypt by hand pressing as far back as 259 B.C. (1).

1.2. Early Mechanized Extraction

By 184 B.C., the Romans developed more sophisticated technology such as edge-

runner mills and screw and wedge presses. These technologies combined leverage

and the use of animal power to aid in the milling and extraction of the oil. From

Roman times until the eighteenth century, similar technology was used for oil

extraction (1).

In the eighteenth century, wind and water power largely replaced animal power

to assist in oil extraction. Large wind-driven stamper mills became popular in

Europe. The wind turned a vane outside the oil mill, and the rotational energy

was transmitted into the mill via shafts and gears, eventually rotating a horizontal

cam shaft. The horizontal cam shaft had vertical stamper shafts connected to it. The

initial stamper shafts were used as mortars to beat the oilseeds into a pulp inside a

wooden pestle. The pulp was then transferred into filter bags woven from horse hair

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
Edited by Fereidoon Shahidi. Copyright # 2005 John Wiley & Sons, Inc.
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and placed vertically between opposing wedges. Additional stampers pounded the

wedges together, squeezing the oil through the filter bags, where it could be

collected. Hundreds of such oil mills sprung up across Europe (2).

1.3. Hydraulic Press Extraction

In 1795, J. Bramah of England invented the hydraulic press for oil extraction (1).

Oilseeds were milled, cooked, and wrapped in filters cloths woven from horse-hair.

The oilseeds wrapped in filter cloths were manually loaded into perforated, horizon-

tal boxes below the head block and above the ram of the press. The boxes were

pressed together using upward hydraulic pressure on the ram. The oil was pressed

out through the filter cloths surrounding the oilseeds. The filter cloths and spent

cake were manually removed from the hydraulic press. The residual oil in spent

cake was approximately 10%.

In 1801, the first cottonseed oil mill was constructed in the United States using

hydraulic presses (1). By the 1870s, American technology in hydraulic pressing had

outpaced European technology. Large hydraulic presses with up to 16 press boxes

and up to 400 tons of force were being used. In 1874, Rose, Down, and Thompson

(2) of Hull, England, began marketing the American-designed hydraulic presses

with the advantage of preforming the cakes to increase productivity. Facilities using

this joint technology were commonly referred to as Anglo-American oil mills. In

the late 1800s, German companies were producing hydraulic cage presses, with

rams pressing the oilseeds inside of vertical slotted barrels that did not require filter

cloths. By the end of the nineteenth century, hydraulic press oil mills were the

standard technology for oil extraction.

In 1900, Alfred French founded the French Oil Mill Machinery Company in

Piqua, Ohio, for the purpose of advancing hydraulic press technology. He was

awarded a patent (3) for the automatic cake-trimming machine for automating

the sizing of the cakes prior to pressing. He also developed and patented the

‘‘change valve’’ in 1905, which allowed the hydraulic press to change pressures

near the end of the pressing cycle to squeeze additional oil. The continuous

stacked cooker was patented in 1907 along with an innovative cake former. Two-

pass pressing was another of French’s developments, taking final residual oil in

cake below 5%. French hydraulic presses became the industry standard in the Uni-

ted States in the 1920s (3). Figure 1 indicates a typical French hydraulic press of

that era.

Hydraulic press oil mills remained in use as late as the 1950s before the last of

them were replaced with continuous screw presses and continuous solvent extrac-

tion plants, both of which required far less labor and could process at much higher

rates.

The olive oil industry is the only oilseed industry still using hydraulic presses

today. This is possible because of the price premium paid for natural olive oil,

processed without the use of heat or chemicals.
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1.4. Screw Press Extraction

In 1900, Valerius D. Anderson invented the mechanical screw press in Cleveland,

Ohio. He was awarded a U.S. patent for the apparatus (4). The mechanical screw

press was a radical departure and significant technological advancement over the

hydraulic presses being used at the time. The mechanical screw press used a vertical

feeder and a horizontal screw with increasing body diameter to impart pressure on

the oleaginous material as it proceeded along the length of the screw. The barrel

surrounding the screw was slotted along its length, allowing the increasing internal

pressure to first expel air and then expel the oil through the barrel. The expelled oil

was collected in a trough under the screw, and the de-oiled cake was discharged at

the end of the screw. The primary advantage of the mechanical screw press was that

it allowed continuous oil extraction and could process large quantities of oleaginous

materials with minimal labor. Figure 2 illustrates an early Anderson Expeller1

(trademark for Anderson mechanical screw press).

In the early 1900s, a number of European companies developed variations of the

V. D. Anderson design concepts and began manufacturing mechanical screw

presses. In the 1930s, after the U.S. patent had expired, other American firms did

the same. These machines were able to replace large numbers of hydraulic presses.

Figure 1. Hydraulic press. Courtesy of French Oil Mill Machinery Company.
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In 1951, the V.D. Anderson Company was again the pioneer in mechanical screw

pressing, being first to patent the process of using a mechanical screw press to con-

tinuously prepress oleaginous materials ahead of continuous solvent extraction

plants. The company was awarded U.S. Patent 2,551,254 (5).

In the past 100 years, the primary improvement in mechanical screw press

design has been developing materials of construction that extend wearing part

life. Screw and barrel parts that once lasted three months before requiring replace-

ment may now last up to two years. Additionally, mechanical screw presses have

been built to much larger scale, going from initial capacities of 5 tons per day up to

present-day capacities of over 100 tons per day for full pressing and over 800 tons

per day for prepressing applications.

1.5. Solvent Extraction

In 1855, Deiss of Marseilles, France, was first to employ solvent extraction (1). He

used carbon disulfide to dissolve olive oil retained in spent olive cakes. This

technology used batch solvent extraction, where the material was held in a common

kettle for both the extraction process as well as the subsequent meal desolventizing

process. Deiss obtained a patent for batch solvent extraction of olive oil in 1856 (1).

Small batch solvent extraction plants were installed in France and Italy, and by

1870, small batch solvent extraction facilities had spread across Europe. Larger

scale solvent extraction plants were supplied by Rose, Downs, and Thompson (2)

of Hull, England, starting in 1898.

Figure 2. Expeller. Courtesy of Anderson International.
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In the early 1920s, with the availability of petroleum-based solvents, German

inventor Hildebrandt invented the continuous countercurrent immersion extractor

and German inventor Bollman invented the continuous two-stage percolation

extractor. The first commercial scale continuous solvent extraction plants were

installed in Germany in the late 1920s, with the Hansa-Muhle facility in Hamburg

using Hildebrandt extractors being the largest (6). Between 1934 and 1937, the

Hansa-Muhle Company of Germany supplied the first continuous solvent extraction

plants to oilseed processors in the United States, using Hildebrant-type extractors.

Leading German solvent extraction technology was set back due to World War II.

The American company, French Oil Mill Machinery Company of Piqua, Ohio,

developed continuous solvent extraction plants starting in 1939, using a multistage

Bollman-type percolation extractor (3). Soon thereafter, the Belgian Company,

Extraction De Smet, started manufacturing continuous multistage belt-type extrac-

tors in 1945. V.D. Anderson of Cleveland, Ohio, joined the solvent extraction

equipment supply market in 1948 with continuous Hildebrandt-type immersion

extractors (5).

A small-scale chain conveyor type of extractor was developed in the 1940s at

Iowa State University with the intent of using trichloroethylene solvent to extract

soybeans. Crown Iron Works of Minneapolis, Minnesota, licensed the technology

and extractor design, and supplied several continuous solvent extraction plants in

1951 using the new extractor and trichloroethylene solvent (6). The meal from these

plants proved detrimental to animals, so the plants were either closed or converted

to petroleum-based solvents (7). The chain-type extractor apparatus continued on

and is the basis of the modern Crown Iron Works Model III extractor used today.

In the first continuous solvent extraction plants in Germany, the meal was

desolventized in Schnecken’s desolventizers. The Schnecken’s desolventizer design

consisted of a series of steam-jacketed conveyors, stacked one above the other,

which used indirect heat to desolventize the meal. This was the prevalent meal des-

olventizer design used by all equipment suppliers through the 1940s.

In 1939, Kruse and Soldner (8) of Central Soya Company patented a process of

mixing water into desolventized soybean meal and drying it in a vertical stacked

cooker to improve meal quality. In 1940, Hayward (9) of Archer Daniels Midland

described a similar process, referred to as ‘‘toasting’’ the meal. In 1948, Hutchins of

French Oil Mill Machinery Company and Kruse of Central Soya Company worked

together to develop an apparatus and process for desolventizing soybean meal and

toasting soybean meal in the same vessel. The apparatus was a vertical stacked

vessel. Live steam was introduced primarily in the top tray of the vessel to deso-

lventize the meal and increase its moisture. The high moisture meal was then dried

using indirect steam conducted through the trays lower in the same vessel. This new

apparatus was known as a combination desolventizer-toaster, commonly abbre-

viated as ‘‘DT.’’ Hutchins was awarded an apparatus patent, and Kruse was awarded

a process patent for the DT (10, 11). This new desolventizing technology was

considered state-of-the-art until the 1980s.

The Blaw Knox Company of Buffalo, New York, invented a rotary-type contin-

uous solvent extractor in 1958 (12). The rotary-type extractor held the material in
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cells that rotated in a horizontal plane around a vertical axis, and it included four

countercurrent extraction stages. The Blaw Knox trademark for this apparatus was

the Rotocel1 Extractor. The Rotocel Extractor was licensed to equipment suppliers

around the world and quickly became very popular. Figure 3 illustrates a Rotocel

Extractor. A similar apparatus, named the Stationary Basket Extractor, was invented

by French Oil Mill Machinery Company in 1962 (3).

As solvent extraction plants were scaled up in size in the 1960s, the drying trays

of the DTs were often not scaled up proportionately. The result was higher meal

moistures exiting the DT, requiring a subsequent downstream meal drying step.

Meal drying was generally accomplished using a rotary steam-tube dryer. In

1972, Schumacher of Germany invented the vertical stacked meal dryer-cooler,

often abbreviated as ‘‘DC.’’ This apparatus used heated air to dry the meal and

cool air to cool the meal. As the DC was similar in construction to a DT, Schumacher

also developed the concept of stacking a desolventizer-toaster above a dryer-cooler

to form a combination desolventizer-toaster-dryer-cooler, commonly abbreviated as

a ‘‘DTDC.’’

Desolventizing technology was further advanced in the late 1970s by Schumacher.

The original Schumacher DT was a single, deep material depth tray with live steam

injected from below. Steam injection from below allowed countercurrent stripping

of solvent, and the deep material depth allowed adequate time for toasting. Steam

distribution through the deep material bed was uneven, and the original Schumacher

DT was difficult to operate. By 1980, Schumacher developed an improved version

of the Schumacher DT, which included predesolventizing trays at the top of the

vessel, along with perforated countercurrent trays below that supported thinner

layers of meal and allowed the steam entering the bottom of the vessel to pass

through the meal more evenly. Schumacher patented the hollow stay-bolt type of

perforated countercurrent tray (13) used in the improved Schumacher DT in

Figure 3. Rotocel extractor. Courtesy of Kvearner Davy.
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1981, and he licensed this technology to equipment suppliers around the world. The

Schumacher DT was often supplied above a DC to form a Schumacher DTDC.

In 1985, Mason of French Oil Mill Machinery Company developed a variation to

the Schumacher DTDC design. The Mason design used a hollow stay-pipe type of

perforated countercurrent tray design with clusters of perforations through a single

plate at the top of the pipes. The DC also included the option of steam dryer trays

prior to the air dryer trays, with the water vapor from the steam dryer trays being

returned to the solvent extraction process for heat recovery. Another variation of the

Schumacher DT was developed in 1997 and patented in 1999 by Kemper of the

French Oil Mill Machinery Company and the Farmer of Bunge Corporation, which

used a perforated countercurrent tray composed of a combination of indirect heat-

ing surface and slotted screen elements for more even distribution of countercurrent

stripping steam (14).

The latest extractor to be developed for mainstream oleaginous material extrac-

tion applications is a rotary-type extractor with fixed slotted floor and bevel gear

drive trademarked as the Reflex1 Extractor. This extractor was developed by

Kemper et al. (15) of the French Oil Mill Machinery Company in 1995 and patented

in 1997. The Reflex Extractor is an improvement on the Rotocel Extractor. One of

these units installed at the Louis Dreyfus solvent extraction plant in Argentina has

processed in excess of 9000 metric tons of soybeans per day, making it the world’s

highest capacity extractor.

2. SEED PREPARATION

Upon receipt at the processing plant, oleaginous materials require varying degrees

of seed preparation prior to the oil extraction process. Seed cleaning, seed drying,

size reduction, hull removal, heating/drying, flaking, and extruding are all potential

unit processes involved in seed preparation.

2.1. Seed Cleaning

Good quality oleaginous materials entering a processing plant will contain up to 2%

foreign material. Foreign material is generally removed twice, once prior to storage

and again as the oleaginous material enters the continuous process. The foreign

material to be removed may consist of a combination of weed seeds, sticks,

pods, dust, soil, sand, stones, and tramp metal.

Tramp metal is generally the first foreign material to be removed to protect all

downstream equipment from damage. Tramp metal is separated using magnetic

force to pull the iron-based materials from the oleaginous materials. Magnetic

devices commonly used are plate magnets, drum magnets, and magnets suspended

over a conveyor. Plate magnets allow the oleaginous materials to pour across their

surface and rely on the metallic material sticking to the magnetic surface. Plate

magnets are relatively inexpensive but require stopping the process occasionally

to clean the magnetic surface and suffer from high wear rates. Drum magnets
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rely on a fixed magnet inside a quadrant of a rotating drum. The metal debris sticks

to the rotating drum, allows the oleaginous materials stream to fall away, and then

the metallic objects fall off the drum later in the rotation. Drum magnets have the

advantage of being continuous and self-cleaning, but suffer from high wear rates.

The last type of magnet is a magnet suspended over a conveyor. This system gen-

erally consists of a pair of electromagnets suspended over the oleaginous materials

passing in a thin stream over a belt conveyor. The metallic debris is pulled upward

onto the surface of the electromagnets. This type of system has the advantage of no

wear and, due to redundancy, allows cleaning during operation. There are numerous

suppliers of various devices to remove tramp metal.

Sticks and pods are typically larger than oleaginous materials. In addition, sticks,

pods, and dust are typically lighter than oleaginous materials. Therefore, the method of

removing this foreign material from the oleaginous materials stream is typically a

combination of course screening followed by aspiration. This combination of

processes is commonly referred to as scalping. Companies such as Buhler of

Switzerland, Carter-Day of the United States, and Kice Metal Products of the

United States are well known for supplying scalping equipment.

Weed seeds, sand, and soil are typically smaller in physical size than the olea-

ginous materials. These foreign materials can be removed by fine screening. The

hole sizes in the screen are selected slightly smaller than the oleaginous materials,

allowing the soil, sand, and weed seeds to sift through. Buhler of Switzerland and

Rotex of the United States are popular suppliers of such screening equipment.

Particularly with ground nuts (peanuts), there may be a significant quantity of

stones approximately the same size as the ground nuts. These stones are not

removed by scalping or by fine screening. The stones are heavier than the ground

nuts and need to be removed by gravity separation. Gravity separators manu-

factured for stone removal are commonly referred to as destoners. Buhler of

Switzerland and Triple-S Dynamics of the United States are suppliers noted for

manufacturing destoners.

2.2. Seed Drying

The moisture of oleaginous materials often needs to be reduced to minimize degra-

dation in storage and to enhance the effectiveness of downstream unit operations.

For example, soybeans are often received at 13% moisture and need to be dried to

10% moisture to facilitate hull removal.

Oleaginous materials are generally dried in large, vertical, open-flame grain

dryers. These dryers have multiple columns of oleaginous materials that slowly

migrate downward in a plugged flow. The oleaginous materials are dried in the

upper portion of the column and cooled in the lower portion of the column. Cool

air is pulled laterally through the lower portion of the column to cool the oleaginous

materials and warm the air. The warm air is further heated with open flame and

pushed laterally through the upper portion of the column to heat and dry the olea-

ginous materials. Many regional manufactures of cereal grain dryers are used to

supply this equipment.
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2.3. Size Reduction

Most oleaginous materials require size reduction prior to further processing. Excep-

tions are canola, rapeseed, and corn germ, which are already sufficiently small in

size. For most oleaginous materials, they need to be broken into pieces 2 to 3 mm

across to enhance the downstream unit processes of hull removal, heating/drying,

and flaking.

Soybeans, ground nut (peanuts), and copra are typically reduced in size using an

apparatus known as a cracking mill. These mills generally consist of two sets of

cylindrical corrugated rolls in series. The rolls operate at differential speeds to assist

in breaking the oleaginous materials apart. The first set of rolls often has a coarser

corrugation, and the second set of rolls has a finer corrugation to reduce the particle

size in two steps. Modern cracking mills can process up to 1000 tons per day of

oleaginous materials each. Figure 4 illustrates a modern, high-capacity cracking

mill. Buhler of Switzerland and CPM Roskamp of the United States are the primary

providers of cracking mills to the vegetable oil industry.

Sunflower seed and delinted cottonseed have very course hulls on the exterior of

the seed, requiring more intense breaking. Devices for breaking these seeds into

smaller pieces are generally supplied by Buhler of Switzerland and Carver of the

United States.

2.4. Hull Removal

Soybeans, sunflower seeds, and delinted cottonseed have a course outer seed coat

known as a hull. The hull fraction is high in fiber content and low in oil and protein

Figure 4. Cracking mill. Courtesy of Buhler.
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content. Soybeans, sunflower seeds, and delinted cottonseed often have a large

portion of their hull fraction removed so that the finished meal fraction will be higher

in protein by weight, and therefore higher in value.

The process of removing the seed coat of soybeans is commonly referred to as

dehulling, and the process of removing the seed coat from sunflower seeds and

delinted cottonseed is commonly referred to as decortication. In both dehulling

and decortication, the process has two distinct stages. In the first stage, aspiration

is used to remove the lighter hull fraction from the heavier meats fraction. A certain

amount of small meats particles are also aspirated away with the hulls stream. In the

second stage of dehulling, the fine meats are separated from the hulls through

various means of hull agitation and screening. The effectiveness of a dehulling

system is often measured by the residual fiber content (from hulls) in the meal

fraction, and the residual oil content (from meats) in the hull fraction. For soybeans,

the industry standards are less than 3.5% fiber content remaining in the meal

fraction and less than 1.5% oil content remaining in the hull fraction.

In soybean dehulling, the aspiration can take place with the soybean at elevated

temperature, or at ambient temperature. Dehulling at elevated temperature is

referred to as hot dehulling, and dehulling at ambient temperature is referred to

as cold dehulling. Dehulling at elevated temperature has the advantage of fewer

fine meats particles being aspirated away with the hull fraction in the first stage

of dehulling and, therefore, requires less separation of meats from the hull fraction

in the second stage of dehulling.

Dehulling systems are most commonly supplied by Buhler of Switzerland,

Crown Iron Works of the United States, De Smet of Belgium, Kice of the United

States, and Rotex of the United States. Decortication systems are most commonly

supplied by Buhler of Switzerland and Carver of the United States.

2.5. Heating/Drying

With the exception of cold pressing, all oil extraction processes require that the

oleaginous materials be heated and sometimes further dried before oil extraction.

In order to enhance the downstream unit operation of flaking, oleaginous

materials are typically heated in the range of 60–75�C temperature. By heating

and softening the oleaginous materials, it enables the oleaginous material to stretch

and flatten in the flaking operation with a minimum of fragmented particles being

created.

For oleaginous materials being prepressed prior to solvent extraction, they are

typically heated in the range of 90–110�C temperature to decrease the viscosity

of the oil and allow the prepress to expel the oil and make a good quality cake.

This heating is often in two stages, initial heating to approximately 65�C prior to

flaking and then final heating to approximately 100�C prior to entering the prepress.

Oleaginous materials that are full pressed are often heated to temperatures of

110–150�C temperature, and dried to as low as 3% moisture. The high temperature

decreases the viscosity of the oil, making it easier to expel. The high degree of dry-

ing largely ruptures the cellular structure of the oleaginous material as the internal
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moisture vaporizes and expands. The low final moisture maximizes friction within

the full press to maximize internal pressure. These functions all improve de-oiling

and allow residual oil in cake to be minimized.

Another aspect of heating soybeans in particular is the impact on the phospho-

lipase enzyme. The phospholipase enzyme is activated at approximately 55�C and

remains activated up to approximately 100�C. In this temperature range, and with

sufficient exposed surface area and time, the phospholipase enzyme modifies a

portion of the phospatides in the oil fraction by splitting off the non-fatty acid

moiety (16). The resultant calcium and magnesium salts of phosphatidic acids

that are formed tend to be more oil-soluble than water-soluble, thereby converting

phospatides from a hydratable form to a nonhydratable form (16). This has a

resultant impact on the quantities of acid, caustic and silica needed to reduce the

phosphorus content of the soybean oil in the downstream degumming and refining

unit operations.

There are several types of apparatus used for heating/drying oleaginous materials.

The rotary steam-tube conditioner, stacked-tray cooker, plugged flow conditioner,

and hot air conditioner are most popular.

Rotary steam-tube conditioners are horizontal, cylindrical, shell, and tube heat

exchangers that rotate on large rollers mounted under the shell. High-pressure

steam is used on the tube side as the heating medium, and the oleaginous materials

fill the lower half of the shell side, between the tubes. The rotating vessel is sloped

downhill, with the oleaginous material particles entering at the center of the higher

end of the vessel, and exiting at the center of the lower end of the vessel. Inside the

unit, the oleaginous materials are mixed and heated by conductive heat transfer with

the steam-filled tubes. The distribution of residence time of the oleaginous materi-

als within the rotary steam-tube conditioner is very consistent. Typical residence

times for oleaginous material applications are in the range of 10 to 30 minutes.

Single units process as much as 5000 tons per day. The disadvantages of the rotary

steam-tube conditioner are that it requires significant floor space, and it is difficult

to maintain the seals at the product inlet and outlet. There are a number of regional

suppliers of rotary steam-tube conditioners that supply the industry.

The stacked-tray cooker is a vertical, cylindrical vessel with a multitude of

horizontal trays. The oleaginous materials enter at the top and are supported by

the tray. The material is mixed above each tray and conveyed downward from

tray to tray by agitating sweeps anchored to a center rotating shaft. The heat for

increasing particle temperature and evaporating moisture is conducted into the

oleaginous materials from the upper surface of the trays, filled with high-pressure

steam. The stacked-tray cooker has the advantage of limited floor space. However,

the stacked-tray cooker has the disadvantage of a wide distribution of residence

time among particles, and it is limited to about 2000 tons per day capacity in a

single vessel. Major suppliers of stacked-tray conditioners are Crown Iron Works

of the United States, De Smet Group of Belgium, and Krupp Elastomertechnik

of Germany.

Plugged flow conditioners are vertical, square columns with a multitude of

horizontal oval-shaped tubes inside the column. The oleaginous materials have a
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plugged flow and totally surround the steam-heated tubes. The oleaginous materials

discharge the conditioner by variable-speed live bottom screws. The advantages of

the plug flow conditioner are that they require no electrical mixing power, they have

very tight distribution of residence time among particles, and they require little

floor space. Plugged flow conditioners are supplied by Buhler of Switzerland and

Crown Iron Works of the United States.

In soybean plants using hot dehulling, the cracked soybeans are shocked by hot

air to aid in the separation of the hull fraction from the meats fraction. The hot air

conditioner uses either a hot air fluidized bed to heat and convey or hot air spouting

to heat and a belt to convey. The hot air is partially recirculated for heat recovery.

Hot air conditioners for soybean plants are provided by Buhler of Switzerland,

Crown Iron Works of the United States, and Escher Wyss of Germany.

2.6. Flaking

Most oleaginous materials are flaked prior to solvent extraction. Flaking distorts the

cellular structure of the oleaginous material and reduces the distance that solvent

needs to penetrate to reach the oil in the oleaginous material cells. The apparatus

used for flaking is commonly referred to as a flaking mill. The flaking mill has two

large diameter rolls in parallel, turning in opposing direction at approximately 250

to 300 r.p.m., and forced together by hydraulic cylinders. The softened oleaginous

materials are uniformly fed into the nip of the two rolls. As the oleaginous materials

are pulled through, they are stretched and flattened. Typical flakes are in the range

of 0.3 to 0.4 mm thick and 8 to 18 mm in diameter.

Good solvent extraction performance is highly dependent on good flaking

performance. It is critical that no particles pass through the flaking mill without

being flaked, and it is critical that flake thickness is kept uniform across the entire

width of each flaking mill. To accomplish good flaking mill performance, the flak-

ing mills must be fed very uniformly at all times, and the roll surfaces must be kept

parallel. Common practice is to grind the surfaces of the rolls on an as-required

basis to maintain the parallel condition. It is also important to maintain good

top-down aspiration of the flaking mill to remove dust from the feeding apparatus,

and to remove surface moisture from the flakes.

Modern flaking mills are manufactured in capacities of 300 to 500 tons per day.

Figure 5 illustrates a modern, high-capacity flaking mill. Buhler of Switzerland and

CPM Roskamp of the United States are the major suppliers of flaking mills to the

vegetable oil industry.

2.7. Extruding

A wet extruder can be used to enhance the performance of solvent extraction on

soybeans and cottonseed, and a dry extruder can be used to enhance the perfor-

mance of a full press.

A wet extruder is a high-strength cut-flight screw conveyor equipped with steam

injection along the housing and a restricted orifice discharge. These units are
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commonly referred to as Expanders1 (Anderson International trademark). The

oleaginous flakes are heated in the range of 90–110�C temperature using a combi-

nation of electrically generated internal friction and live steam heat. The pressure

developed prior to the restricted orifice discharge increases the product density. As

the high-temperature, high-moisture product exits the restricted orifice, the pressure

drop allows the product to abruptly flash off moisture. The result is a hot, fragile,

pellet-like product, with greater bulk density than the incoming flakes, greater

porosity than the incoming flakes, and significant cell rupture. To enable good sol-

vent extraction performance, the extrudate must be dried to 10% moisture and

cooled to 60�C temperature to firm up the soft extrudate and prevent evaporative

cooling and recondensing of moisture enroute to solvent extraction.

Wet extruders are used extensively prior to solvent extraction in cottonseed

processing. Cottonseed flakes with 30% oil content are very fragile and have

poor miscella flux rates within the extractor, causing inconsistent results and requir-

ing very long extraction times. By extruding the flakes, consistently good results

can be achieved with moderate extractor sizing.

Wet extruders are also used ahead of a number of soybean solvent extraction

plants. In plants with undersized extractors, the energy used by the extruder can

be compensated by additional oil yield from the extractor. Steam consumption is

reduced in the desolventizer toaster. Additionally, the wet extruder in a soybean

plant increases temperature sufficiently to stop the phospholipase enzyme from con-

verting additional hydratable phosphatides into nonhydratable phosphatides. This

reduces acid, caustic, and silica consumption in the downstream refinery. However,

in soybean plants with adequately sized extractors where potential oil yield

Figure 5. Flaking mill. Courtesy of CPM ROSKAMP.
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improvements are minimal, the additional operating costs of wet extruders are

difficult to justify.

Modern wet extruders can process up to 1500 tons per day of flakes per unit.

They are equipped with variable orifice apertures to aid cleaning after power stop-

pages. Figure 6a illustrates a modern, high-capacity Expander. Anderson Interna-

tional of the United States and Technal of Brazil are the two major suppliers of

wet extruders used in the vegetable oil industry.

Dry extruders are occasionally used ahead of full presses. Dry extruders use

electrical power to generate internal friction to heat the product as high as 150�C
temperature. When the extruded product exits the dry extruder, it is liquid-like in

consistency with thorough cell rupture. When this product is fed to a full press, the

Figure 6. (a) Expander. Courtesy of Anderson International. (b) Dry-type extruder. Courtesy of

Insta-Pro International.
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press throughput can be increased significantly. Because of the short residence time

of less than 30 seconds in the dry extruder (17), the protein solubility of the meal

produced is higher than with traditional processing, whereas trypsin inhibitors are

sufficiently deactivated. The resultant high-protein solubility meal is best suited for

poultry and swine consumption.

The principle advantage of dry extruder preparation is that no expensive stacked-

tray cookers or steam boiler are required, and the total capital investment for facil-

ities under 100 tons per day in size is significantly less than for traditional full-press

or solvent extraction processes. Therefore, this means of preparation is commonly

applied in very small-scale plants commonly referred to as ‘‘mini-mills.’’ The

primary disadvantage of dry extruder preparation is that the meal produced is higher

in fat content than many poultry producers desire, and lower in bypass protein than

many cattle producers desire. Thus, meal produced from a full-press mill using dry

extrusion preparation generally obtains a lower price than meal produced from a

traditional full-press operation.

Dry extruders available today are limited in capacity, typically processing less

than 50 tons per day each. Figure 6b illustrates a typical dry-type extruder. Major

suppliers of dry extruders are Anderson International of the United States and Insta-

Pro International of the United States.

3. MECHANICAL EXTRACTION

3.1. Palm Fruit Extraction

Palm fruit is different than most oleaginous materials and requires a unique

preparation consisting of sterilization, stripping, and digestion. Sterilization is a

heating process under pressure to stop the development of lipolytic enzymes in

palm fruit bunches. Stripping is the mechanical process used to separate the stalks

and leaves from the palm fruits. Digestion is a process of heating the palm fruits to

approximately 90–100�C temperature for 20 minutes prior to pressing (18).

Mechanical extraction of the palm oil from the digested palm fruit is a delicate

process. The screw press must squeeze as much oil as possible from the fruit with-

out breaking the palm kernels. Palm-kernel oil will mix with the palm fruit oil if the

kernels are crushed. International trading rules allow a maximum of 5% palm-

kernel oil in palm oil.

The presses used to extract the palm oil are low-pressure screw presses. A low-

pressure screw press is a mechanical device that uses a horizontal screw with

increasing body diameter to impart pressure on the palm fruit as it proceeds along

the length of the screw. Some designs use parallel twin-screw technology. The bar-

rel surrounding the screw(s) is perforated along its length, allowing the increasing

internal pressure to first expel air and then expel the oil through the barrel. The

expelled oil is collected in a trough under the screw(s), and the de-oiled material

discharges at the end of the screw. Low-pressure screw presses can reduce residual oil

in palm fruit fibers to 5% while keeping palm-kernel breakage rates below 15% (18).
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The palm oil exiting the low-pressure screw press has approximately 66% oil,

24% moisture, and 10% solids (18). The solid particles are typically separated

from the oil using the traditional method of pumping the oil into a tank with

approximately 2 hours of residence time to allow the heavier solid particles to settle

and be continuously dredged from the base of the tank. After gravity separation, the

oil is then pumped through a liquid cyclone to remove residual solids. Solid parti-

cles separated from the clean oil stream are saturated with oil and recycled back

into the process. After the palm oil is cleaned of solid particles, it is heated and

pumped through a vacuum oil-dryer to remove moisture.

3.2. Full Press Extraction

Because of comparatively poor oil yields, sole use of mechanical extraction to sepa-

rate the oil and meal fraction is not as commonly used as solvent extraction. The

mechanical extraction process can reduce the oil in meal to 5% to 10% by weight,

whereas the solvent extraction process reduces the oil in meal to less than 1% by

weight. As the value of the oil fraction is typically two to three times the value of

the meal fraction by weight, the loss of yield is very costly. The mechanical extrac-

tion process also has comparatively higher energy and maintenance costs per ton of

oleaginous materials processed.

There are four primary reasons why the mechanical extraction process is still

selectively used. First, the mechanical extraction process can be furnished in very

small scale, as low as 10 tons per day. The capital cost for small mechanical extrac-

tion facilities is considerably less than small solvent extraction facilities. In remote

locations, freight differential can compensate for higher operating costs and lower

yields. Second, there is a niche, high-value market for natural oils that have not

been in contact with solvents or chemicals, requiring the use of mechanical

extraction. Third, mechanical extraction can create a high bypass protein meal

for ruminant animals that sells at a price premium over solvent extracted meal.

Finally, mechanical extraction is often considered more reliable than solvent

extraction when processing difficult materials (copra and palm kernel) in hot,

tropical climates.

The apparatus used to mechanically extract the oil fraction from the meal

fraction is a full press or Expeller1 press (Anderson International trademark). A

full press is a mechanical device that uses a horizontal screw with increasing

body diameter to impart pressure on the oleaginous material as it proceeds along

the length of the screw. The barrel surrounding the screw is slotted along its length,

allowing the increasing internal pressure to first expel air and then expel the oil

through the barrel. The expelled oil is collected in a trough under the screw, and

the de-oiled oleaginous material cake discharges at the end of the screw. The full

press has one function, to de-oil the oleaginous material as low as possible. The key

to full-press performance is to apply maximum pressure to a thin cross section of

the oleaginous material to squeeze out as much of the oil as possible. As a result,

full presses create tremendous heat. It is common for full presses to use water-

cooled shafts and water-cooled or oil-cooled barrels to dissipate the heat to
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maintain adequate internal friction and pressure. Most full presses are capable of

processing 10 to 100 tons of oleaginous materials per day. Figure 7 illustrates a

100 ton per day, modern full press. Smaller capacity full presses can typically

obtain lower residual oil in meal, at the expense of consuming more power and

maintenance cost per ton of seed processed. Today there are numerous suppliers

of full presses, with Anderson International of the United States, De Smet Rose-

downs of the United Kingdom, French Oil Mill Machinery Company of the United

States, Insta-Pro International of the United States, and Krupp Elastomertechnik of

Germany being the most notable international suppliers.

The fraction of oil removed in the full press is laden with fine meal particles,

typically in the range of 5–15% by weight. These meal particles are typically

separated from the oil using the traditional method of pumping the oil into a

tank with 30 to 60 minutes of residence time to allow the heavier meal particles

to settle and be continuously dredged from the base of the tank. After gravity

separation, the oil is then pumped across a vibratory screener or through a pres-

sure-leaf filter for final meal particle separation. Meal particles separated from

the clean oil stream are saturated with oil and recycled back into the process ahead

of the full press.

3.3. Pre-Press Extraction

The solvent extraction process relies on the prepared oleaginous material maintain-

ing its structural integrity while in the extractor. Oleaginous materials with greater

than 30% oil by weight tend to break down in the extractor after a large portion of

the oil is extracted, causing poor final extraction and high solvent retention. A

solvent extraction plant operating with an oleaginous material containing approxi-

mately 20% oil is in thermodynamic balance. The waste heat from desolventizing

Figure 7. Full press. Courtesy of French Oil Mill Machinery Company.
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the meal fraction is sufficient to serve as the principle heat source for evaporating

the solvent from the oil fraction. If a high oil content material is sent to the solvent

extraction plant, the thermodynamic balance is lost and the operational energy

required in the solvent extraction process increases significantly. As a result, olea-

ginous materials with greater than 30% oil content typically have their oil content

reduced to 20% prior to solvent extraction. Rapeseed/canola, sunflower, ground nut,

wet process corn germ, palm kernel, and copra are common oleaginous materials

with an excess of 30% oil content, which require a reduction in oil content prior to

solvent extraction.

The apparatus used to reduce the oil content of oleaginous materials prior to

solvent extraction is commonly referred to as a prepress. A prepress is a mechanical

device that uses a horizontal screw with increasing body diameter to impart

pressure on the oleaginous material as it proceeds along the length of the screw.

The barrel surrounding the screw is slotted along its length, allowing the increasing

internal pressure to first expel air and then expel a portion of the oil through the

barrel. The expelled oil is collected in a trough under the screw, and the partially

de-oiled oleaginous material cake discharges the end of the screw. The prepress has

two important functions, partially de-oiling the oleaginous material to 20% oil

content and producing a porous cake with adequate structural integrity to allow

high downstream solvent extraction efficiency. The key to prepress performance

is to convert electrical energy into pressure rather than heat, by configuring the

segmental screw elements to provide sufficient forward conveyance with an

optimum combination of intermittent pressurization and mixing along the length

of the barrel. Modern prepresses are capable of processing 500 to 1000 tons of

oleaginous materials per day. Figure 8 illustrates an 800 ton per day, modern full

press. These large machines are typically driven with 200–400-kw motors. Today

there are two major suppliers of prepresses, De Smet Rosedowns of the United

Kingdom and Krupp Elastomertechnik of Germany.

Figure 8. Prepress. Courtesy of De Smet Rosedowns.
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The fraction of oil removed in the prepress is laden with fine meal particles, typi-

cally in the range of 5–10% by weight. These meal particles are separated from the

oil using one of two methods. The traditional method is to pump the oil into a tank

with 30 to 60 minutes of residence time to allow the heavier meal particles to settle

and be continuously dredged from the base of the tank. After gravity separation, the

oil is then pumped through a pressure-leaf filter for final meal particle separation.

The alternative method of separating the meal particles from the oil is through use

of a high-speed centrifugal decanter. In both methods, meal particles separated from

the clean oil stream are saturated with oil. These oil-rich meal particles are either

recycled back into the process ahead of the prepress or are mixed with the partially

de-oiled cake and sent forward to the solvent extraction process.

4. SOLVENT EXTRACTION

4.1. Introduction

The overwhelming majority of all vegetable oil is extracted using solvent extrac-

tion. The solvent extraction process has the benefit of significantly higher oil yields

than mechanical extraction, along with lower unit operating costs. The major draw-

back of solvent extraction is the high initial capital cost to construct a facility.

Solvent extraction facilities constructed today are commonly in the size range of

1000 to 5000 tons per day, costing $15 million to $75 million to construct.

The solvent used in the majority of oilseed solvent extraction plants around the

world is commercial hexane, a mixture of hydrocarbons generally boiling in the

temperature range of 65–69�C. Most commercial hexane available contains

approximately 65% normal hexane, with the remaining 35% of the composition

consisting of cyclopentane and hexane isomers. As hexane vapor is three times

heavier than air and slight amounts of hexane mixed in air can create an explosive

mixture, special care must be taken in constructing and operating solvent extraction

plants. The National Fire Protection Agency bulletin NFPA-36 Solvent Extraction

Plants is the recognized guide for safe construction and operation of such facilities.

Because of special safety considerations, the solvent extraction process is

constructed in a separate facility from the seed preparation process. The solvent

extraction process consists of five closely interrelated unit processes: solvent

extraction, meal desolventizing, meal drying and cooling, miscella distillation,

and solvent recovery.

4.2. Solvent Extractor

The extractor is the apparatus in the solvent extraction process where the vegetable

oil fraction of the oleaginous material is separated from the meal fraction of the

oleaginous material by dissolving the oil fraction in a solvent.

The prepared oleaginous material is conveyed from the seed preparation process

to the solvent extraction process and enters the solvent extractor. The solvent
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extractor conveys the prepared material from its inlet to its exit, providing the

prepared material approximately 30 to 120 minutes of residence time. While the

material is being conveyed forward, miscella (solvent and oil solution) is washed

down through the bed of material to extract out the vegetable oil. Each miscella

wash is of a decreasing concentration of vegetable oil. After four to eight miscella

washes, the material is washed once more by fresh solvent, ending the extraction

process. Before the material exits the extractor, it is allowed to gravity drain to

reduce its solvent retention. The extracted, spent material then falls into the extrac-

tor discharge and exits the apparatus. The miscella with the highest concentration of

vegetable oil also exits the apparatus to a full miscella tank.

To understand the extraction process on a macroscale, it is helpful to understand

the extraction process on a microscale. Figure 9a indicates the microstructure of a

soybean cotyledon parenchyma (meats fraction) cell. This transmission electron

micrograph is at 9000:1 magnification and represents a 0.020-mm tall by 0.023-mm

wide cross-sectional view of a soybean flake, the approximate size of a single cell.

The cell wall (CW), protein storage vacuoles (PSV), oil bodies (OB), nucleus (N),

nucleolus (Nu), and intercellular spaces (*) are all indicated on the micrograph.

As clearly seen, the oil within the cell exists as thousands of spherical oil bodies

clinging to the inside surface of the cell walls and to the exterior surface of the

protein storage vacuoles.

Figure 9. (a) Soybean cellular structure. Courtesy of USDA-ARS. Special thanks to Dr. Robert

Yaklich and Dr. Charles Murphy at the Soybean Genomics and Improvement Laboratory in

Beltsville, MD, for creating this electron transmission micrograph especially for this chapter. (b)

Crown extractor. Courtesy of Crown Iron Works. (c) Reflex extractor. Courtesy of De Smet

Group. (d) LM extractor. Courtesy of De Smet Group.
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Figure 9 (Continued)
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In the solvent extraction process, the miscella at the surface of the oleaginous

material diffuses through the cell walls to the oil bodies located within the cells.

The miscella quickly goes into solution with the oil bodies. As miscella continues

to enter and go into solution, internal pressure builds within the cell and concen-

trated miscella diffuses back out of the cell. This concentrated miscella diffuses

through the adjacent cell walls and eventually reaches the surface of the particle.

Once the more concentrated miscella reaches the bath of miscella outside the

oleaginous material, it quickly goes into solution with the miscella, incrementally

increasing its concentration. This process continues until the concentration of the

miscella inside the cells of the oleaginous material comes into equilibrium with

the concentration of miscella outside of the oleaginous material.

All oleaginous materials have a somewhat different cell structure and, therefore,

a different time required for the miscella in the cells of the oleaginous material to

come into equilibrium with the miscella outside of the oleaginous material.

Soybean flakes have a cellular structure (16) that will allow equilibrium to occur

within approximately 5 minutes at each extractor wash, whereas sunflower

cake requires approximately 9 minutes and rapeseed cake requires approximately

12 minutes.

There are six parameters that affect the performance of the solvent extractor

apparatus. These six parameters are outlined below.

4.2.1. Contact Time The total time that the oleaginous material spends in the

extractor is residence time. Residence time can be subdivided into wash time and

drain time. Wash time is the time the oleaginous material spends under the washing

nozzles of the extractor, and drain time is the time the oleaginous material spends

draining prior to discharge.

Wash time can be further subdivided into contact time and dormant time.

Contact time is the time a particle of oleaginous material spends in the washing

zone of the extractor where the particle is in contact with miscella. Extraction

only takes place during contact time. Dormant time is the time a particle of

oleaginous material spends in the washing zone of the extractor where it is not

Figure 9 (Continued)

78 OIL EXTRACTION



in contact with miscella. The ratio of contact time to dormant time varies with

extractor design.

Extractors with deep material bed depth and small bed surface area are generally

operated by immersing the oleaginous materials in miscella. This is accomplished

by providing a sufficient miscella flow rate per unit of material bed surface area to

ensure that miscella fills all of the voids around the oleaginous material particles as

it passes down through the material bed. This type of extractor operation provides a

very high ratio of contact time to dormant time in the washing zone.

Extractors with shallow bed depth and large bed surface area are generally oper-

ated by percolating the miscella down through the oleaginous materials. With most

oleaginous materials, the oleaginous material particles occupy 40% to 50% of the

material bed and 50% to 60% of the material bed is composed of void spaces

between the particles. In percolation, the oleaginous material particles are

surrounded by both solvent vapor and miscella as the miscella rains downward.

This type of extractor operation provides a lower ratio of contact time to dormant

time in the washing zone.

In comparing two different extractor designs, the contact time can be similar,

despite very different configurations:

Deep Bed Extractor Example

50 min: residence time ¼ 30 min: wash timeþ 20 min: drain time:

30 min: wash time� 5 min: dormant time ¼ 25 min: contact time:

Shallow Bed Extractor Example

50 min: residence time ¼ 45 min: wash timeþ 5 min: drain time:

45 min: wash time� 20 min: dormant time ¼ 25 min: contact time:

Regardless of extractor design, adequate contact time is critical for maximizing

extraction efficiency and minimizing the amount of residual oil remaining in the

oleaginous material. Increased contact time requires a larger extractor. Even though

this represents a higher initial investment, the long-term benefits of surplus contact

time are significant and justify oversizing the extractor.

4.2.2. Particle Thickness Various oleaginous materials are prepared for extrac-

tion using different process steps, but with virtually all oleaginous materials, one

process step is flaking. The principle purpose of flaking is to reduce the thickness

of the oleaginous material to reduce the distance and number of cell walls that

miscella needs to diffuse through to reach the oil bodies. Note that for soybeans,

a typical 0.38-mm-thick flake is approximately 20 cells thick. By reducing the

particle thickness, the time required for miscella within the cellular structure of

the oleaginous material to reach equilibrium with the miscella surrounding the

oleaginous material is reduced. By reducing particle thickness, desired results
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can be achieved with less contact time. If all other extraction parameters remain

constant, reduced particle thickness will allow a smaller extractor to be used.

Reducing the particle thickness represents additional cost. For example, on

soybeans, reducing particle thickness from 0.38 mm down to 0.30 mm will increase

flaking mill electricity requirements by 1 to 2 kwh/ton of soybeans processed. As

this is a significant ongoing operating expense, it is not economically feasible to

undersize an extractor and reduce particle thickness. Conversely, by increasing

particle thickness, desired results will demand more contact time. An extractor

can be oversized to obtain desired results with increased particle thickness, thereby

reducing ongoing operating cost.

For all oleaginous materials, the economic balance between the initial cost of the

extractor and the ongoing electricity costs required for flaking can be analyzed and

the optimum particle thickness can be determined.

4.2.3. Extractor Temperature As the temperature of the miscella increases, its

rate of diffusivity through the cell walls of the oleaginous material increases. As the

prepared oleaginous material enters the extractor at approximately 60�C, and both

the oil and meal fractions are heated in excess of 100�C in subsequent process

steps, there is no extra energy required for operating the extractor at a warm

temperature. As a result, optimizing extraction results requires operating the extrac-

tor as warm as possible.

There is an upper limit for the extractor operating temperature. The solvent must

remain safely in a liquid state. As the boiling range of commercial hexane is

typically 64–69�C at sea level, the maximum possible temperature to prevent

boiling is 63�C. Operating on the edge of the boiling range could cause rapid

evaporation during an upset condition. Rapid evaporation can cause pressurization

of the extractor, leading to excessive solvent loss, a safety hazard. Therefore, most

processors operate the extractor at 60�C to provide several degrees of safety margin

below the lower end of the solvent boiling range.

If the prepared material temperature is too low, or heat loss in the extractor is too

high, then it may not be possible to achieve an extractor temperature of 60�C.

Additional contact time will be required to achieve desired results. Insulating the

conveying system and extractor to prevent heat loss to enable operation at 60�C
is typically less expensive than oversizing the extractor to compensate for low

operating temperature.

4.2.4. Miscella Flux Rate The miscella flux rate is the maximum volumetric

flow rate of miscella that can flow down through the bed of material per unit of

material bed surface area. In SI units, it is commonly expressed as m3/h per m2,

and in Imperial units, it is commonly expressed as gpm per ft2. By simplification

of units, the miscella flux rate can also be expressed as the maximum downward

velocity of the miscella through the material bed (in m/min or ft/min). Miscella

flux rates for various prepared oleaginous materials vary widely (see Table 1).

The miscella flux rate is determined by the screen below the bed of material. As

stated earlier, the material bed is approximately 40% to 50% solids and 50% to 60%
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void space. Therefore, as the miscella is moving downward, it has 50–60% open

area. The screen under the material bed has less open area, and therefore, the mate-

rial interface with the screen creates the greatest restriction to flow. Most deep bed

extractor screens have approximately 30% open area, whereas most shallow bed

extractor screens have less than 10% open area. In both cases, the screens have

less open area than the material bed, and the material interface with the screen

provides the greatest flow restriction.

As downward miscella flow reaches the miscella flux rate, the material/screen

interface reaches its maximum flow rate and begins restricting the flow of miscella.

All void spaces between the oleaginous material particles fill with miscella as the

solvent vapors are pushed out of the top of the material bed. Eventually, the entire

material bed becomes immersed in miscella with no void spaces. At this point, mis-

cella breaks through the top of the miscella bed and forms a pool. This phenomenon

is often referred to as ‘‘flooding’’ the material bed. Once the material bed is flooded,

no additional rate of flow will pass down through the material bed.

At each washing stage of the extractor, miscella needs to have an opportunity to

wash the material bed, pour through the screen, and then enter the proper miscella

collection receptacle underneath the material bed. For a given extractor and

prepared oleaginous material, each miscella collection receptacle is carefully

calculated to be located a specific distance after its washing nozzle to maintain

separation between washing stages.

For example, if there is a deep bed extractor operating on 0.38-mm-thick

soybean flakes with a 3.0-m bed depth and a forward velocity of 0.3 m/min, the

distance that the miscella collection receptacle needs to follow the washing nozzle

can be calculated as follows:

Downward miscella velocity for 0:38-mm-thick soybean flakes ¼ 0:42 m=min:

Time for miscella to pass through material bed ¼ 3:0 m=0:42 m=min ¼ 7:1 min:

Wash nozzle to miscella receptacle distance ¼ 7:1 min� 0:3 m=min ¼ 2:1 m:

As another example, if there is a shallow bed extractor operating on 0.38-mm-

thick soybean flakes with a 1.0-m bed depth and a forward velocity of 1.0m/min,

TABLE 1. Miscella Flux Rates

Miscella Flux Rates m3/h/m2 gpm/ft2 m/min ft/min

Cottonseed flakes (0.38 mm) 10 4 0.17 0.53

Cottonseed extrudate 30 12 0.50 1.60

Rapeseed cake 20 8 0.33 1.07

Soybean flakes (0.30 mm) 15 6 0.25 0.80

Soybean flakes (0.38 mm) 25 10 0.42 1.33

Soybean extrudate 40 16 0.67 2.13

Sunflower cake (ground) 25 10 0.42 1.33
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the distance that the miscella collection receptacle needs to follow the washing

nozzle can be calculated as follows:

Downward miscella velocity for 0:38-mm-thick soybean flakes ¼ 0:42 m=min:

Time for miscella to pass through material bed ¼ 1:0 m=0:42 m=min ¼ 2:4 min:

Wash nozzle to miscella receptacle distance ¼ 2:4 min� 1:0 m=min ¼ 2:4 m:

If the miscella flux rate is significantly reduced for a given prepared oleaginous

material, the miscella can partially discharge into a later, undesired miscella collec-

tion receptacle. This will cause concentration contamination caused by mixing of

the extractor washes and reduce the efficiency of the extractor.

Miscella flux rates can reduce as a result of thinner than normal flakes, surface

moisture, or an abundance of fine particles. Flake thickness is a normal operator

controlled parameter, and surface moisture and an abundance of fine particles are

more difficult to control.

As hexane solvent is not soluble in water, the liquids repel each other. If surface

moisture exists on the material in the extractor, the solvent has difficulty penetrating

the particle surface. Also, the moisture can collect on the screen at the bottom of the

material bed, building a protein layer and narrowing the screen slots, thus further

reducing the miscella flux rate. To prevent this from occurring, it is very important

to adequately aspirate flakes from flaking mills, cake from screw presses, or

extruded pellets from extruders to remove all water vapor created when the material

evaporatively cools from preparation temperature to extraction temperature. As a

secondary precaution, it is ideal to have an extractor designed such that the oleagi-

nous material moves with respect to the screen surface to constantly keep the screen

surface brushed clean so that the impact of surface moisture on miscella flux rate is

minimized.

The material bed is approximately 40–50% material particles and 50–60% void

space. If there is an abundance of fine material particles, these particles can sift

down through the material bed and settle in the void spaces just above the screen.

This causes an additional flow restriction, and the miscella flux rate will be reduced.

An abundance of fine material coming to the extractor is generally caused by over-

drying the material at some point in the seed preparation stage, or by rough hand-

ling of the friable material during a seed preparation step. Both should be avoided

to ensure uniform material shape to the extractor and uniform miscella flux rates.

4.2.5. Number of Miscella Stages In most extraction applications, the prepared

material has approximately 20% oil by weight and the goal is to reduce the oil

content to approximately 0.5% oil by weight. If an extractor had one miscella stage,

then the miscella concentration exiting the extractor (1.15% oil) would be in equi-

librium with the miscella concentration remaining in the material cells (1.15% oil).

A mass balance for a single-stage extractor can be calculated (see Table 2). An

extractor that has only one miscella stage would require 17.2 parts of solvent per

1.0 part of material to be extracted. The energy required to evaporate the solvent in
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the miscella would be tremendous. As a result, countercurrent, multistage extractors

are required.

Through iteration of the mass balance, the minimum number of miscella stages

can be calculated for a given solvent to material ratio. For an energy-competitive

distillation system, the solvent to material ratio should be maintained below 1 to 1.

To achieve a ratio below 1 to 1, the minimum number of stages required can be

calculated and determined to be four stages.

A four-stage extractor with sufficient contact time to allow the miscella concen-

tration in the material cells to come into equilibrium with the miscella concentra-

tion in the surrounding miscella bath at each miscella stage can be designed to

extract to less than 0.5% residual oil using a solvent to material ratio of 1 to 1.

The resultant outgoing miscella concentration will be in the range of 27% oil. A

four-stage extractor is sufficient in a theoretical sense, but it leaves no contingency

for lack of achieving equilibrium at each miscella stage.

The more miscella stages, the greater the theoretical extraction efficiency will

be. In practice, however, if too many miscella stages are designed into an extractor,

causing the individual stages to have insufficient contact time to reach equilibrium,

residual oil will not be further reduced by adding stages. In this case, more miscella

stages simply lead to more pumps, and therefore more pumping energy and more

potential points for solvent loss. The number of miscella stages is generally deter-

mined by the total washing zone time and the number of stages that can theoreti-

cally come to equilibrium within the washing zone time. Commercially, most

extractors have in the range of five to nine miscella stages.

4.2.6. Solvent Retention After the washing zone of the extractor, the extracted

material is left to gravity drain. This gravity drain time is generally in the range of

5 to 20 minutes. Extractors designed with shallow material bed depths will generally

have a drain time closer to 5 minutes, and extractors designed with deep material

TABLE 2. Single-Stage Extractor Mass Balance.

Prepared Material Entering Solvent Entering

Solids: 800 units Solvent: 17200 units

Oil (20%): 200 units

Total 1000 units Total: 17200 units

Spent Material Exiting Miscella Exiting

Solids: 800 units Solvent: 16856 units

Oil (0.5% residual): 4 units Oil: 196 units

Solvent (30% retention): 344 units

Total 1148 units Total: 17052 units

Miscella Concentration Miscella Concentration

4 / (4þ 344)¼ 1.15% oil 196 / (196þ 16856)¼ 1.15% oil
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bed depths generally have a drain time closer to 20 minutes. After gravity drainage,

the solvent retained with the extracted material will be in the range of 25% (fast-

draining extrudate) to 35% (slow-draining flakes).

The ‘‘solvent retention’’ of the drained material is a bit of a misnomer, and it

would be more accurately defined as the ‘‘weak miscella retention.’’ The weak mis-

cella retained in the drained material contains approximately 1% oil. In the meal

desolventizer, the solvent is evaporated leaving behind the traces of oil, often

referred to as the residual oil. In order to minimize the residual oil left in meal,

it is important to minimize the amount of weak miscella carried forward to the

meal desolventizer.

Adequate extractor drain time is the most economic manner in which to mini-

mize weak miscella retention. Maintaining the desired miscella flux rate is also

important. Thus, once again, there is a need to maintain proper flake thickness,

minimize surface moisture, and minimize fine material particles in the material

bed to minimize weak miscella retention.

Today there are two major suppliers of solvent extractors, Crown Iron Works,

headquartered in the United States, and the De Smet Group, headquartered in

Belgium. The Crown Model III Extractor is a shallow material bed depth extractor,

using a chain conveyor design to convey the material over fixed screens in a loop

pattern (see Figure 9b). De Smet supplies two major types of extractors, a Reflex1

Extractor and an LM1 Extractor. The De Smet Reflex Extractor is a deep material

bed depth extractor, using a cylindrical rotating set of baskets to convey the material

over a fixed circular screen (see Figure 9c). The De Smet LM Extractor is provided

in both shallow and deep material bed depths, using a belt conveyor made of

screens to convey the material along a linear path (see Figure 9d). Extractors of

these three types process in the range of 25 tons per day of specialty oilseeds to

10,500 tons per day of soybeans through a single unit.

4.3. Meal Desolventizer Toaster

After the prepared material has had its oil extracted in the solvent extractor, it is

conveyed to the meal desolventizer toaster, commonly referred to as the DT. The

material entering the DT is typically at the extractor temperature of 60�C, and it

contains 25–35%(w/w) of solvent. The primary purpose of the DT is to remove

the solvent from the meal fraction so that the solvent can be recovered.

DTs are vertical, cylindrical vessels with a multitude of horizontal trays. The

extracted material enters at the top and is supported by the tray. The material is

mixed above each tray, and it is conveyed downward from tray to tray, by agitating

sweeps anchored to a central rotating shaft. The heat for increasing meal tempera-

ture and evaporating the solvent is supplied by steam, introduced directly and

indirectly into the meal via the trays. Figure 10a illustrates a typical Schumacher

DT.

The trays of the DT are designed with an upper plate, lower plate, and structural

members between designed-to-hold pressurized steam. The DT has three different

types of trays: predesolventizing trays, countercurrent trays, and a sparge tray.
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4.3.1. Predesolventizing Trays The predesolventizing trays have the sole

purpose of providing conductive heat transfer through their upper surface to the sol-

vent-laden material supported above. The steam is typically held at 10.5-kg/cm2

pressure within the predesolventizing trays, providing a surface temperature of

185�C. Steam condenses within the tray, providing its latent heat to maintain the

185�C tray surface temperature and allow heat to be conducted into the solvent-

laden meal layer above. Heat is transferred into the meal at a rate of 500–600

kJ/m2-C-h with a temperature differential of approximately 120�C.

A DT may have as many as seven predesolventizing trays, or as few as one. The

predesolventizing trays are located in the upper portion of the DT and must allow

ascending vapors from below to pass around them to the vapor exit at the top of the

DT. Some manufacturers design disk-shaped trays providing space for the ascend-

ing vapors to pass between the outside perimeter of the tray and shell wall, and

others design donut-shaped trays providing space for ascending vapors to pass

Figure 10. (a) Desolventizer toaster. Courtesy of Crown Iron Works. (b) Phase equilibrium.
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between the inside perimeter of the tray and the central shaft. As an alternative to a

large number of predesolventizing trays, the upper section of the DT is often

expanded in diameter to enable fewer, larger diameter trays.

4.3.2. Countercurrent Trays The countercurrent trays have three purposes, pro-

viding conductive heat transfer through their upper surface to heat wet material sup-

ported above, providing convective heat transfer through their lower surface to

superheat direct steam swirling below, and providing apertures for direct steam

to evenly ascend up through the tray and into the meal supported above. The steam

is typically held at 10.5-kg/cm2 pressure within the countercurrent trays, providing

a surface temperature of 185�C. Steam condenses within the tray, providing its

latent heat to maintain the 185�C tray surface temperature and allow heat to be con-

ducted into the meal layer above, and transferred into the direct steam swirling

below. Heat is transferred into the meal above at a rate of 450–550 kJ/m2-C-h

with a temperature differential of approximately 85�C. Heat is also transferred

into the direct steam swirling below at a rate of approximately 100 kJ/m2-C-h

with a temperature differential of approximately 75�C.

A DT will have from one to four countercurrent trays. The countercurrent trays

are located directly under the predesolventizing trays in the center of the DT. The

apertures in the trays must allow the direct steam swirling below to pass through the

Figure 10 (Continued)
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tray and into the meal supported above. There are three designs of countercurrent

trays with differing apertures for allowing the ascending direct steam to pass

through. Initial modern DTs (Schumacher, circa 1982) used hollow stay-bolts as

apertures and generally had 1% to 2% open area for the vapors to ascend upward.

Later designs (Mason, circa 1985) used hollow stay-pipes capped by a perforated

plate, with generally 2% to 4% open area for vapors to ascend upward. The latest

design (Kemper, circa 1997) uses pie-shaped enclosures capped with stainless steel

slotted screens, with approximately 10% open area for the vapors to ascend upward.

The choice of countercurrent tray design is generally determined by the amount of

open area required to maintain stable operation for the quantity of direct steam

passing through.

4.3.3. Sparge Tray The sparge tray has the dual purpose of providing a uniform

means of introducing direct steam into the meal layer, and providing conductive

heat transfer through its upper surface to the wet material supported above. The

direct steam introduced through the sparge tray provides approximately 75% of

the total heat required for desolventizing and heating the meal in the DT. The

sparge tray is typically designed with a plurality of apertures across its entire upper

surface to evenly introduce direct steam into the meal. The size and quantity of

apertures is calculated based on the anticipated direct steam flow rate to provide

a pressure drop of 0.35 to 0.70 kg/cm2. The direct steam supply is 10.5-kg/cm2

pressure saturated steam (185�C), and after passing through a flow control valve,

its quality changes to 0.35–0.70-kg/cm2 pressure superheated steam (150–160�C).

Therefore, the upper surface of the sparge tray is maintained at approximately

155�C. Heat is transferred into the wet meal above at a rate of 450–550 kJ/m2-

C-h with a temperature differential of approximately 50�C. The sparge tray is the

last tray in a modern DT.

Solvent-laden meal enters the DT at a temperature of 60�C, and it contains 25%

to 35% (w/w) of solvent. The solvent-laden meal is stirred across the surface of the

predesolventizing trays by the rotating sweeps. As the heat is transferred into the

meal layer by conduction, a shallow layer of 150-to-300-mm meal depth is held

above each tray. The solvent-laden meal temperature is increased to approximately

68�C and approximately 10% to 25% of the solvent is evaporated on the predesol-

ventizing trays.

The material exits the predesolventizing trays of the DT and falls onto the top

countercurrent tray. This is perhaps the most critical tray of the DT. As most of the

heat is transferred into the meal layer by condensation of direct steam, a deep layer

of 700-to 1000-mm meal depth is held above the tray. The solvent-laden meal is

stirred above the top countercurrent tray by the rotating sweeps. The direct steam

passes from below up through apertures in the countercurrent tray. As the direct

steam penetrates the upper meal layer, it reaches the solvent-laden meal and con-

denses, providing direct latent heat to evaporate solvent. The solvent evaporates and

exits the meal layer as vapor. The condensation of steam causes the meal exiting the

tray to be wet, typically in the range of 17–21% moisture. After the majority of the

solvent evaporates, the meal temperature increases by direct and indirect steam
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heat, surpassing 100�C before the material exits the tray. The protein solubility of

soybean meal is reduced from approximately 90 PDI down to 45 PDI as a result of

the elevated moisture and temperature conditions.

After the wet meal exits the top countercurrent tray, it has had over 99% of its

solvent removed. On the remaining countercurrent trays and the sparge tray, the

meal is held in a 700-to 1000-mm deep layer on each tray to provide residence

time for stripping solvent and toasting. The wet meal is stirred above each tray

by rotating sweeps. The final desolventizing takes place as the ascending steam

passing through the meal slowly strips out final traces of residual solvent down

to 0.01–0.05% (w/w). The meal temperature increases from 100�C up to 105–

110�C, and the meal moisture decreases approximately 1% before the meal dis-

charges from the sparge tray. The meal color darkens slightly and provides the

meal with a toasted color. For soybeans, antinutritional factors such as trypsin inhi-

bitors and urease are reduced on these trays by maintaining the meal moisture and

temperature elevated for a period of time. The protein solubility drops approxi-

mately 1% PDI for every minute the meal spends in the remaining countercurrent

trays and the sparge tray. Ideal feed for monogastric animals (poultry and swine) is

high in protein solubility, and ideal feed for ruminant animals (cattle) is low in

protein solubility (high in rumen bypass protein). Meal residence time on the

remaining countercurrent trays and the sparge tray is dictated by both the degree

of solvent recovery required as well as by meal quality parameters.

An important parameter in the energy efficiency of the DT is the exit vapor

temperature. The condensing sparge steam provides a plentiful supply of surface

moisture, allowing the solvent and water to evaporate as an azeotropic mixture.

Figure 10b indicates the solvent/water equilibrium boiling curve. As the chart

indicates, a mixture of 94% solvent with 6% water can boil as low as 62�C. There-

fore, the lowest possible DT exit vapor temperature would be 62�C. In practice, to

maintain low solvent loss and maintain a safety margin, modern DTs are operated

with exit vapor temperatures ranging from 66–78�C, with the most typical tempera-

ture being 71�C. As the DT vapor temperature increases, the ratio of water vapor to

solvent vapor increases. Therefore, to minimize total DT energy, it is very important

to maintain a vapor temperature as low as safely possible.

Determining the optimum DT configuration for a given process application is

complex. It requires determining all input parameters and calculating the mass

and heat balance of both the DT and the follow-on meal dryer cooler (DC). The

mass and heat balance of the DC will determine the maximum allowable DT exit

moisture that will minimize meal drying energy. This moisture is generally in the

range of 18–20%. With the DT exit moisture determined, the amount of direct

steam introduced into the meal can be calculated. The DT diameter is generally

determined by the direct steam flow rate per unit area. It is important to have a

sufficiently high direct steam flow rate per unit area for adequate solvent stripping.

The number of countercurrent trays is determined by the residence time needed to

balance meal quality with residual solvent objectives. By calculating the total DT

heat demand and subtracting the heat supplied by live steam, the total heat supplied

by indirect steam can be determined. The total heat supplied by indirect steam less
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the heat supplied by countercurrent tray indirect steam will provide the amount of

indirect steam heat needed to be supplied by the predesolventizing trays. With this

data in hand, the diameter and quantity of predesolventizing trays can be selected.

Major manufacturers of DTs use process simulation tools to assist processors in

optimizing the DT configuration for a given application.

4.4. Meal Dryer Cooler

After the solvent-laden material is desolventized, it is conveyed to the meal DC.

The material entering the DC is typically at the DT exit temperature of 108�C
and contains 18–20% moisture. The primary purposes of the DC are to reduce

the moisture in the meal to within trading rule limits and to lower the meal tempera-

ture prior to storage.

DCs are vertical, cylindrical vessels with a multitude of horizontal trays. The

desolventized material enters at the top and is supported by the tray. The material

is mixed above each tray and conveyed downward from tray to tray by agitating

sweeps anchored to a central rotating shaft. The DC has three different types of

trays: steam drying trays, air drying trays, and air cooling trays.

4.4.1. Steam Drying Trays The steam drying trays of the DC are designed with

an upper plate, lower plate, and structural members between designed-to-hold pres-

surized steam. The steam-drying trays have the purpose of providing conductive

heat transfer through their upper surface to wet meal supported above. The steam

is typically held at 10.5-kg/cm2 pressure within the steam-drying trays, providing a

surface temperature of 185�C. Steam condenses within the tray, providing its latent

heat to maintain the 185�C tray surface temperature and to allow heat to be con-

ducted into the wet meal layer above. Heat is transferred into the meal at a rate of

450–550 kJ/m2-C-h with a temperature differential of approximately 77�C.

A DC may have as many as five steam-drying trays or as few as none. The water

vapor evaporated from the meal can be compressed in an ejector and have its heat

recovered within the solvent extraction plant.

4.4.2. Air Drying Trays The air-drying trays of the DC are designed with an

upper plate, lower plate, and structural members between designed-to-hold low-

pressure air. The air-drying trays are designed with a plurality of apertures across

their entire upper surface to evenly introduce air into the meal. The size and quan-

tity of apertures is calculated based on the design air flow rate to provide a pressure

drop of 0.02 to 0.03 kg/cm2.

The air supplied to each air dryer tray is first filtered to remove dust and then

pressurized using a spark-proof centrifugal blower. The air for the dryer trays is

passed through a steam-heated coil between the blower and the entrance to the

dryer trays. After the air enters the trays, it flows upward through the meal at a nom-

inal velocity of 14–21 m/minute, partially fluidizing the meal. The meal evapora-

tively cools, and the released moisture is transferred to the ascending air. The warm,

damp air exits the top of the meal layer and then exits the sidewall of the DC to a
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cyclone collector to remove dust prior to discharge to atmosphere. Figure 11 illus-

trates a meal DC with two air trays and related air-handling equipment.

The major source of heat for evaporating the moisture in the meal is the high

temperature of the meal exiting the DT or the DC steam-drying trays. When the

meal drops in temperature from 108�C to 38�C, the heat provided is adequate to

reduce the meal moisture by 6.5%. For soybean meal, the trading rule moisture

limit is 12.5%; therefore, if the incoming moisture from the DT, or DC

steam-drying trays, does not exceed 19.0%, the DC will typically require no

additional evaporative heat source to dry the meal. If additional heat is required

for evaporating moisture from the meal, the air entering the meal dryer trays can

be heated to temperatures up to 150�C prior to entering the air drying trays. The

heat source can be recovered flash steam, hot glycol-water solution (oil cooler),

or fresh steam.

The air must have adequate capacity to carry out the moisture released from the

meal without becoming saturated. Cold air can hold less moisture than warm air, so

winter conditions may limit the moisture-carrying capacity of the air. If additional

heat is required for increasing the dew point of the incoming air, the air entering the

air dryer trays can be heated to temperatures up to 150�C.

The energy required to heat the incoming drying air is largely dictated by the

incoming meal moisture to the DC. Adequate predesolventizing heat transfer

area in the DT or steam-drying tray heat transfer area in the DC is the key to

minimizing meal moisture to the DC air drying trays and therefore minimizing

DC heater coil steam consumption.

4.4.3. Air cooling trays The air cooling trays of the DC are designed with an

upper plate, lower plate, and structural members between designed-to-hold low-

pressure air. The air cooling trays are designed with a plurality of apertures across

Figure 11. Meal dryer cooler. Courtesy of De Smet Group.
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their entire upper surface to evenly introduce air into the meal. The size and

quantity of apertures is calculated based on the design air flow rate to provide a

pressure drop of 0.02–0.03 kg/cm2.

The air supplied to each air cooler tray is first filtered to remove dust and then

pressurized using a spark-proof centrifugal blower. After the cool air enters the

trays, it flows upward through the meal at a nominal velocity of 14 to 21 m/minute,

partially fluidizing the meal. The meal continues to evaporatively cool and convec-

tively cools. The cool, damp air exits the top of the meal layer and then exits the

sidewall of the DC to a cyclone collector to remove dust prior to discharge to

atmosphere.

Ambient air is heated approximately 5�C in temperature by the energy of the

blower, before it blows into the air cooler trays of the DC. The meal cools down

to within approximately 5�C of the air temperature passing through the meal.

Therefore, the temperature of the meal exiting the DC is typically cooled down

to within 10�C of ambient air.

The dry cool meal is conveyed from the DC to outside the solvent extraction

plant for size reduction and then on to meal storage. It is important to properly

dry and cool the meal to prevent continued evaporative cooling in storage or trans-

port, which will cause reduced flowability, solidification, and bridging of the meal

inside storage and transport vessels.

4.5. Miscella Distillation System

The miscella exiting the extractor contains particles of meal, up to 1% (w/w).

Therefore, the first step in miscella distillation is meal particle separation. Meal par-

ticles can be separated from the miscella via filtration or centrifugal separation. The

large meal particles (þ80 mesh) need to be removed to prevent them from settling

out in the distillation equipment. The fine meal particles (�80 mesh) are removed

from the oil after the solvent extraction plant, typically in the oil degumming

process, or oil-refining process. For those plants producing food grade lecithin,

the fine meal particles must be completely filtered out prior to degumming.

Some extractor designs include an internal miscella filter (100 mesh) enabling

the miscella exiting the extractor to be sufficiently free of meal particles such

that it can go directly to distillation. Other extractor designs require external

meal particle separation, accomplished by pumping the miscella through a liquid

cyclone. The liquid cyclone spins the miscella at high velocity and uses centrifugal

force to separate the larger meal particles (over 80 mesh) from the miscella. The

larger meal particles, along with 5–10% of the miscella flow, exit the liquid cyclone

underflow orifice and return to the extractor. Separation of meal particles by

external filtration of the miscella is not recommended because of the safety hazards

associated with opening the filter to remove the solvent-laden meal fines.

Once the large meal particles are separated, the clean miscella is stored in a

surge tank, generally referred to as a full miscella tank. The full miscella tank

has several purposes: It separates the continuous extraction process from the con-

tinuous distillation process, it provides miscella storage capacity during a power
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outage, and it provides surge capacity so that fluctuations in miscella flow rate from

the extractor can be absorbed prior to distillation. The miscella in the full

miscella tank is generally 25–30% oil and 70–75% solvent by weight, and at the

typical extractor temperature of 60�C.

The miscella is pumped from the full miscella tank to the first of two rising film

evaporators. The first-stage evaporator, often referred to as the economizer, uses the

waste heat from the DT as its heating source. Miscella enters through tubes at the

base of the evaporator, at a temperature of approximately 60�C. As the tube side of

the evaporator is held at approximately 300–400-mm Hg absolute pressure, the mis-

cella temperature will drop to approximately 43–48�C temperature upon entry into

the tubes. Solvent will begin evaporating and solvent vapor bubbles will rise up

through the center of the tubes. Additional DT vapor heat is transferred through

the tubes into the miscella, and additional evaporation takes place. When sufficient

solvent vapor is formed, the vapor velocity through the center of the tubes will

become sufficiently high to drag a thin film of miscella up the inner walls of the

tubes, creating high heat transfer rates. At the top of the tubes, the high-velocity

solvent vapor and remaining miscella contact an impingement plate to break

foam, and they are then centrifugally separated in the evaporator dome. Solvent

vapors exit the top of the dome, and concentrated miscella exits the base of the

dome. The concentrated miscella exiting the first-stage evaporator is generally

75–85% oil and 15–25% solvent, at a temperature of approximately 48�C.

As the temperature of the miscella exiting the first stage evaporator is low, it is a

good heat sink for heat recovery. In various facilities, heat from hot finished oil,

heat from steam ejector exhausts, or recovered flash steam is used to preheat the

miscella to approximately 75�C in temperature. The preheated, concentrated mis-

cella is then typically heated to 110�C in a steam-heated exchanger prior to entering

the second rising film evaporator.

The preheated, concentrated miscella is pumped into the second-stage evapora-

tor, which uses low-pressure steam as its heating source. As the tube side of the

evaporator is held at approximately 300–400-mm Hg absolute pressure, the solvent

temperature will drop to approximately 43–48�C temperature upon entry into the

tubes, providing sufficient heat to immediately begin vigorous evaporation. The

vapor velocity through the center of the tubes will be sufficiently high to drag a

thin film of miscella up the inner walls of the tubes at relatively high velocity.

This is very important to prevent baking phospatides and fine solid particles in

the miscella to the lower, inner surface of the tubes. Additional low pressure steam

heat is transferred through the tubes into the miscella and additional evaporation

and heating takes place. At the top of the tubes, the solvent vapor and remaining

miscella contact an impingement plate to break foam, and they are then centrifug-

ally separated in the evaporator dome. As velocities exiting the tubes are insuffi-

cient to break all foam, the dome must be sufficiently large in diameter to allow

remaining foam to collapse and not discharge with exiting vapors. Solvent vapors

exit the top of the dome, and concentrated miscella exits the base of the dome. The

concentrated miscella exiting the second-stage evaporator is generally 95–98% oil

and 2–5% solvent, at a temperature of approximately 110�C.
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Miscella from the second-stage evaporator is pumped or gravity fed into the oil

stripper. The oil stripper is a tall, thin cylindrical vessel that is commonly operated

at 150–300-mm Hg absolute pressure. The hot oil passes downward through the

vessel across trays. Simple, robust disk-donut trays, or grid-bar trays, are typically

used because fouling caused by baking of gums and fine particles onto stripper trays

is common. Live steam is introduced into the oil at the top of the vessel to initiate

evaporation and again at the base of the vessel to provide countercurrent stripping.

The steam and solvent vapors exit the top of the oil stripper through an enlarged

diameter dome to prevent entraining oil mist. The oil typically exits the base of

the oil stripper with 0.1–0.3% moisture and 0.005–0.020% solvent, at a temperature

of approximately 110�C.

The oil leaving the oil stripper, particularly in soybean plants, is often water

degummed. In these facilities, the oil temperature is reduced to 70–80�C, and 1–

2% soft water is injected and mixed into the oil inline. The oil is then held for

approximately 30 to 60 minutes in an agitated tank to allow gums to hydrate.

The gums (water, phosphatides, fine meal particles, and some neutral oil) are

centrifugally separated from the oil using a high-speed centrifugal separator. The

gums are often pumped back into the DT and mixed into the meal fraction. Alter-

natively, the gums may be dried for food grade lecithin, or feed grade lecithin for

animal feed applications. The degummed oil, at a moisture level of approximately

0.5% and a temperature of approximately 70�C, is then heated in a heat exchanger

to approximately 110�C.

Whether or not the oil is degummed, it is typically pumped to an oil dryer. The

oil dryer is a vertical cylindrical vessel that is commonly operated at 50–80-mm Hg

absolute pressure. The hot oil is sprayed downward into the vessel, with or without

trays. The solvent and water vapors exit the top of the oil dryer and the oil exits the

bottom. The oil typically exits the base of the oil dryer with 0.05–0.10% moisture

and 0.002–0.010% solvent, at a temperature of approximately 105�C.

The dried oil must have its temperature reduced from 105�C to 50�C to prevent

degradation in storage and transport. The hot oil is commonly cooled in two stages.

First, the oil is cooled from 105�C to approximately 70�C temperature in a heat

exchanger using concentrated miscella or a water-glycol solution (for preheating

DC air) as the cooling medium. Second, the oil is cooled from 70�C to 50�C
temperature in a heat exchanger using cooling water as the cooling medium. The

cool oil is then pumped to storage.

4.6. Solvent Recovery System

Modern solvent extraction plants recover over 99.9% of the solvent pumped to the

extractor. The solvent recovery system includes solvent and water vapor condensa-

tion, solvent-water separation, stripping solvent from water and air effluent streams,

as well as heating the solvent prior to reuse in the extractor.

The solvent vapors from the first-and second-stage evaporators are typically con-

densed in a common medium-vacuum condenser. The medium-vacuum condenser

is a shell and tube vessel with the vapors typically on the shell side and the cooling

SOLVENT EXTRACTION 93



water on the tube side. The noncondensable vapors are removed from the condenser

by a steam ejector to maintain the 300–400-mm Hg absolute pressure on the shell

side and are typically discharged into the first-stage evaporator for heat recovery.

The water and solvent vapors from the oil stripper and mineral oil stripper are

typically condensed in a high vacuum condenser. The high vacuum condenser is a

shell and tube vessel with the vapors typically on the shell side and the cooling

water on the tube side. The noncondensable vapors are removed from the condenser

by a steam ejector to maintain the 150–300-mm Hg absolute pressure on the shell

side and are typically discharged into the first-stage evaporator for heat recovery.

The water and solvent vapors are evacuated from the oil dryer by a steam ejector

to maintain the 50–80-mm Hg absolute pressure on the oil dryer and are typically

discharged into the base of the oil stripper. These vapors along with the ejector

motive steam serve as the oil stripper’s source of countercurrent stripping steam

for heat recovery.

The solvent and water vapors from the DT typically pass through a vapor scrub-

ber to remove meal particles. Two types of vapor scrubbers are commonly used:

water-spray scrubbers and centrifugal scrubbers. Water-spray scrubbers use a heavy

spray of hot water droplets being sprayed through the vapors in the duct exiting the

DT to entrap meal particles. The meal particles and hot water are collected in a tank

and recirculated, with a small stream of dirty water being returned to the DT.

Centrifugal scrubbers use centrifugal force to separate meal particles from the

vapors, allowing the particles to fall out of the bottom of the scrubber directly

into the DT. Some centrifugal separators use a solvent wash to keep the walls of

the centrifugal scrubber clean.

The clean vapors exiting the DT vapor scrubber, along with the much smaller

vapor streams from the steam ejectors and the waste water stripper, are partially

condensed in the shell side of the first-stage evaporator. The vapors enter the top

of the evaporator shell side at approximately 70�C temperature and quickly con-

dense water vapor until the temperature drops to 62�C, the minimum hexane/water

equilibrium temperature. The vapors continue condensing at the mixture of 94%

solvent and 6% steam and temperature of 62�C as they progress downward through

the shell of the first-stage evaporator. The remaining solvent vapor and water vapor

exiting the first stage evaporator shell (approximately 20% to 30% of what entered)

are further condensed in either a vapor contactor or a solvent preheater. In a vapor

contactor, cool condensate from condensers is pumped and sprayed into the top of a

vertical tank. Remaining solvent and water vapors from the first-stage evaporator

pass through the cool liquid stream and condense on the droplets, causing the liquid

spray temperature to rise. In a solvent preheater, cool fresh solvent en route to the

extractor is pumped through the tubes of a shell and tube heat exchanger and

the solvent and water vapors from the first-stage evaporator pass through the shell

side, condensing on the tubes while warming the fresh solvent passing through the

tubes. Whether using a vapor contactor or a solvent preheater after the first-stage

evaporator, the remaining DT vapors are reduced to less than 10% of what exited

the DT, recovering 90% of the waste heat from the DT. The remaining vapors pass

on to the vent condenser.
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Approximately 1 m3 of air enters the extractor with each 1 m3 of material. To

maintain the extractor under a slight vacuum, the air must be continuously vented

from the extractor. At the extractor temperature of 60�C, an equilibrium condition

will occur where the vent gas exiting the extractor will contain approximately 10

parts of solvent vapor for every one part of air (see Figure 12). The solvent vapor

and air exit the extractor and are typically condensed in an extractor condenser. The

extractor condenser is a shell and tube vessel with the vapors typically on the shell

side and the cooling water on the tube side. The noncondensable vapors exiting the

extractor condenser pass on to the vent condenser.

The vent vapor streams from the extractor condenser, vapor contactor or solvent

preheater, and atmospheric tanks pass on to the vent condenser. The normal heat

load on the vent condenser is low. However, in the case in which miscella is not

passing through the first-stage evaporator, or solvent is not passing through the

vapor contactor or solvent preheater, the load on the vent condenser can be very

high. Therefore, the vent condenser is generally sized for these contingency condi-

tions and has an excess of heat transfer area for normal operating conditions. The

vent condenser is a shell and tube vessel with the vapors typically on the shell side

and the cooling water on the tube side. The noncondensable vapors exiting the vent

condenser pass on to the mineral oil absorption system.

Figure 12. Equilibrium vapor composition.
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The composition of solvent vapor with the air exiting the vent condenser is a

result of an equilibrium condition determined by the vent gas temperature. Figure 12

illustrates the equilibrium vapor compositions at various temperatures. For

example, at a vent gas temperature of 30�C, the vent gas composition will be

slightly greater than one part solvent for every one part air. However, if the vent

gas temperature increases to 40�C, then the vent gas composition will be slightly

less than two parts solvent for every one part air. Therefore, to minimize the load on

the mineral oil system, it is important to minimize the vent gas temperature exiting

the vent condenser. Some facilities, particularly in hot and humid climates, install a

refrigerated vent gas cooler after the vent condenser to minimize the solvent vapor

load on the mineral oil system.

The vent gas from the process enters the bottom of the mineral oil absorber. The

mineral oil absorber is a tall, small-diameter packed column. Cold mineral oil cas-

cades down through the column, absorbing solvent vapor from the vent gas as the

vent gas rises up through the packing. When the vent gas exits the mineral absorber,

it generally contains less than 10-g solvent per cubed meter of air. The vent gas is

pulled from the mineral oil absorber via a spark-proof suction fan and is discharged

to the atmosphere through a flame arrestor.

The mineral oil enters the mineral oil absorber at approximately 30�C tempera-

ture and contains 0.1–0.4% (w/w) moisture plus solvent. When the mineral oil exits

the mineral oil absorber, its temperature rises slightly because of the heat of absorp-

tion, and the mineral oil contains 3–5% (w/w) moisture plus solvent. The cool

solvent-rich mineral oil is then heated to 65�C by hot/cool mineral oil heat recovery

and then further heated to over 100�C using a steam-heated heat exchanger. The

hot, solvent-rich mineral oil enters the mineral oil stripper, a packed column vessel

similar in construction to the mineral oil absorber. As the mineral oil stripper is

typically maintained under 150–300-mm Hg absolute pressure, much of the solvent

evaporates as soon as the mineral oil enters the top of the mineral oil stripper. Most

of the remaining solvent is removed as the mineral oil cascades down across the

packing countercurrent to rising stripping steam. The water and solvent vapor

exit the dome of the mineral oil stripper. The hot, solvent-lean mineral oil exits

the mineral oil stripper and has its temperature reduced to 65�C by hot/cool mineral

oil heat recovery and is then further cooled to 30�C temperature using a heat

exchanger with water as the cooling medium. The cool, solvent-lean mineral oil

is then recirculated to the top of the mineral oil absorber.

All water and solvent that drain from the various condensers in the solvent

extraction plant enter a decanting tank. As the solvent is immiscible with water,

the lighter solvent (0.66 specific gravity) floats above the water. The key to the

decanting tank performance is to minimize turbulence within the tank to allow suf-

ficient time for the gravity decanting to take place. The elevation of the interface

between solvent and water is established by the highest elevation of the water drain

pipe. Water, typically containing 0.01% solvent, exits the decanting tank to the

waste water stripper. Solvent, typically containing 0.05% water, exits the decanting

tank to the solvent work tank.
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The waste water stripper is a small tank used to increase the temperature of

the waste water to approximately 95�C to evaporate residual solvent prior to dis-

charge to the plant sump. The water exiting the waste water stripper is typically

less than 0.001% (w/w) solvent. The hot water exiting the waste water stripper is

often interchanged with the cool water entering the waste water stripper for heat

recovery.

Solvent enters the work tank from the decanting tank. The work tank is a surge

tank for holding solvent prior to the extractor to ensure that there is always ample

solvent available to be pumped to the extractor. If a large surge of solvent flows into

the work tank, the work tank will automatically overflow to solvent storage. If the

level in the work tank becomes low, additional solvent is pumped from solvent

storage to the work tank. The temperature of the solvent in the work tank is

typically in the range of 52–57�C in plants equipped with a vapor contactor, and

43–49�C in plants without a vapor contactor.

In plants with a vapor contactor, solvent is pumped from the work tank at 55�C
temperature to a steam-heated solvent heater to increase its temperature to 60�C
prior to entering the extractor. In plants with a solvent preheater rather than a vapor

contactor, solvent is pumped from the work tank at 45�C temperature to a solvent

preheater where its temperature is increased to 55�C. The solvent is then further

heated in a steam-heated solvent heater from 55�C to 60�C in temperature prior

to returning to the extractor.

5. SUMMARY

The solvent extraction process consists of the unit operations of solvent extraction,

meal desolventizing, meal drying and cooling, miscella distillation, and solvent

recovery. These unit operations are highly interrelated, primarily because of various

heat recovery methods that link the operations together. A process upset in any one

of the unit operations will typically cause abnormal operation in the others. The key

to efficient solvent extraction operation is process consistency. Consistency of seed

preparation, consistency of rate, and consistency of solvent extraction operating

parameters are all important factors in operating a safe, environmentally friendly,

and cost-effective solvent extraction process for oil extraction.
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1. INTRODUCTION

Recovery of oils and fats is a specialized branch of technology (1–9). Differences

in source materials dictate the use of different recovery techniques. Prior editions

of this book covered many methods for obtaining fats from animal materials and

oils from oilseeds. This edition retains what is still current about oil and fat recov-

ery and adds what is new.

Good oil and fat recovery procedures produce undamaged products, free from

impurities, obtaining as much yield as possible, and producing low-fat residues

of high economic value. Animal materials generally release fat easily. Oilseeds us-

ually have the oil encased in minute ‘‘cells’’ that are deeply embedded in fibrous

structures. Most oilseeds, therefore, require grinding or flaking to rupture the

cells and heat treatment, sometimes cooking and drying, to help release the oil.

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
Edited by Fereidoon Shahidi. Copyright # 2005 John Wiley & Sons, Inc.
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Heat treatment also hardens pulverized plant tissue so it can withstand the pressure

applied to squeeze out the oil.

The oils and fats discussed in this chapter are all triacylglycerols (TAGs).

As such, they could all be referred to as fats. Traditionally, ‘‘oil’’ is used for oil-

seed TAGs (which are usually liquid at room temperature) and ‘‘fat’’ is used for

animal TAGs (which are usually solid at room temperature). However, ‘‘oil’’ is a

broader term that also includes nontriacylglycerol materials like petroleum

oils and oils of essence. There is no simple word that can be used for all

TAGs when something common to all of them is discussed. Therefore ‘‘oil’’

and ‘‘fat’’ will be used in their traditional meanings, but whenever it seems

not to cause confusion, ‘‘fat’’ will be chosen over ‘‘oil’’ when discussing proper-

ties common to all TAGs.

After efficient ‘‘crushing’’ in a mechanical screw-press, the solid residue will

contain 2.5–5% residual fat. Materials high in fat and low in solids produce solid

residues containing only a small fraction of the original fat. However, materials

low in fat and high in solids produce solid residues (at the same 2.5–5% residuals)

that contain as much as 15–20% of the original fat. Solvent-extraction is an attrac-

tive procedure for these materials because it takes out more fat. Solvent-extracted

meals typically have less than 1% residual fat. The chief disadvantage of solvent

extraction is high equipment cost, the impact on the environment, and the use of

solvents in contact with the fat and the solid residues. Solvent extraction plants

usually are not economically feasible unless the capital equipment cost can be

spread across a very large production, several hundred to a few thousand tons

per day.

The solids remaining after fat removal are generally rich in protein and find a

ready market in animal feeds. Some oilseed solids, especially soybean, go into

human foods as flours, concentrates, textured particles, or protein isolates. Some

oilseed solids contain toxins or allergens that make them unfit for animal feeds:

tung nut and castor bean, for example. Unless treated, these solid residues go

into fertilizers. Various processes have been developed to remove or chemically

destroy undesirable compounds (10). One process developed at Texas A & M

University for UNIDO (11, 12) uses a chemical additive and extrusion to detoxify

and deallergenate castor meal making it suitable for animal feed.

Correct preparation is required for efficient crushing and for solvent extrac-

tion. Wherever possible, oilseeds should be dehulled before the oil is removed.

This will increase the capacity of the processing equipment and avoid loss of

oil that would otherwise be absorbed into the hulls. Oilseeds should be flaked,

rolled, or ground, and dried to optimum moisture and temperature. Some

oilseeds, especially those low in fiber or high in protein, should be cooked

at elevated moisture for 15–20 minutes (to harden the protein) and then dried.

Cooking and drying also ruptures the oil cells and reduces oil viscosity. This

allows the oil to more easily drift from the solids and be extracted by the

solvent.

Extrusion converts ground, rolled, flaked, or prepressed oilseeds into porous

collets that handle very well in solvent extractors. Extrusion can also pretreat, in
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TABLE 1. Average Yield of Oil from Commerical Processing of Common Oilseeds

(Percent Oil from Seed of Normal Moisture Content).a

Oilseed Yield (%) Oilseed Yield (%)

Babassu (kernels) 63 Perilla seed 37

Castor beans 45 Poppyseed 40

Coconut (copra) 63 Rapeseed 35

Corn (germs) 45 Rice bran 14

Cottonseed 18 Safflower seed 28

Flaxseed 34 Sesame seed 47

Hempseed 24 Soybeans 18

Kapok seed 20 Sunflower seed 25

Oiticica (kernels) 60 Tea seed 48

Palm, African (kernels) 45 Tung 35

Palm 40

Peanuts 35

aYields are by mechanical expression for all except soybeans, cottonseed, and rice bran, which are by solvent

extraction, and refer to whole or undecorticated seeds, unless otherwise stated.

TABLE 2. Approximate Proportions of Hulls and Kernels in Different Oilseeds and Oil

Content of Whole Seed, Kernels, and Hulls.

Percent Oil in

Oilseed Percent Kernel Percent Hull Whole Seed Kernel Hull

Usually decorticated

Oil palm (kernels) 25 75 — 48 —

Babassu 9 91 — 67 —

Cohune 10 90 — 67 —

Tacum 30 70 — 47 —

Murumuru 40 60 — — —

Tung 60 40 30 50 —

Oiticica 65 35 38 58 —

Cocoa beans 88 12 50 — —

Caster beans 70–80 20–30 40–50 — —

Cottonseed (delinted) 62 38 19 30 1–2

Peanuts 75 25 38 50 0.5–2

Sunflower seed 45–60 40–55 22–36 36–55 1–2

Kapok 60 40 20–25 40 —

Safflower 50 50 28–33 55–65 1.5–2

Soybeans 93 7 18 19 0.6

Usually not decorticated

Flaxseed 57 43 — 58 22

Perilla seed 68 32 34 — —

Hemp seed 62 38 31 — —

Rapeseed 82 18 42 — —

Mustard seed 80 20 — — —
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a single step, unprocessed whole seeds, like soybean, for full-pressing. An overview

of state-of-the-art equipment is discussed along with the theories by which the

equipment work.

The earliest methods of fat removal were probably rendering procedures prac-

ticed by primitive societies, similar to the cooking techniques they developed for

preparing meats for food. The pressing of oil from olive pulp probably antedated

the pressing of oilseeds. Some seeds, however, were processed by the Chinese at a

very early date using mechanical presses operated by wedges or levers. The more

efficient hydraulically operated mechanical press was not developed until the early

nineteenth century. The continuous screw-press was an early twentieth-century

development. Solvent extraction on a large scale became widely practiced in the

mid-twentieth century.

Early development of crushing and solvent extraction has been reviewed (13, 14).

The entire screw-pressing operation has been discussed (14). Average yields from

many common oilseeds are summarized in Table 1. Additional data are summarized

in Table 2.

2. MECHANICAL PRETREATMENT

2.1. Mechanical Pretreatment of Animal Materials

Fatty animal materials require comparatively little preparation before the render-

ing operation. Pure fat tissue, destined for the production of neutral, low-tempera-

ture fats, such as oleo stock or neutral lard, is carefully trimmed from the carcass

and washed before rendering. Lower grade fatty tissue, such as that used to make

prime steam lard, is not always washed, and is less carefully trimmed. The various

tissues and parts of animals not used for human consumption are sorted into dif-

ferent classes, partly to avoid mixing better quality materials with those of lower

quality, and partly because some parts, such as those containing large bones,

require more severe handling than others. The material is then cut or ground

into small pieces.

2.2. Mechanical Pretreatment of Oilseeds

Cleaning. The first processing step for oilseeds is to clean and separate foreign

material. Sticks, stems, and leaves are removed through revolving reels. Sand or

dirt is removed through vibrating screens. Strategically placed magnets remove

tramp iron. Special ‘‘stoners’’ remove stones and mud balls from shelled peanuts.

Pneumatic aspirating chambers separate lightweight chaff from the heavier seeds.

Oilseeds should be cleaned before storage, but often they are not, because cleaning

equipment of high capacity is more costly than what would suffice for continuous,

onstream production capacity.

Dehulling and Separation of Hulls. Wherever practical, oilseeds should be

decorticated before screw-pressing. Hulls usually contain less than 1% oil. Any

mixture of hulls with kernels will allow the hulls to absorb oil, thereby reducing
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the amount of oil liberated. The presence of hulls will also reduce screw-press

capacity. Hulling machines for decorticating medium-sized oilseeds with flexible

seed coats, such as cottonseed, peanuts, and sunflower seed, are of two principal

types: bar hullers and disc hullers.

The rotating member of a bar huller is a cylinder equipped on its outer surface

with a number of slightly projecting, longitudinally placed, sharply ground, square-

edged knives, or bars. Opposed to the cylinder, over an area corresponding to about

one-third of its surface, is a concave member provided with similar projecting bars.

The seeds are fed between the rotating cylinder and the concave member, and the

hulls are split as the seeds are caught between the opposed cutting edges. The clear-

ance between the cutting edges may be adjusted for seeds of different size.

The disc huller differs from the bar huller in that the cutting edges consist of

grooves cut radially in the surfaces of two opposed and vertically mounted discs,

one of which is stationary and the other rotating. The seeds are fed to the center

of the discs and are discharged at the discs’ periphery by centrifugal force. With

either type of huller, the condition of the seed, especially moisture, is critical. Exces-

sively moist seeds are difficult to split cleanly and may clog the huller; excessively

dry seeds may disintegrate.

Different seeds vary considerably in the readiness with which they fall out of

their hulls. Peanuts, for example, are loose in the hull and separate easily. Cotton-

seed kernels or ‘‘meats’’ adhere more tightly to the hull; consequently, the hulls are

passed through a hull beater to detach small meat particles after the first separation

of hulls from the meats. For cottonseed, the following separations are commonly

carried out: separation of large meat particles from hulls and uncut seed by screen-

ing (15); separation of hulls from uncut seed by an air lift (16); separation of small

meat particles from hulls by beating and screening (17); and separation of hull

particles from meats by air (18).

Maximum yields are obtained by balancing the degree of hull separation. If an

attempt is made to separate hulls from the meats too cleanly, there will be a loss of

oil because of meats being carried over with the hulls. If too much hull is left in the

kernels, there will also be an undue loss of oil through absorption by the hulls.

Kernels and hulls should be separated as quickly as possible, once dehulling is

accomplished, to avoid excessive contact between hulls and kernel particles (19).

Cottonseed is usually received at the oil mill encased in short fibers, or lint. In

order to obtain efficient recovery of oil, cottonseed must be delinted before it is

hulled. There are two types of delinting machines: saw delinters and abrasive

delinters. Saw delinting machines are similar in principle and appearance to cotton

gins. They consist of a revolving assembly of closely spaced circular saws that

pick the lint from the seed. The fibers are removed from the saw teeth by a revolv-

ing cylindrical brush or by an air blast that suspends the fibers in an airstream, and

they are airveyed to the collection equipment. The lint is not ordinarily removed

from the seed in a single operation, but is taken off in two or three cuts. Fibers

from each successive cut are of shorter length and lower grade than from the pre-

ceding cut, as increasing quantities of hull are removed by the saws as they work

closer to the kernel to grab the shorter-length fibers.
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Although saw-type delinting machines are the industry standard, abrasive delint-

ing machines are also available. Abrasive delinters were originally developed by

an American cottonseed processing plant (Buckeye Cotton Oil Co., Louisville,

Kentucky) in the 1930s. They were subsequently improved by Buckeye and another

American cottonseed processor (Anderson-Clayton, Gilbert, Arizona) and finally

by Murray Carver Co. (Wabash, Indiana) (20) in the 1960s. In abrasive delinting,

cottonseed is fed into the center of the machine and is forced against an abrasive

surface by centrifugal action. As the lint is scraped from the seed, it is drawn off in

an airstream. The amount of delinting is controlled by an adjustable discharge damper,

which controls the amount of time the seed stays in the machine. Abrasive delinting

requires that the first-cut lint be removed by saw-type delinters (20). Abrasive delint-

ing has never met wide acceptance: saw-type delinters are more commonly used.

Historically, the value, or in some years the nonvalue, of linters varies widely.

As a result of this, the U.S. Department of Agriculture (USDA) contracted Texas

A&M to conduct extensive studies to determine the economic and oil extractability

effects of milling cottonseed to various levels of residual linters (21, 22).

Soybeans are usually dehulled before processing. Dehulling is accomplished

by first drying and tempering the beans, then cracking the beans on cracking rolls

and then separating the hulls from the kernels in two stages:

1. Hulls are screened from the kernels and aspirated from the top deck of a

double-deck shaking screen. Any uncracked beans in the kernels are returned

to the cracking rolls while the kernels go to the lower deck and pass over a

finer mesh screen, at the end of which the hulls are again aspirated.

2. Hulls that have been aspirated contain some kernel particles. The hull stream

is, therefore, subjected to an air separation using a gravity table that pulls the

light hulls away from the heavier kernels. Depending on the desired degree of

separation, a ‘‘middling’’ fraction may also be taken, which is broken down

on another gravity table.

A somewhat different system makes use of simultaneous grinding and aspira-

tion to dehull the beans and separate the hulls. In general, the choice of system

depends on the processor, who may add some private modifications to the system.

An important part of the dehulling process is to precondition the seed before

dehulling. Moisture should be adjusted, usually by drying; and, in the traditional

method, the seed should be left to ‘‘temper’’ for a few days. As the moisture equili-

brates between the freshly dried surface and the harder-to-reach interior, stresses

develop, which help to loosen the hull from the kernel, thereby improving dehuller

performance. Drying has normally been done in steam-jacketed vessels, either with

the jackets on the walls or with a steam tube assembly revolving within the vessel.

However, there are alternative ways of drying.

Florin and Bartesch described fluid-bed drying of soybeans (23). Unlike steam-

jacketed vessels that transfer heat from the vessels’ wall into the seeds as the seeds

tumble through the vessel, a fluid-bed conditioner uses air to suspend and move the

seed through the conditioning chamber. If the air is heated, it can transfer heat
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directly into the seeds. Working with an Escher Wyss (Ravenberg, Germany) fluid-

bed conditioner, Florin and Bartesch observed a more uniform retention time

for each seed under heat. This ensured a more uniform final moisture per seed.

Adequate heat could be transferred into the air (which contacts the seed) through

20% of the heat transfer area required by a jacketed conditioner. Required residence

time could be reduced from 20 min for a jacketed vessel to 6 min for a fluid-bed

vessel. Florin and Bartesch achieved good dehulling after fluid-bed conditioning,

requiring fewer overall processing steps and using less equipment (23).

A method for dehulling soybeans was developed by Crown Iron Works Co.

(Minneapolis, Minnesota). Whole beans are preheated gently and then shocked

with high-temperature air in a Crown Jet Dryer to break the bonds holding hulls

to kernels. The beans then pass through a device that rolls the loosened hulls

free and splits the kernels along naturally occurring debarkations that divide the

kernel into two embryonic leaves (cotyledons). Called the Hulloosenator, this

device loosens the hulls without producing fines. The split beans are aspirated to

remove hulls and then cracked into appropriate size for subsequent conditioning

and flaking. Hulls are screened and aspirated to ensure no carryover of meats.

Fetzer described other ‘‘hot’’ dehulling systems developed by Escher Wyss of

Germany and Buhler of Switzerland (24). Although hot dehulling systems can

save on conveying and energy costs, because of gravity flow and heating the beans

only once, more horsepower is required; and, if overdying occurs, excessive fines

may be produced (25).

Small oilseeds, such as flaxseed, perilla, rapeseed, and sesame, are often handled

without decortication because of processing difficulties. Although several decorti-

cation installations were tried on safflower, they were not very successful (26).

Sunflower is usually decorticated; however, the final decision to do so depends

on the meal market available to the oil mill and if economical uses for hulls can

be found (27, 28).

The various palm kernels, such as oil palm or African palm, babassu, and

cohune, are a special class of oilseeds, because they are large and are surrounded

by a hard, thick shell. As a result of low-cost labor in the producing regions, the

large size of the nuts, and the refractory nature of the shells, these nuts are often

cracked and the kernels separated by hand. The entire production of Brazilian

babassu kernels, amounting in some seasons to over 72.6 Mg (80,000 short tons),

once was deshelled by hand.

African oil palm nuts, which are less thick-shelled than most American palm

nuts, are hand cracked to some extent; but in Indonesia and Malaysia they are

usually machine cracked. In one type of cracking machine, the nuts are fed to

the center of a rotor equipped with curved baffles, along which the nuts are flung

out against a heavy steel housing and broken by impact. Another type of machine

resembles a hammer mill. The rotor consists of a frame supporting four heavy steel

paddles: the nuts are dropped into the path of the paddles and cracked by impact.

After the nuts are cracked, they drop into rotary screens where some separa-

tion of kernels and shells is obtained. Some shell fragments, however, cannot be

separated by screening. They also are too heavy to be removed by air separation
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compared with what is used on cottonseed and peanuts. Two special methods (the

‘‘dry’’ method and the wet ‘‘floating’’ method) are used to separate palm kernels

from large shell fragments.

The dry method takes advantage of the fact that the kernels are round and roll

easily, whereas pieces of shell are almost flat and do not easily roll on an inclined

surface. Dry separators consist of inclined belts moving uphill. When a mixture of

kernels and broken shells is fed onto the belt, the kernels roll down and are col-

lected at the lower end. The shell fragments remain on the belt and are carried

over the top into a separate bin. Both kernels and shells are then further processed

to ensure minimal carryover of kernels in the shell stream or shells in the kernel

stream.

The floating method consists of floating the lightweight kernels from the more

dense shells in salt or mud baths. A hydrocyclone can also be used to separate ker-

nels and shells from an aqueous slurry. Kernels from these wet methods are free-

drained on a vibrating strainer and then sent to a dryer for about 10 h. The dried

kernels will average 6–7% moisture and approximately 50% palm kernel oil.

American palm nuts of the Attalea family, including the babassu and cohune,

are very thick shelled and difficult to decorticate by machinery. The babassu is par-

ticularly troublesome because it contains several kernels, each of which is enclosed

in a separate cavity within the shell. Whereas splitting oil palm or cohune nuts

along a single plane of cleavage will usually free the kernel, similar splitting of a

babassu nut may not release any of its four to eight kernels.

Different machines have been devised for cracking American palm nuts. Machines

designed for round nuts, like coyol, have either been of centrifugal or hammer

mill design, or they use pulsating hammers striking against the nut as it is jammed

against a stationary anvil. Some machines designed for cohune or babassu nuts

employ chisel-like cutting edges to open the shell. One type of babassu-opening

machine has opposed cutting edges that split the nut into several segments resembl-

ing orange segments. Other machines for cohune and babassu nuts resemble

hammer mills. These machines do a poor job and break the kernel as well as the

shells.

With all palm nuts, adequate drying prior to cracking is mandatory to ensure

that the kernel will not adhere to the shell. Green or undried kernels fill the shell

cavity tightly and adhere very strongly. Nuts are commonly dried in silos where,

after being separated from the gibers, they remain for about 10 h in a stream of

warm air (29). Drying is not only necessary for efficient decortication, it also inhi-

bits enzyme action during shipment. The shelled kernels are also dried to protect

the kernels from enzyme action during storage.

Size Reduction of Oilseeds. The extraction of oil from oilseeds, either by mecha-

nical pressing or by solvent extraction, proceeds more efficiently if the seed is first

flaked or ground. Opinion is divided whether grinding or flaking is more effective in

rupturing the oil cells. Flaked oilseeds yield a large fraction of ‘‘easily extractable’’

oil on treatment with solvents and a smaller fraction (usually 10–30% of the total

oil) that is difficult to extract (30, 31). The former fraction was presumed to come

from ruptured oil cells. It has been shown (32), however, that some seeds (like
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soybean) that are cracked rather than rolled, also yield a large fraction of oil that is

easily extracted with solvents. Woolrich and Carpenter (33) noted little rupturing of

oil cells in flaked cotton-seed. They pointed out that cottonseed oil cells are only

0.025–0.038 mm (0.001–0.0015 in) in diameter, whereas cottonseed flakes are

more than six times thicker. In any event, it appears that many cells remain intact

after even the most careful grinding or flaking, and the walls of these cells are

ruptured only by the action of heat and moisture during cooking. The cells, how-

ever, are more readily reached by heat and moisture if the seed particles containing

them are small.

Many oilseeds, after flaking, are processed through steam-heated extruders that

combine high-pressure mastication with heat and steam to rupture the cell walls,

liquify and liberate the oil, and agglomerate any fine particles that might result

from poor flaking. This converts the oilseed into cylindrical collets of great internal

porosity. These collets are larger, heavier, and stronger than flakes. This makes

them more easily extracted than flakes. The use of extruders in pretreatment of

oilseeds is covered in more detail in Section 3.4.

Hammer mills, attrition mills, or other grinders are sometimes used for the

preliminary size reduction of large oilseeds, such as copra and palm or babassu

kernels; but, for the final reduction, it has been almost universal in the United States

to use flaking rolls. A roll assembly commonly used for size reduction of cotton-

seed, flaxseed, and peanuts in the United States consists of five rolls placed one

above the other (Figure 1). The seed is introduced by a feeding mechanism between

the two top rolls. The seed then passes back and forth between adjoining rolls as it

travels from top to bottom of the assembly; hence it is rolled four times. Each roll

supports the weight of all the rolls above it, so that the seed particles are subjected

to progressively increasing pressure as they pass from one roll to another. Although

the lower rolls are smooth-surfaced, the top roll is commonly corrugated to ensure

that the seeds will be ‘‘nipped’’ (pulled in) as fast as they are fed.

A typical five-high roll assembly consists of four upper rolls, each 35.6 cm (14 in)

in diameter by 121.9 cm (48 in) in width, and a bottom roll, 40.6 cm (16 in) by

121.9 cm (48 in), operating at a peripheral speed of about 192 m/min (630 ft/min).

This unit can process 72.6 Mg (80 short tons) of cottonseed or 10,571 dm3 (300

bushels) of flaxseed in 24 h. However, the actual capacity depends on flake thick-

ness. Detailed data on the capacity and efficiency of cottonseed flaking rolls have

been reported by Wamble (34).

Cottonseed meats are usually rolled to a thickness of 0.127–0.254 mm (0.005–

0.010 in) for mechanical pressing. For solvent extraction, flake thickness is seldom

less than 0.2–0.25 mm (0.008–0.010 in). The repeated passage of the material

through the rolls results in considerable breaking of the individual flakes, but this

is not disadvantageous for seeds that are to be mechanically pressed. Many oilseeds,

especially small seeds such as flaxseed and sesame, are usually flaked in prepara-

tion for pressing.

Flaking thin is not as essential for screw-pressing as it is for hydraulic pressing,

because heat is generated and seed particles are further crushed by the intense

shearing stresses developed in the screw-press. Soybeans for screw-presses are

MECHANICAL PRETREATMENT 107



usually cracked by corrugated cracking rolls into 10–16 mesh particles (passed

through a U.S. Series 12 sieve, retained on a U.S. Series 18 sieve) and are then

pressed without rolling or further reduction. Schumacher described a particular

cracking tooth pitch corrugation that produces a cleaner cut and less fines produc-

tion when processing low-moisture soybeans for subsequent solvent extraction (35).

Palm kernels, copra, and peanuts are handled in screw-presses both with and with-

out flaking.

The rolls used for flaking soybeans or other oilseeds for solvent extraction are

different from the five-high crushing rolls just described. As large, thin, and coher-

ent flakes are desired, flaking is commonly carried out by a single passage of the

whole or cracked seed through parallel rolls. Therefore, only one pair of rolls is

provided. The rolls are mounted side by side and heavy springs or hydraulic

rams maintain the pressure of one roll against the other (36). Sometimes the rolls

revolve at different speeds to help smear the particles into larger, thinner flakes

as they pass through the rolls. As the clearance between these rolls is adjustable,

Figure 1. Five-high crushing rolls (Courtesy of The French Oil Mill Machinery Co., Pigua, Ohio).
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flakes of uniform thickness are produced. Rolling seed or seed particles into thin

flakes disrupts oil cell structure, increases surface area, and facilitates solvent

extraction by reducing the distance that solvent and oil must diffuse in and out

of the seed during the extraction process.

Karnofsky showed how flake thickness directly affects the percolation extraction

rate of soy with hexane (32). He also showed that grinding and screening cotton-

seed into grits fractions, having comparable diameters with flakes, gave similar

extraction rates as the flakes. However, grits do not provide a permeable bed neces-

sary for efficient extraction in commercial extractors. Although thin flakes yield

their oil very easily, they can significantly reduce percolation rate or extractor

throughput if excessively thin. Therefore, flake thickness must be balanced with

percolation rate.

Excessively dry seeds do not flake well; therefore, a higher moisture content is

required in oilseeds if they are to be formed into the thin, coherent flakes required

for solvent extraction. Conditioners are usually used to add the proper amount of

moisture. A conditioner can be either a vertical stacked kettle or a horizontal rotary

cylinder. The units are steam jacketed and provision is made so that either steam

and or water can be injected as a source of additional moisture (38). For solvent

extraction, cracked soybeans are adjusted to a moisture content of 10–11% and

flaked while still hot and slightly plastic; that is, while at a temperature of 71–

77�C (160–170�F) (36). Flaking hot minimizes fines production and also reduces

power consumption (35). In the flaking rolls and transport equipment, the flakes

will lose about one percentage point of moisture and enter the extractor at around

57–60�C (135–140�F).

3. HEAT PRETREATMENT

The heat treatments given fat-bearing materials may be divided into two categories

according to whether the heat treatment itself releases the fat or whether it merely

facilitates the subsequent release of fat by mechanical means. The term rendering

is generally applied to heat treatment designed to remove fat from fatty animal

tissues or other materials with a high ratio of fat to solid matter. The heat treatment

applied to oilseeds and similar materials is termed cooking and serves to facilitate

the release of fat in the mechanical press. In rendering or cooking, one object of

heat treatment is to coagulate the proteins in the walls of the fat cells and cause

the walls to rupture. Heat lowers fat viscosity and makes it easier for the fat to

flow away from the solids.

Moisture is present in all materials rendered or cooked and plays an important

role in the cooking reactions. Without sufficient moisture, the desired ‘‘cook’’ would

not be achieved. Water or steam or both are often added to elevate moisture and to

ensure proper denaturing and hardening of protein, rupturing of oil cells, and inacti-

vation of undesirable enzymes, micro-organisms, and antinutritional factors. Water

also assists in the displacement of fat from the surfaces of solid materials. Solids

have a greater physicochemical affinity for water than for fat.
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3.1. Rendering of Animal Materials

Fatty animal tissues, free from muscle and bone, usually contain 70–90% fat, the

balance being water and connective tissue. Connective tissue is high in protein,

hence the dried solids from rendering (tankage, cracklings, stick, etc.), like the solid

residue from oilseeds, is marketed as a protein concentrate for animal feeds.

The product of highest fat content (92–95%) obtained in meat-packing establish-

ments is leaf fat from hogs. Fatty tissue from cattle contains 60–80% fat. Back fat

and other cutting fats from pork have 80–85% fat. Lard and tallow in significant

tonnages are also obtained from bone stock and other low-fat material, which

contain 10–15% fat. Whole carcasses of animals (dead stock, etc.) are also rendered

for fat recovery. Fish oil is produced by rendering whole small fishes, such as

sardines and herring, which contain 10–20% fat.

Rendering methods are tailored to source material and also to the characteristics

desired in the finished fat and to the type of rendering equipment available (39–41).

There are four general methods of rendering: wet rendering, dry rendering, slurry

rendering, and digestive rendering.

Wet Rendering. Wet rendering is used to obtain edible fats where color, flavor,

and storage qualities are important and the amount of solids in the raw material is

small. Wet rendering uses large amounts of water. Separated fat can be removed

by skimming, but it usually is removed by centrifuging. There are two methods

of wet rendering: low temperature, done at temperatures below the boiling point

of water; and high temperature, or steam rendering, done under pressure in closed

vessels. Lard produced by steam rendering is known as prime steam lard.

An apparatus used in U.S. packing houses is a vertical cylindrical steel autoclave

or digester with a cone bottom, designed for a steam pressure of 276–414 kPa

(40–60 psi) and a correspondingly high temperature. The vessel is filled with the

fatty material plus a small amount of water, and steam is admitted to boil the water

and displace air. The vessel is then closed except for a small vent, and the injection

of steam is continued until operating temperature and pressure are attained. Time

required for digestion varies with temperature and with composition of the charge.

The usual digestion time is 4–6 h.

Under the influence of high temperature, the animal tissues disintegrate and

release fat. The fat rises to the top of the vessel, leaving a layer of tankage (solids)

and stick water in the bottom. Pressure is then slowly relieved and the fat–water

interface is adjusted to coincide with a draw-off cock mounted on the vessel. The

fat is drawn off and purified of water and solids by settling or by centrifuging.

The fat may also be filtered.

In steam rendering of high-fat stock, 99.5% of the fat is ordinarily recovered.

The unrecovered fat consists of a small residue in the tankage plus a small amount

that remains in the stick water. The usual packing house ‘‘killing’’ and ‘‘cutting’’

fats yield about 80% and 70% lard, respectively. Dried tankage solids and stick

solids contain about 10–12% and 1.5–2% fat, respectively. Both are high in protein:

tankage from good stock may contain 70–72% protein; stick solids may contain

90% or more.
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Steam rendering is advantageous in that fat can be obtained using simple equip-

ment and the method can be adapted to a variety of materials. There is little tendency

for proteins and other substances to disperse into fat in the presence of water.

Therefore, steam rendering can be used on materials containing large amounts of

nonfatty tissue. Bony material can also be handled by this process because even that

material is effectively disintegrated by prolonged treatment with steam under ele-

vated pressure.

Steam rendering is, however, less rapid than other methods and less efficient in

heat consumption. A large amount of water must be evaporated to recover the low-

fat solid residue. Some hydrolysis of fat into free fatty acids occurs during steam

rendering. Free fatty acid level depends on rendering time and temperature, storage

temperature, and length of storage before processing (39– 41). By careful schedul-

ing of operations, killing fats may be rendered when the animals are slaughtered.

Cutting fats are taken from the carcasses later, after the carcasses have been chilled

to 0–3�C (32–36�F).

Antioxidants added before rendering improve the fat stability. Sims and Hilfman

(42) studied the stabilization of lard and edible beef fats during pressure steam

rendering. Antioxidants tested included butylated hydroxyanisole (BHA), butylated

hydroxytoluene (BHT), propyl gallate and citric acid combinations, and a mixture

of BHA and BHT. Best results for a given stabilizer level were obtained with the

individual phenolics BHA and BHT. Poorer results were obtained with the mixtures

in propylene glycol.

Norris described modifications of continuous wet rendering operations in the

previous edition of this book (43). He described several methods, current at that

time, that involved disintegration to separate fat from animal tissue, followed by

centrifuging to remove sludge from the liquid phase, followed by clarification of

the finished fat (44– 47). He also described a different operation that involved

hammer milling bony material in a stream of cold water from which the fat was

subsequently recovered (48, 49).

Since then, the rendering industry, as well as the edible vegetable oil industry

in general, have undergone transformation in response to growing pressure to treat

effluent water and air streams to minimize impact on local environment (50). This

has led to consolidation of many small plants into fewer high-volume plants, more

able to afford effluent pollution control equipment. Several equipment manufac-

turers serve the needs of this industry with integrated rendering systems (both wet

and dry systems) that address all the processing requirements.

Atlas Danmark (Ballerup, Denmark) provides a low-temperature, wet rendering

system. It features prebreaking; ‘‘hashing’’ to a smaller particle size, more suitable

for low-temperature rendering; cooking in a heated, double-screw coagulator:

draining of freshly released liquified fat in a strainer screw; followed by pressing

in a twin-screw, low-pressure screw-press. The still moist solids from the screw-

press are dried, and the liquified fat is clarified in a three-phase decanter.

Dry Rendering. Dry rendering is a simpler method of fat extraction. It differs

from wet rendering in that the expulsion of fat is accompanied by dehydration of

the fat and solid residue, so that both are of low moisture at the end of the operation.
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The frying of bacon, to cite a familiar example, is essentially a dry rendering

process. Dry rendering can be batch or continuous.

Batch dry rendering is done in horizontal steam-jacketed tanks with a large inlet

opening on top and an agitator within. The agitator has paddles attached by arms to

a horizontal shaft. After the charge—usually 2,268–4,537 kg (5,000–10,000 lb)—is

dried to the desired moisture level, the contents are discharged into a steel box

equipped with a perforated liner, and all possible free liquified fat is drained off. The

solid residue is pressed, and the fat thus obtained is combined with the free drained

fat. After settling, centrifuging, or filtering, the fat is ready for market. The solid

residue is ground as a protein supplement for animal and poultry feed (34–41).

Dupps (Germantown, Ohio) provides a continuous dry rendering system involv-

ing a continuously discharging, steam-heated, horizontal cooker to dry-render the

raw material. Fresh wet material continuously enters one end. Dry-rendered mate-

rial plus liberated fat continuously discharge from the other end and pass over a

drainage screen to free-drain the liberated fat. The solids continue to a screw-press.

Fat from the screw-press, combined with fat from the drainage screen, goes to a

centrifuge.

An alternative system mixes processed fat with ground raw material to form a

slurry, which is heated to release fat, then goes to a twin-screw, low-pressure screw-

press to separate an aqueous liquid phase from the still moist solids. The liquid

phase goes through an evaporator to dry the fat; the moist solids go through the

horizontal cooker, drainage screen, and screw-press as described above.

Stord Bartz (Bergea, Norway) provides a continous dry rendering system that

involves prebreaking, sterilization, cooking, and drying in a horizontal, conti-

nuously discharging vessel that is equipped with a rotating, steam-heated rack of

discs that agitate and transfer heat into the incoming material. The cooked, dewater-

ed, fatty solids then go to a screw-press for recovery of fat.

Slurry Rendering. A slurry rendering process was developed by Charles Green-

field in 1953 (51, 52). The raw material is coarsely ground, mixed with finished

fat, and fine-ground to form a pumpable slurry of approximately 68% fat, 10%

solids, and 22% moisture. The slurry is pumped through an evaporator under

vacuum for moisture removal, then through a centrifuge for fat removal. The solid

residue, at approximately 35% fat, is pressed to 10% fat in screw-presses. Green-

field licensed the V.D. Anderson Co. (Cleveland, Ohio) to market the system. It

became known as the Anderson C-G system. Most Anderson C-G systems employed

double-stage evaporators, some were triple-stage, and small-capacity plants were

single-stage.

The advantages of multiple-stage evaporation are reduced steam consumption

and improved product quality. Batch or single-stage moisture reduction uses heat

from steam to boil off the moisture, and the hot moisture vapors are then condensed

and discarded. Multiple-stage evaporators use the hot moisture vapors to boil off

more moisture in the other stages. A double-stage evaporator uses the incoming

heat twice. Moisture in the last stage absorbs the incoming heat and vaporizes.

The vapors then condense against the first stage and release the heat, which causes

moisture to evaporate from the product passing through the first stage.
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Each stage consists of a heat exchanger and a vapor chamber. Vacuum is drawn

across the first-stage vapor chamber. This allows moisture to boil off at low tem-

perature. Vapors released from the last stage condense against the first-stage heat

exchanger, providing heat to boil moisture from slurry entering the first-stage vapor

chamber. Slurry from the first stage is then pumped through the last-stage heat

exchanger, which is heated by steam. That allows moisture to boil off (at a higher

temperature) from the last-stage vapor chamber. The driving force controlling

evaporation is the difference between the steam temperature on the last-stage heat

exchanger (directly proportional to steam pressure) and the vapor temperature from

the first-stage vapor chamber (inversely proportional to vacuum). The higher the

vacuum or the greater the steam pressure, the greater the driving force.

Greenfield also supplied C-G evaporator systems to handle municipal sewage

waste (53) and watery waste streams from other industries (like breweries) indepen-

dent from his relationship with Anderson Co. In 1981, Anderson adapted the C-G

process to connect an evaporator to existing batch cookers (Figure 2). A bank of

batch cookers, or a large, continuous, single cooker can be used as the last stage.

The hot vapors from the cookers condense against the slurry evaporator serving as

the first stage. This allows existing plants to increase capacity and take advantage of

multiple-stage evaporation without abandoning existing equipment (54).

TM-1, for Thermomiser Phase One, was envisioned as the first step toward com-

plete conversion to slurry evaporation. Phase two would replace the batch cookers

with a steam-heated slurry evaporator to convert the whole process line to a C-G

system. A plant in Holland, directed by one of the inventors, employed a double-

stage evaporator together with a bank of batch cookers serving as the last stage (55).

A similar plant in Detroit, Michigan was placed under computer control (56).

Digestive Rendering. Considerable attention has been given to wet rendering of

animal fats with the assistance of added chemicals or enzymes that promote the

separation of fat by hydrolyzing and dissolving the connective tissue. Deatherage

(57, 58) described laboratory and pilot plant experiments on the alkali rendering of

lard and beef fats. Best results were obtained when the fat was digested at 85–95�C
(185–203�F) for 45 min to 1 h with a 1.75% sodium hydroxide solution. After

digestion, the fat was separated from the aqueous liquid (which contained a small

amount of undigested solids) by centrifuging. The fat was then washed, first with

2–5% salt solution and then with water. Fat recovery was equivalent to or better

than that obtained by steam rendering, and fat quality was better. There was no

significant hydrolysis or darkening of the fat, and there was no sign of the typical

cooked flavor of steam lard.

The process was best adapted to fresh fat. Stocks in which hydrolysis occurred

were difficult to process because of the formation of soap in the aqueous phase. The

soap was derived only from already liberated free fatty acids. Under the mild

conditions of this digestion process, there was no appreciable saponification of

neutral fat. The fat was also alkali refined to produce a final product free of acidity.

A typical final product had a free fatty acid content of 0.01% and a Lovibond color

of 2 yellow and 0.3 red. This process gave improved yields over conventional wet

rendering (59, 60).
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Figure 2. Flow diagram of slurry evaporator with batch cookers (Courtesy of Anderson International Corp., Cleveland, Ohio).
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The use of proteolytic enzymes in rendering is described in several patents. How-

ever, an enzyme process does not appear to have been used commercially except

perhaps in the recovery of fish fats. The patent of Parfentjev (61) covers the diges-

tion of fish livers with pepsin at low pH and low temperature. The process of Keil

(62) for the recovery of lard or other animal fats involves digestion of the fatty stock

with a proteolytic enzyme of vegetable origin, for example, 0.005–0.020% papain

at a pH of 6.0–7.5, followed by heating to 60–85�C (140–185�F) to separate the fat.

Halmbacker (63) patented the use of an enzyme, such as papain or ficin, with a

cysteine activator, to decrease digestion time while increasing yield. Other publica-

tions deal with treatment of eggs with papain (64), fish rendering (65), and render-

ing of coconut meats (66). Normally, the use of added enzymes is avoided because

of their high cost. A unique use of natural enzymes in the recovery of fat from cat-

fish offal was reported by Freeman (67).

Catfish farming has become a major industry in the southern United States.

The fish are processed in large cooperative plants where adequate disposal of

wastes has become a serious problem. Usually, catfish offal is sent to poultry

rendering plants or pet food manufacturers. However, because of high transporta-

tion costs, catfish processors never realize the full value of the waste. Catfish offal

contains approximately 10% fat, which Freeman found could be recovered from

liquified offal. He liquified offal by adding either 0.5% formic or 0.4% hydro-

chloric acids, which activated natural enzymes (68). Total liquidification of skin

and flesh occurred in about 2 h at 55�C (130�F). The silage was then screened

to separate bones and centrifuged to recover oil. The deoiled liquid was con-

centrated to about 50% solids. The concentrate was found to be stable against

spoilage for over 4 weeks at 38�C (100�F) and could be used as a direct feed addi-

tive or a pet food flavoring.

3.2. Cooking of Oilseeds

General Considerations. It is universally recognized that oilseeds yield their oil

more readily to mechanical expression after cooking, but a complete explanation

of why this is so is lacking. The changes caused by cooking are complex and are

chemical and physicochemical in nature. Oil droplets in oilseeds are ultramicro-

scopic and are distributed throughout the seed. One effect of cooking is to cause

these minute droplets to coalesce into drops large enough to flow from the seed.

An important factor in cooking is heat denaturation of proteins and similar sub-

stances. Before the proteins coagulate through denaturation, the oil droplets are vir-

tually in the form of an emulsion. Coagulation causes the emulsion to break, after

which there remains only the problem of separating gross droplets of oil from the

solid material.

As the surface of the seed particles is highly extended, surface activity figures

prominently in the displacement of the oil. Cooking, in turn, has a profound influ-

ence on surface activity. The primary objectives of cooking/drying are to coagulate

seed proteins (coagulating proteins makes the seed more permeable to the flow of

oil), to decrease the oil’s affinity for the solid surfaces, and to agglomerate the oil
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into larger droplets—all of which permit better yields when the seeds are subse-

quently pressed or solvent extracted. Important secondary objectives of cooking/

drying are to lower seed moisture to a more optimum level for rolling and pressing,

to insolubilize phosphatides and other undesirable impurities, to destroy molds and

bacteria, to increase oil fluidity, and, for cottonseed, to detoxify gossypol (69).

Control of moisture is important for efficient pressing. Optimum moisture varies

from oilseed to oilseed and with methods used for pressing. For cottonseed, as an

example, 5–6% moisture was found best for hydraulic pressing, whereas 3% was

found best for screw-pressing. Soybeans are ordinarily dried to 2.5–3% moisture

before pressing in screw-presses; copra and sesame seed require moisture levels

of about 2%.

Moisture control is also important in solvent extraction. Generally, intermediate

moistures are needed for efficient extraction. Low moisture usually results in lower

efficiency caused by the lower solubility of phosphatides, whereas high moisture

can result in swelling of protein with the subsequent reduction of flake porosity

and solvent diffusion rate (70). As with pressing, optimum moisture varies with

the material being extracted: approximately 7–10% for cottonseed and 8–12%

for soybean (70).

Effect of Heat on Product Quality. Beyond its influence on oil yields, cooking

also influences the quality of both oil and press-cake. Cooking is particularly impor-

tant in relation to refining loss. Some oil lost in caustic refining of crude oil is neu-

tral oil, which is emulsified in the foots. Certain surface-active agents naturally

present in the oilseed favor this emulsification; other agents inhibit it (71). The

effectiveness of these two classes of surface-active agents is influenced by cooking.

There is little published information on the identity of the surface-active agents in

crude oils, but it appears that the substances responsible for high refining losses are

phosphatides and related substances. Free gossypol in cottonseed oil was once

thought to coincide with cooking conditions that permitted low refining loss (71);

however, Wamble and Harris conducted experiments at five different screw-press

mills and found no connection between free gossypol in the crude oil and refining

loss or refined color of the oil (72).

Reasonable variations in cooking conditions have little effect on oil color or

refining loss, but wide variations do. Eaves et al. (73) showed that solvent extraction

of raw, tempered, and cooked cottonseed flakes gave different yields of crude oil,

but they also showed that the yield of neutral oil was virtually unaffected. The

greatest yield of crude oil came from raw flakes. It had the highest percentage of

impurities and (by mathematics) the lowest percentage of neutral oil. The lowest

yield of crude oil came from cooked flakes, but it had the lowest percentage of

impurities and (by mathematics) the highest percentage of neutral oil. The reason

the yields varied was that different amounts of impurities were extracted along with

the neutral oil (the triglycerides), but the quantity of neutral oil extracted was

almost the same in all three cases. In good cooking practice, flaked cottonseed

meats are brought to a minimum of 12% moisture and are maintained at that moi-

sture and a temperature of 85–93.3�C (185–200�F) for 15 to 20 min. The cooked

meats are then dried for expression of oil (74).
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King et al. (75) have studied how cottonseed oil is affected by pH during cook-

ing. They concluded that oil made from meats cooked at low pH is high in gossypol

and is subject to color reversion during storage, whereas oil from meats cooked at

high pH is low in gossypol, is not subject to color reversion during storage, and has

a lower refining loss.

Overcooking of oilseeds may produce abnormally dark-colored oil and cake.

Prolonged cooking also impairs the nutritive properties of the cake. With cotton-

seed, for example, increasing cooking temperature or cooking time will decrease

the protein efficiency for chicks and for rats (76). Similarly, soybean meal loses

nutritive value as time under heat is increased, but its nutritive value is definitely

improved by proper cooking. This is caused by heat inactivation of trypsin inhibitor,

goitrogenic factor, anticoagulant factor, diuretic principle, lipoxidase, and other anti-

nutritional factors. This has been summarized by Liener (76) and by Cowan (77).

To improve palatability and nutritive value, solvent-extracted soybean flakes

intended for animal feeding are toasted before shipment from the extraction plant.

This is done by adding moisture and cooking in a conventional cooker after the sol-

vent is removed. With improved desolventizing techniques, desolventizing and

toasting are accomplished simultaneously by injecting live steam into the solvent-

laden flakes as they leave the extractor (78). Steam condenses on the cooler flakes,

thus furnishing heat to boil off solvent while simultaneously adding moisture. Thus,

by the time the solvent is removed, there has been sufficient moist-heat treatment

to inactivate the heat-labile antinutritional factors mentioned above.

Rapeseed is an important, worldwide-produced oilseed. However, after extrac-

tion of its oil, the full potential of its resulting meal has been limited because of

the presence of large amounts of toxic, sulfur-containing compounds called gluco-

sinolates. Rhee summarized various cooking methods that use moisture, heat, or

added chemicals to detoxify glucosinolates (79).

A prime purpose of cooking cottonseed is to significantly reduce the amount

of gossypol extracted with the oil and to reduce the gossypol’s toxic effect in

extracted meal. Gossypol is a polyphenolic, binaphthyl aldehyde compound that is

highly reactive and toxic to nonruminants such as poultry and swine (69). Heat and

moisture cause gossypol to complex or bind to carbohydrates, phospholipids, and to

the a and o amino groups of protein and amino acids to form what is called bound

gossypol. Bound gossypol was once thought to be totally inactive; however, it is

now suspected that some of the bound gossypol can be reacted on in the digestive

tract of some animals and can become free gossypol again (80).

Gossypol is associated in the seed with several related compounds. One or

more of these may be actually responsible for the bulk of the observed toxicity,

as separated whole pigment glands appear to be more toxic than purified gossypol

(81). Usually, all toxicity of cottonseed is attributed to free gossypol, but there have

been cases of nontoxic meals containing levels of free gossypol above that normally

considered toxic (82, 83). Again, this may be caused by other gossypol-like com-

pounds or the method of analysis for gossypol. It is possible that gossypol bound

to protein or other seed components may be released by some analytical proce-

dures, thereby giving abnormally high free gossypol figures.
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Gossypol is not soluble in hexane or similar nonpolar solvents. However, it is

soluble in crude cottonseed oil. If pigment glands are ruptured, and the gossypol

is not bound to the protein, some gossypol will be extracted during solvent extrac-

tion by a hexane miscella. Essentially all of the gossypol contained in seed can be

extracted using certain polar solvents. Aqueous acetone was proposed by Pons

and Eaves (84) and a combination solvent composed of acetone-hexane-water

(53 : 44 : 3) was proposed by Mann et al. for extracting gossypol along with the

oil and leaving a gossypol-free meal that need not be denatured to ‘‘bind’’ the

gossypol (85). Recently, Hron and co-workers have investigated ethanol–water

mixtures (86–90), and Lusas et al. have investigated isopropanol–water mixtures

for the extraction of gossypol along with the cottonseed oil (91). The use of alcohol

solvents will be discussed in detail in Section 5.4.

3.3. Types of Cooking and Drying Equipment

The cooking of oilseeds is carried out either in stack cookers (Figure 3) or horizon-

tal cookers (Figure 4). Cooking, as the word is generally used, covers two distinct

steps: wet cooking and then drying (to moisture levels of around 3%). Actually,

these are two distinct procedures, as Dunning has pointed out (92). Stack cookers

cook and dry in the same vessel. Horizontal cookers usually are set up only to cook

and are followed by separate horizontal vessels for drying. A stack cooker consists

of a series of four to eight closed, superimposed, cylindrical steel kettles, each

usually 182.9–335.3 cm (72–132 in) in diameter and 45.7–76.2 cm (1.5–2.5 ft)

high. Each kettle is jacketed for steam heating on the bottom (and sometimes on

the sides) and is equipped with a sweep-type stirrer mounted close to the bottom

and operated by a common shaft extending through the entire series of kettles.

There is an automatically operated gate in the bottom of all but the last kettle for

discharging material to the kettle below. The bottom kettle feeds into a cake former

or a continuous press. The top kettle may be provided with spray jets for the addi-

tion of moisture to the material. Each of the lower kettles is provided with an

exhaust pipe with natural or forced draft for the removal of moisture. Thus it is pos-

sible to control the moisture content of the material at each stack of the cooker.

Flaked meats are delivered at a constant flow rate to the top kettle by means of a

conveyor. The meats remain in the top kettle to cook for a predetermined time

(controlled by the linkage in the bottom gate) before dropping to the kettle below.

The meats then remain in the second kettle before dropping into the third, and so on

through the cooker. The gates governing the flow of meats from one kettle to

another are opened and closed automatically by a mechanism that is tripped by

the meat level in each kettle. The mechanism for each kettle is adjustable. This

permits control over residence time in each kettle. The cookers are made in differ-

ent sizes, with different numbers of stacks, and are supplied by several equipment

manufacturers.

Steam pressure on the top kettle is usually 483–620 kPa (70–90 psi), to quickly

heat the incoming material. Lower steam pressure is used on the lower kettles as

the material entering the lower kettles is already hot. The important parameter is
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temperature. Enough steam pressure is used to maintain an 87.8�C (190�F) cook

temperature and, on the last kettle, to provide enough temperature to drive the moi-

sture down to around 3%.

Cottonseed meats are usually kept in the stack vessel for 60–120 min and leave

at a temperature of 110–132.2�C (230–270�F). Poor-quality seed is normally not

cooked as long as good seed, because oil in poor-quality seed darkens on prolonged

cooking. The material first in is not always first out. This has been noted by Alderks

(1) and can be demonstrated by adding corn kernels, dyed flakes, or other easily

spotted additives to the feed. Some of the material leaves the cooker in less than

the average residence time, some remains much longer.

Figure 3. Interior view of four-high stack cooler (Courtesy of The French Oil Mill Machinery Co.,

Pigua, Ohio).
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Figure 4. Horizontal cooker and dryers (Courtesy of Anderson International Corp., Cleveland,

Ohio).
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Oilseeds are usually moistened before cooking or during the early stages of

cooking, unless they are initially high in moisture. Their moisture content is then

reduced in the bottom kettles of the cooker. An initial moisture content of 9–14% is

common in the top kettle. The moisture should remain constant in the top two to

four kettles where the actual cooking takes place. In the bottom kettles, drying is

the objective, assisted by increased temperatures and venting. The final moisture

content depends on the material processed and whether cooking is to be followed

by hydraulic pressing, screw-pressing, or solvent extraction. For hydraulic press-

ing 5–6% is used for cottonseed, for screw-pressing, around 3%, and for solvent

extraction, 7–10%.

Horizontal vessels are built differently but serve the same function (see Figure 4).

The vessels are 3.6 m (12 ft) long, are steam jacketed, and have revolving shafts

with spokes and paddles that agitate and move material forward through the vessel.

The first vessel is used for cooking and is sealed at inlet and outlet so that a humid

atmosphere can blanket the material. Live steam is injected, sometimes mixed

with water, to elevate moisture and accelerate cooking. Cooking, among other

things, hardens the protein by denaturing it so it can withstand the pressure generat-

ed by the screw-press. Usually, holding the oilseed at 87.8�C (190�F) and 10–12%

moisture for 15–20 min is sufficient to harden the protein.

The material then passes to the rest of the vessels where it is dried to 2–3%

moisture. As a result of boiling point rise, temperature has to be raised to 104.4–

115.5�C (220–240�F) or higher to drive the moisture out (the same as for a stack

cooker). The hot, freshly dried material (from either type of cooker) should go

directly to the screw-press before it has a chance to cool. Horizontal cookers are

60.9 cm, 91.4 cm, or 101.8 cm (24 in., 36 in., or 40 in.) in diameter, depending on

capacity. Dryers are 45.7 cm and 91.4 cm (18 in. and 36 in.) in diameter.

There are pros and cons for stacked and horizontal vessels. A stacked cooker/

dryer is more compact compared with a bank of horizontal vessels (a cooker fol-

lowed, e.g., by three or four dryers). Watkins points out1 an advantage of

horizontal cookers in that the raw feed is metered into a large volume of tumbling

material that is already hot (93). This quickly brings the raw feed up to tempera-

ture. In a stack cooker, the raw material falls on top of a thick layer of material

that is slowly agitated beneath the surface. It takes longer for the raw material to

come up to temperature. If the raw material contains an enzyme that damages oil

quality, reduces the meal’s nutritive value, or releases compounds that inactivate

catalysts used for hydrogenation, the enzyme can become active and cause

damage before temperature becomes high enough to inactivate the enzyme.

This would not happen in a horizontal cooker. There is a possibility, how-

ever, that some raw material could migrate quickly toward the discharge end

and leave the horizontal cooker before it is fully cooked. If an enzyme is pre-

sent, and if it is critical to achieve adequate retention time, it is prudent to

use two horizontal cooking vessels in series before sending the material to

the dryers.

1Watkins conducting short courses at Texas A&M University cites (93).
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3.4. Heat Preparation by Extrusion

Another machine used to pretreat oilseeds is an expander. Expanders are a type of

extruder that operate hot and cause the extrudate to puff or expand. This type of

expanding/extruder was originally developed in the 1950s to cook and puff animal

feeds (94), especially pet food, where a thorough starch cook is required. Later, in

the 1960s, these machines found application in the extrusion-cooking of full-fat

soy and of binders and adhesives from cereal grains (95, 96), the drying of synthetic

rubber (97), and the manufacture of floating and sinking fish feeds (98). The dis-

covery that extrusion/cooking can inactivate enzymes as well as agglomerate fine

particles led Baer et al. to develop a process for extrusion of oilseeds, particularly

rice bran, ahead of solvent extraction (99). After a slow start extruding rice bran in

the mid-sixties, these machines, by the 1970s, began to be used for soybean and

other oilseeds.

Closed-Wall Extrusion. An expanding/extruder consists of a rapidly rotating

wormshaft within a cylindrical barrel. Material enters one end of the barrel and

is forced out through a die plate at the discharge end. The wormshaft flighting is

interrupted rather than continuous, and stationary pins protrude from the barrel

wall to intermesh between the individual flights (Figure 5). This combination of

rotating flights and stationary pins imparts a highly turbulent mastication to the

material. Live steam is injected to elevate the moisture and supply heat to soften

the material.

By the time the material reaches the die plate, it is under high pressure, 1379–

4137 kPa (200–600 psi) and has been cooked to some desirable degree based on

moisture level and temperat4ure. Oilseeds usually receive a mild cook that converts

them into a tacky, elastic-like condition. The injected steam condenses from the

vapor state as it is absorbed into the material and releases its heat of vaporization.

This sudden release of energy helps to heat the oilseed. Frictional heat generated

by the rotating shaft continues the heating.

The oilseed reaches typically 112.8�C (235�F), as read by a thermometer near

the die plate, and approximately 10–13% moisture. Internal pressure is 13–40 times

greater than atmospheric pressure. At this pressure and temperature, all moisture,

even injected steam, is compressed into the liquid phase. On release into atmo-

spheric pressure, some of the moisture flashes to reach equilibria. This vaporizing

moisture inflates the collets with internal pores and surface cracks, imparting a

porous, sponge-like structure to the collet.

Stronger cooks are required for starchy cereal grains and animal feed formula-

tions containing starch. A stronger cook is achieved at higher moisture and tempe-

rature, typically 27% moisture and 137.8�C (280�F). Residence time in an extruder

is 10–30 s depending mainly on desired capacity, but the degree of cook can be

varied at any capacity by varying moisture and temperature conditions.

The first oilseed application for extrusion was rice bran (99, 100). Really a cereal

grain rather than an oilseed, rice seeds have a brown, paper-thin coating called rice

bran that surrounds the starchy kernel. Once the hull is removed, the brown kernel

is exposed. The bran is removed by polishing process that breaks up the bran into
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Figure 5. Sectional view of closed-wall expander (Courtesy of Anderson International Corp., Cleveland, Ohio).
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finely divided particles and exposes the white kernel. The bran contains 16–22% oil

and is very difficult to extract because of the extremely slow flow of solvent through

the small particles. The bran, being so finely divided, retains an excessive amount

of solvent. Rice bran also contains an enzyme, lipase, that breaks fat into glycerol

and free fatty acids. Lipase is activated when the bran is removed from the rice.

Once activated, lipase raises-free fatty acid level approximately 3–7 percentage

points every day. Aside from inactivating lipase, extrusion converts the bran into

porous, sponge-like particles, or collets, that permit rapid flow of solvent. The col-

lets drain to a low solvent level before leaving the extractor.

The recent use of extrusion in oilseed preparation is a significant milestone in the

history of oilseed solvent extraction. Extrusion can transform flaked soybean and

flaked cottonseed into porous collets that process significantly better than flakes

in an extractor. Farnsworth et al. described some of the early extrusion research

with cottonseed (101). Flakes, if prepared properly, extract well, but if flaking is

poor or if the oilseed already contains fines, then extraction suffers. Extrusion can

convert poor-quality flakes into easily extracted collets. Even if the flakes are

good, extrusion offers great advantages because extruded collets are larger, denser,

stronger, and more porous than flakes. These qualities: (1) improve solvent flow

because of larger particles, (2) increase extractor capacity because the denser

collets occupy less space, allowing almost a doubling of capacity without changing

bed depth, and (3) result in better drainage because the collets are porous and strong

enough not to crumble as easily as flakes. Watkins and Lusas and co-workers des-

cribed these effects in a series of articles (102, 103). These effects will be covered

in greater detail below when extraction theory is discussed in Section 5.2.

The cooking conditions within an expanding/extruder soften and gelatinize the

oilseed’s protein, converting the protein into a glue-like condition that binds all

the particles together. The gelatinized protein is elastic and allows the collets to in-

flate with internal pores as some of the superheated water flashes into steam when

the collets exit into atmospheric pressure (104).

Some oilseeds are normally prepressed in screw-presses to rupture the oil cells

and partially reduce the oil level. The cake from the screw-press is then cooled and

either crumbled and flaked or sent directly to a solvent extractor. The hot, tacky

press-cake can also be formed into porous collets by extrusion. Enough steam is

injected into the expander to raise the moisture 2–4 percentage points. This allows

the expander to transform the cake into porous collets. This must be done on stream,

before the cake has had a chance to cool and harden. Once cool and hard, protein

denatures, and the cake can no longer be transformed into a tacky, inflatable

condition.

Prepressed high-oil-containing oilseeds, containing 15–30% residual oil, extrude

similarly to flaked soybean (at 18% oil) and flaked cottonseed meats (at 30–33%

oil). The main variables that are changed during extrusion are the number and

size of dies. Most materials are extruded through 9.5 mm (0.375 in.) to 14.3 mm

(0.5625 in.) diameter dies. Although maximum extruder capacity is determined

by extruder diameter, operating capacity can be influenced by the number and dia-

meter of the dies.
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Land length (the thickness of the metal through which the die opening is cut) helps

determine the firmness of the collet (the longer the land, the firmer the collet). Total

die area and operating conditions also influence firmness. Collets should be firm

enough to survive transport from the expanding/extruder into the extractor. Some

breakage, however, is desired. Long, firm collets would allow solvent to flow too

fast, and the solvent might channel and not contact the edges of the bed of material.

Finely crumbled collets would inhibit solvent flow. Unlike flakes, where the particles

are never too large and are frequently too small, collets can be made larger and firmer,

or smaller and less firm, by changing the moisture/temperature conditions within the

extruder and by changing die configuration. The ideal collet size would be large

enough to allow adequate solvent flow, but not so large that solvent cannot spread

across the bed of collets. The collets are usually 6.3–12.7 mm (0.25–0.5 in.) diameter

and 12.7–50.8 mm (0.5–2 in.) long. Collet firmness and porosity is also influenced by

preparation (flaking or heat treatment) prior to extrusion.

Slotted-Wall Extrusion. Oilseeds containing more oil than cottonseed meats

(30–33%) cannot be efficiently processed through a closed-wall extruder because

the liberated oil pools within the extruder and results in oil slugging, which inter-

feres with steady-state operation. Also, the extruded collets cannot reabsorb all the

liberated oil. In such situations, extracted meal is sometimes blended with incoming

material to dilute the oil level. Although this corrects the problem, the recycling

ofmeal increases the solids passing through the extruder, the solvent extractor,

and the meal desolventizer. This increased load on the solids-handling equipment

may reduce the total overall daily throughput of the oil mill.

As an alternative answer to the problem. Anderson International (Cleveland,

Ohio) developed and patented a new slotted-wall extruder equipped with a drainage

cage and internal modifications that can accept high oil materials and produce

collets at 20–30% oil along with a separate stream of free oil (105) (Figure 6).

Figure 6. Slotted-wall expander (Courtesy of Anderson International Corp., Cleveland, Ohio).
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Preliminary field trials with canola were promising (106, 107). Subsequent work

with canola and other oilseeds showed that this new machine, the Hivex expander,

can process full-fat safflower (at 42% oil), sunflower (at 42– 44% oil), peanut

(at 45% oil), and some varieties of full-fat canola and rapeseed as well as cotton-

seed. Typical preparation prior to extrusion of safflower, sunflower, and peanut is to

crack to approximately 1.6 mm (0.0625 in.) particles, or flake: heat to approximately

60–71.1�C (140–160�F): and reduce moisture to approximately 8% without dena-

turing the protein. Canola and rapeseed, being small seeds and low in protein, need

to be flaked as thin as possible, 0.15 mm (0.006 in.) if practical. Canola flakes

thicker than 0.25–0.3 mm (0.010–0.012 in.) do not extrude very well. If seed

protein is denatured too much before extrusion, the canola collets will be loose

and crumbly.

Extruders can also be equipped with discharge cone chokes rather than die

plates. The cone is a mushroom-shape device that is moved toward a mating socket

mounted on the extruder’s discharge. A hydraulic cylinder, operated through a posi-

tioning lever, moves the cone in and out. Pressure generated by the extruder causes

the oilseed to bear against the cone. The hydraulic fluid trapped in the cylinder

(when the positioning lever is not in the close or open position) holds the cone in

a fixed position.

An alternative method is to control hydraulic pressure so it remains uniform at

any desired value and leave the positioning lever in closed position. The cone will

now find an equilibria position where the force exerted by the hydraulic cylinder

constantly readjusts itself (by maintaining a uniform hydraulic pressure) to balance

the force the extruder exerts against the cone. This allows the cone to float, or auto-

matically adjust to, and partially compensate for, pressure upsets in the extruder.

The controlled hydraulic pressure can be raised to overcome pressure exerted by

the extruder and move the cone to a more closed position. Conversely, the hydraulic

pressure can be lowered to allow the cone to retract to a more open position. It

should be noted that dies in a die plate cannot adjust themselves to respond to pres-

sure upsets.

Hydraulic cone chokes can be mounted on closed-wall or slotted-wall extruders.

Cake flowing across the cone to atmosphere ‘‘expands’’ with internal pores similar

to collets from dies. The sheets of cake dropping from the cone break up in transit

to the solvent extractor similar to the way collets break up.

Dry Extrusion. Another application for extruders is to prepare oilseeds

for subsequent screw-pressing. Nelson et al. processed coarsely ground soy-

bean through a high shear, closed-wall extruder without addition of injected

steam or water and converted the soybean into a hot, frothy meal of small par-

ticle size and almost fluidlike consistency (108). Fluidization was caused by

moisture boiling through the freshly liberated oil. Soybean entered the extruder

at 10–14% moisture and ambient temperature. High shear extrusion pulverized

the particles and ruptured the oil cells. This allowed the oil to spill out of the

cells. Frictional heat raised the meal temperature to 135�C (275�F) (108), causing

native moisture to flash from 10–14% down to 6–7% as the meal exited the

extruder.
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Extruders, both closed-wall and slotted-wall, can be fitted with adjustable jaw

chokes to replace the die plates (Figure 7) and can operate at low moisture to pro-

vide high shear rupturing of oil cells. Cracked or uncracked oilseeds, with or

without preheating, and at ambient moisture are converted to a foamy, frothy, semi-

fluid extrudate at 121–148.9�C (250–300�F) that flashes down to 5–7% moisture

as the oilseed enters the screw-press. Shear is generated by a rotating cone point at

the end of the shaft and two laterally positioned, nonrotating (but adjustable) jaws

through which the extrudate exits. Shear is influenced by the proximity of the cone

point to the jaws and by the opening between the jaws.

A 203 mm (8 in.) diameter extruder, powered by a 112-kW (150-hp) motor, can

process raw cracked soybean at up to 2722 kg/h (6000 lb/h). The product, having

low levels of urease and trypsin inhibitor, is marketable, without any further proces-

sing except cooling, as full-fat soymeal. However, the hot product, flashed down

to 5–7% moisture, having almost all the oil cells ruptured, is ready to pass imme-

diately to a screw-press. A conventional screw-press, with some modification to

wormshaft configuration and rotational speed, can process this material at a three-

fold increase in capacity using the same motor and pressing to the same residual oil.

This procedure has been used successfully on soybean and cottonseed. One

manufacturer, Anderson International Corp (Cleveland, Ohio), has applied this

procedure to copra, increasing traditional copra plant capacity 40% while still

maintaining residual oils at 7–8%. Recognizing the current trend favoring ‘‘organic’’

foods, (foods made from products that have never been exposed to chemical ferti-

lizers, pesticides, or solvents during growth and manufacture), Anderson is deve-

loping large capacity systems using extrusion followed by full-pressing. These

systems will permit a few machines to replace a large-size solvent extractor.

Figure 7. Adjustable-jaw expander (Courtesy of Anderson International Corp., Cleveland, Ohio).
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4. MECHANICAL EXPRESSION OF OIL

4.1. Batch Pressing

Around 1890, oilseeds were pressed in manually loaded batch presses. Workers

stacked layers of oilseed, separated by filter cloths and hollow pressing plates, into

the press and applied pressure through a manually operated jack screw or a hydrau-

lic cylinder. Oil flowed from the compressed material into the hollow plates and

then out through the side walls of the press. After the oil stopped flowing, workers

opened the press, placed the deoiled solids in a hopper, and recharged the press with

fresh material.

Manually operated presses, using jack screws to apply pressure, have been used

for hundreds of years. Hydraulic cylinders made the presses more efficient and

less labor intensive. The greater pressure generated by a hydraulic cylinder liberat-

ed more oil. In the early 1900s, hydraulic presses dominated the oilseed crushing

industry. However, even then they were considered labor intensive. Valerius

D. Anderson, as will be discussed in Section 4.2, had already developed a conti-

nuous screw-press, but it was 20–30 years before it swept through the animal fat

and oilseed crushing industries.

Today, continuous screw-presses dominate the mechanical extraction of fats.

The only applications still favoring hydraulic presses are those requiring gentle

handling, for example, pressing cocoa butter from cocoa beans where the defatted

residue is to be fine-ground to make cocoa powder. The development of continuous

screw-presses will be outlined in Section 4.2. The development and technology of

hydraulic presses was covered in detail in previous editions of this book (109). This

edition briefly summarizes the early development of hydraulic presses and then

focuses on modern, continuous cocoa butter hydraulic presses used today.

Batch presses can be divided into two main types: open type, where the oily

material is wrapped in press-cloths, and closed type that, omitting press-cloths,

confine the material in a metal chamber that holds the oilseed under pressure.

Open-type presses can be subdivided into plate presses and box presses. Closed-

type presses can also be subdivided into two varieties: cage presses that confine the

material in a cylindrical cage with slotted walls and pot presses that confine the

material in potlike chambers with perforated bottoms.

Open-Type Presses. In plate presses, the fresh material, after proper prepara-

tion, was wrapped in press-cloths and placed between the plates. The plates were

either corrugated or covered with hair mats to assist drainage and overcome cake

creepage. Box presses, in contrast, had special box-like enclosures for the oilseed

that simplified the wrapping of the oilseed.

Hydraulically operated open-type presses generally had a 40.6-cm (16-in) cylin-

der operating at 27,580–31,027 kPa (4000–4500 psi); hence, the pressure on the

oilseed was 11,376–12,755 kPa (1650–1850 psi). It is important on batch presses

to build up pressure gradually. A typical press cycle is 2 min to charge the press,

6 min to attain maximum pressure, 20 min to drain, and 2 min to remove the solids:

total time, 30 min.
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Closed-Type Presses. Cage presses enclose the oilseed within a strong perfora-

ted steel cage that can stand greater pressure than an open press. Cages were round

or square and were assembled of closely spaced steel bars or slotted steel plates

arranged within a heavy supporting frame. Oil flowed through channels that

increased in size from the interior of the cage outward. This minimized any ten-

dency to clog with solid particles. Oil was squeezed from the oilseed by moving

a close-fitting piston into the cage by means of a hydraulically operated ram.

The cage could be in a vertical position or a horizontal position. As the oil tended

to flow in the compressed cake longitudinally rather then radially, the cage could

not be packed solidly with the fresh material but had to be packed with layers of

seed separated by drainage plates and press-cloths.

A pot press is a special form of cage press used for extracting cocoa butter or

other fats that are solid at room temperature. In this press, the cage is replaced by a

series of short, steam-heated cylinder sections, or pots. The walls of the pots are

solid; drainage occurs through perforated plates and filter mats in one end of each

pot. Pot presses are arranged vertically or horizontally. The advantages of a pot

press are that the pots can be heated and the press can handle very soft, nonfibrous

material, such as fruit pulp, at high pressure without forcing large quantities of

solid material into the oil. Fred S. Carver designed a hydraulically operated batch

press in 1915 and later applied it to the pressing of cocoa beans. His company2

continually improved the cocoa butter press and, by 1983, had captured 75% of

the U.S. market and 50% of the world market. Their standard cocoa butter press

is a pot press made in many models, the most widely used being the model 5–34

(Figure 8).

In the pressing of cocoa beans, cocoa bean cotyledons, containing about 54%

fat, are heated and ground into a slurry of melted cocoa butter and finely ground

solids. The pots are aligned in the press to accept feed, and the slurry is pumped

into the pots from a feed manifold. The butter flows out of each pot through fine-

mesh, metal grids that retain the solids. As the pots fill with solids, more pressure

is required to pump the slurry. When the pressure reaches a preselected value

(1000–2000 kPa, or several hundred psi), the press stops the flow of fresh slurry

and applies pressure from a hydraulic ram to compress the pots against the trapped

solids. This squeezes out as much fat as possible. The residual fat level can be as

low as 8%. Hydraulic pressures up to 41,370 kPa (6000 psi) are used. When butter

stops flowing, the cylinder retracts and the pressed cakes are thrown into a hopper.

The press is then closed and the cycle repeated.

Carver’s model 5–34 is a vertically arranged, semiautomatic press containing

5 pots of 45.7 cm (18 in.) diameter. Carver’s later models were horizontal and

automatically ejected the press-cakes. The entire cycle of charging, pumping, press-

ing, ejecting cake, and recharging could then be automatically controlled. Carver’s

largest press is their model 12–22, having 12 pots of 55.9 cm (22 in.) diameter.

2Fred S. Carver Inc., Wabash, Indiana Carver no longer manufactures or reconditions cocoa butter presses

but does service existing presses and provides repair parts. Carver still offers, however, hydraulic presses

for food products, chemicals, plastic, and environmental applications.
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Another supplier of cocoa butter presses is BV Machinefabriek PM Duyvis

(Kong aan de Zaan, Holland). P. M. Duyvis and D. W. Stork founded the company

in 1885 as a small workshop to repair vertical cocoa butter presses made by other

manufacturers. In 1967, they began adding innovative modifications to the presses

they were repairing, and in 1976, they built their own proprietary design cocoa

butter press. Today, Duyvis offers a line of cocoa butter presses with 6–14 pots of

425 mm (16.7 in.) diameter. A 580-mm (22.8-in.) hydraulic ram, operating at up

to 55,000-kPa (7977-psi) hydraulic pressure, exerts the compression. Their newest

and largest press has 450-mm (17.7-in.) pots and a 600-mm (23.6-in.) ram. This

permits 25% more capacity.

To press cocoa beans in a Duyvis press, the cocoa bean cotyledons are first pul-

verized into a fluid-like slurry. The slurry is then heated in an agitated conditioning

Figure 8. Carver Model 5-34 cocoa butter press (Courtesy of Fred S. Carver Co., Wabash,

Indiana).
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tank to the desired temperature. A typical temperature is 100�C (212�F), but the

optimum temperature can vary from plant to plant. Slurry viscosity is influenced

by temperature, and viscosity is usually brought to a desired uniform value before

the slurry is pumped into the press. The slurry then flows into all the pots, and

clarified cocoa butter flows out of the pots through fine-mesh grids.

When pumping pressure reaches the maximum value of 2000 kPa (290 psi),

pumping stops. A hydraulic ram then exerts pressure against the pots, causing them

to move closer to each other, thereby compressing the solids trapped within each

pot. When the hydraulic pressure reaches 20,000–25,000 kPa (3000–3700 psi)—

which, because of the rams large diameter, equates to almost twice that pressure

on the cakes—the residual fat drops to 22–24%. This takes about 6 min from the

start of the pumping cycle. Adding nine more minutes, and increasing the hydraulic

pressure to 50,000–55,000 kPa (7400–8100 psi), lowers the residual fat to 10–12%.

Holding that pressure for ten additional minutes reduces the fat to 8–10%. Final

residual, however, depends on the preparation of the cocoa liquor.

Longer press time reduces the cycles per hour, so there is a corresponding de-

crease in capacity as residual fat is decreased. Starting with 2100 kg/h (4628 lb/h)

at 22–24% fat (6-min cycle time), capacity is reduced to 585 kg/h (1289 lb/h) at

8–10% fat (25-min cycle time). The press is then opened, the cakes pushed out

into a cake conveyor, and the press closed to start a new cycle. The press cycle

can be controlled manually by plant personnel or it can be automatically controlled

through a microprocessor. The Duyvis press can process slurries of other oilseeds,

peanut, for example, but the major application for this type of press is cocoa butter.

4.2. Continuous Screw-Pressing

A screw-press is a mechanical device that accepts a continuous stream of fat-

bearing material, compresses it under very high pressure to squeeze out the fat, and

then discharges a continuous stream of squeezed solids. Considerable effort was

made in the late 1800s to develop a continuous press that would work. The batch-

operated hydraulic presses of that era were already considered too labor intensive.

Valerius D. Anderson (Anderson International Corp., Cleveland, Ohio) deve-

loped a workable continuous screw-press in 1900. He started working with conti-

nuous press designs in 1876 and tested a series of screw conveyor-like devices that

had perforated walls and a flapper-type choke at the discharge end. However, every

time he closed the choke, product would simply spin with the shaft. His break-

through discovery (the principle by which today’s continuous screw-presses work)

was to provide interruptions in the flighting. His first successful press, patented

in 1900 (110), used standard conveyor flighting cut into segments and mounted on

a central shaft so as to have some unflighted space between the segments. The shaft

was placed inside a cylindrical housing with holes drilled throughout to allow fat a

means of escape. A spring-loaded conical choke created back pressure against the

material. The material still tended to spin with the flighting, but spinning would

stop in the areas where there was no flighting (Figure 9). This would allow the shaft

to generate enough pressure to push the material against the choking device.

MECHANICAL EXPRESSION OF OIL 131



Figure 9. First working oilseed screw-press (Courtesy of Anderson International Corp., Cleveland, Ohio).
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Several years later, Anderson discovered that flat lugs protruding from the barrel

wall and intermeshing with the flighting were more effective in preventing material

from spinning. The screw-press now generated such high pressure that the housing

ruptured. In 1902, Anderson redesigned the screw-press to withstand this pressure.

The barrel housing was assembled of heavy steel bars arranged within a cylindrical

supporting frame, having thin spacers inserted between the bars to provide longitu-

dinal slots for fat to escape.

The cylindrical barrel was constructed in two longitudinal halves clamped

together with heavy clamping bolts to contain the pressure. Inserted between the

barrel halves were two lug bars called ‘‘knife bars,’’ 180� apart, running the entire

length of the barrel. Both bars had lugs protruding through the channel and inter-

meshing with the individual worm flights. The shaft was now made of individual

heavy-duty worm segments of narrow channel depth. Figure 10 shows a dis-

assembled view of Anderson’s 1907 screw-press. This basic principle of interrupted

flight design has never been changed. All high-pressure screw-presses have the

same interrupted flight design with knife bars and the same basic barrel design of

barrel bars and spacers within a heavy supporting frame.

In the early 1900s, this new continuous screw-press, being immensely less labor

intensive than hydraulic presses, revolutionized the crushing industry. It found

ready acceptance in the pressing of animal residues as well as oilseed materials.

In 1900, Anderson registered the trade name Expeller (111) for the screw-press.

The name is still registered to Anderson.

Anderson then developed a second screw-press, this one designed to generate

lower pressure and to operate at higher capacity. It was used to prepress oilseeds

and animal scraps and to dewater steeped corn germ and other wet materials.

The high-pressure press (The No. 1 Press) had a 15.2-cm (6-in.) diameter barrel,

Figure 10. Disassembled view of 1907 screw-press (Courtesy of Anderson International Corp.,

Cleveland, Ohio).
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83.8 cm (33 in.) long. The first low-pressure press (No. 2 Press) had a 20.3-cm

(8-in.) diameter barrel, 83.8 cm (33 in.) long. It failed to perform properly, so

Anderson replaced it in 1907 with the No. 3 Press, having a 30.5-cm (12-in.) dia-

meter barrel, 111.7 cm (44 in.) long.

Around 1910, Anderson licensed Krupp (Hamburg, Germany) to manufacture

these screw-presses. Krupp concentrated primarily on the No. 3 Press for prepres-

sing ahead of hydraulic presses. In the United States, Anderson continued improv-

ing both the low-pressure and the high-pressure presses. By 1934, when the original

patents expired. Anderson was marketing the No. 4 Press for prepress applications

and the RB (for roller bearing) Expeller for fullpress applications.

Around 1934, French Oil Mill Machinery Co. (Piqua, Ohio) came out with its

screw-press. About the same time, Krupp developed its own screw-press. Today,

Anderson International Corp. (Cleveland, Ohio) and French Oil Mill Machinery

Co. (Piqua, Ohio) are the leading manufacturers of continuous screw-presses

in the United States, and Krupp Hamburg, Germany (Figure 11) and De Smet

Rosedown of England (North Humberger, United Kingdom) are the leading

European manufacturers.

Full-pressing. The most widely used Anderson screw-press for full-pressing is

the Super Duo (Figure 12). This press has two shafts, one that prepresses, followed

by one that presses out the rest of the fat. The first shaft is positioned vertically

above the main (horizontal) shaft and force feeds it. The vertical shaft is often

equipped with a drainage cage. It normally turns faster than the horizontal shaft

and turns with opposite rotation compared with the horizontal. This helps the oil-

seed make the transition from the vertical barrel into the horizontal barrel.

Screw-presses by other manufacturers employ different means to facilitate feed-

ing the high-pressure chamber of the press. Some use two-speed shafts, employing

a quill worm driven by separate gearing that allows the feed worm on the inlet end

of the shaft to revolve faster than the rest of the worms. Others use larger diameter

barrels with a deeper channel (clearance between the barrel and the hub of the

shaft) at the feed end. Sometimes star wheels are used to trap the incoming mater-

ial within the barrel so it cannot back up into the feed hopper. A star wheel is a

Figure 11. Interior view of Krupp screw-press (Courtesy of Krupp Maschinentechnik., Hamburg,

Germany).
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revolving disc, notched to intersect the first flight. It revolves in synchronization

with the flight to block off the channel at the point where the material is most likely

to backflow.

Anderson screw-presses are cooled by flowing a stream of oil over the drainage

cages (112, 113). Process oil is cooled in a water-cooled heat exchanger to usually

48.9�C (120�F) and then caused to flow over all the exposed drainage bars at

approximately 132–189 L/min (35–50 gpm) per screw-press. This immediately

dilutes the hot freshly pressed oil with a much larger volume of cool oil. The flow

of cooled oil flushes the surface of the barrels to rinse away any solids that might

have passed out with the fresh hot oil. The cooled oil absorbs heat from the screw-

press, keeping the barrel temperature within control. The flow of cooled oil also

blankets the drainage surfaces with a fast moving layer of oil. This prevents the

fresh hot oil from lingering on the barrel and becoming exposed to the oxidizing

effects of air. An alternate method is to water cool the barrel housings themselves.

The wormshaft can also be water cooled. The central shaft holding the worms is

bored and a tube is inserted. Water passes through a rotary seal, then flows through

the bore in the shaft toward the feed end, and then out through the inserted tube, and

finally exits through a second port in the rotary seal. The water draws heat from the

hottest part of the shaft and distributes some heat to the cooler part (by the inlet).

Figure 12. Twin-motor Super Duo Expeller 55 with conditioner (Courtesy of Anderson

International Corp., Cleveland, Ohio).
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The flow of water is adjusted to hold a desirable discharge temperature, usually

71�C (160�F). Sometimes the water flow is reversed, and sometimes the central

tube is cut shorter so as not to transfer heat toward the feed inlet.

As discussed above, oilseed screw-presses fall into two categories: full-presses

and prepresses. A full-press is designed to generate sufficient pressure—estimated

at 96.500 kPa (14,000 lb/in.2) to remove as much oil as possible. For most oilseeds,

the oil level can be reduced to between 3% and 5% remaining in the solids dis-

charged. Animal residues can be reduced to 7–10% oil content. To accomplish

this, wormshafts are designed to mechanically compact the material as it travels

from worm to worm and to steadily increase pressure. Reducing channel depth

(open space between shaft surface and inside diameter of the barrel) or decreasing

pitch of successive worm flights or reducing the barrel diameter are the mechanical

means for designing positive compaction into a wormshaft.

Some materials are more resistant to flow than others. Hull content in oilseeds,

for example, increases the friction. Such materials do not slide easily through the

channel in a screw-press. Those materials can be pressed with shafts having uni-

form channel depth and uniform pitch. Drag against barrel and shaft, augmented

by choking at the discharge end, generates sufficient pressure for adequate pressing.

Animal materials containing ground bone, or oilseeds with high fiber levels can be

pressed with shafts of uniform channel depth and uniform pitch. Sometimes, one or

more worms are replaced with unflighted segments. Drag then generates more pres-

sure against the preceding worms than a flighted segment would.

Softer materials have considerably lower friction. A uniform-channel-depth,

uniform-pitch wormshaft would generate very little pressure. This is where decreas-

ing channel and decreasing pitch came into play. Another mechanical device to

increase pressure is a ‘‘cone,’’ or a funnel-shaped segment, inserted between the

wormshaft segments. Channel depth decreases as the oilseed flows across the cone’s

end. The channel depth can be very thin at the cone’s discharge end, 3.17 mm

(0.125 in) in some cases. Cones are obstacles for the preceding worms to overcome.

The preceding worms have to generate higher pressure (and mastication) and, there-

fore, grind out more oil. The oil, however, does not escape from the barrel in the

area where the cone is located. One seldom sees oil escaping through the drainage

cage surrounding the cone. Instead, oil liberation is increased across the worms

pushing the material over the cone segments.

An ‘‘ideal’’ wormshaft would draw in the feed material, trap it within the barrel

so it cannot backflow, and then compress it. First-step compression (as air is trapped

within the feed material) would force out air and bring the material into a densely

compacted mass. Thereafter, mechanical compression should steadily increase

compaction of the material while also compensating for loss of volume as oil

escapes through the barrel walls (114). This is more difficult than it sounds because

different oil- and fat- bearing materials have different coefficients of friction. Even

the same material, with different preparation, can have varying coefficients of

friction.

Most oilseeds and animal residues have a sufficient history of being pressed in con-

tinuous screw-presses. Therefore, all screw-press manufacturers have field-proven
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and optimized wormshaft configurations. No universal do-it-all configuration serves

all applications. Screw-press manufacturers offer a variety of shaft configurations,

each suitable for several materials of similar composition. Some materials require

different shaft rotational speeds than others. Figure 13 shows a sectional view of a

screw-press with shafts in place. Figure 14 shows several different wormshafts

offered by one manufacturer.

The drainage barrel is assembled using rectangular bars fitted into a supporting

frame (Figure 15). The individual bars are separated by spacing clips. Spacing clips

are made in several thicknesses and allow for differing gaps between the drainage

bars. Full-presses, because of the high pressure applied, generally use narrow

spacers, 0.13–0.76 mm (0.005–0.030 in.). Prepresses, generating lower pressure at

higher capacity and liberating a greater volume of oil (or water) generally use thick

spacers, 0.5–1.5 mm (0.020–0.060 in.).

Despite the massive construction of screw-presses, the barrels are made of many

small pieces, and these pieces must fit together properly through precision machin-

ing. The oil must flow out easily (requiring gaps as wide as possible), yet solids

should not ooze out with the oil (requiring gaps as narrow as possible). This

Figure 13. Sectional view of twin-motor Super Duo Expeller 55 with conditioner (Courtesy of

Anderson International Corp., Cleveland, Ohio).
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Figure 14. Examples of three different worm arrangements of the Anderson main wormshaft

(Courtesy of Anderson International Corp., Cleveland, Ohio).

Figure 15. Assembly of barrel bars with spacers in a barrel frame (Courtesy of Anderson

International Corp., Cleveland, Ohio).
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demands a compromise. Under ideal conditions, 2% of the solids escapes with the

oil. Under poor conditions, 10% or more escapes. As barrels wear, the gaps enlarge

and more solids escape. Also, if oilseed preparation is incorrect, especially if mois-

ture level is too high, more solids escape.

If the gaps enlarge, or if high moisture allows too much solids to escape through

the bars, the pressure within the screw-press will drop to inadequate levels, because

an excessive loss of solids reduces the volume under compaction. If the loss of

solids is caused by wear, the screw-press performance will show several symptoms.

Residual oil in the press-cake will increase as a result of loss of compaction. Solids

in the oil will also increase. The press will begin to reject feed because the worn

barrel and worn worms no longer ‘‘grab’’ the material, and capacity will fall off.

Eventually the barrels must be reconditioned. Also, worn worm segments on the

shaft must be replaced or resurfaced.

Reconditioning (relining) barrels is a delicate job. It must be done correctly to

ensure the longest possible time between overhauls. As the revolving worms cause

the material to slide over the barrel bars, it is critical that the material passes from

the top of one bar directly to the top of the next bar. If any bar is cocked so that the

sliding material encounters a protruding edge, that edge will scalp off a layer of

solids that will pass between the barrel bars and escape with the oil, similar to the

way a carpenter’s plane shaves off a thin layer of wood. The solids are much

more abrasive than oil and fat, so those protruding bars will round off and wear

faster than properly positioned bars.

Some manufacturers machine bevels along one longitudinal edge of each barrel

bar. This bevel provides a flat surface that allows the bars to rock into correct align-

ment during relining. Bars without bevels (with rectangular cross sections) bear

against the spacers only at the extreme inner edge of the bars. Bars with bevels

are more likely to align into correct position than bars without bevels. The angle

of the bevel depends on the diameter of the barrel and the thickness of the bar.

Some barrel bars, after normal wear on one side, can be turned over and reused.

These bars would have two beveled edges.

The liquid fat or oil coming from the press contains 2% to as much as 15%

fat-free solids, which is usually separated out in a two-step procedure. First, the

bulky solids are separated in a settling chamber equipped with a drag that collects

the solids, passes them over a drainage screen, and then drops them into the con-

veyor taking fresh material to the screw-presses. The second step is to clarify the

liquid in a manual or automatic plate-and-frame filter press.

The filtered solids from the filter press (filter press-cake) are dropped into a

hopper equipped with a variable-speed screw that meters the filter cake into the

fresh material. The feed to the screw-press, therefore, is a blend of fresh material,

drained solids, and filter press-cake. The ratios of the blend ingredients should

be kept constant. This will maintain the screw-press in steady-state operation. If

all of the filter cake is recycled at once, for example, followed by several hours

of no filter cake, the screw-press performance will change as feed composition

changes. Figure 16 shows a typical screw-press operation with all of the above

equipment in place.
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Figure 16. Press room flow diagram (Courtesy of Anderson International Corp., Cleveland, Ohio).
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Prepressing. Some fat-containing materials are prepressed prior to hydraulic pres-

ses, as described earlier, and some are prepressed prior to secondary screw-presses.

From the very begining of screw-pressing, there were both high-pressure full-presses

and low-pressure, higher capacity prepresses. In addition, there was also a separate

line of prepresses made of nonrusting contact parts for dewatering steeped corn germ

and the wet hulls from steeped corn. However, the major thrust of screw-pressing for

oilseeds as well as rendering has been full-pressing. Figure 17 shows a modern pre-

press.

In the 1920s, solvent extraction plants were set up in Europe, then a decade later,

in the United States. Oilseeds easily flaked, such as soybean, were direct extracted.

Oilseeds not so easily flaked continued to be full-pressed, but in 1951. Dunning

developed a process involving prepressing followed by solvent extraction (15).

For this process, Dunning modified full-presses to run at faster shaft speeds, accept

greater capacity, and generate less pressure so as to produce a prepressed cake in

which the fat content equaled approximately one-fourth the protein content (115).

The cake was then granulated, conditioned, and flaked. The preparation prior to

screw-pressing, combined with conditioning of the partially deoiled cake, formed

strong flakes that handled very well in a solvent extractor and resulted in very effi-

cient extraction of oil from high oil-containing oilseeds.

As oilseed crushing plants increased their tonnage, full-pressing became more

and more cumbersome. A new high-capacity plant requiring 20 full-presses would

be better served by a single solvent extractor. Unlike soybean, most oilseeds cannot

be direct solvent extracted. This new procedure (of prepressing) allowed high-

capacity plants to use only a few screw-presses and still take advantage of solvent

extraction. Solvent extraction is attractive for high-capacity plants: from several

hundred tons per day up to two or three thousand tons per day. Full-press plants

Figure 17. Anderson Mega 11-66 prepress (Courtesy of Anderson International Corp.,

Cleveland, Ohio).
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are more attractive for low-capacity plants: less than 200 tons per day and, of

course, for firms that do not want to work with flammable solvents.

5. SOLVENT EXTRACTION

5.1. Application

Although extraction with solvents is an effective method for the recovery of

oil (or fat) from any material, it is most advantageous with materials low in

oil. The minimum oil content to which oilseed press-cake can be reduced by

mechanical expression is approximately the same for all oilseeds, about 2–3%.

Consequently, the oil unrecoverable by mechanical expression, in terms of

percentage of the total oil, increases progressively as the oil content of the

material decreases.

Of all the common oilseeds, soybeans are solvent extracted most easily and, for

some time, have preferentially been solvent extracted in the United States. In the

crop year 1957–1958, for example, 93.2% of the soybean crop was solvent ex-

tracted (116). Cottonseed flakes disintegrate more readily than soybean flakes

and are more troublesome to extract because of fines. Peanuts, flaxseed, and other

high oil-containing seeds, because of their high oil content, disintegrate badly dur-

ing solvent extraction. As a result of this, they are either prepressed in screw-presses

or processed through slotted-wall extruders to remove a portion of the oil before

being solvent extracted. Closed-wall extruders are used to form porous collets

directly from flaked oilseeds of moderate oil content or from oilseeds of high oil

content that have been prepressed. Slotted-wall extruders can be used to form por-

ous collets directly from oilseeds of high oil content. Extrusion is extensively des-

cribed in Section 3.4.

Solvent extraction is also used to extract fat from dry-rendered animal scraps and

from garbage in garbage recycling plants. Solvent extraction may be used to obtain

a low-fat meal in which proteins are not heat denatured. Thus, for example, cocoa is

solvent extracted to produce a residue that may serve as a source of theobromine.

Solvent-extracted meal is preferred for the manufacture of protein adhesives, fibers,

or plastics, as there is much less heat denaturation of the protein in this meal than in

that obtained by cooking and mechanical pressing. However, materials needing heat

treatment are given special treatment. Soybean, for example, is ‘‘toasted’’ during

desolventization.

The low temperature in solvent extraction of oilseeds should produce a better

oil than oil from the high-temperature environment of screw-pressing. Solvent,

however, extracts some nontriglycerides that are not pressed out by screw-pressing,

so screw-press oil is generally of better quality than solvent-extracted oil.

Although some animal fats are solvent extracted, most renderers full-press in

screw-presses. Solvent extraction of oilseeds, on the other hand, is widely practiced.

The section below is based primarily on research conducted with oilseeds. Some of

it, however, would also apply to extraction of animal fats.
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5.2. Principles and Theory

Methods of Achieving Contact with Solvent. Laboratory extraction in an ordinary

Butt extraction tube is an example of solvent extraction in its simplest form. In

this extraction procedure, the pure solvent is delivered continuously to the top of

the mass of material to be extracted and is percolated through the mass by gravity

until the removal of oil (or fat) is complete. Although this method is effective in

the laboratory, it is highly inefficient. Complete extraction can be accomplished

only by using a large volume of solvent compared with the volume of oil extracted,

and the solvent must eventually be recovered from the oil. Even in the most efficient

extraction plants, charges for steam and water for solvent recovery make up a sub-

stantial part of the operating cost (117). If the solvent–oil ratio is high, such charges

may easily become prohibitive. A prime object in solvent extraction practice is,

therefore, to reduce the solvent content of the final miscella or oil–solvent mixture

to the lowest possible figure.

Efficiency can be improved by contacting the material with successive washes

of previously used solvent. Each wash is recirculated through the material being

extracted until equilibrium or near equilibrium is established between the oil con-

tent of the solid material and that of the solvent; that is, until all the solvent, both

the solvent absorbed by the solids and the solvent in the free miscella, contain the

same amount of dissolved oil. When this condition is attained, the free miscella is

drained off and another wash of previously used solvent is recirculated through the

material.

An extraction system set up to take advantage of solvent reuse is designated as

countercurrent extraction. A battery of batch extractors is provided and the solvent

is used to treat the contents of each extractor in succession. Each time a batch of

miscella is drained from an extractor, it is sent to another extractor containing

material previously extracted with a richer miscella.

Viewing the procedure from the aspect of solid material in a single-batch

vessel, the solid material is subjected to multiple washes of leaner and leaner

miscella and is finally extracted with fresh solvent. The solvent, on the other

hand, is brought into contact with material of progressively increasing fat content

until the solvent finally encounters fresh solid material. From there, the solvent

leaves as full miscella. In this way, miscella is brought out of the system at a

high oil content.

Although batch countercurrent extraction may theoretically approach the effi-

ciency of continuous countercurrent extraction, charging separate batch vessels is

cumbersome. Therefore, solvent extraction in high-capacity plants is carried out

in continuous vessels that receive a continuous flow of solids in one end and a

continuous flow of solvent in the other end. Such systems achieve the highest

economy of steam, power, labor, and materials. Their adaptability is limited

only by the mechanical difficulties involved in moving the solid mass and the

liquid miscella in opposite directions, allowing free intermixing and providing

for adequate separation of all the free-drained liquid from the solids before solids

discharge.
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If it is assumed in batch extraction that a constant volume of miscella is retained

by the material after each drainage period, and if this volume is known, one may

calculate the number of extractions required to reduce the oil content of the

material to any given level (118–120). Actually, however, the retention of mis-

cella is not constant but varies for different solvent–oil ratios. Solvent–oil ratio

affects viscosity and surface tension of the miscella, which, in turn, affect drai-

nage. This variation in miscella retention renders calculations highly involved,

but Ravenscroft (121) has introduced a graphical method for estimating the

number of extractions required for a given recovery of oil that is applicable in

the case of variable oil retention. Ravenscroft assumes that miscella is retained

only on the surface of the solid particles and refers to this retention as entrain-

ment. His assumptions are also valid for miscella absorbed within the particles

if there is equilibrium between the miscella within the particles and without.

In continuous countercurrent extraction, differences in oil concentration in the

miscella within and without the solid mass cannot be ignored, because here equi-

librium conditions do not exist. Equations for extraction under conditions of

nonequilibrium have been developed by Ruth (122) and Grosberg (123). More

recently, Abraham et al. developed a computer model for the extraction of cotton-

seed flakes with hexane, isopropanol, and ethanol (124). The model uses labo-

ratory benchtop data to determine the number of extraction stages and the

solvent-to-flake ratio needed to obtain 1% residual oil in extracted meal using

the three different solvents.

Extraction Rates. The design of large-scale solvent extraction vessels must

accommodate the rate at which equilibrium is attained between the free miscella

flowing past the solid particles and the miscella absorbed within the solids. Attain-

ment of equilibrium may be quite slow, particularly as the oil content of the solid

material drops to low levels. Investigations show that the rate at which equilibrium

is approached (in effect, the extraction rate) is influenced by many factors, includ-

ing the intrinsic capacity for diffusion of solvent and oil, which is determined pri-

marily by the viscosities of the two; the size, the shape, and the internal structure of

the solid particles; and, at low oil levels in the solids, the rate at which the solvent

dissolves nontriglyceride substances that are soluble but dissolve less readily than

the triglycerides.

In a homogeneous oil–impregnated material consisting of thin platelets of uni-

form thickness whose total surface area is substantially that of the two faces, the

theoretical extraction rate, based on simple diffusion, has been given by Boucher

et al. (125) as follows:

E ¼ 8

2

Xn¼1
n¼0

1

ð2nþ 1Þ2
exp�ð2nþ 1Þ2 p

2

� �2 Dy
R2

� �
; ð1Þ

where E is the fraction of the total oil unextracted at the end of time y (in

hours), R is one-half the plate thickness (in feet), and D is the diffusion coefficient

(in. ft2/h).
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Except at low values of y, the preceding equation takes the approximate

form (126):

E ¼ 8

p2
exp� p2Dy

4R2
ð2Þ

or

log10E ¼ �0:091� 1:07
Dy
R2

: ð3Þ

Hence, at the lower values of E, a plot of log E against y gives a straight line with

a slope dependent on the diffusion coefficient and the plate thickness. It is to be

emphasized that the equation is valid only when all plates have the same thickness.

Average plate thickness cannot be used for a material of nonuniform thickness.

Working with porous clay plates impregnated with phosphatide-free soybean

oil and with tetrachloroethylene as a solvent. Boucher et al. (125) found that

experimentally determined extraction rates checked closely with theory. A typical

theoretical extraction curve is shown (curve A) in Figure 18. A lack of correspon-

dence between extraction rates and Reynolds number of the flowing solvent, over a

Figure 18. Solvent extraction curves: A, theoretical curve for homogenous oil-impregnated

platelets of uniform thickness (125); B, peanut slices, 0.66 mm thick, 14% moisture content,

extracted at 25 �C (77 �F) with hexane (126); C, cottonseed flakes, 0.43 mm thick, 11.6% moisture

content, extracted at 65.6 �C (150.08 �F) with hexane (127).
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wide range of the latter, suggested that liquid-film resistance against transfer of oil

to the solvent was inconsequential as compared with resistance against diffusion

within the plates. The diffusion coefficient was simply a function of the product

of the viscosities of solvent and oil. Under the particular conditions of the tests,

it could be represented by the formula

D ¼ 12:96� 10�6ðmomsÞ�0:46; ð4Þ

where mo and ms refer to the viscosities, in centipoises, of oil and solvent, respec-

tively. The numerical values in the formula are related to the structure of the plates

and, therefore, can be considered specific only for the lot of plates used in the tests.

Tests involving extraction with solvent–oil mixtures as well as pure solvents show

that the diffusion coefficient is independent of the composition of the solvent

show that the diffusion coefficient is independent of the composition of the solvent,

in terms of relative proportions of solvent and oil. It can, of course, be expected to

increase with an increase in temperature or with the use of a less viscous solvent

than tetrachloroethylene.

The experiments of Fan et al. (126) with peanuts carefully sliced with a micro-

tome show that the relationships developed by Boucher et al. (125) are also

applicable to at least one oilseed, provided that structural considerations are not

complicated by crushing the seed to form flakes. A typical extraction curve is

shown (curve B) in Figure 18. As required by diffusion theory, there is a linear

relationship between the logarithm of the residual oil content and the extraction

time after a short period has elapsed. During this period, however, much of the

oil is extracted very rapidly.

Fan et al. (126) carried out a mathematical analysis showing that this devia-

tion from theory with respect to rapidly extractable oil was caused by the opening

of some oil-bearing cells in slicing the oilseeds, plus the occurrence of void

spaces in the seeds after drying. Thus, Fan et al. agrees with Osburn and Katz

(128) that the major obstacle to extraction is probably diffusion through the

cell walls and that the initial rapid extraction is to be attributed to cell destruction.

The proportion of easily extractable oil was found to decrease rapidly with in-

crease in the slice thickness. In curve B of Figure 18, which represents the extrac-

tion of peanut slices 0.66 mm (0.026 in.) thick, the extraction curve became linear

after about 76% of the oil was extracted. In other experiments with flakes of

similar moisture content, there was linearity with 0.81 mm (0.032 in.) flakes after

about 51% of the oil was extracted, and linearity with 1.02 mm (0.040 in.) flakes

after about 30% was extracted. With flakes of constant thickness, there was a pro-

gressive decrease in the content of rapidly extractable oil with increase in the

moisture content.

Fan et al. (126) found that the diffusion coefficient decreased considerably with

increase in the moisture content. In the range of 10–22% moisture, it was about

0.4cm2/s per 1% moisture. With commercial hexane (Skellysolve B) at 24–26�C
(75.2–78.8�F) and peanut slices with 13% moisture, the calculated diffusion coeffi-

cients averaged about 7� 10�9 cm2=s.
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In the extraction of oilseed flakes formed commercially by rolling, there appear

to be factors that still further complicate the extraction rate. Extraction curves not

only reveal a very large fraction of easily extractable oil, but tend to be continuously

concave upward from the time axis as is shown by curve C of Figure 18, constructed

from the laboratory data of Wingard and Shand (127). In practice, extraction in the

range of about 0.5–5.0% residual oil (on the basis of the dry, solvent-free meal) is

so slow that it actually controls the overall extraction rate and extractor design (32).

On a semilog plot, the concavity of the extraction curve is so great in this region

that a nearer approximation to a straight line is obtained with a log-log plot as in

Figure 19 (127).

Several explanations can be offered for the large deviation of curve C (Figure 18)

from the form of curve A or curve B. King et al. (129) and Osburn and Katz (128)

point out that structural heterogeneity (leading to the simultaneous operation of

two different diffusion processes with different diffusion coefficients) could account

for the shape of the curves. Analysis of soybean flake extraction curves by Osburn

and Katz showed that, at 26.7�C (80�F), 70–90% of the oil was extracted with tri-

chloroethylene at a diffusion coefficient of 0:37� 10�6 m2=h ð4� 10�6 ft2=hÞ,
whereas the remaining 10–30% was extracted at a lower diffusion coefficient

of 0:46� 10�7 m2=h ð5� 10�7 ft2=hÞ. Their work also showed that most of the

readily available oil was derived from cells ruptured by rolling, whereas the difficult-

to-extract oil came from undamaged cells. It seems unlikely, however, that such

extensive cell destruction could occur. If cell destruction is not a sufficient reason,

perhaps nonuniform flake thickness, or another random factor, is involved.

After extensive experimentation on the extraction of oilseed flakes, Karnofsky

and Coats (32, 130–132) proposed that a slow final extraction rate is at least partly

caused by decreased solubility of the last traces of oil. It is well known that

Figure 19. Representative curves for solvent extraction of A, soybean flakes; B, flaxseed flakes;

C, cottonseed flakes (127).
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oilseeds subjected to repeated extraction with a solvent yield fractions of oil, toward

the end of the process, that are much higher in phosphatides and other nontriglyce-

ride materials than the first fractions (32, 133). These materials are obviously less

soluble.

The difficulty of extracting the last portions of oil from oilseeds may be related

to the chemical composition of the oil. This was suggested previously by Goss

(134). Karnofsky’s proposal is supported by the observation (130) that the last

portions of oil are removed much more readily if the oilseeds are first given a

soaking period, even in relatively strong miscella. It is further supported by the

finding that no difficulty is encountered in recovering the last portions of oil

from oilseeds reconstituted from extracted oil and oil-free solids. Karnofsky used

his undissolved oil concept along with bench-top data to develop a method of cal-

culating the retention time required for the counter-current extraction of oilseeds

(131, 132).

Accepting that the last traces of oil are more difficult to dissolve does not nullify

the basic conclusions to be derived from the preceding theories based on simple

diffusion with free miscibility of solvent and oil. If free miscibility does not exist

in the latter stages of extraction, this means simply that the effective concentration

of solute is not the concentration of oil in the solid seed material but a lower

concentration that is limited by the solubility of the oil in the solvent. The rate

of diffusion will be less than observed in the earlier stages, not because the diffu-

sion coefficient has decreased, but because the oil content of the solid material is

no longer a proper measure of its instantaneous content of diffusible material.

The diffusion or extraction rate will, for example, still be inversely proportional

to the square of the flake thickness.

It may be noted that with simple diffusion, an increase in extraction tempera-

ture can be expected to increase extraction rate because it lowers the viscosities

of solvent and oil. However, with incomplete solubility of the oil, an additional

effect may come into play, that of increasing solubility as well as decreasing visco-

sity. This may account for some observations by Karnofsky (32). In one case,

increasing the temperature from 37.8�C to 88.9�C (100�F to 192�F) reduced, by

80%, the time required to lower the oil content of cottonseed flakes to 3% using

heptane. This is greater than would be predicted from a simple decrease in visco-

sity, according to the data of Boucher et al. (125). According to Wingard and

Phillips (135), the time required to reduce oilseeds to 1% residual oil content varies

with a power of the temperature that (with cottonseed, soybean, and flaxseed

flakes using hexane as a solvent) ranges from �1.9 to �2.4. Hence, a log time–log

temperature plot yields a straight line.

It is evident in commercial practice, and has been confirmed by closely con-

trolled laboratory experiments, that different oilseeds differ markedly in the rate

at which flakes of a given thickness can be extracted to low residual oil content.

The relation of oilseed particle size to extraction rate has been clarified by a labora-

tory investigation reported by Coats and Wingard (136). They found that hexane

extraction of flaked or cracked soybean, cottonseed, flaxseed, and peanuts con-

formed to the mathematical formula T ¼ KDn, where T is the time required to
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reduce the material to a residual oil content of 1.0% (on a dry, solvent-free basis), D

is the flake thickness or grit diameter, and K and n are constants. Consequently, a T/

D plot on a log-log scale yields a straight line, with a slope equal to n.

Approximate values found for n were, for four samples of soybean flakes, 2.3–

2.5; for two samples of cottonseed flakes, 1.5; for one sample of flaxseed flakes,

7; for one sample of peanut flakes, 3.2; for two samples of cracked soybean, 5.5;

for one sample of cracked cottonseed, 4; and for one sample of cracked corn germ,

3.4. With T expressed in minutes and D expressed in units of 0.01 in, approximate

values for K were: for soybean flakes, 6–20; for cottonseed flakes, 140 and 270;

for flaxseed flakes, 3600; for peanut flakes, 1.4; for cracked soybean, 2.5 and 10;

for cracked cottonseed, 40; and for cracked corn germ, 1.6.

Note that K in the equation T ¼ KDn is a measure of the ease of extraction of

flakes 0.01 in. thick, whereas n is a measure of the influence of flake thickness on the

extraction rate. Thus, soybean flakes extract more readily than cottonseed flakes of

equivalent thickness. Cottonseed flakes, in turn, extract more readily than flaxseed

flakes (Figure 20). The extraction rate of flaxseed is highly sensitive to flake or par-

ticle thickness, whereas that of soybean is less so. And cottonseed is less sensitive

to flake thickness than either. The value of n for soybean flakes was substantially

Figure 20. Relative extraction rates of different oilseed flakes: A, soybean 0.19 mm (0.0075 in.);

B, cottonseed 0.24 mm (0.0095 in.); C, flaxseed 0.19 mm (0.0075 in.) (32).
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the same for different lots of beans of varying moisture content and flaked by dif-

ferent methods. The data of King et al. (129) obtained by trichloroethylene extrac-

tion suggested a value for n exactly in line with the results with hexane, as well as a

comparable value for K.

There is evidence (129) that large seed particles rolled to form flakes of a defi-

nite thickness can be extracted more rapidly than small particles, presumably

because they undergo greater internal disruption in the rolling process. Laboratory

and pilot plant work on soybeans by Othmer and Agarwal (137) has led them to

conclude that for hexane extraction of soybeans:

1. The oil extracted, the residual oil, and the rate of extraction are all inde-

pendent of the concentration of oil in the solvent: that is, there can be no

advantage in countercurrent extraction.

2. The rate of extraction is proportional to:

a. Residual oil3,5.

b. Flake thickness�3.97: that is, increasing flake thickness by 3 times decrea-

ses rate by 80 times.

Point 1 is also supported by Coats and Karnofsky (130) and, more importantly,

is supported commercially in the ‘‘filtration extraction’’ process for cottonseed

(138–140) in which a slurry of cooked cottonseed flakes and miscella is held for

a time before the rich miscella is washed off on a continuous horizontal filter.

Some practical and theoretical aspects of the solvent extraction of soybeans are dis-

cussed by Myers (141).

Any review of the literature on extraction uncovers several inconsistencies

and contradictions that are largely because of the experimental techniques

used. Results obtained under one method may not be obtained under another;

consequently, the conclusions will differ, although each may be consistent with

the data on which it was based. Some investigators mix solvent or miscella

with the data on which it was based. Some investigators mix solvent or miscella

with flaked oilseeds under conditions of good agitation, whereas others avoid

agitation in the belief that a percolation-type lab extractor more closely parallels

commercial plant conditions. Some use pure solvent and others use a combina-

tion of miscellas, such as would be used in a commercial plant. Some prefer to

calculate the residual oil content of the extracted material from the oil level in the

miscella rather than separate and analyze the extracted solids. Some consider sol-

vent extraction as consisting of two parts: extraction proper and washing, where

washing is considered inconsequential. They place primary emphasis on the

attainment of equilibrium between oilseed flakes and miscella. Efficient washing,

however, is required in a commercial plant; and if washing time is unduly long, it

increases the total time the flakes are in the extractor just the same as if more

time were needed for extraction proper.

Probably the largest change in the oilseed processing industry in the last 20 years

has been the introduction of expander/extruders. As described in Section 3.4, their
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use as a pretreatment prior to solvent extraction was slow to develop. However,

because of their distinct advantages in reducing energy consumption and in-

creasing throughput, they are now in general use throughout the industry. Pavlic

and Kemper (142) listed some of the individual, beneficial characteristics of

extruded collets as compared with flakes: (1) collet bulk density is approxi-

mately 50% higher; (2) collets have greater internal porosity; (3) they have a

higher free oil content on their outside surface: (4) they release oil more

quick; (5) they fill an extractor bed more randomly; (6) they present less restric-

tion to solvent flow; (7) they can withstand great force without impairing drai-

nage; (8) they have fewer fines; (9) they drain approximately five times faster;

and (10) their drainage is less affected by preparation problems. Except for

Farnsworth et al. (101) and Watkins et al. (102), (see Tables 3, 4, and 5), very

little data has been published on extruder setup and how extrusion benefits

extraction. Table 3 shows, for cottonseed, some operating variables. Table 4

shows the residual oil contents after a bench-top solvent extraction of the

respective meals. The data in Table 4 shows that most extruded collets extract

to lower residual oil than flakes. Table 5 shows data for soybeans. Extruded

collets do have one characteristic that could be detrimental to extraction.

They drain approximately five times faster than flakes. This significantly

reduces their contact time with solvent. This characteristic would only become

important in shallow bed extractors. However, it could be overcome by operat-

ing the expander to make a more crumbly collet, or by crumbling a portion of the

large collets, or by increasing miscella recirculation rate within the extractor

stages.

5.3. Extraction Standards

Commercial solvent extraction equipment for oilseeds is expected to reduce the oil

content of the desolventized solid residue to less than 1.0%, preferably 0.5%.

In making guarantees on extraction equipment, manufacturers usually specify

that the analysis be made on extracted material before toasting, as it is generally

acknowledged that there is (for some materials, such as soybean) an increase in

the apparent ‘‘oil’’ content (actually any solute dissolved by petroleum ether) dur-

ing toasting. Moreover, as appreciable toasting takes place during the removal of

solvent from extracted flakes in desolventizer toasters, the analysis should prefer-

ably be made on spent flakes that have been desolventized without the use of steam

or heat. Unfortunately, this is seldom practical from a safety standpoint: thus, meal

analysis is usually relied on.

In an operating extraction plant, the objective is to reduce the oil left in the solids

to the lowest possible level. In practice, this is desirable; however, evidence shows

that the last portions of extractable oil in the solids are not oils at all but phos-

phatides and other nontriglyceride solutes. Bull and Hopper (133) have reported

a phosphatide content of 18.62% in the last 1.1% of solute extracted from a sample

of soybean flakes with commercial hexane at 40�C (104�F). Karnofsky reported

that a similar fraction had a refining loss of 81.5% (32).
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TABLE 3. Extrusion Conditions for Preparing Cottonseed Meats.

Treatment

Condition A B C D E F G

Die exit temperature. �C (�F) 87.7 (190) 87.7 (190) 97.7 (208) 105.5 (222) 111.1 (232) 112.7 (235) 104.4 (220)

Screw speed (rpm) 150 300 300 — 400 300 400

Flake feed rate (lb/hr) 560 375 460 460 560 400 340

Moisture content of feed (%) 12.0 12.0 7.5 7.5 7.5 7.5 24.0

Steam on jacket (turns)

Feed end 0.0 0.0 0.5 0 0 0 0

Die end 0.0 0.0 1.5 0 0.75 0 1.0

Number of dies 3 3 3 3 3 3 1

Permission granted from AOCS to reprint from The Proceedings of the World Congress on Vegetable Protein Utilization in Human Foods and Animal Feedstuffs (102).



TABLE 4. Residual Oil Contents of Extracted Cottonseed Meals.

Treatment

Type Flakes A B C D E F G

Crude free oil (%)

Initial 29.8 30.7 23.9 28.5 22.8 32.8 28.5 15.0

After 6 stages 2.77 1.44 1.08 0.82 0.70 0.80 0.77 3.16

After 8 stages 1.09 0.71 0.77 0.20 0.64 0.60 0.59 3.10

Acid hydrolyzed oil (%)

Initial 28.9 28.2 22.6 27.4 22.5 32.0 24.3 17.1

After 6 stages 2.82 2.01 3.53 2.06 2.03 1.59 2.46 4.2

After 8 stages 2.99 1.96 2.84 1.74 2.05 1.55 2.48 3.7

Permission granted from AOCS to reprint from The Proceedings of the World Congress on Vegetable Protein Utilization in Human Foods and Animal Feedstuffs (102).



5.4. Solvents for Extraction

MacGee, in 1947, published a comprehensive review of the early days of solvent

extraction (143, 144). Many solvents, such as benzene, aviation gasoline, methanol,

ethanol, isopropanol, carbon disulfide, diethyl ether, ethylenedichloride, carbonte-

trachloride, trichlorethylene, and the various petroleum naphthas were evaluated.

However, by 1947, the most common solvents used in the United States were the

light paraffinic petroleum fractions, such as the hexanes, heptanes, and pentanes.

Hexane, because it was easily evaporated and left no residual obnoxious odors or

tastes, was finally chosen. Later, this decision was further supported by Eaves et al.

(145), who investigated the extraction of cottonseed by five commercial solvents

(hexane, benzene, ethyl, ether, acetone, and butanone) and concluded that none

compared favorably with hexane as an extractant for cottonseed.

Hydrocarbon Solvents. There are two types of hexane: normal, or n-hexane, and

commercial, extraction-grade hexane, n-Hexane is pure and boils at 69�C (156�F).

Extraction-grade hexane is not pure. The n-hexane content typically varies from

approximately 48% to 98%, as shown in Table 6 (146).

As they are mixtures of several hydrocarbons, the various commercial grades of

hexane have distillation ranges of from 1–5�C (2–9�F). Commercial grades with

narrow distillation ranges are preferred.

The American-produced extraction hexanes are substantially free of nitrogen-

containing or sulfur-containing compounds and unsaturated hydrocarbons. They

are sufficiently stable to be reused indefinitely. Although the hexane-type naphtha

is the most widely used and the one generally preferred for oilseed extraction, the

heptane and pentane types can be used. Commercial heptane boils at a higher

temperature, 88–99�C (190–210�F), which dictates hotter evaporator and desolv-

entizer temperatures and higher energy usage. However, commercial heptane might

be preferred for the extraction of castor oil, which is not freely miscible with hydro-

carbons except at elevated temperatures. The pentane types, because of their lower

boiling points, are easier to recover (a savings on energy costs) and find some use in

TABLE 5. Residual Oil Contents of Extracted Soybean

Meals.

Type Flakes Pellets

Crude free oil (%)

Initial 21.6 21.9

After 6 stages 1.83 0.37

After 8 stages 1.51 0.10

Acid hydrolyzed oil (%)

Initial 19.8 20.8

After 6 stages 3.06 1.69

After 8 stages 2.78 1.70

Permission granted from AOCS to reprint from The Proceedings of the

World Congress on Vegetable Protein Utilization in Human Foods and

Animal Feedstuffs (102).
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the extraction of heat-labile products, such as pharmaceuticals. Early studies by

Ayers and co-workers (147, 148) as to the desirability of pure C5–C7 hydrocarbons

for the extraction of cottonseed convinced them of the distinct advantage of para-

ffinic hydrocarbons. In particular, they found the methylpentanes to be the best

solvent.

As a result of the Clean Air Act of 1990 (Public Law No. 101-549, Nov. 15,

1990) and the designation of hexane as one of 189 hazardous air pollutants (149),

TABLE 6. Examples of Specifications for Extraction-Grade Hexanes Offered

for Sale in the United States.

Solvent

Property A B C D

Gravity [15.56�C (60�F)]

API 78.5 78.4 77.6 81.7

Specific 0.674 — 0.677 —

Density (lb/gal) 5.61 — 5.63 —

Distillation (�C)

Initial boiling point 65.3 65.9 67.0 67.9

50% 66.4 67.0 68.0 68.4

Dry point 69.8 70.0 68.5 68.8

Flash point, tag closed cup �F <0 — �10.0 —

Kauri-Butanol (KB) value 29.7 — 30.0 28.0

Aniline point, �F 151.0 0 148.0 156.0

Color, Saybolt +30.0 +30.0 +30.0 +30.0

Composition

Olefins, ppm 6.0 — — —

Paraffins 89.0 — — —

Cycloparaffins, vol. % 11.0 — — —

Aromatics, vol. % Nil 0.02 — —

Dimethyl butanes, vol. % — 2.07 1.0 0.1

n-Pentane, vol. % — 0.04 — 0.2

Iso-Pentane, vol. % — 0.91 — —

2-Methyl pentane, vol. % — 18.4 — 0.9

3-Methyl pentane, vol. % — 17.9 — 0.8

2.4-Dimethyl pentane, vol. % — 0.04 — 0.1

Methyl pentane, vol. % — — 15.0 —

Methyl cyclopentane, vol. % — 10.7 14.0 0.2

n-Hexane, vol. % 48.7 47.8 71.0 97.7

Cyclohexane, vol. % — 2.6 — —

Benzene, wt. % <001 0.30 0.004 Nil

Nonvolatiles, g/100 mL <001 — <0.1 0.35

Doctor test Neg. — Neg. Sweet

Cu Corrosion, 3 h @ 50�C — 1 1 1

(122�F)

Acidity of residue Neutral — Neutral —

Sulfur content, ppm <2 — <1 <1

Permission granted from AOCS to reprint from The Proceedings of the World Conference on Edible Fats

and Oil Processing (146).
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subsequent research has centered on looking at possible alternative solvents to

hexane. This interest may center on the use of the pentane fraction, which is pre-

sently not considered a hazardous air pollutant, to extract cottonseed (150). A

present-day commercially available methylpentanes-type naphtha is listed as

having a typical boiling range of 55–61�C (131–142�F) (150).

Halogenated Solvents. A serious disadvantage of the naphtha-type solvents is

their flammability. Precautions are required to avoid fir or explosion in the plants

in which they are used. The proper safety measures are outlined by the National

Fire Protection Association (NFPA) (151). As a result of the potential fire and

explosion hazard involved when hydrocarbon solvents are used for extraction, there

has always been a great deal of interest in nonflammable solvents. Halogenated

solvents such as trichloroethylene were originally favored (152–154). During

World War II, trichloroethylene was used in one large extraction plant in England.

In the United States, however, its use was confined to a few small soybean extrac-

tion plants. Originally, it was thougt that the use of a nonflammable solvent, such as

trichloroethylene, would result in less danger of fire, less need for skilled labor, and

lower initial investment cost. Experience showed, however, that trichlorethylene’s

vapors were flammable (155) and that trichloroethylene reacted with cysteine in

soybean to give S-dichlorovinyl cysteine, which, when fed to cattle, caused aplastic

anemia (156, 157).

In the early 1980s, when it appeared that hexane was in short supply, Johnson

et al. described a 56-h pilot plant extraction of cottonseed using an alternative

solvent, methylene chloride (dichloromethane) (158). This solvent extracted the

oil and significantly reduced levels of the antinutrients gossypol and aflatoxin.

However, because of environmental concerns, the commercial use of halogenated

hydrocarbons in solvent extraction has not occurred.

Water as a Solvent. Water, of course, is nonflammable and immiscible with

vegetable oil. Researchers have used water systems to extract oil and protein from

soybeans, cottonseed, peanuts, sunflowers, and coconuts (159). Aqueous extrac-

tions usually consist of the following steps: grinding, extracting with aqueous solu-

tions, separating the different fractions, then drying. The water used may be pH

adjusted or may contain added chemicals, depending on the products desired.

Although finding application in the commercial extraction of oil from palm, olive,

and coconuts, aqueous processing has not been commercially accepted in the

extraction of soybean or cottonseed because of approximately 10% residual oil,

at best, in extracted solids and because of the energy-intensive separation and dry-

ing steps (160).

Enzyme-Assisted Aqueous Extraction. Enzymes are probably the most important

additve or treatment used in aqueous extractions. The knowledge that enzymes in

aqueous systems could enhance the extraction of vegetable oil was observed in the

1950s. However, it was not until the 1970s and 1980s that this knowledge was put to

practical use in the development of pilot or industrial processes for the extraction of

olive, rape, and coconut oils (160). As discussed earlier, efficient solvent extraction

of vegetable oil is dependent on the destruction of cell walls. This is normally

accomplished by physical means such as flaking and extrusion. Enzymes, because
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they can digest the complex cell-wall structure of oilseeds, can significantly

improve oil extraction (161). The digestion results in having all the components

of the cell, i.e., protein, oil, and polysaccharides in a liquid state, where, with

further processing, they can be individually separated out.

Domingues et al. (160), in their comprehensive review of enzymatic improve-

ment of oil extraction, included discussion of various processes that also used

hexane as a solvent. They reported aqueous enzyme processes that used hexane

in a 1 : 2 hexane–water ratio. Additional hexane was added to the enzyme-treated

and dried materials. Although enzymatic-assisted extraction is presently only

economical in olive processing, because of the milder conditions used and, in

most cases, higher quality oils obtained, it does have potential for future use.

Acetone as a Solvent. Acetone is an excellent solvent for cottonseed oil and

for the antinutrients gossypol and aflatoxin. Acetone has found some commercial

success in Sicily where Vaccarino used 96% aqueous acetone in a 50 ton/day batch

process plant (162, 163). However, acetone has not had any other modern successes,

probably because it produces a dark and hard-to-bleach cottonseed and because

it imparts a disagreeable cat-like odor to the extracted meal.

Alcohols as Solvents. As a result of environmental concerns and inability of

hexane to extract gossypol and aflatoxin, recent research on the solvent extraction

of cottonseed has centered on developing processes using ethanol and isopropanol.

The use of these alcohols to extract cottonseed and many other oilseeds is not new.

The Japanese in Machuria in the 1930s actually built a plant that operated

a short time, to extract soybeans using ethanol (164, 165). Interest in alcohol as

a solvent was renewed in the 1950s (166–172) and again in the 1980s and 1990s

by Karnofsky et al., Hron et al., and Lusas et al. Karnofsky et al. developed a four-

step, energy-intensive process that could use either isopropanol or ethanol to extract

soybeans or cottonseed. In their cottonseed process, they use 85% aqueous ethanol

(by weight) to first extract fatty acids, nonoil lipids, aflatoxin, and gossypol. In a

second step, 85% ethanol is displaced by 92% ethanol. In a third step, most of

the oil is extracted and then removed by cooling, which precipitates the oil, after

which the oil-depleted miscella is recycled back to the extractor. In a fourth step,

the remaining oil is removed with pure 92% ethanol (173, 174). Corresponding con-

centrations of isopropanol can also be used.

Hron and co-workers (86–90), because of a shortage of hexane, searched for a

biorenewable solvent alternative to hexane in the 1980s. They eventually developed

a bench-top process for extracting oil, gossypol, and aflatoxin from cottonseed

using aqueous ethanol (95% ethanol by volume) at atmospheric pressure (175).

In the process, cottonseed meats are moisture-adjusted to 14% H2O, flaked to

0.229 mm (0.009 in), and then dried to 2% moisture. Drying is important to ensure

that the ethanol does not absorb moisture from the incoming cottonseed and

thereby lose its oil solvency (176). The dried flakes are then initially extracted

with unheated 95% ethanol in a first stage to remove gossypol and then extract-

ed with hot 95% ethanol in a second stage to extract oil and aflatoxin.

The ambien-temperature miscella is passed through an absorber to remove

gossypol and is then recycledback to the first-stage extractor. The second-stage
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hot miscella is chilled to 4�C (39.2�F) to reduce the oil’s solubility in the alcohol.

The miscella is then centrifuged into fractions that are further processed with

reverse osmosis membranes and absorbers. These devices remove aflatoxin and

gossypol and produce a crude oil fraction that is then miscella refined. Although

the process is technically feasible, it would not be economical unless an oil mill

has a continual, serious aflatoxin problem or the use of hexane is limited as a result

of the Clean Air Amendment of 1990. Hron and co-workers noted during their

research that, although aqueous 95% ethanol converts free gossypol into bound

gossypol even at ambient temperature (89, 90), efficient extraction of bound gossy-

pol, along with oil, can be accomplished only if the aqueous ethanol is acidulated

with a tribasic acid and the cottonseed is extracted hot (89, 90).

Lusas et al. (91) at Texas A&M recently chose to research isopropanol over

ethanol because of its greater oil solubility, its lower heat of vaporization, its re-

duced drying requirements for flakes and extruded collets, and its freedom from

potential problems with government alcohol taxing agencies. Rather than using

the common and easily distilled isopropyl azeotrope of 87.8% (by weight), they

have centered their research on high-concentration (93–96%) isopropyl alcohols.

They chose high-concentration solvents because the azeotrope has a maximum

cottonseed oil solubility of approximately 12–14%, whereas the high-concentration

solvents have been reported to dissolve up to approximately 48% oil. The much

higher solubility of oil can significantly reduce the amount of solvent needed to

extract oil to low levels in marcs. Lusas et al. have developed a pilot plant process

that consists of moisturizing dehulled meats to 12%, cold-flaking to 0.38 mm

(0.015 in.), extruding through an Anderson expander at 88–93�C (190–200�F), and

holding for 30 min. The collets are next re-extruded at 104–110�C (220–230�F).

The resulting porous collets are then solvent extracted with high-concentration

(95% isopropyl) alcohol, 1:1 solvent to meal ratio, at 77�C (170�F) in a simulated

nine-stage countercurrent extraction. This process can reduce residual free gossypol

in meals to approximately 220 ppm, which should broaden the meal’s potential

uses and improve its value. Oil is then removed from the alcohol, chill-separated

at about 5�C (41�F), and desolventized in a thin-film evaporator. Caustic refining

and bleaching of the resulting crude oils produced RBD (refined, bleached, deodor-

ized) oils well within industry standards.

High-concentration isopropyl alcohol is recovered by the use of per evaporation

techniques. Briefly, perevaporation is basically a membrane separation in which the

mixture to be separated is vaporized and the vapors are passed over a membrane.

The smaller molecule, in this case water, permeates the membrane into a vacuum

area where it is condensed and removed. In this manner aqueous isopropyl alcohol

solutions can be concentrated above the azeotropic concentration to approximately

99%, if desired (177). Texas A&M has also reported that their process works

equally well on soybeans. Both alcohol processes are investigations into alternative

procedures should petroleum-based solvents no longer be available. Neither process

has been put into commercial operation.

When cottonseed first underwent direct extraction with hydrocarbon solvents, large

amounts of free gossypol remained in the meal, causing a serious complication. As
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explained earlier, several wet cooking methods were developed to bind the gossypol

and detoxify the meal. Later, attempts were made to find a way of extracting gos-

sypol. Another method, aside from acetone and the alcohols that looked promising,

was extraction with a 53 : 44 : 3 mixture of acetone–hexane–water (178). This

removed gossypol from the meal and transferred it to the oil, from which it could

be removed by conventional alkali refining. Meals made by this method produced

superior growth in chicks. The procedure was never accepted by the oilseed indus-

try because of the difficulty of handling the three-component solvent and because of

the presence of an off-odor in the meal. The off-odor was probably caused by the

acetone and water in the extraction solvent (179).

Supercriticial Solvents. Although it was known in 1879 that supercritical fluids

had solvent properties (180), supercritical extraction was not extensively developed

until the early 1980s. This method uses organic or inorganic compounds as solvent,

at or usually above their critical temperature and pressure where they are known

as supercritical fluids. In a supercritical fluid state, common gases such as carbon

dioxide have the properties and extractive capacity of a liquid. The compound most

used in supercritical extractions is carbon dioxide. Carbon dioxide can exist as a

gas, liquid, or solid, depending on pressure and temperature conditions. However,

at or above its critical point. CO2 can only exist as a supercritical fluid.

The critical point is defined as the state at which a compound is at its critical

temperature and pressure. For carbon dioxide, the critical temperature and pressure

are 7387 kPa (1070 psig) and 31�C (88�F). Typical supercriical CO2 extractions

usually take place at pressures of 20,670–103,352 kPa (3000–15,000 psig) and

50–80�C (122–176�F), depending on the product being extracted. Normally, the

higher temperatures and pressures extract more oil: however, changes in density

of the supercritical fluid must be taken into consideration. Extractions are per-

formed by circulating a supercritical fluid through a pressurized cell filled with

pretreated mateial. As with hexane extractions, the amount of oil extracted can

depend heavily on the method of preparation.

List and Friedrich (181) reported that essentially all of the oil could be extracted

from 0.10 mm (0.004 in.) soy flakes, but only approximately 87% and 67% from

0.38 mm (0.015 in.) and 0.81 mm (0.032 in.) flakes, respectively, at the same tem-

perature and pressure conditions. Extractions are usually performed batchwise.

After extraction, by reducing pressure with and without temperature change, various

liquid oil fractions can be separated out by precipitation. Feidrich and co-workers

(182, 183) reported producing a better oil from soybeans using supercritical CO2

than with hexane. Other oilseeds that have been successfully extracted using super-

critical fluids are cottonseed (184), wet-milled and dry-milled corn germ (185), and

rice bran (186). Although supercritical extraction is technically feasible because of

the required high-pressure and the low-capacity equipment, it is not economically

feasible. Supercriical extraction is presently limited to high-value materials such as

coffee, hops, and natural flavors.

For comprehensive reviews of essentially all of the pure and mixed solvents

associated with oilseed processing, see Johnson and Lusas (187). Lusas et al.

(146), and Hron et al. (covering biorenwable solvents) (159).
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6. TYPES OF EXTRACTORS

6.1. Early Extractors

Batch Extractors. The first solvent-extraction systems consisted of batch vessels

charged with a material that was washed, batchwise, with progressively leaner

miscellas, and, finally, with clean solvent. Plants of higher capacity used banks

of batch vessels, loaded one at a time, and sequenced with the wash cycles so

that the whole bank was handled in a countercurrent flow pattern. Batch extractors

are no longer used for oilseeds, but some batch extractors are still used for special

materials such as coffee, pharmaceuticals, and other high-priced materials.

Total Immersion Extractors. In a total immersion extractor, the solid material

is immersed in and travels through a pool of solvent. The Hildebrand extractor

of 1931 (188–190) is an early example. Hildebrand’s extractor consisted of two

vertical tubes connected at the bottom with a horizontal tube. All three tubes were

filled with solvent. Three screw conveyors moved the solid material down one tube,

across the bottom, and up the other tube. Solvent entered near the top of the solids

discharge tube and overflowed the solids inlet tube. This flow pattern caused the

extracted oil to move away from the solids in a countercurrent fashion. The screws,

however, were rough on flakes and produced many fines.

Bonotto patented a different design in 1937 (191–194). He advised a single

vertical tube, separated into several internal sections by horizontal baffle plates

mounted on a slowly revolving central shaft. The plates had slotted openings that

were arranged in a staggered helix from plate to plate. Fresh solvent was pumped

in the bottom and flowed out the top. Flakes were introduced at the top and sank

from plate to plate by gravity. Stationary scraper arms placed above each plate

helped to prevent bridging and helped move the flakes through the slots. The V.D.

Anderson Co. (Cleveland, Ohio) and Allis-Chalmers Co. (Elm Grove, Wisconsin)

both supplied total immersion extractors of similar design in the 1940s and 1950s.

Anderson’s extractor employed stationary plates with rotating sweep arms. Pie-

shaped openings in the plate were adjustable through external linkage.

Density of the flakes (compared with how fast the solvent rose up the column)

put constraints on the efficiency of these columns. Under perfect conditions, all

the solids would sink, and only solids-free miscella would flow out the top. One

never reaches perfect conditions. Reasonable capacity requires appreciable rates of

vertical ascent. Fines sink slower than flakes. Agitation creates fines and causes

turbulence in the miscella. A major shortcoming of vertical immersion columns

is excessive fines in the miscella. The miscella had to be filtered through the

solvent-tight plate-and-frame filters, two filters in paralle, one on stream, the other

being cleaned. Poor flake preparation caused short filter cycles. Cleaning the filters

allowed solvent to escape and created a potential fire hazard.

Anderson improved their extractor with the addition of a fines separator on top

(195, 196). The fines separator was a bundle of tubes through which the miscella

ascended before leaving the extractor. The combined-cross sectional area of all the

tubes was greater than the cross-sectional area of the column. This allowed the rate
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of vertical ascent to decrease appreciably before the miscella left the extractor.

Flakes were introduced through a separate spout in the center of the tube bundle

to ensure that no flakes mixed with the exiting miscella. The diameter of each

tube was small enough to dampen any turbulence caused by agitation within the

extractor. This helped—it did increase filter cycle time–but the miscella still

required filtering.

6.2. Percolation Extractors

Batch extractors mix a charge of solids and solvent and then let it drain. Immersion

extractors cause the solids to pass through a pool of solvent. Percolation extractors

carry the solids through a vapor-light chamber where solvent rains down through

the solids, dissolving out the oil, similar to the way a coffee percolator works. There

are five major types of percolation extractors: basket, rotary, perforated belt, slid-

ing-bed, and rectangular loop (151).

Basket Extractors. The first percolation extractor was a basket extractor paten-

ted in Germany by Bollman in 1919 (196–200). Large baskets, supported by looped

(or endless) chains, moved up one side of a vapor-tight enclosure and down the

other side, like a slow-moving, up and down. Ferris wheel. As the empty baskets

began the downard travel, they received a charge of incoming flakes from a hopper.

So-called half miscella from the other side of the extractor was pumped onto the top

basket and drained from that basket through the baskets underneath it concurrently

and collected in a sump at the bottom of the extractor. The baskets then moved

horizontally across the bottom of the enclosure and free drained of miscella before

starting their ascent up the enclosure’s other side. The miscella collecting in the

sump under the downward-traveling baskets (so-called full miscella) was pumped

to equipment that filtered it and separated the solvent from the oil. The solvent was

then recycled back into the fresh solvent work tank.

Fresh solvent at the rate of approximately 1 kg of solvent per kilogram of oilseed

was sprayed onto a basket near the top of the ascending column of baskets. From the

top basket, the solvent percolated by gravity through the lower baskets in counter-

current flow. The half miscella from this side was collected in a second sump in the

lower part of the housing. A pump continuously withdrew the half miscella from

that sump and sprayed it onto the topmost basket of the descending line as describ-

ed above.

As the baskets traveled across the top, they were inverted momentarily to dump

the extracted solids into a discharge hopper. The baskets then continued to the fill-

ing station to make another circuit through the extractor. These early vertical basket

extractors (Figure 21) were tall and bulky, subject to chain breakage, and were dif-

ficult to service.

New designs, with baskets moving in a horizontal plane rather than

vertically, corrected these shortcomings. These new designs permitted one-floor

operation and allowed for more complete, multistage, countercurrent flow. Solvent

passed through the last basket as final wash was pumped, as lean miscella, through

the preceding basket. After passing through that basket into a sump, it was pumped
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through the next preceding basket. A series of collecting sumps, pumps, and over-

head spray heads under which the baskets traveled allowed these extractors to func-

tion in true countercurrent fashion.

An advantage of a multistage, countercurrent basket extractor, in contrast to the

two-stage vertical unit, is that the rich miscella, after it has contacted the incoming

flakes, can make one final pass thruogh a basket where the flakes have already

settled down to form a bed. This effectively filters the miscella and eliminates

Figure 21. Early vertical basket extractor.
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the need for the kind of filter presses required by immersion extractors. Usually, a

liquid cyclone suffices to clarify the miscella before it goes to the evaporator, but

it is important to remove the fines. Any fines left in the miscella may stick and

burn onto the heater tube walls in the evaporator, needlessly darkening the oil.

Anderson Co. (Cleveland, Ohio) came out with a horizontal basket extractor

(201) in which the baskets were pushed through a rectangular chamber by means

of four externally mounted hydraulic rams. Each ram pushed a row of baskets in

sequence to cause the baskets to travel, one-by-one, under each successive spray

head.

Rotary Extractors. Rotary extractors come in two varieties. Both look similar,

but the parts that move in one type do not move in the other type. One type uses a

circular disk with pie-shaped compartment-like cells that slowly revolve, like a

catrousel, above a nonrotating ring of sumps that collect miscella. Incoming flakes

fall into each compartment as that compartment passes under the flake inlet spout.

The cells then rotate under a circle of stationary spray heads located above the

rotating disc. The heads spray miscella in a countercurrent fashion onto the flakes

on the disc. The spent flakes, before leaving the extractor, pass under a spray of fresh

solvent, then travel over a final drainage sump, and finally move over a discharge

hopper where the floor of the cell swings open to drop out the marc (extracted

solids). Continued rotation shuts the door and moves the now empty cell under

the flake inlet. Called the Rotocel because the cells rotate (202–205), the first

unit was commissioned by Blaw-Knox (now Dravco) (Pittsburgh, Pensylvania)

on soybean in 1950 at 275 mg/day (250 T/D) capacity (see vol. 2, ch. 11, ‘‘Soybean

Oil,’’ Figure 11.3). A similar extractor, called Carrousel, is supplied by Krupp

(Hamburg, Germany).

The other type of rotary extractor employs a circular disc of cells (or wedge-

shaped baskets) that do not move. Instead, the flake inlet spout and fresh solvent

and miscella spray heads revolve above the cells, and the drainage sumps and marc

hopper revolve below the cells. Termed a stationary basket extractor (206)

(Figure 22), this rotary extractor was supplied by the French Oil Mill Machinery

Company (Piqua, Ohio) until they sold the solvent extractor part of their business

to De Smet (North Humberside, United Kingdom) in 1999. De Smet, in 1997, had

patented a similar extractor called the ‘‘Reflex Extractor,’’ but the stationary parts

are rotating, and the rotating parts are stationary. De Smet does not build the

‘‘Stationary Basket Extractor,’’ nor does French Oil Mill Machinery. French Oil

Mill Machinery, however, sells repair parts for existing Stationary Basket extractors

and sells preparation equipment for solvent-extraction plants as well as a line of

screw-presses.

All rotary extractors employ deep beds of solids to be extracted, sometimes as

much as two or more meters deep. Hence, rotary extractors are also termed deep-

bed extractors. There are several mechanical variations of these extractors. Two

variations have already been mentioned. Another variation is where the individual

cells have hinged bottoms that swing open whenever the cell is to be emptied. In this

variation, the solids slide against a common one-piece bottom that has an opening

to allow solids to fall through when extraction is completed. Termed sliding plate,
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this modification is thought to improve drainage because it ‘‘sweeps’’ the perforated

bottom against the bed of flakes thereby minimizing the possibility of clogging the

perforations with fines.

In rotary extractors, flakes are mixed with rich miscella as they are conveyed

into the first-stage compartment. As the bed of material in stage 1 is formed,

some oil is extracted. The miscella from this stage has picked up fines because

of the slurry feed operation, so it is pumped through stage 2 compartment to filter

out the fines. From stage 2, it leaves the extractor as full miscella. The lean miscella

from stage 3 is pumped to stage 1 to form the feed slurry. Thereafter, the miscella

is pumped from each stage sump in true countercurrent fashion, i.e., stage 3 gets

miscella from stage 4 and stage 4 gets miscella from stage 5, etc. There are usually

Figure 22. Stationary deep-bed extractor (Courtesy of The French Oil Mill Machinery Co.,

Pigua, Ohio).
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five miscella stages, followed by a sixth stage during which fresh hexane makes the

final wash. Usually, the solvent/miscella makes a single pass through each stage.

All that flows out one stage is pumped directly into the preceding stage. If this is

done, then it is critical that the entire surface of each cell is adequately contacted

with incoming solvent/miscella.

Ideally, there should be a slight head of liquid on top of the solids in each stage.

This ensures that all of the solids are in contact with liquid and that the liquid

penetrates through the entire cross section of the bed as it percolates through the

solid material. Any portions of solids missed will, of course, not be extracted. If

the bed of solids allows too rapid a solvent flow, such that a head of liquid cannot

be maintained, then the solvent/miscella should be made to fall into the cell as

‘‘curtain’’ or ‘‘water fall’’ distributed as a continuous sheet of liquid along the entire

radius of the material in the wedge-shaped cell. Distribution heads are adjustable

to provide for this. If a sheet of solvent does not drop on the outermost edge of

the cell (like the pie crust of the wedge-shaped cell), then a significant amount

of solids will not make adequate contact with the liquid.

Preparation, particle size, and moisture will influece how fast liquid flows

through the bed. Preparation should be controlled so that the flow is not too fast.

Worse than that, however, is too slow a flow. The cell will then ‘‘flood,’’ and the

liquid will overflow into the next cell. This could stop extraction in the flooded cell.

These extractors, like all extractors, have inspection windows through which

the tops of each cell and the bottoms of each cell can be observed. There should

be adequate coverage of the surface when the solvent/miscella is introduced. No

cell should flood over the top. There should be some evidence of adequate drainage

before the fresh solvent is introduced, and the fresh solvent should fall as a curtain

covering the entire radius of the cell. There should be no ‘‘channeling’’ inside the

bed where solvent/miscella is diverted away from portions of the bed ‘‘channels’’

through other portions. A hypothetical way this could happen (making it easier to

explain) is to compare flakes with shingles. If, by chance, many flakes lay on each

other horizontally, they can act as shingles and divert the solvent/miscella away

from the material beneath them. Similarly, with extruded collets, if the collets are

too large, or if solvent flow is too slow, the solvent may rush straight through the

bed and not contact all the collets. If material preparation is wrong, especially if

moisture is too high, or if too many fines are present, the material can bed down

more tightly in some places than in others. The solvent/miscella, then, will channel

through paths of least resistance.

When troubleshooting an extractor, it is wise to measure the oil concentration of

the miscella coming from each stage. There should be a steady reduction of oil level

from stage to stage down to a final concentration of 1% or 2% oil in the miscella

produced by fresh incoming solvent. If miscellas from several stages have the same

oil level, this indicates that something is wrong.

If a deep-bed rotary extractor is run so that the solvent/miscella makes only

one pass through each stage, then preparation should be monitored to ensure that

miscella does not rush through any stage without spreading across the surface or

that no stage floods. Usually, on a deep-bed extractor, flooding is more likely to
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happen than too rapid a percolation flow. Extrusion of the fresh oil-bearing material

is helpful because extrusion agglomerates fines, producing porous collets that re-

semble gravel more than minature shingles, and thereby permits a more free and

more uniform flow of liquid.

After the material is rinsed with fresh solvent, it is allowed to free drain of liquid

before leaving the extractor. Prepartion, especially particle size, influences how

much solvent the free-drained marc retains. Flaked materials retain from 30% to

40% by weight, depending on the quality of flake. Prepressed cake, if not granu-

lated (and provided the ungranulated cake is porous enough to extract) can free

drain to 20–25% solvent. Extruded collets (both from flakes and prepressed cake)

can also free drain to 20–25% solvent (103). Substantial energy savings in desolve-

nization can be realized if the marc drains to a low solvent level.

The solvent that drains out of the marc remains in the extractor, increasing

the volume of miscella washing through each stage, and eventually winding up

in the full miscella. If this extra solvent is not needed for extraction, the incoming

solvent-to-meal ratio can be lowered. A lower ratio increases the miscella concen-

tration by reducing the amount of solvent in the full miscella. This, in turn, reduces

the energy costs for miscella desolventization (103). Extruded collets usually

permit reduction of solvent-to-meal ratio because extrusion helps release oil,

most of which rinses out in the first few stages and because extrusion produces

collets that are very porous.

These energy savings are only a part of the many justifications for using extru-

ders (101–103). The only concern, if solvent-to-meal ratio is reduced, is to make

sure that all the solids make contact with the incoming solvent. This is important

in the final wash that rinses out dissolved oil left in the marc by the last lean

miscella wash. Replacing all absorbed lean miscella with oil-free solvent would

significantly reduce final oil in the solids.

Perforated Belt Extractors. Another type of percolation extractor uses a moving,

perforated belt underneath an extended bed of material. The belt is flexible and

moves, with material riding on top, through the extraction chamber.

The leading supplier of perforated belt extractors is De Smet (Zaventen,

Belgium). Jean Albert De Smet invented the company’s first continuous extractor

in 1946. De Smet’s extractor is made of a series of wide, rectangular sections of

either wire meash or wedge-bar screens connected together to form a looped

endless conveyor belt to carry the incoming solids through the stages in the extrac-

tor housing. Each stage consists of a sump beneath the belt and miscella spray

heads above. Belt speed determines residence time. Incoming material, mixed

with rich miscella, is deposited on the belt to form a bed of solids. Unlike a basket

or rotary extractor, this bed is one continuous mass of material extending the entire

length of the extractor.

The De Smet extractor (Figure 23) has one moving part: the blet. The belt is set

on a slight incline and carries the solids up the incline, throughout the extractor.

This helps to ensure a more effective countercurrent flow of miscella through the

solids. As a result of the incline, the miscella washes tend to permeate through the

solids slanted toward the feed end (countercurrent to the solids flow). Rakes scrape
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the solid’s surface after each miscella spray. This builds ridges and keeps the sur-

face open for a more rapid penetration of miscella.

The extractor can run as a deep bed or as a shallow bed. Usually, the bed depth is

intermediate. There are several miscella stages and a final hexane wash (Figure 24).

Each miscella sump pump recirculates miscella back onto the same stage the mis-

cella came from, except for the final full miscella. Recirculation flows can be

Figure 23. Perforated belt extractor (Courtesy of Extraction De Smet SA/NV., Zaventen,

Belgium).

Figure 24. Schematic of perforated belt extractor (Courtesy of Extraction De Smet SA/NV.,

Zaventen, Belgium).

TYPES OF EXTRACTORS 167



adjusted to match percolation flows in each stage. Miscella moves from stage to

stage by overflowing from one sump chamber into the preceding sump character,

thereby traveling in opposite direction to the solids. As with other percolation

extractors, rich miscella mixes with incoming flakes in stage 1. Final full miscella

passes through stage 2 before leaving the extractor.

Sliding-Bed Extractors. Another type of percolation extractor slides the solids

along a stationary steel plate. Special slotting in the plate allows miscella to pass

through while retaining the solids on top. Manufactured by Krupp (Hamburg,

Germany), who also manufacture a deep-bed rotary extractor, the sliding-bed

extractor is shown in Figure 25.

The incoming solids form a continuous mat of material that is pulled along the

slotted plate by drag bars spanned between sprocket-driven chains. There are two

‘‘plates.’’ The solid material falls off the top plate, reforms into a fresh mat on the

lower plate, and makes a second pass through the extraction chamber. The chained

drag bars act like a looped endless conveyor. They pull the mat of material along the

top plate, then follow the chains around a pair of sprockets, and, on the return pass,

capture the material that reformed on the lower plate. The drag bars then pull the

material along the length of the lower plate.

Fresh hexane enters on the lower bed, makes several passes, or stages, on the

lower bed, then continues on the upper bed in true countercurrent fashion, similar to

other percolation extractors. Krupp’s sliding-bed extractor accepts flaked materials,

Figure 25. Sliding-bed extractor (Courtesy of Krupp Maschinentechnik., Hamburg, Germany).
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extruded collets, or prepressed cake. Depth of material on the bed can be adjusted

during operation and is usually 0.5–1.3 m (20–50 in.).

Rectangular Loop Extractor. Another type of extractor drags the solids through

a chamber shaped into a closed loop. Manufactured by Crown Iron Works Co.

(Minneapolis, Minnesota), who sold its first commercial unit in 1949, it has been

modified and enlarged several times. The extractor employs an ‘‘en masse’’ con-

veyor that moves the solid material through a closed housing of rectangular cross

section. The housing loops back on itself, looking very much like a large letter

O resting on its side (Figure 26).

The solid material is deposited as a shallow bed, usually less than 0.77 m

(30 in.), and it travels a distance that is usually 50 times the bed depth. This allows

ample room for solvent and miscella to leech through the bed in distinct stages

without requiring the material to be partitioned into separate cells by means of

divider plates.

Fresh material enters the inlet hopper on the upper level and makes its way into

the drag conveyor chain just before the conveyor chain starts its downward pass

to the lower level (Figure 27).

Rich miscella is introduced during the downward passage. The fresh material

containing the miscella moves concurrently into the lower level. Then the miscella,

Figure 26. Rectangular loop extractor (Courtesy of Crown Iron Works., Minneapolis,

Minnesota).
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Figure 27. Internal view of rectangular loop extractor (Courtesy of Crown Iron Works., Minneapolis, Minnesota).
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now containing additional freshly extracted oil, along with some fines, drains into

the first-stage sump. From there it is pumped into the second stage where the now

bedded-down material filters out most of the fines. Miscella draining from the

second stage is pumped through a liquid cyclone and leaves the extractor as full

miscella. Stages 3 through 7 function in true countercurrent fashion. The fresh solv-

ent washes through the last stage just before solids discharge.

The drag conveyor slides the solid material along a slotted, vee-bar floor through

which the miscella drains. After pulling the solids through stages 3, 4, and 5, the drag

conveyor lifts the solids to the upper level, while turning the bed upside down, and

guides the now inverted bed of solids onto the upper vee-bar flooring and through

stages 6 and 7. Stage 7 is the final wash with clean solvent. After stage 7, the solids are

pulled along a drainage section where they free drain to around 33% solvent by weight.

Rectangular loop extractors allow for external control of where the miscella

from each stage goes. External valving permits each sump pump to return some

of its miscella back to the stage it came from and some to the preceding stage.

Sometimes all of the miscella is pumped back over the stage it came from. This

allows the miscella to make multiple passes within each stage to increase contact

time and to maintain an adequate head of liquid above the material. All countercur-

rent movement of miscella from stage to stage in these extractors could occur

through overflow weirs from sump to sump.

Crown later changed the design reversing the direction of travel. Fresh material

now enters at the beginning of travel on the upper level of the new (Model III)

extractor. The first three stages are on the upper level. The bed of material then

travels down to the lower level, turns over in transit, and passes through three

more stages followed by a rinse with fresh solvent. The marc free drains on the

lower level then discharges into the marc hopper just before the now-empty

conveyor rises to the upper level. This relieves the extractor’s drive from haing

to lift the solvent-laden material from the lower level to the upper level, thereby

reducing horsepower consumption.

Crown also offers a ModelIV extractor specifically designed for continuous

extraction of powdery materials that cannot be extracted in percolation extractors

(Figure 28).

Figure 28. Model IV extractor (Courtesy of Crown Iron Works., Minneapolis, Minnesota).
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Percolation extractors provide for washing the solid material with solvent and

for allowing the solvent and dissolved oil to separate from the solids through inter-

nal screens. Trying to do this with powdery materials would require screens with

such fine mesh that the powder would blind the screen and prevent adequate solvent

flow.

The Model IV does not use screens. Rather than rely on solvent moving through

the material held stationary (relative to the solvent) against screens, the material

itself is moved through a pool of solvent. An inclined drag conveyor slowly drags

the solids up an inclined ramp, still submerged within the pool of solvent. The

solids briefly rise above the solvent as the inclined drag conveyor rounds the top

pulley. Then the solids free-fall through the solvent where they are captured by a

second inclined drag conveyor. This gentle dragging, followed by free-fall, is

repeated several times. Fresh solvent is introduced above the last inclined ramp,

and full miscella is drawn off where the solids enter the extractor. The last inclined

ramp pulls the solids above the pool of solvent to allow the solids to free drain

before they leave the extractor.

The major requirement for operation of this extractor is that the densities of

the solid material and the solvent be different enough so that the particles will settle

out. The Model IV extractor reportedly is efficient in extracting finely particulate

foods, pharmaceuticals, and spent bleaching earth (146).

7. RECOVERY OF SOLVENT

7.1. Recovery from Miscella

Normally, the full miscella is freed of finely divided solid material before the sol-

vent is removed. The oil could be clarified after the solvent is removed (118), but

fines complicate the operation of packed distillation columns and cause oil loss in

the fines unless the fines are well washed. Solvent is removed from the miscella in a

two-stage rising film evaporator, followed by a ‘‘packed’’ or ‘‘disc and doughnut’’

stripping column (207). Hot solvent vapors from the marc desolventizer condense

against a miscella preheater or against the first-stage evaporator. Jacket steam pro-

vides heat for the second-stage evaporator. The solvent vapors from the evaporators

are condensed, and the oil from the evaporators, still containing approximately 5%

solvent, enters the stripping column, into which live steam is injected, countercur-

rent to oil flow. The oil forms a thin film, with large surface area, as it flows over

the packing. This helps the steam ‘‘strip’’ the last traces of solvent. The stripping

column is operated under vacuum—559–711 mm (22–28 in) Hg. This helps the sol-

vent escape from the oil.

The solvent and steam vapors from the stripper are condensed together and go

to a solvent–water separator, where the condensed liquids separate into lightweight

hexane floating on the heavier water. The hexane overflows the top of the solvent–

water separator and goes to the solvent work tank. Water, with some entrained

hexane, syphons from the bottom of the solvent–water separator and goes to a water
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stripper. All traces of hexane are removed from the water in the water stripper, and

hexane-free effluent water leaves the system.

Care is taken not to overheat the oil, for prolonged heating of some oils, like

cottonseed, ‘‘sets’’ the color and produces a permanently dark oil (158). The clari-

fied, desolventized oil usually is degummed to remove the phospholipids. This

ensures better oil quality if the oil is sold to firms that further process the oil.

The gums are added to the marc going through the desolventizer. This raises the oil

level of the extracted meal a few percentage points. Some plants may sell the phos-

pholipids as crude lecithin.

Mixtures of dissolved oils and hexane or other hydrocarbon solvent exhibit a

considerable negative deviation from the ideal; that is, the vapor pressure of the

solvent is lower than that calculated from its molar concentration in the miscella

and also that calculated for the pure solvent on the basis of Raoult’s law. Below

a solvent concentration of about 10% by weight, the boiling point becomes so

high that steam stripping is essential in the final stages of solvent recovery. Boiling

point and vapor pressure data on mixtures of commercial hexane with cottonseed

and peanut oils have been published by Pollard et al. (208). Values for the boiling

points of cottonseed-hexane mixtures at different pressures, as derived from

Pollard’s smooth data, are shown in Table 7.

Figure 29 plots vapor pressure curves for pure hexane, for commercial hexane

experimentally determined, and for a 10% commercial hexane miscella, both as

calculated for an ideal solution and as actually determined. The plots, which are

on the conventional basis of log vapor pressure versus reciprocal of the absolute

temperature to give straight lines, show that below a temperature of about 93.3�C
(200�F)—which corresponds to a 1=T value of 15.16—the actual vapor pressure

TABLE 7. Boiling Points (�C) of Mixtures of Cottonseed Oil and Commercial Hexane

(208).

Pressure kPa/(mm Hg)

Oil in Mixture

(wt. %) 101.3 (760) 81.3 (610) 61.3 (460) 41.3 (310) 21.3 (160)

0 66.7 60.0 51.1 40.6 26.7

50 70.0 62.8 54.4 43.9 27.8

60 72.2 65.6 56.1 45.6 29.4

70 77.2 69.4 60.0 48.9 32.8

80 85.6 77.8 67.8 55.6 38.9

85 93.9 85.6 75.0 62.2 45.0

90 110.6 98.9 87.2 72.8 53.9

92 120.0 107.8 95.0 80.6 61.1

94 133.9 121.1 106.7 88.9 68.9

95 142.8 131.1 114.4 95.0 73.9

96 — — 123.3 101.7 80.6

97 — — 132.8 110.0 87.8

98 — — — 120.0 97.2

99 — — — 133.3 109.4
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curve of the miscella is a straight line. The activity coefficient or the ratio of actual

vapor pressure to ideal vapor pressure over the linear portion of the actual vapor

pressure curve may be determined from Figure 29. At a 1=T value of 16, for

example, the actual vapor pressure is 310 mm, whereas the ideal vapor pressure

is 520 mm; hence the activity coefficient is 310=520 ¼ 0:60.

Similar plots and calculations may be made for miscellas of other concen-

trations where experimental values have been determined at temperatures below

93.3�C (200�F); the graphical data are shown in Figure 30. Figure 31 shows acti-

vity coefficients in terms of the composition of the miscella. Data subsequently

published by Smith and Wechter (209) on the vapor pressures of mixtures of

soybean oil with hexane in the range of 75–120�C (167–248�F) and 2–36 mol%

or 0.25–5.25 wt% (Figure 32) show activity coefficients generally between 0.50

and 0.60. For leaner miscellas, where boiling occurs at lower temperatures and

steam stripping is not required, the data in Table 7 are directly applicable. The

derived values in Table 7 were determined in a laboratory apparatus with vigorous

stirring to prevent superheating the solvent. In ordinary apparatus, superheating

may be expected.

Smith studied the effect of boiling point differences of various cuts of hexane on

miscella (218). Smith also determined the vapor pressure of hexane–soybean oil

solutions at high solvent concentrations (211). When making stripping calculations,

one should be aware that the last portions of solvent to vaporize consist of higher

boiling constituents in that particular cut of solvent.

Figure 29. Vapor pressure curves: A, commercial hexane; B, pure hexane; C, 10% commercial

hexane in mixture with cottonseed oil, ideal curve; D, same mixture, actual curve, according to

data of Pollard et al. (208).
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Figure 30. Vapor pressure curves of commercial hexane in different concentrations by weight in

mixtures with cottonseed oil, according to Pollard et al. (208).

Figure 31. Activity coefficients of commercial hexane mixed with cottonseed oil, according to

the data of Pollard et al. (208).
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7.2. Recovery from Marc

In the 1930s through the 1940s, especially in plants using immersion-type extrac-

tors, solvent was recovered from marc in a bank of horizontal cylindrical vessels

interconnected so that the marc traveled through each vessel, dropping from a

higher vessel to a lower one, and traveling in a zigzag fashion down through the

bank of vessels. Originally developed in Germany, the desolventizer was some-

times called a schneckens (winding staircase) desolventizer. Each vessel was steam

jacketed to provide heat and contained a revolving agitator to propel the marc. The

last vessel employed a countercurrent flow of sparge steam to strip out the last

traces of solvent.

Figure 32. Vapor pressure curves for low concentrations of hexane in soybean oil (209).
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In the 1950s, with the advent of percolation extractors, a new type of desolven-

tizer appeared (212). Termed the desolventizer/toaster, this vessel was shaped like a

cylinder standing upright. Inside, it was divided into several horizontal sections, or

‘‘trays.’’ A vertical shaft moved a sweep arm across the surface of each tray to keep

the material agitated. The sweep arm also tripped a trap door built into each tray.

This allowed product to fall from each tray to the tray below. The level in each tray

was controlled by an adjustable linkage, activated by the material, that allowed

the trap door to trip open only when the material was at the desired level. Heat

was supplied by jackets on the tray bottoms and sometimes on the side walls.

Sparge steam was used on the topmost trays to help flash off the solvent. The con-

densed sparge steam was absorbed by the solids, thereby, minimizing dust carry-

over to the condenser. The sparge steam also partially cooked or ‘‘toasted’’ the

solids. This was helpful for materials containing active enzymes, such as soybean,

where the toasting inactivated urease.

Some stack desolventizers employ a true countercurrent flow of live (sparge)

steam. Live steam is introduced under the bottom tray, which has a perforated

bottom. The fresh steam migrates through the discharging material, stripping out

the last traces of solvent. The steam then passes into the preceding tray through

hollow staybolts that are dispersed throughout the tray (Figure 33). The steam

migrates through the material on that tray and continues up through all the preced-

ing trays. The top tray (sometimes more than one tray), called the predesolventizing

tray, has a steam-jacketed bottom, thereby using indirect steam to flash off the

surface solvent in the incoming marc.

This countercurrent desolventizer/toaster was originally developed in Germany

by Heinz Schumacher and put into service in about 1982. Crown Iron Works Co.

(Minneapolis, Minnesota), Extraction de Smet (Zaventem, Belgium), and Krupp

Maschinentechnik (Hamburg, Germany) obtained licenses to build and sell this

desolventizer in various countries of the world.

Another method of desolventization removes solvent at low temperature to avoid

denaturing the protein. Called flash desolventizing, it exposes the marc to a recircu-

lating stream of superheated vapor traveling at high velocity (Em. Corp., Des

Plaines, Illinois) (213). Most of the solvent in the marc vaporizes and joins the

superheated vapors, cooling them. Some recirculating vapor, roughly equal to what

evaporated from the marc, is bled off through a rotary valve, scrubbed to remove

fines, and condensed. The extracted material, still containing approximately 1%

solvent, leaves the recirculation loop through a cyclone and rotary valve. The

solid material then passes into a flake stripper where the remaining solvent is re-

moved under conditions (low heat, low moisture) that do not denature or darken

the protein.

High nitrogen solubility index (NSI), soy protein for manufacture of meat

analogs is prepared in flash desolventizers. Some soybean extraction plants send

part of their marc through a flash desolventizer to serve the high NSI soy flour

market and the balance of their marc through desolventizer/toasters to serve the

animal feed soy meal market. The first flash desolventizer was commissioned by

EMI Corporation (Em. Corp., Des Plaines, Illinois) in 1960 (214).
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7.3. Recovery from Effluent Streams

Aside from the two sought-after product streams in a solvent-extraction plant, there

are two additional streams flowing out of the system: effluent air and effluent water.

Recovery from Effluent Air. Air enters the system trapped in the incoming mate-

rial. Air also enters the system through leaks in the vessels, especially vessels

operating under vacuum. Some vessels (the extractor, the desolventizer) are operat-

ed under a slight vacuum, 2.4–5 mm (1–2 in.) water column, to ensure that, if there

Figure 33. Crown/Schumacher desolventizer-toaster (Courtesy of Crown Iron Works., Minnea-

polis, Minnesota).
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are leaks, air will leak in rather than solvent leaking out to cause a fire hazard. All

this air leaves the system saturated with solvent vapors. If not properly handled, the

effluent air could also contain solid particles.

Dust from the desolventizer is the source of solid particles. Desolventizer vapors

are, therefore, usually sent through a cyclone-like device into which a mist of

solvent is sprayed. The fines absorb the solvent, become heavier, and fall out of sus-

pension. The ‘‘scrubbed’’ vapors continue to the condenser, whereas the solvent-

ladened fines return to the desolventizer.

Air is removed from the system by vent lines connected to all vessels likely to

contain some incoming air: the extractor, the desolventizer, etc. A slight vacuum,

induced by a vent fan, draws noncondensibles from all the condensers and vented

vessels into a common header where they pass through a water-cooled vent con-

denser followed by some device to remove as much solvent vapors as practical

and then pass through a flame arrestor before being released to the atmosphere.

The simplest, least expensive device is a refrigerated condenser to lower the effluent

air temperature. The air leaves the system saturated with solvent vapor; the lower

the temperature, the less solvent in the air. A more effective method removes the

solvent from the air by either absorption or by extraction.

Adsorption passes the air–solvent vapor mixture through a bed of activated char-

coal. Most of the solvent vapors are adsorbed by the charcoal as the air, with some

traces of solvent, passes through. When the charcoal is almost saturated with

solvent, the air–solvent vapor mixture is sent to a second charcoal adsorber while

the first one is cleansed with hot steam to strip out the solvent. The steam–solvent

mixture is then condensed and sent to the solvent–water separator. Care should be

exercised not to overload the adsorber with hexane vapors. Adsorption of hexane by

carbon releases heat. If unmonitored and uncontrolled, the adsorber could catch on

fire. This is especially likely to happen if a process upset sends a sudden surge of

hexane vapors to the adsorber.

The other method, extraction, passes the air–solvent vapor mixture through a

miniature solvent-extraction system using mineral oil as a solvent to ‘‘absorb,’’ or

extract, the solvent vapor from the airstream. The mineral oil then goes to a steam

stripper to strip out the solvent. The steam–solvent vapors are condensed and go to

the solvent–water separator. The hot mineral oil from the stripper is chilled and goes

back to the absorber where it picks up more solvent. Called mineral oil scrubber,

the mineral oil is continuously recirculated through the absorber, the stripper, and

the chiller.

The effluent air still contains some solvent vapor, but less than its saturation

level. A well-functioning mineral oil scrubber will keep solvent loss below 1.89 L

(0.5 gal) per metric ton of material processed.

Recovery from Effluent Water. All condensed mixtures of steam and solvent

vapors go to a common solvent–water separator (mentioned above), where solvent

overflows the top and water syphons out the bottom. The water, still containing

traces of solvent, passes through a steam-heated waste-water stripper, where live

steam raises the water temperature well above the boiling point of the solvent,

85�C (185�F) for hexane, which boils at 68.9�C (156�F). The driven-off solvent
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is condensed and sent back to the solvent–water separator. The hot water goes to a

large outdoor sump, and from there it leaves the system.

8. OBTAINING OIL FROM FRUIT PULPS

Fruit pulp oils of commercial importance are olive oil and palm oil. As these oils

reside in the soft pulp of the fruit rather than in the kernel or seed, different tech-

niques are used to separate the oil. Olive oil, being used primarily for cooking and

as an oil topping on foods, is valued for its flavor. It is grown primarily in the

regions surrounding the Mediterranean Sea and is probably the first oil produced

by human effort. Palm fruit oil (not to be confused with palm kernel oil) serves

the same markets as other vegetable oils and is grown on plantations in Malaysia,

Indonesia, and parts of Africa.

8.1. Olive Oil

Olives are easily bruised, and, therefore, are carefully harvested, sometimes hand

picked, to avoid any deterioration of flavor. They are normally processed within

three days, otherwise the fatty acids increase and the oil quality deteriorates. Pro-

cessing is done both in large modern plants and in small traditional oil mills. The

olives are first washed, crushed or ground, and stirred into a thick paste (called

malaxation) in agitated vats. The paste is then decanter-centrifuged or pressed to

separate an oil–water emulsion from the solids (pumace). Pressing is done by

spreading layers of the paste onto pressing bags and stacking the bags into a plate

press. The bags are laid onto the bottom press plate in stacks of 25–50. Rigid plate

guides are inserted after every fifth or sixth bag to ensure a more uniform distribu-

tion of pressure. When pressure is applied, the oil migrates from the paste into the

cavities in the pressing bags and drips out of the press. The oil–water emulsion is

centrifuged, and the separated oil is then clarified in a filter press using diatomac-

eous earth (215, 216). The modern use of a decanter centrifuge in recovering oil

eliminates the labor-intensive steps of spreading the olive paste onto pressing

bags and stacking the bags into a plate press. A decanter centrifuge also results

in a more continuous process with higher productivity (215).

It has been found that a 5–10% increase in virgin oil yield can be realized

by the addition of plant cell-wall degrading enzymes to the malaxer (217). The

enzymes are usually added to early harvested (less ripe) olives. Olives har-

vested later, when they are more ripe, already contain internal enzymes that

have the same effect as the added enzymes. Extraction produces three products:

oil, an aqueous fraction that creates disposal problems, and a solids residue.

The solid residue (pumace) obtained from pressing or centrifugation, contains

4–10% oil. The oil can be solvent extracted and refined. Solvent-extracted

pumace oil is of low quality and is usually blended with a better quality virgin

oil (215, 218).
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8.2. Palm Oil

At one time, most of the palm oil on the market was extracted from fruit of wild-

growing trees in Africa. Later, a superior quality oil was obtained from fruit grown

on plantations in Indonesia. Malaysia, and Central Africa. Primitive extraction

methods used for wild-growing fruit have been replaced by modern methods

operating at much higher capacity for plantation-raised fruit.

The fruit grows in clusters on a central, branched stalk, similar to the way grapes

grow, but the fruit is larger than grapes. The fruit consists of oily pulp surrounded

by a tough outer skin and contains seeds (or kernels) imbedded in the pulp. Palm

fruit oil is extracted from the pulp. Palm kernel oil is extracted from the seed.

The fruit is harvested in bunches, like grapes. The bunches are loaded into lorries or

narrow-gauge railway cars that are taken to the extraction facility. The bunches are then

loaded into sterilizing cars. Usually, some provision is made to allow sand, leaves, and

other impurities to fall away as the sterilizer cars are loaded. The sterilizing cars are

rolled into cylindrical sterilizing chambers. The chambers are horizontal cylinders

open at one end (sometimes both ends) and having rail tracks for cages. The door is

shut, and live steam is sparged into the chamber. The steam migrates through the

bunches, bringing heat to all the fruit. The heat sterilizes the fruit to prevent bacterial

or enzymatic activity from attacking the oil once the skin is broken. The length of time

in the sterilization chamber depends on the maturity and average size of the fruit.

After sterilization, the palm fruit bunches pass through stripping/threshing equip-

ment that removes the individual fruits from the stalks. Two types of stripping machines

are available: drum strippers and beater strippers. The separated fruits are washed to

remove sand and then go to a twin-screw-press to squeeze out the palm fruit oil. The

oil is then clarified of moisture and solid matter that came out with the oil.

A typical twin-screw-press has two matching parallel wormshafts rotating in

opposite directions and pushing the fruit through perforated cages against hydrauli-

cally operated conical chokes that apply back pressure. The liquid flows through

holes in the cages. The solid residue flows over the cone chokes. This type of press

is also used to press grapes and other soft and moist materials. A leading manufac-

turer is Usine de Wecker (Luxembourg), who supplied its first twin-screw-press in

1912 to press grapes for wine production.

The crude palm fruit oil, a mixture of oil, water, and solid impurities, is clarified

in a continuous decanter, or in settling tanks, to remove the water and impurities.

The cake from the screw-press consists of moist pulp solids, kernels (or seeds),

and the outer skin of the fruit. The cake is sent to a pneumatic vertical column

separator to separate the kernels from the fiber and cellular debris. The kernels are

then ‘‘conditioned’’ by lowering their moisture level from about 16% to 10–12%.

This causes the meats to shrink and pull loose from the shell. The kernels are then

cracked and the meats are separated from the shells in one of two ways:

1. The cracked kernels are mixed into an aqueous slurry of clay or salt having a

specific gravity of 1.18–1.20, where the kernels float and are skimmed off,

and the shells sink.
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2. The cracked kernels are mixed with water and pass through a liquid cyclone,

where the heavier shells are pushed by centrifugal force against the outer

wall and pass out the bottom, whereas the lighter meats float out the top.

The meats, now containing about 20% moisture, are dried to below 8% moisture

and sent to storage for subsequent pressing in high-pressure screw-presses to pro-

duce palm kernel oil (219, 220).
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4
Storage, Handling, and

Transport of Oils and Fats

Gary R. List, Tong Wang, and Vijai K.S. Shukla

Iowa State University

Ames, Iowa

1. INTRODUCTION

Damage to oils during storage, and the resulting loss in quality and yield, can occur

because of deterioration-adverse chemical changes caused by the intrinsic nature

of oils; contamination from natural substances associated with the source of the

oil, traces of pesticides, and that introduced by oil processing or in transit; and

adulteration-deliberate admixture of one oil with another.

1.1. Deterioration of Oils and Fats

Hydrolysis, the reaction of fats and oils with water, and oxidation, the chemical

reaction in which oxygen combines with another substance with the liberation of

heat, are the two basic processes that result in the deterioration of oils and fats.

Oxidation is mostly responsible for much more of the deterioration of fats and

oils than hydrolysis.

Moisture promotes the splitting of triacylglycerols to form free fatty acids,

mono- and diacylglycerols (Figure 1), which result in increase of refining losses

directly related to the free fatty acid content of oils and fats. Essentially, hydrolysis

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
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is the reverse of making a fat molecule. This process typically requires a fat-soluble

catalyst, high temperature (>100 �C), and long time (several hours) (1). Partial

hydrolysis of lipids typically occurs because of improper seed storage and handling,

such as high moisture content, high temperature, and seed mechanical damage.

Such reaction is usually catalyzed by the lipases naturally present in the oilseeds.

The conditions used during oil extraction can also significantly affect such lipase

catalyzed reaction (2). The deterioration of a fat or oil in the presence of oxygen

is termed oxidative rancidity. The initial step in the oxidation of an oil or fat is the

addition of oxygen at or near the double bond of a fatty acid chain to form unstable

compounds generally designated as peroxides (Figure 2) (3).

There are three types of lipid oxidation: autoxidation, photo-oxidation (or photo-

oxygenation), and enzyme-catalyzed oxidation. Lipid autoxidation is a free radical

chain reaction that involves the initiation, propagation, and termination steps. The

initiators for the initiation reaction are free radicals produced by (1) thermal disso-

ciation of hydroperoxides, (2) metal-catalyzed decomposition of hydroperoxides,

and (3) photosensitization of certain chemicals (4). The initial peroxides can either

be impurities or formed between lipid and the very active singlet oxygen (1500

times more active than triplet oxygen), which is essentially photo-oxidation. Singlet

oxygen is produced from the ordinary triplet oxygen by light in the presence of a

sensitizer, such as chlorophyll and methylene blue. Singlet oxygen is added directly

to the double bond by the concerted ‘‘ene’’ addition mechanism, and the peroxides

formed are different from those formed by autoxidation (4). Photo-oxidation is not

a chain reaction and is not affected by free radical quencher type of antioxidant, but
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Figure 1. Hydrolysis of fats and oils.
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the reaction is inhibited by singlet oxygen quenchers such as carotenoids. Direct

photo-oxidation of lipids is generally of less concern than autoxidation because

light absorption at less than 220 nm cannot reach lipids unless they are exposed

to sunlight or fluorescent light without proper protection. The peroxides initially

present in the oil as impurities can also be produced by enzymatic oxidation. Var-

ious lipases and lipoxygenases are naturally occurring in plants or animals. The

enzyme-catalyzed oxidation start with the hydrolysis of the lipid, and then only

the polyunsaturated free fatty acids (pentadiene) are oxidized by lipoxygenases.

When the oxidation of an oil is followed experimentally, either by measuring the

amount of oxygen absorbed or determining the peroxide value, the course of oxida-

tion is defined by the oxygen absorbed in the oil, as shown in Figure 3 (5). During

the initial or induction phase, oxidation proceeds at a relatively slow and uniform

rate. Peroxides are formed during this period at a faster rate than they are destroyed

so that their content increases in conjunction with the oxygen absorption. After a

certain critical amount of oxidation has occurred, the reaction enters a second

phase, characterized by a rapidly accelerating rate of oxidation. The point at which

the sample begins to smell and taste rancid coincides with the beginning or early

part of the second phase. As oil oxidation continues, with time, the peroxides that

are formed decompose to generate volatile and nonvolatile compounds that contri-

bute to flavor and odor deterioration of oils and fats. The extreme stages of oxida-

tion, polymerization, and degradation are accompanied by rapid increase in the

viscosity of the oil. There is considerable variation among different fats in the man-

ner in which their oxidation and accompanying flavor deterioration proceeds. The

Figure 3. Stages of progressive deterioration of fats through oxidation (5).

INTRODUCTION 193



amount of oxygen that must be absorbed to produce rancidity will vary according to

(1) composition of the oil (2) presence or absence of antioxidants and pro-oxidants,

and (3) conditions of oxidation.

Generally, oxygen absorbed will amount to about 15–150% of the oil by volume

or 0.02–0.20% by weight. Fats high in oleic acid and low in linoleic acid will

TABLE 1. Relative Reaction Rate of Fatty Acids with Oxygen (6).

Approximate Relative Oxidation Rate

Fatty Acid (PV formation)

Oleic acid (C18 : 1) 1

Linoleic acid (C18 : 2) 10

Linolenic acid (C18 : 3) 25

Figure 4. Effect of temperature on the rate of oxidation of various fats: (A) Miscellaneous

commercial shortenings aerated until rancid, (B) pure methyl oleate aerated to peroxide value of

500 meq/kg, (C) purified methyl esters of mixed soybean oil fatty acids aerated to a peroxide

value of 500 meq/kg, and (D) and (E) commercial vegetable oil shortenings incubated at 65 �C
and stored at 21 �C and 32 �C until rancid.
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become rancid after the absorption of more oxygen than fats in which the ratio is

reversed.

The relative oxidation rates of pure fatty acid esters based on peroxide formation

are shown in Table 1 (6). This table is based on a common factor of one that has

been arbitrarily assigned for the oxidation rate of oleic acid.

The rate at which oxygen is absorbed is markedly accelerated by heat and

by exposure to light, particularly in the ultraviolet and near-ultraviolet range

(7, 8). The effect of temperature on the rate of oxidative deterioration is shown

graphically in Figure 4 (9). The coefficient of reaction increased markedly above

60 �C (140 �F).

As shown in Figure 5, oxygen uptake relates directly to the chemical reactivity

of the edible oil. This effect becomes even more pronounced during the later stages

of storage. The phenomenon of a reduced induction period, resulting in shortened

product shelf life, is also shown in Figure 6 (10). For example, as shown by curve C,

organoleptic rancidity occurs in an oil with good stability after 70 h of storage.

Organoleptic rancidity occurs at a much more rapid rate in curves A and B which

illustrate the effect of a reduced or shortened induction period.

Oxidation has an important effect on the color of fats and oils. Although oxida-

tion bleaches the carotenoid pigments, it tends to develop the color of other types of

coloring material and, in certain cases, even develops colored compounds of qui-

noid nature from the fatty acids or acylglycerols of the oils. Cottonseed and, in cer-

tain cases, soybean oil are subject to marked darkening upon oxidation. The effect

of oxidation or aeration on the color stability of oils is shown in Figure 7 (7).

Effects of temperature and oxygen concentration on oxidative deterioration

during storage of crude sunflower oils, obtained by pressing and solvent extraction,

were studied (11). Extracted oil showed a higher oxidative stability than pressed oil.

Figure 5. Oxygen uptake at 90 �C of (A) corn oil, (B) corn oil plus 0.02% lauryl caffeate, and

(C) corn oil plus 0.10% lauryl caffeate.
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This may be attributed to the presence of more polar protective antioxidants in the

solvent-extracted product. As expected, oxidative deterioration was strongly depen-

dent on temperature, oxygen availability, and the ratio of exposed surface to sample

volume.

Figure 6. Stability tests (aeration at 110 �C) of (A) hydrogenated peanut oil after oxidation to

near rancidity, (B) oxidized oil after steam deodorization, and (C) hydrogenated peanut oil.

(Arrows indicate points of organoleptic rancidity.)

Figure 7. Effect of oxidation (aeration at 120 �C) on the color of refined and bleached

cottonseed oil.
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1.2. Flavor and Odor Stability

Many fats and oils develop off-flavors during storage, which has been called rever-

sion, that is, oil flavor reverting to the original flavor of the crude oil. However, as

discussed by Smouse (12), this is more accurately called retrogression because the

flavor retrogrades from a better to a worse condition. Also, aged oils do not develop

off-flavors identical with that of the crude oils, but for any given type of oil, it is

always specific and characteristic. Although all oils develop off-flavors, some do so

at a faster rate than others. Soybean and marine oils develop ‘‘fishy’’ flavors, lard

and tallow develop ‘‘animal’’ flavors, rapeseed and linseed oils develop ‘‘grassy/

painty’’ flavors, and palm oil develops ‘‘painty/rancid’’ flavors. All of the efforts

to prevent the development of off-flavors in oils are aimed at slowing down the

rate at which they develop. Multivalent metals, such as iron or copper, act as

pro-oxidants when present with triacylglycerols. Research at the U.S. Department

of Agriculture (USDA) National Center for Agricultural Utilization Research

(NCAUR) in Peoria, Illinois showed that metal inactivators, which chelate or

sequester these metals, were very effective at reducing the rate of reversion in soy-

bean oil (13). This was a major improvement in processing for soybean oil stability

and is practiced universally by the industry. Recent research (14) has indicated that

citric acid addition to canola oil is important for flavor stability in the oil. A good

discussion of the theories of soybean oil reversion is presented by Smouse (12),

which includes 121 citations to pertinent research. Each theory is discussed in

detail: linolenic acid theory, isolinoleic acid theory, oxidative polymer theory, phos-

pholipid theory, nonsaponifiable theory, multivalent metals, and singlet oxygen.

Each of the theories plays a role in soybean oil reversion.

1.3. Additives and Stability

Perhaps the most important additive of edible oils to enhance stability during sto-

rage and transport is citric acid or a similar metal chelating agent (15). Traces of

metals in a reactive form act as catalysts that greatly promote the autoxidation of

fats and oils. Concentrations of iron as low as 0.1 ppm or copper as low as 0.01 ppm

can accelerate the deterioration of soybean oil (16). If an oil has higher concentra-

tions of metals, it is necessary to first lower the content by a vigorous acid wash of

the oil, for example, with very dilute phosphoric acid or by use of activated

bleaching earth to absorb metals and metal complexes from the oil. A small amount

of citric acid (i.e., 0.05% w/w, citric acid/oil) can be added to enhance the effec-

tiveness of a bleaching earth. Some other acids that have been used to chelate

metals are ascorbic, phosphoric, tartaric, and ethylenediamine tetraacetic acid

(EDTA). It should be noted that citric acid does not improve the stability of

olive oil (17).

Synthetic antioxidants effectively improve the stability of fats and oils with a

low level of natural antioxidants, such as tocopherols, and with a low level of poly-

unsaturation. With oils that have a high content of polyunsaturated fatty acids

and significant level of tocopherols, such as soybean oil, synthetic antioxidants
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minimize the accumulation of peroxides but did not improve the flavor stability

(18). The desired qualities of an antioxidant used to stabilize edible fats and oils

are: (1) use in a product is safe (2) contributes no odor, flavor, or color to the pro-

duct in which it is used (3) effective in the product at low concentrations (4) easily

incorporated into the product (5) retained after cooking processes such as baking

and frying (6) available at low cost for the application (19). Lauric-acid-containing

oils are rather poor in their tocopherol content, as is the case with olive oils. How-

ever, palm oil, soybean, corn, and cottonseed oils contain higher levels of these

natural antioxidants. Synthetic antioxidants were shown to be effective in the sta-

bilization of virgin olive oil (17). Butylated hydroxyanisole (BHA), butylated

hydroxytoluene (BHT), and tertiary-butylhydroquinone (TBHQ) all improved

the oxidative stability of the olive oil during storage at 50 �C (122 �F) in the

dark but were not effective in preventing photo-oxidation of olive oil. It should

be noted that addition of antioxidants to oils, which are already deteriorated,

will not improve the quality or stability of the oil. Thus, it is of importance to pro-

duce a fresh quality material and immediately protect it with either nitrogen or

antioxidants.

1.4. Antioxidants as Processing Aid

Antioxidants are of extreme help in protecting the quality of the oils during trans-

port, storage, and processing, and finally, when the oil is deodorized, these are par-

tially removed. TBHQ plays a major role in providing protection by addition right

in the crude oil at levels of 200 ppm together with 50 ppm of citric acid. This not

only saves the oil from degradation but also improves the final yield of the pro-

cessed oils, thus economics of addition of antioxidant can be very well balanced

by improved yield with better profitability and less worries during processing.

1.5. Contamination of Fats and Oils

Contamination begins in the fields and is possible at all stages of processing and

application. The sources of contamination are several and some are found before

the primary products are processed. All agricultural products are likely to contain

evidence of the environment from which they come: dirt and dust, fragments of

vegetable matter, insect parts, and so on. Other insoluble impurities appearing in

crude oils will come as precipitates from the oils themselves. Most of the farm rub-

bish and the materials from the original plant and from the oil itself should have

been removed before the oil is shipped, but some may carryover and some extra

precipitation from the oil is possible.

Pesticide residues are the most common agricultural chemicals that contaminate

oils and they are almost inevitable. Although edible oils are secondary products

derived from the processing of crops, there will be some carryover of pesticide

residues into the oil. In 1995, a list of persistent organic pollutants (POPs) were

published (20). They were classified as (1) chlorinated pesticides, such as aldrin

and DDT, and other industrial chemicals, such as hexachlorobenzene and
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polychlorinated biphenyls (PCBs), or (2) bromine compounds from flame retar-

dants, and (3) unwanted byproducts such as dioxin and polycyclic aromatic hydro-

carbons (PAHs) from incineration. The PAH content of some crude vegetable oils is

shown in Table 2. The light PAH is removable by deodorizer distillation, and the

heavy PAH can be removed by adsorption by using activated carbon. Although

there is no regulation at present about these PAHs, the desirable maximum content

for heavy and total PAH is 5 ppb and 25 ppb, respectively.

Dioxin content in certain oil and its current and future maximum levels are

shown in Table 3. Pilot-scale experiments have shown that dioxin can be suffi-

ciently removed by activated carbon treatment (20). Similarly, PCBs that are pre-

sent in foods in ppb level can be reduced by activated carbon or deodorization

treatment of the oil.

Some oilseeds are dried in the field with hot gases from oil burners. Copra is

often dried in ovens or kilns fired by coconut shells. In each case, contamination

with diesel fuel fumes or polyaromatic hydrocarbons is inevitable. The only ques-

tion is to what extent. Some hydrocarbons occur naturally in plants and appear in

plant products. Mineral oil contamination of vegetable oil was also associated with

toxic oil syndrome (20).

So long as uncoated mild steel tanks are accepted, there is a danger of mechan-

ical contamination by rust flakes or powder or of the formation of iron salts by

interaction with fatty acids in acid oils. Accordingly, such tanks are often coated

with inert materials (plastics for food contact). The dangers of metal contamination

can be eliminated altogether by using stainless steel.

TABLE 2. Polycyclic Aromatic Hydrocarbons (PAHs) Content

of Some Crude Vegetable Oils (ppb) (20).

Light PAH Heavy PAH

Coconut 992 47

Palm kernel 97 5

Rapeseed 30 4

Sunflower seed 66 12

Palm 21 1

Soybean 18 2

TABLE 3. Typical Dioxin Level (pictogram toxicity equivalent/gram) in Certain Oils

and its European Union limits (20).

Typical Content Current Max Max After 2006

Vegetable fats 0.01–10 0.5 0.5

Crude fish oil — 6.0 4.0

Refined fish oil — 2.0 1.5
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2. STORAGE AND HANDLING

2.1. Types of Facilities

Bulk storage and handling facilities are needed by (1) extraction plants and refi-

neries, (2) industrial users of fats and oils, and (3) tank farm operations. The latter

represent a distinct type of facility because they are not involved in the manufacture

or use of edible oil products but merely store, handle, and ship them for national

and international trade.

A typical bulk storage and handling facility for finished products is depicted in

Figure 8. Key features include a plant for hydrogen production, hydrogenation

facilities, deodorization equipment, storage tanks for partially processed and

finished products, tank car and truck-cleaning facilities, and a loading line.

2.2. Crude Fats and Oils

Crude fats and oils may contain significant amounts of non-acylglycerol materials

that should be removed prior to bulk storage, handling, and transport. These include

gums (phospholipids), meal fines, moisture, seed fragments, and proteinaceous

material. Seed fragments and cell tissue contain lipases that, in the presence of

moisture, hydrolyze triacylglycerols into free fatty acids. Also, the combination

of moisture, seed fragments, and mucilaginous material provides an ideal system

for microbial growth that can lead to putrefaction and development of objectionable

odors. These factors, coupled with the fact that crude fats and oils are usually stored

Figure 8. Typical bulk storage and handling facility for finished products.
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at temperatures conducive for enzymatic and microbial growth, emphasize the

importance of removing non-triacylglycerol materials.

Removal of phospholipids is desirable because crude oil stored for extended

periods is apt to deposit sludge in the bottoms of storage tanks, barges, or rail

tank cars (21). Phospholipids (1–3%) represent the bulk of the fat-soluble materials

in most crude vegetable oils and are particularly troublesome with soy oil. Soybean

oil is the major commercial source of lecithin.

Storage of crude fats and oils is necessary to maintain sufficient quantities of oil

to supply the refining operation. The objectives of such a bulk-storage system are

also to maintain the quality of the incoming crude oil and to supply a uniform pro-

duct to the refining operation (22–24). An ideal bulk-storage system is depicted in

Figure 9. Key features include: (1) storage tanks and piping for each type of crude

oil to be stored and handled, (2) an inventory control system that allows an accurate

measure of crude oil coming into the refinery and to the refining operation, and (3) a

spill prevention, containment, and control system. Items (1) and (2) are particularly

important in preventing comixing, and mixing of old product with new where the

deteriorated one could catalyze oxidation.

2.3. Quality Deterioration During Storage

The most serious types of quality deterioration occurring in bulk storage of crude

fats and oils include comixing, contamination, chemical changes, and color

increases (22).

Coincidential Comixing. Comixing occurs through the undesired mixing of dif-

ferent types of crude oils and can occur either through human error, faulty equip-

ment design, or both. Comixing can be prevented by separating tanks and piping

systems for each major type of crude oil handled. It can also be avoided by using

strict operation procedures.

Contamination. Fats and oils with appreciable amounts of phosphatides and

other easily hydratable materials, such as those from soybean, cottonseed, corn,

rapeseed, etc., can be contaminated with moisture. Conditions of high humidity,

warm oil, and cool temperatures can produce sweating within crude oil storage

Figure 9. Ideal bulk storage system.
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tanks. In effect, water dripping into the oil causes an in situ degumming of the oil

with an accumulation of sludge deposits on the bottom of the tank. The effect can

be minimized by employing vent systems that restrict the flow of air in and out of

the tank.

In the course of long-term storage, crude oils may be contaminated by oxidized

or hardened oils that eventually coat the tank walls as a patch and provide uneven

quality deterioration. This can be prevented by periodic cleaning of the tanks.

Chemical Changes. Primary considerations during crude oil storage and hand-

ling include preventing hydrolysis and oxidation of the crude oil. Storage of crude

oil in the presence of moisture promotes hydrolysis, which, in turn, leads to

increases in free fatty acids and lower yields of refined oil. Hydrolysis can be

best prevented by ensuring that tanks are completely dry prior to pumping crude

oil into storage and by keeping the oil as cool as possible throughout all handling

operations.

Oxidation of crude oil may be prevented by excluding oxygen and air from the

oil. One way is to fill storage tanks from the bottom, thereby minimizing exposure

to the air as it enters the tank. A second, but more expensive, way to preserve crude

oil quality is to blanket storage tanks with an inert gas such as nitrogen. However,

inert gas blanketing is generally used more in conjunction with finished oil storage

and handling. These techniques will be discussed in detail later.

Trace metals, in particular iron, copper, and nickel, accelerate the oxidative dete-

rioration of fats and oils. Crude oil should not be in contact with iron, copper, or

brass valves. One brass valve in a soybean oil refinery can lower the flavor stability

of deodorized products. For proper handling, only stainless-steel tanks and valves

should be used.

Color Fixation. Oxidation of crude fats and oils can also lead to color fixation.

The most notable examples of color fixation are in cottonseed (25) and palm oils,

where oxidation of gossypol and carotenoid pigments are involved.

Although not particularly sensitive to color fixation, the lecithin in crude soy-

bean oil may darken excessively if the oil needs to be melted prior to unloading

from rail tank cars or trucks. The use of high-pressure steam on heating coils should

be avoided. Instead, low-pressure steam or, better yet, hot water should be used for

this purpose. It is highly advisable to use longer time in slow and mild heating in

order to give a gentle treatment to the oil in qusetion.

2.4. Equipment for Storage and Handling of Crude Fats and Oils

Tanks. Crude oil storage tanks are usually constructed of welded iron, aluminium,

or stainless steel. Their sizes vary throughout the industry depending on the refining

capacity of the particular plant and the availability of incoming crude oil. Storage

tanks with a capacity of 446,000 kg (1 million pounds) are not uncommon.

Crude oil storage tanks may be located in the open or in an enclosed area. If

located outside, they should be set on concrete pads to protect them from surface

water that eventually can cause rust and corrosion (26). A practical method for pro-

tecting crude oil quality involves painting outside storage tanks with aluminum or
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white paint. Such tanks may be as much as 11 �C (51.8 �F) cooler than those painted

black (27). Most vegetable oils will not usually freeze in cold weather when held in

large storage tanks. However, because storage tanks may be used for harder oils

with higher melting points, the tanks should be equipped with heating coils to facil-

itate melting of bulk-stored fats and oils when required. We very highly recommend

only stainless-steel tanks, as this investment will payoff in long run due to the

absence of any variance in quality. These tanks should be built with nitrogen facility

so that the oil is always protected under an invert atmosphere.

Successful refining is, in part, dependent on the supply of uniform crude fats and

oils to the operation. Thus, storage tanks for crude fats and oils should be equipped

with agitators to allow blending of crude oils and to assure uniformity.

Typical piping arrangement for a crude oil storage tank is depicted in Figure 10.

Key features include an inverted U-shaped piping arrangement with a syphon

breaker at the top. This lessens the possibility of oil in a full tank accidentally flow-

ing to a tank containing less oil; also, it permits filling a tank from the bottom,

thereby minimizing exposure of the oil to air. The storage tank can be emptied

through one of two outlets: one is a short distance off the bottom and the second

is from the sump. This arrangement allows any foreign material to settle to the bot-

tom where it will not be picked up, and the tank can be cleaned by using the sump

outlet (22).

2.5. Unit-Processing Operations

The purpose of this section is to outline the basic unit-processing operations

required to convert crude fats and oils into finished products, such as cooking-salad

oils, margarine, and shortening base stocks. Edible fats and oils are handled within

Figure 10. Typical piping arrangement for a crude oil storage tank.
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the unit-processing operation by pumping them through pipes. All edible fat and oil

processing steps consist of independent operations that are usually not connected

with each other by continuous flow. Between each processing step there may be

one or more storage tanks. Generally, in each processing step, the oil is heated to

process temperature, held for reaction, and cooled to preserve oil quality. Between

processing steps, the oil is allowed to cool to a minimum or ambient temperature

while being maintained in a fluid state to facilitate material handling by pumping

(28).

The basic processing steps consist of (1) crude oil storage (2) degumming or

caustic refining (3) bleaching (4) hydrogenation (5) fractionation or winterization

(6) deodorization and (7) finished oil storage. Each step removes specific compo-

nents from the oil. These materials may be classified as:

1. Naturally occurring: gums, phospholipids, pro-oxidant metals, pigments,

color bodies, tocopherols, free fatty acids, and diacyglycerols

2. New compounds formed during processing: soaps, oxidation products (pri-

mary hydroperoxides and secondary decomposition products), polymers and

their decomposition products, color bodies, triacylglycerol and diacylglycerol

isomers, high-melting triacylglycerol, and trans-fatty acids

3. Processing adjuncts: hydrogenation catalysts, bleaching clay, metal scaven-

gers that precipitate from finished oils, i.e., citric acid

4. Contaminants introduced by processing: moisture, trace metals, carbonaceous

materials, and oil-insoluble materials

To produce an edible fat (an oil having the desired color, flavor and oxidative

stability, and functional properties), naturally occurring and undesired compounds

must be removed as efficiently as possible, with maximally preventing damage to

the naturally occurring antioxidants and neutral oil fraction. Formation of new com-

pounds, precipitated processing adjuncts, and contaminants are all undesirable.

A summary of typical handling operations and storage conditions for edible fats

and oil products within the unit operations is shown in Table 4.

Virtually all edible fats and oils exhibit the best oxidative stability in their crude

state. With increased processing, oxidative stability decreases and reaches a mini-

mum after bleaching. Refined-bleached oil is the least stable, and extended storage

of this oil is not desirable. Deodorization and treatment of the oil with metal inac-

tivators or autioxidants cannot be relied on to correct faulty upstream handling and

processing as peroxide buildup during crude oil storage, degumming, refining, or

bleaching will ultimately have a detrimental effect on the storage properties of

the finished oil. Storage and handling practices should be designed to compensate

for the decreased oxidative stability.

2.6. Finished Oil

A review of finished-oil handling and storage in the industrial trade sector has been

given by List and Erickson (31). For reviews of finished-oil handling and storage
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TABLE 4. Storage and Handling of Soybean Oil within the Unit-Processing Operations (23, 24, 26, 29, 30).

Unit Processing Process Reaction Oil Storage
Operation Substance(s) Removed Handling Operation(s) Temperature �C ( �F) Temperature �C ( �F) Atmosphere

Crude oil storage Oil insolubles Pumping: tank cars, trucks, Ambient to 54 (130) Ambient Air
or barges to storage tanks

Degumming Phosphatides Trace metals Pumping: Storage tank to 70 (158) Ambient Air
mix tank to centrifuge to
storage or refining

Caustic refining Free fatty acids Pumping: Storage tank to 74 (165) Ambient to 50 (122) Nitrogen or air
Phospholipids inline mixer to centrifuge
Trace metals
Pigments—color bodies

Water washing Soaps Pumping: From primary 88 (190) Ambient to 50 (122) Nitrogen or air
centrifuge to water wash
centrifuge

Drying Moisture Pumping: From water wash 82 (180) Ambient to 50 (122) Nitrogen or air
centrifuge to vacuum dryer
to storage tank

Bleaching Pigments, soaps Pumping: Storage tank to 105 (224) Ambient to 60 (140) Nitrogen or air
bleaching unit to filter to
storage tank

Hydrogenation Olefinic bonds Pumping from storage tank 140–225 (284–437) Approx. 10 �C (180 �F) Nitrogen or air
to hydrogenation converter above melting point

Winterization High melting Pumping from converter to
triacylglycerols and waxes chill tank through filter 4–5 (30–35) 60–66 (140–151) Nitrogen or air

Filtration Spent bleaching clay Pumping from converter Ambient to 60 (140) Nitrogen or air
to filter to storage tank

Deodorization Pigments Unsaponifiables Pumping from storage
Free fatty acids Odor and tank to deodorizer 204–274 (400–525) 60–66 (140–151) Nitrogen or air

flavor compounds
Polishing filtration Bleaching earth Citric acid Pumping from deodorizer to

Carbonaceous material polish filter to oil cooler to
storage tank 50–70 (122–158) 60–66 (140–151) Nitrogen or air

Finished oil storage Oil insolubles Pumping from storage tank 60–66 (140–151) Nitrogen or air
to polish filter to packaging
line or to tank cars or tank
trucks



within domestic and European refineries, articles by Wright (29) and Johansson

(30) should be consulted. Weiss (32) has reviewed the bulk handling of shortening

in the industrial and institutional sectors.

A finished oil is defined as that fat or oil product ready for use alone or as an

ingredient without further processing. Assuming that raw materials are of high

quality and previous operations are satisfactory, the result is a light-colored product,

free from odors, flavors, hydroperoxides, and contaminants. The goal of finished-oil

storage and handling is to preserve and maintain these quality factors (33).

A general scheme for the storage and handling of finished oils is shown in

Figure 11. Oil coming from the deodorizer is passed through a heat exchanger

and a polishing filter to remove any solid materials. After the polishing filtration,

the oil is pumped through a cooler to a storage tank. Before packaging, the oil is

generally filtered again to remove any solids picked up while in storage. Paper is

generally used for this filtration (29).

Autoxidation increases markedly with temperature. Salad oils degrade rather

quickly with increasing temperatures due to their high unsaturation. From this

standpoint, it is desirable to handle the oil at temperatures as low as possible during

discharge from the deodorizer into the storage tank. In practice, however, it is not

desirable to cool the oil below 45 �C (113 �F) prior to the polish filtration for the

following reasons: (1) moisture is apt to condense in the oil and (2) at lower tem-

peratures the filtration rate decreases.

Figure 11. General scheme for the storage and handling of finished oils.
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Further cooling before storage is generally considered optional. Where storage

tanks are not blanketed with nitrogen, cooling is desirable. On the other hand, the

use of nitrogen-gas blanketing may eliminate the need for cooling.

2.7. Storage Tanks for Finished Products

Storage tanks for finished fats and oils are preferably constructed of carbon steel,

stainless steel, or aluminum. Finished-oil storage tanks vary considerably in size.

Typically, they are designed to hold a given number of standard rail tank carloads

of oil or a full operation batch of a deodorization vessel. A tank holding 500 metric

tons of product is considered large, and a 10-metric-ton tank is considered small.

Finished-product storage tanks are usually closed and fitted with tank tops, inter-

nal heating or cooling coils, and an agitator to promote heat transfer and to prevent

localized overheating. A typical finished-product storage is depicted in Figure 12.

Factors most likely to affect the quality of finished products to such an extent

that they would require reprocessing or use as a subquality product include: (1) con-

tamination from atmospheric adulterants, (2) internal contamination from water and

soaps, (3) overheating, and (4) exposure to air and oxygen. Atmospheric adultera-

tion is avoided by storing the product in completely closed tanks. Finished products

held in storage tanks can be contaminated by water leaking from steam or cooling

coils. Moisture in the oil can promote hydrolysis, particularly at elevated storage

Agitator

Heating or
 cooling coil Steam or

cooling water

Temperature
controller

Manway
Light

Sight glass

Figure 12. Finished-oil storage tanks.
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temperatures. Properly maintained coils are necessary. Overheating of bulk-stored

oil is undesirable because soaps and pro-oxidant metals are much more active at

elevated temperatures (34, 35). Finished-oil storage tanks are equipped with auto-

matic temperature controllers to prevent overheating (Figure 12) (29).

2.8. Nitrogen Blanketing

Oxidation has the most detrimental effect on the quality of finished products held in

bulk storage. Thus, exclusion of oxygen during storage represents a highly desirable

and practical method for preventing quality deteriorations (29, 36–38).

The usual procedure involves replacing air with nitrogen. Finished product is

delivered from the deodorizer to the storage tank under a complete nitrogen blan-

ket. Nitrogen can be supplied from a tank of liquid nitrogen or from commercially

available nitrogen generators. Liquid nitrogen is distributed at a purity of 99.998%,

in capacities of 1890–340,000 L (500–90,000 gal; 46,600–8,400,000 ft3). The tanks

can be equipped for either gaseous or liquid withdrawal. For gaseous applications,

a line of vaporizers—atmospheric, electric, steam, or hybrids—can be used to con-

vert the liquid to gas, which is then discharged at the required pressure to use

points.

Users of very large quantities of high-purity nitrogen [405,145 L (107,181 gal;

10,000,000 ft3) per month or more] can employ a cryogenic system, an air-

separation system designed to filter, compress, purify, and liquefy intake air from

the surrounding environment. Nitrogen is recovered from the liquefied air by frac-

tional distillation. These systems range in capacities of less than 608 L (161 gal;

15,000 ft3) per hour to more than 12,154 L (3215 gal; 300,000 ft3) per hour at

purities of 99.999% nitrogen or higher.

A self-contained, skid-mounted membrane air-separation system is commer-

cially available that generates nitrogen at flow rates of up to 2431 L (643 gal;

60,000 ft3) per hour, at pressures up to 10.5 kg/m2 (150 psig), and at purities ran-

ging from 95% to 99.95%. The membrane systems are based on the selective per-

meability of the composite membrane fiber. Intake air is filtered, compressed, and

cooled before entering the air-separation modules under pressure. Relative to

oxygen, carbon dioxide, and water vapor, nitrogen does not readily permeate the

composite membrane fiber and flows automatically into the pipeline distribution

system at the specified volume, pressure, and purity.

A third method of on-site generation of nitrogen is the vacuum-pressure swing-

adsorption process designed to separate nitrogen from air and generate between

405 L and 2026 L (107 gal and 536 gal; 10,000 ft3 and 50,000 ft3) per hour at puri-

ties between 99.0% and 99.9% or higher. Offered as a skid-mounted system, a

vacuum-pressure cycle combined with adsorbent vessels packed with synthetic zeo-

lites cycle automatically to provide a continuous flow of nitrogen; while one vessel

is purifying nitrogen to specifications, another is being regenerated. When intake air

enters the active adsorbent vessel, the adsorbent selectively separates oxygen from

nitrogen, which is produced to the specified flow and pressure.
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Generally, these on-site methods are more cost effective than liquid nitrogen for

purities lower than 99.5%; however, too low a nitrogen purity may lead to problems

with stability of vegetable oils.

A simple nitrogen-blanketing system is shown in Figure 13. The nitrogen blan-

ket is maintained by a pressure system controlled by a regulator. As the tank is filled

with product, the pressure builds and the gas is vented to the atmosphere. Conver-

sely, as the product is pumped from the tank, the pressure drops and replacement

nitrogen gas enters the tank. It is common practice to equip storage tanks with a

vacuum-relief valve or with rupture discs that prevent a vacuum and subsequent

collapse of the tank. Nitrogen blanketing can be applied to multitank arrangements

(Figure 14). The design is similar to single-tank systems and has the advantage of

being less wasteful of nitrogen; as one tank is emptied, the gas can be displaced

from another. When product is transferred from tank to tank, the inert gas is merely

exchanged. Nitrogen pressures in such systems are kept at 1–15 psi. During filling

or emptying, the pressures vary, but relief valves are set to release at pressures

above 15 psi. Nitrogen-blanketed storage tanks will not support life and should

be thoroughly purged before maintenance personnel attempt to enter the tanks.

Signs warning of this hazard are normally displayed on nitrogen-blanketed

tanks (29).

Vagetable oil
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Liquid
nitrogen
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evaporator
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Figure 13. Simple nitrogen-blanketing system.
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2.9. The Industrial User Sector

Industrial users of fats and oils, such as those involved in the manufacture of fried

foods and baked goods, often purchase their supplies in bulk because of cost advan-

tages. Among these are elimination of cost of shipping containers, reduced shipping

rates, and reduced labor costs due to more efficient unloading and handling of pro-

ducts within the user’s plant. Other advantages include reduction in product waste

and sanitary problems associated with small containers. Bulk handling also may

reduce the amount of storage space needed, and this factor can be of economic

importance in some plants.

On the other hand, bulk handling offers some disadvantages, including sizable

capital investment for the purchase and installation of pumps, tanks, and other

essential equipment. Operation of a bulk-handling system requires the attention

of more skilled personnel than the simple unloading and handling of smaller

containers. Another disadvantage is that the product may deteriorate before being

used. This is particularly true of shortenings that must be held in a molten state.

Melted products are generally more susceptible to deterioration than packaged

semisolid products.

A prime requirement is that a minimum shipment, usually 13,392 kg (30,000 lb),

be used within the storage life of the product. The storage life of shortenings varies

with formulation, and the storage and handling conditions vary within the user’s

plant. Suppliers should be consulted to determine the storage life of shortening

products.

Many types of fats and oils are amenable to bulk handling, including all salad

and cooking oils, all types of frying fats, bread shortenings, and products normally

fluid and pumpable at ordinary temperatures, such as ‘‘fluid’’ bread and cake
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Figure 14. Multitank nitrogen-blanketing system.
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shortenings. Several types of products are not amenable to bulk handling because

their physical or functional properties are dependent on proper plasticizing and tem-

pering, and resultant crystal structure are altered by heat or melting. These include:

(1) margarines and water–shortening emulsions that will breakdown under heat,

with a separation of the fat and water phases, (2) baking shortenings used in the

manufacture of cakes and icings, (3) shortenings containing significant amounts

of lecithin, and (4) shortenings used in Danish pastry.

2.10. Equipment for Bulk Storage and Handling

Equipment required for bulk handling include: (1) tank cars or tank trucks and

isotankers for transporting bulk shipments, (2) equipment for unloading the fats,

(3) storage tanks, and (4) equipment necessary to deliver the product to the point

of use within the user’s plant.

Rail tank cars are rented by the supplier from companies leasing this type of

equipment because railroads do not own or furnish equipment to haul liquid com-

modities such as fats and oils. An advantage of this arrangement is that the shipper

of fat products can control the suitability, availability, and utilization of tank cars

used for loading of products.

Equipment for Unloading Tank Cars and Tank Trucks. The unloading of tank

cars, isotankers, or trucks requires fittings and adapters to connect the unloading

line to the tank car, isotanker, or tank outlet. Tank cars generally require 10 cm

(4-inch) outlets, whereas 7.6 cm (3-inch) outlets are standard for tank trucks.

Flexible hoses made from carbon steel, neoprene, plastic, aluminum, or stainless

steel (types 302, 303, 316) are suitable.

A basket strainer should be installed ahead of the pump to prevent damage from

tramp metal. In addition, it is recommended that a filter be installed on the pump

discharge to remove extraneous materials. In cases where it becomes necessary to

pump partially solidified fats, the filter should be installed in such a way that it may

be bypassed.

Excellent reviews of pumps for the edible oil industry have been published

(39–42). Either centrifugal or positive-displacement pumps may be used, but the

latter are preferable. Pumps should be constructed of carbon steel or stainless steel

and have sufficient capacity to unload a 32,280-L (8000-gal) tank car in about 2 h or

less. Factors governing pump selection include length of lines; restrictions, such as

elbows and valves in the lines; height to which the fat must be pumped; type and

temperature of fat being pumped; and whether the pump is located above or below

the fat level in the storage tank. A relief valve must be installed to prevent damage

to positive-displacement pumps in the event the discharge becomes blocked.

Centrifugal pumps, however, do not require relief valves.

Certain utilities are required to unload liquid fats. These include pressurized air

or nitrogen for clearing the connecting line and hot water or steam for melting soli-

dified fats. It is also advisable to insulate the unloading lines, even if the shipment is

hot and liquid on arrival. A drain valve should be installed at the lowest point in the

line to prevent accumulation of fats, which can solidify and cause a blockage.
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Tank cars require a level surface for unloading. However, complete unloading of

tank trucks may require a slope toward the unloading end. The area underneath

should be concrete and pitched toward a drain to receive wash water and maintain

good sanitation.

Sparging Techniques. Sparging and nitrogen-blanketing techniques for protect-

ing edible oils during truck and rail car shipments have been reviewed (22, 37).

Sparging (Figure 15) represents a practical method for protecting finished oils

from oxidative deterioration during shipment from refinery to destination. The tech-

nique is particularly useful when finished oils are loaded into tank cars and trucks.

Figure 15. Nitrogen-gas sparger and blanketing system for loading tank cars and trucks: (a)

inline sparger and (b) complete system.
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The principle involved is saturation of the oil with nitrogen while it is completely

free of air and oxygen. A sparger introduces minute bubbles of nitrogen into the oil

stream; as the saturated oil falls into the tank car or truck, the effusing gas sweeps

the headspace and, thus, removes most of the air and oxygen from the vessel (30).

Another benefit of nitrogen sparging is the reduction of oxygen picked up from nat-

ural leakage of air into the tank car or truck. The gradual flushing action of the

sparge gas reduces the reabsorption of oxygen because of the pressure differential

between the liquid and the headspace above it (37). A nitrogen gas sparger and

blanketing system for loading tank cars and trucks is illustrated in Figure 15. Nitro-

gen blanketing and sparging techniques have many other applications in protecting

oil quality. A summary is given in Table 5.

2.11. Precautionary Measures in Bulk Handling

In bulk-storage systems where positive-displacement pumps are used, special pre-

cautions are necessary on both sides of the pump. On the suction side, a double-

side, double-check system should be used to avoid pumping the fat from a closed

vessel, thereby preventing collapse of the tank and piping. Similarly, on the dis-

charge side, checking for closed valves or relief valves is recommended to prevent

danger to operating personnel, damage to equipment, and loss of product from

blown fittings.

When it is necessary to heat fats to keep them fluid, heat should be applied to

line, pumps, and tanks. Although insulation may be used to retain the necessary

amount of heat, the ability to apply heat in emergency situations is most desirable.

Occasionally, even when shortenings are held above their apparent melting point,

hard fractions will separate or ‘‘seed’’ out or fractionation will take place. In effect,

the composition of the fat changes in different levels in the tank and possibly can

block the lines. Application of heat and agitation may be necessary to correct the

problem. It is recommended that experimentation on the product be carried out at

the projected temperatures and times to ensure that this problem will not occur

under operating conditions in the plant.

Close control of temperature within handling systems is necessary because

pumping rates are dependent on viscosity of the fat, which, in turn, is temperature

dependent. Similarly, where volumetric means are used to control weights, it is

absolutely essential to control temperature because the specific gravity is related

to temperature. Graphs showing these relationships have been published by

Erickson (33).

Cleaning procedures for bulk storage and handling systems are beyond the scope

of this chapter. For a thorough discussion of this topic, the reader is referred to List

and Erickson (31).

2.12. Packing of Institutional Shortenings and Margarines

Industrial and commercial shortenings are packaged in 2.3-kg (5-lb) prints packed

in 22.7-kg (50-lb) case, 22.7-kg (50-lb) plastic pails and cubes, 172.4-kg (380-lb)
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TABLE 5. Summary of Treatment Areas with Nitrogen to Protect Edible Oils (37).

Area of Treatment Method of Introducing Nitrogen Classification Approximate Usage (ft3)

Manufacturing pumping from deodorizer In-line between cooler and storage tank Sparging Approx. 0.125 ft3/gal

Bulk oil storage From sparger directly into headspace Blanketing Enough to maintain positive pressure

Filling of tank cars In-line between storage and tank car Sparging 1000 ft3/8,000-gal car

Tank car or truck Into headspace Blanketing Undetermined filling

Customer’s plant pumping from tank car Sparging in-line during pumping Sparging Approx. 0.125 ft3/gal

to oil storage

Storage in tanks Directly into headspace plus nitrogen Blanketing Enough to maintain positive pressure

from sparger

Pumping from storage to filler or header Sparging in-line during pumping Sparging Approx. 0.125 ft3/gal

Filler bowl or header Entrance into closed filler bowl Blanketing Maintain slight positive pressure

or header pressure

Closing or capping machine Shroud or purge technique Blanketing or purging Undetermined



open-end steel drums, or 907.2-kg (2000-lb) totes. Although attractiveness is not

ignored, it is secondary to cost, protection, and convenience (32). Friction-top pails

are convenient when only a part of the contents are used at one time because they

are easy to reclose and store. The empty pails can be used for other purposes in the

kitchen or bakery. Commercial shortenings are also packaged in corrugated paper

boxes measuring about 30.5 cm (1 ft) on a side. Polyethylene film is used to line the

box and prevent leakage. This type of packaging is popular because it is cheap, the

contents are easily removed, and the package can be readily disposed of by folding

flat. Storage problems are minimal because the package takes up little space. Plastic

cube liners are usually colored because they melt in hot fat if they are accidentally

dropped into a fryer, and the color makes them easy to detect and retrieve. A poten-

tial disadvantage of cube packaging is that melted cube liners cause foaming,

darkening, and smoking of the frying fat (32).

Drum-packaged pourable shortenings may be emptied upright with a hand-oper-

ated pump or emptied by gravity through a spigot with the drum placed horizontally

on a rack. Similarly, totes may be pumped or emptied by gravity from a valve and

hose connection.

Fully hardened fats are sold as flakes or powdered materials and are packaged in

multiwalled paper bags holding 22.3 kg (50 lb), in fiber drums holding 44.6–89.2 kg

(100–200 lb), or larger bulk containers.

Margarines intended for institutional and industrial trade are often packaged in

pails holding 13.4–22.3 kg (30–50 lb) and in cubes. Open-end steel drums [208.7 L

(65 gal)] hold 181.5 kg (400 lb) of margarine. It may also be available in 2.3-kg

(5-lb) prints or sheets packed in 22.7-kg (50-lb) box.

2.13. Storage of Shortenings Effect on Functional Properties

Excellent discussions of shortenings are given by Weiss (32), Hartnett (43), and

Thomas (44); these should be consulted for information on formulation, processing,

and end uses. Shortenings may be classified as solid, fluid, liquid, and powdered.

Five factors govern the quality of shortenings: (1) triacylglycerols and emulsifier

composition (2) processing conditions (3) tempering conditions (4) usage tempera-

ture and (5) storage conditions.

Solid Shortenings. Solid shortenings are the most generally useful products of

their class because they may be used for both frying and baking. The crystal struc-

ture is an important consideration in solid shortening compositions. For example,

for optimum creaming ability (or the ability to incorporate air into a cake batter),

the shortening must be stable and in the b’ form and characterized as being smooth

and creamy. These products can be adversely affected by improper and nonuniform

storage conditions. As reflected by pound cake volume, general-purpose solid short-

enings will show no loss in creaming ability over storage temperatures of 4.4–

21.1 �C (40–70 �F). Beyond that, a marked loss of creaming ability is observed.

Prolonged storage of solid shortenings at high temperatures causes the lower

melting-fat fractions to liquefy; upon cooling, they solidify into crystal forms

that are less functional (43).
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Solid shortenings require no refrigeration during storage. However, they will

absorb odor. They should be stored in a cool, dry place away from odor-producing

materials.

Fluid Shortenings. Fluid shortenings are pourable, opaque products containing

suspended solids that are hardfats or emulsifiers, depending on whether the product

is to be used for frying or baking. Like solid shortenings, proper storage tempera-

tures are important in preserving the functional properties of the product. Storage of

fluid shortenings at temperatures below 18.3 �C (65 �F) will cause the product to set

up and lose fluidity. Loss of fluidity can be reversed by mild warming. Storage at

temperatures beyond 35 �C (95 �F) will cause either partial or complete melting of

the suspended solids. This, however, is not a reversible phenomenon because cool-

ing will cause formation of large crystals that will not remain in suspension. If the

product is formulated with hardfats as the suspended solids, improper storage

might be of little consequence because they will merely settle to the bottom of

the container upon cooling. On the other hand, if the solids are emulsifiers, settling

out will upset the balance of the product, with the upper portion under-emulsified

and the bottom part over-emulsified. Thus, the product would not perform as

intended (32).

Liquid Shortening. The liquid shortenings include regular cooking oils, salad

oils, and products resulting from fractionation of semi-hardfat. These products

are not ordinarily emulsified. Ordinary cooking and salad oils pose no unusual sto-

rage problems because they possess no crystal structure to protect and have no sus-

pended solids. If they are stored at temperatures low enough to cause solidification,

they can easily be returned to clear liquids by returning the product to ambient

storage conditions.

2.14. Factors that Contribute to Oxidative Deterioration of Finished
Products

The concept and discussion of atmospheric oxidation were introduced earlier. As a

result of the importance of preventing oxidation in finished products, a more thor-

ough discussion follows. It should be pointed out that the effects of atmospheric

oxidation apply to all fats and oils regardless of their stage of processing.

Five factors contribute to the oxidative deterioration of fats and oils: (1) oxygen

or air (2) heat (3) light (4) pro-oxidant metals and (5) time.

Although the elimination of air prevents oxidative deterioration, complete elim-

ination of air is impractical. The solubility of oxygen in soybean oil is quite high

(2.1 mL/100 mL) at 22–23 �C (45) and is sufficiently soluble to yield a peroxide

value of 18 (46), assuming complete reaction. Flavor deterioration in soybean oil

occurs at peroxide values considerably lower than 18. Published data show that

soybean oil can have poor flavor at a peroxide value of 1 (47).

Even when using nitrogen blanketing, sufficient oxygen already may be present

in the oil to promote oxidative deterioration (see section on sparging). A more prac-

tical approach is to minimize the incorporation of air into the oil by proper handling

procedures.
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Faulty handling procedures to be avoided are as follows:

1. Allowing a liquid fat to cascade or fall through air into storage or holding

tanks. As mentioned previously for crude fat and oil handling, a more

desirable procedure is to fill the tank from the bottom with subsurface entry.

2. Sucking of air into the suction side of pumps or lines caused by faulty pump

seals or fittings.

3. Whipping air into a fat through improper agitation within storage tanks.

Creation of whirlpools or vortexes should be avoided.

4. Minimize blowing of lines with air, which in turn may bubble air through the

fat being held in the storage tank.

Heat accelerates the reaction of atmospheric oxygen with edible oils. For deo-

dorized products, it is estimated that the speed of oxidation is doubled for each

15 �C (59 �F) increase in temperature over the range 20–60 �C (68–140 �F) (31).

A rule of thumb for handling is to keep the fat no warmer than necessary to facil-

itate handling by pumping. For hydrogenated fats, a holding temperature 5.6 �C
(10 �F) above the melting point is considered sufficient. Design of bulk-storage sys-

tems should take into account the use of low temperature whenever possible. For

example, short insulated lines will permit lower storage temperatures and, thus, pro-

long the quality of bulk-stored fats.

Localized overheating is detrimental to fat quality and should be avoided. All

storage tanks with heating devices should be equipped with a mechanical agitator.

Power agitation will not only minimize fat damage from localized overheating but

will save time and heating costs as well. If agitation is temporarily out of service,

the temperature differential between the fat and the heating medium must be kept

minimal.

All edible fats and oils deteriorate under the effects of light. Normally, light-

induced deterioration is not of concern in the oil-processing operation or at the

user level because processing, handling, and storage are carried out within closed

systems. However, light deterioration is an important factor in the storage stability

of liquid oils packaged for retail trade.

The importance of avoiding metallic contamination cannot be overstressed. Cop-

per and iron are strong pro-oxidants capable of lowering the flavor and oxidative

stability for fats and oils at levels of 0.01 ppm and 0.1 ppm, respectively (48). Cop-

per or copper-containing alloys should never be used in equipment used for hand-

ling and storing fats and oils. The prevention of iron contamination is somewhat

more difficult, because most of the industry uses black iron for construction of

tanks, pumps, and lines. However, through proper treatment and cleaning of black

iron equipment, iron contamination can be kept to a minimum.

Any fat or oil will deteriorate with prolonged time even if stored and handled

under ideal conditions. Unhydrogenated or lightly hydrogenated oils, which do

not require heat for keeping them liquid, have greater resistance to deterioration

than do shortenings. The latter, however, will keep for 2–3 weeks in a melted
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condition. Shortenings should not be allowed to solidify and then be reheated dur-

ing use. Bulk-storage systems should be designed with a maximum turnover time of

2–3 weeks or within the storage life of the product. The mixing of fresh shipments

with those already in storage should be avoided. Small quantities of old products in

a tank may hasten the deterioration of new product mixed with it. Shipments should

be scheduled so that mixing of old and new products does not occur. An auxiliary

tank can be installed to hold the remainder of the old shipment and permit

inspection and cleaning of the receiving tank.

2.15. Transport of Fats and Oils

During transport, the quality of oils may be impacted by oxidation, adulteration

from other oils, moisture condensation, contamination with foreign matter (dirt,

rust, mould, etc.), and overheating. Transport of fats and oils is designed to preserve

quality in the delivery to the product formulator in the most cost-effective manner.

The advantages and disadvantages of bulk handling of fats and oils are detailed in

Table 6 (33,49). The economics of bulk shipment are the major advantages.

Movement of fats and oils may be as the crude, partially refined, or finished oils

and may be by rail tank cars, tank trucks, barges, and tanker ships. Rail tank cars are

usually of the standard 60,566-L (16,000-gal; 120,000-lb) or the jumbo 232,170-L

(61,333-gal; 460,000-lb) size. Standard cars are designed with a thermal expansion

area of about 2% of the total capacity as a dome in the car. However, the rated capa-

city of the jumbo cars does not include any expansion space. Rather, these cars are

equipped with a permanently installed bar marker located in the passageway, above

which the quantity of oil should not be loaded. Heating coils can be installed for

handling higher melting fats.

Tank trucks typically have 20,412-kg (45,000-lb) capacity. Generally, tank

trucks are made of stainless steel but have no standard shape or construction. Heat-

ing coils can be installed when carrying oils that might solidify during shipment.

Trucks are provided with a bar marker to indicate maximum load level, are insu-

lated, and carry 4.6 m (15 ft) of 7.5 cm (3-inch) hose and the fittings required to

unload the oil to a storage tank.

TABLE 6. Bulk Handling of Oils (33, 49).

Advantages Disadvantages

Container packs unnecessary Greater capital investment in handling facilities

Lower freight charge per ton More highly skilled (paid) individual operators

Lower labor handling costs in transit and A larger quantity purchased at one time

at destination

Less loss due to smaller overall holdup in Holding time of the commodity is longer and,

handling facilities (average loss estimated possibly as a melted solid, places demands on

at 0–5%) planning

Cost savings in smaller storage area Bulk shipping requires sanitation and security

procedures

No cost for package disposal
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A barge generally has three compartments with a total capacity of 1,270,072 kg

(2,800,000 lb). The compartments are fitted with steam coils to melt oils and fats

that have solidified during transport. Barges are used to transport crude and crude-

degummed oils along major rivers and, in the United States, shipping time is

seldom longer than 7–10 days.

Shipment by tanker is the most economical means of ocean transport of fats and

oils. A typical shipment ranges from 1814 to 9072 metric tons (2000 to 10,000 short

tons). Tankers are compartmentalized and inert-gas blanketing or sparging is not

employed because the gas can escape. Rather, the compartments are filled to capa-

city to minimize headspace air and reduce oxidative deterioration. Heating is not

required to unload liquid oils, but to facilitate unloading of palm, coconut, and

tallow, heating is required.

Centrifugal pumps with capacities of up to 794,934 L/h (210,000 gal/h) are used

for handling nonsettling fats and oils. Positive-displacement pumps are preferred

for unloading crude and degummed oils because they will maintain their prime dur-

ing the operation, which requires an operator to squeegee the remaining foots oils to

the tank outlet during the final pumping. Both types of pumps are used to load

tankers.

2.16. Temperatures during Shipment and Unloading
of Fats and Oils

Extremes of temperature of an oil during shipment can have a deleterious effect on

quality because oxidative deterioration and hydrolysis are accelerated by tempera-

ture. The International Association of Seed Crushers has established recommended

safe limits of temperature during the voyage and on discharge for the principal oils

in transport (Table 7) (50).

TABLE 7. Recommended Temperatures ( �C): Principal Oils (50).

During Voyage On Discharge

Oil Min. Max. Min. Max.

Sunflower Ambient Ambient Ambient 20

Soybean Ambient Ambient 20 25

Safflower Ambient Ambient Ambient 25

Peanut Ambient Ambient 20 25

Rapeseed Ambient Ambient Ambient 20

Maize Ambient Ambient Ambient 20

Palm 32 40 50 55

Palm stearine (RBD) 40 45 60 65

Palm olein (RBD) 25 30 50 55

Coconut 27 32 40 45

Fish 20 25 30 35

Palm fatty acid distillate 42 50 67 72
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2.17. International Codes and Previous Cargo Listing
for Shipment of Fats and Oils

During recent years, international fats and oils associations and the Fats and Oils

Committee, Codex Alimentarius, have been quite concerned about previous cargos

carried in tankers for shipment of edible oils. A listing of acceptable previous car-

gos has been promulgated by the Federation of Oils, Seeds and Fats Associations

(FOSFA) (51). This information is also available from NIOP (National Institute of

Oilseed Products), a U.S. association. The listing includes five generic items that

greatly extend the coverage of the list: acid oils and fatty acid distillates; animal,

marine, and vegetable oils, other than cashew shell nut oil and tall oil; beverages;

dairy products; and fatty acid esters. The same organization has assembled a list of

42 items banned as immediate previous cargos, including isocyanates, phthalates,

transformer oils of the PCB type, lube oil additives, uncured epoxy resins, and all

leaded products (52). Another concern has been the establishment of a standard

reference document concerning advice on the storage and transport of edible oils.

Such a document has been developed under the leadership of the Malaysian Palm

Oil Board (MPOB) and adopted as an international code of practice by Codex

Alimentarius (53, 54). Advice is given on storage tanks and ship’s tanks, pipelines,

heating, loading, unloading, and cleaning.

2.18. Oil Spill

Under Section 311 of the Clean Water Act, the U.S. EPA amended the Facility

Response Plan requirements in the Oil Pollution Prevention regulation for nontrans-

portation-related facilities. The main purpose of these amendments is to provide a

more specific method to plan response resources that can be used by an owner or

operator of a facility that handles, stores, or transports animal fats and vegetable

oils. EPA issued this rule in response to legislation requiring the Agency to issue

regulations (55).

Spill-prevention procedure is beyond the scope of this chapter. For a thorough

discussion of this topic, the reader is referred to List and Erickson (31).

3. DETERIORATION PROCESSES

3.1. Oxidative Deterioration During Long-Term Storage

Significant amount of knowledge of oxidative and related forms of deterioration

occurring in long-term storage of soybean and cottonseed oil (56) was obtained

from studies conducted at the U.S. Department of Agriculture (57–61) between

the late 50s to the early 70s. A most interesting and informative study reported

the oxidative stability of soybean oil at various processing stages, and the results

were related to commercial storage conditions (38). As oxidative deterioration is

an important consideration in the processing, storage, and handling of soybean

and other oils, these studies are reviewed briefly here.
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Effects of Processing and Storage Temperature (38). A fresh, non-degummed

soybean oil was refined, bleached, and hydrogenated to an iodine value of 75. Sam-

ples from each processing stage were placed in closed 0.946-L (1-qt), 22.3-kg

(50-1b), and 208.2-L (55-gal) containers and stored at 21.1 �C, 37.8 �C, and

48.9 �C (70 �F, 100 �F, and 120 �F). The effects of processing and storage tempera-

ture on oxidative stability as measured by peroxide value are depicted in Figure 16,

parts A and B, respectively.

Part A [0.946-L (1-qt), samples] shows crude oil to be most stable; refined and

bleached are most prone to develop peroxides under accelerated storage conditions.

Part B shows the marked effect of temperature on peroxide development in refined,

bleached oil. Peroxides developed very slowly at 21.1 �C (70 �F) but increased

markedly at 37.8 �C (100 �F), and 48.9 �C (120 �F), probably because oxygen dif-

fuses more rapidly into the reaction interface at higher temperatures. The oxidation

rate doubles for every 11.1 �C (20 �F) increase in temperature.

The effect of container size on the oxidative deterioration of refined, bleached

soybean oil stored at 48.9 �C (120 �F) for 5 weeks is shown in Figure 17. The results

clearly demonstrate that oxidation is not only a function of time and temperature

but also of the surface area. Figure 17 shows that as the container size increases, the

surface-to-volume ratio decreases and peroxide development is an approximately

linear function of surface-to-volume ratio.

Figure 16. Effects of processing and storage temperature on oxidative stability as measured

by peroxide value. (A) 1-qt container held for 7 weeks in storage. (B) Refined and bleached oil in

1-qt size container.
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Extrapolation of the laboratory data to a storage tank of 9.2 m (30 ft) in diameter

with an oil capacity of 453,597 kg (1 million pounds) would predict that the refined,

bleached soybean oil would reach a peroxide value of 3.5 after 5 weeks storage at

48.9 �C (120 �F). However, laboratory conditions are seldom, if ever, duplicated in

commercial storage tanks. For example, under constant-temperature conditions in

the laboratory, little or no oil movement results from temperature gradients. How-

ever, field storage tanks are subjected to continual day and night conditions that

cause development of sizable temperature gradients and produce considerable inter-

nal oil movement. Such movement would be expected to increase the quantity of oil

available at the surface and to accelerate oxygen diffusion. Thus, the rate of oxida-

tion in field storage tanks would be somewhat faster than at similar temperatures in

the laboratory.

Attempts were made to relate the laboratory studies to commercial practice (38).

Refined, bleached soybean oil (1.5 million lb) was thoroughly mixed in a nitrogen-

blanketed tank, after which one-half was moved to an air-blanketed tank. Storage

conditions are given in Table 8. The two half-filled tanks, one blanketed with air

and the other with nitrogen, were stored at ambient conditions for 5 months, after

which samples were hydrogenated, deodorized, and subjected to organoleptic

evaluations. Flavor stability also was determined on the pilot-plant-produced

shortening stock made from the two lots of stored oil.

Figure 17. Effect of container size on the oxidative deterioration of refined, bleached soybean oil

stored at 49 �C for 5 weeks.
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The plant-scale samples were placed in storage beginning in mid-summer and

thus were exposed to the highest temperatures during the early part of the storage

test. The observed peroxide values were 5.0 for the air-stored sample and 1.5 for the

nitrogen-stored sample. The study of effects of nitrogen- and air-storage conditions

on flavor quality of finished deodorized oils (salad oil and hydrogenated oil) showed

a decreased flavor score with storage time at 60 �C (140 �F) for all products. How-

ever, the products made with the oil stored in air had a greater rate of flavor score

reduction than those from the oil stored under nitrogen. The results clearly demon-

strate that even low levels of oxidation products formed while soybean oil is held in

bulk storage, although not necessarily harmful to initial quality, have a deleterious

effect on shelf life. These results are in accord with Evans et al. (62), who showed

that autoxidation of soybean oil prior to deodorization has a detrimental effect on

flavor and oxidative stability.

Nitrogen Packaging. A study of the impact of use of nitrogen in consumer

packages on soybean oil stability was completed by Evans et al. (61). Eight lots

of commercially processed soybean salad oils, representative of those available to

American consumers, were obtained for the study. Each lot consisted of 20–40

samples packaged in screw-cap cans and bottles. Headspace gas analysis (63)

showed that air, pure nitrogen (0.0% oxygen), and nitrogen containing low levels

of oxygen were used to package the samples. All samples were stored in the dark at

two temperatures, 25.6 �C and 37.8 �C (78 �F and 100 �F), and flavor evaluation was

conducted by a 20-member sensory panel (64).

The effects of nitrogen versus air packaging on the flavor deterioration of

hydrogenated-winterized soybean oils (HWSBO) stored in the original containers

at 25.6 �C and 37.8 �C (78 �F and 100 �F) for 1 year showed that the initial flavor

scores of the nitrogen-protected samples (average 7.5) was similar to the air-pack-

aged samples (average 7.9). However, during 1-year storage, nitrogen-packaged

samples only showed loss of approximately one flavor score unit at both 25.6 �C
and 37.8 �C (78 �F and 100 �F). By contrast, air-packed samples deteriorated rapidly

at both storage temperatures. The effect of storage temperature is pronounced. One

sample dropped to a flavor score of 6 in approximately 18 weeks at 25.6 �C (78 �F),

whereas equivalent deterioration occurred in less than 6 weeks at 37.8 �C (100 �F).

It was found that hydrogenation alone, without added antioxidants, metal scavengers,

TABLE 8. Conditions of Plant Storage Test on Refined, Bleached Soybean Oil (38).

Conditions Nitrogen Air

Oil temperature

Range 15.6–33.9 �C (60–93 �F) 17.8–30.6 �C (64–78 �F)

Average 23.9 �C (75.0 �F) 23.9 �C (75.0 �F)

Average O2 content of tank headspace 1.4% 21%

Peroxide value

Initial 1.0 1.0

Final 1.5 5.0

DETERIORATION PROCESSES 223



and nitrogen packaging, is not sufficient to ensure adequate shelf life of

hydrogenated-winterized soybean oil, particularly at elevated storage temperatures.

Oxygen in the headspace of bottled soybean oil greatly affects the storage sta-

bility. As the oxygen content of the headspace gas increased, the flavor scores of the

oils decreased. A nonhydrogenated oil, protected with antioxidants but with incom-

plete nitrogen protection (2% oxygen), deteriorated to a flavor score of 5.0 after 18

weeks of storage at 37.8 �C (100 �F). Even so, its stability was greater than that of

an air-packaged sample of hydrogenated oil. After several months of storage, loss

of flavor score occurred for both hydrogenated and nonhydrogenated samples

unless they were protected with nitrogen. The improvement in storage life offered

by 100% nitrogen (0% oxygen) over 98% nitrogen (2% oxygen) is obvious. Nitro-

gen sparging and nitrogen blanketing have been shown to increase the induction

phase of the oxidation, and to reduce the rate of accelerated phase of oxidation.

The benefits of nitrogen as a protective measure are used widely in the oil

industry.

A relatively recent study compared the effects of light, temperature, and nitrogen

sparging on the stability of nonhydrogenated and hydrogenated soybean oils in

plastic and glass containers (65). Prior research demonstrated that the most effec-

tive methods of maintaining the quality of liquid soybean oil was the use of amber

glass containers to reduce light exposure and nitrogen packaging to minimize the

oxidation of the oil (61). Properties such as oxygen permeability, impact resistance,

clarity, and flavor transmission from the bottle material to the food have also been

considered by other researchers (66).

Oil samples were packaged in glass and polyvinylchloride (PVC) bottles and

sparged with nitrogen for 1 min, then sealed and aged at 25.6 �C (78 �F) for 4, 6,

9, and 12 months. The results of these evaluations indicated no significant differ-

ence in the sensory evaluation of the oils aged in the long-term ambient temperature

tests regardless of the packaging material used for bottling. In these long-term

ambient-temperature studies, HWSBO or SBO show no differences in oil deteriora-

tion between glass and PVC packaging. Oils packaged with nitrogen in the head-

space treatment in PVC bottles had equivalent flavor stability compared with oils

packaged in a similar manner in glass bottles. The conclusion was that PVC bottles

were acceptable alternatives to packaging oils in clear glass. The results of this

research had a significant impact on the edible oil industry, which, in 1985, con-

verted all consumer soybean oils to translucent plastic bottles.

3.2. Other Deterioration During Extended Storage

Prime concerns in storage of crude and once-refined soybean oils include increases

in moisture and volatile matter, color after refining or bleaching, peroxide value,

free fatty acids, and refining losses. Aside from possible effects on flavor and oxi-

dative stability, many of these quality factors also affect the commercial value of oil

in trading channels. With the exception of peroxide values and refined color, the

other quality factors above are written into specifications for oils sold under trading

rules of the National Soybean Processors Association (NSPA) (67).
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To study the changes in these quality factors, Baumann et al. (59, 60) obtained

thirty-six 189.3-L (50-gal) drums of crude, crude-degummed, and once-refined oils.

These samples were stored outside (Beltsville, Maryland), exposed to atmospheric

conditions, for 4–6 years. The drums were stored under the following conditions to

simulate general conditions of storage in large field tanks: painted aluminum, fitted

with breathers, and tilted at an angle to permit moisture to drain. Some drums were

completely filled to exclude air (designated no-breather drums) and were opened

only for sampling. Other drums were half filled (designated half-filled drums).

The study showed that probable changes in the characteristics of once-refined,

degummed, and crude oils can be predicted for various periods of storage. Formulas

were developed based on statistical interpretations that, in most cases, predicted oil

characteristics after storage. In general, moisture and volatile matter contents were

not affected by oil type and storage conditions. Color of the refined oils was

affected by these treatments. Peroxide values showed that once-refined oils were

the least stable to oxidation, followed by crude-degummed, with crude oil being

the most stable. Oils stored in no-breather drums had the lowest peroxide values,

and oils stored in half-filled drums had the highest peroxide values. Storage of

once-refined oils had only a slight effect on free fatty acid content after the

4-year storage period, it increased from 0.058% to 0.135%. As observed with

peroxide formation, the increase in free fatty acids is dependent on access to air

and to temperature within the storage drum.

3.3. Color Reversion

Under certain conditions, soybean oil that is refined, bleached, and deodorized to

yield a pale light-colored product becomes darker upon storage. This phenomenon,

known as color reversion, has been studied in detail by Japanese scientists (68, 69).

The degree of color change is dependent on the nature of the raw soybeans, refining

and deodorization conditions, storage conditions, temperature, exposure to light,

and contact with air during storage. The tendency to undergo color reversion is vari-

able. Some oils require only a few hours to revert, whereas others require several

months. In either event, the color becomes paler after it reaches a peak.

The moisture content of the soybeans, going to the extractor, appears to be a key

factor in promoting color reversion in fully refined oils. The tocopherol content of

extracted oil is markedly affected by the beans’ moisture content. Over the normal

moisture range (7–12%), the tocopherol content of crude soybean oil remains

normal, but in wet beans, the tocopherol content is markedly reduced (68). Subse-

quent work (69) showed that tocored [2, 7, 8-trimethyl-2 (40, 80, 120 -tridecyl-2)-

chromane, 5, 6-quinone] is the precursor of the reversion color, and that this mate-

rial reaches a maximum in soybeans with moisture contents of 15–18%. This phe-

nomenon was observed by Shukla (unpublished observation) in beans originating

from Argentina and was highly related with the moisture content and the ways

beans were treated during storage and voyage to Europe.

Other work (70) indicated that no change in the a-tocopherol content of the

crude oil was observed by elevating the moisture content of soybeans, but a
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decrease in g- and d-tocopherols occurred. The decrease in g- and d-tocopherols

was accompanied by an increase in dimeric oxidation products. The latter effect

could be reversed by decreasing the moisture content of the beans. Thus, it appears

that color reversion involves oxidation of g-tocopherol to a dimeric product that, in

turn, is converted to tocored. The following mechanism was suggested for color

reversion (70):

4. CONCLUSIONS AND FUTURE PERSPECTIVES

This chapter deals with problems involved in treating the vegetable oils at every

aspect of production and highlights the sources of errors and how to rectify these

with proper management. All attempts should be made to produce the final product

with extremely limited destruction, thus keeping the active ingredients and still pro-

viding the freshness of the product to be used as ingredient in the food chain. Mod-

ern processing technologies provide foods with consistent quality and hygiene.

Newer technologies will help to create much cleaner raw materials, thus avoiding

the application of complicated processing methods. Thus, foods should be manu-

factured with simple, greener technologies rather than the complicated chemical

technologies as used in the early days (71).
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5
Packaging

Vance Caudill

Packaging systems for oil and fat products have become more complex as the

demands for containing, protecting, and identifying products have increased for

manufacturers. The packaging system must be designed to produce an economical

product that satisfies regulatory guidelines, consumer demands, and production

requirements. This Chapter discusses the design methodology for implementing

an integrated oil–fat packaging line and the major line components and includes

a description of typical edible oil lines and bulk filling lines. A further discussion

of the design methodology explores the three phases involved: conceptual–

definition phase, preliminary engineering, and final engineering.

1. CONCEPTUAL DESIGN OF PACKAGING SYSTEMS FOR OIL
PRODUCTS

During conceptual design–definition, the project parameters are determined by

establishing the packaging requirements and identifying the desired packaging

equipment. This first phase of an oil packaging project is possibly the most critical.

Other phases are implemented only as successfully as the information is collected

and goals are defined. The team selected to perform the integration of the packaging

system is an integral part of this conceptual design. This team must create a

conceptual definition plus a project schedule. As Figure 1 illustrates, the team

must collect information from several diverse areas and combine these data into

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
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a project. Once the definition, schedule, and concepts are completed, the informa-

tion is communicated to management. The project team will direct and involve

the other disciplines in programming and the remaining project phases.

1.1. Definition of Operations and Requirements (Programming)

The definition and concepts for the packaging project starts with establishing

general comments about the objectives of the project. This information can be

transferred through a conceptual programming procedure. In a nonjudgmental

Figure 1. Team development of a conceptual packaging line.
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atmosphere, issues, questions, and concepts are raised to identify goals, facts, and

problem statements. It is necessary to have defined goals and objectives to accom-

plish the successful integration of all packaging issues. Early communication with

various parties (production, vendors, marketing, engineering firm, construction

firm, etc.) becomes critical in defining project schedule, design criteria, process

flow diagrams, general arrangement, and desired equipment. The project team

translates the goals and requirements from the programming sessions into a feasible

definition of the packaging project. Once these issues are documented, a conceptual

project report and scope are issued to management for review and then to the

project team for developing the project schedule.

1.2. Project Schedule

A project schedule is composed of a series of events or work efforts. These events

can be graphically developed to illustrate the project plan. A project schedule must

be established to ensure the timely completion of the project. Events that must

occur during various phases of the project can be represented by blocks as illu-

strated in Figure 2. The order of events are connected by lines in which one event

must be completed before proceeding to the next work effort. For example, pro-

gramming should be completed before vendors are contacted and vendor informa-

tion is collected. This schedule can also contain a critical path and review sessions,

thus supporting management and the project team in planning, monitoring, and

controlling resources and time. The critical path becomes the series of events

that control the timing of the schedule. Reviews are events that occur at the end

of a work effort and/or initiate the next series of events.

1.3. Product Characteristics

To determine the type of equipment and packaging, the designer must determine

and define characteristics of the product or products in the conceptual phase. For

example, oils, oil bases, and fats contain a large percent of molecules sensitive to

oxidation. These products (liquid oils, margarine, shortening, etc.) often have points

of unsaturation or double bonds within their molecules due to the absence of hydro-

gen atoms. These double bonds are susceptible to oxidation. Exposure to reactive

environmental compounds, such as oxygen, liberates off-flavors or undesirable

compounds (1). This type of product deterioration can often be prevented or

minimized by limiting the exposure of the product to oxygen or metal ions through

the selection of the packaging materials. Thus, the requirements of the product dic-

tate the package construction and consequently the equipment.

1.4. Design Criteria Development

A design criterion provides a basis and rationale for sizing and selecting the packa-

ging equipment. The design criteria for an oil packaging operation start with state-

ments about:
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Figure 2. Event diagram of conceptual and preliminary engineering.
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� Production matrix

� Production rates

� Product interactions

� Operator interface

� Secondary material handling

� Documentation

� Labeling and coding requirements

� Packaging sizes

� Operating parameters

The project team synthesizes the design criteria into working documents and dia-

grams. These documents describe the equipment requirements and ensure proper

sizing of the equipment and definition of design requirements. From these working

documents, preliminary process flow diagrams and equipment layouts are devel-

oped. These diagrams and layouts are based on operating experience in production

facilities and proper engineering practices concerning the relationships between

individual pieces of equipment.

1.5. Process Flow Diagrams

The process flow diagrams (PFDs) are schematics that identify the steps of the

operation in proper sequence. A conceptual diagram should identify the flow of

material from line staging to the operating areas and then continue the flow to

all the associated packaging equipment (Figure 3). Further development of the

PFDs illustrates the fundamental size and shapes of various components and con-

trols input–output requirements. These requirements are based on flow of materials,

heat and material balances, unit operations, storage, and future expansion (2). The

process flow diagrams of the packaging system should be completed before initiat-

ing vendor or equipment selection. Development of equipment specifications and

detailed piping drawings as well as equipment layouts should also be postponed,

pending completion of the process flow diagrams.

1.6. General Equipment Layout

An equipment layout affects the construction and manufacturing costs and must be

engineered to prevent future problems in production. General arrangements (GAs)

of the packaging operation should be completed to provide direction for the project

team and possible vendors. Preliminary layouts are developed to illustrate the

following.
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Figure 3. Preliminary process flow diagram in block form.
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� System interface points

� Space requirements

� Ergonomics

� Construction issues

� Manufacturing flow

� Maintenance assessment

� Future expansions or alterations

As the requirements of any two plants are not exactly alike, there is no one ideal

plant layout. However, some guidelines exist for edible oil packaging areas; Figure 4

illustrates a typical packaging operation. The general arrangement of equipment in

this room is most important from the standpoint of flow of product, ease of opera-

tion, and cleaning of the equipment. The GA will indicate whether the layout will be a

straight line or in the form of an L or a U, depending on the location of the filling

machines with respect to the warehouse and the finished product loading docks.

1.7. Equipment Selection

The next element in designing a packaging operation is the development of preli-

minary specifications for budgetary pricing of equipment and the selection of multi-

vendors per system. Vendors are often asked to present their system to the project

Figure 4. Liquid oil filling line.
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team, and a selection is made reducing the number of equipment bids to three or

four candidates. Specified features or goals of equipment should be established.

These features include speeds, capacities, and ideal relationship between machines.

This will narrow the reviewing process to exclude equipment vendors that cannot

satisfy the project goals. As equipment vendors and control points are further

refined, a more accurate general plant layout, equipment specifications, and process

flow diagram will be developed in preliminary engineering (3).

2. PRELIMINARY ENGINEERING

The next phase is preliminary engineering, in which process and instrumentation

diagrams are developed with identification of critical process control points. The

design requirements for an integrated packaging system are complex and techni-

cally demanding for any company. An understanding of the operations and packag-

ing technology as well as a working knowledge of engineering principles and

governmental regulations are mandatory to achieve optimal equipment selection.

This will result in an effective process that is established at a desirable cost. Plan-

ning and team development are the tools necessary to produce an efficient and

cost-effective integrated production facility that is completed on time. Planning

is the most important step in developing the desired process or package. A logical

design procedure is the only effective method to produce an operating packaging

line.

2.1. Packaging Equipment Selection Procedure

General arrangements and process flow diagrams are provided for the vendors to

assist in their equipment proposals. These documents illustrate the fundamental

requirements and morphology of various equipment within a defined operation or

area. The general arrangements are essential for equipment selection, because they

develop optimal placement of the processing equipment within the total manufac-

turing area. Figure 5 represents a general arrangement that can be developed during

preliminary engineering. This oil packaging line has three possible methods for

handling the containers. Consequently, multiple reviews and modifications of these

drawings will occur before final issue to the vendors. Special design requirements

of a particular manufacturing process will establish the sanitation for both equip-

ment and surrounding areas. This must also be taken into consideration when

selecting equipment. By determining the type of production equipment and analyz-

ing the design factors that are involved in a plant layout, a detailed proposal

involving project costs can be prepared for management’s approval.

2.2. Control System Requirements

Automation of controls for an existing or new packaging system are expensive.

Many managements in the oil industry find it difficult to justify automated systems
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Figure 5. Preliminary flow diagram for container handling.
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based solely on process improvement. It is useful to establish other cost-saving

applications of an automated monitoring and controlling system such as the

following:

� Improvements in inventory

� Improvements in purchasing

� Preventative maintenance

� Line efficiency

Several published articles discuss the recent advances in instrumentation and

control (4–6) and may aid in the process of justification. Automation has rapidly

developed in cases where documentation is required by U.S. Food and Drug

Administration (FDA) regulations. These same regulations will continue to force

development of computer systems for the oil industries and help justify the use

of automated control systems.

Once a control system is desired, a detailed control specification is required as a

guideline to select possible control systems for the various packaging equipment

vendors. This functional specification is developed during preliminary engineering

and is a ‘‘living document’’ intended to describe the requirements for the systems to

be integrated. When accompanied by logic diagrams or logic flow charts, this docu-

ment should contain all the data required to facilitate final engineering and system

programming. Once the type of package, equipment, production monitoring points,

and marketing requirements are decided, management must determine the degree of

automation desired and select an engineering firm or engineering staff to orches-

trate the new integrated system. An engineering firm should be contracted to study

possible software and hardware systems based on a developed business objective.

For example, if the project is financially justified, then cost becomes a primary

consideration versus a costly state-of-the-art facility to develop new market shares.

2.3. Regulations

The Federal Register details many of the requirements for plant construction. It is

important to become thoroughly familiar with each step in the development of the

plant, process, and package before attempting to evaluate the system in terms of

compliance with guidelines pertaining to the specific project. A review of the guide-

lines outlined in the Federal Register should occur at all phases of construction.

Some of the more critical guidelines to be followed are contained in Title 7 (Agri-

culture, Vol. 40, Part 58) and Title 21 (Food and Drugs, Vol. 51, Parts 108, 110, 113,

114 and 131). The Federal Food, Drug, and Cosmetic Act Part 110 contains the

regulations under the current heading ‘‘Good Manufacturing Practice (cGMP) in

Manufacturing, Processing, Packing, or Holding Human Food.’’ These are com-

monly referred to in all phases of a food project, because they have the force

and effect of law. The cGMPs are detailed guidelines that specify standards for

all food manufacturing functions, including processing, packing, and storing of
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raw materials, processed ingredients, packaging materials, and finished food pro-

ducts. Because the FDA customarily does not issue standards or approve products

or equipment, the cGMP is the closest thing to regulatory standards for building and

operating a food manufacturing facility.

2.4. Project Cost Estimates

Management, manufacturing, and marketing must work together to determine and

target the type of packaging system, the product sales, and potential revenue. A cost

estimate incorporated into a study of the feasibility of a project must be done in the

early stages of planning. In some cases, this would determine whether to build,

modify, or retrofit an existing facility. The feasibility study involves sending a qua-

lified representative of the organization to similar packaging facilities to observe

the latest developments in control strategy, equipment, flexibility, and consequent

project cost. The representative should also document the possible requirements for

future plant production and incorporate this information into the project’s cost

report. The feasibility study should summarize the results and equipment costs

developed from engineering production capabilities (7). The objective is to estimate

accurately the benefits and costs that the packaging project will provide to the

corporation.

3. FINAL ENGINEERING

Detailed schematics, equipment specifications, and construction details of the var-

ious systems are developed during the final stages of project implementation. As

demonstrated in Figure 6, several parameters are orchestrated simultaneously.

Obviously, with this degree of detail, the project involves input from several

disciplines. The final engineering phase includes development of the following:

� Detail general layout

� Process instrumentation diagram

� Isometric drawings of the packaging systems

� Equipment and control specifications

� Installation specifications

� Construction schedules

� Contractor scope of work

In some cases, construction and startup are separate phases of a project and are not

included in final engineering. In oil packaging projects, this is normally part of

the final phase. Thus, concise definition and agreement on the contents of final

schematics and specifications cannot be overestimated, as both system capability

and overall project cost can be traced to this definition.
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Figure 6. Event diagram of final engineering.
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3.1. Detail Schematics

Detail schematics are the final process flow diagrams, general arrangements, pro-

cess instrumentation diagrams, and piping drawings used for construction. The final

process flow diagram should present a detailed, accurate, and ordered flow of raw

material or ingredient through each manufacturing phase, including the storage of

the finished products. Selected vendors and shop drawings must be incorporated

into the flow diagram. These diagrams will be used to develop the process and

instrumentation diagrams (P&ID, or in some definitions, piping and instrument dia-

grams). An instrument schematic should illustrate the detailed piping, electrical,

and control requirements of the packaging line.

Instrumentation symbols and identification must be agreed on by all team mem-

bers. The lead sheet to the P&IDs shows the instrument symbols, pipeline designa-

tion letters, and process–utility service symbols. These schematics, along with the

general arrangement layout, will ensure effective communication of the installation

requirements during construction and equipment hookup. The final general arrange-

ment should leave adequate space around the packaging equipment to permit clean-

ing and maintenance. When equipment is placed adjacent to walls, a minimum of

46 cm should be kept clear between the equipment and the wall (8). More distance

is desirable and, in some cases, mandatory because of minimum aisle requirements.

Life safety codes based on occupancy levels will establish the requirements for

many main aisles.

3.2. Equipment Specification and Quote Analysis

Equipment specifications are detailed design documents that describe the require-

ments and procedures for vendors to quote on a piece of equipment. The following

list outlines the requirements and information that should be formatted in an equip-

ment specification:

Scope of specification General overview of the specification

Performance criteria Product characteristics, capacities,

accuracy requirements, and efficiencies

Project execution Schedule; contact responsibility

Description of system Equipment design features; operator

interface

Maintenance issues utilities available at the site; maintenance

schedule; spare parts

Instruments, controls, and Control of processing parameters; operator

electrical system interface requirements; level of control

Safety and inspection Performance acceptance testing; verify safety

features

Shipping procedures Delivery method; equipment identification
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Detailed equipment and functional specifications are produced to aid in the

selection of equipment and control strategy.

After analyzing all the factors that are involved in the quoted packaging equip-

ment, the vendor quote is evaluated against the specification. Design features are

listed and compared with other vendor equipment quotes. Two to four vendors

are selected to receive and quote on the specification. The response to the specifica-

tion and quoted cost then allows the equipment to be purchased according to the

specification.

3.3. Construction and Startup

Once the project is under construction, a project cost control system should be

implemented. This system provides a status report listing construction status, cur-

rent budget, committed cost, expenditures to date, cost to be committed, final cost,

and variance from budget. This cost system provides management with a method

to plan and track the various phases of a packaging project.

Site construction of the project requires organizing the construction bid

packages, selecting contractors, and writing subcontracts. These contracts include

a specific scope of work for the various construction and installation tasks and the

implementation of appropriate procedures for expediting the project. An equipment

installation document is then prepared for the construction contractor (9). This

document verifies that equipment is properly connected to the defined utilities

(air, electrical, water, sanitary drains, product, cleaning systems) and that the con-

tractor has a planned schedule of events. Arrival of the equipment will initiate the

startup and testing phase for the equipment.

4. PACKAGING SYSTEMS COMPONENTS

4.1. Packages, Containers, Closures

No packaging system can be functional without a compatible material that will deli-

ver both good machine throughput and provide a sufficient packaging barrier. Any

packaging material that is used for an edible oil packaging project must have a low

initial microbial load (must be clean) and provide a barrier compatible with the oil

product. Product shelf life and stability are directly related to the inherent ability of

a packaging material to affect the transmission of oxygen and moisture. It is impor-

tant to determine the desired shelf life of the product and then select the material

that will provide that shelf life. For example, it may be preferable to use a low-cost

material with a low oxygen barrier property when packaging edible oils for institu-

tional trade. In this case, the turnover is rapid and the desired shelf life is only a few

weeks. The same oil product packaged in a high oxygen barrier material would

allow a retail shelf life of several months. Therefore, although the same products

are processed in a like manner and the packaging systems are nearly the same,

the final products will have completely different shelf life characteristics based
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on the packaging material used (10). See Table 1 for barrier properties of common

packaging plastics (11).

Another consideration is the product–container compatibility. For an oil product

intended for an extended shelf life, an appropriate container choice would be a mul-

tiple layer container, as the layers are composed of high- or low-density polyethyl-

ene on the outside, ethyl vinyl alcohol in the middle, and high-density polyethylene

on the inside (Figure 7). High-density polyethylene on the inside is a suitable plas-

tic for contact with edible oil and provides an adequate moisture barrier. Low-

density polyethylene is not a suitable inner layer material due to the high rate of

migration allowed. The middle layer is the oxygen barrier layer, and the outer layer

should be resistant to water. Another multiple layer container is the combination of

paper and plastic materials. There are a variety of combinations possible for these

containers, and their use depends on the properties of the product, container, and

packaging equipment. This combination is commonly used in composite cans for

shortening. Normally, the equipment vendor has experience in selecting the appro-

priate packaging material, and the packaging barrier is developed between supplier

and manufacturer. The primary packaging materials that are successfully being

used include styrene, polyethylene, polypropylene, poly(vinyl chloride), Saran,

paper, aluminum foil, and combinations of these materials. Two processes widely

used in forming barriers are plastic coextrusion and lamination. Plastic coextrusion

is the combining of two or more polymer layers during a one-step process of film or

TABLE 1. Barrier Properties of Some Common Packaging Plastics (11).

Plastics O2 Permeability a CO2 Permeabilitya WVTRb

PE

Low density 300–600 1200–3000 1–2

High density 100–250 350–600 0.3–0.6

PP

Unoriented 150–250 500–800 0.6–0.7

Oriented 100–160 300–540 0.2–0.5

PS 250–350 900–1050 7–10

PET 3–6 15–25 1–2

PVC

Unplasticized 5–15 20–50 2–5

Plasticizedc 50–1500 200–8000 15–40

PVDC 0.1–2 0.2–0.5 0.02–0.6

EVOH

0% RH 0.007–0.1 0.01–0.5 —

100% RH 0.2–3 4–10 —

Ionomer 300–450 — 1.5–2

Nylon 6 2–3 10–12 10–20

PC 180–300 — 10–15

aUnit in (cm3 mil)/(100 in2/day atm) at 25�C.
bUnit in (g mil)/(100 in2/day) at 38�C, 90% RH.
cValues depend greatly on plasticizer content.

Source: Data are taken from several sources.
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sheet extrusion. Lamination involves an adhesive or extrusion-bonding process that

brings together two or more materials that have been preformed (12).

There are three major forms of plastic packages used in oil packaging projects:

blow-molded containers, such as plastic oil bottles; thermoformed packages, such

as trays, tubs, cups, and inserts; and injection-molded fitments, closures, and lids.

The basic techniques of plastic blow molding were derived from those used in the

production of glass bottles. Air is forced under pressure into a sealed molten mass

of material that is surrounded at the right distance by a cooled mold of the required

shape. The pressure of the air causes the molten mass to move out to the mold walls

where it cools on contact. Finally, the mold is opened and the molded container

ejected. Thermoformed operations are used primarily for containers that have lim-

ited depth in the shape. This operation heats a sheet of multilayer plastic film that is

in a softened state. A mold then exerts a force on the sheet and forms it into a con-

tainer. A wide range of polypropylene sheets are available for thermoforming. Poly-

propylene is selected for the compatibility with thermoforming, acceptability as a

food contact surface, resistance to heat, low water transmission, and ability to be

extruded in a sheet with another material (13). To reduce oxygen transfer, this sheet

has an oxygen barrier. Ethylene vinyl alcohol is often the material used as an oxy-

gen inhibitor. The use of a single material such as poly(ethylene terephthalate)

(PET) has also been used for thermoforming; however, this material is more often

blow molded (13).

Injection molding is a method to make complex shapes rapidly, normally fitment

or closure. The main function of a closure is to keep the container sealed until the

Figure 7. Container–product interaction.
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contents are required for use. This means that the contents cannot escape and exter-

nal environments cannot enter the container. The degree of tightness required by the

seal of oil products is one that provides a completely hermetic seal. It must be pos-

sible to open the container by breaking the seal without difficulty and also to reseal

the closure when only part of the contents is used. Some containers will have an

aluminum foil membrane sealed to the bottle opening by heat before capping or

by induction after capping. Capping can be accomplished by using either a press

cap or screw cap. Alternatively, the closure can serve as a dispensing device,

such as an orifice or spout. The closure must neither affect nor be affected by

the contents of the container. It should be inert to any conditions to which it may

be exposed during processing, storage, or normal end use. The closure may need to

provide a safety seal to verify whether it has been removed before use, thus giving

the consumer assurance that no one has tampered with the contents.

4.2. Fillers–Sealer

The filler is the focal point and the most critical component on any production line.

This piece of equipment will always adversely affect the production when it is not

operating. Filler downtime can never be recovered; therefore, it should be mini-

mized. All other equipment on the line can be sized or adequately positioned to

allow the filler to continue running when downtime occurs. In addition, the perfor-

mance of the filler with respect to filling parameters remains constant when the

filler operates without interruption. This constant performance is critical when

determining equipment line speed and relationships. The rate-limiting factor of

the whole line depends on the performance of the filler.

The selection of the filler speed is based primarily on product characteristics,

production volume, shift–time structure, package sizes, and other operating factors.

Once the filler speed has been selected, the capacities of the other production equip-

ment can be calculated to maximize filler run time (14). Equipment before the filler

in the production line is required to have enough capacity to ensure a constant sup-

ply of product to the filler and adequate recovery from upstream machinery inter-

ruptions. Similarly, equipment down line from the filler must have added capacity

to recover available accumulation during downstream interruptions. Selection of the

type of filler to be used depends on the desired method of filling. There are two

basic methods of putting liquid oil into a container. The first, and most common,

is to fill to a level, and the other method fills by a premeasured rate.

Level Control Filler. Plastic bottles can be manufactured clear; thus for consu-

mer appeal, they are filled to a level. This means the volume may vary but will

appear to be equal due to the visually perceived common level in the containers.

Flow is by gravity through a nozzle into a sealed container, whereas air equilibrates

via a vent tube (Figure 8). When the rising liquid reaches the air vent port, flow

stops. There is no overflow of product as in a pressure or pure vacuum filler. Aera-

tion is at a minimum, perceived fill level is extremely accurate, and the filler is rela-

tively simple and easy to maintain. Size consistency of the blow-molded container

is critical to control, because this dictates the amount of product being sold.

PACKAGING SYSTEMS COMPONENTS 247



Premeasured Volume Filler. The second method is to fill a premeasured volume.

For containers that do not allow the product to be visible for comparison, such as a

composite can for shortening, the filler transfers a premeasured volume of product

into the container. There are three types of premeasured volume fillers.

For a piston premeasured volume filler, the fill cycle consists of an intake stroke

and a discharge stroke (Figure 9). During the intake stroke, the piston rises and

draws product from the supply tank into a calibrated cylinder, which measures

the volume of product. When the cylinder is full, the intake port closes and the dis-

charge port opens. The fill takes place as the piston moves downward and delivers

the premeasured volume of product into the container below. Most fillers are

mechanically operated and simple. These fillers can handle a wide range of product

viscosities and a broad range of speeds (15).

Other premeasured volume methods deliver a volume (or mass) by controlling

the pressure and time of the delivery. Pressure is used to fill the container for higher

viscosity products. Product is pumped under pressure through a filling valve and

then via a product tube transferred into the container. A sensing air tube is built

into the product tube to monitor air pressure in the container. Low-pressure air

Figure 8. Gravity filling system.
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Figure 9. Volumetric piston filling.
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(25-cm H2O) flows through the sensing air tube into the container while it is being

filled. When the rising liquid reaches the sensing air tube port, it stops the flow of

sensing air, which triggers a controller to close the product valve causing product

flow to stop. A nonturbulent product flow reduces aeration to an extremely low

level. Fill is rapid, and fill level accuracies are excellent. This is the ideal method

for high-speed filling of low-viscosity products into plastic containers. Most fillers

are mechanically operated and simple. These fillers can handle a wide range of oil

product viscosities and a broad range of speeds.

Timed flow systems measure the volume delivered to the container by control-

ling the amount of time product is permitted to flow. Flow is by pressure from a

product pump. Delivered volumes are determined by a precise measurement of

flow time through a controlled orifice while the delivery pressure remains constant.

Volume can be increased or decreased also by changing the rate of flow to the

metering pump. By using more than one metering pump, multistage filling of

different products in the same container can be performed. This type of filler has

few moving parts that are in contact with the product and can be cleaned or steamed

in place.

Net Weight Filler. Net weight scale filling involves the use of a microprocessor

and highly accurate weigh scales that ‘‘tare’’ an empty container and then control

precise liquid flow into it (Figure 10). The computer logic monitors fill weights and

makes continual adjustments to the floor, producing overall average fills with vir-

tually zero error. No dynamic seals are required. Rates are slower than most meth-

ods; however, filler cleanability is superior to other types of systems. A product fill

rate of 80 bpm is an acceptable rate for net weight filler. Two types of net weight

systems are available: linear with inline weighing and rotary with off-set weighing.

Linear load cells are located parallel to the travel of vials. Vials are transported

over the load cells, tared, filled, and controlled to a monitored weight. Production

rate increases can be accomplished by additional load cells and filling nozzles.

Rotary load cells are located in a semicircular pattern. Containers are transported

by physical placement onto load cells. Future addition of load cells is limited;

however, the unit has rapid changeover, small size, and rapid response to taring

of the vials.

This type of filler is a growing type of system in filling oil-based product since

the expense of the product justifies the cost of a net weight filler.

4.3. Depalletizers

The depalletizer in a packaging line accepts stacked bottles on pallets that have

dividers and discharges one container at a time in single file. Sizing of the depalle-

tizer for unsorted containers must be analyzed with respect to the product mix

ratios, type and speed of the filler, and the condition of the pallets, conveyors,

and containers.

The speed of a depalletizer is determined by the speed of the pallet infeed con-

veyor entering the elevator, lift-time, speed and type of pallet tier sweep bar, and

speed of the discharge conveyors. The depalletizer speed should be designed to be
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Figure 10. Net weight filler.
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approximately 140–150% of filler speed to handle periodical downtimes. Downtime

can be caused by bad pallets, loose bands, protruding nails, loose boards, or leaning

pallet loads, especially when they are unloaded directly from a truck and set on

the infeed conveyor. Thus, the infeed conveyor should hold five pallets of empty

containers. The container load must be straightened to avoid jams in the elevator.

Fallen containers will cause jams on the single-file discharge conveyor, causing

downtime. This is especially true when there is a range of container sizes handled

by this depalletizer.

4.4. Uncaser

A typical returnable glass uncaser is a belt type machine, with the belts picking the

bottle up by the neck from a half depth case and placing them on a tabletop bottle

conveyor. Typical downtime is caused by bad cases, either due to incorrect dimen-

sions (poor taping or glue sealing of flaps), excessive moisture, or warping. Minor

mechanical downtime is normally caused by off-timing and belts jumping off pull-

eys. As with a depalletizer, the uncaser speed should be sized to keep an accumula-

tion table located before a washer full under normal operation or have the ability

to fill the conveyor–washer quickly after possible downtimes. With a speed of 130–

140% of filler speed and a possible design downtime of 5 min, the uncaser should

be designed to fill an empty accumulator in 10–15 min with the filler running. The

purpose of this bidirectional covered accumulator is to prevent filler downtime

for minor washer or uncaser problems.

4.5. Conveyors–Accumulators

Conveyors between various equipment must be sized to run at a rate 110–115% fas-

ter than the capability of the highest speed equipment that it feeds or from which it

receives containers or cases. Conveyors must also be capable of running 140% fas-

ter than the highest speed equipment to create adequate gaps between units when

separation is required. For improved container handling, conveyor systems should

be run as slow as possible with as few interface points as possible between equip-

ment components. This will result in less container-to-container pressure and

reduced maintenance and downtime. It is sometimes desired that a conveyor system

be capable of handling multiple size containers, i.e. those with a major difference

in product volume, 100 mL versus 1.5 L. The speed of these conveyor systems,

especially the single-file speeds, needs to be variable. These conveyors should

have soft starts with the variable drives and transfer points. Selection of the

conveyor manufacturer becomes a critical design feature and must be addressed

in the preliminary engineering phase.

Case conveyors should be long enough to accumulate the cases rather than

having an extra operator to stack them off the system when the palletizer shuts

down. The cost of the accumulation conveyor must be compared with the extra

labor cost incurred by hand stacking the cases. Return on investment criteria should

be used to make this decision. Case conveyors should be at least 10% faster than the
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case packer or palletizer to create gaps between cases, minimize jamming on

curves, and provide some accumulation. Reasons for the faster conveyor speed

are to accommodate some case packers that may eject multiple cases at the same

time or to allow for on-line case labeling.

A container accumulation table should provide 5 min of surge capacity when it is

full. The length–size of the accumulator is determined by the amount of container

required when the uncaser or palletizer systems shut down. The sizing of an accu-

mulator is determined by the length and frequency of expected upstream and down-

stream stoppages. Experience shows that the vast majority of stoppages last

2–5 min. Accordingly, the accumulation table should be designed to hold 5 min

of filler production. The infeed of the accumulator should have three conveyor

sections with one of the conveyors closest to the table running slower than the

others to reduce bottle tippage due to speed changes. The rationale is to keep the

filler functioning until the stoppage is removed or repaired (16).

4.6. Washer

In selecting a washer design for temperature control, motor sizing, compartment

size, and so on, the designer should allow the speed of the filler to determine the

rate and capacity. Based on typical washers, fillers, and periodical jams that take

2–3 min, the washer is sized for a rate that is 130–140% of filler speed to recover

lost operator time.

Two bidirectional accumulation tables should be installed as close to the washer

as possible, one before and one after. The infeed accumulator should remain full as

often as possible. The purpose of the discharge accumulator is to keep the washer

running when the uncaser or depalletizer is down. The accumulation table follow-

ing the washer will remain empty as long as the speeds of the washer and filler are

the same and running at rated line speed. When the filler is down, the infeed con-

veyor to the washer should shut down, and the remaining containers in the washer

should be stored on the discharge accumulation table. This sequence will minimize

washer cycling. This ability to recover accumulation on the discharge table has a

direct effect on line efficiencies. An alternative method of accumulating containers

is by on-line conveyor accumulation. This requires additional conveyor lanes or

extended lengths. This is not recommended, due to additional transfer points and

difficulty in ejecting fallen containers.

4.7. Labelers

Several types of labeling systems are available for packaging systems. Online appli-

cation of labels are an efficient, cost-effective means of identifying and decorating

packages. Labels consist of face stock material coated with an active adhesive on

one side. The label is carried on a silicone-coated backing paper to allow for easy

release on demand. Pressure-sensitive labels are supplied in sheet, roll, or fanfold

form. A roll form, with a predetermined specification for automatic application, is

the most common due to the ease and efficiency of handling.
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A variety of standard and specialized applicators exist for pressure-sensitive

labeling. Standard portable head applicators provide top, side, and bottom labeling.

These applicators use one of several basic methods available for application of

automatic pressure-sensitive labels. In a tamp-blow method of application, the label

is dispensed from the backing web and held in position by vacuum on a tamp pad.

The tamp pad is indexed 0.8–1.5 cm away from the product, and then the label is

applied to the product by a gentle blast of air. Tamp-blow applications are used for

a large array of packages that have irregular, curved, or recessed surfaces.

The term print/apply refers to the ability to print identifying information directly

onto a label just before its application. Serial numbers, date codes, lot codes, and

S.K.U. numbers are examples of such printed information or identifiers.

Automatic container handling and orientation are often integrated into a labeling

system. The labeling system can control the containers by use of the accumulation

conveyor, adjustable side rails, gate stop mechanism, rotary table, pneumatically

operated pushing cylinders, and the reject station. The system can also rotate the

container after labeling by 90� or 45� for proper alignment approaching the case

packer.

4.8. Case Packers

The case-packing function is one area of the packaging line that can benefit greatly

from automation, since this function is one of the most labor-intensive areas of a

packaging line. Case packers can be high-volume, automatic machines that can

handle products more gently than human hands.

Automatic case packers do not require a full-time operator, although an atten-

dant is needed to replenish materials at periodic intervals. The case packer automa-

tically opens and positions the case for loading, accumulates the product, packs,

and seals the case. The case can be sealed with adhesive (either hot melt or cold

glue) or pressure-sensitive tape. A hot melt system is normally the preferred method

to seal cases. An operator is required to replenish the case magazine and sealing

materials at regular intervals. Some packagers add auxiliary case magazines to their

case packers. An auxiliary magazine can increase the blank case capacity twofold

or threefold, so that the operator has more time between magazine refills to attend

to other tasks. Styles and types of case packers vary, but they can be grouped into

four basic categories: side load, top load, wraparound, and bottom load (17).

Side load case packers are generally used for packing cartoned products into

corrugated cases (although tubes, cans, and other containers may be packed in

this manner). However, for oil, side loaded case packers could increase the stress

of handling the product, which may result in product damage.

Glass and plastic bottles are most commonly packed by top load case packers.

Top load packers can pack bottles into corrugated cases, plastic cases, corrugated

trays, plastic trays, full- or half-depth cases, or nested carriers. The complexity of

the cases and product matrix determines the justification for a top loader.

The wraparound concept is that of the ‘‘tight-pack’’ case, meaning that the pro-

ducts are packed tightly. The tight pack is designed to eliminate product movement
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that can cause label damage or carton scuffing. The operation of the wraparound

packer is somewhat like that of side load case packers. The product feeds by con-

veyor and is staged into case loads. At the same time, a case blank is indexed from

the magazine into loading position. The product load is transferred onto the case

blank, and the case is folded around the load. Adhesive is applied to the flaps,

and they fold to seal the case. A disadvantage with a wraparound case packer is

the increase in case inventory that can result from installing this type of case packer.

In using a bottom load case packer for a packaging operation, the containers are

accumulated and unitized into the selected case pattern. As the unitized load is

indexed onto the lift platform, a case blank is unfolded from the case magazine

over the product. The lift platform raises the product into the opened case. The

case is indexed out of the loading area and is top and bottom sealed by a hot

melt glue system. The bottom load case packer is the best type of case packer

for containers that require stacking, pads, or automatic case insertion.

4.9. Palletizers

Palletizers are available in high-level, low-level, or robotic versions. In high-level

palletizers, the case or product enters the palletizer via an overhead conveyor. In a

low-level system, the case or product enters the palletizer at floor level or approxi-

mately 75–90 cm off the floor. Robotic palletizers generally operate at floor level

and involve mechanical placement of the cases and/or rolls.

A high-level palletizer offers the advantage of bringing the case in near the

ceiling. The cases can be conveyed to the palletizer just under the ceiling, freeing

the floor underneath for other operations or storage. A high-level palletizer usually

requires a metal platform, catwalk, and stairs for an operator to have access to the

pattern-forming station. The pallet discharge height is at floor level. The pallet with

the load raises and lowers to the correct tier height with each tier formed. The case

infeed and pattern forming is done at the high level.

In the low-level palletizer, both the case or product infeed and the full pallet dis-

charge are at floor level. The floor level infeed permits the case pattern to be formed

at floor level and the palletizer to be close coupled to the discharge end of the

packaging line. It also eliminates the necessity of elevating the case from floor level

at the case packer to ceiling height. The low level eliminates the need of having

metal platforms, catwalks, or stairs. It also discharges the full pallet at floor level.

A pattern for a tier is formed at low level and transferred to an elevating platform

that raises the tier to the proper stack height. The pallet being loaded is not raised or

lowered, but it stays at floor level. This reduces the overall weight being lifted to the

height of one tier. The low-level palletizer provides ease of operator supervision of

the machine, because all the mechanical operations used in maneuvering the cases

into their perspective unit loads are done at ground level.

Palletizers that are designed to receive the cases at either a high or a low level

require the cases to be formed on a stripper plate. Once the layer is formed on the

stripper plate, it is lowered to the pallet that is stationed on a floor level pallet con-

veyor. A sweep arm strips the cases off onto the appropriate layer on the pallet as
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the stripper plate slides out from underneath. The stripper plate is tapered and is

equipped with a powered roll conveyor section to ensure a positive transfer of

the cases as they exit onto the pallet. Based on which style palletizer is selected,

the stripper plate will either index to the top of the machine to receive product

for a high-level palletizer operation, or if a low-level palletizer is selected, the

stripper plate will stay at ground level at the height of the infeed conveyor to receive

product.

Palletizers can be furnished with automatic pallet dispensers, glue systems, auto-

matic bottom-pad dispensers, and automatic tier-sheet dispensers. Palletizers

offered are required to have a programmable logic controller (PLC) for multisize

cases. It is possible to program different tier and pallet patterns into a PLC unit,

and thus change over from one size to the other by means of selector switches.

A palletizer can automatically arrange the cases for each tier, dispense the pallet,

or insert the tier or tie sheets. These functions can alternatively be performed

manually by an operator.

Robotic palletizer systems have the ability to orient the cases and to pick and

place the trays, pads, and slip sheets. The robotic palletizers’ rate of operation

will be considered too slow for most oil production lines. However, robotic palle-

tizing systems will become more common for oil packaging lines based on the fol-

lowing issues:

� Improvements in the design of end effectors that will allow multiple case

placement

� The reduction in equipment prices for robotic systems

� Increases in the number of acceptable equipment suppliers

� The using of multiple robots for loading a single pallet

4.10. Stretch Wrappers

Stretch wrapping is the method of unitizing and protecting pallet loads or groupings

of individual containers of product by applying layers of plastic film. The film is

mechanically stretched to increase its yield and create a tension force around

the load.

There are basically two approaches in stretch wrapping: turntable and overhead

rotary arm. The turntable stretch wrap system is accomplished by rotating the load

on a mechanically driven platform and applying multiple layers of film. With over-

head rotary arm systems, the unit load remains stationary and the film application

unit spirals around the load. On some units, a top platen can also be added to the

rotary arm system to ensure that cases and the top slip sheet on a bulk pack remain

stable during the stretch wrap operation.

Fully automated conveyor systems are available for turntable and overhead

rotary arm models. Product loads can be fed into the infeed conveyor system by

the automated palletizer system or manually by fork truck. The loads are staged
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on the infeed conveyor system and automatically sequenced into the wrapping sta-

tion. The load is wrapped and then discharged on the exit conveyor system. An

overhead platen stabilizes the unit load during the stretch wrapping process. This

turntable method provides the flexibility to accommodate loads of varying heights.

Stretch wrappers must be able to provide a rugged state-of-the-art stretch wrapper

that includes structural steel construction, powered prestretch film delivery system,

factory startup assistance, and PLC documentation as standard features.

4.11. Line Efficiencies

Packaging lines operating in many different oil industries across the country are

currently performing at mechanical efficiencies that are far below what was

projected and anticipated during conceptual design. Efficiency claims for packaging

machinery, particularly for new equipment, are stated so high that they rarely, if

ever, perform at such plateaus. In most cases, efficiency ratings projected by an

equipment manufacturer, even after a thorough checkout test is performed, are

unrealistically high for average plant conditions and production requirements.

The term mechanical efficiency, as used by production departments, identifies

the mechanical reliability in a percentage of all the components that make up the

packaging line. The components of a packaging machine must start, run, stop, reset

and restart, reliably, thousands of times before actual packaging of the product is

complete. The basis on which many machinery manufacturers state that their

machine has an efficiency rating of 100% is often based on a time-limited test

run of the customer’s product under a controlled condition and not under actual

production requirements. It is critical that packaging machine manufacturers

understand and state the reliability of all the components of a machine, how

many components compose each machine, and how the components interact with

each other throughout the whole machine cycle.

A typical packaging machine is composed of numerous parts or assembly

blocks. These parts are not complicated and are reliable; however, when several

of these assembly blocks are combined together in the building of the machine,

the blocks as a whole become more complicated, and the machine’s overall effi-

ciency rating is adversely affected. It must be understood and emphasized that in

determining mechanical efficiencies, many components or building blocks are

necessary to assemble a complete machine.

This knowledge of the machine is needed before any calculations are made on

mechanical efficiency. During machine analysis on new equipment, evaluations on

machine reliability and calculation of an efficiency rating should be done when

equipment is under consideration for purchase. This is one of the key factors to con-

sider during the purchasing of a packaging machine, and this calculation must be as

realistic as possible from a true in-operation situation. The starting of a production

schedule with accurate mechanical efficiencies to calculate into that schedule will

greatly improve scheduling accuracy in terms of labor requirements, length of

production run, and total production output. Proper preventative maintenance,
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operating procedures on the equipment, and startup and shutdown for breaks, lunch,

and shift changes are all extremely important and have a big impact on operating

efficiencies (18).

5. EDIBLE OIL OPERATIONS

Edible oil operations use glass or plastic containers in a variety of sizes and shapes.

Glass containers are rarely used in this market category; occasionally glass con-

tainers will be found on import oils. Plastic containers dominate this packaging

operation, the result of a packaging transformation that has occurred in recent years.

5.1. Low-Viscosity Products

Plastic bottles are either received in bulk or in reshippers, whereas glass bottles are

usually received in reshippers. A reshipper is a shipping case that is used for both

returning the empty containers and shipping the filled containers. Plastic and glass

reshippers are decased by inverting the reshipper unscrambler to orient and convey

the containers. Containers for plastic bottles that are preformed outside the plant are

received in bulk handling containers. The bulk handling containers either are pallet

loaded, which requires a depalletizer, or are in bulk boxes, which require an

unscrambler. Another option would be to have an in-house blow-molding operation.

The containers pass through an unscrambler or depalletizer for loading onto a sin-

gle-lane conveyor. The container can be oriented so that a label can be placed on a

side of the container, or the label may be placed after filling. These containers are

then processed through a bottle washer or bottle inverter, which usually is an air-jet

type. The containers are filled with or without nitrogen sparging, capped, labeled,

and conveyed to secondary packaging (19). A general process flow diagram for a

packaging line is illustrated in Figures 5 and 11.

Filler downtime typically is due to star-wheel jams, irregular shaped containers,

and timing adjustments. The accumulation table between the washer and the filler

provides the filler with bottles during these periods. The washer speeds need to be

fast enough to refill the table in a reasonable time. However, the filler needs to be

slightly slower than the washer, since the accumulation table after the washer

should normally be empty.

In addition to prolonging the life of the equipment, reducing maintenance, and

reducing downtime, it is recommended not to operate the equipment continuously

at the full manufacturer’s rated speed. The only exception is the filler. Table 2

provides a guideline to line component speed in regard to the filler and type of

container.

As typical downtime is 1–2.5 min, the accumulator should be sized for 2.5 min

of filler speed. Thus, under normal conditions, the accumulator should remain

empty. When the filler system goes down, the washer should ramp down accumu-

lator quantity. The frequent stoppage of the fillers is due mainly to poor container

handling. As the state of the art progresses and the equipment becomes more
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Figure 11. Flow diagram for secondary packaging operation.
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efficient, improvements in filler technology may enable the elimination of the accu-

mulator from the layout.

The filler and capper can be specified to package and handle different bottle

sizes. The filler bowl that contains the edible oil is constructed from 304 or 316

stainless steel that has a highly polished outer finish to promote sanitary operations.

A clean-in-place (CIP) system is designed with the necessary connections for inter-

ior spray ball cleaning of the bowl and high velocity cleaning of the pipes and

valves. Temperature probes are located in the bowl to indicate CIP solution tem-

peratures and for product temperature during packaging (20). The fillers can operate

at rates of 500 containers/min and may have 8–56 filling stations.

Although as a general principle, equipment upstream and downstream from the

filler should be sized faster than the filler for accumulation and recovery, in the case

of this washer it is preferable not to cycle the machine. The washer speed, therefore,

needs to be variable to run slower than the filler when the accumulation table after

the washer starts to fill.

5.2. Thermoset Fat Products

Margarine, mayonnaise, shortening, and other high fat products are filled as high

viscosity products or at elevated temperatures. Margarine packages consist of wrap-

per sticks, squirt bottles, and tubs. Margarine packed as four individually wrapped

0.25-lb (0.133-kg) sticks is still a common product. The line components for soft

margarine are dispenser, former, wrapper, cartoner, labeler, case packer, and palle-

tizer. Wrapping and cartoning are usually done by a single machine. This unit must

be adjusted based on the characteristics of the margarine, such as product tempera-

ture and emulsion firmness. Direct injection systems for forming the margarine

have product recirculation loops to return the oil through a heat exchanger to con-

trol product temperature. The correct product filling pressure is controlled by the

TABLE 2. Line Component Operating Speed as a Function of Filler Speed.

Equipment Primary Container Type Speed as a Percent of Filler

Depalletizer or unscrambler Bulk plastic containers 140–150

Uncaser Glass bottles in cases 130–140

Empty container accumulator 2.5–5 min

Inverter Plastic containers 140

Washer Glass bottles 110–120

Filler 100

Sealer Plastic containers 100–110

Capper Glass bottles 100–110

Accumulator 5 min

Case packer Plastic containers 130–140

Recaser Glass bottles 120–130

Palletizer Cases 140–150

Stretch wrapper Pallets 150
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margarine oil formulations and the filling molding temperature. The speed of a filler

varies between 90 and 300 packages/min (21). Increasing the product pressure

during filling–molding results in a more dense fill–mold. The margarine mold is

wrapped by either paper or foil. The four sticks are cartoned by pushing them

against the carton blank. A dense mold can be wrapped and cartoned easily;

however, too much density will result in a crumbly mold or stick. Too soft a

mold will alter under this pressure, and the carton will be irregular.

Mayonnaise is usually packaged in glass containers, whereas peanut butter and

salad dressings are usually packaged in plastic containers, in the range of 0.2–1.0 L

(8, 16, and 32 fluid oz) and sometimes in 3.79 L (1 gal) for institutional trade.

Mayonnaise is still packaged in glass to allow the product to be retorted (heated

to preserve) after container sealing and because of the sensitivity to oxidation.

However, some of the small sizes for mayonnaise have been converted to plastic.

Other oil and oil-based products are also sensitive to oxidation; thus after being

sealed in the container, some products will oxidize until the headspace oxygen is

used up. Therefore, headspace is often flushed with an inert gas such as nitrogen.

The extent of oxidation after flushing is not sufficient to result in off-flavor forma-

tion. However, a loose lid or seal that has been warped or overheated will leak and

admit oxygen from the atmosphere, causing rancidity. Oxidation or moisture

loss from the product through such leakage will also cause the project to be rejected

by the consumer (22). Filling equipment is normally volumetric volume (Figure 8).

A product that has been flushed with a nitrogen–carbon dioxide mixture may create

a headspace vacuum when the carbon dioxide is absorbed by the product. Overfill-

ing the container will cause the lid to force the product onto the closure threads or

the heat seal to fail. Obviously, overfill is to be avoided.

The multiple straight-line or rotary-head liquid margarine–shortening fillers are

of either the timed flow or volumetric action (piston), which can fill up to 300 tubs/

min. These fillers require preformed cups or tubs and lids that can be molded by

specialized machines as follows. The printed plastic sheet material is unwound

from a reel and travels through a heating section to soften the material. An indexing

clamp frame allows the warm sheet to be molded to the shape of the cups–tubs or

lids. Vacuum can assist the pressure (induced by mold operation) to ‘‘thermoform’’

the container. The filling machine accepts the preformed cups–tubs and lids in sepa-

rate stacks. After filling the cups–tubs, lids are mechanically pressed into place,

resulting in a closed product container. Closure of tapered tubs can be done by

heat sealing a plastic and aluminum laminated film to the tubs–cups. The filled con-

tainers are separated by cutting the lids out of the film. Machines that thermoform

the container, fill product into the container, and seal the container are termed form/

fill/seal-type machines. Thermoform filling has become more common in margarine

packaging.

Metal, composite, or plastic containers received on unitized pallets are usually

packed with a shrink or stretch wrap shroud to maintain integrity of the load. Man-

ual or automated depalletizers are available that orient the cans onto single-lane

conveyors. The cans are inverted for cleaning and enter the filler. Filling is accom-

plished by timed flow or piston-type, volumetric action fillers. The end or side of
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the container may be ink jet printed with information such as code date, product

code, and/or inspection establishment number. If a seaming operation is used,

then the roller must be kept precisely adjusted to maintain package integrity. If a

heat sealing method is used, then precise temperature pressure controls are required

to monitor integrity. Upon leaving this operation, the containers pass onto a

single-lane conveyor, the intent of which is to provide sufficient control for

labeling. The containers are packed manually or automatically into shipping cases,

then palletized.

6. BULK PACKAGING OPERATIONS

Bulk systems using flexible packaging were developed several years ago. These

systems have primarily packaged products such as shortening, but many packaging

vendors believe that successful packaging of edible oils in bulk containers will be

installed in several processing plants in the near future.

The concept of bulk packaging of raw ingredients significantly reduces packa-

ging costs and provides other benefits, such as increased warehouse and transporta-

tion efficiencies, reduced storage costs, and reduced disposal problems of the spent

container. Manufacturers who use solid shortenings or liquid oil in sufficiently large

quantity, on the order of at least 44,000 kg/week, most frequently purchase their

shortening supplies in bulk. Shipments are made in 55,000–100,000 kg capacity

tank trucks or 125,000–350,000 kg capacity rail car tankers. There are a number

of factors to be considered in bulk handling installations. Bulk deliveries must be

in a liquid or semiliquid state to be easily removed from the carrier. Tank trucks or

rail tankers usually have no facilities for heating the shortening and must be insu-

lated to prevent the product from solidifying. An insulated tank filled with hot

shortening cools at the rate of 0.2–1.0�C (0.5–2.0�F)/h and will remain fluid

for 15–20 h. The length of time depends on filling temperature, environmental

conditions, oil crystallization point, and discharge methods (21).

On receipt, the melted shortening or liquid oil is pumped into storage tanks and

held until needed. The bulk product should be maintained at a temperature of about

6�C (9�F) above its melting point. The product held in the tank should be flushed

with nitrogen gas to prevent the slow deterioration and color darkening of the pro-

duct while in storage. The low storage temperature and nitrogen blanketing help

retard deterioration, but the storage life of a heated oil product is limited. The

bulk storage tank of product should be used in about 2 weeks for best results.

The capacity of the storage tank should be based on this use rate. Storage tanks

are fabricated in many shapes, round or square, conic or flat-bottomed, tall or short.

The design selected depends on space requirements, which are often critical in a

general equipment layout. A stainless-steel tank for food products is recommended.

Other oil base products can be stored in tanks of fiberglass fabrication (23).

Another method of handling institutional containers is in the form of flexible

bags in drum or wooden totes. Bags for above a few liters are presterilized

using g radiation and are provided to the user with an overseal on the spout, which
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protects the sterility of the bag. Bag size varies from 9.5 L to 1127 L. The prester-

ilized bags are fitted to the filler in a chamber that prevents contamination from

entering the bag when the cap is removed from the spout. Figure 12 illustrates a

bulk packaging system commonly used for institutional oil products. Difficulty

arises in ensuring that the chamber is free of microorganisms when the spouts

are being exposed in the chamber. Hydrogen peroxide is often used to sterilize

the chamber and spout caps. After removal of the cap, a fill valve moves into the

spout, the bag is filled, and the cap is replaced. The bags are placed in a tote, a fiber

drum, or other bulk container before filling.

The bulk edible oil by-products are pumped or dumped into a processing tank.

This food oil becomes an ingredient in a consummable product. Nonedible oil can

be used in the original container or transferred to a distribution vessel in either a

bulk form or in a liquid state that is metered into the production operation.

7. SUMMARY

Planning is the foundation of any project. It is the most important step in developing

the optimal plant. Engineering should be initiated during the conceptual stages of

the project. A subsequent study of regulations–plant site, plant room arrangements,

material of construction, construction issues, process flow diagrams, general

arrangements, equipment specifications, and vendor qualifications must be

Figure 12. Bulk filling operation.
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sufficiently developed before a successful production implementation. Processing

and packaging systems should be examined in regard to consumer requirements,

new technologies, and energy use.

8. FUTURE CONSIDERATIONS

Energy issues are very important in plant design, processing, and packaging. Plant

site selection and material of construction will incorporate the advantages of energy

conservation such as passive solar design. Other energy studies will optimize mate-

rial flow through the plant. Online testing of oil product for foreign substances with

greater sensitivity will also be a future trend. For oil production operation, flexible

processing and bulk packaging will become increasingly important, since this

technology offers lower processing cost, less space, and lower container cost.

Containers and other packaging materials will be designed for a secondary usage,

e.g., incineration for energy or recycling into other usable plastic products.
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Adsorption is a complex chemical process employed in the refining of vegetable

oils whereby nontriacylglycerol oil impurities are removed by sorbent materials

after alkali or physical refining. The process involves ‘‘bleaching’’ or the adsorptive

reduction of contaminants by any means, including surface attraction, molecular/

ionic bonding, oxidative catalysis and controlled by the chemistry of the vegetable

oil constituents, the physicochemical characteristics of the adsorbents, and the pro-

cess parameters or conditions wherein they interact. This chapter reviews the theory

of adsorption and its importance in the industrial evaluation and control of adsorp-

tion oil refining.

1. DEFINITIONS

1.1. Adsorption

A general definition of adsorption is the ‘‘preferential partitioning of substances

from a gaseous or liquid phase onto the surface of a solid substrate. The adsorbing

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
Edited by Fereidoon Shahidi. Copyright # 2005 John Wiley & Sons, Inc.
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phase is the adsorbent, and the material concentrated, or adsorbed, at the surface of

that phase is the adsorbate’’ (1). Patterson (2) defined adsorption as ‘‘a phenomenon

wherein the local concentration of a substance at the surface of a solid or liquid

becomes greater than the concentration throughout the bulk. Thus, adsorption is

a concentration of solute at an interface surface.’’

A definition of adsorption applying specifically to vegetable oil processing

would be ‘‘the assimilation of solute oil impurities by the surface of the adsorbent’’

(3). Adsorption was later more fully described, as it applies to fats and oils as, ‘‘the

physical and chemical interaction of a fat or oil to improve oil quality whereby det-

rimental contaminants are concentrated onto a sorbent and subsequently removed

prior to finishing processes’’ (4).

In adsorption oil processing, the time required for maximum adsorption is also

important with respect to minimizing catalytic side reactions, such as heat-cleavage

of carotenoids, hydrolysis, oxidation, isomerization, and polymerization reactions

of the oils (5).

1.2. Absorption

Absorption is distinguished from adsorption by defining it as the filling in of the

intergranule void between and within particles. It is thus a filling of three-dimen-

sional space in or between adsorbent particles, whereas adsorption is purely a sur-

face phenomenon.

1.3. Filtration

Filtration is the separation of suspended particles of solids from fluids (liquid or

gas) by use of a porous medium (6). It is therefore a sieving process whereby solids

are separated from a solvent and does not involve solutes interacting with surfaces.

In discussing oil processing, adsorption can be confused with filtration. For exam-

ple, it could be argued as to whether soaps and phospholipids were separated by

adsorption or filtration. Under low-solubility conditions (low temperature and

high concentrations), soaps and phospholipids tend to be separated more by filtra-

tion than adsorption, and visa versa. Expressed simply, adsorption is described as

the assimilation of oil-soluble impurities, whereas filtration is the removal of solid

particulates and insoluble contaminants.

2. MATHEMATICAL MODELS

From a practical perspective, an isotherm is a graphical representation of how much

of a specific contaminant is effectively removed by a given weight of sorbent, and it

is a means to this end. It allows the refiner to judge between sorbent efficiencies,

i.e., which clay will be more economically efficient. However, from a theoretical

interest in studying the nature of adsorption, it is a means to empirically determine

the manner by which an adsorbate is removed by the sorbent and mathematically

define the adsorptive nature of a sorbent.
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2.1. Langmuir Isotherm

2.1.1. Theory An isotherm is the expression of the relationship between the par-

tial pressure of an adsorbate gas, or solute concentration in solution, and the surface

coverage of the adsorbent at a constant temperature (7). The Langmuir isotherm has

been used to describe the oil pigment adsorption and adsorption of other minor oil

solutes during oil processing. However, it was originally developed by Irving Lang-

muir in 1916 to describe gas adsorption. The model describes a reversible mono-

layer, chemisorption adsorption onto distinct sites of an idealized adsorbent, at

equilibrium. The isotherm expresses the hypothetical relationship between gas pres-

sure and the proportion of adsorption sites occupied by an adsorbate at a fixed tem-

perature. The model assumes that the adsorbate is bound to a fixed number of

energetically equal, specific sites, each adsorbing one molecule with no interaction

occurring between molecules on adjacent sites. The reaction can be expressed as

Sþ A ¼ SA; ½1�

where S represents the nonadsorbed species, A represents the empty adsorption

sites, and SA is adsorbed species on specific sites. The equilibrium constant K is

expressed as

K ¼ ½SA�=½S�½A�: ½2�

If y¼ the fraction of the total surface sites that are occupied (0 < y< 1), then [SA]

is proportional to the surface covered by adsorbed molecules and y. Furthermore,

[S] is proportional to the number of unoccupied sites (1� y). If p is gas pressure or

solute concentration, the equilibrium constant b, which is the adsorption coefficient,

can then be expressed as

b ¼ y=ð1� yÞp: ½3�

When solved for y, the equation now becomes

y ¼ bp=ð1þ bpÞ: ½4�

The equation is true when bp� 1 and b is the adsorption coefficient, expressed as

the ratio of the rate constants of adsorption and desorption, i.e., ka/kd. When con-

sidering n¼ number of sites occupied and nm ¼ maximum number of sites, the

equation can then express y in terms of n=nm:

n=nm ¼ bp=ð1þ bpÞ: ½5�

The number of adsorbed species, temperature, and pressure or solute concentra-

tion will determine the position of the equilibrium, i.e., how much solute is

adsorbed relative to how much remains in solution. Adsorption will increase with

solute concentration and decreasing temperature. Figure 1 shows plots of the
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number of sites occupied (y) plotted against solute concentration or gas pressure

(p), at different equilibria (b). Equation (5) can be applied to test empirical data

for Langmuir behavior rewritten as the equation of a straight line as follows:

p=n ¼ 1=bnm þ p=nm: ½6�

The plot of p/n against p will then produce a straight line, with slope 1=nm. The

Langmuir isotherm has been applied to pigment adsorption from vegetable oil in

the form:

Xe=ðx=mÞ ¼ 1=a:bþ Xe=a; ½7�

where x¼ amount of adsorbed solute, Xe ¼ amount of unadsorbed solute, m ¼
grams of adsorbent, a is the surface area of the adsorbent (m2/100 g), and is b is

a constant of the intensity of the adsorption. Although Langmuir behavior is

observed if a straight line is obtained when Xe=ðx=mÞ is plotted against Xe, this

is not definitive proof of a simple, reversible monolayer, chemisorption adsorption

mechanism; i.e., simply conforming to the Langmuir equation does not constitute

absolute proof of the mechanism (7).

2.1.2. Application of the Langmuir Isotherm to Oil Pigment Adsorption

The Langmuir equation has been used to describe adsorption of b carotene from

solution onto activated bleaching clays (8) and free fatty acid from isooctane solu-

tion by acid-washed rice hull ash (9). Likewise, isotherm analysis of the commer-

cial bleaching of rubber and melon seed oil by Fullers earth, activated carbon, and

Fullers earth/activated carbon mixture (10) followed Langmuir behavior at 55	C
and 80	C, suggesting the possibility of monolayer adsorption with little competi-

tion. This behavior was not observed at 30	C where the isotherm no longer applies,

because of desorption. The amount of adsorbent was kept constant while varying
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Figure 1. Langmuir isotherm at different equilibria, b.
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the amount of oil. The work further showed that Langmuir constant 1/a decreased

with rising temperature for all adsorbent systems used, indicating increasing avail-

ability of adsorption sites with elevated temperatures. Therefore, all sites were not

energetically equal. A later study (11) used isotherm analysis to investigate pigment

adsorption efficiencies of a variety of vegetable oils using bentonite, montmorillo-

nite, and sepiolite under industrial bleaching conditions. The work showed that the

Langmuir equation held true for sepiolite but did not explain the adsorption of rape-

seed, soybean, wheatgerm, and safflower oil pigments on montmorillonite and stan-

dard activated clay. Reportedly, the applicability of the Langmuir isotherm depended

on whether or not adsorption was by chemisorption. In this study, the Langmuir

isotherm was more widely applicable in various oil types to adsorption by fibrous

sepiolite than to powdered and spherule sepiolite. Heat of adsorption data suggested

that adsorption to powdered and spherule sepiolite was by physical adsorption,

which would explain the limited application of Langmuir isotherm. A later study

Boki et al. (12) compared the applicability of Langmuir isotherm behavior with pig-

ment adsorption efficiencies of various attapulgite (palygorskite) clay adsorbents in

bleaching soy and rapeseed oils. Attapulgite drying affects the preservation of an

open clay structure and active surface area. At lower temperatures (100–200	C),

moisture loss begins, and at high temperatures (500–800	C), dried attapulgite loses

all of the tightly bound moisture with breakdown crystal structure and loss of sur-

face area. Unprocessed attapulgite is known as high volatile material (HVM). Rela-

tively mild heating removes most pore and interlayer moisture forming regular

volatile material (RVM) attapulgite. More severe heating removes all of this water,

resulting in low volatile material (LVM). Boki et al. (12) found that low-tempera-

ture dried and high-temperature dried attapulgite had a lower a-constant-value, that

is, isotherm gradient, (6.62–6.95) (Equation 7) than RVM matter adsorptive, phar-

maceutical grade, and cosmetic grades (8.45–9.25), indicating a greater active sur-

face area in the latter, which is most probably because of the greater moisture

content. The volatile matter content of the pharmaceutical grade and cosmetic

grades was not stated. There was little difference in the intensity of the adsorption

of the low-temperature dried, high-temperature dried, pharmaceutical grade, and

cosmetic grades attapullgites, as shown by the y-intercept (8.24–9.17), but the inter-

cept of regular volatile matter attapulgite was considerably smaller (4.38). A sub-

sequent study (13) showed that the adsorption of b carotene to attapulgite and

sepiolite from hexane solution in the presence of diglycerides followed a Langmuir

relationship. They deduced that b carotene was adsorbed as a monolayer with no

competitive adsorption from diglycerides. Again, it should be realized, however,

that conformity to the Langmuir equation does not constitute absolute proof of

the mechanism (7).

In studying the behavior of adsorption behavior from miscellas, Kun-She-Low

et al. (14) showed that b carotene adsorption from crude palm oil hexane miscella

by regenerated bleaching clay followed a Langmuir isotherm with constants 1/a and

1/(a.b), of 0.25 and 0.02, respectively. Transfeld (15) used Langmuir isotherms to

investigate two-stage and three-stage counter-current bleaching operations where

both complete mixing and separation of oil and adsorbent are achieved at each

MATHEMATICAL MODELS 271



stage. A significant improvement in decolorization was possible than with batch

bleaching. He showed that the advantage of the counter-current bleaching technique

is enhanced as the Langmuir equilibrium constant is reduced, enabling less clay to

be used, relative to conventional bleaching. This is because of the steep rise of the

isotherm, which is at the point of most practical value. Transfeld also reported that

40% savings were found when commercially bleaching dark oil with highly active

clay.

In summary, Equation 6 is a useful means of comparing adsorption behavior of

adsorbents in various oil systems based on adsorption constants. Caution, however,

should be taken in using the equation to deduce details of the adsorption mecha-

nisms.

2.2. Freundlich Isotherm

2.2.1. Theory The Freundlich isotherm developed in 1924 by Freundich (16) is

widely used to study oil processing adsorption. It is applied as an empirical expres-

sion to describe the reversible adsorption of a single solute from aqueous solution at

equilibrium at a fixed temperature, and it is expressed as

x=m a c; ½8�

where x¼ amount of solute adsorbed (mg), m¼ grams of adsorbent, c¼ residual

concentration (mg/ L) of solute at adsorption equilibrium, and

x=m ¼ Kcn: ½9�

K is a constant indicating adsorption capacity, and n is a constant of the energy of

adsorption. The constant n is sometimes expressed as 1/n to standardize notation so

the constant varies only between 0.1 and 1.0 (10). At low solute concentrations, the

amount of adsorbate binding increases rapidly as solution concentration increases,

but at high concentrations, the amount adsorbed approaches a constant value. How-

ever, a disadvantage of the equation is that it does not allow for a limitation in the

adsorption capacity. Theoretically the amount adsorbed may be infinite. Further-

more, the success of the Freundlich isotherm in describing oil pigment adsorption

to bleaching clay is paradoxical, because it describes a reversible adsorption. Caro-

tene pigment binding to bleaching clay is irreversible, but chlorophyll is reversible

under certain conditions.

Nevertheless, empirical data are evaluated for Freundlich behavior by using the

equation in its logarithmic form, as the equation of a straight line:

log ðx=mÞ ¼ log Kþ n log c; ½10�

where log (x/m) is plotted against log (c) and the slope is n and the intercept is

log (K). The Freundlich equation is valid for any color measurement method, pro-

viding the units are additive and proportional to the oil pigment concentration.
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Lovibond color values have traditionally been used by industry, but optical absor-

bance and subsequent calculation of pigment concentration can be applied (17).

2.2.2. Application of the Freundlich Isotherm to Oil Pigment Adsorption

Practically, K is a good indication of the decolorizing power of a bleaching clay and

n is the characteristic manner of adsorption. If two adsorbents have differing capa-

cities, KðK1 6¼ K2Þ, but adsorb in the same manner, i.e., have a similar n, the rela-

tive amounts of adsorbent needed will be inversely proportional to K values.

Consider the following for bleaching earths A and B. For A:

x=m ¼ 0:5c0:5: ½11�

For B:

x=m ¼ 1:0c0:5: ½12�

Twice as much earth will be needed if A is used rather than B to bleach to a spe-

cified color. The n value is used to determine the range of decolorization within

which the adsorbent is most effective. An adsorbent with a high n will be relatively

effective at initially binding oil pigments but relatively inefficient at bleaching oil to

a low-color value. The opposite is true for an adsorbent with a low n value. A high n

value is desirable but not at the expense of K. Both K and n can vary with process

variables, including adsorbent, temperature and moisture content, oil source, and

other minor oil components as well as bleaching technique. Less adsorbent is usual-

ly needed to process oil in a plant relative to laboratory bench bleaching systems.

This is because of the buildup of filter cake during the separation of oil and adsor-

bent results in additional bleaching as the adsorbent capacity is increased. The phe-

nomenon is called the ‘‘press bleaching effect,’’ resulting from a new adsorption

equilibrium and reduced residual oil pigment level.

Proctor and Toro-Vazques (18) reviewed the nature and history of the use of the

Freundlich isotherm in studying adsorption in oil processing. Hassler and Hagberg

(19) pioneered the application of the Freundlich isotherm to adsorption bleaching of

cottonseed oil by Fullers earth and active carbon by measuring Lovibond units

before and after processing. The log/log plot of the Freundlich isotherm showed

Freundlich adsorption behavior that allowed comparison of adsorbents based on

the K and n constants. The gradient of the plot showed the n constant value that

was used to compare adsorption efficiencies and established the value of the Freun-

dlich isotherm in comparing adsorbent performance. The effectiveness of the

Freundlich isotherm is interesting as it was originally developed in a single solute

system where residual solute was measured on equilibrium, whereas Hassler and

Hagberg (19) used a simple multicomponent oil system, taking Lovibond color

measurements, both before adsorption and after achieving equilibrium. The work

showed that adsorbent contact with a lightly colored oil will have reserve adsorp-

tion capacity for additional bleaching of darker oils. Hence, a countercurrent pro-

cedure can be effective where a fresh crude oil is initially contacted with partially
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used bleaching clay. The used clay can still adsorb a significant amount of pigments

from unbleached oil. This observation was used to explain the ‘‘press bleaching

effect’’ whereby addition oil decolorization occurs as oil is filtered through the

clay during separation. During this process, the adsorbent showed additional

adsorption capacity with further lightening of the oil as the bleaching clay cake

builds up during filtration, i.e., press bleaching (20).

Hinners et al. (21) showed that Lovibond values alone cannot adequately

describe adsorbent capacity by isotherm analysis. The adsorption of each pigment

in the oil should be evaluated independently. In addition, the ratio of the pigment

concentration in the oil changes after adsorption to various degrees depending on

the adsorbent type and concentration. The authors obtained oil chlorophyll adsorp-

tion data by measuring chlorophyll concentration before and after processing to

produce Freundlich isotherms to determine the adsorbent capacity of various

bleaching earths. They found the slopes n were similar and therefore deduced

that the adsorption sites were similar. They reported that the constant K was propor-

tional to the bleaching capacity of the clay, and larger values indicated the ability to

bleach to low residual pigment levels. Hinners et al. (21) reported that a large n

number is beneficial as it describes an ability to efficiently adsorb pigments from

highly colored oils. The n value indicates the pigment concentration range over

which the adsorbent is most effective. A high n value should not be compromised

at the expense of K. The findings thus described how the Freundlich equation and

constants could be used to determine the bleaching clay doses and types needed to

meet a specified oil color.

Stout et al. (22) used Freundlich log/log plots to survey the performance of a

wide range of bleaching clays and silicates to decolorize cottonseed and soy oil.

They found that acid-activated clays had a lower temperature range for optimum

performance, 100–106	C, than natural clays (180–250	C) and were 1.5–2.0 times

more effective than natural earths in decolorizing oils. King and Wharton (23)

observed that chemical reactions could occur that during industrial oil bleaching

could affect pigment adsorption. Atmospheric bleaching produced lower K and n

values than vacuum bleaching, implying oil oxidation catalyzed by the clay. This

effect resulted in colored oxidation products that darkened the oil and decreased the

Freundlich constants. This scenario is very plausible because Lovibond values were

used, and the study could not distinguish between natural oils pigments and colored

oil oxidation products.

Gutfinger and Letan (24) used Freundlich log/log plots to measure phospholipid

adsorption and pigment reduction of degummed soy oil when exposed to Fullers

earth or Tonsil TM clay. Oil phospholipids were measured as specific concentra-

tions (mg/g), but pigments were measured as subjective Lovibond values. All

adsorptions occurred according to a Freundlich isotherm, with the exception of pig-

ment adsorption to Fullers earth. This exception was explained as being caused by

oxidation on contact of the oil with Fullers earth resulting in oil darkening, as men-

tioned above (23). Log/log isotherm plots were limited to only three data points,

however. With such a small number of points, linearity is almost assured. As in pre-

vious studies, the Freundlich equation was used for the simplicity of the expression
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and the value of the constants in comparing adsorbents. There has, however, been

little attempt to understand why the Freundlich isotherm is applicable to multicom-

ponent oil systems that are prone to oxidation and catalysis when Freundlich’s ori-

ginal work was conducted with a single stable solute system.

Nevertheless, experimental measurement of Freundlich constants continues to be

a popular means to distinguish between adsorbent performance and bleaching sys-

tems. In addition, they show that temperature promotes access to further adsorption

sites. In the report previously discussed by Achife and Ibemesi (10), they described

adsorption according to both Freundlich and Langmuir isotherms. There were

deviations in Freundlich plots at high oil concentrations, outside the adsorption

saturation point where desorption has become significant. The constant 1/n ranged

between 0.1 and 1.0 with varying temperature dependence depending on the

bleaching agent used. There was a decline in 1/n with Fullers earth with increasing

temperature, whereas the opposite occurred when using a Fullers earth/activated

charcoal blend. No clear trend emerged with activated charcoal. No detailed expla-

nation of any of the data was offered. The constant K increased with increasing

temperature for both oil systems when using Fullers earth and activated charcoal,

indicating increasing access to adsorption sites. Little change in K with increasing

temperature was observed, but not explained. Boki et al. (11) described the use of

isotherm analysis to investigate pigment adsorption efficiencies of a variety of vege-

table oils using bentonite, montmorillonite, and sepiolite under industrial bleaching

conditions. They found that that the Freundlich isotherm was more applicable to the

systems than was the Langmuir isotherm. They reported, however, an inflection in

the Freundlich log/log plots with a higher gradient at lower log Xe and log x=m

values with a lesser gradient after the inflection. This effect was explained by refer-

ence to the work of Kulkarni and Jatkar (25) who attributed it to physical adsorption

at lower pigment concentrations and chemisorption at higher concentrations. They

also suggested that adsorption occurs initially in smaller pores, progressing to larger

pores as smaller pores become saturated. The Freundlich isotherm also was found

to be more applicable than the Langmuir isotherm (12) in describing the adsorption

of carotenoid pigments from rapeseed and soybean oil onto standard bleaching

clays, synthetic adsorbents, and attapulgites, with inflections in the Freundlich

log/log plots also being found in these systems.

Additional research has been done on the use of Freundlich isotherm to investi-

gate adsorption of pigments from oil/hexane miscellas. Feuge and Jansen (26) com-

pared miscella bleaching with conventional bleaching and found that commercial

grade-activated bleaching clay reduced the oil color of a 30% oil miscellas

more than by conventional processing and was independent of the clay dosage

(0.5–8%). This was shown by using the Freundlich isotherms to compare the dif-

ferent methods. The bleaching of both oil and oil/hexane miscellas at 25	C pro-

duced similar n values, but processing in hexane produced a three-fold increase

in K values, indicating that hexane did not affect the mode of adsorption, but

increased the maximum pigment adsorbed. Conventional oil processing at 110	C
produced a larger K value and a significantly lower n value. Feuge and Jansen pro-

posed that miscella bleaching was more effective at initially removing pigment than
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conventional bleaching and proposed a counter-current bleaching procedure with

30% oil miscellas. Proctor and Snyder (17) used Freundlich isotherms to attempt

to understand the theory of pigment adsorption from oil miscellas onto silicic

acid. Adsorption occurred according to a Freundlich isotherm, but propan-2-ol

added to soy oil/hexane miscella and water deactivated silicic acid reduced the

maximum amount of pigment binding. They proposed that lutein, the major pig-

ment in soy oil, did not occupy all of the available adsorption sites because of com-

petition with propan-2-ol and other oil components, e.g., triacylglycerol. The

hypothesis was tested by an isotherm study with a soy lutein-rich, low triacylgly-

cerol extract in hexane prepared from crude soy oil. The isotherm produced was a

line close to the vertical axis. Isotherm studies with pure lutein in hexane showed

that lutein was totally bound to silicic acid, as shown by a vertical isotherm. There-

fore, triglyceride and other oil components were proposed to be competitively limit-

ing pigment adsorption in miscellas and probably in other oil adsorption processing

systems, based on molecule polarity. Minyu and Proctor (27) demonstrated the

effect of function group and carbon chain length on the competitive adsorption

of soy oil lutein on silicic acid. They studied the effect of a equimolar homologous

series of added alcohols and acids on adsorption isotherm behavior. Minor differ-

ences in the Freundlich isotherms were found between members of a homologous

series. A molecule’s ability to reduce lutein adsorption was related to its ability to

form hydrogen bonds, rather than its polarity. This was shown by the reduction in

lutein binding to silicic acid on addition of equimolar three carbon molecules with

various functional groups, as alcohol > acid > ketone > ester. Chapman and Pfan-

koch (28) used single-component isotherms and ideal solution theory (IDST) to

study coadsorption of the chlorophyll-based pigment, protoporphyrin IX, fatty

acids, and triglycerides from dichloromethane onto acid-activated bleaching clay.

Data from single component systems showed that the clay had a much greater rela-

tive affinity for protoporphyrin than for either fatty acids or triglyceride. Isotherms

from a binary solute system data calculated by IDST showed the ability of a high

concentration of lipids to dramatically suppress protoporphyrin binding by compe-

titive adsorption, however.

Miscella oil refining typically uses 40–80% oil (29). However, most miscella

isotherm studies have been done with dilute oil miscellas (<40%) and short contact

times (<20 minutes). Toro-Vasquez and Rocha-Uribe (30) investigated the interac-

tion between oil components in determining Freundlich isotherm behavior. They

showed the interactive effect of oil miscellas concentration (60–100%) and ethanol

(0.5 and 25%) on the carbon adsorption of peroxides, unsaturated carbonyls, free

fatty acids, and carotenoid from sesame seed oil miscellas. They found that adsorp-

tion was greater in more dilute miscellas. Toro-Vasquez and Mendez-Monteolvo

(31) conducted later Freundlich isotherm studies on competitive adsorption of min-

or oil components in a similar system. They showed that free fatty acids adsorption

was reduced in oxidized oil because of competition from carbonyl compounds pro-

duced from lipid oxidation, while free fatty acids reduced carotenoid adsorption.

This is in agreement with the findings of Chapman and Pfannkoch (28) who also
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noted that fatty acid inhibited the adsorption of the pigment protoporphyrin IX onto

bleaching clay from dichloromethane.

Langmuir and Freundlich isotherms were originally developed to explain

adsorption under limited conditions. Langmuir plots are often favored because

they are the best one-parameter isotherm; nevertheless, they ignore interactions

between adsorbate molecules. Freundlich isotherms are the best two-parameter

plot, but they have no physical basis in explaining why the equation is actually

effective (32). Nevertheless, these equations are of practical value in studying vege-

table oil processing systems by providing a comparative basis of adsorbent, bleach-

ing system performance and in gaining an understanding of the theoretical basis of

adsorption. The isotherms have proven useful in summarizing the main factors

influencing the outcome of pigment adsorption but not in determining the mechan-

ism of adsorption.

2.3. Practical Application of Adsorption Isotherms

Obstacles to practical application of the Langmuir and Freundlich isotherm theories

include the following: (1) These isotherms do not effectively address adsorption

versus degradation and competitive adsorption; (2) the conclusions are not all inclu-

sive; i.e., adsorption constants and coefficients do not hold true in all cases within

similar oil types let alone across different oil types; (3) the process has so many

variables that the additive variance is commonly too great to prove any subtle dif-

ference between clays other than a vastly different level of activity (this problem is

especially true when using log vs. log plots with incremental changes on the order

of 0.1%); and (4) the adsorption constants and coefficients have limited use for the

refiner.

Although reports are regularly published on adsorption bleaching and adsorption

isotherms, they rarely provide examples of how these isotherms can be used prac-

tically by commercial refiners. Dijkstra (33), however, offers a few perspectives in

which the pure mathematical approach to adsorption isotherms might be of practi-

cal use to the refiner.

The first perspective concerns bleaching options for oil blends such as those sup-

plied by refiners to margarine plants and shortening packing facilities. Such blends

are made up of several components such as one or more hardstocks and one or more

liquid oils that have to meet color and sensory specifications. This means that these

blends will have been deodorized and previously undergone an adsorption treat-

ment. Dijkstra pointed out the following possible ways that exist to arrive at a fully

refined oil blend:

1. Neutral, but not yet bleached, components could be mixed in the required

proportions, and this mixture could then be bleached and deodorized to yield

a fully refined oil blend of the right composition.

2. On the other hand, the refiner could also bleach individual neutral compo-

nents on their own and keep each bleached component in its own intermediate
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storage connected to the weighing scales used to make up the blend.

Deodorizing this blend of bleached components would also lead to a fully

refined oil blend of the required composition.

3. Instead of deodorizing blends as mentioned under 1) and 2), the refiner could

also choose to bleach and deodorize certain components, as for instance

liquid oil, and blend this fully refined component with a fully refined (i.e.,

neutralized, bleached, and deodorized) hardstock or blend of hardstocks

prepared via route 1) or 2).

The particular question Dijkstra raised in this context was which of the above routes

requires the least bleaching earth. By using the Freundlich isotherm, he showed

mathematically that bleaching a blend of components to a certain residual color

requires exactly the same amount of bleaching earth as bleaching the individual

components to a given residual color, provided only a single adsorbent (type of

bleaching earth) is used and the same adsorbate (e.g., chlorophyll) has to be

removed from each component.

On the other hand, if the adsorbates to be removed from the various components

differ in nature such as chlorophyll versus polyaromatic hydrocarbons (PAH) and if

therefore different adsorbents have to be used such as activated bleaching earth for

the chlorophyll and active carbon for the PAH, the situation changes. Then the same

mathematics referred to above demonstrate that bleaching components separately

requires less adsorbent than bleaching their blend. Accordingly, if a blend contains

a certain proportion of coconut oil and if this oil on stock requires an active carbon

adsorption treatment, minimal adsorbent usage results from treating the coconut oil

on its own with active carbon. Using active carbon on ‘‘diluted’’ (viz. blended)

coconut oil would be a waste of active carbon.

In the above illustration of the usefulness of the Freundlich adsorption iso-

therm in solving practical problems, the assumption was made that in route 2),

each component was bleached to the same residual color. Not surprisingly, Dijkstra

then asked whether bleaching components to different residual colors in such a

way that their blend would have the desired color would require less or more

bleaching earth than bleaching all components to the same, final blend color. Dijk-

stra simplified this very general question to a particular, but in a representative

situation, a 50/50 blend of only two components, bleached to 0.5 the final blend

color and 1.5 the said color, respectively. He then showed mathematically that

bleaching to different residual colors requires more adsorbent than bleaching

all components to the same final blend color or vide supra bleaching the blend

of component to this final blend color. Similarly, the Freundlich isotherm merely

states that the adsorbate (coloring matter) loading on the adsorbent (bleaching

earth) depends on the residual adsorbate concentration (color after bleaching) of

the oil. It depends in such a way that an increased adsorbate loading corresponds

to an increased residual color. Hence, it is not surprising that bleaching oil to a low-

er than required final color (0.5 of the final blend color) requires more additional

earth than can be saved by bleaching the other component to only 1.5 of the final

blend color.
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However, Dijkstra states that current industrial bleaching processes are scaled up

laboratory experiments. Accordingly, spent bleaching earth has been in adsorption

equilibrium with bleached oil and thus has a much lower adsorbate loading than if

this spent earth had been in equilibrium with nonbleached oil. He then raises the

question of how much bleaching earth could possibly be saved if spent earth

were to be in equilibrium with nonbleached earth as in a truly counter-current pro-

cess with respect to the present, cocurrent processes.

In this illustration of the usefulness of the adsorption isotherms, Dijkstra used

the Langmuir adsorption isotherm to mathematically quantify this potential sav-

ings. By introducing a variable, indicative of the extent of color removal, he demon-

strated that the relative potential savings increased strongly with the extent of color

removal. As was only to be expected, this relative potential savings also depends on

the Langmuir constants a and b, and quantifying the savings required these con-

stants to be quantified. Using these estimates of these constants and assuming

90% color removal, Dijkstra calculated 80% potential savings if spent earth were

in equilibrium with nonbleached oil rather than with bleached oil. His estimate

illustrates how adsorption isotherms can be used to solve industrial problems

with the provision that developing practicable mathematical solutions requires

laboratory bench work and pilot or plant trials for verification.

In a simplistic and most practical approach, aside from the pure mathematical

models, an isotherm is basically a plot of the concentration of contaminant(s)

remaining in solution after bleaching versus the dosage of sorbent used. Assuming

that all variables are constant, the sorbent that reaches a target specification for a

given contaminant at the lowest dosage has the best performance under the given

set of process conditions. Bleaching efficiency of the process, however, includes

weighing the performance of the sorbent with respect to its cost efficiency.

3. MECHANISMS

The first step in the adsorption process involves attracting and attaching contami-

nants to the sorbent surface in two ways. First, by chemisorption, where the con-

taminant is bonded directly to the surface by ionic or covalent bonding. Second, by

physisorption, where the contaminant is, instead, held by physical (i.e., van der

Waals) forces or the molecular sieving properties of the sorbent. A contaminant

that undergoes any exchange of electrons between the contaminant molecule and

the sorbent surface would be fundamentally defined as being chemisorbed. In con-

trast, physisorbed molecules, governed by polarization (i.e., van der Waals) forces,

do not share or undergo any significant change in electronic structure (2, 32). In

general, bleaching conditions in the refining process favor chemisorption over phy-

sisorption as the bleaching process progresses from high contaminant concentra-

tions and low temperatures (<100	C) to higher temperatures and increasingly

lower contaminant concentrations. Bleaching temperatures above 100	C, combined

with a sorbent’s chemical and physical properties (discussed in Chapter 5),

improves adsorption kinetics as primary and secondary side reactions are
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propagated. Carotenes and hydroperoxides, for instance, once adsorbed onto

bleaching clays, tend to undergo catalytic oxidization, as evidenced by the forma-

tion of secondary oxidation products (i.e., aldehydes and ketones). In these

instances, adsorption is irreversible. Ionically bound contaminants, including soaps,

chlorophyll, phospholipids, and trace metals, however, can be adsorbed and

desorbed without molecular degradation.

4. MECHANICS

4.1. Processing Conditions that Affect Adsorption

4.1.1. Sorbent Efficiency vs Bleaching Efficiency Adsorption mechanics or

kinetics are influenced by the adsorptive potential of a sorbent, the degree of oil/

sorbent interaction, and the processing parameters governing the conditions under

which the interaction occurs. Sorbent products, including clay minerals, amorphous

silicates, and activated carbons, are both physically and chemically modified to

enhance the adsorption potential or bleaching activity to remove detrimental con-

taminants from the oil during the bleaching stage of the refining process. Sorbent

efficacy is dependent on many parameters including those listed in Table 1. Most of

these variables are generally understood and are discussed elsewhere. Bleaching

efficiency is, however, interdependent on the degree of activation and the proces-

sing conditions of the oil prior to and during contact by reaching a balance between

the beneficial and detrimental effects of the many variables. Consideration should

be given to the final oil quality versus the cost of producing it by weighing the effect

of every processing variable.

4.1.2. Dosage vs Contact Time The dosage and length of contact time needed

to bleach have an indirect relationship that is strongly influenced by the degree of

agitation and oil temperature. Refiners achieve rapid dispersion of sorbent by using

adequate agitation and controlling oil temperature well above the viscosity break

of the oil, typically around 85	 � 5	C. Under optimal conditions, adsorption

TABLE 1. Key Bleaching Clay Characteristics.

AM M

Surface Area (BET, m2/g) 120–160 200–340

Total Pore Volume (cc/g) 0.25–0.45 0.20–0.50

Effective Pore Volume (cc/g) 0.20–0.30 0.12–0.33

Density (lb/ft3) 24–33 38–46

pH 2.4–7.0 2.5–7.0

% Free Moisture 8.0–15.0 10.0–16.0

Average Particle Size 30–40 30–40

Clay Sorbents:

A/M¼ Attapulgite/Montmorillonite Natural Occurring Blends.

M¼Montmorillonites.
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equilibrium for colorants can be reached within 5 minutes with a maximum ad-

sorption, for most contaminants of interest, achieved in less than 30 minutes

(2, 5, 34, 38).

4.1.3. Acidity Acidity in the beaching process can originate from the sorbent,

with regard to surface and residual acidity in the sorbent, and the addition of citric

or phosphoric acid to the oil. Chapter 5 addresses the fundamental relationships

between the physiochemical properties of bleaching clays (including surface acidity

and residual acidity) and their adsorbent efficacy. It is important to note that acidu-

lated sorbents such as activated bleaching clays and carbons can be categorized as a

solid acid with varied adsorptive efficiency depending on the number of surface

Brönsted acid sites, and the type and amount of residual acid or extractable/titrata-

ble acid remaining in the sorbent. Citric or phosphoric acids are generally added to

the bleaching process to beneficiate the sorptive activity of the sorbent and therein

improve the efficiency of the process (39–42).

4.1.4. Moisture The influence of moisture on the adsorption process is depen-

dent on the source and respective level of moisture in the system. Moisture is intro-

duced into the bleaching process from the adsorbent moisture, oil moisture, and

water added during processing. Efficacy of the bleaching process, as already

explained, is dependent on the adsorbent efficacy of the sorbent in conjunction

with the oil processing conditions, including the amount of water in the oil/clay

slurry. Moisture effectively improves the efficacy of the bleaching process with

levels up to 1.0%, with optimum levels ranging between 0.2% and 0.3%. This level

of moisture is an order of magnitude higher than the contribution from the sorbent

used during bleaching, however. Sorbent efficiency for bleaching clays and carbons

is indirectly affected by the amount of free moisture present in the given sorbent.

A lower percent of free moisture levels in the adsorbent translates to more active

material introduced to the system. Inversely, silica hydrogels lose activity

with moisture loss and must maintain at least 40% free moisture to maintain

efficacy.

4.1.5. Temperature and Vacuum—Air vs No Air Temperature has a direct

influence on the kinetics of adsorption. In general, reaction rates tend to double

for every 10	C rise in temperature (i.e., van Hoff rule). This rule holds true for

both beneficial and detrimental reactions. Optimal temperature ranges from 85	C
to 120	C depending on oil type, clay activity (i.e., residual and surface acidity),

and the balance achieved between the byproducts formed from adverse reactions

and the desired oil quality (Figure 2). The presence of air at elevated temperatures

provides ideal conditions for oxidation reactions at the oil/sorbent interface, e.g.,

peroxidation, hydrolysis, and structural alterations, such as migration of double

bonds, polymerization, cyclization, and decomposition. Zchau (2000) (38) states

that ‘‘If bleaching earths were simply adsorbents, the best color reduction would

be expected at low temperatures. . .and shift toward desorption with high tempera-

tures. . .this is not observed.’’ The commercial reality is the continuous challenge to
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optimize adsorptive efficiency of the process conditions. This includes adsorbent

selection and the control of oil processing conditions to produce quality oil while

balancing process efficiency by controlling material, energy, and labor costs.
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1. INTRODUCTION

Traditionally, the term bleaching has been used to denote the process of reducing

colored pigments, primarily various pheophytins and carotenoids, in fats and oils by

treatment with powdered substances called bleaching earth or bleaching clay. After

heating and mixing, the bleaching clay is removed by filtration; the resultant oil is

brighter, less colored, more stable (1, 2), and in the case of soybean oil, more

flavorful (3). Although appropriately descriptive of the reduction in color intensity

that occurs during the bleaching process, the term tends to imply a chemical effect

when, in fact, the predominant action involves an adsorptive interaction between

these pigments and the clay surfaces. Furthermore, we know bleaching clays inter-

act with other noncolored oil constituents such as soaps, free fatty acids, (FFAs)

phospholipids, and peroxides, and the role they play in these processes is at least

as important as the role they play in color reduction.

Although bleaching clays do exhibit some chemical and catalytic behaviors,

notably, the conversion of soaps and triacylglycerols into free fatty acids (4) and

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
Edited by Fereidoon Shahidi. Copyright # 2005 John Wiley & Sons, Inc.
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the decomposition of hydroperoxides, respectively (5), the major operative mechan-

ism for color reduction occurs via pigment adsorption. Because of this and the fact

that other sorbent materials besides bleaching clays can be used during the bleach-

ing process, other terms have been suggested (6–8). Of these, the term adsorptive

purification seems perhaps most appropriate and can be used interchangeably with

the term bleaching to describe adsorptive interactions between a sorbate molecules

(e.g., chlorophyll and b-carotenes) and adsorption sites on sorbent surfaces.

Adsorptive purification of the type we are talking about here (sometimes called

physisorption) involves a relatively weak interaction between the sorbate molecule

and the surface active sites in the sorbent. The association depends mostly on van

der Waals forces, which are primarily caused by electronic and/or electrostatic

interactions between electron-rich or electron-poor regions of the sorbate molecule

and receptive sites on the sorbent surface. Molecules bound by such weak forces

can be removed by various solvent extraction techniques; in contrast, molecules

that actually form covalent bonds with the surface (chemisorption) usually cannot.

2. BACKGROUND AND HISTORICAL PERSPECTIVE

Bleaching and the use of bleaching clays in adsorptive purification processes have a

long history of use. In fact, fulling, the process of removing lanolin from lamb’s

wool using natural bleaching earths called fuller’s earths is mentioned in the

Bible (Mark 9:3). The use of fuller’s earth in the adsorptive purification of fats

and oils in the United States dates from about 1880 when William B. Albright

(of N.K. Fairbanks & Co., Chicago, IL) learned about the use of clays to decolorize

olive oil and subsequently developed a process using it for filtration and color

improvement of cottonseed oil (9). Natural (nonactivated) bleaching clays are

still used today for processing lightly colored oils, but they have been replaced

by the use of acid-activated bleaching clays in the case of more highly colored

or difficult-to-process oils.

The first commercial acid-activated clays were produced about 1905–1909 in

Germany (10, 11) and in 1922 in the United States (12). Clays susceptible to

acid-activation are found on every continent, and companies making these products

are distributed worldwide. Although there has been some consolidation in the

number of producers in recent years, world production of bleaching clays neverthe-

less amounts to about 700,000 tons/year (13), up from the 500,000 tons/year

capacity of the early 1990s. Depending on grade, natural bleaching clays currently

sell in the range $200–$250/ton and acid-activated bleaching clays in the range

$250–$350/ton.

Although not as extensively used as bleaching clays because of cost and higher

oil retention, porous activated carbon also has an equally long history in the adsorp-

tive purification of fats and oils, with patents dating back to the early 1920s (14).

Typically, 10–20% activated carbon is used in combination with 80–90% bleaching

clay. Currently, there is renewed interest in the use of activated carbon in fats and

oils processing because of its ability to adsorb polyaromatic hydrocarbons (PAHs)
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and other polycyclic contaminants. Activated carbons used in fats and oils proces-

sing currently sell in the range of $1000–$2000/ton.

More recent additions to the arsenal of sorbent materials used for fats and oils

purification are the amorphous silica hydrogels. Their use, originally discussed in a

mid-1960s paper by Bogdanor and Welsh (15), was patented (16–19) and commer-

cialized by the mid-1980s. Silica hydrogels are selective for adsorption of soaps

(and associated metal ions) and phospholipids, but not for color bodies. The basic

process for employing silica hydrogel in the adsorptive purification of fats and oils

was first described in 1986 (20). Silica hydrogels are relatively expensive, typically

selling in the range $900–$1200/ton. Furthermore, as their moisture content is high

(i.e., 50–70%), the economics of their use must be carefully weighed against the

advantages they offer.

Advancements in processing and equipment, driven by the imperative for produ-

cing better quality and more economic products, have occurred over the years.

Nowhere is this more apparent than in the many changes that have occurred in

the adsorptive purification process and the ancillary equipment used to carry it out.

Historically, the bleaching process was a batch process conducted at atmospheric

pressure. In this process, refined oil was treated with bleaching clay in a stirred ves-

sel and heated to bleaching temperature for a prescribed period of time. When the

process was completed, the hot oil and clay were separated using filtration. Bleach-

ing under atmospheric conditions, however, hastened oxidative processes that can

lead to darkening or ‘‘color reversion’’ in the processed oil after a period of time.

Vacuum batch bleaching was found to alleviate this condition because oxygen was

excluded from the system. Vacuum batch bleaching is still used today in smaller

operations or in operations where oil types are frequently changed.

As the size of plants has increased and become more specialized, and the oil

being processed is of a single type, or rarely interchanged, continuous or semicon-

tinuous (vacuum) bleaching has become the method of choice. Better efficiency,

reduced operational costs, and the production of very high-quality oils are among

the advantages offered by these systems. Continuous countercurrent bleaching, a

more recent variation of this process, results in more efficient use of the bleaching

earth (21) and cuts bleaching costs (22).

3. ADSORPTIVE PURIFICATION AGENTS—DESCRIPTION/
PREPARATION/PROPERTIES

3.1. Bleaching Clays—Natural and Acid-Activated

Bleaching clay, bleaching earth, and fuller’s earth are all terms used to denote cer-

tain clay minerals that can be used in their natural or acid-activated states to clarify

and reduce color intensity of fats and oils. Although there are 7 major clay groups

and at least 33 different specific clay minerals (23), only 2, calcium montmorillo-

nite (sometimes called calcium bentonite) and a particular naturally occurring mix-

ture of calcium montmorillonite and attapulgite called hormite, play a significant

commercial role as bleaching clays (13).
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Even though the terms bentonite and montmorillonite are often employed inter-

changeably, to be perfectly correct, bentonite denotes a clay ore in which the

mineral montmorillonite is the principal component (12). Because the conditions

for its formation have been ubiquitous over geologic time, bentonite has been found

on every continent except Antarctica (24). Generated by the devitrification and

weathering of volcanic glasses, bentonite typically forms when volcanic ash falls

into water bodies (lakes, shallow seas) that are slightly alkaline or by leaching

permeable, but poorly drained volcanic glass-bearing strata with slightly alkaline

drainage water. Water, at any rate, is essential for the transformation of volcanic

glasses into montmorillonite. In addition, magnesium must always be present in

the parent rock or in the subsequent leaching solution for montmorillonite to be

formed (25).

Hormite (mixed montmorillonite/attapulgite) clays are much less common and

are found in only a few places around the world. In the United States, they occur

almost exclusively in a small area in southern Georgia and northern Florida. At one

time, an arm of the sea extended across this region from the Atlantic Ocean to the

Gulf of Mexico. Sediments washing into this sea were gradually changed into

the mixed montmorillonite/attapulgite assemblage that is mined and processed

today (26). Deposits containing montmorillonite range from a few millions of years

(27, 28) to about 140 million years (29) in age. Deposits containing hormite

clay mined in Georgia and Mississippi are much younger, probably in the range

10–15 millions of years (26).

An idealized three-dimensional representation of calcium montmorillonite struc-

ture at the atomic level is shown in Figure 1. The 2:1 layered structure is composed

of upper and lower layers of silicon oxide tetrahedra linked in hexagonal arrays to

form two-dimensional silicate sheets extending in the a,b-directions. Sandwiched

between these sheets are partially filled two-dimensional sheets composed of

Figure 1. Three-dimensional representation of the atomic structure of Ca-montmorillonite. (This

figure is available in full color at http://www.mrw.interscience.wiley.com/biofp.)
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magnesium (yellow), aluminum (pink), and occasional ferric oxide octahedra

(orange) also extending in the a,b-directions. Tetrahedral and octahedral sheets

share common linkages through oxide bonds, so the basic 2:1 structure forms a

series of clay layers that repeat in the c-direction. A montmorillonite particle, under

the microscope, looks like a corn flake composed of 7–14 layers stacked one on top

of another and extending 1–2 mm across (30). Because magnesium and ferrous ions

in the octahedral layer only possess þ2 charges and aluminum and ferric ions

possess þ3 charges, not all six nearest-neighbor oxide ions (net �3 charge) are

completely charge balanced. As a result, montmorillonite clay layers possess

negative surface charges. In the case of calcium montmorillonite, calcium cations

residing in the interlay region balance the net negative charge on the clay

layers, thereby ensuring overall charge neutrality.

3.1.1. Preparation by Acid-Activation Acid-activation is the process whereby

the adsorptive powers of natural bleaching clays are enhanced. For montmorillo-

nite, the process consists of ‘‘cooking’’ 25–30 wt% clay slurry in water and mineral

acids (usually sulfuric acid or hydrochloric acid) for a number of hours, and then

filtering, washing, drying, and grinding to desired specifications. Typically, high

levels of acid (i.e., >45 wt %) relative to clay are required to make the more active

grades.

The acid-activation process can be understood by considering the structural and

chemical changes that occur when the montmorillonite structure is subjected to

reaction by strong acid (Figure 2). During the acid-activation process, acidic pro-

tons dissolve magnesium, aluminum, and ferric ions from the octahedral layer. Two

important consequences are as follows: (1) Mobile alkali and alkaline earth cations

Figure 2. Clay activation by acid dissolution and cation replacement. (This figure is available in

full color at http://www.mrw.interscience.wiley.com/biofp.)
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(Caþ2, Naþ, Kþ) in the interlayer region are replaced (exchanged) by more acidic

metal cations (Alþ3, Feþ3, Feþ2, Mgþ2) leached from the octahedral layer, and 2)

surface area and porosity are increased by the dissolution process that opens up

previously inaccessible sites within the clay structure. These consequences,

discussed in more detail in Section 4.4.3, constitute the key aspects of the acid-

activation process.

Hormite clay is naturally more susceptible to acid-activation than montmorillo-

nite; lower levels of acid are required and can be directly applied (i.e., by simple

spraying or pugging). Consequently, the slurry technique described above is not

required, and the cooking, filtration, and washing steps can be eliminated (31).

Data in Table 1 compare the response of hormite and montmorillonite clays with

acid-activation.

In this work, montmorillonite and hormite were subjected to acid-activation over

a range of acid dosages. As expected, the montmorillonite clay exhibited steadily

improving adsorption capacity for carotene and chlorophyll with increasing degree

of acid leaching up to the 90% level. At the same time, surface area and porosity

were substantially increased (over 400% and 450%, respectively). Clearly, however,

montmorillonite only treated at 10% acid dosage is no competition for typical com-

mercial acid-activated bleaching clays (compare bleaching data for 10% acid

dosage montmorillonite with bleaching data for Gr 105 and Gr 160 bleaching

clays). In contrast, the hormite clay achieves maximum activity by 10% acid dosage

(and even lower dosage levels according to the patent). In the case of hormite, sur-

face area and porosity are only modestly increased by acid-activation (67% and

19%, respectively); probably because crude hormite starts out with relatively

high surface area and porosity. This natural porosity may, at least in part, explain

its pronounced susceptibility to acid activation. As it is porous to begin with, exten-

sive acid-leaching to achieve adequate porosity is unnecessary. Therefore, only low

levels of acid are needed to replace native cations in cation exchange sites with

acidic hydronium ions (hydrated protons).

As already discussed, bentonite ores require relatively high acid levels to achieve

adequate activity and extensive leaching takes place during the activation process.

Excess residual acid and acidic salts formed during activation must be washed off

and separated from the product by filtration. Different types of filtration equipment

may be used in the filtration and washing steps, but the essential objective is to low-

er the levels of unused (residual) acid and excess acidic salts (primarily aluminum

sulfate). If high levels of either are left in the product, bleached oil quality will be

impaired because of generation of undesirably high levels of free fatty acids and

contamination by metallic ions. Finally, of course, the leachate solution (acidic salts

and residual acid) is a waste stream that contains materials harmful to aquatic life

and therefore must be neutralized or otherwise disposed of in an environmentally

acceptable manner. This constitutes an additional expense of producing bleaching

clays from bentonite ores.

The way hormite clay responds to the acid-activation process allows manufac-

turers to skip certain manufacturing steps that are required when producing acid-

activated bentonite. Because of its susceptibility to acid, the activation proceeds

290 BLEACHING



TABLE 1. Hormite vs. Montmorillonite: Response to Acid-Activation and Comparison of Bleaching Efficiency in the Treatment of Caustic

Refined Soybean Oil (0.5 wt% Clay Dosage) (31).

% Acid Lovibond Chlorophyll Peroxide Value FFA Surface Area

Clay Dose� Red Value (ppb) (meq/kg) (Wt %) (m2/g) (cc/g) pH

Montmorillonite

0 13.9 660 59 0.09 8.6

10 13.6 520 83 0.12 3.5

20 13.4 381

8>>>>>>>><
>>>>>>>>:

30 10.2 232 252 0.25 2.9

45 8.0 85 286 0.36 3.4

60 3.8 37 297 0.43 3.8

90 2.6 15 237 0.5 2.9

Hormite

0 3.5 160 4.2 0.039 133 0.32 6.6

10 2.2 54 0.6 0.040 161 0.32 2.8

20 2.1 52 0.5 0.051 2.6

8>>>>>>>><
>>>>>>>>:

30 2.1 54 0.5 0.042 188 0.31 2.6

45 2.2 62 0.5 0.040 2.5

60 2.1 60 0.6 0.044 223 0.38 2.5

90 2.2 74 1.3 0.043 205 0.38 2.5

Filtrol Gr 105 8.0 88 6.2 0.047

Filtrol Gr 160 3.8 34 3.4 0.049

Starting Oil 15.2 715 9.7 0.045

�% Acid Dose¼ (wt. of pure acid� 100)/(wt. of dry clay).

2
9
1



very rapidly and requires substantially less acid. Consequently, residual acid levels

are low, and subsequent washing and filtration steps are unnecessary. These fea-

tures—low acid requirements, fast activation, absence of requirements for washing

and filtration—are distinctive and clearly advantageous processing characteristics

of this clay.

The final steps in manufacturing bleaching clays, regardless of type, are drying

and grinding operations. Of course, natural bleaching clays, whether prepared from

montmorillonite or hormite, only require drying and grinding. Although different

methods and equipment for drying and grinding may be employed depending on

the manufacturer, these parameters are vitally important in determining perfor-

mance and are discussed in detail in Section 4.4.3 (vide infra).

Processing differences between bentonite and hormite clays are shown in

Figure 3.

Mine

Crush/dry/grind

Treater

Acid
Water

Steam

+ Time

Filter/wash

Dry/pulverize

Mine

Crush/dry/grind

Dry/pulverize

Bentonite process Hormite process

Waste
liquor

Figure 3. Bentonite versus hormite acid-activation processes.

TABLE 2. Typical Properties of Commercial Bleaching Clays.

Clay Type Montmorillonite Hormite

Property Acidified Natural Acidified Natural

Free Moisture (wt%) 10–15 10–15 10–17 13–16

pH (2% slurry) 2.5–5.5 6–8 2.7–3.5 5–8.6

Residual Acidity (mg KOH/g) 1–10 <1 1–10 <1

Surface Area (m2/g) 150–350 50–100 120–160 90–130

Pore Volume (cc/g) 0.3–0.35 0.05–0.15 0.3–0.38 0.25–0.32

Bulk Density (lb/ft3) 34–50 57–63 23–33 24–31

Bulk Density (kg/m3) 550–800 960–1200 370–530 385–500

Wt% passing 200 mesh (75 mm) 70–100 70–100 >99.5 >99.5

Wt% passing 325 mesh (45 mm) 60–75 60–75 74–82 83–87

Particle Size (Ave. diam., mm) 15–35 15–35 30–35 35–38

Oil Retention (wt%) 30–40 25–35 32–45 34–45
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3.1.2. Typical Properties Typical properties for commercial bleaching clays are

listed in Table 2. It must be kept in mind that bleaching clay manufacturers produce

a broad range of product grades that possess a correspondingly broad range of prop-

erties. Also, factors such as starting source clay and intended application will affect

the final properties, so these properties will have limited value to the end user in

terms of choosing one material over another. However, when used in combination

with certain performance evaluations (see Section 4.4.3), they can be extremely

useful to both producer and customer for the purpose of monitoring product quality

and variability.

3.2. Activated Carbon

Powdered activated carbon (PAC) can be derived from a number of different

agricultural commodities, including waste soy hull (32–36). Commercial activated

carbon, however, is manufactured from only a few of these, including wood

and sawdust, peat, lignite, nutshells (including coconut shell), and pits (37). Re-

lated materials include animal charcoal, gas black, furnace black, lamp black,

and activated charcoal, but these are not used in fats and oils purification and

will not be further addressed.

Activated carbon possesses extremely high surface area (38), often in excess of

1000 m2/g. Much of that surface area is, however, associated with micropores—that

is, pores <20 Å (<2 nm) in diameter. The surface area associated with meso-

pores—pores 20 to 500 Å (2 to 50 nm) in diameter—is considerably lower (typi-

cally in the range 10—100 m2/g). Most liquid-based applications (including fats

and oils purification) involve the adsorption of high-molecular-weight contaminants

whose molecular dimensions prevent penetration into micropores; therefore,

activated carbon containing significant mesoporosity is most desirable in these

applications (39).

3.2.1. Preparation There are two basic processes for producing activated

carbon: chemical activation and steam treatment. In chemical activation, the raw

carbon source and acid (usually phosphoric acid) are first comixed and carbonized

together at temperatures around 500�C. The chemical agent is then removed by

washing, which leaves a highly porous structure. In steam treatment, the carbon

source is first carbonized and then treated with steam at temperatures of about

1000�C. Under these conditions, some of the carbon and water react to generate

gaseous carbon monoxide and hydrogen. Porosity develops as the more reactive

carbon basal planes within the matrix are volatilized. The progressive steam activa-

tion process can be visualized by referring to Figure 4.

3.2.2. Typical Properties The basal planes depicted in Figure 4 are small gra-

phite-like plates composed mostly of aromatic carbon atoms with some functional

groups (carbonyl, carboxylic acid, lactone, furan, ketone, and alcohol moieties) at

their edges. Flat or somewhat bent, these graphite-like plates are about 3.5 Å in

thickness and a few nanometers in length and width. The type of porosity that

develops depends to some extent on the starting raw material (39).
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Figure 5 shows the porosity as a function of pore radius for a series of PACs

made from different starting raw materials. Macroporosity is largely absent in

the case of PACs because they are already very finely ground. Coconut shell-based

activated carbon (B) possesses only microporosity. It is suitable only in applications

where low-molecular-weight compounds are to be removed; the presence of high-

molecular-weight compounds readily leads to plugging of the entrances to the

micropores. Although chemically activated wood-based carbon (C) possesses

Figure 4. Generation of porosity in powdered activated carbon by steam treatment. Note: For

clarity, all planes are oriented in such a way that they are viewed from the edge. In reality, any

orientation will be found. A. Structure of carbonized raw material showing basal planes (B) and

active basal planes (AB). B. Development of microporosity after active basal planes are gasified.

C. Subsequent thermal treatment generates additional active basal planes. D. Development of

mesoporosity and additional microporosity after more active basal planes are gasified. B¼ basal

plane; AB¼ active basal plane; mp¼micropore; Mp¼mesopores. (Courtesy Norit Nederland

B.V.)
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excellent mesoporosity and is sometimes better at chlorophyll removal, it fails com-

pletely at removing polyaromatic hydrocarbons (PAHs) and dioxins and has an oil

retention almost twice that of the peat-based activated carbons. For this reason,

peat-based activated carbon with porosity distribution similar to curve (A2) has

been recommended for adsorptive purification of PAHs and dioxin (40). Table 3

lists typical properties of powdered activated carbons.

3.3. Amorphous Silica Hydrogel

As with powdered activated carbon, amorphous silica hydrogels are used in con-

junction with bleaching clays in the adsorptive purification of fats and oils. Silica

hydrogels possessing average pore diameters greater than about 60 Å exhibit high
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Figure 5. Typical pore size distributions for powdered activated carbons.

TABLE 3. Typical Properties of Commercial Powdered

Activated Carbon (PAC).

Property Powdered Activated Carbons (Typical)

FM (wt%) 2–10 max.

pH (water extract) 4.3–7

Surface Area (m2/g) 650–1300

Pore Volume (cc/g) 0.9–1.2

Bulk Density (lb/ft3) 30.5–32

Bulk Density (kg/m3) 490–514

Wt% passing 100 mesh 96–98

Wt% passing 325 mesh >70

Oil Retention (wt%) 70–150

Water solubles (wt%) 1.5 max.
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capacity and selectivity for the adsorption of phospholipids and soaps (and asso-

ciated metals ions) from glyceridic oils. The presence of significant moisture

(i.e., >30 wt %) keeps the structure open during the initial stages contact and

aids filtration from the bleached oil (16).

3.3.1. Preparation Amorphous silica can be prepared by any number of differ-

ent routes, but typically it starts with aqueous sodium silicate solution (‘‘water

glass’’), which is subsequently destabilized by the addition of acids or certain inor-

ganic salts to yield silica hydrogels. Silica gels and/or precipitated silicas are

derived from these hydrogels after appropriate washing and drying. Other, more

exotic forms of preparation can also yield amorphous silica, but cost precludes their

use in this application. Biogenic silica (rice hull ash) has also been prepared and

evaluated, but found to be inferior to synthetic forms (41, 42).

Conditions employed during preparation are extremely important in determining

final product properties; generally, these are more important than the actual manu-

facturing process. Specifically, superior phospholipid adsorption is attained when

the amorphous silica hydrogel is prepared in such a way that it possesses a high

proportion of its total porosity (and associated surface area) concentrated in pores

whose average diameter falls in the range 60–350 Å. Practically speaking, such sili-

cas will generally have surface areas in the range 100–1200 m2/g and total pore

volumes in the range 0.9–1.9 cc/g. A second important requirement of silica hydro-

gel used for adsorptive purification of fats and oils is that it posses substantial quan-

tities of water (typically >60 wt %) in its pores. The presence of the water, although

it seems not to affect phospholipid adsorption, significantly improves the filterabil-

ity of the silica from the oil, even after use at oil temperatures that would cause the

water content to be substantially lost during the treatment step.

3.3.1.1. Typical Properties Typical physical properties for commercial amor-

phous silica hydrogels are shown in Table 4. Chemical purity is high; typically

>99.5% SiO2, <0.1% Al2O3, < 0.01% Fe2O3, with only traces of alkali and alka-

line earth oxides on a volatile free basis. By definition, amorphous silica is noncrys-

talline; it contains no crystalline silica forms (i.e., quartz, cristobalite, tridymite).

TABLE 4. Typical Properties of Commercial Amorphous Silica

Hydrogels.

Property Amorphous Silica Hydrogels (Typical)

LOI (wt% @ 1750�F) 50–70

pH (water extract) 4.5 (2.5)�

Surface Area (m2/g) 500–1000

Pore Volume (cc/g) 1.5–1.9

Bulk Density (lb/ft3) 30–32

Bulk Density (kg/m3) 490–514

Wt% passing 100 mesh 98

Oil Retention (wt%) �65

�Acidified silica hydrogel.
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3.4. Scanning Electron Micrographs of Adsorbents

See Figure 6 (plates A–D). Note difference in morphology between raw (Plate A)

and acid-activated (Plate B) montmorillonite. Most probably this is related to the

generation of hydrated amorphous silica sheets after leaching the central octahedral

layer. The resulting single-layered silica sheets are much less rigid than the 2:1 clay

layers comprising the original platelets and assume a disordered ‘‘fuzzy’’ morphol-

ogy. Plates C and D are scanning electron micrographs of acid-activated hormite

and steam-activated carbon, respectively. Because so little acid is used in hormite

activation, no change in its morphology is observed after acid-activation.

4. TRACE CONSTITUENTS IN LIPID OILS AND FATS

Edible oils and fats contain a variety of naturally occurring trace constituents,

including the following:

� Color pigments (carotenoids/pheophytins)

� Dissolved metals (metal ions)

Figure 6. (plates A-D): Scanning electron micrographs of the major adsorbent types at 10,000—

15,000 magnification.
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� Free fatty acids (and corresponding soaps after alkali refining)

� Phospholipids (lecithin/cephalin/phosphatidic acids/etc.)

� Primary oxidation products (peroxides/hydroperoxides)

� Secondary oxidation products (aldehydes/ketones)

� Natural antioxidants (tocopherols/tocotrienols)

� Sterols and triterpene alcohols

More recently, certain non-natural, exogenous contaminants in fats and vegeta-

ble oils have become an issue (43). Polycyclic aromatic hydrocarbons (PAHs),

polychlorinated biphenyls (PCBs), dioxins, and aflatoxin, to name the more serious

offenders, can find their way into fats and oils by a variety of pathways. In the case

of PAHs, direct drying of seed materials (44, 45) is a major pathway. Dioxins,

released to the environment as unintentional byproducts of combustion processes,

are mainly found in animal and fish fats as a result of ingestion of dioxin-contami-

nated feeds, soils, and sediments (46) by these animals. PCBs were used as dielec-

tric fluids in electrical equipment and as flame-retardants until their production was

banned (USA—1977; Europe—1985); they are generally not found in edible oils.

Because PAHs, PCBs, and dioxins are long-lived and resist biodegradation, they

have polluted the biosphere on a worldwide basis. The concern with these contami-

nants is that they tend to bioaccumulate in human and animal fat tissues where they

can exert long-term, deleterious health effects (47, 48). PAHs are subdivided by

molecular weight and size of molecule into two subcategories: light PAHs with

3–4 fused benzene rings (Mol. Wt. 178–228) and heavy PAHs with 5–7 fused

benzene rings (Mol. Wt. 278–326). Typical levels by oil type and origin (49)

were recently reported (Table 5).

Aflatoxin B1, B2, G1, and G2 are related mycotoxins that compromise the auto-

immune system at low levels and can cause cancer at higher levels; the toxins are

TABLE 5. PAH Levels in Crude Oils.

Light PAH (ppb) Heavy PAH (ppb)

Crude oil Origin Range Media Range Media

Fish South America 11–2383 486 1–149 29

Fish North America 3–23 13 1–6 3

Fish Japan 17–1935 584 2–900 49

Fish Scandinavia 38–109 85 5–8 6

Coconut Philippines 234– 4563 2264 15–130 79

Soybean United States/Argentina 34–141 80 2–6 4

Sunflower Eastern Bloc 8–118 39 1–6 3

Rapeseed Europe 3–276 38 1–20 6

Palm kernel Indonesia/Ivory Coast 6–81 28 0–10 4

Palm Indonesia/Ivory Coast 2–42 15 0.7–10 3.5

Cottonseed United States 40–59 50 2–6 4

298 BLEACHING



elaborated under certain conditions by particular moulds that can grow on grains,

seeds, and nuts (47). If present during processing, they can contaminate oils that are

derived from these sources.

Regulations on maximum allowable levels for these contaminants have been

legislated in various countries: heavy PAHs—5 mg/kg and for sum of heavy and

light PAHs—25 mg/kg, German Society for Fat Science (45); dioxins—0.75 pg

TEQWHO/g fat in the EU (50) where TEQWHO means Toxic Equivalence expressed

as the sum individual toxicities for 17 toxic polychlorinated-p-dibenzo dioxins and

furans as identified by the World Health Organization; aflatoxin B1—5 mg/kg (51)

in the EU. Regulatory limits for PAHs, PCBs, and dioxins have not yet been set in

the United States; the Food and Drug Administration (FDA) has established an

action level of 20 ppb for aflatoxins in human foods (52).

4.1. Effect of Lipid Constituents on Oil Quality;
Determination of Oil Quality

Trace constituents in oils are removed (or destroyed) in varying degrees during

refining, bleaching, and deodorization steps. Figure 7 summarizes the various steps

in oil processing and the major constituents removed in each of them. The main

objectives of oil processing are to enhance appearance, flavor, and oil stability

and to ensure safety for human consumption.

Phospholipids, if not removed from oils before deodorization, can lead to

dark-colored oils and serve as off-flavor precursors (53, 54). Chlorophyll (55),

pheophytins and pyropheophytins (56), and metal ions (57, 58) are prooxidants

that decrease oil stability. Iron and copper at levels as low as 0.01 and 0.1 ppm,

respectively, are capable of lowering flavor and oxidative stability (59). Free fatty

acids, besides representing a refining loss, have also been shown to act as prooxi-

dants (60) and to lower smoke points (61) of oils during frying. Linolenic acid has

Figure 7. Major impurities removed by different processing steps.
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been identified as a precursor of off-flavors in soybean oil (62). Hydroperoxide

decomposition yields numerous lower molecular weight compounds (aldehydes,

ketones, hydrocarbons, alcohols, lactones, furans) that can adversely affect odor

and flavor characteristics (63–65). Notably, many of these compounds can be

detected organoleptically when peroxide values are still low (single digit)—well

before actual oxidative rancidity develops. Volatile peroxides and hydroperoxides

can themselves impart off-odors (66). Soaps, because they are strongly adsorbed

by bleaching clays, negatively affect bleaching performance (67).

The effect of carotenoids is mostly cosmetic in nature; high levels of carotenoids

cause the oil to be too reddish or yellowish for present-day consumers who prefer

lightly colored oils. Tocopherols and tocotrienols are natural antioxidants; it is

desirable that they be left in the oil to the maximum extent possible during

processing.

The American Oil Chemists’ Society (AOCS) has developed and published over

400 methods to measure important lipid quality parameters. These tests are usually

specific to the form, the type, and the stage of processing that the lipid is in. Levels

of specific contaminants in oils can be determined by using one or more of the

Official Methods and Recommended Practices of the American Oil Chemists’

Society (68).

4.2. Distribution and Concentration of Trace Constituents
as a Function of Oil Type

Table 6 contains typical data on the distribution and concentrations of trace consti-

tuents commonly found in soybean, palm, and canola, three oils that when taken

TABLE 6. Typical Levels of Common Trace Constituents in Some Crude Vegetable Oils.

Type of oil

Component Soybean Canola Palm

Free Fatty Acids 0.3–0.7% 0.3–1.0% 2–5%

Phosphatides (lecithin/cephalin/

phosphatidic acid) 1–3% 1–1.5% 0.05–0.1%

Sterols/triterpene alcohols 0.3–0.5% 0.5–0.97% 0.1–0.2%

Tocopherols (natural antioxidants) 0.15–0.2% 0.06–0.1% 0.06–0.1%

Carotenoids (red/orange pigments) 40–50 ppm 25–90 ppm 500–800 ppm

Chlorophyll/pheophytins

(green pigments) 1–2 ppm 5–30 ppm nil

Peroxides (meq O2/kg oil) <10 <10 1–5

Iron 1–3 ppm 1–5 ppm 4–10 ppm
Metals

�
Copper 0.03–0.05 ppm 0–0.03 ppm 0.05 ppm

Soaps (after caustic refining) 0.01–0.04 ppm 0.06–0.09 ppm Not applicable
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together constitute the majority (�70%) share of the worldwide vegetable oils

market (69). Coincidentally, the highs and lows (circled values) exhibited by these

three do a good job of spanning the extremes exhibited by the other oils. Highest

phosphatide levels are found in soybean (and canola) oils; very low levels are seen

in palm oil. Chlorophyll and pheophytins can be high in canola oil (especially

depending on harvest conditions), whereas levels in soybean and palm oils are

typically low. Carotenoid levels are highest in palm oil; high free fatty acid levels

are also common with this oil (because of improper or rough handling during

harvesting).

Although not specifically mentioned in the above table, waxes are found in some

oils (e.g., canola, corn, pomace-olive, rice bran, and sunflower). Gossypol, a yellow-

pigmented, highly functionalized b,b0-dimer of two dihydroxy-a-naphthol units

unique to cottonseed oils is present in crude oils at levels in the range 0.25–

0.47% (70). Because gossypol exhibits toxic effects at higher concentrations, its

level in refined-bleached-deodorized oil is regulated to less than 450 ppm.

4.3. The Use of Adsorbents for the Removal of Lipid Constituents
(and Contaminants)

Some trace lipid constituents (i.e., phospholipids, free fatty acids, metals, and

waxes) are mostly removed during pre- or post-bleach processing steps. Gossypol

is almost completely removed by alkali refining. However, bleaching clays (12, 71)

or other sorbents (20) are needed to remove color bodies, peroxides, and aldehydes

(72, 73) as well as remaining traces of metals, soaps, and phospholipids in the

bleaching step (71). Color bodies, soaps, phospholipids, and metals are removed

by adsorption, but peroxides are reduced via catalytic decomposition (5, 73).

Because many of these compounds cannot be removed from the oil by steam dis-

tillation alone, the use of purification adsorbents is crucial to the ultimate success of

the deodorization step. Cowan (3) has shown that refined/deodorized oils processed

without the bleaching step possessed lower flavor scores both initially, and more

significantly, after aging as compared with refined/bleached/deodorized oils.

Likewise, these sorbents play an essential role in purification of hydrogenation

feedstocks by ensuring removal of traces of soaps and phospholipids, which can

act as catalyst poisons (74).

Acid-activated bleaching clays are more adsorptive and more chemically active

than natural (or neutral) bleaching clays; they are usually required for oils high in

chlorophyll because this pigment tends to be the most difficult to remove. Also,

because they can be used at relatively lower dosages, they reduce spent filter

cake and concomitant oil losses (75). Nevertheless, for some applications, particu-

larly in the case of palm oils where only red and yellow pigments and free fatty

acids need to be removed, natural bleaching clays still have their place. It should

also be noted that acid-activated clays may, depending on residual acidity levels and

processing conditions employed during use, cause a slight increase in free fatty acid

levels (2, 4) of bleached oils via acid-catalyzed hydrolysis of triacylglycerol ester

bonds (76).
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As noted earlier, pure silica hydrogel possesses high capacity and selectivity

for phospholipids, soaps, and metals (20) but low capacity for color pigments

(chlorophylls, pheophytins, and carotenoids). Although it is possible to increase

chlorophyll adsorption by acidifying the hydrogel before contact (17–19), some

of the acid always leaches back into the oil during the bleaching step and causes

R/Y ‘‘color fixation’’ problems in the subsequently deodorized oil (77). Conse-

quently, it cannot be used alone and bleaching clay must still be used to ensure

high-quality RBD oil. A recently patented approach (78) using hormite clays trea-

ted with selected complexing agents achieved similar objectives afforded by acid-

ified silica hydrogel but with added advantages such as improved bleaching of red

colors, more effective chlorophyll removal, and reduction of peroxide values.

Adsorbents also assume a key role in removing undesired exogenous contami-

nants from fats and oils. Aflatoxin, although not a common contaminant in fats and

oils, will at any rate be completely removed by bleaching clay, which binds this

toxin very strongly (79, 80). Dioxins and polyaromatic hydrocarbons, if found in

oils, can be removed by treating with activated carbon and bleaching clay blend

(typically one or two parts carbon to ten parts blend, depending on degree of

contamination).

Many other materials, including synthetic aluminas, aluminum carbonates, alu-

minum silicates, magnesium silicates, various forms of attapulgite and sepiolite

(81–83), alumina-pillared acid-activated montmorillonite (84), synthetic mica mont-

morillonite, HY-zeolite, zirconium phosphate (85), mica, kaolin, and synthetic

hectorite (86), have been evaluated for their ability to purify virgin fats and oils,

but none were as good as acid-activated bentonite.

4.4. Fundamentals of Adsorbents and Adsorptive Purification

To understand how adsorbent properties affect performance, we need to understand

the adsorbent surfaces. Adsorption is a surface phenomenon governed by surface

chemistry. Both bleaching clays and silica hydrogels are richly endowed with sur-

face hydroxyl groups; these play a major role in adsorbate-adsorbent interactions.

Silica hydrogels possess mainly Si-OH hydroxyls. Bleaching clays exhibit a more

diverse array that includes Si-OH, Mg-OH, Al-OH, and Fe-OH hydroxyls. In the

case of bleaching clays, additional surface hydroxyls are generated during acid-

activation when octahedral layers disrupted by the leaching process leave behind

hydroxylated segments (‘‘silica tails’’) derived from remnants of the tetrahedral

layers (87). Also, exchangeable interlayer cations can function as very strong sur-

face active sites.

The adsorption process is primarily dictated by the interaction between these

various surface species and the adsorbate molecules (color bodies, phospholipids,

soaps, etc.) Depending on the energy barrier involved, an organic adsorbate may

undergo actual bond breaking–bond making to form a covalent bond with the adsor-

bent surface (chemisorption), or it may interact through hydrogen bonding or van

der Waals forces (physisorption).
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4.4.1. Surface Characteristics of Different Sorbent Types Figures 8–11

present reasonably probable representations for surface active sites associated

with the three major adsorbent types used in fats and oils processing.

Activated carbon, in keeping with the enhanced complexity of carbon-based

chemistry, possesses an extensive array of surface moieties, including hydroxyl

groups, carboxylic acid groups, aldehyde groups, keto groups, cyclic ethers, and

lactone groups.

4.4.2. Surface Interactions with Adsorbed Molecules Surface hydroxyls can

interact with highly polar O, N, and S atoms by means of hydrogen bonding
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Figure 8. Surface-active moieties (adsorption sites) on activated carbon. (Courtesy Norit

Nederland B.V.)
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mechanisms. For example, a silica hydroxyl group may hydrogen bond to an

organic adsorbate (RCOOR0):

Si O
H

O

CR OR′

Hydrogen bond between
silica hydroxyl and ester
carbonyl group

Using diffuse reflectance Fourier transform infrared spectroscopy, Adhikari et al.

studied the binding of oleic acid (88), triacylglycerol (89), and phosphatidylcholine

(90) on silica gel at room temperature. Their interpretation was that oleic acid and

triacylglycerols bind to silica surface hydroxyls via hydrogen bonding interactions

between the carboxylate and ester carbonyls of these molecules, respectively. In

contrast, phospholipids hydrogen bond to silica surface hydroxyls via the phosphate
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group; in this case, the interaction must be strong because most of the phosphati-

dylcholine remained bound even after washing with isopropanol in hexane.

These same authors also studied binding of oleic acid, triacylglycerol, and phos-

phatidylcholine on bleaching clay (91) at room temperature and obtained similar

results to those using silica gel. This led them to conclude hydrogen-bonding inter-

actions between surface hydroxyls and carbonyl or phosphate groups were respon-

sible for adsorption as in the case of silica gel. It can be appreciated that aldehydes

and ketones could also interact by similar hydrogen-bonding mechanisms via their

carbonyl groups. It should be remembered, however, that none of these studies were

conducted under actual bleaching conditions where high temperature and reduced

pressures remove surface moisture, which would allow direct contact with dehy-

drated surfaces.

The major focus for maximizing performance of activated carbon is to provide

an optimum balance between increasing adsorptive capacity for polyaromatic

hydrocarbons and dioxins while decreasing oil retention in the filter cake. It has

been found that steam-activated carbon derived from peat yields the best combina-

tion of properties for this application.

The situation with respect to binding of color pigments (chlorophylls, pheophy-

tins, carotenoids) to active sites on bleaching clay is somewhat more complex.

Many authors have shown that the type of interlayer cation and its associated acid-

ity are fundamentally related to pigment adsorption capacity (11, 12, 92, 93).

Table 7 gives results when acid-activated clay was completely exchanged with dif-

ferent interlayer cations. As shown, the presence of interlayer cations possessing

higher surface acidity (measured by n-butylamine uptake using Hammett indicator)

corresponds to higher levels of pigment adsorption.

Interlayer cations can act as Bronsted acids (i.e., proton source) via hydrolysis:

½AlðOH2Þ6
þ3 , ½AlðOHÞðOH2Þ5

þ2 þ H3Oþ; where ½AlðOH2Þ6
þ3

is the hydrated cation:

The Bronsted and Lewis acid acidity of surface hydroxyls and interlayer cations can

be measured using Hammett indicators in inert hydrocarbon solvents (94–96).

Silica surface hydroxyls are weak Bronsted acids possessing very little acidity;

TABLE 7. Bleaching Properties� vs. Surface Acidity (12)

Exchange Cation Surface Acidity�� Carotene Adsorbed{ Chlorophyll Adsorbed{

Alþ3 1.00 12.04 0.511

Mgþ2 0.56 10.90 0.509

Caþ2 0.53 9.64 0.499

Naþ 0.45 9.33 0.489

Kþ 0.38 7.77 0.474

�Refined soybean oil. Contact @ 330�F/20 min., vacuum 28.5 inches of mercury.
��mmol n-butylamine titrated/g clay using Hammett indicator of pKa þ5.
{mmol/g clay.
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however, surface hydroxyls associated with aluminum atoms in tetrahedral coordi-

nation and hydrated aluminum cations can be very strong (see Figure 10). It is

worth noting, in this regard, that some of the exchangeable interlayer cations in

acid-activated clays possess acid strength equaling that of highly concentrated

(70–90%) sulfuric acid (95).

The strength (97) and capacity (98) of acid sites on montmorillonite clays

increase with increased drying. Replacement of less acidic alkali and alkaline earth

cations with more acidic hydronium (H3Oþ) or transition metal cations (i.e., Alþ3,

Feþ3) increases reaction rates (99) and the capacity for adsorbate molecules (12).

At the temperatures used during bleaching, water (including water of hydration) is

removed from adsorbent surfaces, leaving bare surface hydroxyls or bare interlayer

(Lewis acid) cations. At the beginning of the bleaching process, however, the clay

initially has moisture and possesses Bronsted type acidity. At this stage, protons

generated by hydrolysis of the hydrated interlayer cations can be donated to caro-

tenoid and chlorophyll molecules acting as proton acceptors. The resultant proto-

nated molecules subsequently form carbonium ion–cation complexes that can be

held in place by strong electrostatic forces with negatively charged sites in or on

the clay surfaces.

Sarier and Guler (100, 101) studied the mechanism of adsorption of b-carotene

on acid-activated bleaching clay using infrared and ultraviolet spectrometry and

adsorption techniques. Based on their studies, they concluded that protonation of
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Figure 12. (a) Chemisorption of b-carotene via electrostatic attraction of carbonium ion to

negatively charged tetrahedral aluminum site in tetrahedral layer of acid-activated clay. (b)

Chemisorption of b-carotene via coordination bonding between carbonium ion and Lewis acid

aluminum site in tetrahedral layer of acid-activated clay.
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the 7–8 double bond of b-carotene yields a carbonium ion, which is subsequently

chemisorbed via electrostatic bonding with Bronsted, or coordinative bonding with

Lewis acid sites, respectively, in the tetrahedral layer of the clay (Figures 12a,

and b). Because the adsorption isotherm had two steps, the authors proposed a sec-

ond layer of b-carotene molecules might associate with the initial carbonium ion

layer via ion-dipole interactions.

Although carbonium ion formation is reasonable, this author is of the opinion the

more likely binding would be with aluminum (Lewis acid) cation sites in the inter-

layer region (Figure 13). This opinion is based on the knowledge that increasing

levels of acid-activation eventually destroys bleaching activity, which is mirrored

by loss of exchangeable interlayer cations. Bronsted and Lewis acid sites in the tet-

rahedral layer, however, continue to increase with increasing acid-activation. If

these sites were the only sites responsible for carotene adsorption, it would be

expected that carotene adsorption should continue to increase with increasing

degree of acid-activation. This does not happen.

Guler and Tunc (102) also studied the adsorption of chlorophylls a and b (mix-

ture) on acid-activated bleaching clay using techniques similar to those they

employed with b-carotene. They concluded that chlorophyll was initially converted

to pheophytins, which were subsequently adsorbed on Lewis and Bronsted acid

sites on the clay.

4.4.3. Relationship Between Adsorbent Properties and Adsorptive Perfor-

mance Acid-activation: Properties for bleaching clays (surface area, porosity,

cation exchange capacity, surface acidity) vary considerably depending on the

degree of acid-activation. Taylor and Jenkins (12) showed that surface area
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Figure 13. Chemisorption of b-carotene via coordination bonding between carbonium ion and

Lewis acid aluminum cation site in interlayer region of acid-activated clay.
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(Fig. 14) and porosity (Fig. 15) increase, sometimes dramatically, for a series of

montmorillonite clays from different sources when subjected to increasing dosages

of acid. Beyond a certain point, however, it can be seen that both surface area and

porosity begin to decrease with increased degree of leaching.

Even though clays in this study were obtained from different sources, all are

montmorillonite and each reacts somewhat differently to the acid leaching process,

most notably, (1) calcium montmorillonites (A-D) attain considerably higher
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surface area/porosity maxima than sodium montmorillonite (E) and (2) acid

requirements to achieve surface area maxima vary from one clay to another.

Bleaching efficiency response to acid leaching displays a similar trend (103,

104) as for surface area and porosity—at first increasing—then decreasing with

increasing acid dosage. Although it might at first be suspected that surface area

and adsorption activity are therefore related, it turns out that increasing surface

area, although a consequence of the acid-activation process, is not of major impor-

tance in determining bleaching efficiency. The fact that surface area is not funda-

mentally important can be illustrated by comparing the graphs shown in Figures 16

and 17, which show surface area and relative chlorophyll bleaching efficiency as a
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Figure 16. Correlation between surface area and relative bleaching efficiency (chlorophyll) for

Clay A. (This figure is available in full color at http://www.mrw.interscience.wiley.com/biofp.)
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Figure 17. Correlation between surface area and relative bleaching efficiency (chlorophyll) for

Clay C. (This figure is available in full color at http://www.mrw.interscience.wiley.com/biofp.)
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function of acid dosage for Clays A and C from the above series. Ignoring for a

moment the dissimilar shapes for the surface area and relative chlorophyll adsorp-

tion curves for Clay A in response to increasing acid dosage (Figure 16), it might be

argued there is at least a rough correspondence between surface area and bleaching

efficiency.

However, as shown by the curves in Figure 17, bleaching efficiency for Clay C

does not attain maximum activity levels until well after the surface area curve has

peaked and started to decline. Note also that both clays achieve practically identical

maxima in chlorophyll bleaching efficiencies (albeit requiring different acid

dosages), but Clay C only achieves a maximum surface area of about 300 m2/g,

whereas Clay A achieves a maximum surface area of nearly 500 m2/g. Clearly,

surface area, per se, is not correlated with chlorophyll adsorption capacity. Similar

curves (not shown) were obtained for carotene adsorption (12).

On the basis of the activation diagram in Figure 2 (Section 3.1.1), the percentage

silica in an acid-activated clay should increase and, although perhaps not as intui-

tively apparent, cation exchange capacity should decrease with increasing degree of

acid leaching. The reason (see Section 3.1) is because positively charged cations in

the interlayer region are required to balance the negative charges associated with

the clay layers. A negative charge on the clay layers develops because the (þ2)

positive charge on Mgþ2 in the octahedral layer is unable to completely balance

the net (�3) negative charge of its six nearest-neighbor oxide atoms; thus, a net

negative charge of (�1) develops for every Mgþ2 ion present in the octahedral

layer. It follows that cation exchange capacity should decrease as Mgþ2 ions are

leached from the octahedral layer.

These expectations are supported by the data plotted in Figure 18. Here cation

exchange capacity (milliequivalents of exchangeable cation/100 g clay) has been
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coordinates where maximum bleaching efficiency is attained for clays A–D). (This figure is
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plotted against percentage hydrated silica for the previously described clays.

Hydrated silica (a form of silica soluble in aqueous sodium carbonate) corresponds

to the amorphous silica left behind after clay leaching (see Figure 10). As expected,

cation exchange capacity decreases (linearly) as percentage hydrated silica and

degree of acid-leaching are increased.

The arrows in Figure 18 identify the x,y-coordinates at which cation exchange

and degree of leaching (as measured by hydrated silica) yield points corresponding

to maximum bleaching efficiency for Clays A–D. Notably, these clays (all calcium

montmorillonites) attain hydrated silica values in the range 50–70% before achiev-

ing maximum bleaching efficiencies. Clay E (sodium montmorillonite) strongly

resists acid attack, and it only attains about 30% hydrated silica. It does not yield

a suitable product for the adsorptive purification of fats and oils, and in accord with

the precepts just discussed, it was found to be only one-half to one-third as active as

calcium montmorillonites for removal of carotenes and chlorophyll from refined

soybean oil.

The essence of the foregoing discussion is that optimization of bleaching clay

performance depends on achieving a balance between the degree to which the mon-

tmorillonite structure is ‘‘opened up’’ by acid dissolution and the extent to which

acidic (and more active) cations leached from the clay structure replace less acidic

(and less active) native cations in the interlayer region. Subtle chemical and struc-

tural differences between clays from different sources dictates the particular acid

regimen required for any given clay to achieve optimum activity. Too little dissolu-

tion yields a structure with less-than-optimum porosity and inadequate degree of

replacement of native cations by acidic ions leached from the structure. Too

much dissolution yields a structure with good porosity and almost complete

exchange of native cations by acidic leach ions, but with too few cation sites left

to be effective.

Although other clay minerals can also be acid leached and improved somewhat

by this treatment, they do not match activity levels attained by calcium montmor-

illonite. It has been hypothesized that calcium montmorillonite is superior in this

regard because it simultaneously develops a high concentration of strong acid sites,

and extensive porosity in 50–200-Å diameter pores after acid-activation (85). In any

case, only those clays that achieve high hydrated silica values upon acid leaching

are found to be good candidates for the acid-activation process.

Particle Size: The effect of particle size on the performance of bleaching clays

is well known (2, 87). As discussed by Henderson (105), smaller particles (finer

grinds) give better bleaching performance, but worse filtration (i.e., reduced cycle

times, increased pressure buildup). The improved bleaching performance can be

understood as a positive consequence of increased numbers of available cation

exchange sites that are exposed in the case of more finely ground particles.

However, increased pressure buildup and reduced cycle times are a negative

consequence of the tighter interparticle packing that results when filtering smaller

particles. In practical reality, manufacturers of bleaching clays supply a range of

activity/particle size options that can be matched to the capabilities of the plant

equipment and the requirements imposed by the type of oil being processed.
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Moisture Content: As shown by Table 2, bleaching clays typically possess

about 10–17 wt% free moisture. Although this moisture is boiled off during the

course of the bleaching process, it is necessary. According to Richardson (2), opti-

mum bleaching clay moisture depends on the source of the clay from which it is

prepared. Although complete removal of moisture during manufacturing is possi-

ble, bleaching earth containing no moisture has been shown to be ineffective for

bleaching (2, 5).

In the case of silica hydrogel, substantial moisture (usually >50 wt%) during the

beginning stages of contact is necessary in order for the product to perform well.

Phospholipids interact with surface water because of strong hydrogen bonding with

P-O and quaternary ammonium nitrogen groups (91). It has been proposed that the

phospholipids are at first strongly associated with water molecules in the silica

pores. Later, as water molecules boil off under the combined action of temperature

and vacuum, they become trapped by collapse of the silica structure.

Residual Acidity: Acid-activated bleaching clays are prepared by treatment

with strong mineral acids (typically HCl or H2SO4). After the leaching process is

completed, any unused acid plus excess acidic salts (primarily ferric and aluminum

salts) are washed from the clay. Depending on the degree of washing, some ‘‘resi-

dual acidity’’ in the form of acidic salts and unused acid can be left with the clay.

Residual acidity can be quantified (mg KOH/g clay) by extracting a known quantity

of clay with boiling water and then titrating to phenolphthalein endpoint. It should

be noted that residual acidity (because of the presence of residual acid and acidic

salts) is not to be confused with surface acidity (because of surface hydroxyls and

exchangeable acidic cations). Although residual acidity helps somewhat by enhan-

cing pigment adsorption, if levels are too high, it can cause a problem by proemot-

ing the hydrolysis of triacylglycerols or soaps resulting in the generation of

additional free fatty acids (2).

Boki et al. (106) have reported the type of oil being treated can also affect the

outcome of the hydrolysis reaction when using acid-activated bleaching clay. In

their study, the increase (relative to starting oil) was highest in canola oil (12%)

but fairly modest for sunflower and soy oils (4% and 0.2%, respectively). Relative

FFA levels actually dropped for cottonseed oil (�3.4%) and even more significantly

in the case of corn and safflower oils (�11% and �33.7%, respectively).

Porosity: A common feature of all sorbents used for adsorptive purification of

fats and oils is the presence of substantial porosity in the mesopore range (20–500 Å

diameters) and significant surface area. Optimization requires making sure pores

are wide enough to ensure access by large molecules while maintaining sufficient

surface area for presentation of as many adsorption sites as possible. If pores are too

large, surface area may be negatively affected; if pores are too small, passage into

adsorbent interiors may be negatively affected.

Laboratory Evaluation of Adsorbents: AOCS Method Cc 8f-91, in conjunc-

tion with Methods Cc 8a-52 and Cc 8b-52, details a procedure for contacting

bleaching clays and other adsorbents with oils on a laboratory scale using common

laboratory glassware that, in essence, attempts to duplicate the actual process

employed on a much larger scale at the plant level. Table 8 lists the most common
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AOCS methods that are pertinent with regard to evaluating the effectiveness of

these adsorbents. It must be noted, however, that although laboratory adsorption

testing using AOCS Method Cc 8f-91 and methods in Table 8 are adequate for rela-

tive evaluations (i.e., how well one adsorbent performs versus another or the effect

of one set of bleaching conditions versus another, etc.), they cannot be used for-

predictive performance at the plant level. The problem, as discussed by Henderson

TABLE 8. Evaluating Bleaching Clays/Adsorbents: Recommended AOCS Test Methods.

Test Description

AOCS

method

Active oxygen method

(hrs)

Time (in hours) for heated oil to reach peroxide value of

100-meq/kg oil while air is bubbled through the

sample

Cd 12-57

p-Anisidine Value Determines aldehydes (esp. conjugated aldehydes)

based on spectrophotometric measurement of

colored p-anisidine-aldehyde addition products at

350 nm

Cd 18-90

Chlorophyll (mg/kg) Determines chlorophyll concentration using spectro-

photometric measurements @ 630, 670, 710 nm

Cc 13d-55

Fatty acid composition

(by GLC)

Quantitative determination of fatty acid distribution in oil

by GLC

Cd 1-62

Free fatty acid

(wt% as oleic)

Determines free fatty acids in oil by titration with sodium

hydroxide solution

Ca 5a-40

Karl Fischer

moisture (%)

Determines the actual water content of fats by titration

with Fischer reagent, which reacts quantitatively with

water

Ca 2e-94

Lovibond color

(unitless)

Determines red/yellow intensity (carotenoids) of oil

using Lovibond Tintometer

Cc 13e-92

Metals by atomic

absorption

Analysis of Cr, Cu, Fe, Ni in oils dissolved in

methyl isobutyl ketone by atomic absorption

spectrophotometry

Ca 15-75; Ca

18-79

Metals by ICP Sample is ashed, dissolved in HNO3, and elements

determined by inductively coupled plasma

spectroscopy

AOAC�

985.01

Oven moisture (%) Moisture content of oils Ca 2c-25

Oxidative stability

index (hrs)

Time (in hours; induction period) for fats/oils to begin

to undergo rapid acceleration in oxidation

Cd 12b-92

Peroxide value

(meq / kg)

Measures peroxides (oxidation of KI) I2) in fats/oils;

iodine determined by sodium thiosulfate titration

Cd 8-53;

Cd 8b-90

Phospholipids in oil

(mg P/liter oil)

Measures turbidity (nephelometric method) in

oil-acetone mixtures that correlate with level of

phospholipids

Ca 19-86

Phosphorus content

in oil (%)

Colorimetric method (% transmittance @ 650 nm)

for total phosphorus based on conversion to

molybdenum blue

Ca 12-55

Soap in oil (ppm) Measures alkalinity (as sodium oleate) of oil sample

by titration to bromophenol blue endpoint with

0.01 N HCl

Cd 17-95

�Association of Official Analytical Chemists.
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(105), is that laboratory-bleaching experiments are conducted as a batch process

while most plants operate in a continuous mode. As a consequence, the so-called

‘‘press effect’’ or the extra adsorption that takes place when oil is passing through

the filter cake in a plant filter press is not adequately duplicated by the one-pass

filtration employed in AOCS Method Cc 8f-91. It is not uncommon that clay

dosages in laboratory scale bleaches are twice those employed in the actual plant

process to achieve similar levels of pigment reduction.

5. ADSORPTIVE PURIFICATION PROCESS:
GENERAL DESCRIPTION

Adsorptive purification, in its most general sense, involves the use of adsorbents to

remove undesirable constituents and contaminants from fats and oils by adsorptive

mechanisms. It must be noted, however, that although different adsorbents do exhi-

bit some degree of selectivity for certain adsorbates (see Section 4.3), none exhibit

specific selectivity for a single compound or chemical. Some trace constituents that

are desirable (e.g., tocopherols) will also be removed. According to Boki et al.

(106), 20– 40% of the tocopherols present in most alkali-refined oils are removed

by bleaching with acid-activated bleaching clay; the exception is soybean oil, which

only loses 3–5% (71, 105). Buxton has reported (107) that activated carbon

removes antioxidants from fish liver oils and renders the vitamin A in the oil

unstable.

5.1. Function of Preprocessing Steps

From the standpoint of traditional bleaching processes, the major objectives of

water degumming and alkali refining/water washing (acid-water degumming in

the case of physical refining) are to reduce phosphatides and soaps to low levels;

these constituents are easily adsorbed by bleaching clays and interfere with the

adsorption of pigments and other bleaching functions. For water degummed/alkali

refined oils, the desired levels are as follows: phosphorous <3 ppm, soaps <40 ppm,

and free fatty acids <0.05%. Somewhat higher levels, phosphorous <8 ppm

and free fatty acids <0.8%, are acceptable in the case of acid-water degummed

oils destined for physical refining. With the use of silica as an option, the entire

degumming-refining-adsorptive purification process can be modified in ways not

heretofore possible (108). The most direct approach is simply to add silica along

with bleaching clay into the oil and bleach in the normal fashion. Alternatively,

the silica is used to pre-adsorb phosphatides and soaps in the bleacher; the silica-

treated oil is then filtered through a filter precoated with bleaching clay. In other

variations, which do require some design modifications, silica can be used to elim-

inate the water wash step (along with the water wash centrifuge) or ultimately even

the soap stock (along with the primary centrifuge). In all of these cases, the use of

bleaching clay can be reduced; of course, cost of silica must be considered because
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it is the more expensive reagent. Regardless of the particular preprocessing steps

employed, recommended purity criteria for oils prior to bleaching and expected

purity levels after bleaching are shown in Table 9.

5.2. Effect of Processing Conditions on Bleaching Efficiency

Choice of adsorbent type and activity: Acid-activated bleaching clays, as pre-

viously discussed (Section 3.1.2), are manufactured in a number of different activ-

ity grades. Because different oils possess significantly different concentrations of

trace constituents, the choice of adsorbent (and activity) must be considered. For

instance, palm oils, which are characterized by low levels of phospholipids and

high levels of carotenoids, lend themselves to physical refining and usually only

require the use of low activity or natural bleaching clays. Figure 19 shows the effect

of dosage on bleached and deodorized colors when using natural bleaching clay

(109) to bleach palm oil. This graph also makes the point that because carotenoids

in palm oil are easy to ‘‘heat bleach’’ during deodorization, only moderate red color

reduction is necessary in the bleach step to ensure adequate reduction of red color

after deodorization.

Another advantage for the use of neutral bleaching clays in processing of palm

oil is the absence of delta increase in free fatty acids (� FFA). Brooks and Shaked

(110) examined the bleaching of three palm oils (2.3–2.9 DOBI, 3.72–4.12% FFA)

TABLE 9. Recommended Purity Criteria for Oils Before Bleaching

and Expected Purity After Bleaching.�

Before Vacuum Bleaching Max. P (ppm) Max. Moisture (%) Max. Soaps (ppm)

Crude (low phosphorus) oils 30 0.2 N/A

Acid degummed oils1 30 0.3 2002

Organically refined oils3 10 0.3 N/A

Neutralized oils4 10 0.3 300

After Vacuum Bleaching Max. P (ppm) Max. Moisture (%) Max. Soaps (ppm)

Crude (low phosphorus) oils5 3 0.05 N/A

Acid degummed oils 2 0.05 0

Organically refined oils 1 0.05 N/A

Neutralized oils 0 0.05 0

�Courtesy K. Carlson, RBD Technologies, Inc.
1 Various forms of physical refining, which means FFA can vary.
2 Applies when using silica before the bleaching earth and adding caustic to the oil to enhance the activity of

the silica. In these cases, soap is ‘‘good.’’
3 Organic Refining Process (ORPTM) by IPH, a citric-acid-based physical refining process.
4 Oil neutralized (chemically refined) by ‘‘long-Mix’’ process. ‘‘Short-Mixed’’ oils, i.e., as mostly practiced in

Europe, require waster washing to get soap below 300 ppm.
5 Oils that have been citric acid conditioned and bleached with non acid-activated clays.
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using a number of natural and acid-activated bleaching clays. Their work (Table 10)

shows that acid-activated bleaching clays always caused an increase in � FFA,

whereas natural bleaching clays either had no effect or even reduced � FFA. Based

on their work, they calculated that a 1000-MT/day plant using 0.6% sorbent would

lose 365 MT/year of oil for every 0.1% increase in � FFA rise.

Canola oils, which can be high in chlorophyll, usually require high-activity

bleaching clays to achieve satisfactory color reduction before deodorization.

Figure 20 compares the dosage requirements versus clay activity for soya and cano-

la oils with different starting chlorophyll levels (111). As is clear, the higher activity

Filtrol 160 is significantly better for bleaching canola oil containing moderately

high levels of chlorophyll as compared with the less-active Filtrol 105. Here, the

savings in neutral oil losses and disposal costs that result from using �1 wt %
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Figure 19. Palm oil bleaching with natural clay: Effect of dosage on bleached and deodorized

color (Lovibond red). (This figure is available in full color at http://www.mrw.interscience.wiley.

com/biofp.)

TABLE 10. Comparison of Acidity, pH, and FFA Change (108).

Sorbent Class Acidity (mg KOH/g clay) pH Ave. � FFA t-test results�

A Acid-Act. 0.02 2.8 0.09 þ
B Natural 0.00 6.8 �0.03 �
C Natural 0.04 5.4 �0.1 NC

D Natural 0.01 4.4 �0.1 NC

E Acid-Act. 0.30 3.3 0.06 þ
F Acid-Act. 0.03 6.3 0.08 þ
G Natural 0.04 3.6 �0.01 NC

H Natural 0.00 8.6 �0.05 �
� One-column t -test, 0.05 a, H0¼ difference is zero. Incorporating � FFA data across three oils.
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less clay would be expected to offset the increased cost of the higher activity clay.

However, for the soya oil, which is relatively low in chlorophyll to start with, there

is little incentive for choosing the more active product because the difference in

dosage requirements between the two grades is too small. Soybean and canola

oils, because they are relatively high in phospholipids may benefit from dual sili-

ca/bleaching clay processing.

The primary purpose of silica in fats and oils purification is the preemptive

adsorption of phospholipids and soaps so that bleaching clay dosages can be low-

ered. Adsorption of phospholipids by bleaching clays reduces their capacity for

adsorbing color pigments. Because silica hydrogels adsorb 7–10 times as much

phospholipid (112) as bleaching clay, they can be used at low levels to partially

replace and reduce the overall dosage requirements for bleaching clay. However,

given the enormous diversity between plants, their design, and the impact of local

conditions on their operation, it is perhaps not surprising that the decision whether

to use silica hydrogel can be a difficult one. Careful and detailed economic analysis

is required to determine whether overall operating costs will be lowered by the

combined use of silica and bleaching clay. Possible economic inducements include

lower overall adsorbent cost, lower neutral oil loss, lower disposal cost, reduced

city water/sewer bills, and lower operating cost (reduction or elimination of centri-

fuge maintenance and repairs). Possible negative economic considerations include

cost of conversion (more silos, bins, feeders, mix tanks, etc.) in case of older plants,

loss of flexibility to handle oils of variable quality or multiple-type feedstocks, and

additional material handling. Also, in efficient plants where low phospholipids and

soaps are routinely obtained, cost savings may be minimal.
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Bleaching Conditions: The major factors that affect the bleaching process, aside

from the actual quality of incoming oil, are the conditions employed during the con-

tact between oil and adsorbent. Assuming good quality oil (i.e., low in phospho-

lipids, soaps, and free fatty acids) and the proper choice of adsorbent, other

important factors include moisture of oil, absence of air during bleaching and

bleaching temperature and time.

Understanding the effect of moisture on bleaching is somewhat problematic

because both bleaching clays and incoming oils can have different levels to begin

with. Zschau has reported (113) that the addition of some level of moisture can have

a beneficial effect in bleaching of canola oil. His work (Table 11) shows Lovibond

red and yellow, and chlorophyll levels improve with increasing moisture up to

0.6 %. Beyond that level, however, additional moisture is deleterious from the

standpoint of color reduction.

Ball et al. (67) concluded water addition was not beneficial (Table 12; data

derived from figure in paper) in the case of soya oil bleaching. Reduced bleaching

efficiency (as measured by chlorophyll adsorption) occurred at all levels of moist-

ure addition. More recently, Brooks (114) studied the bleaching of refined soya oil

over a more narrow moisture range (0.1–0.45 %) with three different bleaching

clays. His results (Figure 21) confirm Zschau’s findings and indicate an inflection

TABLE 11. Influence of Water on Oil Properties During Bleaching* of Canola Oil

with Tonsil Optimum E (113).

Lovibond Lovibond Chlorophyll a POV FFA

H2O (%) red yellow (ppm) (meq O2/kg) (% Oleic)

0 2.3 34 0.03 0 0.061

0.3 2.2 34 0.03 0 0.061

0.6 2.1 33 0.02 0 0.061

1.2 3.7 47 0.17 0 0.063

Starting oil 8.7 57 9.58 9.4 0.034

*Pretreatment: T� 80�C, t� 30 min., Press.� Atmospheric; bleaching: T� 90�C, t� 30 min., Press.

� 15 mm Hg.

TABLE 12. Relationship of Bleach Performance to Water

Content of Soya oil*: Chlorophyll a (67).

Chlorophyll a (ppb)

H2O (%) 0.5% dosage of clay 1.0% dosage of clay

Dry oil 180 49

0.5 280 100

1.0 345 125

Starting oil 810
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point for optimum Lovibond red and chlorophyll values at moisture levels near

0.15–0.17%. Based on this data, it can be understood that Ball et al. simply missed

the inflection point because the lowest moisture level they examined (0.5 %) was

already beyond the point of inflection noted by Brooks.

These studies show that although there is an optimum level of moisture in the

oil, it can occur over a narrow range; too much moisture is clearly detrimental.

Because oils coming from the vacuum dryer will usually have near-optimum moist-

ure content, the best advice is that moisture addition should be used judiciously, and

only in cases where special circumstances and experience warrants it. Moisture

levels in the range 0.1–0.2% are probably near optimal.

The exclusion of air during the bleaching process is absolutely essential. If oxy-

gen is present during the bleach, it can lead to the formation of red-yellow chro-

man-5,6-quinones (115). King and Wharton have shown that oxidation during a

bleach not only develops new pigments, which are resistant to adsorption, but

also that the adsorbent strongly catalyzes the oxidation process (116). In most

modern-day bleaching plants, oxygen is removed from the clay/oil system before

bleaching by vacuum. Generally speaking, the vacuum during bleach should

be below 50 mm Hg, and most references recommend vacuum levels in the range

20–28 mm Hg or even lower.

Many workers (8, 85, 105, 117) have reported on the effect of bleaching time

and temperature on bleached oil properties. Data presented in Figures 22 and 23,

from Taylor (8), are typical. As shown, pigment levels drop quickly (Figure 22) for

the first 15–20 minutes of the bleach, during which time they reach equilibrium

conditions and then begin to level off.
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Peroxides slowly decrease and free fatty acids slowly increase over the course of

the 30-minute bleach. Even though some oils, in particular, palm oil, will take long-

er to bleach, the pattern noted above will hold. Namely, that adsorption and cata-

lytic processes are initially vigorous, but then begin to level off; by the time

moisture from the clay and oil are removed by heat and vacuum, most of these pro-

cesses will have been completed and longer residence times will yield diminishing

returns.
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Higher temperatures clearly promote pigment adsorption and various catalytic reac-

tions (peroxide decomposition, triacylglycerol hydrolysis). As a consequence, pig-

ment and peroxide levels drop with increasing temperatures, whereas free fatty

acids levels increase dramatically (Figure 23) because of increased triacylglycerol

hydrolysis reactions.

Although the work just described used canola oil, similar increases in free fatty

acid levels as a consequence of higher bleach temperatures have been reported for

soya (118) and palm (86, 119) oils. The latter workers also reported decreased per-

oxide values but increased anisidine values as bleach temperature was increased.

This conforms to expectation because the anisidine test is diagnostic for shorter

chain aldehydes (including alkenals and dienals), which are secondary oxidation

products of peroxide decomposition.

Based on the discussions thus far, it might be concluded that higher bleaching

temperatures are desirable because increased pigment removal and peroxide

decomposition could be achieved with the lesser amounts of bleaching clay. The

problem, of course, is the increased levels of free fatty acids generated by higher

bleach temperatures. Even though they can be removed during the deodorization,

they have relatively low value as compared with the triacylglycerol and represent a

serious economic loss. Furthermore, at least in the case of palm oil, there is good

evidence (119) that higher temperature bleaching yields oils, which exhibit

much poorer color and oxidative stability than oils bleached at more moderate

temperatures.

Even if incoming oil quality is good (see Section 5.1), moisture levels are low

and good vacuum conditions can be maintained during bleaching, bleaching

requirements differ to some extent between one oil and another. Table 13 lists

TABLE 13. Typical Bleach Conditions (Time/Temperature/Dosage) for Some Common

Oils

Bleach Time Bleach Temp. Typical BE

Oil (min.) (�C) Dosage� (wt%) Comment

Canola 20–30 100–105 1–3 High in chlorophyll; typically

requires highly active BE

Corn 20–40 90–110 0.5–1.5 Alkali refined

20–40 90–110 1–3 Physically refined

Cottonseed 15–30 90–95 1.5–3 Aflatoxin, if present,

removed by BE

Palm 30–45 100–120 0.8–2 Stay below 110�C if using

highly active BE

Safflower 20–30 95–100 0.2–0.4 May need activated carbon if

PAHs present

Soya 20–30 95–110 0.3–1.5

Sunflower 30–45 90–100 0.3–1.5 Typically requires highly active

BE; may need activated

carbon if PAHs present

�In cases where silica can be used, bleaching earth (BE) requirements can be reduced. As a general rule of

thumb, one part BE can be replaced by a combination of (1/6–1/4 ) part silica þ (1/2–3/4 ) part BE.
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some typical ranges for bleaching times, temperatures, and bleaching earth (BE)

dosages for some of the more common oils.

Summarizing then, some general guidelines for optimizing the bleaching process

would be (1) keep oil moisture low (0.1–0.2%) but not necessarily zero; (2) main-

tain adequate vacuum (<50 mm Hg); (3) use the minimum bleach time necessary to

attain equilibrium conditions between adsorbate and adsorbent; and (4) do not

bleach at temperature in excess of about 120�C.

5.3. Variations: Bleaching Process/Bleaching Systems

5.3.1. Batch Bleaching Batch bleaching refers to those processes where the

entire charge of oil, admixed with bleaching earth (and/or other adsorbents), is

added to a single vessel. Usually the bleaching earth is added at a temperature

around 70–80�C. The temperature is then raised somewhat, and the bleaching

earth/oil mixture is mechanically agitated for an appropriate time (Table 13).

Upon completion of the contact period, the contents of the vessel are pumped to

a filter. Oil is recycled between filter and bleach tank to allow for cake buildup

on the filter; during this time, the oil experiences additional bleaching (‘‘press

bleach effect,’’ Section 5.4.3). Once the oil is running clear and color specifications

achieved, the bleached oil is then diverted to storage.

5.3.1.1. Atmospheric Bleaching Atmospheric batch bleaching is conducted as

described above; bleach vessels are open to the atmosphere. Because air can cause

oxidation of the oil, mixing systems for carrying out atmospheric bleaches should

be designed to minimize splashing or aeration at the surface but still maintain good

suspension of the clay in the oil. In such systems, dry steam can be used to good

effect for heating, agitation, and deaeration.

5.3.1.2. Vacuum Bleaching In the case of vacuum bleaching, the vessel is closed

and maintained under partial vacuum (typically 20–28 mm Hg) while being heated.

Vigorous agitation with splashing at the surface is desired to enhance deaeration of

the clay/oil mixture. Whether the adsorbent is added before heating the oil or after

the oil has reached bleach temperature, care should be taken to ensure that both oil

and bleaching earth are fully deaerated before adding the bleaching earth.

5.3.2. Continuous Vacuum Bleaching Most modern, large-scale plants today

use some form of continuous vacuum bleaching. Figure 24 depicts a standard

arrangement for this type of bleaching system. The advantages of the continuous

system, aside from the fact that the bleacher is always in operation, are that it

allows for reduced energy consumption, simpler process controls, and the elimina-

tion of intermediate storage capacity. In these operations, the oil and clay continu-

ously come together in a premix tank before entering the bleaching vessel whose

volume determines their retention time in the reactor.

Many different vacuum bleacher designs are available (Figure 25) to the indus-

try, some with single-stage spraying of the premixed clay/oil slurry into the vacuum
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Figure 24. Standard continuous vacuum bleaching system. (Diagram Courtesy LFC Lochem

B.V.) (This figure is available in full color at http://www.mrw.interscience.wiley.com/biofp.)

Figure 25. Model 1 vacuum bleacher. (Courtesy Crown Ironworks.) (This figure is available in

full color at http://www.mrw.interscience.wiley.com/biofp.)
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unit, and others with two stages to allow for more intimate contact and to better

control contact time. In any case, the spraying of the clay/oil slurry under vacuum

is much more efficient for deaeration and further reduces oxidation during the

bleaching process. Upon exiting the reactor, the bleaching clay–oil slurry is sepa-

rated in a filtration unit equipped with two filters so that one filter is in use while the

other is in the cleaning or standby mode.

5.3.3. Countercurrent Continuous Bleaching Countercurrent continuous

bleaching is perhaps the most advanced bleaching system yet to evolve. Figure 26

depicts such a system. Although similar in some respects to the packed bed contin-

uous system, this design has the advantage that the partially spent clay to be reused

can be in contact with the oil much longer in a vacuum bleacher than is the case

when the oil is simply passing through a packed bed filter. In this design, a pulse

tube filter allows for the return of the once-used clay back to the first bleacher in

slurry form, which is optimal. By using dry nitrogen to ‘‘pulse’’ the partially spent

cake from the filter tubes, moisture and oxygen are rigorously excluded from enter-

ing the first bleacher. Up to 40% reduction in overall clay consumption, spent cake,

and retained oil losses have been claimed for this process (120).

Figure 26. Öhmi Bleach1 countercurrent continuous bleaching. (Diagram Courtesy LFC Lochem

B.V.) (This figure is available in full color at http://www.mrw.interscience.wiley.com/biofp.)
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5.4. Filtration

5.4.1. Effect of Adsorbent Particle Size Richardson (2) and others (105, 121)

have demonstrated that bleaching efficiency (pigment adsorption) improves, as the

average size of bleaching clay particles gets smaller. If there was no penalty for

such action, it would make good sense to produce very finely ground materials

because this is well within the capabilities of bleaching clay manufacturers and it

would allow refiners to use less bleaching clay. Unfortunately, there are at least two

negative consequences. The first, as illustrated by Figure 27 (after Richardson2), is

that press rate (rate of oil flow through the filter cake under the influence of pres-

sure) decreases as the average size of the bleaching clay particles is made smaller.

Even though the data presented in the figure refer to a laboratory press, the same

basic effect is also noted at the plant level.

A second drawback (121) is that oil retention is increased as average particle size

is decreased. However, the negative effect (oil loss) may be partially offset because

less clay can be used. The loss of filtration rate is, in any event, a far more serious

problem because this immediately impacts the primary measure of plant productiv-

ity—the rate at which fats and oils are produced.

It is possible, to some extent, for manufacturers of bleaching clay to simulta-

neously improve bleaching efficiency and filtration rates by exerting very precise

control over particle size distribution during grinding and using higher levels of

acid during activation. However, there are limitations to this approach because pro-

duct yields are lower, and this drives costs up. As a practical reality, highest activity

products will always depend, to some degree, on moving the manufacturing process

in a direction that favors production of smaller sized particles.
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Brooks and Shaked (122) have studied the relationship between the percentage

of particles finer than 5 mm in diameter versus filtration rate and permeability. For

both, good correlations (r2 values > 0.92) existed between loss of permeability (and

filtration rate) and the percentage particles less than 5 mm diameter. Increased levels

of these finer particles decreased both filtration rate and permeability. The correla-

tions could be expressed as nonlinear exponential equations of the form:

y ¼ mebx;

where:

y¼ permeability constant (or filtration rate)

x¼% particles < 5 mm diameter

In this study, the authors examined eight different commercial bleaching clays

from three different manufacturers and measured the part-per-million of metals

(‘‘bleed through’’) found in the filtered oil. Two of the manufacturers supplied

acid-activated montmorillonite (AAM) and the remaining supplied activated hor-

mite (AH). The authors wanted to determine if clays exhibiting high permeability

would be more likely to pass ultrafines (i.e., particles <10 mm diameter) through the

filter cake into the filtered oil. Figure 28 shows a plot of permeability versus ‘‘bleed

through’’ (measured as ppm Si in filtered oil) using data taken from their study.

Higher permeability was indeed found to correspond with increased ‘‘bleed

through’’ in the case of the acid-activated montmorillonite products; however,

this was not the case for the activated hormite products. It was also noted that

‘‘bleed through’’ in the case of AAM produced by manufacturer 2 was more pro-

nounced than AAM produced by manufacturer 1.

0

5

10

15

20

25

30

35

40

45

0 0.5 1 1.5 2 2.5 3 3.5

"Bleed Through" (ppm Si in Oil @ 2% BE Dose)

P
er

m
ea

bi
lit

y

AAM (Manufacturer 2)

AAM (Manufacturer 1)

AH (Manufacturer 3)

Figure 28. Relationship between permeability and ‘‘bleed through’’ for acid-activated

montmorillonite (AAM) and activated hormite (AH). (This figure is available in full color at

http://www.mrw.interscience.wiley.com/biofp.)

326 BLEACHING



Based on their data, the authors concluded fast-filtering (high-permeability)

clays are more prone to ‘‘bleed through’’ and recommended making sure polish fil-

ters are in place and monitored frequently when using such clays. Regarding the

difference in ‘‘bleed through’’ characteristics between AAM products, the authors

hypothesized that leached silica at the edges of the particles (Figure 10, Section

4.4.1) may be more friable for one clay as compared with the other. Attrition of

these silica edges during mixing in the bleacher and subsequent filter packing

would produce microparticles small enough to migrate through the filter cakes

with high permeability.

5.4.2. Filtration Equipment Good filtration equipment and proper operation are

essential if the filtration process is to be effective and economical. Modern-day

bleaching earths should not, except in rare cases, require the use of filter aids

such as diatomaceous earth. Rather, the clay is used as the precoat. According to

Veldkamp (123), the two main objectives in precoat filtration are as follows:

1. To provide a septum or precoat layer, which is ‘‘tight’’ enough to retain all of

the suspended solids from the liquid to be filtered.

2. In addition, to provide this same septum with maximum porosity so that the

maximum quantity of suspended solids can be retained before this septum

becomes blocked. When the septum is blocked, cleaning becomes necessary,

which in turn causes an interruption in flow. Obviously, when the suspended

solids are smaller in size than the pores of the cake, the solids will pass

through. Fortunately, adsorbents are commercially available in many grades,

which allow various particle sizes to be retained.

Precoating is accomplished by recirculating clay/oil slurry through the filter unit

until the oil becomes clear. A minimum amount of cake is required to form a stable

layer through which the subsequent filtration can take place. The minimum amount

needed is related to filter area—at least 0.5-kg clay/m2 filter area (0.1 lb clay/ft2).

When clay content is in the range 0.5–2%, oil clarity should be achieved after

10–15 minutes of recirculation time.

Various filter designs are available to the industry, including plate and frame fil-

ter presses, horizontal tank/ vertical leaf pressure filters with retractable bundles or

shells, and vertical tank/vertical leaf pressure filters. The latter (Figure 29) has been

accepted by the industry as perhaps the best overall choice in terms of price, per-

formance, space requirements, and ease of automation. Filter sizes up to 85-m2 fil-

ter area/filter are available with this model. However, the horizontal tank/vertical

leaf model with either retractable bundle or retractable shell also has its proponents.

Commonly, a major factor in deciding on this type filter is the fact that these units

are available in sizes up to 200-m2 filter area/filter.

Plate and frame filter presses, once the industry standard, have lost favor over the

years because the residual oil content of spent filter cakes from these units typically

runs 35– 40%. For pressure leaf-type filters, residual oil content of less than 25% in

the spent filter cake is possible. This lower oil loss is one of the reasons why they
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have become the preferred type of filter nowadays. As mentioned in Sections 5.3.2–

5.3.3, continuous and countercurrent continuous bleaching systems require the use

of two or more filters. One filter will always be in service with the remaining in

cleaning or standby modes. For those plants with a batch or semicontinuous process

that frequently changes the feedstock, the use of leaf or tube type filters is not

recommended. In this case, a modern filter press should be considered despite its

higher price.

Once the filter cake on the filter leaf reaches design thickness (18–22 mm), the

filter tank is emptied and the residual oil is removed by blowing with dry steam or

air (or air/inert gas). Recommended conditions and expected results for cake blow-

down are given in Table 14.

Conventional filter systems are bound by one immutable constraint, namely, that

clay particles must be separated from the clay/oil slurry by passing through a pre-

coat of clay that is ‘‘tight’’ enough to retain all the suspended solids from the liquid

to be filtered, but still permeable enough to produce economical rates of oil produc-

tion. If particles become too small, they cause the filter rate to decrease so much

Figure 29. Vertical pressure leaf filter. (Courtesy LFC Lochem B.V.) (This figure is available in

full color at http://www.mrw.interscience.wiley.com/biofp.)

TABLE 14. Recommended Conditions for Filter Cake Blow Down (123).

Medium Time (min) Consumption Residual oil

Air 15–20 0.1–0.15-Nm3 air/m2 filter area/minute @ 2–3 bar 30–35%

Steam 10–20 0.5-kg dry steam (140–150�C)/kg dry clay @ 2–3 bar 22–25%
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that economical rates of oil production cannot be maintained. Transfeld (124) has

described a new kind of system that allows the use of fine-grained (<10 mm)

bleaching clay. The process, called ‘‘electrofiltration,’’ employs an electric field

to agglomerate superfine clay particles before their filtration on conventional filters.

Reductions in clay usage up to 40% are claimed for this process.

5.4.3. Press Bleach Effect Although there had long been a general awareness

in the industry that bleaching clay in the form of a filter cake seemed to impart

some additional bleaching to the oil (sometimes called ‘‘press bleach effect’’ or

‘‘packed bed bleaching’’), it was not until Henderson’s seminal paper and subse-

quent publication (7, 105) that the effect was systematically studied and explained.

To understand this effect, it is necessary to start with a general consideration of

adsorption theory as it applies to the bleaching process.

The adsorptive purification process obeys the Freundlich equation, which can be

expressed mathematically as

x=m ¼ Kcn; ½1

where x is the amount of pigment adsorbed, m is the amount of adsorbent, and c is

the amount of residual pigment still in solution (K and n are constants related to

adsorptive properties of the bleaching clay). Rewriting eq. 1:

K ¼ x=m

cn
: ½2

As n is a constant, we can see that the ratio x/m divided by cn must always yield the

constant, K. Assume some reasonable values for x,m,c, and n. According to Table 7,

a reasonable value for chlorophyll adsorption is 0.5 mmol/g or x ¼ 0:5 mmol,

m ¼ 1 g. Let us arbitrarily assume c ¼ 1:75 mmol, and to keep the math simple,

let us further assume n ¼ 1 (125). Then

K ¼ 0:5=1

1:751
¼ 0:2857: ½3

If we double the amount of absorbent (m ¼ 2 g), according to eq. 1, we would

expect the amount adsorbed to increase by some amount, x0 and the amount of resi-

dual pigment to decrease by the same amount. By substitution into eq. 3, it is then

an easy matter to solve for x0.

K ¼ ð0:5þ x0Þ=2

ð1:75� x0Þ1
¼ 0:2857:

or

x0 ¼ 0:318 mmol:
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Using this result, we can calculate what effect doubling the amount of clay has on

the amount of pigment adsorbed, and the amount of residual pigment left behind

(Table 15).

The press effect can be understood in terms of these data. In essence, what these

data show is that as the amount of clay relative to the amount of pigment is

increased, the amount of pigment adsorbed will increase. This is precisely what

happens in the filter as oil passes through the filter cake. Here, the amount of

clay relative to the amount of pigment is many times greater than when the clay

is initially added to the refined oil during bleaching. Under the rule of the Freundlich

equation, unused adsorptive capacity that is not available under dilute conditions

prevailing in the bleacher becomes available once the clay is concentrated in the

filter press.

In practical terms, the press bleach effect is extremely important in terms of

some of the more advanced processing schemes being practiced today. A variation

on the scheme shown in Figure 24 called ‘‘packed bed’’ continuous bleaching (123)

assumes the adsorptive capacity of bleaching clay in the filters is not completely

depleted when it has only been used once. By adding a third filter, the clay in

one filter can be used (in packed bed mode) to pre-bleach oil on its way to the blea-

cher while the remaining two filters are used as just described (i.e., one for filtering

the vacuum bleached oil and one in cleaning or standby mode). Such a system

allows for up to 10% reduction in clay usage.

By combining silica purification with packed bed bleaching, very efficient adsor-

bent utilization can be achieved. This approach, called the ‘‘Tri-Clear TriSyl’’ refin-

ing process by W.R. Grace (126) and the ‘‘Combi or Double bleach’’ by Extraction

DeSmet, employs the same basic principles as for packed bed bleaching. However,

before the oil passes through the clay layer on the filter, it is treated with silica, and

dried. A countercurrent bleaching process called ‘‘Öhmi bleach’’ (120) also takes

advantage of the press bleach effect; up to 40% reduction in overall clay consump-

tion is claimed for this process.

5.5. Spent Bleaching Earth

5.5.1. Oil Retention/Treatment and Recovery of Entrained Oil As discussed

above, the extent of oil retention by the spent bleaching earth (SBE) is mostly a

function of filtration equipment performance and the particular blow-down proce-

dure employed by the refiner. Certain properties of SBE (particularly, porosity, and

TABLE 15. Demonstration of Press Effect Using Freundlich Equation.

m (amount of bleaching clay)

1 g 2 g

x (amount pigment adsorbed) 0.5 mmol 0.818 mmol

c (amount of residual pigment) 1.75 mmol 1.432 mmol
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fineness of grind) can also influence oil retention to some extent. Typically, after

blow down, the refiner will be left with spent cake containing 25–35% retained

oil. If lucky enough to be part of a fully integrated facility (seed crushing and refin-

ing), incorporating the spent cake into the seed meal is a straightforward, cost-

effective solution. However, for refiners who do not have this option, disposal in

landfill is most common, albeit costly. Chung (127) recently analyzed the economy

of various disposal methods and found that incorporation of SBE into meal, or sale

into animal feed markets, were better options than either landfill or iso-propanol

extraction.

Various methods for extracting the spent bleaching earth to recover the adsorbed

oil have been evaluated. In all cases, the extracted earth from such processes con-

tains low enough levels of oil that spontaneous combustion is no longer an issue and

can be disposed of as a nonhazardous waste. Hexane extraction after steam strip-

ping yields extracted oil comparable in quality with crude oil (128, 129). Extraction

by boiling 40–50% SBE slurries in 1.5–3% sodium carbonate or sodium hydroxide

solutions yields low-quality oil suitable only for fatty acid production (128, 129).

The extracted bleaching earth contains less than 5% oil and, as mentioned above, is

suitable for disposal as a nonhazardous landfill or can be used as an ingredient in

cement plants. High-temperature water extraction (130) of a 40% SBE slurry in an

autoclave at 240�C for two hours directly generates fatty acids suitable for further

refining. In this case, the extracted earth contains only 0.5–1% oil.

Although there are no commercially viable methods for regenerating spent

bleaching earth at present, it is appropriate to mention here the work that has

been done in this area. Kalam and Joshi have reported on the high-temperature aqu-

eous regeneration (131) as well as high-temperature wet oxidative regeneration

(132) of SBE. In the former case, 5–10% slurries of hexane-extracted SBE were

heated in an autoclave at 235�C for three to six hours. The bleaching earth recov-

ered from this treatment possessed about 80% the activity of fresh earth. In the lat-

ter case, 5–10% slurries of hexane-extracted SBE were heated in an autoclave at

200�C for two hours while a 0.5-MPa oxygen partial pressure was maintained. In

this case, the recovered earth was reported to possess 100% the activity of fresh

bleaching earth. More recently, a multistep, patented process (133) employing

high-pressure aqueous extraction followed by oxidative treatment and acid-wash

regeneration that restores 98–100% of original bleaching activity has been reported.

The process was subsequently scaled up to the semiworks stage (134, 135), but

never fully commercialized. Waldmann and Eggers (136) have studied high-pres-

sure, supercritical CO2-extraction of spent bleaching clay using (liquid) carbon

dioxide. They found good quality oil could be recovered by this process, but that

the extracted clay only possesses about 50% as much activity as fresh bleaching

clay and still contained about 5% oil. The loss of activity was attributed to the

extremely tight binding of carotenoids in the pores of the bleaching clay; the

authors noted that total porosity in pores below 800 Å diameter was reduced 35–

50% for the extracted clay after bleaching. These carotenoids could not be removed

from the clay by using supercritical carbon dioxide extraction.
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5.5.2. Smoldering/Spontaneous Combustion As is well known, SBE satu-

rated with oil from the refining process is susceptible to rapid oxidation and, in

the extreme, may even spontaneously ignite (128, 129). A study examining the

key parameters involved in the process of spontaneous combustion of clay/oil

masses was published (137), which concluded that clay type, filter cake age and

temperature, oil retention, and moisture were the most significant variables. It

was determined that two separate and distinct exothermic steps are required if a

clay/oil mass is to undergo spontaneous combustion. Furthermore, if the tempera-

ture of the clay/oil mass is not too high to begin with, the second exotherm, which

leads to combustion, fails to occur.

For the refiner trying to mitigate the problem of spontaneous combustion, probably

the two most important parameters to control are as follows: (1) spent filter cake

temperature and (2) oil content. Although the actual temperature marking the onset

of second-stage charring will vary from plant to plant depending on type of oil and

clay activity, the most important point is that spontaneous combustion should not

occur if the spent filter cake temperature can be sufficiently lowered before expo-

sure to the atmosphere. Obviously, water addition is one way to lower temperature

and this approach is probably the simplest and most reliable method.

Combustibility is also influenced by the amount of oil present; the minimum

reaction temperature (i.e., the minimum temperature required to cause onset of

spontaneous combustion) is lowest in the region where the clay is saturated with

50–60% oil and rises (i.e., becomes less pyrophoric) as the oil content is further

reduced to 40% and then to 30%. What these data suggest is that spent clay should

be stripped of as much oil as possible before the resultant filter cakes are exposed to

the atmosphere. The incorporation of ethoxyquin (a well-known antioxidant used to

control spontaneous combustion in fish meal) into the clay/oil mass at the 100-ppm

level did reduce the tendency to undergo spontaneous combustion; however,

whether this approach is practical and how it could be accomplished in plant opera-

tions is an open question.

5.5.2.1. Uses and Methods of Disposal Concerning disposal, there are a number

of strategies for dealing with spent bleaching earth, as summarized below:

Disposal as Generated

� Direct disposal—landfill

� Direct disposal—farmland

� Blend with oil seed/re-extract oil

� Use as animal feed supplement

� Use as low-grade fuel for power/heat generation

Transformation

� Preparation of graphitic sorbents for waste organics

� Biogas generation) biofertilizer
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Which strategy any given plant might adopt will depend on a number of factors

related to the location and operations of the plant, local environmental regulations,

and economic considerations. For each of these strategies, there are limitations or

drawbacks that need to be considered. The following discussion summarizes the

various disposal strategies and indicates some of the known advantages as well

as disadvantages associated with each.

The most straightforward method of handling spent bleaching earth is simply to

have it hauled off for burial in local landfill sites. As just discussed, the oil saturated

bleaching earth does possess the potential for spontaneous combustion (128, 129,

137), so care must be taken to keep the spent clay in covered, fireproof dumpsters at

the plant site. Note that the addition of water to spent cake is very effective in redu-

cing the possibility of ignition, particularly if the water can be uniformly sprayed

onto the moving cake at some point before reaching the dumpster. Aside from the

safety issue, many localities are restricting the types of industrial wastes they will

accept and almost all are charging higher prices for dumping.

Direct disposal of spent bleaching earth on farmland is another option that has

been examined and found to work well. Studies (138) have shown that 60–90% of

the oil is decomposed during the course of a normal six-month growing season by

soil bacteria; this approach works best in warm climates on sandy soils where some

fertilizer has been added. Plants grown in soils treated with spent bleaching earth

were normal and may even have benefited from improvements in soil water reten-

tion caused by the spent clay addition.

Another approach for directly disposing spent bleaching earth is to blend it back

in with seed being processed through an oil extraction plant. However, if too much

is blended in, it can adversely affect the quality of the crude oil being extracted and

may cause the mineral limits of the seed meal to be exceeded (128, 129). Spent

bleaching clay can also be used as animal feed supplement (139, 140), particularly

in broiler feed diets. In pelletized form, the spent bleaching clay is noncombustible.

A final strategy for the direct disposal of SBE is to use it as a low-grade fuel for

power and heat generation. The heating value for soybean oil (141) is 39,500 kJ/kg

(16,987 BTU/lb.). Assuming 30–40% oil retention, it can be estimated that spent

bleaching earth should possess heating values of about 11,900 to 15,800 kJ/kg

(5100–6800 BTU/lb.). In comparison, the heating value of lignite falls in the range

14,650 to 19,300 kJ/kg (6300–8300 BTU/lb) (142). For boilers equipped to handle

high-ash fuels such as coal and lignite, the incorporation of relatively high percen-

tages of spent bleaching earth in the boiler feed should pose no problem.

Before concluding this subject, mention is made here of two more novel

approaches for using SBE. Pollard et al. (143) have reported that SBE can be

used to prepare a pseudo-graphitic char suitable as a low-cost replacement for acti-

vated carbon in the stabilization/solidification of industrial wastes. In their process,

they char 2:1 blends of SBE and ZnCl2 at 450�C/1 hour and then activate the mate-

rial at 600�C/1 hour. The resultant hybrid material is as effective as activated carbon

for fixing toxic organics and, because of its aluminosilicate framework, exhibits

additional pozzolanic activity in the cement-based stabilization/solidification reac-

tions in which these materials are used. Very recently (144), Bohling reported on
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the case for using SBE as an input in biogas generation plants. In this scheme, a

consortium of farmers (supplying liquid manure) and oil refining plants (supplying

SBE) would form a holding company, which would run the biogas generation plant.

Outputs would be electricity (from cogeneration) or natural gas and biofertilizer

derived from the fermentation of the manure/SBE mixture. According to the author,

such an operation should be profitable. The beauty of these approaches is that the

wastes are actually being converted into salable products.

5.6. Future Trends and Considerations

Taken from a global perspective, if the future for the fats and oils industry could

be summed up in a single word, that word would probably be health. At every turn,

be it the latest newspaper article on demonstrations against genetically modified

crops in Europe to the increasing number of health-related articles in our own soci-

ety’s journals, the growing focus on health is the beginning of a megatrend destined

to engage not only the full spectrum of this industry’s activities, but indeed the

world and all its peoples.

For our industry, it will mean processing in new ways to preserve the benefits of

natural antioxidants (145–147) and mitigate the deleterious health effects (148) of

lipid oxidation by the use of chelating agents (149), natural antioxidant/citric acid

blends (146), and/or other combinations. Over the past few years, there have been

numerous articles indicating the beneficial effects of phytosterols in lowering cho-

lesterol levels (150–152). Phospholipids in the diet are thought to lower cardiovas-

cular disease risk factors (153, 154). These are, of course, the very same compounds

removed by refining, bleaching, and deodorization steps. If their beneficial effects

are substantiated, there will be challenges and opportunities for those able to

enhance the presence of these compounds in the fats and oils we eat.

The whole subject of fatty acid composition as it relates to human health—

whether we have too much or not enough linolenic acid in our diet (155), too

much saturated fatty acids (156), or whether trans-fatty acids are really a major con-

cern—is an area guaranteed to receive heightened scrutiny and research. And as

already discussed, increasingly stringent demands will be made on our industry

to further reduce levels of exogenous contaminants like polyaromatic hydrocar-

bons, polychlorinated biphenyls, dioxins, mycotoxins, and pesticides in the fats

and oils we produce. These are difficult areas to work in; the chemistry is complex,

and understanding takes concerted, committed effort. It is, nonetheless, extremely

important that we be proactively engaged in this effort. In our absence, reasoned

debate backed by good science will be lacking; this will leave the regulatory cli-

mate to be set by others whose agendas and motives may be unintentionally biased

at best, or deliberately antagonistic at worst.

Wastes and their mitigation, already a major concern, will demand our increas-

ing attention. Although the initial impact of wastes falls on the environment, there

is growing awareness that human health and the quality of life are inexorably linked

to the environment. We must seek new and innovative answers to these challenges;

we must do it in a way to ensure we are part of the solution—and not part of the

problem.
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Deodorization

W. De Greyt and M. Kellens

De Smet Technologies & Services

Brussels, Belgium

1. INTRODUCTION

All crude oils and fats, obtained after rendering, crushing, or solvent extraction,

inevitably contain variable amounts of nonacylglycerol constituents such as free

fatty acids, sterols, tocopherols, hydrocarbons, pigments (gossypol, chlorophyls),

vitamins, contaminants (pesticides, polycyclic aromatic hydrocarbons, etc.), heavy

metals, glycolipids, protein fragments, as well as resinous and mucilaginous mate-

rials.

The objective of the refining process is to remove the unwanted constituents

from the oil with the least possible negative effect on triacylglycerols and minimal

loss of the desirable constituents. To be able to meet the ever-increasing quality

requirements (mainly regarding the nutritional quality) and to further reduce the

processing costs, equipment manufacturers are obliged to continuously improve

their technology. Industrial deodorization technology and operating conditions

have been adapted to meet the required organoleptic and nutritional quality stan-

dards.

Two major processing alternatives exist for the processing of edible oils and fats,

known as ‘‘chemical’’ and ‘‘physical’’ refining (Figure 1). As the term ‘‘refining’’ is

sometimes used for different processes and in a different context, it seems useful to

introduce some definitions for the terms used further in this chapter.

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
Edited by Fereidoon Shahidi. Copyright # 2005 John Wiley & Sons, Inc.
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Chemical refining: Sequence of process stages, which definitively includes alkali

refining (also referred to as caustic refining or neutralization) to remove most of

the FFA and, in most cases, also deodorization in the last stage.

Physical refining: Sequence of process stages that starts with a degumming process,

may include a bleaching stage, and definitively includes a steam-refining stage.

Deodorization: Vacuum-stripping process in which neutral oil is treated to remove

malodorous compounds to obtain fully refined oil.

Steam refining: Vacuum-stripping process in which acid oil is treated to remove

both free fatty acids and malodorous compounds to obtain fully refined oil.

In literature, the distinction between deodorization and steam refining is rarely

and certainly not consistently made. As the process is best known as deodorization,

it is used as general term in this chapter as well.

The physical refining route can offer important advantages to the refiner, includ-

ing a higher overall yield, the use of fewer chemicals (e.g., phosphoric acid, sulfuric

acid, or caustic soda) and, above all, a much lower effluent (byproduct) production.

This last advantage has become very important because of the increasingly stringent

limits on the quality and quantity of waste water discharged from the refineries.

Physical refining, however, is a delicate process that is less adapted than chemical

refining to crude oils of low quality. Most undesirable constituents are more easily

removed by an alkali treatment than by an advanced degumming.

Some oils, like cottonseed oil, cannot be physically refined, as it requires an

alkali treatment to remove the gossypol. For lauric oils and palm oil, on the other

hand, physical refining is preferred in terms of both operating cost and refining loss.

In the case of soybean and rapeseed oils, physical refining is suitable only for crude

oils of a high quality, i.e., with a low degree of oxidation and a sufficiently low

Crude Oil

Chemical re
fin

ing Physical refining

Degumming

Bleaching

Steam Refining-
Deodorisation

Degumming

Neutralisation

Bleaching

Deodorisation

Refined Oil

SOAPS

GUMS

FFA

SPLITTING

Figure 1. General overview of a physical and chemical refining line.
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phosphatide content after degumming (<15 ppm). If not, chemical refining will

yield better results.

Another important factor is the free fatty acid content of the crude oil. In general,

physical refining only becomes advantageous when the acidity of the crude oil is

sufficiently high. For relatively cheap oils, like soybean oil, the higher oil yield

with the physical refining is less important than the higher bleaching earth con-

sumption, making chemical refining more attractive. For other unsaturated oils

with a higher value, such as peanut oil and sunflower seed oil, physical refining

will be more attractive.

2. DEODORIZATION PRINCIPLE

Although the process is commonly named deodorization, it is actually a combina-

tion of three different effects on the oil: (1) stripping: Stripping of volatile compo-

nents (free fatty acids, odorous compounds, tocopherols, sterols, and contaminants

such as pesticides and light polycyclic aromatic hydrocarbons, etc.), (2) actual

deodorization: Removal of different off-flavors, and (3) temperature effect:

Thermal destruction of pigments and unwanted side reactions such as cis-trans-iso-

merization, polymerization, conjugation, and so on.

Optimal stripping parameters (temperature, time, operating pressure, and

amount of stripping gas) are governed by the properties of the ingoing product,

the specifications of the outgoing product, equipment limitations, and the need to

minimize costs. In Table 1, some typical deodorization conditions for edible oils are

given. As observed, steam refining applied during physical refining requires more

severe conditions than deodorization in case of chemical refining. This is mainly

because of the removal of FFA by distillation, which is more significant in physical

refining, as the initial FFA levels are considerably higher.

To obtain the required final FFA content of 0.03–0.05% by physical refining, it is

necessary to adjust the operating conditions. The easiest way is to increase the

TABLE 1. Typical Operating Conditions for Deodorization of Vegetable Oils.

Chemical

————————————————————— Physical

Conditions U.S. Europe Europe

Temperature (�C) 250–260 220–240 230–250

Pressure (mbar) 3–4 2–3 2

Sparge steam (%) 0.5–2(a) 0.5–1.5 1–2

Deodorization time (min) 20 –40 40–60 60–90

Final acidity (% FFA)  ����������������������0.03–0.05 �������������������������!
Trans fatty acids (%)  ���������������������� 0.5–1 �������������������������!
Tocopherol loss (%)(b) up to 60 max 25 max 25

aTo remove tocopherols, a higher amount of steam is required.
bFor example, for soybean oil in the United States, the minimum is 500 ppm; in Europe, it is 900 ppm.
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steam refining temperature. A high temperature is beneficial for a good stripping of

FFA and heat bleaching, but it also results in a higher trans-fatty acid content as

well as a higher loss of tocopherols. Alternatively, the deodorizer pressure can be

lowered or the amount of stripping steam increased, but this, in turn, raises the over-

all cost of production. Shortening the overall residence time can be considered for

heat sensitive oils (e.g., fish oils, cocoa butter, high PUFA oils, etc.). However,

experience has shown that certain reactions within the oil, unrelated to FFA

removal, are necessary to obtain a stable oil. These reactions, as well as heat

bleaching, are time-and temperature-dependent. To allow these reactions to occur,

commercial deodorizers have to provide a certain holding period at the deodoriza-

tion temperature.

Today, most deodorizers operate at a temperature between 230�C and 260�C, a

pressure of 3 mbar or lower, and with a stripping steam consumption of around

10 kg per ton of processed oil. All of these parameters have a direct impact on

the design of the vacuum unit. For a given amount of stripping steam, the volume

of the gas phase to be removed by the vacuum production unit increases consider-

ably when the system pressure is reduced (Table 2). The gas volume also increases

with increasing temperature, but the effect is less considerable. In a conventional

vacuum production unit with steam-jet ejectors (boosters), more motive steam

per kilogram stripping steam is therefore required to remove the gas phase

(Table 3). Consequently, steam refining is more expensive than deodorization.

TABLE 2. Effect of Pressure and Temperature on Sparge

Steam Volume.a

Pressure Volume in m3/kg Steam

(mbar) 230�C 240�C 250�C

4 581 592 604

3 774 790 805

2 1162 1185 1208

aVolume steam (m3/kg)¼ (4.6189 * (273.15þ X))/Y (from equation

PV¼ nRT), where X¼ Temperature (�C) and Y¼ Pressure (mbar).

TABLE 3. Effect of Deodorizer Pressure on Steam and Fuel Consumption.a

Pressure Stripping Steam Booster Steam Fuel

Booster Deodorizer (kg/ton oil) (kg/ton oil) (kg)

(Chemical refining)

2.5 3 mbar 10 45 4.23

(Physical refining) l
1.5 2 mbar 15 93 8.31

aConditions: Barometric condenser water inlet temperature: 24�C; outlet temperature: 30�C; assumed total

pressure drop of 0.5 mbar in fatty acid scrubber; assumed fuel consumption of 1 kg for each 13 kg of steam

produced.
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2.1. Theoretical Considerations of Stripping

2.1.1. Vapor Pressure The volatility of a given component is expressed by

its vapor pressure, which increases with increasing temperature (Figure 2). The

lower the vapor pressure, the lower the volatility and, thus, the more diffi-

cult to remove the component from the oil. For each specific component, the

vapor pressure-temperature relationship can be expressed by the Equation of

Antoine:

ln P0
i ¼ A� B

Tþ C
; ð1Þ

with P0
i -vapor pressure of a given component i, T-absolute temperature (K), and

A,B,C-chemical constants, typical for each component.

For fatty acids, the vapor pressure-temperature relationship can also be calcu-

lated according to the empirical formula of LEDERER (1):

ln P0
i ¼
�l0

R:T
þ 1:75 ln T� g

R
Tþ C; ð2Þ

with P0
i ¼ vapor pressure (mbar) of a given fatty acid i at a given absolute tempera-

ture T (K), l0 ¼ molar heat of vaporization at absolute zero (kJ/mol), R ¼ 8:314,

gas-constant (kJ/mol 
K), g¼ temperature coefficient of the difference between the

specific heat in the liquid and vapor phase (kJ/mol 
K), and C¼ so-called ‘‘conven-

tional chemical constant.’’

Free Fatty Acids

260ºC

Component   Mol. Weight Relat. volatility

Fatty acid 280  2.5

Squalene 411  5

Tocopherol 415  1

Sterol 410  0.6

Sterol ester 675 0.04
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Figure 2. Vapor pressure-temperature relationship for different components in edible oils.
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The values of l0, g, and C are available for different fatty acids (Table 4). These

constants allow one to calculate the vapor pressure or the boiling point of a fatty

acid over a given temperature interval.

2.1.2. Activity Coefficient a The efficient removal of volatile substances during

edible oil deodorization depends not only on their vapor pressure but also on their

concentration in the oil. The theoretical principle of the deodorization process has

already been described in many publications (2– 4). All calculations start from the

basic laws of Raoult and Dalton, which are valid for ideal mixtures. However, in

practice, the mixture of a fatty acid and a vegetable oil has a ‘‘nonideal’’ behavior.

Consequently, a so-called activity coefficient a was introduced and Raoult’s law

may be written as follows:

PL;i ¼ a 
 xi 
 P0
i ; ð3Þ

with PL,i¼ partial pressure of a given fatty acid in the liquid phase, a¼ activity

coefficient, xi¼molar fraction of the same fatty acid in the liquid phase, and

P0
i ¼ vapor pressure of the same fatty acid.

Activity coefficients were determined for solutions of stearic acid in peanut oil

(5). At low FFA concentration (<1%), positive deviations from theory resulting in

activity coefficients around 1.5 were observed. At FFA concentration > 30%, the

activity coefficients are close to one. This observation was explained by the pre-

sence of an association in the form of a fatty acid/triacylglycerol complex that is

in equilibrium with the free fatty acids and the triacylglycerol molecules. A low

fatty acid concentration favors this equilibrium to shift toward dissociation, which

means that higher vapor pressures are measured at lower fatty acid concentrations.

2.1.3. Vaporization Efficiency E According to Dalton’s law,

PV;i ¼ yi 
 Pt; ð4Þ

in this, PV,i¼ partial pressure of the volatile component in the gas phase, Pt¼ total

pressure of the gas phase, and yi¼molar fraction of the volatile component in the

gas phase.

TABLE 4. Values of l0, g, and C for Different Fatty Acids According to LEDERER (1).

Fatty Acid l0 g C

Caprylic acid 96240 0.1398 26.33

Lauric acid 98750 0.1461 26.54

Myristic acid 104480 0.1398 27.33

Palmitic acid 109050 0.1365 26.91

Stearic acid 114200 0.1315 27.00

Oleic acid 111600 0.1275 26.40

Erucic acid 122692 0.1105 26.67
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In the case of an ideal mixing between the stripping steam and the oil, PL,i¼ PV,i.

However, in practice, an ideal mixing cannot be achieved and therefore:

PV;i ¼ E 
 PL;i; ð5Þ

with E¼ vaporization efficiency.

The vaporization efficiency E has to be considered a measure of the complete-

ness with which the steam bubbles become saturated with volatile substances dur-

ing their passage through the oil (2).

Mathematically,

dPV;i

dt
¼ k 
 A
ðPL;i � PV;iÞ; ð6Þ

where, t¼ contact time between the steam bubble and the oil, A¼ surface area of

the steam bubble, and k¼ gas-diffusion coefficient.

From Equation 5 and integration of Equation 6, Equation 7 can be deduced:

A 
 k 
 t ¼ ln
PL;i

ðPL;i � PV;iÞ
¼ ln

1

ð1� EÞ ; ð7Þ

and as a consequence,

E ¼ 1� e�Akt: ð8Þ

From Equation 8, it can be derived that the vaporization efficiency increases with an

extension of the total surface area and with the time of contact between steam bub-

ble and oil. In practice, the vaporization efficiency can be influenced by the depth of

the oil layer and the steam injection geometry. The shallower the oil layer, the high-

er the risk that the steam leaves the oil surface without being saturated. At the other

extreme, for deep oil layers, the contact time is longer but then problems can occur

with the agitation, leading to an insufficient renewal of the upper oil layer and a

nonuniformly treated oil mass.

Lab-scale trials indicated that elimination of reflux and radiation losses com-

bined with an optimization of the steam distributor could reduce the necessary

steam consumption significantly (6). As a result, a final overall vaporization effi-

ciency of 0.93 could be achieved (7). Industrial deodorizers, however, have a lower

efficiency, as they usually operate under conditions that are less ideal than those of a

laboratory deodorizer.

2.1.4. Principles of Deodorization/Steam Refining The stripping medium

requirements during deodorization/steam refining are described by the following

mathematical equation:

S ¼ Pt

E 
 P0
i


 ln Va

V0

þ Pt

E 
 P0
i

� 1

� �
ðVa � V0Þ; ð9Þ
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where S¼ total moles of steam or any other stripping agent, Pt¼ total pressure of

the gas phase, Po
i ¼ vapor pressure of a given fatty acid i, E¼ vaporization effi-

ciency, Va¼ initial molar concentration of the volatile component in the oil, and

V0¼ final molar concentration of the volatile component in the oil.

When the initial FFA content is low, as in the case of a classical deodorization,

(Va�V0) becomes so small that Equation 9 can be simplified to:

S ¼ Pt

E 
 p0
i


 ln Va

V0

: ð10Þ

In case of steam refining, the partial pressure of the fatty acids must be taken into

account and omitting the term (Va�V0) would lead to a considerable overestima-

tion of the stripping medium requirements.

The simplified Equation 10 is also known as the ‘‘Bailey Equation.’’ It states that

the amount of steam required for deodorization or steam refining is directly propor-

tional to the amount of oil and the absolute pressure in the deodorizer and inversely

proportional to the vapor pressure of the pure volatile component at the process

temperature and the overall vaporization efficiency E.

The last factor in Equation 10 (ln Va/ V0) indicates that it is impossible to elim-

inate all volatile components from the oil, as this would require an infinite amount

of stripping medium. This factor also indicates that, e.g., halving the concentration

of a given volatile requires the same amount of stripping medium irrespective of its

absolute level.

2.2. Actual Deodorization

Another main objective of the deodorization process, besides FFA stripping, is the

removal of the odoriferous compounds. Different opinions exist about the time-

dependent character of this process.

It is important to make a distinction between odoriferous compounds already

present in the crude oil and odoriferous compounds formed by thermal degradation

of flavor precursors. Removal of the first group of compounds is similar to FFA

stripping and can be considered as nearly not time dependent (as in the ‘‘Bailey’’

equation). However, perfect deodorization is a more complex and longer process

than the stripping of volatile components. This difference is mainly because of

the presence of a wide range of ‘‘nonvolatile’’ flavor precursors. A certain deodor-

ization time is required to convert these compounds into more volatile off-flavors

that can be stripped from the oil. If this minimum time is not respected, some flavor

precursors will stay in the deodorized oil resulting in the development of off-flavors

during high-temperature usage (e.g., deep frying).

The higher the concentration of these thermally labile flavor precursors, the

longer the deodorization time to arrive at a stable fully refined oil. On the other

hand, oils with a very low content of such flavor precursors will need a much

shorter deodorization.
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2.3. Temperature Effect

Besides a bland odor and taste, (light) color is also a quality parameter for most

refined oils. In the chemical and physical refining process, the color components

can be removed during the bleaching process by adsorption onto a suitable bleach-

ing earth or by thermal degradation during deodorization. This latter phenomenon,

also known as ‘‘heat bleaching,’’ is well recognized but, at the same time, poorly

understood. From the few studies on heat bleaching, it can be concluded that it is a

purely time-temperature-dependent reaction, not affected by the deodorization pres-

sure (8).

Literature data on heat bleaching of palm oil indicate that the rate of carotene

breakdown doubles per 20�C increase in temperature (9). For illustration, heat

degradation of carotene takes a few hours at 210�C but only a few minutes at

270�C (10).

However, if the oil is not properly pretreated (too high residual phosphatides,

iron, other ‘‘impurities’’) or if traces of bleaching earth are still present, the oil

can become darker during deodorization. This phenomenon is also known as ‘‘color

fixation’’ because it is almost impossible to remove these color pigments once they

are formed.

Other undesired effects of high deodorization temperature (trans-fatty acid for-

mation, polymerization, etc.) will be discussed further in this chapter.

3. REFINED OIL QUALITY

The quality of a refined oil is usually evaluated by traditional quality parameters

such as a low residual FFA content, a high oxidative stability, a light color, and a

neutral odor and taste. In addition, high-quality food oils should contain low trans-

fatty acid (TFA) levels, high amounts of natural antioxidants and vitamins, low

levels of polymeric and oxidized triacylglycerols, and no contaminants (pesticides,

polycyclic aromatic hydrocarbons, dioxins and polychlorinated biphenyls, etc.)

(Tables 5 and 6).

3.1. Free Fatty Acids

The efficiency of deodorization/steam refining is usually quantified by the stripping

of free fatty acids (FFA). As a result of their relatively low volatility, an efficient

TABLE 5. Overview of the Different Minor Components in Food Oils and Fats.

Group Minor Components

Valuable minor components Tocopherols, sterols, squalene, oryzanol

Fat degradation products Trans-fatty acids, polymeric and oxidized

triacylglycerols, cyclic fatty acids

Contaminants Pesticides, polycyclic aromatic hydrocarbons,

polychlorinated biphenyls, dioxins, furans,. . . .
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FFA removal usually indicates good removal of other more volatile components.

Experience has shown that flavor and odor removal correlate well with the FFA

reduction. Nevertheless, some differences exist among different oils. Soybean oil,

for example, requires less steam than rapeseed oil (0.6–0.8% vs. 0.8–1.2%). This

difference is mainly because of the typical rapeseed odor, which is more difficult

to remove. In general, oils are easier to deodorize during chemical refining, not only

TABLE 6. Characteristics of Fully Refined Soft Oils and Hard Fats (Target Figures).

Vegetable Oils Rape/Soybean Corn/Sun Palm Lauric Oils

FFAa (%) max 0.05 0.05 0.05 0.05

Trans (%) max 1 0.5 0.5 /

Moisture (%) max 0.05 0.05 0.05 0.05

Impurities (%) max 0 0 0 0

POVb (meq O2/ kg) max 0.5 0.5 0.5 0.5

Phosphoros (ppm) max 1 1 1 1

Tocopherols (ppm) min 500/1000d 1000/750e / /

Total metal (ppm) max 0.1 0.1 0.1 0.1

PAHc (ppb) max 25 25 25 25

Color (51/4’’cell) max 1.5R-15Y 2.0R-20Y 2.5R-30Y 1.5R-15Y

Cold test (0�C) min 48h 48h / /

Smoke point (�C) min 220 220 220 /

aFFA¼ free fatty acids; bPOV¼ Peroxide value; cPAH¼ polycyclic-aromatic hydrocarbons; dtarget figure for

soybean oil; etarget figures valid for max. tocopherol retention.
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Figure 3. Effect of (a) temperature and (b) pressure on FFA removal during deodorization/

steam refining of soybean oil. Conditions (a) 3 mbar, 0.5% sparge steam/h, varying temperature;

(b) 230 �C, 0.5% sparge steam/h, varying pressure.

350 DEODORIZATION



because of the lower acidity before deodorization but also because a whole range of

polar minor components, oxidation products, and pigments has already been

removed during alkali refining.

For most oils, the targeted residual FFA content is 0.03–0.05%. Figure 3 shows

the effect of pressure and temperature on FFA stripping from C18-rich oils in a

cross-flow-type deodorizer. With packed columns, stripping steam consumption

is about 20–30% lower because of the countercurrent stripping effect.

3.2. Fat Isomerization and Degradation Products

3.2.1. Trans-Fatty Acids Trans-fatty acids (TFAs) are either monounsaturated

fatty acids or polyunsaturated fatty acids with one or more double bonds in the

trans-configuration. TFAs have a shape comparable with that of saturated fatty

acids. Consequently, they have a higher melting point than the corresponding

cis-isomers.

Reported activation energy values for the thermal cis-trans-isomerization of

linoleic and linolenic acid are rather low (178 kJ/mole vs. 144–148 kJ/mole, respec-

tively) (8). This is an indication that TFAs are relatively easily formed at elevated

deodorization temperature. Different studies show that the relative isomerization

rate can be expressed as follows: C18:3 (100)�C18:2 (10)�C18:1 (1) (11–13). Con-

sequently, oils with a high linolenic acid content, such as soybean and rapeseed oils,

are most sensitive to cis-trans-isomerization during deodorization.

Cis-trans-isomerization during deodorization is considered to be a first-order

reaction, requiring the presence of a methylene-interrupted diene and only influ-

enced by time and temperature. Generally, trans-formation is negligible below

220�C, whereas it becomes significant between 220�C and 240�C, and exponential

above 240�C (Figure 4).
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Figure 4. Effect of temperature and time on trans-isomerization of linolenic acid (C18:3) and

linoleic acid (C18:2) (10).
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Today, trans-fatty acid levels below 1% for rapeseed and soybean oils and below

0.5% for other liquid oils (e.g., sunflower seed oil and corn oil) are required.

3.2.2. Polymeric and Oxidized Triacylglycerols Other substances, such as

polymeric and oxidized triacylglycerols, are also formed during deodorization.

The increasing evidence that these compounds may be detrimental to health implies

that their presence needs to be restricted to the lowest possible levels (Table 7) (14).

Polymerization and, more specifically, dimerization may be of thermal or oxida-

tive origin. Contrary to cis-trans-isomerization, polymerization already takes place

during storage and crushing of the oilseeds and pretreatment of the crude oil.

Oxidized triacylglycerols act hereby as catalysts (15). The level of oxidized

triacylglycerols should, therefore, be kept to a minimum by limiting the oil-oxygen

contact as much as possible in the different refining stages.

3.3. Tocopherols and Sterols

3.3.1. Tocopherols Tocopherols are widely distributed in nearly all vegetable

oils but not in animal fats. Their basic structure consists of the hypothetic tocol

molecule, a chromanol structure with a farnesyl side chain, substituted by one,

two, or three methyl groups in the positions 5, 7, or 8. (Figure 5). A homologous
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Figure 5. Structure formula and nomenclature for the different tocopherols.

TABLE 7. Trans-Fatty Acid and Dimeric Triacylglycerols in Commer-

cial Fully Refined Vegetable Oil Samples (10).

Oil Type Trans-Fatty Acids (%) Dimeric Triacylglycerols (%)

Soybean oil 0.9–3.5 0.6–1.3

Sunflower seed oil 0.3–1.3 0.7–1.2

Rapeseed oil 0.9–1.5 1.2–1.5

Corn oil 0.6–4.1 1.0–1.5

Groundnut oil 0.1–0.3 0.5–1.3

Used Deep frying oil / > 10

352 DEODORIZATION



series of tocotrienols is also known (e.g., in palm oil), which differs only in the pre-

sence of three double bonds in the side chain (in positions 30-40, 70-80, and 110-120)
(Figure 5).

Tocopherols and tocotrienols are important compounds of the unsaponifiable

fraction of vegetable oils (Table 8). The tocopherol composition is specific for every

type of oil and is therefore sometimes used for their identification.

g-Tocopherol is the most abundant homologue in nearly all vegetable oils, with

relative percentages up to 65% in soybean oil and 80% in corn oil. The tocopherol

fraction of sunflower seed oil consists almost exclusively of a-tocopherol (96%).

The detection of d-tocopherol is usually an indication of the presence of soybean

oil, whereas b-tocopherol is rarely found in vegetable oils (Table 8).

Tocopherols are the most important natural antioxidants of a phenolic nature,

present in vegetable oils. Different studies have shown that the least substituted

isomers form stable radicals more easily and are thus the most potent antioxidants

(16, 17).

Recent research has shown unequivocally that tocopherols are always present in

vegetable oils in the free form and not as tocopheryl esters (18). From a biochem-

ical point of view, this could be expected because only tocopherols with a free (and

not esterified) hydroxyl group can act as an antioxidant.

Aside from their antioxidant activity, tocopherols also have an important Vita-

min E activity, generally expressed as:

Vitamin E ¼ a-tocoþ 0:25 b=g-tocoþ 0:01 d-toco: ð11Þ

Consequently, oils rich in a-tocopherol (sunflower seed, cottonseed oil) in particu-

lar have a high Vitamin E content.

During deodorization, some of the tocopherols are lost during stripping and

thermal and oxidative degradation. The major factors affecting stripping losses

TABLE 8. Tocopherol Content and Composition of Some Oils and Fats.

% of Total Tocopherols

Total Tocopherols ————————————————————————-

Oil (ppm) a-T b-T g-T d-T

Cocoa butter 275–290 6 — 91 3

Coconut1 30–80 7 — 29 —

Corn 900–1600 16 1 80 3

Cottonseed 250–900 54 — 46 —

Olive 45–215 93 — 7 —

Palm2 360–560 18 2 — 2

Peanut 250–500 56 1 42 1

Rapeseed 550–900 35 — 63 2

Soybean 900–1400 10 1 65 24

Sunflower 500–900 96 2 2 —

164% a-Tocotrienol.
233% a-Tocotrienol, 36% g-Tocotrienol, 9% d-Tocotrienol.
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are deodorization temperature, pressure, and stripping steam. In general, more toco-

pherols will be stripped from the oil with decreasing pressure and increasing sparge

steam and temperature. The specific effect of the different process parameters on

tocopherol retention during deodorization of soybean oil is shown in Figure 6

(12). The established mathematical models allow an accurate selection of the deo-

dorization parameters resulting in a controlled stripping of tocopherols and, hence,

the desired tocopherol level in the deodorized oil (12).

Tocopherol stripping or retention during deodorization is approached differently

in Europe and the United States. In the United States, most soft oils are chemically

refined and tocopherol stripping during deodorization is maximized. A level of

500 ppm for soybean oil, for example, is considered sufficient to protect the oil

from oxidation. The excess tocopherols are collected in the deodorizer distillate

(FAD), which is valorized as a high-value-added byproduct. Tocopherol levels in

the FAD may range from a few percent to up to 20%.

Especially for soybean oil deodorizer distillate, prices are primarily determined

by the tocopherol concentration: The higher the level, the higher the price per kilo-

gram of tocopherol.

In Europe, where physical refining is more widespread, tocopherol retention in

the refined oil is maximized. A good quality deodorized corn oil should have a toco-

pherol content of at least 800 ppm, and preferably 1000 ppm.

When drawing up the tocopherol balance during deodorization, it seems that a

certain amount is lost. Some factors that are involved in this tocopherol loss are

incomplete vapor condensation and thermal and oxidative degradation. Pure ther-

mal degradation depends on time and temperature and only becomes significant

at elevated temperatures (>260�C). Tocopherol degradation in vegetable oils

mainly occurs due to oxidation because of small, inevitable air leakages in indus-

trial deodorizers. It is generally accepted that tocopherols, while protecting the

oil, are first oxidized to quinones and tocopherol dimers (16). More specifically,
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Figure 6. Relative total tocopherol retention during the deodorization of soybean oil (10).
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4a, 5-epoxy-a-tocopherolquinone, 7,8-epoxy-a-tocopherolquinone, and a-tocopherol

quinone were identified as the most important oxidation products (18).

3.3.2. Sterols Sterols are quantitatively the most important components of the

unsaponifiable fraction of vegetable oils and animal fats (Figure 7).

Animal fats, such as milkfat, tallow, and fish oils, are characterized by the exclu-

sive presence of cholesterol, whereas the sterol fraction in vegetable oils consist of a

wide group of compounds also known as phytosterols.

The majority of the crude oils contain 1000–5000 ppm sterols. Exceptions are

corn and rice bran oil that may contain up to 1–2% of phytosterols (Table 9).

b-Sitosterol is quantitatively the most important phytosterol, followed by cam-

pesterol and stigmasterol. Other phytosterols, like �5-avenasterol, �7-avenasterol,

�7-stigmasterol, and brassicasterol, are only present in minor concentrations or in

specific oils (e.g., brassicasterol in rapeseed oil).

Contrary to tocopherols, sterols can be partially present in the esterified form.

Esterified phytosterols are a heterogenous group of components in which the

R

HO

C2H5

HO

R = H, Cholesterol
R = CH3, Campesterol
R = C2H5, Sitosterol

Stigmasterol

Figure 7. Overview of the most common phytosterols.

TABLE 9. Sterol Content and Composition of Some Oils and Fats.

Sterol Composition (%)

Total Sterols ———————————————————————————

Oil or Fat (ppm) Campesterol Stigmasterol b-Sitosterol Other

Soybean 2000–4000 15–21 10–24 57–72 —

Palm 2000–2500 25 14 65 —

Sunflower 2500–4500 7–12 8–12 62–75 —

Rapeseed 900–1000 30–33 <1 50–55 12–14a

Cottonseed 2700–5500 6–14 3–6 75–90 2–5b

Coconut 500–1000 6–9 18–19 69–75 13–25b

Rice Bran 10000 20–28 8–15 49–54 5–11b

Corn 8000–20000 18–24 4–8 55–67 4–8b

Olive 100 <1 <1 75–80 4–14b

abrassicasterol; b�-5 avenasterol.
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3-hydroxyl group of the phytosterol part is esterified to a fatty acid or a phenolic

acid. The relative proportion of free and esterified phytosterols varies widely among

different oils. Analyses of more than 90 crude and refined vegetable oils resulted in

an average esterified/free sterol ratio of 3/5 (19).

Free sterols are slightly less volatile than tocopherols (Figure 2). Deodorization

of soybean oil under varying process conditions (temperature: 220–260�C, low

pressure: 1.5 mbar and 1.5% steam) resulted in a 10–35% reduction of the total

sterol content (20). This sterol reduction is totally attributed to the free sterol

fraction because esterified sterols are not volatile under the conditions prevailing

inside the deodorizer. In case of steam refining, an increase of the steryl ester con-

tent can sometimes be observed, probably because of a heat-promoted esterification

reaction between free sterols and fatty acids (20). This phenomenon will not take

place during deodorization of chemically neutralized oil because the initial FFA

concentration is much lower in that case.

Although severe process conditions are required (low pressure: 1–2 mbar; high

temperature: up to 250�C), steam refining is the most suitable and economical pro-

cess to lower the cholesterol content of animal fats (e.g., milkfat and tallow).

The positive nutritional aspects of phytosterols have recently gained much inter-

est, especially after the succesful commercial introduction of margarines and

spreads enriched in phytosterols and phytostanols. Phytosterols can be isolated

from deodorizer distillates through a whole series of purification processes.

Depending on the type of oil, the refining technique applied (chemical vs. physical

refining), deodorization conditions, and the design of the vapor scrubber, the sterol

concentration (including sterol esters) in the deodorizer distillate can vary between

5% and 25%.

3.4. Contaminants

Most, if not all, crude food oils contain some contaminants. The most hazardous

contaminants in edible oils and fats are the so-called ‘‘persistent organic pollu-

tants’’ (POP). In 1995, the United Nations urged for immediate action on a group

of 12 POP, including 8 chlorinated pesticides, polychlorinated biphenyl (PCB),

hexachlorobenzene (HCB), polychlorinated dibenzo-p-dioxin (PCDD), and poly-

chlorinated dibenzofuran (PCDF). Polycyclic aromatic hydrocarbons (PAH) are

not on the shortlist, but their presence in edible oils is also a matter of concern.

Contaminants need to be removed during the refining process in order to achieve

residual levels that are as low as reasonably achievable (ALARA-concept). In prac-

tice, this can be achieved by selective adsorption onto a suitable adsorbens or dur-

ing the deodorization process.

3.4.1. Pesticides Many studies have been published regarding the removal of

pesticides from oils and fats (21–23). All concluded that organo-chlorine and orga-

no-phosphorus pesticides are fully removed during deodorization, provided that the

process temperature is high enough (>230�C) and the applied pressure sufficiently

low (<4 mbar). As a result of their relatively high volatility, most pesticides are
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removed by stripping. Some pesticides like captan and dichlorvos are thermally

decomposed into more volatile products that are subsequently stripped from the

oil (23). When appropriate deodorization conditions are applied, the residual pesti-

cide content in refined food oils is generally below the limit of detection (10–

50 ppb) (21,22). Pesticides can present a problem in so-called ‘‘mild-refined’’

oils that are usually deodorized at a lower temperature (<220�C). Unfortunately,

‘‘mild’’ deodorization will not always guarantee a complete removal of pesticides.

3.4.2. Polycyclic Aromatic Hydrocarbons Only the light polycyclic aromatic

hydrocarbons (PAH) with four or less benzene rings in their chemical structure

(e.g., anthracene, chrysene, etc.) are volatile enough to be removed during deodo-

rization. Commonly applied deodorization conditions for coconut oil (210–235�C)

are sufficient to strip light PAH and reduce the concentration to below 20–25 ppb, a

maximum level that is frequently set in refined oil specifications. However, litera-

ture data show that light PAH can still be present in significantly higher amounts in

refined coconut oil (25). Problems seem to be mainly related to crude coconut oil

from Southeast Asia, which are heavily contaminated with PAH during the ‘‘smoke

drying’’ of the copra. Analyses of the PAH levels in ten different refined coconut oil

samples of Southeast Asian origin showed ‘‘light’’ PAH levels ranging from 220 to

420 ppb, with a mean residual contamination of 337 ppb (25).

3.4.3. Polychlorinated Biphenyls and Dioxins ‘‘Dioxin’’ is the systematic

name for organic compounds consisting of two benzene rings linked by two oxygen

atoms and with at least one chlorine atom. The 2,3,7,8-tetrachloordibenzo-p-

dioxins (2,3,7,8-TCDD) are the most important isomers. Dioxins are often linked

to the group of the polychlorinated dibenzofurans, which have similar physical,

chemical, and biological properties (Figure 8).
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REFINED OIL QUALITY 357



Polychlorinated biphenyls (PCBs) are a group of 209 discrete synthetic chemical

compounds, called congeners, in which one to ten chlorine atoms are attached to a

biphenyl. The empirical formula for PCB is thus C12H10-nCln, where n is one to ten.

The 209 congeners are systematically numbered from one to 209.

The toxic potential of pure dioxins and PCBs is indicated in toxic equivalence

factors (TEF) giving the relative toxicity of the relevant dioxin or PCB relative to

the toxic effect of 2,3,7,8-TCDD. TEF for different dioxins and furans vary from

0.01 to 1, whereas TEF for the different PCB congeners is much lower (0.0001–

0.01) (26, 27). (Figure 8).

Toxic equivalencies (TEQ) are calculated by multiplying the TEF by the concen-

tration of each of the different congeners present in a sample and adding them up.

The TEQ represents the relative toxicity of a dioxin/PCB mixture in terms of the

toxic effect of 2,3,7,8-TCDD.

Food contamination with dioxins and PCB seems to be comparable in terms of

TEQ and is usually below 5 ppt-TEQ (¼ 5 picogram-TEQ/g fat) (26, 27). A higher

degree of contamination (>10 ppt-TEQ) is commonly detected in fish and fish

products.

The vapor pressure of PCB can vary within a wide range. The more volatile

PCBs have a vapor pressure around 40–75 mbar, which is similar to the vapor pres-

sure of some organo-chlorine pesticides. Our own lab deodorization trials showed

that PCBs and dioxins can be stripped from fish oil without degradation of the o-3

fatty acids (eicosapentaenoic acid, EPA, and docosahexaenoic acid, DHA) provided

that the deodorization pressure is very low (>2 mbar) (Table 10). Other studies

showed that deodorization at 230�C and 5 mbar was insufficient to remove a

PCB heat-transfer agent from contaminated rice bran oil (28).

3.5. Deodorizer Distillate

Volatile components removed during deodorization are collected in the deodorizer

distillate. The overall composition of the deodorizer distillate depends on the

TABLE 10. PCB and Dioxin Stripping from Fish Oil.

Fish Oil

————————————–

Crude Deodorizeda

Dioxins (pptb) 5.3 1.8

Non-ortho PCB (pptb) 17.9 5.5

Mono-ortho PCB (pptb) 7.2 1.3

Free fatty acids (%) 0.66 0.11

EPAc (%) 8.7 8.6

DHAd (%) 12.7 12.6

aLab deodorization: 190�C-1 mbar-2% steam; bWHO-TEQ ppt;
cEicosapentenoic acid; dDocosahexenoic acid.
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TABLE 11. Detailed Composition of Deodorizer Distillate Obtained During Chemical or Physical Refining of Different Soft Oils [Concentrations

Expressed as % (w/w)].

Soybean Corn Sunflower Seed Rapeseed

————————————————————————————————————————————————————————

Chemical Physical Physical Chemical Physical Chemical

Squalene 1.3–2.1 0.6 0.2–1.0 0.7 1.0 0.1–0.4

d-Tocopherol 4.4–5.6 2.0 0.1 n.d. n.d. 0.2–0.3

b-Tocopherol 0.4–0.5 n.d. 0.1 n.d. n.d. 0.1–0.2

g-Tocopherol 10.7–11.3 5.0 1.1–2.8 0.3 0.1 2.3–2.5

a-Tocopherol 0.8 0.5 0.2–0.4 4.8 1.2 0.9–1.4

Total tocopherols 16.3–18.2 7.5 1.5–3.4 5.1 1.3 3.5–4.4

Brassicasterol n.d.3 n.d. n.d. n.d. n.d. 1.6–2.8

Campesterol 5.1–5.7 1.9 0.8–1.7 1.6 0.5 2.9–4.4

Stigmasterol 4.1–4.8 1.4 0.2–0.4 2.0 0.6 n.d.

b-Sitosterol 7.9–8.3 3.0 1.7–3.4 8.6 2.6 4.1–6.2

Other sterols1 n.d. n.d. n.d. 1.7 0.6 n.d.

Steryl esters 2.3–2.6 4.5 0.6 0.3 0.1 1.4–5.3

Total sterols2 19.4–21.4 10.8 3.3–6.1 14.2 4.4 10.0–18.7

Monoacylglycerols 1.2–1.9 1.9 0.1 0.9 n.d. 1.4–2.1

Diacylglycerols 2.7–3.8 8.1 0.5–1.3 1.9 0.7 3.8–3.9

Triacylglycerols 5.1–5.9 3.8 0.1–0.8 2.6 2.7 3.0–7.5

FFA (as C18:1) 33 73.8 77–81 39.2 70.8 39–42

1Sum of �5-avenasterol; �7-avenasterol and �5-stigmasterol.
2Sum of free and esterified sterols.
3Not detectable.



processed oil characteristics, the applied refining mode (chemical or physical

refining), the operating conditions during deodorization, and the design of the

scrubber. Aside from desired components (fatty acids, tocopherols, sterols, etc.),

volatile contaminants (pesticides, light PAH, etc.) will also be concentrated in

the deodorizer distillate.

Deodorizer distillates from physical refining consist mainly of free fatty acids

(>80%) (Table 11) (29). This byproduct can have some value for use in feed pro-

ducts provided that it contains (very) low levels of contaminants. Where a higher

degree of contamination exists, it can only be sold as a source of technical-grade

fatty acids.

Deodorizer distillate flow in physical refining can be 5% or more of the oil flow

to the deodorizer, depending on the initial FFA content of the oil. Consequently, the

theoretical concentration factor of the volatile contaminants in the deodorizer dis-

tillate will be around 20. Knowing that the concentration of light PAH in crude

coconut oil can be high, levels of up to 10 ppm can be expected in coconut oil deo-

dorizer distillate (Table 12).

Deodorizer distillates obtained during the deodorization of chemical refined

soybean oil usually have a significantly higher added value as a result of the

high concentration of valuable minor components such as tocopherols and sterols

(Table 11). A complex downstream processing of these deodorizer distillates, con-

sisting of a combination of chemical and physical separation processes, finally

results in the production of purified tocopherols and sterols.

Deodorizer distillate flow is much lower in the case of chemical refining (0.2–

0.5% of the oil flow to the deodorizer). Consequently, contaminant concentration in

the distillate can theoretically become 200–500 times higher than in the crude oil.

For pesticides, the observed concentration factor is significantly lower, mainly

because of thermal decomposition of some pesticides and incomplete condensation

of volatile pesticides in the vapor scrubber. The limited amount of data available in

the literature, combined with our own research figures, indicate that pesticide con-

centration in soybean, sunflower seed, and rapeseed deodorizer distillate is usually

TABLE 12. Polycyclic Aromatic Hydrocarbon Content (PAH) of Refined

Coconut Oil and the Corresponding Deodorizer Distillate (Data in ppb).

Refined Deodorizer

PAH Coconut Oil Distillate

Naphtalene 3.3 1670

Phenantrene 62.9 10,968

Pyrene 48.5 8142

Benzo(b)fluoranthene 1.5 8.9

Dibenz(a,h)anthracene 0.1 0.5

Benzo(a)pyrene 0.7 1.3

Sum of light PAH 168.9 38,690

Sum of heavy PAH 3.8 21.3

Own research data; coconut oil from Southeast Asian origin.
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below 1 ppm. Only in very exceptional cases, when the degree of contamination in

the crude oil is unacceptably high (>1 ppm), the pesticide concentration in the cor-

responding deodorizer distillate can increase to 50 ppm.

Although contaminants can be removed from the deodorizer distillate during the

downstream processing, their presence is certainly unwanted and may affect the

commercial value of the distillate in a negative way. For this reason, edible oil refi-

ners are becoming more and more interested in (new) technologies that can either

remove the contaminants from the deodorizer distillate prior to sales or avoid their

presence in (part of) the distillate. The first option seems to be the most straightfor-

ward choice because known technology, either adsorption or stripping, can be used.

The overall volatility of the contaminants will be higher in the deodorizer distillate

as a result of the higher initial concentration (cfr. Law of Raoult). Therefore, con-

taminants can be removed to a certain extent from the deodorizer distillate by strip-

ping under appropriate processing conditions. Process technology and conditions

have to be optimized to maximize the amount of the low-contaminant distillate

stream. On the other hand, this process will always result in a certain contaminated

residue fraction that has to be considered as a waste stream with no value. Alterna-

tively, improved design of the scrubber (e.g., dual condensation) offers the possibi-

lity of collecting two different distillate fractions, one enriched in FFA and the other

in unsaponifiable components (sterols, tocopherols, etc.).

3.6. Oil Loss During Deodorization

Aside from volatile components (e.g., free fatty acids, secondary oxidation pro-

ducts, tocopherols, sterols, etc.), the deodorizer distillate also contains some neutral

oil (tri-, di-, and mono-acylglycerols). With the exception of the more volatile

monoacylglycerols, this neutral oil is present mainly as a result of mechanical

entrainment by the stripping steam and is therefore considered as a direct refining

loss.

Neutral oil loss (NOL) mainly depends on the deodorization conditions. In gene-

ral, NOL increases with higher deodorization temperature, lower pressure, and a

larger amount of stripping steam. At the same time, NOL during steam refining

is higher than during deodorization. This is because mechanical entrainment causes

NOL to be proportional to the distillate flow or the amount of stripping steam,

which are both higher in the case of steam refining.

Improvement of the deodorizer design by the installation of baffles and demis-

ters in the vapor chimneys has significantly reduced entrainment losses to 0.1–0.2%

in chemical refining. For steam refining, an additional loss directly proportional

to the FFA content has to be taken into account. For most oils (soybean oil,

palm oil, etc.), NOL is exclusively due to mechanical carry-over. However, in lauric

oils, part of the NOL is a consequence of effective evaporation of volatile short-

chain mono- and diacylglycerols (30). (Table 13). This distillation loss of NOL

is inherently due to the deodorization conditions, but is not affected by the deodor-

izer design.
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Expected NOL can be estimated from the initial and final FFA content of the oil and

the FFA content of the deodorizer distillate (FAD) by the following formulas:

NOLð%Þ ¼ FAD flowð100-FFAFAD-UnsapsFADÞ=100; ð12Þ
FADð%Þ ¼ ðFFAOIL IN-FFAOIL OUTÞ=ðFFAFAD-FFAOIL OUTÞ100: ð13Þ

In practice, NOL can be slightly higher as a result of hydrolysis of the refined oil

during deodorization. Our own research showed that short-chain oils (e.g., coconut

oil) are more prone to hydrolysis than long-chain oils (e.g., soybean oil). Hydrolysis

during deodorization of coconut oil resulted in the production of 0.01– 0.03% addi-

tional FFA (30).

3.7. Handling and Storage of Deodorized Oil

Deodorized oils require particular handling and storage conditions to avoid oxida-

tion or other degradation reactions that may affect the quality. Flavor deterioration,

in particular, and color reversion, to a lesser extent, may occur if the oil is not pro-

perly protected. Saturation of the oil with nitrogen after deodorization and low-tem-

perature storage in stainless steel tanks protect the oil against oxidation when stored

in bulk for a longer time. Modern processing plants are usually equipped with an

inert gas blanketing system through the different refining stages. All parts in contact

TABLE 13. Melting and Boiling Points of Some Fatty Acids and Glyceridic Components.

Component Fatty Acid Monoacylglycerol Diacylglycerol Triacylglycerol

Chain Length Melting Point (�C)

C6 �3.4 19.4 / �25

C8 16.7 / / 8.3

C10 31.6 53 44.5 31.5

C12 44.2 63 57.8 46.4

C14 54.4 70.5 66.8 57.0

C16 62.9 77 76.3 63.5

C18 69.6 81.5 79.4 73.1

C18:1 16.3 35.2 21.5 5.5

Component Fatty Acid Monoacylglycerol Diacylglycerol Triacylglycerol

Chain Length Boiling Point (�C) at 1 mm Hg 0.05 mm Hg

C6 61.7 / / 135

C8 87.5 / / 179

C10 110.3 175 / 213

C12 130.2 186 / 244

C14 149.2 199 / 275

C16 167.4 211 / 298

C18 183.6 190a 313

C18:1 / 186a 308b

aAt 0.2 mm Hg; bolive oil.
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with the oil are made best of stainless steel (minimum SS 304) to avoid migration of

Fe ions into the oil. Furthermore, the storage temperature is best kept as low as pos-

sible as the autoxidation rate increases as the temperature rises. For example, the

rate of oxidation doubles with each 10�C increase in temperature.

It has become common practice to add a small amount of citric acid (20–50 ppm)

to the oil after deodorization, because it improves the flavor stability and, at the

same time, acts as a metal chelator. Some refiners even add natural antioxidants

(e.g., tocopherols), although it seems more logical to prevent the oil from losing

too many natural antioxidants during deodorization by using less-severe

conditions.

In a modern refining operation, end-product storage is minimized. Refined oil is

shipped in bulk or bottled as soon as possible. Furthermore, there is an increasing

tendency to integrate the refinery with the finishing lines in the crushing plant as

this strongly reduces intermediate and final oil storage. Despite careful measures

taken during bulk handlling and shipment to industrial customers, a large part of

the refined oil is redeodorized prior to its final use. This ‘‘brush’’ deodorization

serves to remove small amounts of off-flavors formed during transport and storage.

Redeodorization normally requires less-severe process conditions.

4. DEODORIZER TECHNOLOGY

Deodorization is a multi-step process comprising de-aeration, heating, deodoriza-

tion-deacidification, and cooling of the oil (Figure 9).

Figure 9. General overview of the different stages in deodorization.

DEODORIZER TECHNOLOGY 363



4.1. De-Aeration

As a first step, the oil is de-aerated prior to heating in order to avoid excessive oxi-

dation and, hence, risk of polymerization.

Information of solubility of gases in oils is rather limited. Vegetable oils readily

dissolve between 4% and 10% of their own volume of air and other gases at ambi-

ent temperature. All gases, with exception of carbon dioxide, increase in solubility

with increasing temperature. The relation between solubility (S) and temperature (t)

can be expressed by following linear equations (30):

For Nitrogen SðN2Þ ¼ ½0:0590þ 0:000400 � t� � 100; ð14Þ
For Oxygen SðO2Þ ¼ ½0:1157þ 0:000443 � t� � 100: ð15Þ

With S: Solubility, gas in oil (% v/v) at atmospheric pressure; t: Temperature (�C).

To achieve a proper de-aeration, the bleached oil is sprayed into a vessel under

reduced pressure, before entering the heating section. The lower the pressure

applied, the lower the residual oxygen level in the oil. Usually, the oil is heated

to at least 80�C and sprayed in a tank, which is kept at a pressure below 50 mbar.

Some refiners even use the low pressure of the deodorizer or add some sparge steam

in the spraying vessel to improve de-aeration.

4.2. Heating and Cooling

The subsequent heating of the oil is usually accomplished in two stages. In the first

stage, the incoming oil is heated countercurrently in an oil-oil heat exchanger

(economizer), with the finished oil leaving the deodorizer. Finally, the oil is heated

under reduced pressure to the final deodorization temperature with a high-temperature

source. Nowadays, nearly all deodorizers operate with high-pressure steam boilers

(Figure 10) (Table 14). Thermal oil heaters were quite commonly used in the past to

Figure 10. High-pressure steam boiler used in deodorization (Geka).
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heat edible oils, but, due to the potential risk of contamination, the use of thermal

heating fluids has mostly been abandoned. The use of diphenyl/diphenyloxide (e.g.,

Downtherm1 A from Dow Chemical Co.) is still allowed, but only in exceptional

cases and if no other alternative is available. In that case, a control and loss-detec-

tion system has to be installed and the deodorized oil needs a certificate of noncon-

tamination.

The net heating energy required for a deodorization system can be calculated as:

H ¼ ½O 
 c 
 ðT2 � T1Þ� 
 fL 
 fR; ð16Þ

where O is the amount of oil (kg), T1/T2 is the incoming and final temperature of

the oil (�C), c is the average specific heat capacity of vegetable oils (typically 2.2–

2.4 kJ/kg�C), fL is the heat loss factor from radiation (typically 1.05–1.15), and fR is

the heat recovery factor [1-(%heat recovery/100)].

In industrial practice, heat recovery has become an important factor because it

minimizes the cost of additional heating of the oil to the deodorization temperature.

In recent years, there has been a very fast evolution in the manufacture of heat

exchangers for heat recovery. Generally speaking, they can be divided into external

and internal heat exchangers (Figure 11).

External heat exchangers usually result in high recovery and provide easier

access for cleaning. On the other hand, internal heat exchangers allow energy

recovery under vacuum and ensure less cross-contamination and less risk of foul-

ing. The final choice for a heat-exchange system is based not only on its thermal

performance but also on other criteria such as easy maintenance, low risk of

fouling, low level of cross-contamination, and an acceptable installation cost com-

pared with the expected energy recovery.

Heat recovery can be achieved directly by exchange of heat between two oil

streams at different temperatures (e.g., bleached vs. deodorized oil), flowing in a

countercurrent direction through the exchangers, or indirectly by steam production.

TABLE 14. Correlation Among Steam Pressure, Temperature, Latent Heat, and Specific

Volume

Pressure Steam Temperature Latent Heat Specific Volume

(bar) (�C) (kJ/kg) (m3/kg)

1 99.6 2258 1.694

2 120.2 2202 0.8853

3 133.5 2163 0.6056

5 151.8 2108 0.3747

7 164.9 2065 0.2762

10 179.9 2014 0.1943

15 198.3 1945 0.1316

20 212.4 1889 0.09952

30 233.8 1794 0.06663

40 250.3 1713 0.04975

50 263.9 1640 0.03943
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Direct heat recovery is the most efficient, with up to 85% of the heat recoverable. It

is usually applied in continuous deodorizers, whereas the indirect heat recovery sys-

tem is used preferentially in semi-continuous deodorizers with frequent feedstock

changes. The efficiency of the indirect heat recovery depends largely on the type

and design of the system (Figure 12).

A special indirect heat-recovery device is the themosiphon system. The steam

produced in the oil cooling section is sent in a closed loop to the oil heating

section. The steam will condense there, and the water is returned to the cooling

section.

Final cooling of the oil is usually conducted under reduced pressure to prevent

the possible production of degradation byproducts. The necessity of conducting

cooling under vacuum while maintaining steam injection has always been a

matter of discussion. As a result of the technological complexity and for cost

reasons, cooling under vacuum is usually applied only in a large capacity deodor-

izer. Small capacity plants often make use of external oil–oil heat-exchanging

devices.

4.3. Steam Stripping

The necessary amount of stripping agent is directly proportional to its molecular

weight. Therefore, stripping agents with the lowest possible molecular weights

are selected. For economic reasons, steam is generally used, but the use of nitrogen

has been studied extensively. Nitrogen has the advantage of being an inert and

External heat
exchanger

Internal heat exchangers plate spiral

oil-oil heat exchanger

oil-steam heat exchanger

shell & tube

Figure 11. Examples of external and internal heat exchangers used in edible oil deodorization

(Alfa Laval, Ciat, De Smet).
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noncondensable gas. Theoretically, its use will result in lower loss (no hydrolysis)

and a more pure deodorizer distillate. Although it is possible to work with nitrogen

under the commonly applied process conditions, experiments have shown that

the profitability is very uncertain, depending on the existing installations in the

factory and the nitrogen supply (31, 33). Further studies have indicated that color,

residual FFA, oxidative stability, as well as the formation of trans-fatty acids and

the stripping of tocopherols are not affected by the nature of the stripping agent

(34, 35).

In any case, the stripping agent must be ‘‘dry’’ and free of oxygen. Superheating

will ensure that the stripping agent is ‘‘dry’’ and that no cooling of the oil occurs.

Apart from the stripping agent, different deodorizer designs attempt to provide

the best contact between the gas phase and the oil phase by creating a large contact

surface, together with an optimal sparge steam distribution. In this way, a maximum

vaporization efficiency can be reached.

Deodorization only occurs at the vapor-liquid contact zone where the lowest

operating pressure exists. It is therefore essential to expose all parts of the oil to

surface conditions. In most deodorizers, the stripping agent is introduced into the

oil through special sparge coils with very fine holes (with a diameter between 0.5

and 2.5 mm) or by steam lift pumps. However, the main function of steam lift

pumps is to improve agitation and enhance overall deodorization efficiency by

continuously refreshing the oil in the top layer (Figure 13). A minimum oil layer

height (more than 0.8 m) is required to allow good operation of a steam lift pump.

L.P. Steam
Heating

H.P. Steam
Heating

L.P. Steam
Generation

Double Thermosyphon
Heat Recovery 67%

Single Thermosyphon
Heat Recovery 45%

Water
Cooling

H.P. Steam
Heating

H.P.
Steam
Heating

L.P. Steam Generation &
Thermosyphon

Heat Recovery 75%

Figure 12. Indirect heat recovery systems used in semicontinuous deodorizers (thermosiphon

systems) (De Smet). LP: low-pressure steam ; HP: high-pressure steam.
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Another way to improve the stripping is to increase the contact surface between

steam and oil. In edible oil deodorization, this is accomplished in so-called packed

columns that can be filled with various types of surface-extending devices. Packed

columns have already been applied in edible oil deodorization for decades. A very

good contact between the vapor and the oil at low pressure is created by a conti-

nuous thin film of oil flowing over the packing material. Both random and

structured packings are used, but the structured packing is most preferred for its

lower pressure drop and higher vaporization efficiency. As a result of the fact

Figure 13. Sparge steam injection systems used in deodorizers (De Smet, Tirtiaux).

Figure 14. Principle of countercurrent and cross-flow stripping.
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that stripping steam is introduced into the column in a countercurrent way, packed

columns require less steam than tray deodorizers, which work according to the

cross- flow principle (4) (Figure 14). For chemically refined oils, for example, a

stripping steam consumption of 0.5–0.7% is reported as being sufficient for packed

columns, compared with 1.0–1.2% for tray deodorizers. However, modern tray deo-

dorizers today operate with even less steam, as low as 0.7–0.9%.

The stripping efficiency of a deodorizer can be improved either by incorporating

a packed column or by reducing the operating pressure of the deodorizer (Table 15).

The best solution, of course, is a combination of both, but this results in an expen-

sive deodorization technology.

A convenient way of controlling the stripping steam flow through the steam dis-

tributors is to maintain a fixed pressure upstream of an orifice plate of known size.

As the pressure always falls to a low value beyond the orifice, the flow of steam will

be proportional to the absolute pressure on the upstream side of the orifice and the

orifice surface (Table 16).

Orifice plates are usually on each steam sparge coil to allow an independent

adjustment and control of the steam flow rates. Steam from the main low-pressure

TABLE 15. Calculation of the Residual Free Fatty Acid Content in a C-18 Oil Under Ideal

Conditions (Efficiency E¼ 1).

Conditions Cross Flow Deodorizer Packed Column

Theoretical trays 5 5

Steam (kg/ton) 6 6

FFA-in (%) 0.3 0.3

Temperature 230 245 260 230 245 260

Pressure (mbar) 3 3–4

FFA-out (%) 0.14 0.08 0.032 0.09 0.023 0.003

———————————————

Pressure (mbar) 2

FFA-out (%) 0.097 0.043 0.014

———————————————

Pressure (mbar) 1.5

FFA-out (%) 0.07 0.026 0.008

TABLE 16. Steam Flow Rates for Orifices of Different Size at Different Steam Pressure.

Pressure (bar) 0.5 0.7 0.9 1.1 1.3 1.5 1.7 1.9

Orifice Size (mm) Steam Flow Rate (kg/hr)

1 0.15 0.21 0.27 0.33 0.39 0.45 0.51 0.67

1.5 0.34 0.48 0.61 0.75 0.88 1.02 1.16 1.29

2 0.61 0.86 1.09 1.33 1.37 1.82 2.06 2.30

2.5 0.95 1.32 1.70 2.08 2.46 2.84 3.21 3.59

3 1.36 1.90 2.45 2.99 3.54 4.08 4.62 5.17

4 2.42 3.38 4.35 5.31 6.28 7.25 8.21 9.18

5 2.78 5.29 6.80 8.31 9.82 11.5 12.8 14.3
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sparge steam line (3–5 bar) is distributed to different deodorizer compartments.

Before entering into the sparge steam coils, the steam pressure is reduced to the

required pressure by means of a pressure reducing valve. Usually, there is one pres-

sure reducer per compartment to allow different steam injection rates over different

deodorizer trays.

Aside from a higher stripping efficiency, a packed column is also characterized

by a very short holdup time. This may be sufficient for the stripping of certain

volatile components (e.g., FFA, tocopherols, etc.) but not enough for a complete

deodorization. Therefore, a holding vessel is usually placed after a packed column

to properly deodorize the oil. The steam introduced in the retention vessel can be

reused as stripping vapor for the packed column, which reduces overall steam con-

sumption. The reuse of this ‘‘dirty’’ steam, however, may have a negative effect on

the final oil quality.

4.4. Vapor-Scrubbing Systems

The volatile components, stripped during deodorization, are condensed and usually

recovered in a direct condenser or vapor scrubber (Figure 15).

The vapor from the deodorizer consists mainly of steam, volatile fatty

substances, and some noncondensables (e.g., air). The volatile substances are

condensed by creating an intimate contact between the vapor and the fatty acid

distillate circulating in the scrubber. This is done either by a series of sprayers

1

2

3

4

5

6

7

D

D

D

D

D

D

802

822 MS

823
814

841

881

816

P822P801

P808AG

881AG

DEODORIZED
OILFEEDSTOCK

W

W

FATTY ACIDS

DE SMET "MULTISTOCK" DEODORIZING

s

Cooling

Deodorizing

Heating

Deaerator Deodorizer Vapor scrubber Vacuum unit

M

M

Figure 15. Flowsheet of a stock change deodorizer (De Smet).

370 DEODORIZATION



mounted in the ducts or through a packed bed (random or structured packing) in the

scrubber vessel. The distillate is usually circulated at the lowest possible tempera-

ture (just above the melting point) to obtain the best possible condensation of the

fatty matter present in the vapor phase that leaves the deodorizer.

A demister is sometimes installed at the top of the scrubber ahead of the vacuum

unit, to reduce liquid carryover of small oil droplets, which would otherwise end up

in the water from the barometric condenser or in the condensate from the cold (or

dry) condensers.

Apart from efficient cooling of the vapor and condensing of the fatty matters, the

pressure drop in the scrubber should be kept as low as possible because it directly

affects the operating pressure of the main deodorizer. The pressure drop should be

below 1 mbar, and preferably below 0.5 mbar.

The conventional vapor-scrubber design results in one single deodorizer distil-

late. The main factors determining the overall composition of the distillate have

been discussed earlier in this chapter. Recently, improved scrubbers operating at

two different temperatures (so-called dual condensation principle) have been intro-

duced. Especially in case of physical refining, this design can result in higher value-

added distillates because it allows the collection of a first distillate enriched in FFA

and a second distillate with a higher concentration of unsaponifiable components

(sterols, tocopherols, etc.) (Table 17).

4.5. Vacuum Systems

4.5.1. Conventional Vacuum Systems The low absolute pressure required in a

deodorizer, usually between 2 and 4 mbar, is commonly generated by vacuum sys-

tems consisting of a combination of steam ejectors (boosters), vapor condensers,

and mechanical (liquid ring) vacuum pumps (Figure 16). Liquid ring pumps are

used in the final stage of the vacuum system to remove the noncondensable gases.

As a result of the large volume of vapor to be removed, motive steam consumption

in such steam ejectors is quite high and may account for up to 85% of the steam

consumed in a deodorizer.

A way to reduce motive steam consumption in a steam-ejector system with baro-

metric condensers is to lower the temperature of the water recirculating in the

TABLE 17. Composition of Deodorizer Distillates from Single- and Dual-Temperature

Condensation.

Dual-Temperature Condensation Single Temperature

———————————————————————

Distillate 1 Distillate 2 Condensation

——————————————————————————————————-

Vegetable Oil1 FFA (%) Tocos (%) FFA (%) Tocos (%) FFA (%) Tocos (%)

Soybean oil 84.0 1.10 62.0 7.4 76.0 3.5

Sunflower oil 86.0 0.65 61.0 5.3 77.0 2.4

Palm oil 93.0 0.25 40.0 1.7 84.5 0.8

1Initial FFA: � 1%.
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barometric condensers (Table 18). The benefit of the lower motive steam consump-

tion, however, must be weighed against the extra chilling capacity required and,

thus, the electrical energy needed to cool the barometric condenser water. Another

benefit from using a lower barometric condenser water temperature is a better con-

densation of volatile odoriferous material, which, in turn, reduces the odor emission

problem. Together with the condensed steam and highly volatile material, a small
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Figure 16. Vacuum steam ejector system with barometric condensers used in edible oil

deodorization (Körting).

TABLE 18. Effect of Barometric Condenser Water Temperature on Motive Steam

Consumption in Steam Ejector System.

Pressure kg Motive Steam per kg Strippng Steam

Booster Deodorizer 30�C (1) 10�C (2)

2.5 3 mbar 4.5 1.6

1.5 2 mbar 6.2 2.5

Note: (1) Barometric condenser water inlet temperature: 24�C; outlet temperature: 30�C.

(2) Barometric condenser water inlet temperature: 5�C; outlet temperature: 10�C.
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amount of fatty matter is usually found in the condenser water, �1% of the strip-

ping steam. This fatty matter may decant partially and separate from the water. The

waste water is usually sent to a water effluent treatment plant where it is mixed with

other effluent streams from the refinery.

4.5.2. Dry Condensing Systems Special vacuum production units have been

developed to obtain lower pressures and operating costs and, at the same time, to

reduce emissions by more efficient condensation of the volatiles. The dry conden-

sing system is becoming more and more standard in new refining plants. With this

system, the sparge steam is condensed on surface condensers working alternately at

a very low temperature (around �30�C). The remaining noncondensables are

removed either by mechanical pumps or roots blowers in series with a liquid

ring pump or by a vacuum steam-ejector system (booster). The dry condensing sys-

tem reduces the motive steam consumption but requires extra electrical energy.

As a result of the relatively high capital cost, the return on investment (ROI) for

a dry condensing system may take several years and depends largely on the ratio

between the cost of steam and electricity. In Europe, with higher fuel costs, the pro-

duction cost of steam is higher, which improves the ROI of a dry condensing system

compared with a classic vacuum system. As an additional benefit, much lower

waste water quantities are produced by dry condensing, which significantly reduces

the cost of effluent treatment, thereby also improving ROI.

The pressure in the deodorizer is always slighlty higher (0.5–1.5 mbar) than on

the suction side of the vacuum unit, because of pressure losses caused by the oil

demisters, the fatty matter scrubbers, and other equipment. Consequently, to reach

an effective deodorization pressure of 2 mbar, a pressure of not more than 1.5 mbar

at the suction side is required. To obtain an efficient steam sublimation at this low

pressure, special stripping steam condensers operating at extremely low tempera-

tures (�30�C) are required. (Table 19).

The commercially available dry condensing systems consist of two or more

freeze condensers with horizontally or vertically orientated straight tubes, a refrige-

ration plant for the generation of cold refrigerant, which is evaporated in the tubes,

and a vessel with relatively warm water for defrosting and cleaning of the tubes

after a certain period of freezing.

TABLE 19. Effect of Suction Pressure on Sublimation Point

of Stripping Steam.

Pressure at Condenser Side (mbar) Sublimation Point of Water (�C)

0.5 �27.3

1 �20.3

2 �12.9

3 �8.4

5 �2.4

10 7.0

20 17.5

30 24.1

DEODORIZER TECHNOLOGY 373



Dry condensing equipment can be equipped with either with horizontal or

vertical freeze condensers (Figures 17 and 18). Advantages of ‘‘horizontal’’ dry

condensing systems are the relatively simple and compact construction of the freeze

condensers. On the other hand, the mass of the refrigerant in the gravity system is

typically high.

Vapor (vacuum) 

Refrigerant (ammonia) 

Non-condensable gases 

Compressor 
Condenser 

Separator 

Melt vessel 

From distillate scrubber 

To de-aeration 

Condensate 
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Cooling water 

Freeze condenser 

Valve, closed 

Valve, open 

Figure 17. Schematic diagram of a dry condensing system with horizontal freeze condensers

(e.g., Niro-Gea, Körting).

Compressor 
Condenser Separator Cooling water 

Freeze condenser 

From distillate scrubber 

To de-aeration  Vapor (vacuum) 

Refrigerant (ammonia) 

Non-condensable gases 

Valve, closed 
Valve, open 

Melt vessel Condensate 

LP steam 

Figure 18. Schematic diagram of a dry condensing system with vertical freeze condensers

(e.g., Graham Corporation).
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Compared with horizontal systems, ‘‘vertical’’ freeze condensers have a more

efficient removal of ice and fatty matter from the tubes, which can drain freely

by gravity. A disadvantage of the vertical orientation is the static pressure of the

refrigerant column in the vertical tubes, which causes higher evaporating tempera-

tures at the bottom. In order to guarantee sufficient sublimation of sparge steam

over the entire height of the tubes, this evaporating temperature increase should

be compensated by a similar reduction of the refrigerant temperature in the separa-

tor, reducing the energy efficiency of the refrigeration plant.

The most essential feature of the recently developed SUBLIMAX system is the

vertical orientation of the freeze condensers, combined with individual refrigerant

injection at the top of the tubes to produce a falling film (Figure 19). This design

results in high-heat-transfer coefficients and constant evaporating temperatures

along the entire tube length.

Figure 19. Schematic diagram of the SUBLIMAX Dry Condensing system (De Smet-

Solutherm).
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5. COMMERCIAL DEODORIZER SYSTEMS

Deodorization can be performed in different ways (continuous, semicontinuous, or

batch). The selection of most appropriate deodorizer technology depends on many

factors, such as the number of feedstock changes, heat recovery, investment, and

operating costs.

5.1. Batch Deodorization

Batch deodorization is especially suitable for small capacities (<50 ton/day), irre-

gular production, or in processing small batches of different oils that demand mini-

mum cross-contamination. Batch deodorizers mainly consist of a single-shell

welded vertical cylindrical vessel (Figure 20). Their major advantages are very sim-

ple construction and low capital cost. Low capacities, high operating costs (high

steam consumption, very low heat recovery), and relatively long processing times

(sometimes up to 8 h) have made batch deodorization less attractive in today’s oil-

refining industry.

5.2. Semicontinuous Deodorization

Semicontinuous deodorizers are basically batch systems designed for larger capa-

cities. Their main application is in plants with frequent feedstock changes of oils

sensitive to cross contamination. In most designs, a batch of oil is transferred into
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Figure 20. Flowsheet of a batch deodorization process (De Smet).
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the system and then flows by gravity in a time sequence through a number of ver-

tically stacked compartments or trays (Figures 15 and 21).

The semicontinuous design allows a more efficient heat recovery than a

batch system. Heat recovery is perfomed by means of indirect economizers

(Figure 12). Steam produced in the bottom deodorized oil-cooling section is sent

in a closed thermosiphon loop to the top bleached oil-heating section to heat the

incoming oil. A single thermosiphon system has a recovery efficiency of � 50%.

With a double system, coupled with a low-pressure steam-production device, up

to 75% of heat can be recovered.

Today, even for small capacity plants (10–50 TPD), semicontinuous deodorizers

are clearly more suitable than conventional batch deodorizers. The shorter hold-up

time in a semicontinuous deodorizer is a good argument in its favor, even in cases

when small capacities with very frequent feedstock changes are required. Com-

pared with continuous systems, the main advantages of semicontinuous deodoriza-

tion are its shorter time for feedstock change as well as its much lower cross

contamination. Heat recovery is, however, less efficient than in continuous

operation.

5.3. Continuous Deodorization

Continuous deodorizers are generally preferred for high-capacity plants with few

stock changes. The main advantages are the moderate investment costs, the possi-

bility of high heat recovery and the easy maintenance.

Figure 21. Semicontinuous deodorizer for frequent stock changes (Multistock-De Smet).
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There are several configurations of continuous deodorizers: horizontal vessels,

vertical tray-type deodorizers, and packed columns.

Horizontal deodorizers consist of a series of horizontal single-shell cylindrical

vessels, with agitation steam injected by multiple pipe distributors running the

length of the vessel (e.g., Tirtiaux—Figure 22). Heating, deodorization, and heat

recovery are performed in separate horizontal vessels. The deodorization vessels

have an upper and lower deck with oil flowing from one side to the other in a shal-

low bed. Collection of the vapors from the different vessels is done in a separate

vertical manifold. Scrubbing is performed in a combined spray and packed-

tower-type fatty acid condenser.

Vertical tray-type deodorizers are probably the most commonly used type of

continuous deodorizers. Their design is based on a series of trays or compartments

stacked vertically in a cylindrical shell, with each tray designed for a specific task

(e.g., De Smet—Figure 23). All operations, heating, deodorization, and heat

Figure 22. Continuous multivessel horizontal deodorizer (Tirtiaux).

Figure 23. Continuous vertical deodorizer (Unistock-De Smet).
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recovery are combined in a single vessel. Steam is injected through multiple coils,

sometimes in combination with gas lift pumps to ensure perfect agitation. The oil

flows in a concentric path from the inner to the outer ring, ensuring a nearly perfect

plug flow. The vapors from the different compartments are collected in a central

chimney and sent to a separate vapor scrubber with sprayer system. In some cases,

an extra structured packing is installed in the scrubber to improve condensation and

to reduce fatty matter carryover to the barometric water-condenser system.

The single vessel concept allows easy installation and maintenance as well as

reducing the risk of air leakages.

Although not a real deodorizer, packed columns are also used in edible oil deo-

dorization. A packed column is basically a single-shell vertical vessel in which a

structured packing has been installed. Deaerated and fully heated oil flows over

the packing from the top to the bottom while stripping steam is injected counter-

currently (e.g., Alfa Laval—Figure 24). A structured-type packing with a surface of

� 250 m2/m3 is most commonly used. Packed columns typically have a packing

height of 2– 4 m and a capacity of � 10 ton/h 
m2 cross section at a pressure

drop of 0.2–0.5 mbar per meter packing.

Packed columns are often installed to increase the capacity of existing deodo-

rizers. Their main function is to reduce the vapor load of the deodorizer vessel

Figure 24. Packed column stripper (Soft Column–Alfa-Laval).
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by prestripping most of the volatile material. The deacidified oil is then sent to the

deodorizer for the final deodorization. In palm oil deodorization, for example, the

FFA level is first reduced from 3–5% to < 0.5 % in a packed column before the oil

enters the deodorizer vessel. In this way, the capacity of a deodorization plant can

be increased significantly.

The main advantages of the packed column are the higher stripping efficiency

and the short residence time (only a few minutes).

The higher stripping efficiency is important because it will result in a lower over-

all steam consumption to achieve a given final FFA content. However, part of this

advantage is lost because of the pressure drop over the structured packing.

The combination of high stripping efficiency and short residence time make

packed columns a suitable solution for the stripping of valuable minor components

(tocopherols, sterols, etc.) or contaminants (pesticides, light PAH, PCB, etc.) from

heat-sensitive oils. Stripping of these minor components in a classical tray-type

deodorizer usually requires a higher stripping-steam consumption and longer

residence time. The latter, in particular, is not desirable because it may

induce unwanted side reactions such as the formation of trans-fatty acids, degrada-

tion of polyunsaturated fatty acids (e.g., in fish oil) or a less favorable crystalliza-

tion (e.g., cocoa butter).

At the same time, however, the short residence time does not provide a great deal

of heat bleaching or effective deodorization. To overcome this, a holding vessel is

provided as part of the system, before or after the packed column.

Packed columns entail a higher risk of fouling due to the large oil-metal contact

surface. Consequently, more frequent cleaning is required to secure consistent oil

quality and, at the same time, prolong the lifetime of the structured packing. The

frequency of cleaning depends largely on the type of oil processed, the frequency of

plant shutdowns and feedstock changes, the purity of the feedstock, and the air

tightness of the deodorizer equipment.

Risk of fouling is highest during the start-up and shut-down of the plant. Packed

columns are therefore usually not recommended for semicontinuous plants.

Furthermore, packed columns running on physically refined oils require more fre-

quent cleaning (once every 6–10 months), and the structured packing needs to be

replaced more often (every 2–3 years) than when processing chemically refined oils

(cleaning once every year and a lifetime of 3– 4 years).

In recent years, new developments in deodorization technology were mainly

determined by the strong demand from edible oil refiners to reduce the capital

and operating cost of deodorizers and the increased importance of the nutritional

aspects of food oils and fats.

A fully modular single vessel (continuous) stand-alone deodorizer has been

designed that requires no building and miminum piping. In this way, the erection

costs can be significantly reduced. (Figure 25—Qualistock, De Smet). This concept

allows the integration of different processing options with specific functions to

improve the overall quality of the deodorized oil (deodorization at two different

temperatures: so-called dual-temperature concept, deep-or shallow-bed deodoriza-

tion, inclusion of a packed column section, etc.).
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5.4. Suppliers for Oil Deodorization Processes

In addition to equipment suppliers already mentioned in this chapter (Alfa-Laval,

De Smet, Tirtiaux), there are a number of other suppliers of commercial-deodorizer

systems for oils and fats (e.g., Andreotti, CMB, Crown, Kirchfeld, Krupp, Lipico,

Oiltek, etc.).

A detailed description of the features of every commercial deodorizer design

available today is beyond the scope of this chapter.

In addition to the deodorizer types described here, there are also other designs

including deodorizers custom designed for a specific company. Deodorizers are

usuallly purchased as a unit based on performance guarantees, utility requirements,

and quality of finished oil. Furthermore, the engineering competence and technical

support of the supplier, as well as the after-sales service and financial credibility, are

becoming more and more important factors in the final decision

6. FUTURE CHALLENGES

New developments in deodorization technology are driven mainly by the continu-

ous need for more efficient processes and increased attention to the nutritional qual-

ity of food oils and fats.

Profit margins in edible oil deodorization are low. In that respect, further reduc-

tion of the operating cost is a critical factor. New heat exchangers are being devel-

oped to improve heat recovery. More efficient sparge-steam-distributor systems

have been designed and, for some specific applications, packed columns have

been integrated to improve stripping efficiency and, hence, reduce sparging steam

consumption. Maximum valorization of the side streams (e.g., deodorizer distillate)

becomes more important, to improve the overall profitability of the refining process.

Figure 25. Modular single-vessel stand-alone deodorizer (Qualistock-De Smet).
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For this purpose, new types of scrubbers operating at two different temperatures

(‘‘dual condensation’’ concept) have been developed.

Optimizing deodorization technology and process conditions for the removal of

specific contaminants (pesticides, PAH, dioxins, PCB, mycotoxins,. . . .) and maxi-

mum retention of the natural characteristics will be an important challenge for the

future as well. In that respect, the development of new (dry condensing) vacuum

systems capable of reaching a very low operating pressure in the deodorizer

(1 mbar) is very important because it allows a reduction of the deodorization tempe-

rature without affecting the stripping efficiency in a negative way. Negative tem-

perature effects (geometrical cis-trans isomerization, positional isomerization,

and polymerization, etc.) can be minimized further by use of dual-temperature deo-

dorizers. These deodorizers operate at different temperatures to reach the best com-

promise between required residence time for deodorization (at a low temperature)

and heat bleaching and final stripping at a high temperature (for a short period).

Furthermore, the increasing pressure to limit environmental pollution from refi-

neries and crushing plants as much as possible makes further improvement of the

air-cleaning systems and effluent treatment plants necessary.

There remain some exciting challenges in the oil-refining industry for the future.

The introduction of new technologies (e.g., use of enzymes, ultrafiltration, etc.)

may require the development of specific refining and deodorization methods.
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Hydrogenation: Processing

Technologies

Walter E. Farr

Walter E. Farr & Associates

Olive Branch, Mississippi

1. INTRODUCTION

Hydrogenation is a means of converting liquid oils to semisolid plastic fats suitable

for margarine, shortening, heavy-duty frying fats, and other specialty products (1).

Liquid oils containing an undesirable component can be selectively hydrogenated

to modify the component, followed by a physical separation of the undesirable

component, as in the manufacture of lightly hydrogenated, winterized soybean

salad oil (2–4). Hydrogenation consists of direct addition of hydrogen at the double

bonds in the fatty acid chains of the triacylglycerol, or oils. For hydrogenation to

take place, gaseous hydrogen, liquid oil, and nickel catalyst are placed in a specially

designed reaction vessel under controlled temperature and pressure (5).

By definition, a catalyst is a substance or a compound that alters the speed of

a chemical reaction without becoming a part of the reaction. The catalyst is not

changed in composition or chemical structure. Nickel catalyst is the most common

catalyst currently used in the hydrogenation of fats and oils. Commercially avail-

able nickel catalyst contains 22–25% active catalyst supported by a totally saturated

or completely hydrogenated fat. Other catalyst supports include alumina,

kieselghur, silica, as well as proprietary supports (5). The oil, catalyst, and gaseous

hydrogen mixture is agitated to promote the introduction of hydrogen into the oil

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
Edited by Fereidoon Shahidi. Copyright # 2005 John Wiley & Sons, Inc.
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and to renew the oil continuously at the catalyst surface. The rate or speed at which

the reaction takes place and the type of product produced to give a particular solid

fat index (SFI) curve, iodine value, and melting point depends on the following

process variables: (1) starting temperature of the oil, (2) activity of the catalyst,

(3) concentration of the catalyst, (4) hydrogen uptake rate, (5) reaction temperature,

(6) oil quality, (7) hydrogen purity, and (8) degree of agitation. When the reaction

is complete and the end point is confirmed, the batch is cooled and filtered to

remove all the catalyst and other impurities. The oil may also be post bleached

with filter-aid and bleaching clay.

Although one may not need to be a chemist or chemical engineer to supervise

or operate the hydrogenation process, some knowledge of the chemistry of fats

and oils is helpful to explain the reaction process in the oxidation and hydrogena-

tion of oils.

The number of double bonds in a fatty ester radical significantly affects both

physical and chemical properties of the triacylglycerol. The highly unsaturated

(three double bonds) linolenic acid (18:3) is unstable to oxidation, and undesirable

odors and flavors can develop. The rate of oxidation 18:3 is 15-fold greater than that

of oleic acid (18:1).

If the linolenic ester is hydrogenated to linoleic (18:2), the relative oxidation rate

is ten-fold greater than that of 18:1. The oxidation rate of 18:1 is ten-fold greater

than that of stearic acid (18:0), and the oxidation potential is completely eliminated

if hydrogenation proceeds to 18:0 (totally saturated, or all double bonds removed).

The relative rates of 18:3 and 18:2 hydrogenation are, respectively, 40-fold and

20-fold greater than that of 18:1. As the degree of hydrogenation (or saturation)

increases, the melting point of the fat increases, as shown in Table 1.

A more stable soybean salad oil (more resistant to oxidation) is manufactured

by selectively hydrogenating the 18:3 ester content from 8% to less than 3%. To

maximize winterizing yields and winterizing performance, it is necessary to

minimize formation of 18:1 and 18:0 esters. Thus, preferential selectivity is needed

to ensure that most of the 18:3 is converted to 18:2, with little conversion of 18:2

to 18:1, and very little 18:1, converted to 18:0 (2).

Lightly hydrogenated, winterized soybean salad oil became popular in the

United States in the early 1960s (6), and all retail salad oil was of this type until

the mid-1980s, when a new Wesson Oil was introduced. This oil, processed by the

Wesson patented process, was stable and had a long shelf life without the need for

hydrogenation. All other manufacturers soon changed to RBD (refined, bleached,

deodorized) salad oil.

TABLE 1. Effect of Hydrogenation on Melting Point.

Ester Configuration Melting Point

Linolenic C18:3 Three double bonds �13�C (9�F)

Linoleic C18:2 Two double bonds �7�C (19�F)

Oleic C18:1 One double bond 16�C (61�F)

Stearic C18:0 No double bonds 70�C (158�F)
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The manufacture of lightly hydrogenated, winterized soybean oil led to the

new terms ‘‘selective hydrogenation’’ and ‘‘selectivity catalyst.’’ ‘‘Selective hydro-

genation’’ technically defines the preferential conversion of 18:3� 18:2 relative to

18:1 > 18:0. In practical terms, this process reflects the selective removal of double

bonds via hydrogen addition such that saturated fatty acid (stearic) formation is

minimized (7).

‘‘Catalyst selectivity’’ is somewhat meaningless unless the term is defined. There

also are selective catalysts that do not meet the technical or practical definition of

hydrogen selectivity. Such catalysts are sulfur-poisoned catalyst. Sulfided nickel

catalyst produces high trans-isomers, has lower activity than conventional nickel,

exhibits longer reaction times, and is used for specialty applications (e.g., coating

fats and hard butters).

Most unsaturated bonds in vegetable oils naturally occur in the cis-form. During

partial hydrogenation, part of the cis-isomers is changed to trans-isomers. Trans-

isomers have a dramatically higher melting point (42�C) as compared with cis-

isomers (6�C). The creation of trans-isomers is desirable in margarine oil in that

a higher melting point can be achieved without developing a higher level of nutri-

tionally undesirable saturated compounds. Altering hydrogenation conditions to

produce higher (or lower) trans-isomers is termed ‘‘trans-isomer selectivity.’’

Factors influencing cis-trans-isomerization are shown in Table 2.

A typical hydrogenation converter is shown in Figure 1. The converter is the

heart of the complete hydrogenation system. Proper design and maintenance of the

hydrogen gas distributor, the agitator, and the heating cooling coils are mandatory

for optimum productivity and consistency of basestocks produced. Most conver-

ters are 30,000-pound, 40,000-pound, or 60,000-pound batch sizes with some

now as large as 90,000 pounds. The common agitator design provides approxi-

mately 100 rpm, and radial flow impellers are used. The lower impeller is posi-

tioned slightly above the hydrogen gas distributor; therefore, the diameter of the

gas distributor and the tip-to-tip dimension of the lower impeller are critical.

Originally, the middle and top impellers were of the radial flow type also. Some

converters have now been operating for many years with an axial flow impeller

at the top position. Although the lower and middle radial flow impellers are ideally

suited for gas dispersion, the top impeller pumps the oil downward, and if posi-

tioned properly, hydrogen gas in the headspace re-enters the oil. This design has

enhanced the success of dead-end hydrogenation, dramatically reducing the amount

TABLE 2. Factors Influencing cis-trans-isomerization.

High trans Low trans

Temperature High Low

H2 pressure Low High

Catalyst dosage Low High

Agitation Slow Fast

Catalyst Ni-S Ni
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of purge or vent gas. These improvements are demonstrated in Figure 2. Other

special agitation and hydrogen distribution systems have been developed, such as

the Buss reactor, and the AGR (Advanced Gas Reactor), but these systems are

falling out of favor because the added maintenance offsets any advantages these

systems were supposed to provide.

Proper hydrogen gas distribution and agitator design is important. Stratification

of reacted and unreacted areas in the converter, as a result of improper agitation or

hydrogen distribution, will add to unpredictability in basestocks from batch to

batch. A complete semicontinuous hydrogenation plant is depicted in Figure 3.

The main features of this system are: (1) a preheating and measuring tank, (2) a

reactor or converter, (3) a drop tank, (4) a heat-recovery system, (5) steam genera-

tion via reactor cooling, and (6) single-step filtration.

Baffle

Turbine Agitator

Heating & 
Cooling Coil

Gas
Distributor

Hydrogenation Converter
Dead-End Design

Figure 1. Hydrogenation converter.
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By arranging all the vessels for gravity drop, very rapid turnover of batches in

the reactor results. In this manner, the reactor is used for reaction only; all heating,

cooling, and filtration is accomplished external to the reactor. For example, if the

average iodine value (IV) drop for all basestocks produced can be achieved in one

hour, then a single system can deliver 24 batches per day (a 24-hour period).

This system also demonstrates the latest technologies in heat recovery by

heat exchange of the hot oil in the drop tank with the incoming cold oil and by

steam generation for reactor cooling. The hydrogenation department becomes a

net exporter of steam, the ultimate form of energy conservation.

The system depicts improved reactor agitator design and improved automation.

The complete process is controlled by programmable logic controllers (PLCs),

giving precise in-point control that leads to extreme consistency from batch to

batch.

Figure 2. Improved hydrogenation design.
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2. IS THERE A FUTURE FOR HYDROGENATION?

There will always be a need for hydrogenated fats to provide functionality and

improved stability. Hydrogenation, as practiced today, is the only way to produce

commodity-priced, hardened oils. Any alternatives are going to have higher capital

and operating costs.

Although trans-fat in hydrogenated products is a consumer concern, the magni-

tude of consumer concern is unknown. If consumers believe that trans-fat is bad

for their health, then hydrogenation (increasing saturated fat) is bad also. Products

such as household shortening and heavy-duty frying fats are so high in saturated

fat that any concern about using these products will be based on concerns about

saturated fat as much as concerns about trans-fat.

In summary, there is a continued need for hydrogenation of many products, but

the volume of oils hydrogenated is certain to decrease, even with a population

increase. All consumers worldwide are going to develop more and more concern

for improving their health and longevity. Thus, the consumption of hydrogenated

oils, and oils naturally high in saturated fat, must decrease. The first step will be

the elimination of trans-fat in food products, because we now have the technology

to do that. Removal of trans-fat will allow us time to find ways to reduce saturated

fat, and remove hydrogenation from many products.

3. RESEARCH ON TRANS-REDUCTION BY HYDROGENATION

Over the past decade, trans-acid reduction via hydrogenation has been of interest

to catalyst producers (8) and research workers (9–11). An early study (13) clearly
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Figure 3. Semicontinuous hydrogenation processing plant.
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showed that, with other factors being equal, i.e., pressure, agitation, and catalyst

concentration, temperature has a marked effect on trans-acid formation in stirred

batch reactors. The lower the temperature, the lower the extent of trans-acid

formation. Although the reasons for this effect is not clearly understood, it would

appear that, once triacylglycerols are adsorbed onto the catalyst surface, lower tem-

perature favors saturation of double bonds rather than isomerization of cis-double

bonds to the trans-form. Bailey (13) stated that at higher temperatures, where

hydrogen lean conditions on the catalyst surface exist, more competition for the

more unsaturated triacylglycerol molecules occurs. However, at higher tempera-

tures, desorption with isomerization from cis- to trans-is more likely to occur

than at lower temperatures.

Trans-suppression in hydrogenated oils is the subject of a paper published

in 1995 in which conditions necessary for trans-acid reductions in soybean and

canola oils are reported (8). Trans-suppression in hydrogenated soybean oil was

observed at lower temperatures, higher pressures, and higher catalyst concentra-

tions compared with conditions where trans-acid formation was maximized. For

example, reactions carried out at a temperature of 204�C, a catalyst concentration

of 0.02% and 15 psi hydrogen pressure, normally used for selective hydrogena-

tion, produced a maximum trans-acid (44%) at an iodine value of about 70. By

comparison, reducing the temperature to 77�C and increasing the catalyst concen-

tration to 0.11% at a pressure of 250 psi resulted in a 50% reduction in trans-acids.

The author concluded that the rate of the reaction under conditions where trans-

acids are suppressed are sufficiently fast for large scale adaptation. However, our

results suggest that, at high pressures and at a temperature of 120�C with normal

catalysts concentrations, 0.02% nickel, the rate of hydrogenation is much slower

than normally observed (9).

Another approach to reducing trans-acids involves electrochemical hydrogena-

tion with a palladium catalyst in a solid-state electrolyte reactor (10) where about

50% reduction in trans-was observed compared with nickel at iodine values of

about 90.

4. THE TRANS-FAT ISSUE

Most unsaturated fatty acids in naturally occurring edible oils and fats contain

carbon chains with double bonds in the cis-configuration. The trans-geometric

isomers in unsaturated oils, and the fats produced from them, are a result of indus-

trial processing at elevated temperatures such as physical refining, deodorization,

and, particularly partial hydrogenation of the unsaturated oils. The amount of

trans-fatty acids (TFA) formed is influenced by the duration and the temperature

of processing and the initial degree of unsaturation. As a result of the presence

of double bonds, unsaturated oils are more chemically reactive than saturated

fats, and the reactivity increases with the number of double bonds. Thus, unsatu-

rated oils, and especially polyunsaturated oils, are extremely vulnerable to heat,

oxygen, and light. Consequently, they are not suitable for deep-frying and for the

preparation of foods that are stored, such as snack foods.
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When these oils are partially hydrogenated (i.e., when hydrogen atoms are

added to some of the unsaturated sites on the carbon chain in the presence of

heat and a metal catalyst), the number of double bonds is reduced. The melting

point and oxidative stability increase and the liquid oil is converted to a semisolid

or solid resistant to oxidation and rancidity. In addition, some of the double bonds

that are normally in the cis-configuration change into the trans-configuration.

The consumption of foods high in TFA has been shown to raise low-density

lipoprotein cholesterol (LDL or ‘‘bad’’ cholesterol), which increases the risk of

developing coronary heart disease (CHD). This prompted the Food and Drug

Administration (FDA) to require mandatory labeling of the trans-fat content in

foods. Food manufacturers have to comply by January 1, 2006. The FDA’s chemical

definition of TFA or trans-fats (TF) is ‘‘unsaturated fatty acids that contain one or

more isolated (i.e., nonconjugated) double bonds in the trans-configuration.’’

The one food product that may be influenced the most by trans-fat concerns is

margarine. Obviously, margarine must be a solid product, and this product cannot

be replaced by liquid oils with improved stability. The most probable replacement

for hydrogenation for margarine oils is interesterification. A chemical interesteri-

fication system is depicted in Figure 4. Although the chemical interesterification

process is over 50 years old, it is coming back into popularity to process low

trans-solid products.

A new technology, an alternative to chemical interesterification, namely enzy-

matic interesterification is emerging. The process was introduced in the United

States in 2003. This process is patented by Novozymes. Figure 5 depicts this

process in a simplified form.

Again, an interesterification system will have higher capital and operating costs,

and a lower productivity than the hydrogenation process. Will food processors pay

NaOH

Steam

Steam

Catalyst

Vacuum unit

Bleach earth

Bleach
filter

Bleacher Spent bleach earth

Cooling

To refining

Interesterified oil

Polling stear

Citric
acid

Dryer-
Reactor

Oil

Figure 4. The chemical interesterification process.
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the higher price for interesterified margarine oils? It remains to be seen, and again,

it will be driven by consumer concerns.

Another good alternative for making margarine oils will be by the use of high-

stearate (high stearic-acid) soybean oil (14, 15). High-stearate soybean oil is geneti-

cally altered to have a higher (approximately 22%) stearic acid content. With a

small amount (approximately 3%) of near-zero-IV soybean oil (zero trans-) added,

a good tub margarine can be made. To make a stick margarine, the high-stearate

soybean oil can be fractionated, with a high percentage of the stearine portion going

into the stick margarine formulation.

The author is developing (mid-2004) zero trans-, no hydrogenation, no inter-

esterification, no modification of any kind, tub and stick margarines. The formula

will include specially processed soybean oil, corn oil, cottonseed oil, or mid-oleic

sunflower seed oil, and double-fractionated palm oil, or double-fractionated cotton-

seed oil. The products are proprietary for now.

The leading manufacturer of prepared poultry products is changing (mid-2004)

to a blend of lightly hydrogenated soybean oil and corn or cottonseed oil. This

offers good fry-life while being zero trans-per serving size. The hydrogenated

soybean oil lowers the price of the blend as a result of the rising cost of the highly

stable liquid oils.

The genetically altered oils, 3% linolenic acid, and now 1% linolenic acid

soybean oil, may become popular as zero trans-frying fats, as the size of the crop

for these seeds advances. These oils would be zero trans- and no hydrogenation.

As touted by the ‘‘Better Bean Initiative,’’ the 3% linolenic variety could become

the mainstream variety, requiring no identity preservation. (Note: If 3% linolenic

acid soybean oil is lightly hydrogenated, less trans-would be produced because

of the lower initial linolenic acid content).

One must understand that the interesterification process, chemical or enzymatic,

is of no value in making heavy-duty frying fats. The high percentage of unsaturated

oil, even with interesterification and addition of near-zero IV fat to provide plasti-

city, is still unstable under heavy-stress frying conditions.

The most logical zero trans-frying fats are the naturally stable oils, such as

cottonseed oil, corn oil, peanut oil, and mid-oleic sunflower seed oil. The use of

these oils increased dramatically in 2003 and early 2004 for this purpose. Already

in limited supply, this heavy demand will dramatically increase the price of these oils.

Small Reactors
in series

Feed
Tank

Product
Tank

Figure 5. The enzymatic interesterification process.
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The leading manufacturer of household shortening (and frying fat) is intro-

ducing (mid-2004) a new formula made up of lightly hydrogenated soybean oil,

high palmitic refractioned cottonseed oil (45% palmitic), and a low percentage of

zero IV soybean or cottonseed oil (near-zero IV is zero trans-). This product

provides zero trans-per serving size of a food product, and no interesterification

is needed.

A new zero trans-, no hydrogenation, no modification of any kind, rich in

omega-3 fatty acids, RBD soybean oil frying fat has been developed (patented)

by Carolina Soy Products (Warsaw, North Carolina). Extensive fry tests prove

that this oil has a fry life equal to, and often better, than the heavy-duty hydro-

genated (high trans-) frying fats. The secret to this process is in the processing,

not modification. This soybean oil (regular variety) is extruded and expeller-

pressed, no solvents, no harsh chemicals, and is physically refined.

5. HYDROGEN SUPPLY FOR HYDROGENATION

For laboratory and pilot plant hydrogenation, high-pressure hydrogen gas cylinders

can be used. For large industrial hydrogenation systems, either liquid hydrogen is

Figure 6. Steam/Methane Reforming Plant HYDRO-CHEM Processing, Subsidiary of Linde

AG. (This figure is available in full color at http://www.mrw.interscience.wiley.com/biofp.)

394 HYDROGENATION: PROCESSING TECHNOLOGIES



stored on site, or there is an on-site hydrogen gas-generating plant. Justification on

using liquid hydrogen is dependent on the proximity of the liquid hydrogen

manufacturing facility, and on the contract the hydrogen manufacturer is willing

to negotiate. Often, particularly for a new plant, installation of an on-site hydrogen-

generating plant can be justified. A typical high-capacity hydrogen-generating plant

is shown in Figure 6.

Needless to say, there will continue to be a need for hydrogenation for some

products, certainly for coating fats, cocoa butter substitutes, cake icing, and cookies

and crackers. These products, often blended with sweeteners, will probably become

indulgence foods, to be used sparingly. The main fats and oils in the diet must be

low trans-, lower saturated fat, and with a minimization of hydrogenation. Although

offering challenges to the fats and oils manufacturer and food processor/food

service, these challenges should be welcomed and embraced to improve the health

of mankind.
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University of Alberta

Edmonton, Alberta, Canada

1. INTRODUCTION

Supercritical CO2 (SCCO2) technology has been widely investigated for the process-

ing of fats and oils because SCCO2 offers an environmentally friendly alternative

compared with the conventional processes involving organic solvents, resulting in

solvent-free extracts and residues obtained under moderate operating conditions.

The ability to modify solvent properties by changing operating conditions (tem-

perature and pressure) or by the addition of cosolvents makes the SCCO2 process

versatile, giving a unique advantage. This operational flexibility enables the proces-

sor to fine tune solvent properties for the specific separation problem at hand.

Health benefits of minor lipid components, such as tocopherols, sterols, and cer-

tain fatty acids (o-3 fatty acids [a-linolenic acid (ALA), eicosapentaenoic acid

(EPA), and docosahexaenoic acid (DHA)], g-linolenic acid, and conjugated linoleic

acid) have been widely investigated in recent years (1, 2). Increasing evidence of

health benefits of these lipid components coupled with changing consumer attitudes

(increased awareness of diet-health link and increased tendency to self-medicate),

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
Edited by Fereidoon Shahidi. Copyright # 2005 John Wiley & Sons, Inc.
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which is reflected in the considerable growth in the functional foods and nutraceu-

tical market (3) have led to the re-evaluation of conventional fats and oils proces-

sing for the recovery/concentration of these bioactive components. Supercritical

fluid (SCF) technology has been increasingly used for the processing of nutraceu-

ticals, including bioactive lipids, on a commercial level as it provides a solvent-free,

‘‘natural’’ product, which has a wide consumer appeal.

With such major developments in the field of SCF technology, the objective of

this chapter is to provide a critical overview of the solubility behavior of lipid com-

ponents in SCCO2, which is fundamental for optimal process design as well as the

unit operations of extraction, fractionation, and reactions using SCCO2 as applied

to fats and oils processing.

2. DEFINITION AND PROPERTIES OF SUPERCRITICAL FLUIDS

A fluid is in its ‘‘supercritical state’’ at temperatures and pressures higher than its

critical values (Figure 1). Critical temperatures and pressures (Tc and Pc, respec-

tively) of selected solvents are listed in Table 1. The critical point defines the high-

est pressure and temperature at which gas and liquid phases can coexist. As the

critical point is approached, the distinction between the gaseous and liquid phases

diminishes such that their properties are identical at the critical point.
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Figure 1. A typical phase diagram.
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Supercritical fluids are attractive solvents as they exhibit physicochemical prop-

erties intermediate between those of liquids and gases (Table 2). The density, thus

the solvating power, of a SCF approaches that of a liquid, whereas the diffusivity

and viscosity are intermediate between gas-like and liquid-like values, resulting in

faster mass transport capacity (5). As a result of the large compressibility near their

critical points, SCFs’ densities/solvent power can be varied by changing operating

conditions (temperature and pressure), resulting in operational flexibility, which can

be exploited to achieve the required separation.

Carbon dioxide is the solvent of choice for food applications. It is an inert, non-

toxic, nonflammable, environmentally friendly solvent with a moderate critical

temperature (31�C) and pressure (7.4 MPa), which is readily available in high pur-

ity and low cost (6).

3. HISTORIC DEVELOPMENT AND COMMERCIAL
APPLICATIONS

The discovery of the critical point of substances dates back to the 1820s when Cag-

niard de la Tour observed the disappearance of the gas-liquid meniscus at tempera-

tures higher than critical values under pressure (7). The solvent power of SCFs has

TABLE 1. Critical Points of Selected Solvents (4).

Solvent Tc (K) Pc (MPa)

Carbon Dioxide 304 7.38

Ethane 305 4.88

Ethylene 282 5.03

Propane 370 4.24

Propylene 365 4.62

Methanol 513 8.09

Acetone 508 4.70

Benzene 562 4.89

Toluene 592 4.11

Ammonia 406 11.3

Water 647 22.0

TABLE 2. Properties of Gases, Liquids, and Supercritical Fluids (5).

Density Viscosity Diffusivitya

(g/mL) (g/cm.s) (cm2/s)

Gas, 101.3 kPa, �15–30�C (0.6–2)�10�3 (1–3)�10�4 0.1–0.4

Supercritical fluid, Tc, Pc 0.2–0.5 (1–3)�10�4 0.7�10�3

�Tc, 4Pc 0.4–0.9 (3–9)�10�4 0.2�10�3

Liquid, �15–30�C 0.6–1.6 (0.2–3)�10�2 (0.2–2)�10�5

a Self-diffusion for gas and SCF, binary mixture for liquid.
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been reported as early as 1879 (8). Although potential applications of near-critical

fluids (SCFs and liquefied gases) had been proposed since the 1930s for various

extraction and separation processes, such as the separation of high-molecular-weight

mixtures (9), de-asphalting of petroleum (10), and purification of fatty oils (11), it

was the work of Zosel (12) at the Max-Planck Institute in Mannheim, Germany, that

brought this technology into commercial focus in the 1960s, which eventually led to

its commercialization for coffee decaffeination and hops extraction purposes in

Germany in the late 70s and early 80s.

Since then, a number of supercritical fluid extraction (SFE) plants have been

built around the world in varying sizes (ranging from 4 L to 6,500 L) for the pro-

cessing of natural products such as hops, tobacco, spices and herbs, aromas, and

nutraceuticals (13–17). In addition to extraction processes, applications of SCF

technology have widened in recent years to include fractionation, particle design,

coating, aerosols, impregnation, cleaning, supercritical water oxidation, analytical

extraction and chromatography, production scale chromatography, extrusion,

nucleation, infiltration of materials into polymers, and chemical reactions (15, 17).

Motivations for commercialization of SCF technology included concerns over

the use of organic solvents, which was reflected in tightening government regula-

tions (for example, prohibition of the use of methylene chloride for coffee decaf-

feination in Germany was the driving force behind the commercialization of

supercritical coffee decaffeination technology), changing consumer attitudes,

improved product quality, increased demands on product performance, and devel-

opment of innovative products or processes (14, 16). SFE has been increasingly

used in recent years around the world for the processing of nutraceuticals as a ‘‘nat-

ural’’ alternative to traditional solvent-extraction processes. The ability to claim

‘‘natural extracts’’ in marketing these products is a significant advantage in today’s

marketplace. SFE also offers the advantage of mild operating conditions for heat-

sensitive compounds (compared with distillation), and a solvent-free extract and

residue (compared with solvent extraction). In addition, it provides an oxygen-

free environment and, thus, limits oxidative degradation of the product.

4. SOLUBILITY BEHAVIOR OF LIPID COMPONENTS

Fats and oils are complex mixtures containing lipid components belonging to major

lipid classes, such as fatty acids, acylglycerols, and esters of fatty acids, and minor

lipid components, such as sterols, tocopherols, hydrocarbons (e.g., squalene), and

pigments (b-carotene and others). Successful application of SCF technology to any

process requires information on the solubility behavior of the solutes of interest as

affected by operating conditions and solute properties. Totally predictive modeling

of multicomponent phase behavior in SCFs has not been realized yet. Therefore,

experimental solubility measurements play an essential role in both development

of thermodynamic models and process design. The accuracy/reliability of the

experimental data also determines the success of thermodynamic modeling studies.

Although solubility behavior of binary systems of lipids and SCCO2 has been
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widely investigated (18–20), data on ternary and multicomponent systems are quite

scarce. Multicomponent data are available for a limited number of systems, such

as fatty acid ester mixtures, deodorizer distillates, and vegetable oils (21–25). A

systematic in-depth analysis of the available solubility data ranging from binary

to ternary and multicomponent systems has been carried out by the authors to estab-

lish the general solubility trends of minor and major lipid components as affected

by temperature, pressure, and mixture composition, to study the deviation from bin-

ary behavior and assess implications for process development targeting fractiona-

tion of complex lipid mixtures (26–29).

4.1. Binary Systems

Available literature solubility data of pure lipids belonging to major (fatty acids,

mono-, di- and triacylglycerols, and fatty acid esters) and minor lipid classes (pig-

ments, sterols, vitamins, and hydrocarbons) in SCCO2 were compiled (26, 27).

These references (26, 27) contain exhaustive bibliography on lipidþ SCCO2 binary

systems. Literature data were correlated using Chrastil’s equation, which is an

empirical model used quite commonly to correlate the solubility of lipid compo-

nents (30). This model is based on the formation of a solute-solvent complex on

association of the solute and solvent molecules and establishes a linear relationship

between ln(solubility) and ln(density) as follows:

ln c ¼ k ln dþ a=Tþ b; ð1Þ

where c is the solubility of the solute in the supercritical solvent (g/L), d is the den-

sity of the pure solvent (g/L), and k (association number) is the number of mole-

cules in the solute-solvent complex. Parameter a is dependent on the total heat of

the reaction (heat of solvationþ heat of vaporization), and b is dependent on the

molecular weights of the solute and solvent and the association constant. Parameter

k, which is the slope of the solubility isotherm, reflects the density dependence of

solubility. Parameter a, which is the slope of ln(solubility) versus 1/T plot, is a mea-

sure of the temperature dependence of solubility at constant density. At constant

temperature, Equation 1 simplifies to

ln c ¼ k0 ln dþ b0: ð2Þ

Chrastil’s equation was adopted in the systematic study of binary solubility beha-

vior because it is easy to use and it does not require information on the properties of

lipid components. Its parameters can then be used to interpret the effect of operat-

ing conditions on solubility. Its value, however, is limited for predictive modeling

of solubility data, which should involve in-depth thermodynamic models (e.g.,

using an Equation of State (EOS) approach), describing all the phases present at

equilibrium.

The study of the binary component solubility database revealed wide discrepan-

cies between experimental data reported by different researchers, primarily due to
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limitations of the experimental methods used and purity of samples. Although dis-

crepancies were observed for a number of solutes, they were most apparent for sen-

sitive solutes of low solubility, such as b-carotene (Figure 2). Impurities present in

the samples as well as those deriving from sample degradation and isomeric purity

of the solutes contributed to this variation. This finding highlights the need to exer-

cise extreme caution not only when making solubility measurements, but also when

interpreting the data.

Solute solubility behavior in SCCO2 is determined by solute vapor pressure and

intermolecular interactions between the solute and SCCO2 and, hence, is affected

by operating conditions and solute properties. In binary systems of a homologous

series (such as fatty acids), where intermolecular interactions are similar, solute

solubilities are determined by molecular weight/vapor pressure such that solubility

increased with decreasing molecular weight of the solute (Figure 3). Unsaturation

in a compound affected solubility mainly through its effect on the physical state of

the solute, as the melting point of fatty acids decreases with the introduction of dou-

ble bonds. For example, the solubility of liquid oleic acid was substantially higher

than that of stearic acid, which is a solid under the temperature and pressure con-

ditions examined (Figure 3). As the differences between solute properties such as

polarity increase, their molecular weight does not correlate with solubility in

SCCO2, hence, other factors, such as specific molecular interactions, should also

be considered. For example, in the acylglycerol series of oleic acid, (Figure 4, solu-

bility isotherms constructed using Equation 2), oleic acid was the most soluble

solute followed by mono- and diolein (for which relative solubilities were density

dependent, such that more polar but lower molecular weight mono-olein was more

soluble at low fluid densities). Triolein was the least soluble solute in this series.
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When the solubility of various minor lipid components were compared with that of

selected components of other major lipid classes, it was found that a-tocopherol,

oleic acid (a liquid fatty acid), and squalene were the most soluble solutes and

b-carotene had the lowest solubility in SCCO2 (Figure 5, solubility isotherms con-

structed using Equation 2).

Although the physical state of the solute had a significant impact on lipid solu-

bility behavior, information on melting behavior of lipids in SCCO2 (e.g., melting
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point depression in SCCO2) was rather limited. Further research is required to pro-

vide information on the melting behavior of lipids in binary and multicomponent

systems. Melting behavior of solutes should be noted during solubility measure-

ments directly (using a view cell) or indirectly by studying the solute after the mea-

surements for any evidence of melting.

Lipid solubility increased with pressure for all the studied solutes, whereas a

solubility maximum was observed in the solubility isotherms of solid solutes

such as stearic acid, b-carotene, and b-sitosterol at pressures higher than 30 MPa

(26, 27). Although the investigated liquid systems did not exhibit similar behavior,

solubility maxima have been well established for vegetable oils at high pressures.

Increasing the temperature at constant CO2 density increases the solubility because

of an exponential increase in the solute vapor pressure. A temperature effect at con-

stant CO2 density on solubility was observed for all compounds, although the mag-

nitude of the effect varied. An isobaric increase in temperature decreases the

solvent density and increases the vapor pressure of the solute. The overall impact

of these two opposing effects of temperature on solubility is dependent on the

pressure, resulting in a crossover of solute solubility isotherms. Below the crossover

pressure, the density effect predominates and the solubility decreases with increas-

ing temperature, which is referred to as retrograde behavior. Above this crossover

point, the solubility increases with temperature because of the vapor pressure effect.

In general, solid solutes (such as stigmasterol, b-carotene, and solid fatty acids) had

a low crossover pressure and, therefore, showed nonretrograde behavior in the

range of operating conditions commonly employed. Although the presence of a

crossover point in solid systems has been well established previously, liquid sys-

tems and the effect of melting on the crossover behavior have not been addressed
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adequately. Although a crossover pressure was observed for some liquid lipid com-

ponents, solubility of liquid solutes, such as fatty acid esters, decreased with tem-

perature in the investigated experimental range.

Binary data can be used to determine the optimum fractionation conditions in the

design of fractionation processes for mixtures such as fatty acid esters. For more

complex mixtures containing different lipid classes, such as deodorizer distillates,

or for mixtures/mixture components that undergo melting, the effect of operating

conditions on multicomponent solubility behavior can vary greatly, depending on

mixture composition. Regardless, binary solubility data can still provide invaluable

information for the fractionation of lipid components and estimation of the degree

of separation. For example, fractionation of solutes with similar binary solubilities,

such as fatty acids, tocopherols, and squalene, would be very difficult to achieve by

varying the operating conditions and may warrant additional processing steps;

whereas solutes with different solubilities, such as triacylglycerols/sterols and fatty

acids, can be separated with ease in a fractionation column.

4.2. Cosolvent Systems

It is well known that the phase behavior of solutes in SCCO2 can be modified by the

addition of a small amount of cosolvent, such as ethanol. The main effect of a

cosolvent is the solubility enhancement that results from an increase in the density

of SCCO2þ cosolvent mixture or intermolecular interactions between the cosol-

vent and particular solutes. Selectivity of a separation can be improved by cosolvent

addition only if there are specific intermolecular interactions between the cosolvent

and one or more of the mixture components, as solubility of all mixture components

is enhanced due to the density effect.

Literature equilibrium solubility data of ternary systems of major and minor

lipid components, cosolvents, and SCCO2 have been compiled (28), and the effect

of cosolvent addition on the solubility behavior of fatty acids (stearic, palmitic, and

behenic acids), squalene, and b-carotene studied. Cosolvent effect is quantified as

solubility enhancement, which is the ratio of solubility obtained with cosolvent

addition to that without a cosolvent (28). This reference (28) contains an exhaustive

bibliography on cosolventþ SCCO2þ lipid systems.

Solubility enhancements observed for lipid components in SCCO2þ ethanol are

summarized in Table 3. The high solubility enhancement observed in the presence

of ethanol for fatty acid systems were attributed to H-bonding interactions. Such

specific intermolecular interactions between a solute and a cosolvent can be

exploited for fractionation of lipid mixtures.

In the literature, the thermodynamic advantages of cosolvent addition have been

emphasized; however, the effect of cosolvents on other aspects of the process, such

as mass transfer, overall cost, and product/residue properties, has not been consid-

ered in depth. Benefits of cosolvent addition must be balanced against its disadvan-

tages for a specific application. Cosolvent introduction and solvent recovery

(separation of the cosolvent from the extract, SCF, and solids residue) increase

the complexity of process design. As well, an increase in solvent loading may result
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in the coextraction of undesirable compounds. The effect of cosolvent addition on

the sample matrix and solutes of interest, such as alteration of functional properties

of extraction residue and degradation of the extract by the cosolvent, should also be

considered. Cosolvents should be used with caution as one of the major advantages

offered by SCCO2, namely the ability to produce ‘‘natural’’ products with no organ-

ic solvent residue, may be negated. Ethanol is the cosolvent of choice for food

applications because of its GRAS (Generally Recognized As Safe) status; but the

removal of ethanol from the extract and residue requires the application of heat via

evaporation, which may be detrimental to the quality of the extract and residue.

This step also undermines another advantage of SCCO2 extraction that it can be

carried out at low temperatures.

4.3. Multicomponent Systems

Literature phase equilibrium data of ternary and higher (quaternary and quinary)

systems of lipids and SCCO2 have been compiled (29). This reference (29) contains

exhaustive bibliography of multicomponent lipidþ SCCO2 systems. For systems

where an adequate number of data points were available, partition coefficients

and selectivities were calculated, and the data analyzed by plotting vapor phase

concentration (solubility in SCCO2), liquid phase concentration, partition coeffi-

cients, and selectivities as a function of pressure to determine the effect of operating

conditions and feed composition on solubility behavior (29). The ternary systems

studied included SCCO2 and two triacylglycerols (trilaurin (LLL)/tripalmitin

TABLE 3. Cosolvent Effect (Solubility Enhancement) of Ethanol in Lipid Systems.

Solubility Ethanol T P Data

Solute Enhancementa Concentration (K) (MPa) from ref.

Fatty acids

palmitic acid 1.5–63.7b 1.0–8.8e 308 9.9, 19.7 39

stearic acid 1.2–63.2b 0.5–8.8e 308, 318 8–19.7 39–41

behenic acid 2.0–29.2b 1.21–6.7e 308, 318 8–16 42

Minor lipid components

b-carotene 2.2–9.8b 0.3–2.4f 313–333 15–28 43

stigmasterol 4.0b 3.5g 308 15.2 44

squalene 1.8–5.9c 4.1–12.0f 333 20–27.5 45

Vegetable oils

palm oil 20d 10f 343 20 46

pistachio oil 4.8d 10f 333 34.5 47

aSolubility enhancement ¼ the ratio of solubility obtained with cosolvent addition to that without a cosolvent.
bCalculations based on solubility in mole fraction.
cSolubility in w/w.
dSolubility in wt %.
emol % in the supercritical phase (solute inclusive).
fwt % (solute free).
gmol % (solute free).
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(PPP), trimyristin (MMM)/PPP, LLL/MMM), two fatty acids (oleic acid (OA)/lino-

leic acid (LA)), two fatty acid methyl esters (methyl myristate (MeM)/methyl pal-

mitate (MeP) and methyl oleate (MeO)/methyl linoleate (MeL)), fatty acid/

triacylglycerol (OA/triolein (OOO)), and fatty acid methyl ester/fatty acid (MeO/

OA). The quaternary and quinary systems analyzed contained three triacylglycerols

(LLL/MMM/PPP), three acylglycerols (mono-olein (MO)/diolein (DO)/OOO), and

four triacylglycerols (PPP/palmitoyl-dioleoylglycerol (POO)/oleoyl-dipalmitoyl-

glycerol (PPO)/OOO), respectively, in SCCO2. Binary solubility data were also

included in the analysis to determine any deviation from expected behavior based

on binary data.

The value of binary data was limited in predicting solubility behavior in ternary

and higher lipid systems as multicomponent solubilities deviated from binary beha-

vior. Although solubility of the less soluble component increased in ternary systems

of solid triacylglycerols in SCCO2, that of the more soluble component stayed the

same, or was not affected. Solubility diminution was observed for both solutes in

some liquid mixtures, such as fatty acid (oleic acid/linoleic acid) and fatty acid

ester (methyl oleate/methyl linoleate) mixtures. The extent of this diminution

was dependent on the initial feed concentration of the solute. However, in other

liquid mixtures, solubility enhancement for one of the mixture components was

also observed (for example, for oleic acid in the presence of methyl oleate). These

deviations, in turn, affected the separation efficiency (assessed in terms of partition

coefficient and selectivity) of the solutes of interest. Separation efficiency was lower

than that predicted by binary data when the solubility of the less soluble solute was

enhanced, in the mixture. On the other hand, separation efficiency was improved if

the solubility of the more soluble component was enhanced, as observed in the qua-

ternary mixture of SCCO2 and acylglycerols (MO/DO/OOO). Figure 6 shows that
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from Ref. 20).
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the presence of a less polar component in the mixture (OOO, 33% or 80% of feed

mixture) leads to solubility enhancement of the polar mixture components (MO and

DO). This ‘‘dilution’’ effect can have important implications for fractionation pro-

cesses, as it may improve the separation efficiency significantly if the more polar

components are more soluble than the diluting component.

5. SUPERCRITICAL FLUID PROCESSING OF FATS AND OILS

The ability to fine tune solvent properties of SCFs through changes in operating

conditions can be exploited in a wide range of applications, such as extraction, frac-

tionation, and reaction processes, where flexibility in process implementation offers

the researcher/processor a gamut of possibilities.

Supercritical fluid processing of fats and oils has been widely investigated over

the last three decades. Earlier work on SCF processing of fats and oils as reviewed

by Brunner and Peter (48) included extraction of oil from oilseeds, extraction of fat

from egg yolk and starch-containing vegetable matter, extraction of lanolin from

wool grease, refining of natural oils, purification of monoacylglycerols, and fractio-

nation of cod liver oil, using a variety of solvents such as propane, propylene, ethy-

lene, CO2, and ethane. Although some of the earlier studies focused on the

extraction of commodity oils, such as canola and soybean (49, 50), extraction of

specialty oils (oils high in bioactive components) (51–55) and fractionation of

fats and oil mixtures (56, 57) have been the subject of more recent studies.

5.1. Supercritical Fluid Extraction

5.1.1. Fundamentals

5.1.1.1. Mode of Operation The SFE process consists of two basic steps: extrac-

tion and separation. During the extraction step, the soluble material is extracted

under high pressure from the solid feed material and transported away by the

SCF. Separation of the supercritical solvent from the extract (regeneration of the

supercritical solvent and recovery of the solute) can be achieved by reducing the

density/solvent power of the SCF solvent by decreasing the pressure or by elevating

the temperature or both. The process must be adapted to the separation problem at

hand, considering the target material (58).

The process can be operated on batch, semicontinuous, or continuous mode (59).

Batch processing (Figure 7) involves contacting a batch of solid feed material with

a continuous solvent stream. However, the necessity to depressurize the vessel for

the introduction of a new batch of material limits the efficiency of the process.

Therefore, most production plants are operated semicontinuously, where three or

four vessels are operated in a cyclic fashion, such that as one vessel is being

extracted, another is being loaded, and a third vessel is being pressurized/depressur-

ized (Figure 7). Continuous introduction of the solid feed material into the
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extraction vessel under high pressure poses an equipment design challenge, espe-

cially for the handling of large volumes of oilseeds. Lock hopper vessels and screw

conveyors are some alternatives that are in operation or under development for the

continuous processing of solid feed material under high pressure (7, 60).

5.1.1.2. Extraction Kinetics As in any extraction process, SFE kinetics consists

of three periods; solubility-controlled or a period of constant extraction rate, a tran-

sition period of falling extraction rate, and diffusion-controlled or asymptotic per-

iod with respect to solute extraction rate (Figure 8). During the initial period, the

solute’s accessibility results in an extraction rate that is constant. Hence, the slope

of the extraction curve, weight of extract versus volume or weight of CO2, can be

used to determine the loading of the solvent. This value corresponds to solubility

only if equilibrium is attained during extraction by operating at low enough solvent

flow rates. The extraction rate starts to decline in the transition period and the

mechanism of extraction kinetics is switched to diffusion of the solvent and solute

into and out of the sample matrix. Therefore, efficiency of SFE process is affected

by operating conditions (i.e., temperature, pressure, flow rate, solvent-to-feed ratio)

and feed material properties (i.e., particle size, particle density, and porosity) and

these parameters should be optimized for an efficient process. Flaking has been

shown to be the most efficient pretreatment for the SFE of many oilseeds (49,

61–63). Mass transfer modeling of SFE of oilseeds has been studied by various

researchers (49, 64, 65).

5.1.2. Applications in Fats and Oils Processing Supercritical CO2 extraction

of oilseeds has been the focus of extensive research activity in the 1980s when a

variety of oilseeds, such as soybean, cottonseed, corn germ, rapeseed, and sun-

flower, were extracted using SCCO2 (66). Although SCCO2 extracted oils were

shown to have similar quality compared with hexane extracts, they also had lighter

color and lower iron and phospholipid content, resulting in a lower refining loss and

reduction of subsequent refining steps (67–70). However, the oxidative stability of
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Figure 7. Typical supercritical fluid extraction systems.
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CO2 extracts was lower than that of hexane-extracted oils, which was attributed to

the lower phospholipid content of the CO2 extracts (71, 72). Protein quality of the

CO2-extracted meal was comparable with that of hexane-extracted meal (73).

In spite of the high volume of research carried out on extraction of oilseeds,

commercial-scale SCCO2 extraction of oilseeds was not readily accepted. Even

though the overall process based on SCCO2 extraction would be simpler compared

with conventional hexane extraction in terms of eliminating the need for hexane

evaporators and meal desolventizer, the high equipment costs associated with the

SCCO2 process and the inability to achieve continuous processing of high volumes

of oilseeds under SCF conditions have been cited as the major impediments to

commercialization of the SCCO2 process (60). However, recent developments

in equipment design (i.e., the coupling of CO2 with expeller technology) and

stricter government regulations on the use of hexane may make this a reality in the

near future.

In the case of specialty oils, the cost of SFE can be balanced by the high value of

the product and the added advantage of ‘‘natural’’ processing. Rice bran (74–77)

and corn fiber oils (78) are currently receiving attention because of their high sterol

content. Cereals such as wheat germ (79, 80) and barley (81) in addition to plants

such as Silybum marianum (milk thistle) (82) have also been investigated as sources

for the production of oils rich in tocopherols. SCCO2 extraction of oils rich in

carotenes from sources such as palm fruit and oil fibers (83, 84) have also been
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reported. In the case of highly unsaturated oils, such as evening primrose (51–53),

flaxseed (54), and poppy seed oils (55), which are good sources of a- and g-lino-

lenic and linoleic acids, the ability to extract at mild operating conditions and in an

oxygen-free environment offers a significant advantage of SCCO2 processing for

these labile oils.

5.2. Supercritical Fluid Fractionation

5.2.1. Fundamentals In SCF fractionation, separation is based on differences in

the solubility behavior of mixture components deriving from both the differences in

component volatilities (as in distillation) and the differences in intermolecular inter-

actions between the mixture components and the SCF solvent (as in solvent extrac-

tion), as noted previously (12). SCF fractionation of extracts can be achieved by

fractional extraction or fractional separation. During SFE, fractionation occurs as

a function of time, which is reflected in the compositional differences of the frac-

tions collected throughout the process. Fractional extraction, thus, relies on compo-

sitional differences between fractions obtained throughout the extraction. It is

largely governed by the differences in the solubility behavior of extract compo-

nents, but may also be affected by the location of the solutes in the solid sample

matrix. During the extraction of vegetable oils, fractionation of minor components,

such as phospholipids, sterols, and tocopherols, occurs as evidenced by their higher

concentrations in specific fractions (50). Concentration of free fatty acids (FFA) has

also been observed during SCCO2 extraction of oilseeds (50, 85). Free fatty acids

are usually concentrated in the earlier fractions as a result of their higher solubility

compared with that of triacylglycerols (85); however, Friedrich et al. (50) observed

increasing concentrations of FFA in the later fractions during soybean oil extrac-

tion. Eggers and Sievers (63) observed that a higher amount of water was extracted

compared with oil toward the end of SCCO2 extraction for rapeseed press-cake, and

they attributed this to the higher transport resistance of water relative to oil in the

cake. The compositional differences between fractions can be accentuated by using

a density gradient, which can be achieved by increasing the pressure or adding a

cosolvent at certain time intervals during extraction. In fractional separation

(Figure 9), where the differences in the solubility behavior of extract components

are exploited, fractionation is achieved after the extraction step using a series of

separators operated at conditions adjusted to yield a stepwise decrease in solvent

power/density.

Supercritical fractionation of a liquid lipid feed material is usually carried out in

a packed column. Standard columns are not available commercially and have to be

custom built either in-house or by manufacturers of extraction units. Lab-scale and

pilot-scale supercritical columns, 0.6–13.6 m high with internal diameters of 14.3–

68 mm are available in research labs around the world and have been used for the

processing of deodorizer distillates (56, 57, 86–90), vegetable and fish oils (91–

105), cocoa butter, and milkfat (106–109). A schematic diagram of a typical

SCCO2 fractionation column (2.8 m, 2.54 cm o.d.), which was designed and built
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in our lab and others is shown in Figure 10. Packed columns can be operated in a

continuous mode by introducing the liquid feed material into the column using a

feed pump to achieve a cocurrent or countercurrent operation. A thermal gradient

along the column can be applied to generate an internal reflux such that feed

components are subjected to higher temperatures (i.e., lower solvent densities) as

they move up the column, resulting in enhanced separation efficiency. In earlier

fractionation column designs, the thermal gradient was achieved using a hot finger

mounted at the top of the column (12, 110), whereas in recent designs, the thermal

gradient is achieved by independent temperature control of column zones (96). An

external reflux can also be generated by adding an external reflux pump (111).

5.2.2. Applications in Fats and Oils Processing Supercritical CO2 fractiona-

tion of fats and oils has been investigated by various researchers for the refining

(deacidification and degumming) of oils, for the concentration of bioactive compo-

nents of fats and oils and byproducts and for the fractionation of milkfat.

Supercritical CO2 processing has been investigated as an alternative to tradi-

tional oil refining processes for various oils, such as palm (93, 112), rice bran

(75, 92, 96), olive (91, 103), black cumin seed (113), peanut (94), and soybean

oils (114). Dunford and King (92) achieved deacidification of rice bran oil to a level

of <1% FFA while retaining free sterol and oryzanol contents at 0.35% and 1.8%,

respectively, using a SCCO2 fractionation column. Ooi et al. (93) studied refining of

palm oil using continuous column fractionation and fractional separation with three

separators and reported that the addition of a cosolvent (ethanol) improved the

refining process. List et al. (114) used the low solubility of phospholipids in

SCCO2 to achieve degumming of soybean oil.

Byproducts of conventional oil extraction and refining have been investigated as

raw materials for the concentration of bioactive components. Birtigh et al. (115)

investigated SFE of carotenes and tocopherols from waste products of palm oil

production (i.e., the residue of mechanical processing and palm leaves). Ibanez et al.

(116) studied the separation of tocopherols from olive byproducts using fractional
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Figure 9. A typical supercritical fluid fractional separation system.
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separation with two separators. Fractions from the first separator contained

triacylglycerols, waxes, and sterols, whereas the tocopherols were concentrated

in the second separator.

Supercritical fluid extraction, fractional extraction, fractional separation, and

column fractionation have all been used to concentrate the bioactive components

of deodorizer distillates. During the SFE of deodorizer distillates (57, 117, 118),

FFA were preferentially extracted, whereas tocopherols and sterols were enriched

in the raffinate. Lee et al. (117) concentrated the tocopherols in the sterol-free,

esterified soybean distillate (containing 18 wt% tocopherols) up to 40 wt% using

SCCO2 extraction, and concluded that a countercurrent multistage column was

required to achieve a higher tocopherol concentration. Chang et al. (119) studied
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Figure 10. Schematic diagram of SCCO2 fractionation column.
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SCCO2 fractional extraction of soybean deodorizer distillate using an extractor with

a reboiler at the bottom and obtained 83.6% tocopherol recovery at the optimal con-

ditions of 31.03 MPa, 363 K top, and 343 K bottom temperature. Free fatty acids

and squalene were concentrated in the extract together with tocopherols, whereas

sterols were concentrated in the raffinate.

Supercritical CO2 column fractionation of soybean (57, 86, 88, 89) and rice bran

oil (57) deodorizer distillates has been investigated to enrich their sterol and toco-

pherol contents. Brunner et al. (89) reported that the FFA were enriched in the top

(in the extract), whereas the monoacylglycerols, tocopherols, and diacylglycerols

were enriched in the bottom (in the raffinate) fraction during the fractionation of

soybean oil deodorizer distillate. Saure and Brunner (88) achieved a tocopherol

concentration of more than 70% (w/w) using continuous column fractionation of

soybean deodorizer distillate where squalene was almost completely found in the

top product, whereas sterols and tocopherols were enriched in the bottom product.

King and Dunford (57) developed a two-step column fractionation scheme

(13.6 MPa and 27.2 MPa at 313 K) for the enrichment of phytosterols from soybean

and rice bran oil deodorizer distillates such that the FFA were removed in the first

step and sterols were enriched in the oil fraction in the second step.

Supercritical CO2 column fractionation has also been investigated for the pro-

duction of squalene concentrates from olive oil deodorizer distillates (56, 87). Bon-

dioli et al. (87) used saponification and esterification steps to convert the FFA and

fatty acid esters to triacylglycerols in order to improve squalene separation prior to

countercurrent continuous fractionation. The highest squalene purity and extraction

yield was achieved at 15 MPa and 313 K, using a temperature gradient of 303–

323 K along the column to improve the squalene purity and yield. Ruivo et al.

(120) studied countercurrent packed column fractionation of model lipid mixtures

containing 40% and 70% squalene and methyl oleate, and achieved squalene yields

as high as 90%.

Supercritical fluid technology has also been investigated for the enrichment of

minor oil components. SFE coupled with supercritical fluid chromatography has

been investigated for the enrichment of ferulate phytosterol esters from corn bran

(121) and corn fiber oils (122), as well as tocopherols from soybean (123), wheat

germ (123–125), and rice bran oils (123). Enrichment of squalene by SCCO2

extraction of olive husk oil (126) and column fractionation of shark liver oil (98,

99), as well as column fractionation of cod liver oil for the recovery of Vitamin

A (98), have also been studied. Ibanez et al. (105) investigated the use of column

fractionation for the concentration of sterols and tocopherols from olive oil and

concluded that SCCO2 processing offers an alternative for the value-added proces-

sing of low-quality olive oil.

The use of fish oils as raw materials for the production of EPA and DHA

concentrates has been widely investigated for nearly two decades (97, 101, 102,

104, 110). The fractionation of fish oil triacylglycerols is a rather complex

process, where an esterification step usually precedes the fractionation where the

triacylglycerols are converted into more soluble fatty acid esters. Although earlier

studies used batch column fractionation to attain the concentration of EPA and
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DHA (97, 102), recent research is focused on the continuous column operation

(101, 104).

Milkfat is a mixture of triacylglycerols, which vary greatly in their physical

properties such as melting point. Milkfat fractionation offers the potential of tailor-

ing milkfat fractions for specific food applications, which would, in turn, increase

milkfat use. SCCO2 fractionation of milkfat has been investigated using fractional

extraction with a density gradient (127, 128) and packed columns (106, 107), result-

ing in the concentration of triacylglycerols according to carbon number and yield-

ing fractions with varying melting behavior. Although earlier work targeted the

removal of cholesterol from milkfat (106), recent efforts on column fractionation

of milkfat focus on the concentration of conjugated linoleic acid for its nutraceu-

tical properties (109).

5.3. Lipid Reactions in Supercritical Fluid Media

Although the use a SCF as a reaction medium has been investigated as early as 1947

(129), the earliest reports of enzymatic reactions in SCFs date back to the studies of

Hammond et al. (130), Randolph et al. (131), and Nakamura et al. (132) in 1985/86,

who investigated the activity of polyphenol oxidase, alkaline phosphotase, and

lipase in SCFs, respectively. Since then there has been increasing research activity

on the use of SCFs as reaction media, which has been motivated by their unique

physicochemical and solvent properties (133–137). Some of the advantages asso-

ciated with the use of SCFs as reaction media include higher conversion rates

that can be achieved compared with those in conventional media; the ability to con-

trol phase behavior of the reaction mixture and, hence, the reaction by varying tem-

perature and pressure; eliminating the use of organic solvents; ease of product

recovery; and potential of coupling the reaction process with extraction and fractio-

nation steps carried out under supercritical conditions.

5.3.1. Fundamentals

5.3.1.1. Mode of Operation Reactions in SCFs can be carried out in batch or con-

tinuous mode. In batch processing, after loading the reactor with the reagents and

the catalyst (possibly an enzyme) in the desired ratios, the reactor is heated and

pressurized by pumping in the SCF. Molecular sieves can be used to dry the SCF

prior to entering the reactor if the presence of moisture is detrimental to the desired

conversion. Batch reactors are also stirred to decrease the external mass transfer

resistance. In enzymatic reactions, the mixture components are not mixed prior

to pressurization and the reaction is initiated by stirring the reactor contents. Alter-

natively, the reaction can be initiated by introducing the enzyme to the system after

pressurization using a catalyst addition device (138, 139). Noncatalytic reactions

usually require high temperatures (200–250�C for the case of glycerolysis of soy-

bean oil in SCCO2) (140). In this case, the reaction is terminated by rapidly cooling

the reactor. Samples can be withdrawn from the reaction mixture at various time

intervals using sampling valves/loops to follow the progress of the reaction.

SUPERCRITICAL FLUID PROCESSING OF FATS AND OILS 415



Reactions can also be carried out under continuous solvent flow conditions. Sub-

strates can be introduced directly into the pressurized solvent stream or, alterna-

tively, SCF can be saturated with the substrate(s) by passing it through a

saturation column(s) containing the substrate(s) prior to their introduction into

the reactor. Sampling can be carried out prior to depressurization using sampling

loops/valves, and online analysis is possible by introducing a sample directly to

a chromatographic system. Samples can also be collected on depressurization of

the solvent stream. External loops can be used to recirculate the solvent or reaction

mixture as well as for sampling purposes. The use of sapphire windows on a reactor

cell enables visual observation of the reaction mixture. Continuous enzymatic

reactions can be carried out in packed bed (141–148) or supported membrane

reactors (149).

5.3.1.2. Control of Phase Behavior One of the main advantages of using SCFs as

a medium for conducting chemical reactions is the ability to control the phase beha-

vior of the reaction mixture and, hence, the reaction (rate, selectivity, product

recovery) by varying temperature and pressure (133–137). As in the case of extrac-

tion and fractionation processes, the use of SCFs as reaction media gives the pro-

cessor the ability to modify the phase behavior of the reaction system through

changes in operating conditions. A good understanding of the phase equilibria is

thus required to control the reaction and fully exploit the advantages of supercritical

solvents (136).

Visual observation of the reaction provides valuable information on phase beha-

vior. Yan and Nagahama (150) observed the phase behavior of the reaction system

containing tuna oilþ free lipaseþwater (or buffer solution) during the hydrolysis

of tuna oil in SCCO2 using a high-pressure view cell at 313 K. They observed two

liquid phases before the addition of CO2, a lower aqueous phase containing the

enzyme and an upper oil phase. An additional CO2 phase was formed on pressur-

ization to 7.8 MPa. The volume of the oil phase increased significantly as a result of

CO2 solubilization and numerous small water droplets were distributed throughout

the oil phase. They postulated that the hydrolysis reaction took place at the interface

between the dispersed water phase containing the lipase and the continuous lipid

phase.

Gunnlaugsdottir et al. (151) studied the phase behavior of the reaction system

cod liver oilþ ethanolþ immobilized lipase in SCCO2 using a sapphire view

cell. They concluded that at 9–24 MPa and 313 K, the reaction system was

comprised of three phases: solid (enzyme)-liquid-vapor throughout the reaction

(151).

Reaction mixtures are complex multicomponent systems, and their phase beha-

vior is dictated by the composition of the mixture and operating conditions. Organic

solvents present in the reaction medium as reagents may act as cosolvents and result

in solute solubility enhancement (as discussed in Section 4.2). For example, the

decrease in reaction rate observed at high ethanol concentrations for the lipase-cat-

alyzed esterification of myristic acidþ ethanol in SCCO2 has been, in part, attrib-

uted to the solubility enhancement of water, resulting in drying of the enzyme
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support (138). Marty et al. (152) also observed a decrease in enzyme activity with

an increase in substrate ethanol concentration during the esterification of oleic acid

with ethanol. However, they attributed the decrease in enzyme activity to substrate

inhibition rather than the cosolvent effect of ethanol causing drying of the enzyme

support as this situation persisted even at higher water concentration. Also, organic

solvents have also been shown to affect the reaction rate through their effect on the

extent of aggregation of the substrate. For example, cholesterol aggregation with

the addition of cosolvents like iso-butanol and tert-butanol led to an increase in cho-

lesterol oxidation rate because of an increase in local cholesterol concentration and

stronger binding of the cholesterol oxidase enzyme to cholesterol aggregates (153).

Special consideration should also be given to the solubility behavior of water in

SCCO2 (154–157), as it can be of great consequence in enzymatic reactions (see

Section 5.3.1.5).

By using SCFs, the phase behavior of the reaction system can be modified to

yield a single homogeneous reaction phase, thereby enhancing the solubility and

accessibility of reactants, resulting in higher reaction rates. For example, the pro-

blems resulting from the low solubility of hydrogen in the liquid oil phase in hydro-

genation reactions of fats and oils can be overcome by carrying out the reaction in a

single homogeneous phase in either supercritical CO2 or propane (158–161).

It is also possible to shift the equilibrium of the reaction by removing the formed

reaction products (according to the Le Chatelier’s principle) (162). For example, the

ability to remove water in continuous esterification reactions in SCCO2 has been

cited as one of the advantages of using SCCO2 versus traditional solvents, such

as hexane (163). In their study on the interesterification of tricaprylin and methyl

oleate in SCCO2, Adschiri et al. (164) concluded that the selective extraction of

the reaction product, methyl caprylate shifted the equilibrium of the reaction

forward.

One of the main advantages of using SCFs as reaction media derives from

their unique solvent properties, which can be exploited to simplify product

recovery steps (162). Extractive (continuous) reactions involve the removal of

the reaction products in the SCF stream. The reaction products can be further

fractionated using fractional extraction or fractional separation. If fractional extrac-

tion is carried out to concentrate the reaction product, then the reaction and

separation parameters cannot be optimized individually. Fractional extraction of a

single homogeneous reaction phase results in lower selectivity, as the product will

be contaminated with unreacted reagents (151). Gunslaugsdottir et al. (151, 165–

168) investigated the concentration of ethyl esters produced by alcoholysis of

cod liver oil in SCCO2 using fractional extraction. Marty et al. (169) studied post

reactional separation of an esterification system (oleic acidþ ethanol) in SCCO2

using a series of four separation vessels and reported good selectivities and product

recovery.

5.3.1.3. Mass Transfer Enhancement Low viscosity, high diffusivity, and very

low surface tension of SCFs can improve the rates of diffusion-limited reactions

(such as enzymatic reactions) by reducing mass transfer resistances (170). Mass
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transfer limitations play a significant role in enzymatic reactions, where the internal

mass transfer limitation (i.e., diffusion resistance) present in the pores of enzyme

support should also be considered in addition to the transfer of the substrate from

the bulk to the surface of the enzyme support (139). In batch reactors, external

(bulk) mass transfer limitations can be eliminated by agitation. No external diffu-

sion limitations were observed in the lipase-catalyzed esterification of oleic acid

and ethanol (152) and myristic acid and ethanol (138) in SCCO2; however, Knez

et al. (144) observed external limitations in the batch esterification of oleic acid

with oleyl alcohol, as evidenced by the effect of rotational speed and mixture visc-

osity on the reaction rate.

Internal mass transfer limitations can be characterized by calculating the Thiele

modulus (139), or by determining the effect of support particle size on reaction rate

(142, 144). Internal limitations were present in the esterification reaction of oleic

acid with oleyl alcohol in SCCO2, as evidenced by increasing enzyme activity

with decreasing size of the support (diameter of enzyme beads) (144). During

the esterification of ethanol and myristic acid, internal limitations were present in

the hexane system to a higher degree than in the CO2 system (such that hexane

reaction was diffusion-controlled, whereas an intermediate rate, somewhere

between kinetic- and diffusion-controlled, was observed for the SCCO2 reaction)

(139). However, Steytler et al. (142) observed that reaction rates were independent

of support bead diameter in the esterification of butanol and lauric acid in SCCO2.

No external and internal mass transfer limitations were observed in the lipase-cat-

alyzed interesterification reaction of trilaurin and myristic acid, in a continuous flow

packed bed reactor as the flow rate was changed (171).

5.3.1.4. Effect of Pressure on Reaction Rate Constant Pressure can have a

direct impact on the reaction rate through its effect on the reaction rate constant.

The pressure dependence of the reaction rate constant and unusual partial molar

behavior of a solute in a SCF can result in enhancement of the reaction rate in

the critical region of the mixture (136). According to the transition state theory

(172, 173), pressure enhances the rate of a reaction if the activation volume (differ-

ence in the partial molar volumes of the activated complex and the reactants) is

negative, whereas the reaction is hindered by pressure if the activation volume is

positive.

5.3.1.5. Use of Enzymes Lipases are widely used in the processing of fats and

oils as catalysts of a number of important lipid reactions, such as hydrolysis, ester-

ification, and transesterification reactions (174). There are a wide number of lipases

obtained from different sources, which are available commercially in their free/

crude or immobilized form. However, enzymes with a higher tolerance of pressure

would be welcomed, and more research is needed to hopefully develop such

enzymes (i.e., genetic engineering or marine sources of the deep ocean).

The activity and stability of lipases have been widely investigated to ensure their

compatibility with SCCO2 as a reaction medium (132, 144, 147, 149, 152, 175–

181). Stability tests involve exposing the enzyme to SCCO2 for an extended period
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of time (for example at 30 MPa and 313 K for 24 h) and using it as a catalyst in the

reaction of interest under atmospheric conditions. The activity of the used enzyme

is then compared with that of a fresh enzyme. In the presence of SCCO2, most

lipases maintained their activity and had good stability (132, 144, 147, 149, 152,

175–181).

The effect of pressure and the pressurization-depressurization steps on enzyme

structure/conformation, interactions between SCCO2 and the enzyme, pH, and

water content of the enzyme are factors that influence enzyme activity in

SCCO2. Penninston (182) observed that multimeric enzymes were inhibited by

application of pressure, whereas activities of monomeric enzymes were enhanced

or not affected by the application of hydrostatic pressure in aqueous solutions. He

attributed the observed inactivation to the dissociation of protein multimers held

together by noncovalent interactions. Protein/enzyme denaturation has been

reported during the pressurization and depressurization steps in SCCO2 (183,

184). Enzymes with disulfide bridges were inactivated to a lesser extent in

SCCO2 (176, 183), whereas the extent of enzyme inactivation increased with the

number of pressurization/depressurization steps (183). Minimal conformational

changes in cholesterol oxidase were reported in SCCO2 and SCCO2/cosolvent

mixtures at 10.4 MPa (153). Weder (185, 186) attributed the unfolding and partial

fragmentation of lysozyme and ribonuclease observed at 30 MPa and 80�C to the

presence of water and effect of temperature.

Lower lipase activity observed in the transesterification of methylmethacrylate

with 2-ethylhexanol in SCCO2 was attributed to the formation of carbamates

between CO2 and free amino groups on the enzyme surface (187, 188). The

decrease in pH as a result of CO2 solubilization in the microaqueous environment

surrounding the enzyme is also thought to contribute to a decrease in enzyme activ-

ity (188).

Water affects the reaction rate through its effect on reaction kinetics and protein

hydration, which is required for optimal enzyme conformation and activity.

Enzymes need a small amount of water to maintain their activity; however, increas-

ing the water content can decrease the reaction rate as a result of hydrophilic hin-

drance/barrier to the hydrophobic substrate, or because of denaturation of the

enzyme (189). These opposite effects result in an optimum water content for

each enzyme. In SCFs, both the water content of the enzyme support and water

solubilized in the supercritical phase determine the enzyme activity. Water content

of the enzyme support is, in turn, determined by the distribution/partition of water

between the enzyme and solvent, which can be estimated from water adsorption

isotherms (141, 152). The solubility of water in the supercritical phase, operating

conditions, and composition of the system (i.e., ethanol content) can affect the

water distribution and, hence, determine the total amount of water that needs to

be introduced into the system to attain the optimum water content of the support.

The optimum water content of the enzyme is not affected by the reaction media, as

demonstrated by Marty et al. (152), for esterification reaction using immobilized

lipase in n-hexane and SCCO2. Enzyme activity in different solvents should,

thus, be compared at similar water content of the enzyme support.

SUPERCRITICAL FLUID PROCESSING OF FATS AND OILS 419



In continuous enzymatic reactions, the optimum water content of the enzyme

should be maintained throughout the reaction either by saturation of the solvent

stream prior to entering the reactor or by direct addition into the reactants, the level

of which is adjusted according to its solubility in SCCO2 (143). The drying of the

enzyme support as a result of continuous removal by the SCCO2 stream results in a

reversible loss of enzyme activity, which can be recovered by restoring the optimum

water content (143, 146). However, denaturation of the enzyme as a result of excess

water, which occurs at high water flow rates, is frequently not reversible (143, 152).

The amount of water loss from the enzyme support is a function of the total amount

of CO2 passing through the enzyme and the solubility of water in SCCO2 under the

reaction conditions. Operating conditions and composition of the reaction system

can, thus, affect the reaction rate through their effect on water solubility in SCF.

The decrease in conversion with pressure observed in the continuous esterification

of oleic acid and oleoyl alcohol was attributed to the effect of pressure on water

solubility and, hence, removal from the support (144), as no such pressure effect

was observed in batch mode for the same reaction.

The significant drop in the activity of non-immobilized Candida rugosa lipase in

the hydrolysis of soybean oil at 10 MPa and 40�C was attributed to the high water

content of the reaction system (181). A decrease in lipase stability with increasing

water content has also been demonstrated in SCCO2 at 13 MPa and 40�C (152).

5.3.2. Applications in Fats and Oils Processing Chemical reactions have

been important tools in the processing of fats and oils as a means to produce oleo-

chemicals, such as fatty acids, fatty acid esters, and monoacylglycerols, which find

widespread use in pharmaceutical, food, and cosmetics industries, to change the

composition of lipid mixtures for fractionation or analytical purposes and to modify

the physical properties of lipids. SCCO2 has been the solvent of choice as reaction

media, owing to its previously stated advantages. The study of other SCFs as reac-

tion media has largely been limited to nonenzymatic reactions, such as hydrogena-

tion of oils in supercritical propane (158–161), the production of biodiesel (fatty

acid esters) in supercritical alcohols (190–192), or the hydrolysis of vegetable

oils in sub- and supercritical water (193, 194).

5.3.2.1. Production of Oleochemicals Fatty acid esters, which have traditionally

been used as flavors, plasticizers, food preservatives, emulsifiers, and lubricants, are

receiving renewed interest as an alternative energy source as biodiesel. They can be

produced by the esterification of fatty acids and alcohols or by the alcoholysis of

vegetable oils/triacylglycerols.

Lipase-catalyzed esterification of fatty acids with alcohols [oleic acidþ ethanol

(141, 152, 163, 169, 178, 195–197), oleic acidþ oleyl alcohol (144, 179, 198–200),

lauric acidþ butanol (142), myristic acidþ ethanol (138, 139, 143, 201), stearic

acidþ ethanol (202), anhydrous milkfat fatty acidsþ ethanol (197)] in SCCO2

has been widely studied to understand the kinetics/mechanism of the reaction

and to determine the effect of operating conditions, substrate concentration, and

water content on enzyme activity. Alternative catalysts such as p-toluenesulfonic
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acid and cation-exchange resins have also been investigated for the esterification of

oleic acid with methanol in SCCO2 (203). Ethanolysis of palm (204) and canola oils

(205) in SCCO2 have also been studied for the production of fatty acid esters.

A recent approach for the production of biodiesel (fatty acid esters) involves the

catalyst-free transesterification of vegetable oils in supercritical alcohols (190–

192). In this process, supercritical alcohol acts both as a solvent and as a reactant

resulting in shorter reaction times and simpler product recovery compared with tra-

ditional processes.

Lipase-catalyzed (206, 207) and nonenzymatic glycerolysis of soybean oil (140)

in SCCO2 have been used for the production of monoacylglycerols, which are

important emulsifiers in food, pharmaceutical, and cosmetic industries. Nonenzy-

matic glycerolysis was carried out at 150–250�C and 20.7–62.1 MPa with varying

glycerol/oil ratios and water contents to determine the effect of these parameters on

product composition (140). The optimum conditions for the lipase-catalyzed reac-

tion were 27.6 MPa and 70�C (206). The lower temperatures used in the lipase-cat-

alyzed reaction reduces the production of undesired side products and increases the

reaction efficiency (207).

Hydrolysis has traditionally been used for the production of fatty acids and gly-

cerols, which find widespread application in soaps and detergents, cosmetics, phar-

maceuticals, and food products (174). Hydrolysis of soybean (181), canola (147,

208, 209), sunflower (149, 181, 210), tuna (150), and blackcurrant oils (145), tri-

palmitin (146), triolein (211), and ethyl stearate (202) in SCCO2 has been reported.

These investigations employed a variety of lipases, including immobilized lipase

from porcine pancreas (211), Novozyme 435 (146, 181), Lipozyme (147, 150,

208, 209), non-immobilized Candida rugosa (150, 181), Lipase OF (150), and

Lipolase 100T (149, 181, 210). The effects of water content, enzyme load, operat-

ing conditions (temperature and pressure), pH, enzyme/substrate ratio, oil/buffer

ratio, and CO2 flow rate (for continuous reactions) on the hydrolysis reaction

were reported.

Batch and continuous hydrolysis of vegetable oils in sub- and supercritical water

have also been investigated (193, 194). Water, in this case, acts both as a solvent

and a reactant in the hydrolysis reaction. Although the reaction could be carried out

effectively in subcritical water, thermal degradation of products and reactants were

observed under supercritical conditions (193).

Fatty acid alcohols, which are important raw materials for the production of sur-

factants and lubricants, have been produced by hydrogenation of fatty acid methyl

esters in supercritical propane (158, 159, 212) and SCCO2 (212). Although the

highest potential conversions were achieved using SCCO2, supercritical propane

resulted in higher throughputs (212). Coupling of the hydrogenation reaction

with a lipase-catalyzed transesterification reaction enabled the production of fatty

alcohols directly from vegetable oils (212).

Reactions in SCCO2 have also been used for the production of minor lipid com-

ponents, such as tocopherols and sterol esters. The synthesis of D, L, a-tocopherol

in SCCO2 and nitrous oxide by condensation of trimethylhydroquinone with iso-

phytol in the presence of various Bronsted or Lewis acids as catalysts resulted in
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high tocopherol yields (213). In their study on the lipase-catalyzed esterification of

sterols in SCCO2, King et al. (214) obtained continuous production of sterol esters

with 99% yield under optimal conditions of 27.6 MPa and 50�C.

5.3.2.2. Pretreatment for Fractionation and Analytical Purposes Chemical reac-

tions can be used to modify the composition of a lipid mixture to facilitate its frac-

tionation. As mentioned previously, such approaches have been employed in the

fractionation of soybean (117) and olive oil deodorizer distillates (87) and fish

oils (97). However, although the fractionation steps in these studies were carried

out under supercritical conditions, the use of SCCO2 as a reaction medium in the

pretreatment reactions has not been explored. Gunnlaugsdottir et al. (151, 165–168)

investigated the alcoholysis of cod liver oil in SCCO2 for the concentration of fatty

acids such as EPA and DHA. A process for the purification of polyunsaturated fatty

acids from biomass on an analytical scale using in situ SFE/SCF reaction and chro-

matography has been patented (215).

Lipase-catalyzed hydrolysis of the vitamin esters in food samples in SCCO2 has

been investigated as a pretreatment step in the analytical determination of vitamins

in food samples (216, 217). Lipase-catalyzed transesterification of oils with metha-

nol have been used for the determination of total fat content in lipid-containing

samples such as oilseeds and meat samples (218, 219) and for the determination

of fatty or resin acid content of tall oil products (220). Esterification of fatty acids

with methanol in SCCO2 has been reported for total fatty acid analysis of soapstock

(221).

5.3.2.3. Modification of the Properties of Fats and Oils Transesterification reac-

tions (interesterification and acidolysis) of triacylglycerols have been an important

tool in fats and oils processing for the modification of their physical and rheological

properties by changing the composition and distribution of their fatty acids.

Interesterification of tristearin and palm oil (222) and acidolysis of palm oil by

stearic acid (223) were carried out for the production of cocoa butter equivalent.

Yoon et al. (224, 225) investigated lipase-catalyzed interesterification between trio-

lein and behenic acid or ethyl behenate in SCCO2 for the production of 1,3-dibe-

henoyl-2-oleoyl glycerol (BOB) triacylglycerol, which is a chocolate antiblooming

agent. They observed that the higher solubility of ethyl behenate in SCCO2 resulted

in higher reaction rates (225). Lipase-catalyzed randomization of fats and oils in

SCCO2 is affected by pressure, enzyme quantity, and CO2 flow rate (226). A

patented procedure has been reported for the production of margarine with a low

trans-fatty acid content, involving lipase-catalyzed transesterification of vegetable

oil with stearic acid (227). Acidolysis reactions involving OOO and stearic acid

(228–233), LLL and myristic acid (171), LLL and palmitic-acid (180), and medium

chain triacylglycerols (with acyl carbon numbers 8, 10, 12) and long-chain fatty

acids (oleic acid, EPA) (234), and interesterification of AMF and canola oil

(197) in SCCO2 have also been studied. Hydrogenation reactions in supercritical

propane and CO2 have been investigated for the saturation of double bonds in vege-

table oils (160, 161, 235–237).
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6. NOVEL PROCESS DEVELOPMENT: AN INTEGRATED
APPROACH

Supercritical fluid technology is a ‘‘natural’’ and environmentally clean alternative

for the processing of fats and oils, which offers the processor operational flexibility

that can be exploited to meet the required objectives. Although the use of SCF sol-

vents offers a flexible process with no solvent residue and low temperature opera-

tion for heat-sensitive materials, commercial applications for fats and oils

processing have been limited. Despite the common belief that commercial applica-

tions of SCF technology is restricted to high-value products because of the high

investment cost, recent studies suggest that economics of the process become favor-

able at large capacities for oilseed processing (15, 16). Although some specialty oils

are being extracted commercially, SFE of commodity oils has not been commercia-

lized yet. Supercritical fluid extraction suffers from a direct comparison with hex-

ane extraction, as this approach does not take into consideration the added

advantages of SCF processing: simplification of the refining process and elimina-

tion of meal desolventization (60). At a time when the conventional refining pro-

cesses are being re-examined to maximize the retention of minor lipid components

and the search to find an alternative to hexane is ongoing, SCCO2 offers a versatile

technology with the added advantage of ‘‘natural’’ processing. These factors,

coupled with the technological developments in equipment design that would

enable continuous processing of large volumes of oilseeds, may make SCCO2

extraction of commodity oils a commercial reality in the near future.

Supercritical fluid technology has to be considered as an alternative integrated

processing approach in fats and oils processing rather than an alternative to a single

extraction step (238). The full promise of SCF technology in fats and oils proces-

sing can be realized through the development of novel processing schemes by prop-

er integration of the unit operations involving supercritical extraction, fractionation,

reaction, and chromatography.

The integrated approach has successfully been used in analytical applications,

where extraction and reaction steps were carried out in a single cell or using two

cells connected in series. Sequential extraction/reaction in a single cell has been

investigated for the analysis of Vitamin A and Vitamin E in meat and dairy samples

(216, 217), for the determination of total nutritional fat content (218, 219), total

fatty acid analysis (221), and for the fatty and resin acid analysis of tall oil products

(220). The sample was placed in the cell upstream from the enzyme from which it

was partitioned by glass wool/hydromatrix. Jackson and King (148) used an extrac-

tion vessel connected in series to a reactor containing the enzyme bed placed in an

oven for the extraction and methanolysis of oil from oilseeds. It should be possible

to connect the reactor/extractor system to a chromatography system (GC/HPLC) to

enable online analysis of the extracted and reacted samples.

Rezaei and Temelli (209) developed an online extraction/reaction system with

improved control of feed streams and operating conditions by coupling an extrac-

tion cell to a reactor cell. Online extraction/hydrolysis (208, 209) and extraction/

alcoholysis of canola flakes (205) were studied using this system by determining
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the effects of enzyme load, CO2 flow, canola flake load, size of reaction cell, and

moisture content on product yield and composition. In the online extraction/alco-

holysis process, the opposite effects of temperature on reaction and extraction per-

formance could be exploited by controlling the temperature of the extractor and

reactor cells independently (205).

Zhao et al. (86) used an extractor coupled to a fractionation column for the iso-

lation of tocopherols and sterols from esterified soybean distillate. Sterols were left

in the extractor, whereas tocopherols were collected from the bottom of the column

and fatty acid methyl esters were collected in the separator.

These are just a few examples of the numerous process development opportu-

nities possible through the use of SCF technology. Novel ways of combining the

operations of extractionþ fractionation or extractionþ reactionþ fractionation or

extractionþ fractionationþ reactionþ fractionation gives the versatility to start

with a lipid-rich feed material and produce a variety of products targeting food,

nutraceutical, and industrial applications. Over three decades of research focusing

mainly on individual unit operations has enhanced the supercritical technology and

know-how to the point where we can develop such novel integrated approaches for

fats and oils processing.
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34. H. Sovová, R. P. Stateva, and A. A. Galushko, J. Supercrit. Fluids, 21, 195 (2001).

35. R. L. Mendes, B. P. Nobre, J. P. Coelho, and A. F. Palavra, J. Supercrit. Fluids, 16, 99

(1999).

36. M. J. Cocero, S. Gonzales, S. Perez, and E. Alonso, J. Supercrit. Fluids, 19, 39 (2000).

37. K. Sakaki, J. Chem. Eng. Data, 37, 249 (1992).

38. M. L. Cygnarowicz, R. J. Maxwell, and W. D. Seider, Fluid Phase Equilib., 59, 57

(1990).

39. Y. Koga, Y. Iwai, Y. Hata, M. Yamamoto, and Y. Arai, Fluid Phase Equilib., 125, 115

(1996).

40. M. Zhong, B. Han, H. Yan, and D. Y. Deng, Fluid Phase Equilib., 134, 175 (1997).

41. B. Guan, J. Lu, B. Han, and H. Yan, Sci. China, Ser. B, 41, 410 (1998).

42. B. Guan, Z. Liu, B. Han, and H. Yan, J. Supercrit. Fluids, 14, 213 (1999).
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1. INTRODUCTION

According to the Food Agriculture Organization of the United Nations (FAO), food

producers and processors face major new challenges as the world population is pro-

jected to increase from the present level of 5.8 billion people to about 8.3 billion in

the year 2025. Therefore, it is crucial that the new scientific information lead to new

technologies, processing methods, and agricultural techniques to produce food from

Earth to meet the demands of a growing population. Crude oils typically are

degummed, refined, bleached, and deodorized to remove undesirable compounds,

including free fatty acids (FFAs), phosphatides, particulates, coloring materials

such as chlorophylls and xanthophylls, and miscellaneous unsaponifiable matter.

In processing crude vegetable oils, considerable amounts of energy in the form

of steam or electricity are required and each step of the edible oil process only

removes one or two undesirable components. If crude oil is not properly processed,

treatments during the following steps will be more difficult, and time and labor will

be consuming. In addition to the energy costs, caustic refining, water washing, and

bleaching steps produce various waste streams such as high biological oxygen

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
Edited by Fereidoon Shahidi. Copyright # 2005 John Wiley & Sons, Inc.
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demand (BOD) acidic wastewater and used bleaching clay that either need to be

treated or recovered because of economical or environmental reasons.

Membrane technology is a mature industry and has been successfully applied in

various food industries for separation of undesirable fractions from the valuable

components of the feed streams. The industrial membranes are classified into

various categories such as microfiltration, ultrafiltration, nanofiltration, reverse

osmosis, and pervaporation.

The commercial membrane separation processes are offered in the areas of nitro-

gen production and waste treatment applications (1). Developing membrane appli-

cations in oil milling and edible oil processing are (1) solvent recovery, (2)

degumming, (3) free fatty acid removal, (4) catalyst recovery, (5) recovery of wash

water from second centrifuge, (6) cooling tower water recovery, (7) protein purifi-

cation, and (8) tocopherol separation.

The greatest potential for energy saving exists in replacing or supplementing

conventional degumming, refining, and bleaching processes with a single-step

membrane separation system. Therefore, this contribution will concentrate on mem-

brane degumming applications and represents data on future implications of this

technology for energy savings and waste treatment costs.

2. COMPOSITION OF CRUDE VEGETABLE OILS

Triacylglycerols (acyl easters of glycerols) constitute nearly 99% of crude vege-

table oils. The remaining components include phospholipids, FFAs, pigments,

sterols, carbohydrates, proteins, and their degradation products (2).

Fatty acids are the building blocks of triacylglycerols. The fatty acid profiles for

different vegetable oils differ greatly. Free fatty acids may undergo reactions with

oxygen, hydrogen, acids, metals, heat, and radiation. The free fatty acid content of

crude vegetable oils depends on the conditions of harvesting and the moisture con-

tent of the seed (3). If present in high amounts, FFA content is the first and most

important indication of below-standard quality for a given oil.

Phospholipids are coextracted with triacylglycerols during oil milling as colloi-

dal aggregates called micelles. They are soluble in both aqueous and oil environ-

ments and act as important emulsifiers when assessing quality of oils. The most

abundant phospholipids in vegetable oils are phosphatidylcholine, phosphatidy-

lethanolamine, phosphatidylinositol, and phosphatidylserine.

The pigments present in crude vegetable oils include carotenes, xanthophylls,

chorophylls, gossypol, chroman-quinone, diketones, and browning products. Ster-

ols, hydrocarbons, tocopherols, tocotrienols, protein fragments, as well as resinous

and mucilaginous materials have also been identified in crude vegetable oils.

3. CRUDE VEGETABLE OIL REFINING

The conventional crude oil refining process consists of four steps (2,4–6). The first

step is degumming to remove the phospholipids. Crude vegetable oils can either be
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degummed or not before caustic refining, depending on whether lecithin is saved

and the facilities are available.

Next, FFAs are neutralized with a sufficient amount of sodium hydroxide

(NaOH) solution to convert FFAs into soaps. An excess of NaOH is required to

reduce the color of the refined oil and ensure the removal of trace elements. Phos-

pholipids also react with water, if they are not removed previously. Soaps are then

removed with phospholipids by centrifugation and hot water washing. In this step,

water is added at a 10–15% level at 80–90�C.

Third, during the bleaching process, primary oxidation products are destroyed or

adsorbed, and pigments and trace metals are removed by adsorbents such as acti-

vated bleaching clays. The process usually takes 15–30 min at 90–95�C under

vacuum.

Finally, oil is steam distilled under a high vacuum to strip out trace amounts of

FFAs, aldehydes, ketones, and other volatile compounds, among others, thus pro-

ducing a bland oil. During deodorization, the oil is heated to 230–250�C under a

vacuum of 1–4 mm Hg.

The replacement of chemical refining with a physical refining process is desir-

able by the oil industry to reduce energy consumption and environmental problems.

In physical refining, the phospholipids and pigments are removed by adsorbents,

and the free fatty acids by steam stripping. Physical refining provides a shortcut

in the process sequence and results in less oil loss. However, only oils with a low

phospholipid content are suitable for physical refining (5).

Miscella refining is another alternative to conventional refining, and it is used

almost exclusively with cottonseed oil. The 40–60% miscella is heated to 40�C,

and a conditioning agent (phosphoric or citric acid) is added, if necessary. A

NaOH solution with 30% excess is also added. The soap formed is melted at 50–

65�C, and the slurry is centrifuged after rapid cooling to 45�C. The separated

miscella and the soap stock are both evaporated to remove the solvent. This mis-

cella refining process results in less oil loss and a lighter oil color. It is critical that

the miscella be refined no later than 7 hours after extracting oil from the seeds;

otherwise undesirable color will appear (5).

As a result of the multistep refining process, large amounts of energy are con-

sumed to heat and cool the oil as well as to provide power to pumps, centrifuges,

and other equipment. The energy usage can range from 2000 to 4000 BTU/lb,

depending on the age of the facilities (7). About 1% of neutral oil is lost in the soap-

stock and phospholipid gums (8). In addition to solid waste, high organic-content

aqueous effluents are produced. Although improvements have been made in process

engineering and equipment design, the basic principles of edible oil refining have

not changed in the last 70 years (9).

4. VEGETABLE OIL DEGUMMING

The purpose of degumming is to remove almost all phospholipids, which could

settle out during storage or cause flavor reversion of bottled oil or darkening during

VEGETABLE OIL DEGUMMING 435



frying. Traces of phosphorus in refined oils are blamed for darkening the oil during

deodorization (5) and for interfering with the catalyst during hydrogenation (10).

The recovered phospholipids can produce lecithin.

4.1. Conventional Degumming Methods

Water degumming. This is the traditional degumming method. When water is added

to crude oil, most phospholipids in the oil are hydrated and made insoluble in the

oil. Water, at about 1–3% of the oil volume, is combined with the crude oil by

agitation for 30 min at 50–70�C. Then, the hydrated gums can be separated from

the oil by settling, filtering, or centrifuging. Usually 80–95% of the gums are

removed by conventional water degumming (11). When oilseeds of high quality

are extracted under optimum conditions, the phospholipids can be removed by

water degumming to a residual content of 0.002% (12).

Most seed oils contain 0.2–0.8% nonhydratable phospholipids (5), specifically

the magnesium (Mg) and calcium (Ca) salts of phospholipids, which cannot be

removed by water degumming. For many years, a common way for nonlecithin

producers to degum edible oil was to treat the oil with 0.02–1% of concentrated

phosphoric acid at 70–90�C, after water degumming. Then, without the removal

of any precipitated solids, the oil is caustically refined. Phosphoric acid chelates

the Ca and Mg in the oil so that the nonhydratable phospholipids are converted

into the hydratable form. The phosphoric acid pretreatment produces a darker

lecithin with lower purity (5).

The effectiveness of the conventional degumming process is very much depen-

dent on the quality of the crude oil; inferior quality oils show incomplete degum-

ming with a single process pass. Moreover, about 20% or more of the phospholipids

are lost by destructive treatments and as much as 1% of the neutral oil may be lost.

Considerable effluent disposal problems arise as well (8).

4.2. Other Developing Degumming Methods

Degumming with acetic anhydride. The process is referred to as the Staley 50

process. Acetic anhydride (0.1%) is mixed with preheated oil (60–70�C) for 15

min, and the mixture is stirred for 30 min after the addition of 1.5% water. The

degummed oil obtained is claimed to require no caustic refining. However, the

Staley process does not work well with highly colored vegetable oils like cotton-

seed oil (5).

Superdegumming. Citric acid is used as a reagent to degum oil at a temperature

above 50 �C. Phospholipid levels as low as 7–30 ppm can be achieved in refined oil.

Various other degumming agents have also been proposed, including sodium chlo-

ride solutions, ammonium hydroxide, and acetic, oxalic, boric, and nitric acids (13).

Continuous ultrasonic degumming. Ultrasonic action can generate extremely

localized heat and pressure and produce intimate contact of reactants without sub-

stantially raising the temperature of the final products. Moulton and Mounts (14)

proposed a continuous ultrasonic degumming process in 1990. Compared with a
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batch conventional degumming process performed in the laboratory, ultrasonic

degumming was five times faster, the percent phosphorus removed was 8% higher

(ranging from 90% to 99%), and the percent Mg removed was up to 10% higher.

More ultrasonic power seemed to increase the weight of the gums recovered. Water

washing of the degummed oil is not required, and potential environmental pollution

can be reduced.

Supercritical CO2 degumming. Use of supercritical fluid to extract oilseeds has

been shown to possess certain advantages, such as the absence of phospholipids in

crude oils, lighter oil color, and less tendency to undergo color fixation. In List

et al.’s research (11), a hexane-extracted crude soybean oil was degummed in a

reactor by counter-currently contacting the oil with supercritical CO2 at 55 MPa

and 70�C, and it took approximately 4 hr/run for completion. Typically the super-

critical CO2 refined oils have a phosphorus content below 5 ppm, a Lovibond color

rating of 10R-70Y, and a free fatty acid content below 0.1%. Most gums (99.2%)

are removed.

Membrane degumming. Membrane separation has also been evaluated as an

alternative process to conventional oil refining processing. Ultrafiltration (UF) and

nanofiltration (NF) membranes separate phospholipids almost completely, and

FFAs, pigments, and other components can also be removed with the phospholipids

to a certain extent. Less effort is required in the later processing steps.

5. MEMBRANE PROCESSING OF OILS AND FATS

Membrane Technology: The expression ‘‘membrane separation’’ covers a wide

range of product separation techniques. They involve the separation of components

mostly in fluid or even, sometimes, in gaseous state, through the application of the

physical properties of ionic charges, diffusivity, and difference in molecular size of

the compounds to be separated. It uses a wide range of inorganic and polymeric

membranes, the selection of which depends on the material to be processed.

Membrane technology is a mature industry and has been successfully applied

in various food industries for separation of undesirable fractions from the valuable

components of the feed streams. The industrial membranes are classified into

various categories. They include particle filtration, microfiltration, ultrafiltration,

nanofiltration, reverse osmosis, and pervaporation. As shown in Figure 1, particle

filtration is concerned with separation of particles that are greater than 2.0 micro-

meters (2� 104 angstrom units); microfiltration with macromolecules from

200,000 to 1 million molecular weight (MW) (500–2 million angstrom units); ultra-

filtration with molecules 10,000–300,000 MW (40–2,000 angstrom units); nanofil-

tration with molecules 15,000–150 MW (8–80 angstrom units); and reverse osmosis

(also called ‘‘hyperfiltration’’) with ions and molecules up to 600 MW (20 angstrom

units). These processes are used to meet various separation needs as shown in

Figure 1.

Reverse osmosis retains all components except water, whereas ultrafiltration is

primarily a size-exclusion-based pressure-driven membrane separation process. The
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UF membranes can retain macromolecules such as polysaccharides, proteins, bio-

molecules, polymers, and colloidal particles. Generally, ultrafiltration membranes

are classified by the type of material and their nominal molecular weight cutoff

(MWCO), which is usually defined as the smallest molecular weight species for

which the membrane has more than 90% rejection.

Advantages of membrane separation technology in food processing include

gentle treatment, quality improvement, low energy consumption, simultaneous frac-

tionation and concentration, demineralization, increased yield, and simple plant

layout. The limiting factors of the technology include concentration, polarization,

fouling, osmotic pressure, and viscosity.

Figure 1. Principles of membrane separation.
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The critical parameters for a successful application in oils and fats industries

may require special attention to feed characteristics, aging, pretreatment, process

conditions, process mode, hygienic design, membrane cleaning, and disinfection.

The low energy requirement of membrane-based separation processes makes

them an attractive affirmative to thermal technologies. The processing is carried

out at low temperatures near ambient by avoiding thermal degradation of valuable

components of the final products, which is of great interest to the processors aiming

for the premium market, which will pay higher prices for the processed products.

Membrane technology compared with conventional processors is a simple en-

closed unit operation that can be clearly controlled and monitored to reduce costs.

Each membrane technique and its economic impact to overall processing costs must

be evaluated individually.

Worldwide membrane market can be characterized as perhaps the most dynamic

among all process technologies. It is, however, difficult to present exact data on

its volume. The United States, Western Europe, and Japan are presently the key

markets. Despite that all three economies have been going through a prolonged

recession for the last few years, growth in the membrane sector has been of the

order of 10% p.a. The worldwide membrane/equipment market is approximately

$4.5 billion annually and is expected to have a rapid growth for the next decade.

For the installed membrane area in the food sector, the dairy industry remains the

major segment representing about 70% of the total market, followed by the fruit

and vegetable sector, where about 20% of the installed membranes have to be found.

All commercially available membranes are developed for aqueous applications.

However, nonaqueous solvents could be used if appropriate membranes, spacers,

and seals are developed. The development of polymeric membranes during the

last several years has been rapid, and ceramic membranes made or coated with

alumina are now available in the UF range. The membrane modules are available

in various configurations such as flat sheet, hollow fiber, spiral-wound, tubular, and

disc tube. Desirable membrane properties required, regardless of the separation

process, are high resistance to solvent, durability under high temperature and

pressure, low fouling ability, selectivity toward the desirable components, and

high permeate flux.

Basic Concepts in Membrane Separation: The separation efficiency of a specific

membrane is characterized by two main concepts: permeate flux and rejection

rate.

Permeate flux is defined as the permeation rate per unit of membrane area. Thus,

maximizing the flux will reduce system size and cost. Permeate flux can be calcu-

lated as follows (15):

Flux ¼ Total quantity passed through membrane=ðMembrane area� TimeÞ:

Rejection rate measures the ability of the membrane to retain a certain molecule.

The observed solute rejection rate Ri for a given specie i is given by:

Ri ¼ 1� Cip=Cir;
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where Cip is the concentration in the permeate and Cir is the corresponding value in

the retentate (16).

The volumetric concentration factor (VCF) indicates how many fold the feed has

been concentrated, and it is defined as:

VCF ¼ Vf =Vr;

where Vf and Vr are the volumes of feed and retentate, respectively (16).

Membrane and Membrane Design: Most membranes are polymers in nature, but

some inorganic membranes have become available. The most common membranes

are based on polysulfone, cellulose acetate, polyamide, fluoropolymers, and other

compounds. Formation of a symmetric membrane structure is an important element

in the success of UF/NF membrane separation (16). The other considerations for

membrane separation are as follows: (1) separation capabilities (retention or selecti-

vity), (2) separation rate (flux), (3) chemical and mechanical stabilities, and (4)

membrane material cost.

The objective in membrane design is to pack as much permeation surface area

into as small a space as possible to minimize operation requirements. Depending

on the application, various membrane designs are used, such as flat sheet, disc

tube, hollow fiber, spiral wound, and ceramic (17). Module design has a measurable

effect on the hydrodynamic performance of the cross-flow membrane device. The

advantages and disadvantages of different membrane modules are summarized in

Table 1.

Although most UF/NF applications are aqueous, researchers have also indicated

the feasibility of newer organic phase separations. The compatibility of membranes

with different inorganic and organic solvents and feedstocks varies with the mem-

brane materials.

Process Configurations: The most common UF/NF process configurations are

(16) as follows:

1. Batch concentration

2. Feed and bleed

3. Diafiltration

TABLE 1. Characteristics of Various Membrane Module Configurations.

Module Membrane Surface Relative Capital Relative Operating Ease of Cleaning

Type Per Module (m2/m3) Cost Cost in Place

Flat sheet 30–200 High Low Poor

Plate 400–600 High Low Poor

Spiral wound 800–1000 Very low Low Poor

Hollow fiber 600–1200 Low Low Fair

Tubular 25–50 High High Good
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The simplest batch concentration (Figure 2) configuration is most commonly

used in laboratory-scale and pilot-scale units. The retentate is returned to the

feed tank through the module. It is the fastest method of concentrating a specific

amount of material. Another process design with total recycling of both retentate

and permeate (Figure 3) is often used in the study of membrane fouling, in which

the flux decrease resulting from the increase of feed concentration can be ignored.

Applications of Membrane Processing to Edible Oils: The commercial mem-

brane separation processes and developing applications in oilseed processing are

given in Tables 2 and 3. Currently, various companies are offering membrane sys-

tems for nitrogen production and waste treatment applications that are inexpensive

and require minimal labor. Developing membrane applications in oil milling and

edible oil processing, as given under the introduction sections are solvent recovery,

degumming, free fatty acid removal, catalyst recovery, cooling tower water re-

covery, protein purification, and tocopherol separation. A thorough discussion of

all applications will make this contribution undesirably long. Therefore, this article

will only cover membrane degumming applications and represent data about future

implications of this technology for energy saving and waste treatment costs.

Membrane Degumming of Oils and Fats: The greatest potential for energy saving

exists in replacing or supplementing conventional degumming, refining, and

bleaching processes with a single-step membrane separation system. In this rela-

tion, various groups (18–41) have pursued development of nonaqueous separation

technologies. Most membrane degumming of crude vegetable oils has focused on

P

P
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Membrane Unit

Permeate

Feed
Tank

Feed Pump

Retentate

Figure 2. Schematic flow diagram for a cross-flow batch concentration membrane system.

P: pressure gauge; T: thermometer.
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Figure 3. Schematic flow diagram of a cross-flow total recycle membrane system. P: pressure

gauge; T: thermometer.

TABLE 2. Potential Applications of Membrane Technology in Vegetable

Oil Processing.a

Application Membrane Technique

Commercial applications

Nitrogen production for packaging Gas separation membrane

Wastewater treatment UF/RO

Miscella filtration MF

Developing applications

Solvent recovery from miscella NF/RO

Degumming UF/NF

Deacidification and recovery of FFA UF/NF

Bleaching UF/NF

Dewaxing UF

Vent gas recovery NF/PV

Removal of trace metals UF

Recovery of hydrogen catalyst MF

Boiler condensate clean-up RO

Fractionation of lecithin UF

Vitamin E recovery from deodorizer distillate MF/UF/NF/RO

aAbbreviations: UF, ultrafiltrate; RO, reverse osmosis; MF, miscellafiltration; UF, ultrafiltra-

tion ; NF, nanofiltration ; and PV, pervaporation.
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ultrafiltration and nanofiltraton. Most oils have been evaluated on a laboratory

scale, and only a few have reached the pilot scale. Comparison of membrane degum-

ming conditions and results from most publications are listed in Table (4). The lite-

rature does not contain sufficient experimental data on membrane degumming. The

newly available hexane-resistant membranes have provided great opportunities

for membrane degumming. However, typical data with modified, hexane resistant,

nonaqueous membranes are not available. Seeking a membrane with reasonable

flux, high selectivity, and less fouling is still necessary for commercialization of

this technology.

Theoretically, triacylglycerols and phospholipids have similar molecular weights

(about 900 Da), which makes them difficult to separate by membranes. However,

phospholipids are surfactants in nature, with both hydrophilic and hydrophobic

ends, and they can form reverse micelles in nonaqueous environments with globular

structures (Figure 4). The micelles formed have a molecular weight of 20,000 Da or

more (12). Accordingly, phospholipids can be separated in the miscella stage with

appropriate membranes. The membrane-based crude oil degumming procedures

produce permeate and retentate fractions containing triacylglycerols and phospho-

lipids, respectively (Figure 5). Most coloring materials and some FFAs and other

impurities are embedded in the phospholipid micelles and are removed as well.

Processes for refining acylglycerol oils using semipermeable membranes have

been disclosed in literature by Gupta (19–22). U.S. Patents 4,062,882 (19) and

4,093,540 (20) of A.K. Sen Gupta describe a process for refining a crude acylglyce-

rol oil composition by passing a solution of this oil in an organic solvent under pres-

sure over a semipermeable membrane. In this process, the membrane retains the

TABLE 3. Oilseed Processing and Vegetable Oils.

Technical

Membrane Ready Some Testing Development

Application Type to Use Required Required

Nitrogen production GS X

Catalyst removal MF X X X

Degumming UF, NF X X

Protein isolate purification UF X X

and concentration

Hexane vapor recovery VP X X X

Oily wastewater UF, MF X X

Evaporator condensate RO X X

recovery

Brine recovery and reuse NF, UF, MF X X

Wash water recovery RO, NF, UF, MF x x

and reuse

BOD/COD reduction RO, NF, UF, MF X X

Cleaning chemical recovery NF, UF, MF X X

Bottle/canning wash water RO, NF X X

recovery and reuse
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TABLE 4. Comparisons of Reported Membrane Degumming Conditions and Results.

Residual

Degumminga Membrane Membrane Permeate Phosphorus

Ref. Conditions Materials Module Flux (LMH) Content(ppm)

(19) 20�C, 3 l/hr DPEb Tubular Plate 8 <2c

20�C Polysulfone Plate 60 16c

(20) 33%, 2 Kg/cm2, 50 l/hr Polyacrynitrile N/A 30 10c

(21) 50%, 4bar, 20�C, ammonia Polysulfone Plate N/A 7d

50%, 4bar, 20�C, KOH Polyamide Plate N/A 2d

(25)f 30%, 40�C, 0.8 Kg/cm2, Polyamide Capillary N/A 221c

150 l/min Polyamide Tubular N/A 219c

30%, 40�C, 3 Kg/cm2, 14 l/min Polyimide Tubular 17.8 24c

30%, 55�C, 3 Kg/cm2, 14

l/min

(40) Ultrafiltration N/A N/A 33.08 0d

(31) Dewaxed at 5�C and UF at Polyethylene Hollow 3.1 <10e

15�C, 0.9 Kg/cm2, 3.1 l/hr Fiber

with H3PO4 and NaOH

(32) 25%, 150 psi, 40�C Polyether imide Disc tube 7.2 9d

(30) 27%, 3 Kg/cm2, 40�C, 14 Polyimide Tubular N/A 25.4c

l/min

aListed in sequence are miscella concentration, pressure, temperature, and feed velocity.
bDPE, dimethyl polysiloxane elastomers.
cSoybean oil.
dCottonseed oil.
eSunflower oil.
fPilot-scale.

Polar headPigment

Micelle

Impurity

Permeate

Retentate

Non-polar
head

Lecithin
Monomer

UF membrane

Figure 4. Miscella formation and separation mechanism.
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phosphatides present in the oil solution; as a result of which, the oil solution passing

through the membrane shows a reduced phosphatide content. The membranes

described in U.S. Patent 4,093,540 are made of polyacrylnitrile. The membranes

described in U.S. Patent 4,062,882 are made of polyacrylonitrile, a polysulfone,

and a polyamide. In U.S. Patent 4,553,501 to Sen Gupta, a membrane filtration

process is described that not only removes the phosphatides present in the crude

triacylglycerol oil but also the free fatty acids present therein by the addition of

a base to the miscella. In addition to the polyacrylonitrile, polysulfone, and poly-

amide membranes mentioned above, polyimide anisotropic membranes are also

used for this purpose. Membranes made of these polymers are also described in

U.S. Patent 6,207,209 of Jirjis et al. (41).

The process developed by Gupta (19–22) processed crude oils with a combina-

tion of UF membrane separation and silica gel column percolation. The soybean

and rapeseed-hexane miscellas were passed through various UF membranes. The

solvent was removed from the permeate, and the degummed oil was then treated

with bleaching clay, silica, and/or acid and finally was steam deodorized to produce

refined, bleached, and deodorized oil. The color readings of the oils obtained
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LECITHIN
ALKALINE

SOAPSTOCK

DEGUMMED OIL

REFINING

REFINED OILWATER

WASTE WATER
WASHING

DRYING

BLEACHING

REFINED AND BLEACHED OIL

DEODORIZATION

REFINED, BLEACHED AND DEODORIZED OIL
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DEGUMMED AND BLEACHED OIL
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LIMITED BLEACHING

Figure 5. Diagrams for the existing chemical refining process and the proposed membrane

degumming process (32).
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by conventional treatment (refining, bleaching, and deodorization) and ultrafiltration

(ultrafiltration, acid treatment, bleaching, and deodorization) were identical (0.4R-

4Y). The FFA content of the ultrafiltrated oils was reduced from their initial

amounts of 1.82% and 2.84% to 0.95% and 1.21% for soybean oil and rapeseed

oils, respectively (Table 5). The phospholipid contents of the refined, bleached,

and deodorized oils from both methods were in the range of 20–25 ppm. In later

work (20), the FFA content of soybean, cottonseed, grapeseed, and rice bran oils

were reduced from 2.8% to 16.0% to 0.09% to 1.3% by use of additives, gums,

soaps, ammonia, and polyvalent compounds (Table 6). Chlorophylls and gossypol

contents of the grapeseed and cottonseed oils were reduced by a combination of UF

and ammonia treatments from 58 ppm and 3800 ppm to 12 ppm and 100 ppm,

respectively. The PM10 membrane (Amicon, Beverly, MA) selectively retained

phospholipids in the concentrate fraction, and the permeates contained only 4–

10-ppm phosphorous.

Various comparisons of the conventional refining technique versus the ultrafiltra-

tion based method using soybean and rapeseed oils are reported, and the results

show that there is no difference in the quality of the oils obtained from these two

methods. Table 7 compares composition of crude, degummed, superdegummed,

and ultrafiltratred oils. The lowest phospholipid, Ca, Mg, and Fe contents were

obtained by the ultrafiltration method. Both UF and superdegummed oils were

TABLE 5. Composition of Products Obtained from Membrane Processing of Soybean

and Rapeseed Oils.

Phospholipids

Treatment Chlorophylls% Color ppm FFA%

Soybean Oil

Crude oil — 3.5Rþ 35Y 662 1.82

Ultrafiltered 0.412 3.4Rþ 34Y 25 0.95

Ultrafiltered acid treateda 0.001 2.6Rþ 27Y 23 1.05

and bleachedb 0.000 0.5Rþ 4Y 21 0.03

Ultrafiltered, bleached, acid treateda, 0.000 0.4Rþ 4Y 24 0.03

and deodorizedc

Conventional treatmentd (refining, 0.008 3.3Rþ 32Y 20 0.98

bleaching, and deodorization) 0.002 0.4Rþ 4Y 20 0.04

Ultrafiltered and bleached

Ultrafiltered, bleached, and deodorized

Rapeseed Oil

Crude oil 19.800 5.9Rþ 58Y 722 2.84

Ultrafiltered 15.800 5.8Rþ 47Y 31 1.21

Ultrafiltered, acid treated, 0.003 2.9Rþ 28Y 28 1.32

and bleached 0.000 0.4Rþ 3Y 25 0.03

Ultrafiltered, acid treated, bleached, 0.000 0.4Rþ 4Y 23 0.03

and deodorized

Conventional treatment (refining,

bleaching, and deodorization)
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superior to those obtained from the conventional degumming process. Data for the

rapeseed miscella, treated with UF and KOH, indicate that the residual phospholipids

and metals in the oil are low enough to be removed by either silica gel or bleaching

clay treatments (Table 8). PC content of the lecithins obtained from conventional,

Alcon (deactivated the enzymes before solvent extraction), and ultrafiltration

TABLE 7. Composition of Crude, Degummed, Superdegummed, and Ultrafiltered

Soybean Oil.

Crude Degummed Superdegummed Ultrafiltered

Components Soybean Oil Soybean Oil Soybean Oil Soybean Oil

Phospholipids, % 2–3 0.3–0.8 0.05–0.08 0.03

Non P 0.15–0.3 0.02–0.1 Reduced Amount <50

Glycolipids, % 0.10–0.15 0.02–0.03 Reduced Amount <1

Free sugar, % 0.01–0.02 — N/A N/A

Lipoproteins, % ca. 0.005 0.001 N/A N/A

Amino acids, %

Potassium, ppm 300–400 70–100 N/A <5.0

Calcium, ppm 100–150 50–120 <5 <5.0

Magnesium, ppm 80–130 50–100 <5 <0.1

Ironl, ppm 1–10 0.5–5.0 <0.50 <0.1

Carotenes, ppm 25–30 20–25 — -<20

Green pigment, ppm 1–2 1–2 — <0.5

Free fatty acids, % 0.5–1.6 0.5–1.6 0.5–1.6 0.5–1.6

TABLE 6. Comparison of Ammonia–KOH-Treated and Membrane-Processeda Products

and Crude Soybean, Cottonseed, Grapeseed and Rice Bran Oils.

Chlorophylls Gossypol

ppm ppm Colorb P % FFA %

Soybean Oil

Crude oil — — 6.5Rþ 70Y 900 2.80

Ultrafiltered — — 5.6Rþ 70Y 6 2.80

Ultrafiltered ammonia treated — — 4.0Rþ 40Y 4 0.09

Cottonseed oil

Crude oil — 3800 — 666 6.20

Ultrafiltered — 1100 — 7 6.00

Ultrafiltered ammonia treated — 100 — 7 0.30

Grapeseed oil

Crude oil 58 — — 65 4.00

Ultrafiltered 48 — — 5 3.60

Ultrafiltered ammonia treated 12 — — 5 0.50

Rice bran oil

Crude oil — — 13Rþ 70Y 300 16.00

Ultrafiltered — — 9Rþ 60Y <10 31.00

Ultrafiltered ammonia treated — — 6Rþ 60Y <10 1.30

aDiaflo PM membrane at 4 bar, 20�C using stirred cell system.
b2 cell.
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processes were 32%, 46%, and 51.2% (Table 9). The high PC content is one of the

most desirable components of the phospholipid mixtures because of its excellent

functional property.

Japanese workers (23–26,30) and Koseoglu et al. (27–29) have also showen that

complete removal of phospholipids from the crude oils is possible with a polyimide

ultrafiltration membrane. Polyimide membranes are described in U.S. Patent

TABLE 8. Analysis of Rapeseed Oil Before and After Miscella UF Process (With and

Without the Addition of KOH).

P FFA K Fe Cu S Lovibond 230 0

ppm % ppm ppm ppm ppm R G B

Crude Oil 294 1.30 39.0 3.20 0.30 19 8.2þ 80þ 5.1

UF treated oil 7 1.30 2.0 0.13 0.04 9 6.0þ 70þ 1.2

without KOH

refining

UF treated oil with 3 0.03 0.7 0.01 0.01 4 4.2þ 50þ 0.0

KOH Refining

Final oil was bleached with 1.5% bleaching clay and deodorized; taste of refined product was stable for

3 months, and the frying properties were excellent. Membrane: Polysulfone PM 10 (Amicon).

TABLE 9. Composition (%) of Lecithin from Normal Soy Oil, Alcon

Process, and Membrane-Separated Oils.

Lecithins from Lecithins from Lecithins from

Phospholipid Normal Soy Oil Alcon-process Membrane Process

PC 32 46 51.2

PE 21 23 14.2

LPC 2 2 2.0

PI 14 8 0.3

PA 17 19 3.6

Other P-Lipids 4 2 2.6

K-, Ca-, and Mg-amounts in oils or lecithin are not available.

TABLE 10. Comparison of Products Obtained Both from Membrane and Conventional

Processing of Sunflower Oil.

Phospho- POV AOM

Dewaxed Products from Wax FFA % Color Lipids % % (19.2 hrs) %

Membrane processed, 0.006 0.04 0.3Rþ 3.5Y <0.001 0.0 11.0 POV

bleached, and deodorizeda

Conventional processing 0.006 0.04 0.3Rþ 3.1Y <0.001 0.0 12.0 POV

including refining, bleaching,

and deodorization

aBleached with acid-activated bleaching clay and deodorized at 260�C for 1.5 hr at 3 mm Hg.

448 MEMBRANE PROCESSING OF FATS AND OILS



4,414,157 of Iwama et al. (25), and U.S. Patent 4,545,940 issued to Mutoh et al.

(31) describes a membrane used for the dewaxing of triacylglycerol oils that

consists of a copolymer of ethylene and tetrafluoroethylene. In addition to waxes,

phospholipids and free fatty acids were also retained by this membrane, but the dis-

closed flux is too low to be economical.

Mutoh et al. (31) dewaxed vegetable oil by cooling to allow the wax to crystal-

lize followed by temperature-adjusted ultrafiltration. The authors claimed that, in

addition to wax removal, this process also reduces phospholipids, FFAs, and water

content in vegetable oils. The wax, FFA color, peroxide value (PV), and phospho-

lipids contents of the oil were exactly the same, and the AOM values were found

to be comparable. Iwama (26) completed a large-scale evaluation with 25 tons of

soybean oil and reported that the combined membrane degumming and physical

refining is an economically viable alternative to conventional processing of soybean

oil. The solvent-resistant commercial polyimide ultrafiltration membrane (20,000

MWCO) NTU-4220 (Nitto Electiric, Tokyo, Japan) was effective at 40–50�C to

separate the phospholipids selectively. Increase in pressure from 2 kg/cm to 4 kg/cm

increased the flux from 60 l/m2.h to 90 l/m2.hr. The feed oil concentration is report-

ed to be less than 50%, and the best results were obtained in the range of 20–30%

oil in the feed. The concentration did not influence the selectivity of phosphorous

rejection rates. The purified oil recovery rates were 97–98% during the batch

experiments. The results from long-term evaluations (1400 hr) show that miscella

flux was steady with no major fouling. The long-term storage experiments and sta-

bility test showed no apparent difference in the quality of the oils obtained from

chemical or membrane-based technologies. The five-stage membrane-based mis-

cella degumming process was tested, and data were collected for 250 tons/day of

soybean oil production facility. A five-stage process may require 1400 square

meters of membrane area, and the total investment cost could be recovered within

three years. The processing conditions for soybean oil purification using a combi-

nation of capillary (CM) 50,000 MWCO polyimide ultrafiltration membranes and

tubular (TM) membrane systems are given in Table (11). A combined CM and TM

TABLE 11. Processing Conditions and Data from Retentate for Soybean Oil Purifications

with Polyimide and Membranes.

Membrane processing conditions Retentate

Membrane Flow rate Pressure Temperature Treatment Phospho-Soybean

system 1/min kg/cm2 �C time, min lipids, % oil, %

Polyimide membrane

50,000 MWCO

CM 150.8 0.8 55 — 67.3 32.7

TM 14.0 3.0 55 1578 96.5 3.5

CM & TM Same as CM and TM 454 96.4 3.6

Abbreviation: CM, capillary membrane system setup; TM, tubular membrane system setup; CM & TM,

capillary and tubular membrane systems.
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system recovers 96.6% of the oil in the permeate fraction. The total phospholipid

rejection rates were around 99.9%.

Semi-pilot plant scale trials with crude oils containing 220–580 ppm phos-

phorous (28) show that nonaqueous UF separations might be used to degum and

partially decolorize crude domestic oils before physical refining. No permeates from

two commercially available membranes contained phosphorous, thus indicating

complete removal of hydratable and nonhydratable phospholipids (28).

Soybean oil does not have as much of a color problem as do cottonseed and pea-

nut oils. Reductions of yellow color were insignificant, but 50% reductions in red

color values were achieved. Beta-carotene content was not influenced by the mem-

brane treatment, although chlorophyll contents of the permeates were reduced. The

best results were obtained with cottonseed oil, where color readings were reduced

from 2.5 R–16 Y in the crude oil to 0.4 R–3 Y. Beta-carotene content was signi-

ficantly reduced by polyvinylfloride membrane (Table 12).

Theoretically, triacylglycerols and phospholipids have similar molecular weights,

which make them difficult to separate by membrane technology. However, the

structural differences are exemplified in nonpolar solvents such as hexane. Phos-

pholipids are surfactant in nature, and in hexane miscella, they form micelles with

a molecular weight of 20,000 Da or more.

The maximum pore size used to separate phospholipid micelles, in which color

pigments and other impurities are physically bound, can be in the range of 10,000–

50,000 Da depending on the polymer type. Considerable swelling occurs with poly-

sulfone membranes, which, in turn, affects the membrane chemistry drastically and

reduces flow rates and in some cases totally closes the pores. Similar results have

also been observed with polyamide and fluorinated polymers.

The MW descriptions of the membranes in hexane may not be applicable because

of swelling and the changes in the surface chemistry of the polymers used. A siz-

able reduction in flow rates may be observed with hexane-oil miscellas. The stabi-

lity of micelles apparently is a function of solvent type, charges and location of the

phosphorous group, and specific impurities of the crude oil.

The micellar-enhanced ultrafiltration MEUF technique, based on addition of

surfactants and chelating agents to complex and enhance removal of undesirable

compounds, show considerable promise in membrane degumming applications.

The natural substances such as phospholipids act as surfactants to form large

micelles that will be rejected by the membrane.

TABLE 12. AOCS Color Measurements of Membrane-Processed Cottonseed Oils.

Color Readings 10 0 Cell 9-Carotene Readings

Membrane Crude Oil Retentate Permeate Retentate Crude Oil Permeate

Polyamide 2.5R/16Y 0.4R/3Y 7.4R/50Y 12.5 16.5

12.7

Polyvinylfloride 3.6R/24Y 0.4R/3Y 4.3R/28Y 67.2 4.5

74.3
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In recent tests (29), polyimide membranes showed higher rejection rates with

hexane and isopropyl alcohol (IPA) than that of the polyamide membrane. The

permeate flux of polyamide membrane with the crude cottonseed oil–hexane and

IPA miscellas (20% by weight) were 2.25–5 times of the polyimide membrane

(Table 13). The highest fluxes obtained with hexane and IPA miscellas were

6.6 l/m.hr and 1.4 l/m.h, respectively.

The influence of temperature on permeate is significant when the process is car-

ried on under 150 psi and with a feed concentration of 20 weight%. Flux is mainly a

function of viscosity and can be increased by 400% when the temperature of the

mixture is increased from 20�C to 50�C.

Recent tests by Sun (32) have shown that polyimide membranes have higher

rejection rates than those of polyamide membranes, but polyamide membranes

have higher flux. The highest flux obtained with hexane miscella and polyamide

membranes was 6.6 LMH. The phosphorus rejection rates of 98.1–99.3% were

obtained with hexane miscella. The addition of surfactants increased the phos-

phorus rejection rate from 83.3–78.7% to 96.4% with IPA miscella. The added sur-

factants facilitated the formation of large phospholipid clusters. Koseoglu et al. (33)

reported that membranes made of polyamide were least affected by hexane, but that

a membrane made from a fluorinated polymer was deteriorated by hexane.

The recent U.S. patent by Koseoglu et al. (34) illustrates a process for refining

and degumming of oils by ultrafiltration that significantly improves the quality of

the processed oils and lecithin products and is more economical and environ-

mentally suitable than other known methods. The process includes the steps of

(1) contacting the oil with an ultrafiltration membrane wherein the ultrafiltration

membrane comprises a polymer or copolymer of a vinylidene difluoride monomer;

(2) separating the oil into a permeate fraction having a reduced phosphatide, color,

and free fatty acids content and a retentate fraction having an increased phosphatide

content; and (3) treating the retentate fraction to produce a lecithin product. This

process will allow the use of ultrafiltration membranes that can be profitably in the

degumming of solutions of oils in organic solvents (including phosphatides) by an

ultrafiltration process.

The ultrafiltration membranes according to this process (i.e., comprised a poly-

mer or a copolymer of a vinylidene difluoride monomer) are (1) hexane-resistant;

i.e., they retain their strength and do not swell in hexane so that they retain their

TABLE 13. Effect of Membrane Type on Phosphorus Rejection Rate

and Permeate Flux.

Miscella I Miscella II

Flux Phosphorus Flux Phosphorus

Membrane Type (1/m2/h) Rejection (%) (1/m2/h) Rejection (%)

Polyimide 2.87 99.3 0.86 83.3

Polyamide 6.46 98.1 4.31 78.7
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permeability and selectivity; (2) withstand the pressure drop over the membrane

during ultrafiltration; (3) have a good permeability for triacylglycerol oil and its

solvents, which results in a relatively high flux through the membrane during the

ultrafiltration process; (4) retain free fatty acids, coloring pigments, and phospha-

tides from pressed oil and/or miscella and thus show a high selectivity; and (5) do

not unduly suffer from fouling; i.e., rinsing the membrane with solvent, permeate,

or miscella at regular (but not too frequent) intervals restores the membrane flux to

a fully acceptable and constant level. Figure 6 shows phosporous content of perme-

ates obtained from various membrane modules. The phosphorous content of the

crude oil was reduced drastically from 1346 ppm to 1.5 levels in the permeate.

Good results in degumming miscella have been obtained by using a polyvinyli-

dene difluoride (PVdF)-membrane according to the present invention with a mole-

cular weight cutoff (MWCO) of 30,000 to 200,000 Da. Lower MWs, as, for example,

9000 Da, can also be used, but they are only slightly more selective and their flux is

lower. The preferred MW is about 5000 to about 500,000 Da. The most preferred

MW is about 10,000 to about 250,000 Da. Using a membrane with a higher MW

leads to a higher flux and thus to savings in the investments required for a given

degumming capacity but can lead to a decrease in selectivity. However, it has been

found that this decrease can be effectively counteracted by forming a small amount

of soap in a pressed oil or miscella being processed by partially neutralizing the free

fatty acids present therein. Consequently, the membranes according to the process

can also profitably be used for degumming crude pressed oils.

Miscella Feed
PCI PU608
PCI PU120
PCI ES625
PCI ES209
Koch MPS50-NF
Koch MPSU20S-UF

5.4811.811.59328.45
70.81

4.24

1346.21400
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Figure 6. Phosporous content of permeates obtained from various membranes.
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When a miscella comprising solvent, triacylglycerol oil, and phosphatides is fed

to such an ultrafiltration module, its membrane will retain the phosphatides but

allow the solvent and the triacylglycerol oil to pass through the membrane. Accord-

ingly, the retentate will have a higher phosphatide content than the feed and the

permeate will have a significantly lower phosphatide content than the feed, which

means that the refined oil resulting from evaporating the solvent from this permeate

and from bleaching the still residue can be physically refined to yield a high-quality,

fully refined edible oil.

The ultrafiltration mode in the process according to the method is a cross-flow

filtration, which means that the miscella is pumped along the ultrafiltration mem-

brane and that only a fraction of the solvent and oil present in the miscella perme-

ates through the membrane per pass through the membrane tube. Accordingly, the

retentate can be recycled to the feed of the module and/or it can be fed to a second

and/or subsequent modules to attain a higher phosphatide concentration in the

retentate (and thus a higher yield of degummed oil). Membrane cleaning with

hexane is effective (Figure 7), and there is no need for a water/detergent-based

cleaning system. Figure 7 illuastrates the flux levels after four consecutive tests.

Diluting the retentate with fresh solvent and its subsequent concentration by

ultrafiltration will thus allow a substantially oil-free solution of phosphatides to be

obtained. A substantially oil-free lecithin powder product can be produced from

this solution by evaporating the solvent, for instance, in a spray tower. Conventional

oil-free lecithin powder is normally produced by de-oiling conventional standard

lecithin, using either acetone or a liquefied hydrocarbon, such as propane. In con-

ventional processes, this de-oiling constitutes a separate process step, and thus
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Figure 7. Cleaning profiles with hexane for the solvent membranes after four tests.
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makes de-oiled lecithin an expensive product. Producing a substantially oil-free

lecithin powder product according to the present method is thus more economical

than the conventional process. Crude soybean oil containing 1799-ppm phosphorus

and a free fatty acid content of 0.61 wt% was treated in a membrane system and a

permeate resulted that had a phosphorus content of 6.3 ppm in the oil. The solvent

was evaporated, and the resulting still residue was treated with 0.20 wt% citric acid

treated rice hull ash under vacuum at 99�C for a period of 15 min, after which the

adsorbent was removed by filtration. Subsequently, the oil was bleached at 105�C
and under vacuum while using 0.95 wt% bleaching earth (Filtrol 105 WF) for a

period of 15 min; again, the adsorbent was removed by filtration. The filtrate was

subjected to a physical refining process at 257�C for a period of 74 min. Samples

were taken and analyzed. The analytical data given in Table 14 clearly show that

excellent results are obtained by subjecting crude soybean oil to the process accord-

ing to the present method and then to standard bleaching and physical refining treat-

ments. The taste of the fully refined oil was judged to be 9 on a scale of 1–10, and

its storage stability was fully acceptable.

Economics of Membrane Degumming: Membrane technology can be applied to

edible oil refining to (1) simplify the process, (2) reduce energy consumption, and

(3) reduce wastewater production. According to the U.S. Department of Energy, the

potential energy savings from implementation of this technology in the United States

alone is estimated to be 7.2–35.3 trillion BTU per year. In 2 years, with 25% market

penetration, 14.5 million gallons/year of water and 27,670 tons/year of solid waste

could be eliminated (18). In addition, loss of neutral oil with gums could be reduced

by 75% (18). If the energy savings are combined with other savings, such as the

reduced capital investment, waste reduction, and recovery of neutral oil and phos-

pholipids, the total impact of this new technology to the whole edible oil industry

could be doubled (18). Figure 5 shows diagrams for the existing chemical refining

process, the physical refining process, and the proposed membrane refining process.

TABLE 14. Analytical Data That Indicate Results Obtained by Subjecting Crude Soybean

Oil to the Process.

After Treatment After Treatment After Physical

Property/sample Permeate with Rice Hull Ash with Bleaching Earth Refining

Free fatty acids (wt%) 0.17 0.16 0.02

Lovibond color Y/R 30/10 40.00/5.40 1.00/0.10

Peroxide value 1.80 0.60 0.00

Anisidine value 1.20 1.40 1.00

Chlorophyll, ppm 595.00 25.00 20.00

Phosphorus, ppm 0.63 0.06 0.00 0.10

Calcium, ppm 0.02 0.02 0.02 0.02

Magnesium, ppm 0.02 0.02 0.02 0.02

Iron, ppm 0.02 0.00 0.00 0.02

Copper, ppm 0.00 0.00 0.01 0.00

Nickel, ppm 0.00 0.00 0.00 0.02

A.O.M., h 18.00
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Energy Savings: Energy usage in refineries and expected savings resulting from

the introduction of new membrane process can vary with the age (actually the extent

of modern practices), and it may range from 2000 to 4000 BTU/lb of oil processes.

In fact, most oilseed mills and refineries in the United States are old, and their

energy usage is about 4000 BTU/lb. As these plants are less efficient, more energy

savings can be expected.

The following energy savings estimates include considerable practical informa-

tion we have collected from our industry. Data on membrane life, effects of fouling,

and changes in feed stock are needed to answer the remaining questions.

Approximately 16.3 billion lb of crude soybean, cottonseed, corn, and peanut oil

were refined in the United States during 1993 (34), which includes the following

oilseeds: 12.675 b soybean, 1.2 b corn, 1.045 b cottonseed, 186 m peanut, 375 m

sunflower, and 849 m canola. Older plants (Plant A: 4000 BTU/lb oil) could save

40% of their total energy consumption. However, for newer plants (Plant B: 2000

BTU/lb oil), the savings is expected be to around 10%. Therefore, the range energy

saving from degumming, refining, and bleaching by the new process is estimated to

be around 3266� 109 � 26; 128� 109 BTU/year.

According to industry experts, energy usage in waste treatment is about 7–10%

of the total consumption depending on the age of the plant. The energy savings

expected from elimination of wastewater treatment in edible oil refineries could

be in the range of 2286� 109 � 6532� 109 BTU/year. These estimates do not

include reductions in capital investments. For example, elimination of wastewater

treatment results in at least $1.5 million savings in capital investment for each plant

built based on this technology.

Based on our calculations, the total energy savings expected from successful

implication of membrane processing into edible oil processing can range from

7.2 to 35.3 trillion BTU per year in the United States alone. These calculations

are based on the data available from the energy audits of various oil mills and refi-

neries and U.S. Department of Commerce publications. The refining losses caused

by entrapment of neutral oil in soapstock and hydrolysis of neutral oil during the

caustic refining is around $157.7 millions/year. In addition, the volume of neutral

oil lost with the bleaching clay is about $26.3 millions/year.

The other savings that can be obtained from utilization of the technology is

$22.06 per ton of oil processed, which include reduced solid waste, neutral oil loses,

bleaching clay usage, and higher value of the byproducts. The additional costs for phy-

sical refining will be balanced by the savings from elimination of the oil drying costs.

According to a recent DOE report (15), steam energy savings from partial or full

implication of membrane technology in membrane refining, degumming, and

bleaching is expected to be at least 15–21 trillion BTU’s/yr. In addition, if reduced

oil losses, steam savings, and other savings from such as reduced capital invest-

ment, wastewater treatment, and cooling water are combined with savings from

neutral oil and steam usage, the total impact of this new technology to the U.S.

edible oil industry will be doubled.

Waste Reduction: In many cases, wastewaters from vegetable oil processing

mills are discharged to municipal treatment systems or are treated on-site and
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discharged directly into rivers or streams. Direct on-site discharge treatment typi-

cally includes pH adjustment to acidic range, gravity separation, pH readjustment to

near neutrality, chemical coagulation with dissolved air flotation, biological treat-

ment, and, in some cases, filtration through granular media. Many plants have found

that discharge to municipal systems (despite high costs) is more economical than

on-site treatment. However, because of the increased disposal charges and govern-

mental disposal limits, more edible oil processors are in search of new inexpensive,

efficient technologies to eliminate these high BOD acidic waters.

The average wastewater production for per 100 lb of crude oil processed is

14.1 lb. The total amount of wastewater produced by the U.S. edible oil industry

on a yearly basis (based on 1993 production data) is 23.02 million gallons. In addi-

tion, currently 106,890 tons of used bleaching clay is disposed of. The disposal

sites for this kind of solid waste is limited. The used bleaching clay is regularly

trucked to the disposal site.

6. CONCLUSIONS

The new membrane method (Figure 5) will simplify the whole process to almost a

single-step operation. The process not only removes all phospholipids, but it also

removes most coloring pigments and some free fatty acids. Bleaching requirements

are reduced because of entrapment of some coloring pigments during the membrane

separation process. A great deal of profit should be realized because of improved

productivities and by eliminating the chemical process. Moreover, it is emphasized

that the membrane process can be carried out without water and chemicals, which

results in no wastewater streams. This result would reduce costs by eliminating

installations for treating effluents. It is meaningful that hexane removal by distilla-

tion after degumming results in the improvements of distillation efficiency. Addi-

tionally, it would be profitable because the membrane process makes it possible to

omit the waxing process and to recover phospholipids from the concentrated side.

Energy savings and wastewater elimination approach 7.26–35.33 trillion BTU/yr

and 23.02 million gallons/year, respectively. Decreased oil losses and decreased

bleaching earth requirements, 53,445 tons/year, are the other potential advantages

of membrane processing. The advantages of this unique process are as follows:


 Elimination of degumming process.


 Neutral oil loss is reduced by 80%.


 Does note require phosphoric acid for nonhydratable phosphatide.


 Produces a value-added product such as lecithin.


 Elimination of caustic refining.


 No need for acidulation process, and FFA can be sold as is.


 100% elimination of waste waters from degumming, acidulation, and water

washing steps.


 Complete elimination of oil drying process.


 Reduction in bleaching requirements during bleaching process.
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 In a conservative estimate, 50% reduction in bleaching clay use (55,445 tons)

and disposal is obtained.


 Neutral oil loss is reduced because of miscella bleaching.


 Ability to use physical refining for oils like soybean and cottonseed.

Thus, soybean, cottonseed, peanut, or canola crude oils from this process can

easily be physically refined, which would provide a considerable advantage that

imported palm oil enjoys. Specifically, palm oil, a major price competitor of domes-

tic oils, like cottonseed, soybean, and peanut in world markets, is processed by

‘‘physical refining’’—a method in which the oil is subjected to a high-temperature–

high–vacuum process that distills off only the free fatty acids and undesirable

odor and flavor compounds. However, to date, physical refining has not been

applicable to domestic oils because of their relatively high (2–5%) contents of

phospholipids (‘‘lecithins,’’ ‘‘gums’’). These compounds become ‘‘hydrated’’ and

mucilaginous during degumming and/or caustic refining, and they carry along the

occluded neutral oil during their removal by centrifugation.

This process alone, in addition to the advantages summarized above, shows the

following benefits of the physical refining that will also be obtained. The various

costs such as installation (22%), capital investment (20%), steam usage (28%), cool-

ing water (7%), process makeup water (85%), wastewater treatment (63%) elec-

trical power (62%), and refining loss (60%) are lower compared with that of the

chemical refining process.
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12
Margarine Processing
Plants and Equipment

Klaus A. Alexandersen

When designing margarine processing plants and choosing the equipment to be

installed, a wide range of considerations have to be made with regard to issues

like actual processing, hygiene, sanitation, and efficiency.

In margarine production, oils and fats usually are considered to be the most

important raw materials used, as oils and fats are significant in relation to

the characteristics of the finished margarine. The type of oils or fats used

has considerable influence on the crystallization characteristics during marga-

rine processing, which has to be considered when choosing the equipment

involved in the margarine processing line. The criteria involved in choosing

this equipment are to a certain extent based on knowledge about product

characteristics, polymorphism, and crystal structure of margarine and related

products.

In this chapter, crystallization of oil and fat products, margarine processing

equipment and packaging methods, processing methods, and specific process flows

are discussed. Various oil types exhibiting interesting crystallization habits are

reviewed along with certain specialized margarine or fat products. Storage of

finished products as well as production quality control and hygiene will also be

covered.

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
Edited by Fereidoon Shahidi. Copyright # 2005 John Wiley & Sons, Inc.
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1. CRYSTALLIZATION OF OIL AND FAT PRODUCTS

1.1. Product Characteristics

The rheological characteristics of finished margarines are expressed in terms such

as consistency, texture, plasticity, hardness, structure, and spreadability (1).

These characteristics are related to a number of variable factors. These are

temperature, concentration of the disperse phase or solid fat content, crystal size,

crystal size distribution, crystal shape, interparticle forces of van der Waals’ type

and mechanical treatment (2).

The two dominating factors are the amount of solid triglycerides (or solid fat

index) and the processing conditions during production (3). Formulation or choice

of oil blend allows control of the solid content, which, for identical processing

conditions, is directly related to the consistency and type of crystalline structure

formed (3–5). Processing conditions (rate and degree of cooling, mechanical

working, final product temperature, etc.) regulate the type of crystals formed and

the morphology and extent of intertwining of the solid structure that holds the

liquid oil (6).

The term morphology is used to denote the general relation of the physical

behavior and performance of fats and oils to their crystal structure and the molecu-

lar configuration of their triglyceride components (7).

The curve describing the relationship between the solid fat content of a fat and

its hardness is not a straight line. Hardness decreases sharply when solid fat content

goes below a certain value at which the material loses some of the characteristic

plastic properties (2). Haighton (3, 8) has reported the hardness of margarine in

terms of yield value to have a strong correlation to the solid content under constant

processing conditions, as shown in Figure 1.

1.2. Polymorphism and Crystal Structure

It has been reported extensively that fats solidify in more than one crystalline type

(2–23). Triglycerides exhibit three main crystal types—a; b0, and b—with increas-

ing degrees of stability and melting point. The molecular conformations and

packings in the crystal of each polymorph have been reported. In the a form, the

fatty acid chain axes of the triglyceride are randomly oriented and the a form

reveals a freedom of molecular motion with the most loosely packed hexagonal

subcell structure.

The b0 form and the b form are of an extended chain conformation with ortho-

rhombic and triclinic subcell structures, respectively. In the b0 form alternating fatty

acid chain axes are oppositely oriented, whereas in the b form all fatty acid chain

axes are oriented in one way (9, 10).

Crystals of the a form are fragile, transparent platelets approximately 5 mm in

size. They are extremely transitory and require quite low temperatures to exist.

b0 crystals are tiny needles seldom more than 1 mm in length. b crystals are large
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and coarse, approximately 25–50 mm in length and can grow to over 100 mm during

extended periods of product storage. The b form is responsible for product quality

failure in ‘‘sandy’’ and ‘‘grainy’’ margarines (7). In severe cases this can lead to

separation of the oil usually described by the term oiling out. Storage temperature

that is too high, inadequate oil blend formulation, or process conditions promote

this product failure.

In the manufacture of margarine, the emulsion is processed in a scraped-surface

heat exchanger that must supercool the melted fat quickly in order to form as many

crystal nuclei as possible (11).

The fat is believed to first crystallize in the a form, which is transformed more or

less rapidly to the b0 form depending on the crystal habit of the fat, rate of cooling,

and the amount of mechanical work applied (5, 7, 12, 13).

b0 is the crystal form desired in margarines as it promotes plasticity (4, 5, 13).

The b0 crystal form tends to structure as a fine three-dimensional network capable

Figure 1. Hardness of margarine vs. percentage solid in fat (3). Courtesy of J. Amer. Oil Chem.

Soc.

CRYSTALLIZATION OF OIL AND FAT PRODUCTS 461



of immobilizing a large amount of liquid oil (6). Large b crystals do not tend to

give a three-dimensional structure.

Both Wiedermann (4) and Thomas (5) have grouped various oils and fats accord-

ing to their crystal habits. As an example, soybean, sunflower seed, corn, coconut,

and peanut oils show a b tendency. Cottonseed oil, palm oil, tallow, and butter oil

have a b0 tendency. Oil blend formulation has a significant influence on the crystal

form attained by a margarine or shortening. The suitability of a fat or oil for

margarine formulation is very much dependent on the crystal size present, amount,

and habit of these crystals (13). Incorporation of a higher melting b0 tending oil to a

basestock can induce the crystallization of the entire fat into a stable b0 form (5).

The effects of such formulation practice and processing conditions have been

studied extensively by Rivarola et al. (6) for blends of hydrogenated sunflower

seed oil and cottonseed oil. For strong b tending hydrogenated sunflower seed

oil, it was found that with increasing cooling rate, the tendency to crystallize in

the b0 form increased. For blends of hydrogenated sunflower seed oil and strong

b0 tending hydrogenated cottonseed oil it was concluded that even at quick cooling

rates, small quantities of the b form are formed.

In certain margarines formulated mainly on hydrogenated oils, such as sunflower

seed oil and canola oil, with very strong b tendency, the problem of sandiness can

be pronounced. Addition of crystal-modifying agents or crystal inhibitors to such

margarines can retard the development of sandiness by delaying the transformation

from the unstable a form to the stable b form. The addition of sorbitan esters

stabilizes the intermediate b0 form and helps prevent the formation of the b form

(15, 16). Sorbitan tristearate is effective as a crystal inhibitor in margarines. It is

assumed that sorbitan tristearate can be accommodated by the b0 crystal network

of the triglycerides and by stearic hindrance prevent the formation of the more

densely packed b crystal form (17, 18).

In margarine with a good consistency, the fat crystals have formed a three-

dimensional network consisting of primary and secondary bonds. The crystals may

vary in shape and appearance in the form of small needles or platelets with lengths

ranging from less then 0.1 to 20 mm or more (3, 6). They do not behave as indi-

vidual particles and can grow together, forming a strong network (primary bonds).

They may also show a tendency to agglomerate, forming tiny porous crystal

clusters with considerable fewer contact points (secondary bonds) (3). As a result

of this and depending on the resulting crystal form obtained, branched and inter-

twining long chains are formed (6). These chains are responsible for forming

the three-dimensional network. The primary bonds are strong and are not readily

reestablished when broken by mechanical work. Secondary bonds are weak and

readily reestablished when broken by application of mechanical work. As men-

tioned earlier, processing conditions involving fast cooling rates and application

of a certain amount of mechanical work tend to produce margarines with a better

stability and consistency. It is generally accepted that a larger amount of primary

bonds are established if margarine is allowed to crystallize without sufficient degree

of mechanical work. This results in a product exhibiting excessive posthardening

and a hard and brittle texture (19). Due to this, it is advantageous to crystallize
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the product as much as possible in the scraped-surface heat exchanger to achieve

the desired spreadability or consistency.

1.3. Palm Oil

Crystallization and processing of palm oil with satisfactory results in a scraped-

surface heat exchanger line for margarine and shortening requires some attention

due to the slow crystallization phenomena observed in palm oil.

The polymorphism, crystallization, formulation, and processing of palm oil has

been commented upon and studied extensively (20–25, 26–34). The slow crystal-

lization of palm oil and the subsequent posthardening phenomenon and product

graininess is a drawback in products formulated with high palm oil contents

and could be a limiting factor to its use (24, 25). It has been shown that the rate-

determining step in the crystal growth mechanism of triglycerides is the orientation

of molecules at the crystal faces (20). In palm oil the a-polymorph transformation

to the b0 (i.e., the a lifetime) is unusually long, which is apparently due to the

high level of diglycerides present (approximately 6%) (20, 21). The problem of

posthardening in product formulated with high palm oil contents can be influenced

by choice of proper processing conditions and storage time (21–23).

Lefebvre (35) hypothesized that crystals, in general, are formed before or early

in the worker unit (B unit) (see Section 2.3), when a low flow rate is used in a

scraped-surface heat exchanger. The important slow processing of the product

leads to a fine crystallization and the destruction of the intercrystal bonds of the

primary type. With a higher flow rate, crystals appear late in the worker unit and

partially during packaging. Crystallization is then coarser and intercrystal bonds

are only slightly damaged, all of which is less favorable.

This hypothesis relates very well with the observations made by Oh et al. (22)

during pilot-plant-scale crystallization and processing of palm oil in a scraped-

surface heat exchanger line for margarine and shortening, as shown in Figure 2.

Palm oil from the same batch was processed with flow rates A and B of, respec-

tively, 28 kg/h and 55 kg/h. Different flow rates result in different retention times

for products A and B in the coolers and the worker unit. Product outlet temperatures

from cooler II of, respectively, 12�C and 14�C (54�F and 57�F) were observed.

The outlet temperature from the worker unit were, respectively, 19–20�C (66–

68�F) and 20–21�C (68–70�F).

Refrigerant temperatures remained constant for both flow rates. Product A

was found to have sufficient time to be more uniformly stabilized before leaving

the process line. Product B was found to have attained insufficient time to be

uniformly stabilized and resulted in a finished product in the quasi-equilibrium

state. Crystal growth in product A was not substantial during 10 days storage at

20�C (68�F), whereas the crystal growth for product B was significant under

the same storage conditions. It was concluded that better processing conditions

may overcome the problem of slow crystallization of palm oil and also avoid the

effect of posthardening during storage. Different compositions of palm oil and palm

oil fractions give rise to different crystallization behaviors. Hydrogenated palm oil
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has the highest stability in the b0 crystal form followed by palm oil and then palm

stearin.

The preceding observations relate well with observations in industrial-scale

scraped-surface heat exchanger processing lines.

In industrial-scale processing lines, it has been found to be advantageous to

process palm-oil-based industrial margarines with an additional worker unit

installed between the cooling cylinders as shown in Figure 3 (26). This increases

the product’s retention time in the processing line and allows a slight increase in the

flow rate without compromising the product quality.

Generally, the recommended flow rate for palm-oil-based industrial margarines

is approximately 60% of the nominal capacity of a scraped-surface heat exchanger

process line for industrial margarine (27); for example, a scraped-surface heat

exchanger with a nominal capacity of 3000 kg/h for oil blends based on oils such

as soybean oil or cottonseed oil will, for oil blends based on palm oil, have a

capacity of approximately 1800 kg/h.

In connection with crystallization of palm-oil-based products it should be noted

that the tempering practice for industrial margarines and shortening at 26.7�C
(80�F) was designed especially for hydrogenated oils. This tempering procedure

tends to generate lower solid fat content at temperatures below 26.7�C (80�F)

and raise it above 26.7�C (80�F). It is generally unsuitable for palm oil, palm-kernel

oil, and coconut oil (21).

Figure 2. Schematic diagram of pilot plant (22). Courtesy of The Palm Oil Research Institute of

Malaysia.
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1.4. Canola Oil and Sunflower Seed Oil

We have noted earlier that the crystallization of strongly b tending sunflower seed

oil blends can be influenced favorably toward the b0 polymorph form by addition of

a high melting hardstock of the hydrogenated cottonseed oil (6) as well as by addi-

tion of sorbitan tristearate (17, 18). It should be noted for the formulation and crys-

tallization of margarines based on sunflower seed oil blend that interesterification of

oil blends is a possible route to minimize posthardening. It is possible to produce

table margarine with good consistency and a linoleic acid content of 36% as well as

a trans-isomeric fatty acid content of less then 2% based on an oil blend prepared

by interesterification. Interesterification of a blend consisting of 60% sunflower

seed oil, 15% coconut oil, and 25% hydrogenated sunflower seed oil [melting point

70.7�C (159�F)] and an iodine value (IV) of 8.5 can achieve this.

Interesterification has been reported to change the crystallization tendencies of

oil blends in such a way that the crystal size in certain interesterified oil blends is

smaller than in the similar noninteresterified oil blends (36–39). List et al. (40)

found that interesterification of oil blends made from fully hydrogenated soybean

oil and soybean oil affects the polymorphic transition from the undesirable b form

to the desirable b0 form thus avoiding graininess in finished margarine products.

Interesterification of blends of palm oil fractions is also a possibility in margarine

formulation producing margarines with very low or ‘‘zero trans’’ fatty acid contents

Figure 3. Schematic diagram of industrial source plant.
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(41, 42). With today’s health conscious discussions in the media and the use of

transisomeric fatty acid content in margarines as a marketing parameter, the inter-

esterification of oil blends may possibly gain some momentum in the future.

It is well documented that hydrogenated canola oil has a tendency to crystallize

in the b polymorphic form due to its triglyceride homogeneity (it has about 95%

of 18-carbon fatty acids) (43). Crystallization of b tending canola oil blends

(low-eururic-acid rapeseed oil) can be influenced by addition of an oil with b0

tending crystallization of different origin. When processing canola-oil-blend-based

margarines for tub or stick packaging, the industry follows a different formula-

tion principle than for sunflower seed oil blends, which are usually used for soft

margarines with high linoleic acid contents. Canola oil constitutes approximately

42% of all vegetable oils consumed in the margarine production in Canada (44),

whereas soybean oil constitutes the majority of all oils supplied for the production

of margarine in the United States (45).

Canola oil contains 5% palmitic acid compared to 11% for soybean oil. Palm oil

contains high levels of palmitic acid, approximately 44%, and it has been found that

the addition of palm oil to canola-oil-based oil blends for margarine production has

a beneficial effect on their polymorphic stability (30). When palm oil is mixed with

canola oil, the homogeneity of the fatty acid chain length is reduced, which pro-

motes b0 crystalline stability (43). Based on the solid fat content found in stick

margarine in North America, it is advantageous to manufacture margarine from

canola oil by incorporating palm oil at a level of at least 15%, after hydrogenation

of canola oil, or at a level of 10%, before hydrogenation of canola oil. This greatly

delays the polymorphic transition from the b0 to the b form (43, 46, 47). The

amount and point of addition can affect the transition to the b polymorph as hydro-

genation changes the physical properties of an oil blend (46).

The high content of diglycerides (about 6%) in palm oil and the b0 stabilizing

effect of diglycerides probably do not have any significant influence on the poly-

morphic behavior of canola oil blends with palm oil levels as above. The diglycer-

ide content in canola oil blends is only raised slightly by addition of palm oil in the

above levels (46).

It has been found that the b0 stabilizing effect increased with the level of added

palm oil and that this stabilizing effect is most likely due to the decrease in fatty

acid homogeneity and, thus, increased triglyceride diversity (43, 46). This is attri-

buted to the increased range of fatty acid chain lengths, which in turn increases the

irregularity in the crystal network. Increased irregularity in the crystal network

increases the polymorphic stability (46).

A new type of canola oil containing high levels of palmitic acid possesses better

b0 stability in the hydrogenated form (30, 46). The stabilizing effect of palmitic

acid, mentioned by Wiedermann (4), is related to its level in the solid fat fraction,

which is increased by addition of palm oil or when the palm oil is partially hydro-

genated (46). In general, the more diverse the triglyceride structure of the highest

melting portion of the fat, the lower the b forming tendency (48).

To illustrate this, the triglyceride composition of some fully hydrogenated oils

are indicated in Table 1.
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In Table 1, the most b0 stable fat is palm oil hard fat. This may be explained by

its unique composition, and its balanced C48–C54 triglyceride content with an

equally balanced C50–C52 content (49).

In accordance with the above, it has been found that slightly hydrogenated palm

oil delayed polymorphic transition from b0 to b considerably, compared to no palm

oil addition (43).

Stick margarine of good quality and melting point, 35�C (95�F), based on a

canola oil blend with palm oil addition, can be produced in a scraped-surface heat

exchanger line for margarine, according to the flow outline in Figure 4. A reduced

flow rate of approximately 85%, compared to the nominal capacity of the scraped-

surface heat exchanger (A unit) (see Section 2.2), is recommended. It should also

be noted that the intermediate worker unit (B unit) (see Section 2.3), with variable-

speed drive inserted between the cooling cylinders, should have a relative volume

of approximately one third of the volume of the intermediate worker unit indicated

in Figure 3, based on a given flow rate and heat exchange area (50).

1.5. Specific Heat and Heat of Fusion

In the solid state, the specific heat of oils and fats shows little change as molecular

weight varies. An increase in specific heat can be observed with increased unsatura-

tion. In the liquid state, specific heat increases slightly with molecular weight but

decreases slightly with less unsaturation. In general, there is little variation among

natural oils and fats (21).

TABLE 1. Percent (%) Triglyceride Composition and Mono- and Diglyceride Content

of Fully Hydrogenated Oils (%).

Hard Fats

Carbon Rapeseed

Number Soybean Beef Fata Rapeseed Blend Cottonseed Palm

44 — 0.2 — — — —

46 — 1.4 — 0.1 — 0.5

48 0.2 7.5 — 3.4 0.9 6.4

50 3.3 21.0 1.6 8.8 13.6 40.0

52 27.6 44.9 11.6 15.2 43.5 41.9

54 66.7 24.5 28.3 25.9 40.5 10.7

56 1.7 0.4 6.7 6.2 1.3 0.4

58 0.5 — 6.8 7.2 — —

60 — — 12.3 9.0 — —

62 — — 31.9 23.6 — —

64 — — 0.8 0.8 — —

Monto 0.4 0.1 0.5 0.5 0.3 0.9

Di 3.6 2.0 3.7 4.4 5.8 8.2

aGlycerides contain odd-numbered and branched fatty acids.

Reprinted from Ref. 49, with permission.
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The specific heats of liquid oils and fats, including palm oil, palm kernel oil, and

coconut oil, may be taken as (21).

Cpðkcal=kgÞ ¼ 0:47þ 0:00073 � T ;

where T is temperature in �C (1 Btu/lb¼ 0.252 kcal/kg).

A specific heat of 0.514 kcal/kg/�C for the fat phase of a retail margarine with

82% fat content and 0.607 kcal/kg/�C for the same margarine has been reported (19).

It is difficult to determine the latent crystallization heat in oil blends for

margarine production due to their complexity.

The heat of fusion normally increases with bigger chain lengths and decreasing

unsaturation in the triglycerides. Blends of triglycerides have less latent heat of

crystallization than the similar nonblended triglycerides (19).

Timms (21) has heat of fusion to 17.7–22.3 kcal/kg for milkfat, 24–31 kcal/kg

for fully hardened milkfat, 26–29 kcal/kg for cocoa butter in the b0 polymorph,

22.6 kcal/kg for refined, bleached, and deodorized (RBD) palm oil, 29.7 kcal/kg

for RBD palm kernel oil, 26.0 kcal/kg for RBD coconut oil, 31.6 kcal/kg for

fully hardened palm kernel oil, and 31.2 kcal/kg for fully hardened coconut oil.

The heat of fusion is an empirical physical property dependent on the thermal

history or tempering of the oil.

Calvelo (19) has reported the total heat of crystallization (Jc) for a specific retail

margarine with 82% fat content to be 33.4 kcal/kg.

Figure 4. Schematic diagram stick (table) margarine plant.
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2. PROCESSING EQUIPMENT FOR MARGARINE
AND RELATED FAT PRODUCTS

Choice of equipment for the processing line is very important for the production of

margarines. For each piece of equipment in the production line, special design

features have to be considered for various margarine types to ensure that the

complete processing line has all the necessary capabilities.

Besides the necessary emulsion preparation equipment (see Sections 4.1–4.3)

such as process tanks, plate heat exchangers, and centrifugal pumps, the essential

equipment for production of margarines is discussed in the following sections.

2.1. High-Pressure Feed Pumps

The margarine emulsion is usually fed from a holding tank to the scraped-surface

heat exchanger (A unit) by a high-pressure positive-displacement pump of the

plunger or piston type with product contact parts in 316 stainless steel. Pumps

with ceramic pistons are available for special applications. Normally, pumps with

two or three plungers or pistons are standard in order to minimize discharge

pressure pulsations in the process line. A high-pressure piston pump for margarine

production is illustrated in Figure 5.

To further minimize possible pressure pulsation, the pumps can be installed

together with a pulsation dampener mounted at the discharge. Pulsation dampeners

are air pressurized or spring loaded to ensure a smoother product flow in the process

line. Slow rotational speed of the pump’s crankshaft also helps to minimize pressure

pulsation.

The high-pressure pumps are normally supplied with a pressure relief valve and

associated product piping to protect the scraped-surface heat exchanger equipment

downstream and the pump itself, should a blockage of the production line occur.

A filter is normally installed in the suction line to the high-pressure pump to

protect the pump and the hard chromium-plated scraped-surface heat exchanger

cylinder from any foreign matter in the margarine emulsion.

Depending on the designed maximum product pressure of the downstream

scraped-surface heat exchanger and the various types of margarine produced,

high-pressure positive-displacement pumps with maximum discharge pressures of

40 bars (about 600 psi), 70 bars (about 1030 psi), or 120 bars (about 1800 psi) are

normally installed in the process line.

Production of industrial margarine for semiliquid filling does not normally

generate product line pressures as high as, for example, puff pastry margarine.

Gear pumps are normally installed as an alternative to high-pressure positive-

displacement pumps in the production of industrial margarine or shortening for

semiliquid filling (26, 51). Gear pumps for this application normally can deliver

a maximum discharge pressure of 26–33 bars (about 390–500 psi). The drawback

for the application of gear pumps in margarine processing is that this type of pump

tends to slip at higher discharge pressures (52).
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2.2. High-Pressure Scraped-Surface Heat Exchanger

Scraped-surface heat exchanger equipment, specifically designed for margarine

production, is available from Cherry-Burrell Votator Division of Louisville,

Kentucky, United States, Crown Chemtech Ltd. of Reading, U.K., Gerstenberg &

Agger A/S of Copenhagen, Denmark, and Schroeder & Co. (Tetra-Laval owned) of

Luebeck, Germany, under the respective trademarks Votator, Chemetator, Perfector,

and Kombinator.

The scraped-surface heat exchanger (A unit) is the centerpiece of equipment of

the margarine processing line, where initial cooling, supercooling, and subsequent

induced nucleation and crystallization take place (3, 53). The A unit has to have a

high degree of flexibility with regard to variation of process conditions for different

product types and formulations (51, 53).

Figure 5. High-pressure piston pump for margarine production. Courtesy of Schroeder & Co.,

Luebeck, Germany.
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The scraped-surface heat exchanger normally consists of one or more horizontal

heat transfer cylinder assemblies. The cooling cylinder of a cylinder assembly is

usually made from commercially pure nickel or steel, ensuring high heat transfer

coefficients. The cooling cylinder is surrounded by an insulated outer jacket con-

taining refrigerant (normally ammonia or Freon 22). The inside hard chromium-

plated surface of the cooling cylinder is continuously scraped clean during

operation by a rotating shaft mounted with free-floating blades. The blades are

thrust against the cylinder wall mainly by the centrifugal force resulting from the

high rotational speed of the shaft. The annular gap between the cylinder wall and

the shaft has been reported to be in ranges from 3 to 22 mm (52), but a more typical

range is 5–17 mm (3, 51–54).

When margarine emulsion passes through the space between the shaft and

cylinder wall, a thin crystallized product film is constantly and very rapidly scraped

off the cylinder wall and remixed with warmer product because of the scraping

action of the blades and the shaft’s high rotation speed. This causes rapid crystal

nucleation, further emulsification of the product, very high overall heat transfer

coefficients, and a homogeneous cooling of the margarine emulsion under precise

temperature control of the product being crystallized (53–55).

The rotational speeds of shafts normally range from 300 to 700 rpm (51–53)

and shafts are normally mounted with two, four, or six rows of blades (53).

The blades are fixed to the shafts by specially designed pins and are movable

at their fixing points. Figure 6 illustrates the design and operation of a scraped-

surface heat exchanger based on a longitudinal view of the A unit and a cross-

sectional view of the cooling assembly. The shaft is mounted with four rows of

blades in a staggered configuration. The annular gap in this situation varies from

9 to 17 mm.

In the crystallizing product, there is a rapid increase in the solid content during

the passage through the cooling cylinder. Also, the viscosity of the product

increases accordingly with the temperature drop. At a certain point during this

process, a critical shaft speed is reached. Beyond this speed, no additional mixing

is obtained, and the power input required to rotate the shaft at a higher speed will

more than offset any heat transfer benefits resulting from more frequent scraping of

the cylinder wall (54, 55).

In order to prevent buildup of crystallizing product on the shaft, warm water

is normally circulated through the shaft to ensure a clean shaft surface at all times

(51–54). The warm water is normally pumped into the shaft at a point near the

thrust/axial bearing assembly and exits close to the water inlet point based on the

inside construction of the shaft (52). The water circulation facility is also beneficial

after a temporary production stoppage, as the warm water helps to melt solidified

product and, thus, facilitates the restart of the A unit.

Energy Balance. The above-mentioned temperature drop, crystal nucleation, and

partial crystallization of the product during the passage through the A unit involve

an overall energy balance including specific and latent heat of the product as well as

other energy source inside the equipment. The power input through the blade shaft

is transferred to the product and the cylinder wall as heat (Qm). A small amount of
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Figure 6. Scraped-surface heat exchanger. Courtesy of Crown Chemtech U.S.A., a division of Crown Iron Works Co., Minneapolis, Minnesota.

4
7
2



heat is also added to the process through the warm water circulation inside the

shaft (Qw).

According to this, the energy in form of heat in the A unit can be expressed as

follows (19):

Qt ¼ FCpðT1 � T2Þ þ FJcW2Y þ Qm þ Qw; ð1Þ

where F is the flow rate, Cp the product’s specific heat, T1 the emulsion’s inlet

temperature, T2 the product exit temperature, Jc the latent heat of crystallization

in the fat, W2 the solid fat content at the exit from the A unit, and Y the fat content

of the margarine emulsion.

In a stationary condition, the heat Qt will presumably be transferred through the

cylinder wall at an ammonia evaporation temperature of Tf , which makes it possible

to define the heat transfer coefficient U as

Qt ¼ UAT ln; ð2Þ

where A is the heat transfer area and T ln is a logarithmic value defined as

T ln ¼ T1 � lnðT1=T2ÞT2; ð3Þ

where T1 ¼ ðT1 � Tf Þ and T2 ¼ ðT2 � Tf Þ.
If the product at the exit from the A unit has a solid fat content of W2 at tempe-

rature T2 and is left to crystallize under stationary conditions, the degree of super-

cooling will be reduced with time, as the crystallization continues until a certain

temperature Ta has been reached. Based on this we have

CpðTa � T2Þ ¼ JcYðWa �W2Þ; ð4Þ

where Wa is the solid fat content at temperature Ta. Based on sufficient time to

achieve a stable situation, Wa can be determined from the solid fat curve in the pro-

duct at temperature Ta.

From formula (4) the solid fat content at the exit of the A unit, W2, can be

calculated as follows:

W2 ¼ Wa �
CpT

JcY
; ð5Þ

where T ¼ ðTa � T2Þ.
Formulas (1), (2), and (5) make it possible to relate process variables such as

the flow rate F, the emulsion temperature T1, and the ammonia evaporation tempe-

rature Tf with parameters contributing to the consistency of the margarine such as

the solid fat content at the exit of the A unit W2.

As the crystallization of a fat product demands both a rapid temperature

drop and time for crystal nucleation and crystal growth, sufficient retention
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time for the product in the A unit is required. The retention time can be calculated

from

Tr ¼ V=F; ð6Þ

where F is the product flow rate and V is the product volume in the A unit.

Shaft Design. The high viscosity margarine products exhibit during processing

in the A unit increases the significance of factors such as flow rate, shaft rotation

speed, turbulent flow conditions in relation to shaft design, blade configuration, and

annular gap between the shaft and cylinder wall (51). This is due to the viscosity’s

influence on flow properties, created turbulence, increased effect of mechanical

work, and obtained mixing and heat transfer.

Several shaft or cylinder designs are available today in A units for margarine

processing. The A units can be grouped according to whether they are mounted

with eccentric shafts, oval shafts, sectioned shafts, or oval tubes.

Eccentric shafts have been in wide use in the past and were developed by the

Votator Division of Louisville, Kentucky, and are claimed to provide more intensive

cooling for high-melting bakery margarine as well as a certain amount of working

and compression action similar to that given by the Complector of the older, open-

chill drum system (52) (see Section 5.2).

Figure 7. Votator scraped-surface heat exchanger unit. Courtesy of Cherry-Burrell Votator

Division, Louisville, Ky.
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Figure 7 shows a new, all stainless steel Votator A unit complete with high-

pressure feed pump and worker unit for production of industrial margarines and

shortenings.

In the literature, one can find theoretical and practical studies relating to heat

transfer conditions in scraped-surface heat exchangers (19, 54), which cover factors

such as specific weight, specific heat, latent heat of crystallization, dry matter con-

tent, retention time, and overall heat transfer conditions.

A review of some of the fluid mechanics and heat transfer aspects of scraped-

surface heat exchangers currently available for margarine processing has been

given by N. Hall Taylor (56). A summary by N. Hall Taylor outlining the important

physical phenomena occurring under different circumstances in the A units is given

in the following discussion.

Heat Transfer and Viscous Dissipation for Newtonian Fluids. Because the gap

width is small relative to the shaft radius, the annular space can be represented

on the basis of a two-dimensional flow model. This is illustrated in Figure 8.

Figure 8 indicates the important action of the scraper blade. Removal of material

at the front allows fresh warm material to flow down the back of the blade to

be brought into contact with the cold surface. Two things then happen. First, the

material adjacent to the surface is slowed down to develop a velocity profile.

Second, the material starts to transfer heat into the wall.

This is a transient fluid flow and heat transfer problem. Figure 9 illustrates the

growth of these layers adjacent to the wall as seen from a coordinate system travel-

ing with the blade.

In Figure 9, the upper line represents the viscous layer, which shows the progres-

sive development of the linear velocity profile. The thickness at any position rela-

tive to the blade is given approximately as

dn ¼ 2
nx

V

� �1=2

;

where n is the kinematic viscosity. The material outside this viscous layer continues

to travel at the rotational velocity V.

Figure 8. Fluid movement in the proximity of the blade (56). Courtesy of N. Hall Taylor, Crown

Chemtech Ltd., Reading, United Kingdom.
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The inner line in Figure 9 represents the corresponding thermal layer and shows

the development of the thermal gradient. Again the material outside this layer

remains at a constant temperature above the wall temperatures (i.e., y0 � yw). The

thickness of the thermal layers (dT ) is given by

dT ¼ 2
ax

V

� �1=2

;

where a is the thermal diffusivity.

Thus the ratio of the thickness of the two layers at any position is solely related

to the Prandtl number of the material:

dn
dT

¼ n
a

� �1=2

¼ Pr1=2:

For foodstuffs under low shear conditions, the Prandtl number is large, i.e., the

viscous layer is much thicker than the thermal layer.

Within the viscous layer, all the viscous dissipation is taking place. The scale of

viscous heat generation/unit volume (p) at any point is given by

p ¼ m
du

dy

� �2

;

where du=dy is the velocity gradient.

It can be shown that within the viscous layer:

p ¼ rV2

4t
;

or in coordinates relative to the blade:

p ¼ rV3

4x
:

Figure 9. Velocity profile behind the blade (56). Courtesy of N. Hall Taylor, Crown Chemtech

Ltd., Reading, United Kingdom.
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This result is only true provided the thickness of the viscous layer is less than the

gap width (H); i.e., dn < H.

By integrating the viscous dissipation terms over the volume of the viscous layer,

one can derive an equivalent heat flow that has to be removed in addition to any

cooling that takes place. This is given by

qn ¼ rV3 n
LV

� �1=2

;

where L is the distance behind the blade at which the viscous boundary layer is

destroyed. This can either be due to the next blade (so that L is the distance between

the blades) or because of some turbulent motion in the liquid. The cause of such

turbulent action will be discussed in detail later.

The heat transferred from the thermal layer to the wall can also be estimated and

averaged over the mixing length. This gives

qT ¼ k�y
V

aL

� �1=2

:

Thus, increasing the rotational velocity will improve the rate of heat transfer

(proportional to V1=2). However, at the same time the heat that has to be removed

from viscous dissipation is increasing (proportional to V5=2).

The net cooling flux is

qc ¼ qT � qV :

This indicates that for a given material there will be an optimum velocity at which

the greatest cooling is achieved. It also suggests that under certain conditions

qT ¼ qV and no net cooling is achieved.

This will occur if

V2 > Cp�y Pr�1=2

or

V2 > Cp�y
k

Cpm

� �1=2

:

The velocity at which this takes place will decrease as the viscosity increases. In a

margarine process the most critical section is in the final scraped-surface heat

exchanger (SSHE) and then toward the exit end. Here there is the greatest viscosity

(highest Pr) and also the smallest temperature difference between the wall and the

material (�y).

In most cases this critical velocity is well above the maximum operating velocity

of the SSHE.
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Non-Newtonian Fluids. Most foodstuffs and margarines are non-Newtonian fluids.

This means that the effective viscosity varies with the shear applied to the material.

A useful representation of this behavior is as follows:

n ¼ n0

g0

g

� �K

;

where g is the shear rate, essentially equal to the velocity gradient; n0 is a reference

viscosity at the reference shear rate g0 ¼ s�1; and k is a constant typically in the

range 0.6–0.7. It should also be remembered that viscosity is generally strongly

dependent on temperature. This can typically be represented by

n ¼ nR

y
yR

� �n

;

where nR is a reference viscosity at temperature yR and n is a constant in the

range 2–3.

The influence of shear on viscosity has a very significant influence upon the rate

of development of the viscous boundary layer.

The shear in the viscous layer is given by

g ¼ V

dn
:

Thus, just behind the blade, the shear will be very high (since dn is very small),

and this means that the effective viscosity will be low. Consequently, the layer will

move away from the wall more gradually than in the Newtonian fluid case.

A simplified equation for the thickness of the viscous layer for non-Newtonian

fluid is

dn ¼ dn0

dn0
g0

V

� �k=2�k

;

where

dn0
¼ 2

n0x

V

� �1=2

:

The influence of the shear factor can be seen from the following table, which

shows the derived thickness (dn) as a function of dn0
for a velocity V of 2 m/s,

equivalent to 300 rpm:

dn0
dn

1 0.02

2 0.06

4 0.18

8 0.50

16 1.41
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This illustrates that the viscous layer is an order of magnitude smaller for the non-

Newtonian material when compared to a corresponding Newtonian material.

The thermal diffusion process, however, is not affected by the shear and so the

same equations as before apply. Thus, the thickness of the thermal layer becomes

closer to that of the viscous layer.

This analysis indicates that, for high-melting-point margarines, there is likely to

be a very thin layer close to the cooling surface in which a linear profile is devel-

oped. This is a region of high shear, which effectively lowers the viscosity within

this region. Outside this layer the material is moving uniformly with the rotating

shaft. This condition is often referred to as mass rotation.

There is, however, a number of instabilities that induce vortices, and these can

delay the onset of the mass rotation condition. The next section will discuss the

cause of these instabilities.

Flow Instabilities. For clarity, these instabilities will be discussed in terms of

Newtonian fluids, although similar, more complicated behavior will occur with

non-Newtonian fluids.

1. Instability behind the blade. The flow situation is equivalent to the analysis

of the transition from laminar to turbulent flow along a plate parallel to the

direction of flow and is shown in Figure 10. Instability is predicted to start at

Reynolds numbers greater than 580, although observable disturbances need a

higher value, say 1000.

Thus this type of disturbance will occur when

Re ¼ Vx

n
> 1000:

On the basis of the earlier discussion, this implies a mixing length (L) of

L ¼ 1000n
V

:

For water n ¼ 10�5 and so if V ¼ 2 m/s, L ¼ 5 mm. For an oil of 1000 cP, L

will be about 5 m, in which case this instability will not be observed since the

distance to the next blade is only 0.2 m.

Figure 10. Instability behind the blade (56). Courtesy of N. Hall Taylor, Crown Chemtech Ltd.,

Reading, United Kingdom.
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2. Instability within the annular space. The rotation of the fluid in the annular

space means that a centrifugal pressure gradient exists across the gap, the

higher pressure being at the wall. This pressure gradient is given by

dp

dr
¼ rV2

r
:

Ignoring the velocity gradients, this implies a pressure difference across

the gap of

�p ¼ rV2 H

R
;

where R is the shaft radius.

For our standard SSHE, H ¼ 16 mm and R ¼ 61 mm so that at 300 rpm

�p is 0.01 bar, with the pressure at the cylinder wall being slightly higher

than at the shaft surface.

Although the pressure difference seems small compared to the local operat-

ing pressure of say 50–70 bars, it is still capable of inducing a circulation

pattern. Thus, by Bernoulli’s equation, this pressure difference can accelerate

the liquid (ignoring viscous effects) to a velocity u given by

1

2
ru2 ¼ �p ¼ rV2H

R
;

u

V
¼ 2H

R

� �1=2

:

Hence for the standard SSHE, u ¼ 1:37 m/s.

The significance of this centrifugal effect is that if can cause a series

of fairly stable vortices to be set up between and travel with the blades.

Figure 11 shows this effect. This implies that the outer dimension of the vortex

is equal to the gap width H and that the mixing length L lies somewhere

between H and 2H. Because this is about a tenth of the distance between the

blades, the heat transfer should be increased by a factor of 2–3.

Figure 11. Vortices behind the blade (56). Courtesy of N. Hall Taylor, Crown Chemtech Ltd.,

Reading, United Kingdom.
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The vortices need some time to establish, and they will be most persistent if

the ratio of the distance between the blade (pR) to the gap width (H) is close

to an integer. For the standard SSHE the ratio is about 13.

3. Enhancement of annular gap instabilities. The instability of the previous

section will be suppressed by higher viscosities, again reverting to mass rota-

tion. There are different methods used to overcome this with varying degrees

of success:

Oval tubes

Oval shafts

Eccentric shafts

Sectioned shafts

The first three are clear from their description. The sectioned shaft equipped

with staggered blades has large flats to accommodate the blades on opposite

sides, so that the gap widths vary between 9 and 17 mm. Figure 12 shows a

diagram of such a shaft. The effect of the staggered blades is that the position

of the flat is rotated through 90� with each successive blade set. This

arrangement has other advantages and will be explained later.

The last three design concepts listed have the common feature that the gap

width at a point on the cooling cylinder will vary as the shaft rotates. In the

case of the oval tube the gap width varies when seen from a point rotating

with the shaft.

Figure 12. Sectioned shaft (56). Courtesy of N. Hall Taylor, Crown Chemtech Ltd., Reading,

United Kingdom.
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Figure 13 illustrates this variation in gap width for the case of the oval shaft

and the sectored shaft. An eccentric shaft would also have a sine-type

function but with only one maximum per revolution.

The key feature of these designs is that the change in gap width creates a

radial velocity equal to dH=dt at the shaft surface. This also has the ability to

generate vortices within the gap.

As Figure 14 illustrates, the advantage of the sectored shaft is that it has

pulses of much greater velocity than the oval shaft followed by periods in

which the turbulence is allowed to develop.

4. Axial flow. The axial velocity of the material through the annular gap is at a

much lower velocity than the rotational velocity. It can, however, still contri-

bute to the creation of instabilities when the staggered blade configuration

is used. This is because, as the material progresses through the cylinder,

it encounters variations in gap width as illustrated in Figure 15. At each

of the changes in cross-sectional areas there is the possibility to induce

turbulence.

Figure 13. Influence of shaft type on gap width (56). Courtesy of N. Hall Taylor, Crown

Chemtech Ltd., Reading, United Kingdom.

Figure 14. Influence of shaft type on rate of change gap width (56). Courtesy of N. Hall Taylor,

Crown Chemtech Ltd., Reading, United Kingdom.
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Refrigeration System and Scraped-Surface Units. Scraped-surface heat ex-

changers for margarine production are, as mentioned, designed for direct expansion

refrigerants such as ammonia and Freon 22. Advantage is taken of the high rate of

heat transfer due to surface boiling of the refrigerant (54).

A-units with individual refrigeration systems per cooling cylinder assembly

are available from most suppliers. From Figure 16, an A-unit with four cooling

cylinders with individual refrigeration systems can be seen. Each cooling cylinder

is mounted with a surge drum above the cylinder. The surge drum is part of the

refrigeration system of each cylinder. Figure 17 shows how the refrigeration system

of an A-unit cooling cylinder assembly operates.

During normal operation, all stop valves around the A-unit are open. The liquid

refrigerant inlet solenoid valve (A) is open, allowing liquid to pass through the level

control valve (B) and into the bottom of the refrigerant jacket surrounding the

Figure 15. Change of gap with axial flow (56). Courtesy of N. Hall Taylor, Crown Chemtech Ltd.,

Reading, United Kingdom.

Figure 16. Chemetator SSHE for margarine processing. Courtesy of Crown Chemtech Ltd.,

Reading, United Kingdom.
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Figure 17. Schematic diagram of refrigeration system. Courtesy of Crown Chemtech U.S.A., a division of Crown Iron Works Co., Minneapolis, Minnesota.
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cylinder. Rapid heat transfer through the cooling cylinder wall from the warm

product inside the cylinder causes a considerable proportion of the liquid refrigerant

to vaporize upon contact with the outside wall of the cooling cylinder. Gas and

entrained liquid are discharged from the top of the jacket into the surge drum.

To ensure flooded conditions at all times in the jacket, a liquid level is maintained

in the surge drum by a sensor linked via a capillary tube to the control valve (B).

Gas leaves the surge drum via a pressure regulating valve (C) and the suction

to the suction trap of the fridge plant. The system is controlled by the pilot valve

mounted on the control valve (C). On manual systems, this is adjusted by hand

to give the desired temperature indication on the pressure gauge. On automatic

systems, this is linked via controller to the liquid temperature measuring device

(G) (57).

A current measuring device on the drive motor to the A-unit detects a rise

greater than a predetermined level above the normal running current, typically

10%, for the specific product being processed. This automatically closes the liquid

inlet valve (A) and the pressure regulating valve (C) while keeping the A-unit’s

shaft rotating (54, 57). Normally, a warning signal is given to the operator of a

potential freeze-up, which may be prevented if the problem can be identified and

corrected. The system is then reset manually. If the problem is identified, such as

failure of the high-pressure feed pump, it is possible to prevent a certain freeze-up

by operating a hot-gas system either manually or automatically. This system is lined

electrically, so that it will only operate if valves A and C are closed. Selecting the

hot-gas option opens valves E and D. This immediately allows hot gas from the

high-pressure discharge side of the compressor to be introduced directly into

the refrigerant jacket of the A unit. The pressure in the jacket and surge drum rises

and forces all the liquid out via valve D and the suction line into the suction trap of

the refrigeration plant. Once the liquid is ejected, and assuming that the A-unit shaft

is still rotating, the hot-gas system can be switched off manually or automatically

through an electrical time delay relay. The system will then be ready for restart

when the original problem has been corrected.

In certain parts of the world, power cuts can occur frequently and cause problems

in the operation of A units for margarine production. Due to this, A units are usually

mounted with various features in the refrigerant system to minimize the downtime

related to power cuts. The hot-gas option is one feature. At the moment of the

power cut, valves D and E will automatically open and valves A and C will close.

Although the fridge compressor will also stop running, the residual hot gas in

the condenser and pipework will cause an immediate rise in the pressure in the

refrigerant jacket of the A unit. Although the A-unit shaft has stopped rotating,

this should allow it to rotate freely when power is restored. It is, however, import-

ant that this should nevertheless be checked manually after all necessary safety

precautions have been taken by isolating the drive motor locally or at the electrical

control panel (57).

Following a power cut, product feed failure, or any other abnormal conditions,

it is possible that the A unit will be frozen solid. In this situation, the hot-gas system

can be operated, as described, together with the warm water circulation through the
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A-unit shaft to ensure rapid melting of the solidified margarine inside the cooling

cylinder.

Other systems used in A units to help prevent freeze-up situations, as described

above, operate by a drop tank principle, where the refrigerant is removed from

the refrigerant jacket with the aid of increased refrigerant pressure in the system

without installation and activation of a hot-gas system.

2.3. Worker Units

Fats require time to crystallize. This time is provided in crystallizers normally

called worker units, or B units. These are cylinders with larger diameters mounted

with pins on the inside of the cylinder walls (stationary pins) and on the rotors

(rotating pins) (3, 54, 55). The pins fixed to the concentric rotor are mounted in

a helical arrangement that intermesh with the stationary pins of the cylinder wall

(55). Worker units can be installed either between cooling cylinders of a multi-

cylinder. A unit or after the A unit (3, 4, 51, 54, 55, 58). Worker units have the bene-

fit of giving the margarine emulsion time to crystallize under agitation by the pins

of the rotating rotor (see Section 1).

The worker unit is normally mounted with a heating jacket for tempered water

on the cylinder and often also equipped with its own built-in water heater and

circulation pump for the tempered water. This is advantageous in preventing

product buildup on the cylinder wall and allows better product temperature control

during the passage through the worker unit. Product temperature increases of 2�C or

more due to release of latent heat of crystallization and mechanical work can be

observed in the worker unit (3).

Worker unit cylinders usually have product volumes ranging from 35 L up

to approximately 105 L per cylinder. B units with up to three worker cylinders

mounted on the same support frame are available on the market. Each worker cylin-

der usually has its own individual drive with fixed or variable speed for maximum

flexibility during processing of margarine. The design of a worker unit is illustrated

in Figure 18.

2.4. Resting Tubes

When producing margarine for stick or block wrapping, a resting tube is normally

connected directly to a packaging machine to allow the product sufficient time to

attain a hardness that is suitable for wrapping (3, 4, 54, 55). During production of

table margarine for stick wrapping, the product will commonly pass through the

cooling cylinders of the A unit and a possible intermediate worker unit (B unit)

inserted between the cooling cylinders. From the A unit, the product enters the

resting tube connected directly to the packaging machine (3).

The intermediate worker unit normally has a lesser product volume than final

worker units used in production of soft table margarine for tub filling. The purpose

of limiting the amount of work given to the product is first to produce a product that

is not too soft to be handled in the automatic stick wrapping machine. Second, it is
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to prevent the aqueous phase of the margarine from being dispersed in an extremely

fine state of subdivision (54), which could have a negative effect on the flavor

release. Finally, too intensive working of a table margarine, with its higher solid

fat content compared to a soft margarine, could cause the product to attain an

unpleasant, greasy consistency (59). Too greasy a consistency could also cause

the wrapping material to stick to the product, which would result in a poor presen-

tation of the product to the consumer. Figure 4 illustrates the process flow for

production of table margarine for stick wrapping.

The margarine is forced through the resting tube by the pressure of the high-

pressure feed pump. Resting tubes are normally fitted with screens or perforated

plates (55) to allow a minimal degree of work to be given to the product to ensure

optimal crystallization and plasticity.

Figure 18. Worker unit (B unit) with one cylinder. Courtesy of Crown Chemtech U.S.A., a

division of Crown Iron Works Co., Minneapolis, Minnesota.
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Resting tubes for table margarine and similar products are made up of flanged

sections with lengths varying from approximately 450 mm (17.5 in.) to approxi-

mately 900 mm (35 in.) (54, 60). This allows the product volume of the resting

tube to be varied in accordance with the physical characteristics of the solidifying

margarine (54). Resting tubes for table margarine production commonly have dia-

meters ranging from approximately 150 to 180 mm (6 to 7 in.) (54, 60). Resting

tubes for production of puff pastry margarine usually have diameters ranging

from approximately 300 to 400 mm (12 to 16 in.). The flanged section in these

resting tubes has a length of up to approximately 1000 mm (39 in.). The volume

of resting tubes for puff pastry margarine is normally considerably larger than

for other products to allow sufficient time for development of the special consis-

tency required in puff pastry margarine (see Section 5.2).

Some equipment suppliers recommend using one single resting tube for feeding

table margarine to the packaging machine, whereas others recommend the use of

two connecting, parallel resting tubes. When one of the two resting tubes has been

filled with product, a motor-actuated rotary valve automatically switches the flow

of product to the second resting tube. The product in the first resting tube remains

static until the second resting tube has been filled.

The construction of a resting tube usually involves the required inlet adaptor,

flanged sections, screens or perforated plates, and an outlet connection flange for

direct linkup to the packaging machine. Alternatively, the resting tube could also

be mounted with an outlet extrusion nozzle, in case the product is fed to the pack-

aging machine through the older, open hopper system. Resting tubes are normally

jacketed for warm water circulation to minimize the friction between the margarine

and the stainless steel wall of each section. This helps prevent channeling of

the product and reduces the overall discharge pressure required at the high-pressure

feed pump.

Figure 19 shows resting tubes of varied sizes for puff pastry margarine.

2.5. Packaging Equipment

Margarine products are packed in several ways depending on margarine type,

product consistency, and consumer preferences. In the U.S. market, consumer

retail margarines and related products, including butter blends, cover a variety of

products packaged in different ways (61). These can be grouped as follows:

Margarine in quarter-pound sticks

Margarine in one-pound solids

Margarine patties

Soft margarine in tubs

Spreads in quarter-pound sticks or one-pound solids

Soft spreads in tubs

Diet products in sticks or tubs

Liquid margarine in squeeze bottles.
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Figure 19. Resting tubes for puff pastry margarine. Courtesy of Crown Chemtech U.S.A., a division of Crown Iron Works Co., Minneapolis, Minnesota.
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Margarines for food service or industrial use are normally filled into 50-lb plastic

bag lined cartons, wrapped in blocks of 5 lb or bigger, or supplied in bulk.

Stick/Solid Retail Margarine. Two basic types of stick or solid packaging

machinery are used in the United States (62). The first of these forms is a molded

print that forces product into a measuring and molding chamber. The molded print

is removed from the chamber and then wrapped and cartoned. On the second type

of machine, the product from the resting tube is filled directly into a cell that is

prelined with a preformed wrapper bag. The wrapping is then folded and ejected

from the cell.

The second type of machinery is the more widely used type in the U.S.

margarine industry. The principle operation of the second type of machine is shown

in Figure 20. This type of packaging machine was originally developed by Benz &

Hilgers GmbH of Neuss, Germany, and today a wide range of machines for stick or

solid wrapping based on this concept exist (63). The concept shown in Figure 20

involves a machine with drive elements running in an oil bath. The product can be

fed to the machine either by a trough with feed worms or by direct linkup to a rest-

ing tube. Machines of this type can also be fed by a vertical funnel with a special

scraper/agitator mounted. This type of feeding arrangement is normally used when

wrapping miniportions at low hourly capacity.

In Figure 20, the wrapping material is fed continuously from a changeable reel

and is cut crosswise by a knife system before arriving at the bag forming station.

A plunger guides the wrapper through folding channels to form the bags, then

positions the bags exactly into the cells located in the intermittently running rotary

table in the center of the machine (64). The positioned bags are transported by

the rotary table to the dosing station. At the dosing station, the cells are lifted

Figure 20. Forming of the wrapper bag, filling, and folding. Courtesy of Benz & Hilgers GmbH,

Neuss, Germany.
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with the wrapper inside to ensure air-free filling of the product. Product is filled into

the preformed wrapper bags by the dosing station utilizing a dosing cylinder with a

piston. After subsequent folding and calibrating station, sharp-edged sticks or solids

are transported out of the packaging machine to the cartoning machine. Figure 21

shows an example of a packaging line including the stick wrapping machine and an

attached cartoning machine.

This packaging operation is more suitable for softer products than the system

where the product is molded before wrapping (62). Furthermore, the described

system normally operates with a bottom fold principle, which facilitates the folding

and closing operation during wrapping of softer product (64). A more economical

length-side fold principle can also be used in the packaging operation, saving

wrapping material. The two folding principles are shown in Figure 22.

The wrapping materials used in the wrapping operation shown in Figure 20

may be parchment, laminated aluminum foil, plastic-coated material, or plastic

foil (63). For packaging of margarines, the first two wrapping materials are com-

monly used.

Generally, packaging lines as shown in Figure 21 used in the margarine industry

are becoming quite sophisticated, involving electric and electronic monitoring

systems to control the functional sequences of the machinery. Monitoring systems

cover registration of production data, identification of end of wrapping material

roll, product pressure control, photoelectric wrapper registration, and automatic

control of dosing volume by integrated check weigher (63). Computer-aided

machine diagnostic systems can also be installed in packaging machinery. This

involves a programmable logic controller (PLC) monitoring system, which helps

to avoid faults in the packaging operation, to identify reasons for failure, and to

control production data.

High-speed, fully automatic packaging lines for stick wrapping of margarine

with speeds up to 240 sticks per minute are widely used in the U.S. margarine

industry. Such lines include fully automatic cartoning machines for inserting four

Figure 21. Example of a packaging line. Courtesy of Benz & Hilgers GmbH, Neuss, Germany.
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quarter-pound sticks into one carton, for example. The cartons can then be packed

into cases in semiautomatic case packers or fully automatic wrap-around case

packers. Finally, the packaging lines can also include automatic palletizing

machines. Figure 23 shows a fully automatic, high-speed stick wrapping machine

complete with cartoning machine.

Soft Tub Margarine. In the North American market, soft margarine and spreads

are usually filled into tubs made from either polypropylene (PP) or polyethylene

(PE). Polypropylene allows for a thinner wall of the tubs and is more rigid then

PE. Due to the more rigid structure of PP, tubs made from PP can crack. Tubs

made from PE have a smaller tendency to crack, as PE is more flexible. Due to

this, lids are normally made from PE. Polyethylene gives a better weight control

during the manufacture of tubs, whereas PP in larger quantities is cheaper than

PE. Polypropylene and PE have equal properties in permeability of ultraviolet light

and air (oxidation) (65).

Tub filling machines for margarines and spreads are available from several

U.S. equipment manufacturers such as Rutherford of Rockford, Illinois, Phoenix

Engineering of Wisconsin, and Osgood of Clearwater, Florida.

In tub filling operations, it is normally required for hygienic and easy cleaning

procedures that the filling machine have a clear separation of the mechanical drive

and the product conveyor. Furthermore, it is advantageous to have filling machines

that prevent product or cleaning agents from entering the mechanical drive (66).

Cleaning of tub filling machines is normally limited to those parts in the conveyor

Figure 22. Packets with bottom and length-side fold. Courtesy of Benz & Hilgers GmbH, Neuss,

Germany.
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area that are in contact with the product. The dosing module and the entire area in

contact with the product can be automatically CIP (clean-in-place) cleaned in more

sophisticated machines.

Most tub filling machines are in-line machines with up to four tracks depending

on the requirements of filling volume and capacity.

Tub filling machines can be fitted with a variety of functions depending on

whether the margarine is packaged in tubs with a heat-sealed membrane or cover-

leaf under the lid, for example. The main functions of a tub filling machine for

margarine normally are (67):

Tub feeding station with magazine

Direct product feed with pneumatically operated compensating piston

Dosing device with filling nozzles

Feeding of snap-on lids

Press-on station for lids

Date coding device

Off-conveyor

Control panel

Optional functions usually include:

Tub cleaning or sterilization device

Automatic CIP cleaning system

Coverleaf station with magazine

Sealing membrane station with magazine

Other functions

Figure 23. Stick wrapping machine with cartoner. Courtesy of Benz & Hilgers GmbH, Neuss,

Germany.
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In margarine production, the packaging line for tubs can be completed with

wraparound case packers and palletizers (67). A fully automatic tub filling machine

is shown in Figure 24. A device for the simultaneous quantitative regulated filling

of liquid or soft plasticized substances, such as butter, margarine, pastes, or the like,

by means of nozzles into adjacently arranged containers with the assistance of at

least one control element interchangeably switchable from filling to discharging

and at least one dosing piston has been described (68).

Industrial Margarines. These products are usually filled into plastic-bag-lined

cartons of various sizes. Special bakery margarines, such as puff pastry margarines,

are normally wrapped in blocks of approximately 1–25 kg. Alternatively, puff

pastry margarine can be packed in plates or sheets of 1–5 kg (68, 69). Edmunds

and Budlong (69) have given a detailed description of a continuous sheeting and

packaging machine for puff pastry margarine and related products.

Block and plate wrapping machines for margarines are available today from

C. Bock & Sohn Maschinenfabrik of Norderstedt, Germany, and Gerstenberg &

Agger A/S of Copenhagen, Denmark.

Block packing machines are today quite sophisticated, and it is possible to wrap

different block sizes in one machine. Block packing machines can be delivered with

special slicing equipment for slicing the block during extrusion but before the final

wrapping as illustrated in Figure 25. Block packing machines can, if required, be

installed for automatic CIP cleaning, which is important especially in connection

with butter production (70).

Figure 25 shows a fully automatic block production line where the product to be

wrapped is fed from the SSHE plant into a dosing station. With the help of product

Figure 24. Fully automatic tub filling and closing machine. Courtesy of Benz & Hilgers GmbH,

Neuss, Germany.
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Figure 25. Fully automatic block wrapping machine. Courtesy of C. Bock & Sohn Maschinenfabrik, Norderstedt, Germany.
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and compensator pressure, it is passed on through two laterally placed cylinders via

the resting tube toward the mouthpiece of the block packing machine. Exact weight

control is achieved by the piston stroke of the coupled dosing pistons mounted in

the two cylinders. The extrusion nozzle of the block packing machine is equipped

with a special cutoff device that cuts the product vertically from top to bottom after

finished dosing. The wrapper is fed from the reel, cut, and positioned automatically

under the extrusion nozzle or mouthpiece. The product block arrives onto the wrap-

per, which is supported by a transport plate. Each wrapper will be controlled in its

final position before dosing takes place. A no-wrapper/no-dosing device is mounted

in the machine. Vacuum will hold the wrapper correctly on the transport plate while

the block moves toward the folding level. Here the prefolded block will be trans-

ported by a chain conveyor to the various folding stations. The wrapped and folded

block leaves the machine on a transport belt (69).

Modern sheet wrapping production lines function after the same principles

except that the product is extruded as a sheet or plate from the mouthpiece verti-

cally into a plate turner. Before the extrusion, the wrapper is positioned and follows

the product into the plate turner. The plate turner is driven by a four-step gear drive

rotating the plate turner 90� while the cross-folding takes place between each dos-

ing/extrusion cycle. In a horizontal position the plate is pushed out on a conveyor

belt and transported through a permanent folding device for end folding below the

wrapped plate (70).

2.6. Refrigeration Plants

Refrigeration is a key operation in the margarine production plant. In the margarine

industry, Freon 22 and ammonia were widely used as refrigerants. New regulations

phasing out the use of chlorofluorocarbons (CFCs) are in place in many countries

for environmental reasons (see Section 3). Plans for phasing out a hydrochloro-

fluorocarbon (HCFC) such as Freon 22 (R-22) are currently being made or in

some countries are already in place (52, 71). The layout of an ammonia compressor

plant servicing an SSHE for margarine production can be seen in Figure 17 (see

Section 2.2).

Ammonia systems consist of a compressor designed to compress the low-

pressure ammonia gas from the SSHE. The gas is then discharged from the

compressor into the condenser. When ammonia is under a pressure of 150 psi

(10 bar), it will liquify at a temperature of 25.6�C (78�F) (71). Condensers can

be of the air-cooled or water-cooled type covering also evaporative condensers

(72). From the condenser, the liquid ammonia flows to the receiver. The receiver

in which the high-pressure ammonia liquid is stored maintains a constant supply

of refrigerant to the SSHE.

Figure 26 shows a packaged ammonia compressor system designed for servicing

an SSHE in margarine production. The system is skid-mounted from the factory for

easy installation. Only the condenser of the system is supplied loose.

Ammonia compressor systems used in margarine plants are usually equipped

with highly efficient superseparators for removal of lubrication oil from the
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ammonia (71). Lubrication oil carried over into the ammonia will eventually reduce

the heat transfer efficiency of the SSHE, as the oil will be deposited as a thin film on

the outside wall of the cooling cylinder. This can reduce the heat transfer consider-

ably. Compressors of the reciprocating piston type or screw compressors are nor-

mally installed depending on compressor cost at various capacities or individual

preferences (71). The screw compressors, with their highly efficient coalescing

separators, reduce the amount of oil in the system considerably (70).

The use of ammonia as a refrigerant in margarine plants offers certain advan-

tages as well as disadvantages. The advantages are cost, efficiency, detection, and

environment (70). The quantity of refrigerant needed to charge an ammonia system

is substantially less than for other systems, which provides additional savings.

Ammonia is the most efficient of the commonly used refrigerants. Easy detect-

ability of ammonia leaks is an advantage compared to R-22, taking into consi-

deration the latest enforcement laws by the U.S. Environmental Protection

Agency (EPA). Finally, ammonia is biodegradable and has no impact on the ozone

layer (71).

The disadvantage are toxicity and flammability. Ammonia has a corrosive effect

on tissues and can cause laryngeal, bronchial spasm and edema, which lead to

obstructed breathing. Ammonia’s flammability range in air is 16–25% by volume.

It is usually characterized as hard to ignite (71). A suitable ammonia detection

system with alarm should be installed and well maintained. Detectors should sound

an alarm at the lowest practical level, not to exceed 1000 ppm.

Due to the disadvantages of ammonia, a number of regulations and standards

provide safe practice procedures for the use of ammonia as a refrigerant. Details on

mechanical requirements of refrigeration systems can be found in ANSI/ASHRAE

Standard 15, Safety Code for Mechanical Refrigeration. Piping requirements

should comply with ANSI B31.5, Refrigeration Piping (70). Many local and

national codes must also be complied with in many states.

Figure 26. Packaged ammonia compressor system. Courtesy of Cremeria Americana SA,

Mexico.
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3. REFRIGERANTS FOR THE FUTURE

A number of new refrigerants have been proposed during the last several years as

candidates to replace R-22 and R-502 in industrial refrigeration systems (73). Inter-

national accords such as the Montreal Protocol on CFC production and other

accords concerning pollution and gas emissions to the atmosphere in particular

prompt a review of the refrigerants used in the margarine industry (52, 74).

Studies of the CFC refrigerant’s ozone depletion and its effect on the ozone layer

and global warming have reached such serious conclusions that both national and

international accords are in place to protect the environment (52, 71, 74).

R-22 is an HCFC refrigerant considered to have an ozone depleting effect only

5% of that of a CFC refrigerant such as R-12 (52). Replacements for R-502 are

being announced earlier than replacements for R-22 by refrigerant manufacturers.

This is due to the early deadlines for ending production of ozone-depleting CFC

refrigerants such as R-115, which is a component of R-502 (73). New refrigerants

to replace R-502 and R-22 are discussed in detail in the literature (73, 74).

Well-known biodegradable but toxic ammonia currently is emerging as the leading

replacement refrigerant (71).

The industry should already consider the effects of the new environmental

policies on its possible need for new refrigeration equipment or for modification

of existing equipment (71, 74).

New alternative refrigerants may exhibit different heat transfer characteristics

and may quite importantly require different discharge pressures than R-22 under

similar temperature conditions (73). This should be considered very carefully,

and all safety procedure and regulations as well as pressure vessel codes should

be followed closely when modifying existing refrigeration plants (72). Consider-

able information on R-22 and R-502 replacement refrigerants has been developed

by the Alternative Refrigerants Evaluation Program (AREP). AREP’s purpose is to

identify the most promising non-ozone-depleting refrigerants (73).

Fluorocarbon products that do not contain chlorine and/or bromine (i.e., fully

fluorinated and hydrofluorinated [HFC] products) are not stratospheric ozone-

depleters, and production of these products is not being eliminated by the Montreal

Protocol. They are, however, restricted by the U.S. Clean Air Act and must be

recovered rather than released to the atmosphere.

As a result of the Montreal Protocol and Kyoto Protocol and subsequent

amendments and ratification by individual countries, there are current and propos-

ed regulations limiting the production, consumption, and trade of CFCs, HCFCs,

and HFCs. Over the past two decades, the global fluorocarbons market has

undergone a number of major transitions toward a greater use of non-ozone-

depleting HFCs and non-global-warming, nonfluorocarbon alternatives in emissive

or potentially emissive applications.

Compared with the United States, the European Union has been significantly

more aggressive in its production reduction to date and scheduled reduction of

HCFC production, and it is considering restrictions in the use of HFCs in compli-

ance with Kyoto Protocol goals to limit the emissions of global warming gases.
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HFCs, FCs, and other fluoro-based compounds are some of the alternatives to

HCFCs and CFCs (75).

4. PLANT LAYOUT AND PROCESS FLOWSHEET

In margarine production, raw materials account for about 50% of the margarine

cost, actual production costs account for 20%, and other costs are 30% of the total

(35). Well-managed formulation and efficient, accurate metering/weighing systems

for the various raw materials in the emulsion preparation plant are essential factors

for cost-efficient margarine production (35, 76–78).

Table 2 can be used to illustrate the significance of the cost of the various ingre-

dients in a specific recipe for production of 1 ton of margarine.

Microcomputers, allow the optimizing of formulation cost or least-cost formula-

tion. One method is to select from the formula file according to fluctuations in raw

materials prices. The high number of formulas required can make this task quite

difficult unless computers are used to sort out the least-cost formula. Production

schedules and previous purchases of raw materials will also have to be considered

(35).

Another method is to create new formulations by minimization. Here formula

cost is optimized against constraints. These constraints are based on finished pro-

duct characteristics in relation to raw material characteristics. Production cons-

traints relate to raw material properties, existing and new processes as well as

productivity in the plant. It is essential to compare formulas and processes in order

to optimize productivity by minimizing metering or weighing errors during emulsion

TABLE 2. Ingredient Cost (79).

U.S.

Ingredient % in Recipe $/Ton Margarine

Soybean oil, hydr. 44/46�C 32.00 190.30

(111.2/114.8�F)

Soybean oil, hydr. 34/36�C 4.00 23.79

(93.2/96.8�F)

Soybean oil 44.00 213.22

Emulsifier 0.20 5.98

Lecithin 0.20 1.61

Color (carotene) 0.005 12.65

Aroma 0.02 8.05

Water 16.935 0.14

Salt 2.00 3.91

Milkpowder 0.50 23.00

Potassium sorbate 0.10 8.40

Citric acid 0.04 2.53

100.0 493.58

From Crown Wurster & Sanger, Minneapolis, Minnesota, with permission.
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preparation and the use of unsuitable formulas. This will help to minimize the

amount of product that has to be recycled. In a high-productivity setting, reworked

or recycled product should constitute no more than 0.1–0.2% of the total plant

production. Product specifications, fulfillment of these specifications, and product

consistency as well as expected technical performances of the product are quality

constraints. Depending on the quality control efficiency, recycling losses may reach

0.2–0.4% of the total production. Raw material quality is usually the cause (35).

Emulsion preparation systems play a very important role for achieving the above

productivity and thus the desired profitability in margarine production. Three gen-

eral systems are normally used for metering and mixing the various ingredients into

a water-in-oil emulsion. These are (80):

A continuous metering pump system

A batchwise scale tank system

A batchwise flowmeter system

4.1. Continuous Metering Pump System

The margarine industry, like other food processing industries, is continuously

involved in optimizing productivity through rationalization to minimize production

costs. To achieve this a proper production method and production installation must

be chosen allowing optimal capacity at minimal labor cost, maintenance cost,

space, and energy requirements. At the same time the high product quality and

productivity must be assured (81).

Continuous emulsion preparation using a metering pump system has been suc-

cessfully used during the last decades in the margarine industry to meet the above

requirements (76, 78) and is considered to be a very flexible installation (53).

Well-known suppliers of metering pump systems are Branþ Luebbe Inc. of Buffalo

Grove, Illinois, and American Lewa Inc. of Holliston, Massachusetts.

In connection with the use of continuous metering pump systems, metering

or dosing can be defined as the addition of a defined ingredient flow or amount

(ingredient flow is equal to the ingredient amount added over a specified time

period) to a process tank, a mixer, or a process (81).

To allow metering, the ingredient flow (i.e., ingredient amount) must be trans-

ported, metered, and added. The metering pump covers the three operations of

transport, metering, and addition in one step. Thus, the metering pump differs

from regular pumping applications by two characteristics (81):

1. The flow is easily adjustable in a defined way.

2. Pressure and viscosity variations have no or only minimal influence on the

flow.

A metering pump consists of drive with gear reducer and a pumphead, where the

gear reduces the rotary motion of the drive motor and coverts it into a reciprocating
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plunger motion. Suction and discharge valves work alternately according to the

plunger stroke. The capacity is determined by plunger diameter, stroke length,

and stroking speed and can be adjusted manually, electrically, or pneumatically

(81–83).

A combined adjustment of stroke length and stroking speed will allow the

proportional metering of two or more ingredient flows based on the use of

multiple pumpheads (79). Due to the flexibility of the metering pump, margarine

emulsion preparation can be fully or partly automated by the use of a metering

pump system with multiple pumpheads. For example, only two pumpheads are

used for metering of the oil phase and the water phase.

Plunger diameter, stroke length, and type of stroking speed adjustment can be

chosen individually for each pumphead in the multiple pumphead metering pump

system (81–83).

In margarine production it is possible to install a multipumphead system with

individual pumpheads for each ingredient or ingredient group used in the emulsion

preparation (76, 81). All pumpheads can be driven by one single motor with gear

reducer, which is an advantage from an energy consumption point of view. The

proportional metering of each ingredient is adjustable through the stroke length

in each pumphead. The total capacity of the metering pump system is adjustable

according to the product demand of the crystallization line and the packaging

operation (76, 78, 81).

Figure 27 shows a multipumphead metering system that uses an individual

pumphead for each ingredient. A system capable of accurately metering up to 16

ingredients, with dosing accuracies of 	0:1%, has been reported (76, 78). Dosing

pump suppliers guarantee accuracies better than 	0:5% (82, 83).

Maintenance of a stable emulsion in the continuous metering system’s total

product flow is critical for an efficient margarine production and is achieved

through the use of specially designed static in-line mixers. These are installed

in the main pipelines downstream of the metering system as can be seen from

Figure 27.

Low-pressure or high-pressure metering pump systems can be installed accord-

ing to user’s preference and required plant design. Figure 27 shows a high-pressure

system, where the emulsion flow from the system passes directly to the SSHE of

the crystallization line. In low-pressure systems, the emulsion flow from the system

passes the static mixers and a possible in-line plate pasteurizer before entering a

balance tank. The balance tank is usually equipped with an agitator and high and

low level switches for control of the drive of the metering pump system. From the

balance tank, the emulsion is then pumped by a separate high-pressure piston pump

to the SSHE.

Due to the flexibility of the multipumphead metering system virtually any

margarine formula can be processed within the range of fat content and water con-

tent for which the system is originally laid out during the design of the overall

processing capabilities (76, 78). Failsafe devices assure that the system is stopped

automatically if an ingredient fails to flow. The use of a balance tank offers some

advantages in this connection.
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Accumulating excess margarine from the packaging operation can be returned to

the main fresh emulsion flow by a separate rework metering pump as shown in

Figure 27. This helps guarantee a uniform quality in the final product (78), as

well as minimizes waste.

Adjustment of the multipumphead metering system according to the recipes to

be produced and other required functions can be done automatically and integrated

into a control system based on the use of a PLC. The control system can be

connected to a possible main computer system in the margarine plant, allowing

for registration of process parameters and other statistical information used in

production control (81–83).

The described principles of a multipumphead metering system have been

reported to offer several advantages in the margarine emulsion preparation (78).

These are

Dosing accuracy of 	0:1%. Accurate dosing of raw materials can save margarine

producers significantly in the cost of ingredients.

Improved hygiene. The totally enclosed system keeps the product safe from

contamination and permits easy cleaning and disinfection.

Figure 27. Multipumphead metering system (74). Courtesy of Food Engineering.
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Single system convenience. All elements for pumping, metering, mixing, and

controlling mounted within one unit result in minimal floor space requirement

and if layout is appropriate, allows easy maintenance.

Consistent quality and composition of the emulsion.

4.2. Scale Tank System

Scale tank systems or automatic batching systems are used in the margarine

industry in order to meet today’s requirements with regard to automation, accuracy,

labor cost reduction, productivity, and inventory control (75, 82).

Automation in today’s margarine industry means that all actions needed to

operate the process with optimal efficiency are ordered by a control system on

the basis of instructions that have been fed into the control system in the form

of a control program.

In an automated process the computer-based control system continuously

communicates with every controlled component and transmitter. The control sys-

tem monitors and controls the process through signals received and sent covering

areas such as (84):

Actuation of components in the process through output (command) signals

Input (feedback) signals from valves and motors informing the control system

that the component in question has been actuated

Input (analog) signals from transmitters covering temperature, pressure, and

other parameters that provide information on the actual status of process

variables

Input signals from monitoring transmitters in the system that report when a given

condition has been attained. Such conditions could be maximum or minimum

level in a process tank, preset maximum temperatures, etc.

The logic unit of the control system processes the signals for optimal process

control, which means that product losses and consumption of service media and

energy are kept at an absolute minimum.

The automated control system has the following control tasks (84):

On/off or digital control

Analog control

Monitoring

Reporting

These control tasks cover areas such as controlling start/stop of motors, opening

and closing of valves, agitation start/stop, pasteurization control, selection of pro-

duct routes and filling valves, control of pumping capacities and weighing systems

for formulation and blending, registration of fault conditions, interlocking of

functions and various process sections, self-diagnostic fault finding, data logging,
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materials consumption and inventory reporting, maintenance in relation to equip-

ment operational hours, optimization of process in relation records of energy

consumption, quality assurance, and total plant supervision (84).

The possibilities for automation are quite extensive. For each margarine produc-

tion plant different levels of automation may be required or possible. The automa-

tion level for a plant is decided and planned according to factors such as (84):

Selected or installed process equipment and its affect on automation level

Requirements with regard to level of operator interactions and labor

Required degree of reporting within the plant in relation to quality control,

inventory control, and accounting

Examples of automation in margarine production have been reported (76–78).

Automation based on the use of scale tanks for automatic batching has been

reported in detail for a U.S.-based plant for production of margarine and blends

containing butter (77).

Oils required for the margarine production in the described plant may arrive by

railroad tank car or road tank truck and are unloaded by connecting the vessel’s

discharge system to the receiving pump of the plant. A sanitary flowmeter registers

the amount of product received and transmits this information to the processing

computer for inventory control. Storage tanks for the received oils are normally

of the stainless steel silo type. The tanks are equipped with both heating and cooling

controls for maintaining a constant oil temperature and are flooded with nitrogen to

prevent oxidation of the oils. Oils are pumped from the storage tanks to the batching

system in hot-water heated jacketed pipelines to keep the oils from solidifying (77).

Oil storage tanks could be mounted with level controls capable of reporting the oil

level in each storage tank to the processing computer. In this way the computer can

monitor whether the oil level in a storage tank is large enough to meet the batch

requirements.

Milk required for the production is received in a similar manner and pasteurized

before storage in a refrigerated tank until required for batching. A portion of the

milk may be used for combining with salt for brine milk.

Minor ingredients such as sodium benzoate, potassium sorbate, citric acid,

cream, emulsifier, and butter are stored in individual, stainless steel tanks. Each

of these ingredients are weighed, during the batch formulation, in a smaller stain-

less steel tank suspended from an electronic loadcell (77). Microingredients such

as vitamin A, vitamin D, carotene, color, and flavor are also stored in stainless steel

tanks and enter the system through piston-type metering pumps. The batching

system consists of two larger stainless steel tanks suspended from an electronic

loadcell and are used for weighing the oils and the milk ingredients.

Through a keyboard, the computer operator can enter the formulas and number

of batches required for the production each day. The computer can hold numerous

formulas. A sequential weighing of each ingredient designated by the formula used

is started by computer command. The ingredients weighed are discharged into one
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of two blending tanks after which the microingredients are metered into the blend

tank. At this stage the computer control system automatically commences a new

weighing cycle. The prepared batch in the blending tank is transferred to a surge

tank before transfer to the balance tank feeding the SSHE lines (77).

The computer control system is capable of displaying the formula of the batch,

desired weights for each ingredient being batched, and total weight of the entire

batch. Blend tank status, ingredient tank status, overweight or underweight condi-

tions, and batch tank status are monitored by the control system, which will auto-

matically alert the operator should a fault condition occur.

The described automated batching system offers important advantages with

regard to data processing and hard-copy printing of the results of the production

day. These are (77):

Summary report of the amount of each ingredient weighed

Summary of the amount of formulas run

Inventory of ingredients remaining in storage in various tanks

Data transfer to main computer for accounting purposes

Automated batching systems using scale tanks in margarine production offer

a good solution toward higher productivity, better inventory control, accuracy in

formulation, reduced labor requirement, and a consistent product.

4.3. Flowmeter System

A flowmeter-based system is an alternative to the metering pumps system and the

scale tank system in the emulsion preparation. Flowmeter-based systems can also

be automated through computer control covering automatic start/stop of feed

pumps, opening/closing of valves, registration of raw materials consumption, etc.

Flowmeter-based systems are used quite commonly in the margarine emulsion

preparation (80). These systems are a good alternative in margarine plants where

only a minimal degree of automation is desired due to the lower labor costs and

local requirements. Figure 28 illustrates a margarine plant using flowmeters for

metering the ingredients for the margarine emulsion preparation.

Batch controllers for each flowmeter are mounted in the main control panel. The

emulsion preparation cycle begins when the operator enters the desired quantities of

each oil type into the batch controller for the oil flowmeter. The operator selects the

proper outlet valve of one of the oil storage tanks, selects the proper feed pump, and

activates the batch controller. The selected outlet valve will then open automatically

and the selected feed pump will start automatically. The preselected oil quantity is

metered into the emulsion preparation tank. When the desired quantity has been

metered, the batch controller automatically activates the closing valve downstream

of the flowmeter, stops the pump, and closes the outlet valve. The operator now

selects the outlet valve and feed pump for the second oil type through a switch

system, reactivates the batch controller, and the described sequence is repeated.
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Figure 28. Flowmeter-based emulsion preparation. Courtesy of Crown Chemtech U.S.A., a division of Crown Iron Works Co., Minneapolis, Minnesota.
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Individual oil feed lines and flowmeters for each oil type can be installed for

optimal accuracy. When metering of all oil types for the oil blend is completed,

the operator enters the desired quantity of emulsifier solution into a second batch

controller. The sequence is repeated, but this time for metering the emulsifier

solution, which has been pre-prepared in designated tanks. The same sequence is

finally repeated for the prepared water–milk phase through a third batch controller

and flowmeter after a proper period of time, allowing sufficient mixing of the oil

blend and emulsifier solution in the blending tank.

The water–milk phase preparation system in Figure 28 is based on the use of a

batch mixing and pasteurization tank. A defined quantity of water is added to the

batching tank. Milk powder is added to the tank and mixed with the water during

heating. The tank is equipped with a special agitator designed to prevent burning of

protein on the tank wall. Heating and cooling of the prepared batch takes place

in the tank by steam heating of the jacket of the tank. When the desired temperature

of 75–78�C (167–172�F) has been reached, heating is stopped and cooling is

commenced by circulating chilled water through the heating/cooling jacket of the

tank. Figure 29 illustrates the described batch mixing and pasteurization tank.

The pasteurized batch is transferred to a holding tank for use in the emulsion

preparation. The process of mixing and pasteurization of a batch takes less than

2 h (84). The water–milk phase can alternatively be prepared in a mixing tank

and pasteurized using a modern type of multisection plate pasteurizer. The prepared

Figure 29. Batch mixing and pasteurization tank. Courtesy of Crown Chemtech U.S.A.,

a division of Crown Iron Works Co., Minneapolis, Minnesota.
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water–milk phase is pumped from the mixing tank to the plate pasteurizer, where

the product undergoes successive stages of treatment such as preheating, heating

to 75–78�C (167–172�F), holding at that temperature for 15–20 s, cooling, and

chilling in a continuous flow. The preheating and cooling stages are combined in

a regenerative section where the outgoing pasteurized product gives up its heat

to the incoming product. This greatly reduces the thermal energy demand (84).

Figure 30 illustrates a possible layout of the equipment of the margarine proces-

sing line shown in the flow diagram in Figure 28.

Pasteurization of the water–milk phase is a very important process. The pasteur-

ization kills microorganisms that cause disease. If infections occur, the reason is

either that heat treatment has not been properly performed or that the water–milk

phase has been reinfected after pasteurization (84). Due to this it is important to

monitor the pasteurization process carefully in order to make sure that the water–

milk phase is treated in the prescribed manner. Proper storage conditions for the

pasteurized batch before use in the emulsion preparation are also important.

Pasteurization of the complete margarine emulsion as shown in Figure 27 is often

done to minimize the risk of reinfection and to ensure the best possible storage

properties of the finished margarine product.

Thorough cleaning and disinfection of the equipment are essential parts of

margarine operations to ensure optimal hygienic conditions. Combined with proper

processing such as pasteurization, proper cleaning procedures help to ensure

optimal product shelf life.

Extensive development has and is taking place in the area of cleaning and

disinfection techniques. A wide range of detergents and disinfectants is available

today, complicating the choice of suitable cleaning agents for particular food pro-

cessing operation. Economic pressures have speeded up the mechanization and

automation of the cleaning operations.

The degree of cleanness can be defined by the following terms (84):

Physical cleanness: removal of all visible dirt from the cleaned surfaces.

Chemical cleanness: removal of all visible dirt as well as microscopic residues,

which can be detected by taste or smell but are not visible to the naked eye.

Bacteriological cleanness: obtained by disinfection that kills all pathogenic

bacteria and most, but not all, other bacteria.

Sterility: destruction of all microorganisms.

Even today, some items of equipment in the margarine production can be found

not to be designed for easy cleaning and draining. Tanks with flat bottoms and

inadequate drainage points can be found. Pipes are found with unnecessary bends,

blank ends, and unsatisfactory valves. Such installations are very difficult to clean

and could lead to the buildup of stagnant products.

During the design and erection phase of new plants, full consideration should be

given to problems of cleaning. Cleaning operations must be performed strictly

according to a carefully planned procedure in order to achieve the required degree
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Figure 30. Layout of a margarine processing line. Courtesy of Crown Chemtech U.S.A., a division of Crown Iron Works Co., Minneapolis, Minnesota.
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of cleanness. The cleaning cycle in a margarine operation usually comprises the

following steps (84, 85):

Removal of residual fat and milk solids in the plant by means of drainage and

forcing product out with water or compressed air.

Preliminary wash with warm water about 49�C (120�F) for loosening fat and

milk solids adhering to the sides of the equipment.

Cleaning with alkaline detergent solution at 60–70�C (140 –158�F) for approxi-

mately 30 min to remove all traces of fat, milk solids, and other residues from

the interior of the production line. All blank ends and valves not suitable for

CIP should be removed and washed by hand.

Postrinsing with clean, warm water to remove the last traces of detergent.

Disinfection by means of heating with steam or hot water, alternatively disinfec-

ting with chemical agents such as chlorine and other halogen compounds,

benzoic acid washing, or quaternary ammonium salts. In the latter case, the

cycle is concluded with a final rinse.

Cleaning in place (CIP) can be defined as circulation of cleaning liquids through

machines and other equipment in a cleaning circuit (84). This method of cleaning

has replaced the older practice of stripping down valves and other difficult to clean

equipment in many margarine factories. The CIP method is essentially the same as

the method described above (85).

The passage of the high-velocity flow of liquids over the equipment surfaces

generates a mechanical scouring effect that dislodges dirt deposits. This only

applies to the flow in pipes, heat exchangers, pumps and valves, etc. The usual technique

for cleaning of tanks is to spray the detergent on the upper surfaces and allow it to

run down the walls. The mechanical scouring effect is often insufficient but can to

some extent be improved by the use of specially designed spray nozzles or cleaning

turbines. Tank cleaning requires large volumes of detergent that must be circulated

rapidly (84).

4.4. Storage of Finished Product

Storage conditions play quite an important role for the overall quality of margarine

products. Insufficient or improper storage conditions can lead to several product

failures such as sandiness or graininess, oiling out, lack of plasticity, brittleness,

or microbiological spoilage for sensitive product types (86).

Margarines are usually stored in palletized cartons or boxes in refrigerated

storage rooms built with insulated walls and insulated ceiling for optimal energy

utilization. The margarine pallets are usually placed individually in a rack system

to allow for proper air circulation around each pallet. During the initial period of

storage, the temperature change in the product is not uniform across the pallet load.

The cartons or boxes on the outer layers reach storage temperatures well before

those in the middle of the pallet (52). This could lead to differences in product

structure depending on whether the product is located in the outer layer or in the

middle of the pallet.
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Recently, this problem has been addressed by a very simple solution. Specially

designed spacers are inserted between each layer of cartons on the pallet. The

airflow is in this way facilitated throughout the pallet, and heat exchange between

the product and the environment is achieved more efficiently. The spacers are

designed in such a way that they enable the air to circulate as it flows, thereby

ensuring that temperature stabilization is carried out quickly. Systems for inserting

and retrieving the spacers have been developed. Spacers can be inserted or removed

in less than 1 min and do not increase the height of pallets significantly as they are

only approximately 20 mm in thickness each (52).

Retail margarines are usually stored at 5–10�C (40–50�F) at the point of manu-

facture for 1–2 days before shipment, so that the crystal structure can become

fully developed and stabilized. With lower melting point fats now used in most

margarines, especially in polyunsaturated table margarines and low-fat spreads,

and also because of the water present, most margarines today require that the

refrigeration is maintained throughout the distribution chain and in the consumer’s

home (45, 86–88). Specialty margarines such as puff pastry margarine should be

stored 2–4 days at 12–16�C (54–61�F) to allow time to stabilize the special texture

and plasticity desired prior to dispatch or cold storage (89) (see Section 5.2).

Studies of the effect of storage conditions on quality of retail margarines, such as

polyunsaturated margarines, have tended to focus on the changes in physical and

chemical properties that occur during storage. The effect of storage on the sensory

properties of the product also has great importance to the manufacturer, distributor,

and the consumer (88).

Storage conditions affect sensory properties such as color, flavor, texture, and

general acceptability (88). Sensory values for these properties decline with storage

time. For polyunsaturated retail margarine it has been found that storage at 5�C
(41�F), alternatively 10�C (50�F), did not result in significant differences in the

product with regard to color and texture. Product stored at 5�C (41�F) exhibited

significantly better flavor results than product stored at 10�C (50�F). High-quality

shelf life of polyunsaturated retail margarine is seen to be approximately 8 months

when stored at a constant 5�C (41�F), 6 months at 10�C (50�F) (88).

Low-fat spreads with 40% fat content and containing protein usually have a

shelf life of 8–10 weeks and water-based low-fat spreads of about 4 months based

on storage at temperatures below 10�C (50�F) (90) (see Section 5.1). Very low fat

spreads with fat contents below 20% and with a water continuous emulsion character

require low pH, ultra high temperature processing, and possibly aseptic filling pro-

cedures to allow closed shelf lives comparable to conventional low-fat spreads (91).

5. PROCESSING OF LOW-FAT SPREADS, PUFF PASTRY
MARGARINE, AND PUFF PASTRY BUTTER

Low-fat spreads, puff pastry margarine, and puff pastry butter are all very interest-

ing products from an equipment and processing point of view as they require

processing techniques that are quite different from those used in the processing

of conventional retail margarine.
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5.1. Low-Fat Spreads

Introduction. Under the influence of official dietary recommendations, product

pricing structure, and evolving consumer lifestyles, low-fat spreads have progressed

during the last decade from being food alternatives to butter and margarine to the

present standing of a product in its own right. This market trend toward reduced

fat consumption has led to a significant reduction in the consumption of butter

both on the U.S. and the European Community (EC) markets (91–95).

Margarine consumption has remained fairly steady with a slight upward trend

in the EC market lately (approximately þ1% per annum) (93), whereas the U.S.

market from 1991 to 1992 showed an overall reduction of 2.2% even though the

consumption of low-fat margarine and spreads showed an increase of 49.8% (96).

Low-fat spreads were first introduced in the market in Great Britain in 1968 and

have a significant market share today of approximately 26% in Great Britain (93).

The production of low-fat spreads is traditionally complex and there are many

variations on the same theme as the technology becomes more advanced. Low-

fat spreads are inherently unstable, since the bulk of the product comprises water-

soluble ingredients, while an acceptable texture is normally only achieved with a

water-in-oil emulsion. Therefore, the tendency of the emulsion will be to become

oil in water, and once this occurs the reaction is invariably irreversible, resulting in

high wastage. Additionally, if the emulsion is unstable, although the product may

not be fully ‘‘reversed,’’ the texture will be open and coarse and unacceptable (90).

In the yellow spreads market, oil-in-water spreads have recently been introduced

and are relatively new. One drawback for these products is their stringent require-

ments for ultra high temperature processing and aseptic filling to achieve acceptable

shelf lives. Low-fat spreads (40% fat) containing protein usually have a shelf life of

8–10 weeks and water-based low-fat spreads of about 4 months based on storage at

temperatures below 10�C (50�F) (90).

Table 3 illustrates low-fat spreads available with fat contents ranging from 60%

to as little as 5%. Below about 20% fat content products of a water continuous

emulsion character are prevalent (91).

TABLE 3. Some Low-Fat Spreads.

Approximate

Low-Fat Spreads Composition (% Fat)

Vegetable fat spreads 60

40

Vegetable/butterfat blended spreads 40

Butterfat spreads 40

Very low fat spreads 20–30

Water continuous spreads 15

9

5

Adapted from Ref. (91), with permission.
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Formulation. Several patents have been issued covering low-fat spreads formu-

lation and processing indicating that critical process control and/or significant levels

of water binding agents are required (91, 92, 97, 98).

From a formulation point of view, low-fat spreads can be grouped as follows:

Without protein and without stabilizer added

Without protein but with stabilizer added

With low protein level and with stabilizer added

With high protein level and with stabilizer added

With low protein level and with stabilizer and thickener (fat replacer) added

To further illustrate and summarize the complexity of low-fat spreads formula-

tion and possible ingredients to be used, a typical formulation of a 40% fat content

low-fat spread is shown in Table 4 of functional properties of possible ingredients in

TABLE 4. Low-Fat Spread at 40% Fat—Typical Formulation.

Component Ingredients %

Oil blend Hydrogenated vegetable oil 37–40

Vegetable oil

Emulsifier Mono and diglycerides 0.25–1.0

Lecithin

Polyglycerol ester

Color Beta carotene including vitamins A and D 0.001–0.005

Annatto

Flavor Butter extract 100–200 ppm

Organic acids

Ketones

Esters

Stabilizer Maltodextrin 1–3

Gelatin

Modified starch

Sodium alginate

Preservative Potassium sorbate 0.1–0.3

Sorbic acid

Water with protein source Buttermilk 50–60

Skim milk

Whey

Caseinate

Soy

Salt Salt 1–2

Starter culture S. Cremoris Trace

S. Diacetylactis

S. Leuconostoc

Sodium-hydroxide — 0.1

Sodium-hydrogen Acid regulator 0.1–0.4

Trisodium-citrate Acid regulator 0.1–0.4

Buffer
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low fat spreads formulation. Table 5 indicates a summary of recipes for various

types of low-fat spreads.

Processing. Low-fat water-in-oil emulsions with fat contents of 40% or lower

have been found to be quite sensitive to line pressures and cooling rate in the

SSHE line. Fill temperatures are higher than with corresponding 50% fat products

because the emulsion is more viscous. If fill temperature is too low, the product will

build up in the tub with excessive lid contact causing crumbly product and water

leakage. If too much crystallization occurs in the process, the shearing forces of

processing and filling may break the emulsion. Therefore, low-fat products are

more easily prepared by use of high liquid oil content and low solid fat index

(SFI) blends. The higher liquid oil content improves the emulsion stability by more

adequately separating the increased number of aqueous-phase droplets. Careful

blend selection and processing ensures that quite butterlike textures can still be

produced. In the case of low-fat butter, the production is more difficult due to higher

SFI values for butter oil at lower temperatures.

Low-fat butter or dairy spreads can also be produced from an oil-in-water

dairy cream or premixed cream with a fat content adjusted to the desired percentage

in the low-fat dairy spread using phase inversion. For product stability reasons,

emulsifier (approximately 1% distilled monoglyceride) and stabilizer (hydrocol-

loids such as gelatin or sodium alginate) are added in smaller quantities to the pre-

pared cream. This is necessary to prevent free water in the finished stored product.

Minor ingredients, such as flavor and color, can also be added. The cream is pre-

pared during controlled agitation and temperature and passed through the SSHE

line at a rate of 40–50% of normal capacity. High SSHE (A unit) shaft speeds as

well as increased shaft speeds in the required worker unit (B unit) are preferred to

achieve phase inversion. Constant flow rate and exact temperature control are

necessary for proper phase reversion, crystallization, and working of the product

(90–92, 99).

In general, vegetable-oil-based and butter-oil-based low-fat spreads as well as

blended low-fat spreads containing both vegetable oil and butter oil can be pro-

duced continuously. This is achieved by crystallizing a batchwise or continuously

prepared water-in-oil emulsion in an SSHE process line.

The process line for this purpose is normally especially designed to ensure crys-

tallization and texturization of the product to take place under controlled conditions

and within the processing equipment. The manufacture under high degree of agita-

tion with minimal shear precedes the processing of the emulsion, providing an

emulsion of the correct phase (water–oil) and water droplet size.

The flow diagram in Figure 31 shows such a process line using SSHEs for

pasteurization of the prepared water-in-oil emulsion, crystallization of the emul-

sion, and reworking of the crystallized emulsion.

Typically, the bulk liquid oils are transferred from the storage facility to the

emulsion mixing vessel at 55–60�C (131–140�F). Oil-soluble ingredients, such as

emulsifier, color, and flavor, are added in a separate vessel to minimize their storage

time at elevated temperatures. Emulsifiers are used to lower the surface tension

between the water and oil phases, thereby stabilizing the liquid emulsion before
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TABLE 5. Basic Formulations for Reduced-Fat Spreads.

Product Type (Fat Content)

40% 40% Water 40% Low 40% Higher 20% Based on 10% Oil in Water Based

Ingredient 60% Water Only Plus Stabilizer Protein Level Protein Level EPO42031 5A2 on EPO29856 1A2

Composition, % 59.5 39.5 39.5 39.5 39.5b 19.6 10.0

Fata

Emulsifier (distilled 0.4 0.6 0.6 0.5 0.6 0.4 —

monoglycerides) (IV 55) (IV 80) (IV 80) (IV 55) (IV 55) (IV 55)

Lecithin 0.1 0.1 0.1 — — 0.1 —

Beta carotene, ppm 4 3 3 3 4 5 5

Flavor/vitamins, % 0.02 0.01 0.01 0.01 0.01 0.01 0.01

Water (salt) (adjust 39.0 59.8 59.3 57.4 51.7 69.7 86.3

to pH 4.8–6.2 with

lactic acid if required)

Gelatin — — — 1.5 2.0 5.0 3.0

Thickener — — 0.5 — — 3.5c 9.0c

Skim milk powder 1.0 — — 1.0 — — —

Sodium caseinate — — — — 6.0 1.5 0.5

Potassium sorbate — — — 0.1 0.1 0.1 0.1

Flavor — 0.01 0.01 0.02 0.1 0.1 0.1

a Typically liquid 76 hard fraction 24 (slip point 42–44�C), i.e., palm stearin.
bCan also contain butteroil.
cStarch based.

Reprinted from Moran (91) with permission.



Figure 31. Schematic diagram of SSHE process line for production of low-fat spreads. Courtesy of Crown Chemtech U.S.A., a division of Crown Iron Works Co.,

Minneapolis, Minnesota.
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crystallization takes place. This is necessary to ensure a homogeneous product and a

fine dispersion of the aqueous phase. The use of emulsifiers gives greater numbers

of smaller water droplets in the product, resulting in a light texture and good flavor

release.

Milk proteins and soy lecithin can also affect the water droplet size. Proteins and

lecithin tend to increase the drop size (91, 100).

The aqueous phase is prepared in a separate vessel and would typically comprise

skimmed milk, whey, or water. Salt and various acidity regulators are added to the

water phase along with an adjustment of the acidity. Finally, a bulking agent is

added to yield the optimum viscosity for a particular formulation.

The influence of the viscosity and functionality of the aqueous phase on emul-

sion stability, spreading, and eating characteristics of the product are significant. In

high-protein low-fat spreads, the protein’s function is to create a three-dimensional

network responsible for immobilizing the water (94). The functional properties

for a given protein are greatly influenced by the environment (i.e., other ingredients

such as stabilizers) in which the protein is present during the emulsification

process (101).

The heated aqueous phase is added to the oil phase under controlled conditions

creating a good-quality water-in-oil emulsion. Critical parameters at this stage

include the temperature of the two phases, water phase viscosity and functionality,

addition rate, and type and speed of mixing.

The prepared emulsion is fed via a balance tank to a high-pressure pump, usually

of a piston variety to a series of in-line SSHEs. Once in the pasteurizer heating

cylinders, the product is pasteurized and held prior to being subjected to precooling

and prepared for crystallization. Cooling, stabilizing, and texturizing of the emul-

sion are continuously undertaken within a series of A and B units.

The emulsion is rapidly supercooled with vigorous agitation by the scraping and

blending action of the knife blades of the A unit. During the passage through the A

unit, a thin film of crystallized emulsion is continuously scraped off the walls of the

cooling cylinders and mixed with warmer emulsion. The water droplet size is re-

duced further during this step and the reduction is dependent on emulsion viscosity,

shaft speed, and retention time. The process continues until the emulsion leaves

the last cylinder and enters a worker unit for final texturization. Due to the presence

of higher amounts of solidified fat in the product during its passage through the

worker unit, water droplets can recoalesce during this process step. Typical process

conditions (25–40% fat) would be as follows (90): aqueous phase temperature

45�C (113�F), oil phase temperature 60�C (140�F), emulsion temperature 52�C
(125.6�F), pasteurization temperature 85�C (185�F) for 15 s, precool temperature

40�C (104�F), final cooling temperature 12�C (57.6�F), temperature at filler 16�C
(60.8�F).

Ammonia/Freon evaporation temperatures would vary depending on throughput.

For stick wrapping, the produced product passes to a resting tube connected

directly to the stick wrapping machine. When the product is filled into tubs, it

is conveyed directly from the after-treatment worker cylinder to the filling

machine.
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Excess product from the packaging operation is continuously remelted in a

rework SSHE in a controlled manner and returned to the system via the balance

tank or a positive pump facility for adding reclaimed material.

Figure 32 illustrates and summarizes the basic process lines used for the produc-

tion of different types of low-fat spreads.

Figure 32. Basic process line for low-fat spreads (91). (a) Conventional processing;

( b) inversion processing; (c) method of oil in water spreads.
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Figure 33 shows an SSHE with four cooling cylinders, one pin worker, and one

inversion crystallizer mounted for production of low-fat spreads using the inversion

technique.

5.2. Puff Pastry Margarine

Introduction. Puff pastry is quite different from other margarine types in its

properties and especially its plasticity (102). The plasticity of puff pastry margarine

is essential for preparation of puff pastry of high quality. Puff pastry is made from

very thin layers of dough and margarine, which bake to a light and flaky structure of

good volume and uniform appearance. This laminated structure is achieved by a

special dough handling procedure, where the dough is folded and rolled together

with the puff pastry margarine resulting in a finished puff pastry dough with alter-

nating layers of dough and margarine (87, 102, 103).

The function of the puff pastry margarine is to act as a barrier between the dough

layers both during rolling to prevent them from fusing together and to prevent the

formation of a three-dimensional structure between the gluten protein in each thin

dough layer during baking (104).

Figure 33. Scraped-surface heat exchanger. Courtesy of Schroeder & Co., Luebeck, Germany.
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The demands on the properties of puff pastry margarine can be summarized as

follows (80):

A high degree of plasticity over a wide temperature range.

Sufficient plasticity for stretching rolling in the dough preparation to ensure

unbroken homogeneous thin layers of margarine in the dough. This is

necessary for the laminated structure and volume of Danish pastry.

The absence of softness or greasiness when worked.

Choice of type of SSHE, shaft and blade design, flow rate and required product

retention time, oil blend formulation, as well as process temperature profile along

with several other factors have a significant influence on the final quality of any puff

pastry margarine (51, 105).

Formulation. To ensure the above properties of a puff pastry margarine, the oil

blend formulation plays quite an important role. When formulating a suitable oil

blend for puff pastry margarine, several factors such as local climatic conditions,

temperature and methods used during dough preparation, consumer (baker) prefer-

ences, and desired quality of the finished baked Danish pastry must be considered

(51). Puff pastry margarine normally has a fat content of 80% and oil blends giving

a flat SFI curve are sought. Tallow, lard, shea fat, palm oil and, to a certain degree,

hydrogenated fish oil are the most suited fats for production of plastic puff pastry

margarine (87, 106).

Palm-oil-based puff pastry margarine, where palm stearin, hydrogenated palm

oil, and palm kernel oil are the components of the oilblend, reportedly performs

better than tallow-based puff pastry margarine (103). This can be attributed to the

fact that it is easier to produce a vegetable-oil-based puff pastry margarine with a

good plasticity in an SSHE process line (105). Tallow-based puff pastry margarine

produced on the open chill drum system has excellent plasticity.

One hundred percent soybean-oil-based puff pastry margarine cannot be charac-

terized as a typical puff pastry margarine oil blend (105). Soybean-oil-based

puff pastry margarine has relatively poor plasticity. Hydrogenated soybean oil in

combination with hydrogenated palm oil can give very good baking results as

well as a margarine with an excellent texture and plasticity (51). An example of

such an oil blend is as follows: hydrogenated soybean oil, 44�C (111.2�F), 40%;

hydrogenated soybean oil, 38�C (100.4�F), 20%; hydrogenated palm oil, 42�C
(107.6�F), 35%; liquid soybean oil, 5%.

Emulsifiers of the monoglyceride type with or without polyglycerol ester added

are usually added to the oil blend of the puff pastry margarine at a level of 1% of the

overall recipe of the margarine (106, 107). Emulsifiers influence the crystallization

of the margarine both during processing and storage resulting in improved plasticity

(106). They also ensure that the emulsion is heat stable during baking. Soy lecithin

is usually added at a level of 0.8% to facilitate the emulsifier effect.

Low pH of the water phase of the puff pastry margarine will have a pronounced

effect on the lift in the finished pastry. Low-calorie puff pastry margarine with 60%

fat content has been reported (94).
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Processing. Puff pastry margarine with optimal properties has for many years

been produced on the open chill drum/vacuum complector system available in

the market from Gerstenberg & Agger A/S, Copenhagen, Denmark.

Here a thin layer (less than 1 mm) is applied directly on the surface of the open

chill drum. Crystallization takes place during complete rest and during very rapid

cooling. Afterward, the margarine flakes are rested in large hoppers for crystal-

lization to progress before separate kneading under vacuum in a complector occurs

(80).

Due to this system’s disadvantages in space requirements, labor demand, and

hygiene, production of puff pastry margarine in SSHE process lines has developed

significantly over the past two decades. Today, the majority of all puff pastry

margarine is produced in SSHE lines.

Choice of the required SSHE equipment is very important for the production of

high-quality puff pastry margarine. For each piece of equipment in the production

line, special design features have to be considered to ensure that the complete

production line has all the necessary capabilities for puff pastry margarine. This

relates to the previously mentioned required properties of puff pastry margarine.

A detailed discussion of required design features in the process line can be found

elsewhere in this Chapter (see Section 2.2).

It should be noted that process lines for vegetable-oil-based puff pastry marga-

rine differs somewhat from the process lines for animal-oil-based puff pastry

margarine with regard to the equipment sizing and layout (51).

A general flow diagram for a puff pastry margarine processing line can be seen

in Figure 34.

Normally, it is recommended to use a process line where the SSHE is equipped

with multiple cooling cylinders (80). This is advantageous in the production of

puff pastry margarine as successive steps of cooling, working, and cooling of the

product promote the development of the consistency and the plasticity desired. The

desired properties of puff pastry margarine depend not only on oil blend formu-

lation but also very much on the three-dimensional crystal structure formed during

crystallization and storage (105).

Figure 34. Schematic diagram for SSHE process line for production of puff pastry margarine.
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During the product passage through the multiple cylinders of the SSHE, the

product is supercooled and, to a certain degree, crystallized. When mechanical

work is applied to the product during the cooling process by the blades of the A

unit or by the pins of the intermediate worker unit’s (B unit) shaft, two types of

crystal structures will appear: a primary and a secondary.

The bindings between the crystals of the secondary structure are weak and

even though destroyed by the application of mechanical work, they reestablish

themselves very quickly when the mechanical work is eliminated. The bindings

in the primary structure are, on the contrary, very strong and when destroyed

by mechanical work, they will not reestablish easily. It is widely accepted in the

industry that the primary structure has a tendency to be formed if insufficient

mechanical work is applied. This leads to products with a brittle and hard texture.

A more detailed discussion of crystallization and crystal structures can be found in

Section 1.1.

Normally, the retention time in the A-unit alone is not sufficient for crystalliza-

tion of puff pastry margarine due to the special texture required. For this reason, it

is advantageous to insert an intermediate worker unit (B unit) between the cooling

cylinders to allow time for the crystallization to progress further during agitation

under the absence of cooling (51, 104). Please refer to Figure 34.

To reduce the postcrystallization to a minimum to ensure the development of

the proper crystal structure and desired plasticity, it is necessary to prolong the

cooling and working of the puff pastry margarine in the SSHE line (105). This is

achieved by reducing the capacity of the process line to a level of only 50–60% of

the capacity obtainable for regular margarine on the same A-unit.

The crystallization process is normally controlled through a variation of flow

rate, refrigerant evaporation temperature, or by changing the layout of the inter-

mediate worker unit and cooling cylinders according to the oil blends used.

Besides the influence of temperature, blending, and time (capacity) on the

texture and quality of the puff pastry margarine, the volume and design of the final

resting tube (Figure 34) have a significant influence in relation to the oil blends used

(51, 80, 105). During the passage through the resting tube, a minor product

temperature increase indicating minimal postcrystallization can normally be ob-

served before the product enters the packaging operation.

5.3. Puff Pastry Butter

Introduction. The flavor of butter and butter fractions is very attractive to the

human palate due to their content of very short chain fatty acids. Furthermore,

the word butter is appreciated by the consumer. Due to this, there has been a

growing interest in recent years, especially in Europe, to use butter stearin and other

butter fractions in pastries such as Danish pastries and croissants (108, 109). The

properties desired in puff pastry butter are similar to those outlined for puff pastry

margarine in Section 5.2.

Formulation. Oil blend formulation for puff pastry butter requires the same

consideration as for puff pastry margarine with regard to usage temperature, solid
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fat contents, plasticity, emulsifier dosage, and pH of the water phase. Some possible

oil blends (110) are shown in Table 6.

Processing. Design and layout of the SSHE line as well as the processing

conditions basically follows the same pattern as outlined for puff pastry margarine

in Section 5.2.

6. PRODUCTION CONTROL, QUALITY CONTROL,
AND SANITATION

The success of a margarine manufacturer depends on many factors including

marketing, productivity, and changes in ingredient costs. The foundation for conti-

nued success is the quality of the product itself. To ensure a constant high quality of

the product, production and quality control as well as sanitation in the margarine

plant are quite important disciplines.

Production control through registration of process parameters, formulation, flow

rates, ingredient consumption, and other production variables has been described

in Sections 4.1, 4.2, and 4.3. Cleaning and disinfection procedures have been

described in Section 4.3.

Quality of raw materials and finished products can be determined through instru-

mental techniques and ultimately by sensory evaluation. Results from these quality

control methods may be compared to minimum standards available either by law or

set by the marketplace (111).

6.1. Raw Materials

Management of quality requires that the specifications and regularity of properties

of mixture are fulfilled. The desired specifications are obtained when formulas are

made for raw materials of standard quality. This quality has to be maintained (35).

Fats and oils are obviously the raw materials of major importance in a margarine

production. When a margarine plant is not integrated with a refinery, increased con-

trol of raw materials and stabilization of manufacturing parameters through the

creation of specifications, acceptable by many fats and oils suppliers, is important

(35).

TABLE 6. Possible Oil Blends for Recombined Butters for Various Bakery Applications.

Bakery Croissant Puff Pastry

Oil (%) (%) (%)

Butter oil, drop point 32�C (89.6�F) 20 15 5

Butter stearin, drop point 40�C (104�F) 75 80 95

Soft butter stearin, drop point 24�C (75.2�F) 0 5 0

Butter olein, drop point 18�C (64.4�F) 5 0 0

Total 100 100 100
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When a margarine plant is integrated with a refinery, the raw materials charac-

teristics are generally obtained in the refinery. The quality control in the margarine

plant will essentially concentrate on the production parameters and on finished

product examination (35).

Quality control systems usually used for judging the quality of oils and fats or

oil blends used in margarine production could evaluate color, color stability, flavor,

flavor stability, free fatty acid, peroxide value, active oxygen method (AOM) sta-

bility, iodine value, slip melting point, fatty acid composition, refractive index,

crystallization rate, and solid fat/temperature relationship (solid fat index) (5, 91,

112, 113).

Refractive index, iodine value, AOM stability, and peroxide value provide stan-

dardized methology for those factors affecting oxidative stability (5, 113).

Solid fat index, melting points, penetration, and viscosity are normally used to

measure factors affecting consistency and texture (5, 35, 112, 113). Color is most

frequently measured by the Lovibond procedure (5).

Determination of crystallization rate and solid fat index can be done conveni-

ently using pulsed nuclear magnetic resonance (NMR) techniques (91).

6.2. Finished Products

Testing techniques for the evaluation of physical properties and other properties of

finished margarine products as well as low-fat spreads have been stated to include

(4, 91): appearance, oral melting characteristics, oil exudation, slump (collapse),

penetrations, spreadability, emulsion viscosity at 35�C (95�F), emulsion drop

size, and electrical conductivity.

Oil exudation results from a reduction in the volume of the fat crystal net-

work over time and is due to the formation of strong primary or secondary bonds.

External pressure also is an influencing factor that is particularly relevant with

wrapped products stacked at a low point in a pile in storage. Empirical tests include

measuring the oil exuded under controlled pressure on absorption into pre-weighed

paper (91).

Spreadability can be evaluated by spreading the product in a consistent manner

on a suitable surface such as greaseproof paper or cardboard. The results may vary

from smooth and homogeneous to very coarse and showing visible water drops

(91). In this way hardness, softness, homogeneity, and water stability may be evalu-

ated along with the spreadability (92).

The stability of the water-in-oil emulsion is quite important in low-fat spreads,

and electrical conductivity gives a measure of this. Electrical conductivity can be

followed during production through suitably designed measuring cells mounted in

the process line or be measured directly on product samples in tubs (91).

Light microscopy can give a good impression of the drop size distribution, which

is an important characteristic especially for indicating potential microbiological

hazards in water-in-oil products (91). A very simple test for judgment of the droplet

size distribution in margarine is the use of dyed type of absorbent paper (indicator

paper) specially prepared for such purpose (91, 92, 114).
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Appearance, color, oral melting characteristics, and flavor quality are factors that

can be judged through sensory evaluation by trained panels (4, 35, 91).

6.3. Microbiology and Plant Sanitation

Microorganisms are classified into three main groups, depending on their method

of reproduction (84, 85).

Molds. The category of molds comprises a fairly heterogeneous group of multi-

celled, threadlike fungi (84). Most molds reproduce by spores of various types. The

spores usually have thick walls and are relatively resistant to desiccation and

heat (84). When the colonies are fully developed, they become visible to the naked

eye and can be described by expressions such as ‘‘hairy.’’ Mold colonies can occur

in various colors depending on type of food product (83).

Yeasts. They are single-cell organisms of spherical, elliptical, or cylindrical

shape (84). These usually reproduce by budding. The yeast cell begins to grow a

small bud on the cell wall, which then increases in size until it is the same as

the parent cell (84, 85). It then breaks free and the process starts again.

Bacteria. This group consists of single-cell organisms that mostly reproduce by

binary fission (84, 85). That is, a mature organism starts dividing in the center,

resulting in the formation of two identical organisms. Under ideal conditions,

this fission can take place every 20 min, so one bacterium held under the optimum

conditions would result in many millions of bacteria in 24 h (84).

Development of Microorganisms. Microorganisms require certain basic condi-

tions for growth. Temperature is the greatest single factor affecting growth, repro-

duction, and food deterioration (84). Bacteria can only develop within certain

temperature limits that vary from one species to another. The thermal death point

for bacteria falls into two classes (84, 85). The first is the simple type of bacteria,

which is killed by heating to 70�C (158�F) for 30 min. The second is the bacteria

type that forms a special heat-resistant state (spores), which enables the bacteria to

withstand adverse conditions. These are killed by steam treatment at 120�C (248�F)

for 30 min (84, 85).

The thermal death point for molds and yeasts is heating to 60�C (140�F) for

about 30 min (84). Bacteria cannot grow in the absence of moisture (82, 83).

Thus, they will not grow in dry oils and fats or in any other form of dry material.

Free water, even to the extent of one fourth of 1%, however, is sufficient to permit

the growth.

Microorganisms usually require other conditions for growth such as protein,

sugar, trace elements, and vitamins (85). Some are very sensitive to, and may be,

inhibited by acidic or alkaline conditions; others are not. Salt will destroy some

types, while others will grow only in strong salt solutions.

Microorganisms in Relation to Margarine. Margarine consists of oils and

fats and water that is finely dispersed in the oil blend as well as other ingredients

as indicated earlier. Normally, microorganisms cannot grow in fat and oil,

which means the microbiological rancidity only appears in the water droplets

and on the surface of the margarine (115). The composition of the water
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phase, therefore, plays a very important part in the storage quality of the marga-

rine (85).

The growth of bacteria, but not yeast and molds, can be controlled by the

combined effects of the salt concentration and the pH (or acidity) of the water

phase. A reduced salt concentration requires the margarine to be more acid (lower

pH) to give the same measure of protection against the growth of bacteria (85, 115).

In practice, margarines can be divided into three groups according to their salt

content. These are low salt margarines (0–1% salt), medium-salt margarines

(1–2.5% salt), and high-salt margarines (over 2.5% salt).

Nearly all forms of bacteria could survive and possibly grow in low-salt margar-

ines. Due to this, it is important to produce a low-salt margarine with a very low

initial total bacteria count. To achieve this, very good cleaning procedures and an

overall high plant and equipment hygiene needs to be maintained (85). Further-

more, it is quite important that the water dispersion in the low-salt margarine is

as fine as possible as smaller water droplets furnish less nourishment for micro-

organisms in contaminated water droplets (85, 115). Finally, low-salt margarines

should have a pH range of 4.0–5.0 (85).

For medium-salt margarines, the initial total bacteria count should be kept low

but a water dispersion that is a little coarser can be allowed. Also, the water phase

can have a slightly higher pH of about 5.5 (85).

High salt levels in margarine (over 2.5%) should be combined with a high

pH (pH 6) as a low pH in high-salt margarines induces a greater rate of chemical

rancidity (oxidation) in the margarine (85, 115).

As the growth of molds and yeast in margarine is not prevented through the

combination of salt concentration and pH (acidity), the only protection against

the development is the size of the water droplets (85). It is, therefore, important

that the correct amount of emulsifying agents is used and that the processing con-

ditions are such that a tight and stable emulsion can be prepared in a controlled

manner. Based on the above, it follows that some microorganisms can and will

grow either in the emulsion preparation system or the margarine production units.

The regular and efficient cleaning of the plant is, therefore, of the highest impor-

tance.

The previously mentioned thermal death point of most microorganisms is about

60–70�C (140–158�F). The thermal death point is the temperature at which the

organisms, when heated in a water solution will die (85). The presence of fat

and milk solids will protect them from the effect of heat, and they can, therefore,

withstand far higher temperatures. Pasteurization of the water phase or the liquid

emulsion improves the microbiological keeping properties. After pasteurization,

care should naturally be taken to ensure that the emulsion of the margarine is

not exposed to contamination (115).

It is vitally important that people working in a margarine plant observe cleanli-

ness and the elementary rules of hygiene such as thoroughly washing their hands

before starting to work and after visiting the restrooms, paying immediate attention

to cuts and other wounds, never working with a dirty or loose bandage or with an

open wound, and never touching any foodstuffs more than is absolutely necessary.
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People known to suffer from gastroenteritis should be removed from sensitive areas

of the production line (85).

6.4. Margarine Production Building Facilities

During the design of plants and buildings, consideration should be given to Good

Manufacturing Practices (GMPs as defined by Title 21, Code Federal Regulation,

Part 110) for microbiological control and ease of cleaning. This would allow the

ideal condition for margarine production but, in practice, margarine production

in some cases still takes place in buildings with exposed beams, for example, which

act as dust and dirt traps, which constitute a microbiological risk. The following

outlines some good manufacturing practices for facilities in order to establish

hygienic margarine production.

A margarine plant should be located in such surroundings and in relation to

other plants that there are no environmental hazards affecting the hygienic aspects

(116). On the outside of all entrances to the rooms of the plant, suitable areas should

be covered with asphalt, concrete, or other materials that prevent the accumulation

of water and allow proper cleaning of the area.

The plant should have the necessary rooms for production and storage including

cold storage as well as a separate room or another suitable facility for the storage of

packaging materials, additives, cleaning materials, and detergents (116). Separate

canteen and locker rooms as required for the personnel should be available. Further,

the plant should be laid out in such a way that finished products can be transported

in a hygienic manner from the storage room to distribution trucks.

For the use of the personnel, sufficient number of restrooms with handwashing

facilities should be available and located in such a manner that there is no direct

access between restroom areas and production rooms, storage rooms, or other

rooms where margarine, food additives, or other foodstuffs are located, unless the

restroom area contains a special front room that separates the restroom from the

production facilities.

Fixed installations for heating, power generation, or compressors for refrige-

ration, which could pollute the air, should be installed in a separate, effectively

ventilated room (116). The production rooms, with exception of the cold storage

room, should be adequately ventilated (85, 116). In the production room and pro-

duct handling areas or in their close vicinity, there should be handwashing facilities

installed with cold and warm water (116). Soap and disposable towels should

be available at the handwashing facility (116). The floors should be smooth and

easily cleaned and made of materials that are adapted to the use of each room.

The walls should be smooth, free of ledges, and easily cleaned up to a suitable

height (116).

The production room itself should have a minimum ceiling height of 2.5 m

and the floors should be watertight and made from concrete with acid brick tiles

or other suitable material. The floors should slope appropriately toward drainage

points. The walls should be covered with glazed tiles or other suitable material

at a minimum height of 1.7 m and the transition between the floor and wall should
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be watertight and made for easy cleaning (116). The floor should be kept fat free

and washed regularly with a mild alkaline detergent (85).

Unless the building and the production room, as well as other rooms, are kept

clean, there is always a serious danger of the plant being reinfected after washing,

which negates all the precautions taken with regard to cleaning and hygienic pro-

cedures in the plant.
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1. INTRODUCTION

There are several different definitions of extrusion depending on the manufacturer

as well as the purpose of the extrusion. For the purpose of this chapter, the best

definition of extrusion can be explained as ‘‘continuous cooking under pressure,

moisture and elevated temperature’’ (1). During the process of extrusion, several

operations take place, such as grinding, hydration, mixing, shearing, thermal treat-

ment, gelatinization, protein denaturation, destruction of micro-organisms and

some toxic compounds, shaping, expanding, and partial dehydration (2). The use

of extruders has been expanding rapidly in the food, feed, and oilseed industries

over the past few years, although basic extruder technology has been around for

a long time. It has been used in one form or another in many industries. New

designs of extrusion equipment have increased the range of their application in

food, feed, and oilseed processing.

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
Edited by Fereidoon Shahidi. Copyright # 2005 John Wiley & Sons, Inc.
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2. TYPES OF EXTRUDERS

There are several types of extruders available in the market: some have single and

some have twin-screw shafts. The extruder can be considered either wet or dry (3).

Today, in the oilseed industry, no one uses twin-screw extruders because of their

cost and complexity. Most of the oilseed industry uses either wet or dry (single-

screw) extruders. All the extruders are basically screw pumps through which

material is forced, while in the meantime, subjected to heat, cooking, and shear

forces. Several parameters affect the quality of the end product when using

extrusion technology. Serrano and Villalbi (4) list the following:

� Particle size of the oilseeds

� Extruder shaft speed

� Preconditioning moisture and temperature levels

� Residence time, percentage of moisture added, and temperature reached

within the extruder barrel

� Barrel configuration of the screw and shear locks

� Die design and restriction in the die

The majority of these parameters are closely interrelated, and the key to obtaining a

quality product is to find the best combination of three different types of extruders,

namely dry extruders, segmented single-screw extruders, and interrupted flight

extruders/expanders, which are discussed in this chapter.

2.1. Dry Extruders

The term ‘‘dry extruder’’ is applied to a particular type of single-screw machine.

These machines were originally designed solely for processing whole soybeans.

For this operation, the addition of moisture was not necessary because the high

oil content of the beans acted as a lubricant during extrusion. Thus, the machines

could reasonably be referred to as ‘‘dry extruders.’’

The dry extruder is a continuous bioreactor. It is a relatively energy efficient,

continuous cooker of both traditional and nontraditional ingredients. It handles rela-

tively dry and viscous material and improves texture and handling characteristics.

This type of extruder uses friction as the sole source of heat accompanied by pres-

sure and attrition, compared with methods that use steam, water, or other forms of

preconditioning. Heat and pressure are developed by passing the product being

extruded through a barrel by means of a screw with increasing restriction. Then,

the sudden decrease in pressure when the product is discharged into the atmosphere

results in the expansion of the products (5). A typical dry extruder is shown in

Figure 1. The term dry extrusion, as opposed to wet extrusion, refers to the fact that

this type of extruder does not require an external source of heat or steam and it

capitalizes its source of heat by internal friction for cooking (6). As noted earlier,

the dry extruder was developed for processing whole soybeans on the farm. The dry
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extruder can process the ingredients that have a wide moisture content range, i.e.,

10–30%, depending on the formulation. If the material has lower initial moisture

contents, then drying of the material after extrusion cooking is not necessary.

Usually, in dry extrusion, moisture is lost in the form of steam at the exit, and

this moisture loss depends on the initial start up moisture in the material. Dry extru-

ders have the option of water injection during extrusion. Usually, starchy material

requires some moisture in order to gelatinize (7).

Recent experience has shown that these machines tend to process whole soybean

more efficiently if the material is preconditioned with steam prior to extrusion. This

finding, together with other recent work, has shown that simple extruders can be

made more versatile and efficient in the context of producing compounded feed pro-

ducts (such as aqua feeds and pet foods) if raw materials are preconditioned with

steam before extrusion. This has led to the retrofitting of many of these ‘‘dry extru-

ders’’ with steam conditioners and has hence blurred the distinction between ‘‘dry’’

and ‘‘wet/steam’’ extruders (8). It has thus become a little confusing to continue to

call these simple machines ‘‘dry extruders.’’ A typical dry extruder with a precon-

ditioner is shown in Figure 2.

Many oilseeds and pulses contain inhibitory compounds that prevent their effec-

tive use as feedstuffs in the raw state. Dry extrusion is an excellent means of inac-

tivating these inhibitory compounds, making the oilseeds and pulses usable as feed

ingredients (8). Basically, the effect is a result of the susceptibility of the inhibitory

compounds to heat denaturation. Oilseeds and pulses that can be effectively pro-

cessed by dry extrusion include soybeans, linseed, groundnuts (peanuts), rape, field

beans, peas, and lentils, among others. Dry extrusion can be used for materials such

Figure 1. A typical dry extruder. Courtesy of Insta-Pro International, Des Monies, Iowa. (This

figure is available in full color at http://www.mrw.interscience.wiley.com/biofp.)
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as rice bran, and can be extrusion processed to inhibit the development of rancidity

by denaturing intrinsic lipase enzymes (8). This allows such materials to be stored

prior to conventional oil extraction with less danger of oil quality deterioration.

Also, by extruding materials such as soybeans immediately prior to processing

through an expeller, oil recovery capacity can be dramatically improved. This tech-

nique is suitable for smaller scale operators (8).

2.2. Interrupted Flight Extruders

The basic design for most of today’s interrupted flight extruders, also called expan-

ders, was developed and introduced in the United States by the Anderson Interna-

tional Company (Cleveland, Ohio) as the ‘‘Anderson International Grain Expander’’

for processing cereals (9). Domestically made expanders were sold for processing

rice bran in Brazil in 1965, Ecuador in 1969, and Mexico in 1970. This design was

applied to preparing soybeans and cottonseed for solvent extraction in Brazil in the

early 1970s. Brazilian-made expanders were brought back to the United States for

processing cottonseed in the late 1970s. An estimated 70% of the domestic tonnage

of soybeans and cottonseed processed in the United States is now prepared for sol-

vent extraction by interrupted flight extruders. Currently, machines of similar

design are made in the United States, Brazil, India, Switzerland, and Germany

(10). A typical expander is shown in Figure 3.

An interrupted flight extruder is mechanically different from other extruders

because it was developed from a screw-press. A screw-press and an interrupted

Figure 2. A typical dry extruder with preconditioner. Courtesy of Insta-Pro International,

Des Monies, Iowa. (This figure is available in full color at http://www.mrw.interscience.wiley.com/

biofp.)
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flight extruder are similar in that a revolving worm shaft pushes the material

through a cylindrical barrel and out through an opening at the barrel’s end. How-

ever, a screw-press is a more massive and costly machine. It generates more pres-

sure, and it has a slotted-wall barrel that permits oil to flow out from the solids (11).

However, an interrupted flight extruder is essentially an extruder with an interrupted

flight screw with bolts extending from the barrel into the space between the cut

flights to increase shear in the conveyed product. Although extruders often are

equipped with steam-heated/water-cooled jackets, commercial interrupted flight

extruders usually are not jacketed and rely on direct steam injection for heat

control.

The expander-extruder’s internal mechanism consists of a rapidly rotating worm

shaft, having individual worms with an interrupted flight positioned inside a

smooth-walled barrel equipped with removable stationary pins protruding from

the barrel and intermeshing with the interruptions of flight. The purpose of inter-

mingling of the rotating worms with stationary pins is to provide a high shear,

and a turbulent mixing action, which kneads the solid formulation with the injected

water and steam to provide a rapid and uniform absorption of the injected moisture

into all of the solid matter. As the steam is absorbed, it releases its heat of vapor-

ization, which helps elevate the temperature of the mixture. Frictional heat also is

generated by the rapid motion of the flights, further elevating the temperature as

they compact and work the mixture, subjecting it to higher and higher pressure

as it is forced through the length of the barrel. By the time the mixture reaches

Figure 3. A typical expander/extruder. Courtesy of Anderson International, Cleveland, Ohio.

(This figure is available in full color at http://www.mrw.interscience.wiley.com/biofp.)
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the end of the length of the barrel, it is thoroughly cooked and placed under

pressure high enough so that all of the water is contained in the liquid state even

though temperatures may reach 120–150�C (12).

2.3. Segmented Single-Screw Extruder

Segmented single-screw extruders are most widely applied to cooking extrusion

design in the food and feed industry. Some oilseed processors also use this type

of extruder to make full-fat soy meal for food and feed application. Wet means

that steam and water can be injected into a barrel during processing. Typically,

the barrel of these machines is also equipped with heating and cooling jackets.

They process a greater tonnage of extruded product than any other extruder design

(9). A typical segmented single-screw extruder is shown in Figure 4.

3. WHY PROCESS OILSEED WITH EXTRUSION?

There are several different reasons for which industry uses extrusion technology to

process oilseeds. Some of the main reasons to process oilseed with extrusion are as

follows:

1. To deactivate the antinutritional factors in oilseeds for use in animal feed and

human food

2. To physically remove the oil from seed rather than using solvent extraction

Figure 4. T typical segmented single-screw extruder. A Courtesy of Wenger Manufacturing,

Sabetha, Kansas. (This figure is available in full color at http://www.mrw.interscience.wiley.com/

biofp.)
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3. To facilitate solvent extraction of the oil by producing collets

4. To produce food ingredients by partially removing the oil from different

oilseeds

3.1. Processing Oilseed with Extrusion for Animal or Human Uses

There are eight major oilseed meals in the world (soybean meal, cottonseed meal,

rapeseed meal, sunflower seed meal, peanut or groundnut meal, linseed meal, copra

meal, and palm kernel meal). Soybean meal represents more than 50% of the total

oilseed meal production. Raw soybeans cannot be used as such for animal feed or

human food. There are several different antinutritional factors that have been

identified in raw soybeans, and these factors affect the digestion of soybeans in

the stomach. These factors are (1) trypsin and chymotrypsin inhibitors, (2) phyto-

haemagglutinins (Lectins), (3) urease, (4) allergenic factors, and (5) lipases and

lipoxygenases. All of these antinutrional factors can be deactivated, modified, or

reduced through proper heat treatment to minimize or eliminate their adverse effect.

As all these inhibitors are proteins, caution should be taken to assure that no

destruction of the oilseed protein occurs (13).

3.2. Main Objectives for Processing Soybeans with Extrusion

Extrusion processing of soybeans is done for several purposes as summarized below:

1. To destroy growth inhibitors that are inherent in soy proteins. Growth inhibi-

tors may be defined as any substance in foods that exerts a deleterious physio-

logical effect on man or animals as reviewed by growth or metabolism studies.

2. To debitter proteins. The most effective process of extrusion cooking involves

the application of moisture, and research confirms that an effective method of

reducing the intensity of the raw flavor is to treat with steam.

3. To denature protein. Denaturization of protein is the thermal processing of

protein that lowers protein solubility and destroys the biological activity of

enzymes and toxic proteins. For most mature species, lowering protein

solubility renders them more digestible. Many species, however, immediately

after birth will assimilate more protein if it is available in a highly soluble

form. On occasion, studies have indicated that the adult stage (such as in

shrimp) can also effectively use soluble proteins. Extrusion cooking can be

managed to process protein to the degree of solubility desired.

4. To rupture spherosomes or lipid bodies, thus freeing the oil for greater calorie

availability and use.

5. Inactivation of fat-splitting enzymes, particularly lipoxidases.

Microscopic evaluation of the structure of soybeans reveals individual cells that

are 30–50 microns in diameter. These individual cells contain protein bodies that
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are 6–10 microns in diameter and spherosomes (lipid bodies) that are 0.2–

0.5 microns in diameter. During extrusion processing, the spherosomes coalesce

into large oil droplets and the protein bodies burst with subsequent curdling. Extru-

sion cooking also tends to rupture the cell walls, releasing the contents and resulting

in a confluent mass (14). Knowledge of this structure can be used to achieve the

desired final product through careful processing. The full-fat soy that is used in

feeds for monogastric animals (broilers, layers, turkeys, ducks, pigs, fish, crusta-

ceans, etc.) requires quite different functional characteristics than full-fat soy

used in milk replacers for calves. It also appears that full-fat soy used in various

fish and shrimp diets requires processing standards that differ from feeds produced

for broilers and layers (14).

Full-fat soybean meal is an excellent source of energy and protein with special

value in diets for poultry when high nutrient concentration is required. This is the

case for all turkey diets, most broiler diets, and feeds for laying hens early in the

production cycle, as raw bean contain antinutrients.

There are several different methods to process full-fat soybeans for reducing the

antinutritional factors, i.e., cooking/autoclaving, microwave treatments (microniza-

tion), roasting/toasting (salt bed roasting, heated ceramic roasting, rotary drum

drier, grain drier), and extrusion. All these methods have their advantages and

disadvantages. Extrusion cooking has some additional advantages that other

methods do not offer. For example, the high-temperature short-time (HTST) cook-

ing process will minimize degradation of food nutrients while improving the digest-

ibility of protein by denaturation. Also, during extrusion cooking, most of the oil

cells rupture, making oil available for the animal. The critical factor during extru-

sion cooking is the prevention of over- or underprocessing in order to reduce the

nutritional value.

3.3. General Principles of Soybean Processing by Extrusion

Since the 1960’s, when whole soybeans first began to be used in intensive animal

production, there has been a massive increase in the quantities of soy produced

around the world. Although the bulk of this production is processed into a host

of useful products ranging from margarine to ink, a significant proportion is now

used as full-fat soy for animal feeding. Part of this increase in full-fat soybean

meal production and use has been a result of recognition of the value of this mate-

rial as a concentrated source of nutrients (8).

The high energy and protein content of full-fat soybeans make them particularly

useful for formulating high nutrient density rations for the intensive production of

modern livestock. It should be noted that the exact nutritional composition of full-

fat soybeans will vary depending on the variety of soybean used together with the

conditions prevailing during the cultivation and harvesting of the beans and the pro-

cessing technique employed (8). Raw soybeans cannot be used in significant quan-

tities in nonruminant diets because of the presence of antinutritive factors that can

adversely affect animal productivity and health. The two most important of these

factors are protease inhibitors (trypsin and chymotrypsin) and haemagglutinins.
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Soybeans also contain lectins, urease, saponins, goitrogenic factors, rachitogenic

factors, allergic factors, and metal chelating factors, all of which can have a nega-

tive impact on performance (15). Fortunately, many of these antinutritive factors are

heat labile, and adequate heat treatment renders full-fat soybean meal safe for use in

nonruminant diets. Hence, given a cost effective means of heat processing, the

nutritional potential of this valuable raw material can be unlocked.

3.4. Why Process Soybean with Extrusion?

Whole soybeans contain not only high-quality protein (38–42%), but also a rich

source of energy as a result of the oil they contain (18–22%). They have the poten-

tial of supplying major amounts of both energy and protein to all types of livestock

and poultry feed. Collective terms that are being used to describe processed

soybeans range from ‘‘full-fat soybeans,’’ ‘‘heat-processed soybean seeds,’’ ‘‘heat-

treated soybeans,’’ to simply ‘‘whole soybeans.’’ More specific references are sel-

dom used to correctly identify the processing method.

Although many reviews and publications are available regarding the nutritional

value of processed whole soybeans, few have realized the effect of the processing

method on the nutritional value, particularly, the energy value. The following is a

summary of selective relevant publications of interest.

1. Poultry. Wiseman (16) reported considerable differences among different

processing methods on the apparent metabolizable energy (AME) and

nitrogen retention (NR) values for 2.5-week-old chickens. His data indicates

that extruded soybeans have the highest metabolizable energy (ME) value

(17.88 MJ/kg and 17.69 MJ/kg for wet and dry extrusion, respectively)

followed by soybean meal and added oil (17.46 MJ/kg), micronized

(15.8 MJ/kg), toasted (15.56 MJ/kg), jet sploded (14.25 MJ/kg), and raw

soybeans (13.53 MJ/kg). The highest NR value was achieved with a dry

extruder (84%) followed by toasted (67%), micronized (66%), jet sploded

(63%), soybean meal plus oil (60%), wet extrusion (56%), and raw soybeans

(30%).

The National Research Council (NRC) for poultry (17) used the collective

term ‘‘heat processed soybean seed.’’ It reported an ME value of only

3300 kcal per kilogram (13.8 MJ/kg), which is not much different from that

of raw soybeans listed above. No mention to the method of processing was

made.

Zhang et al. (18) studied the effect of extrusion and expelling on the

nutritional quality of conventional and Kunitz trypsin inhibitor-free soybeans

in chicken. Their results indicated that increasing the extrusion temperature

of conventional soybeans (CSB) to 138�C and 154�C significantly increased

the TMEn compared with CSB extruded at 104�C or 121�C (3815 kcal/kg

DM, 3936 kcal/kg DM vs. 3665 kcal/kg DM, 3678 kcal/kg DM, respectively).

Extruding Kunitz trypsin inhibitor-free soybeans at 104�C, 121�C, and 138�C
resulted to similar TMEn as that of CSB extruded at 138�C and 154�C.
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The expelled CSB meal had a TMEn value of 3265 kcal/kg DM. They also

reported that amino acid digestibility of CSB extruded at 138�C or 154�C did

not differ from that of extruded KFSB. Expelling of CSB had no significant

effect on amino acid digestibility values when compared with extruding alone.

Stillborn et al. (19) compared the effect of three processing techniques on

broiler performance. They reported a significantly higher body weight and

better feed efficiency (P < .05) with whole soybeans processed by the dry

extruder as compared with the wet extruder or the roaster.

Sell (20) found no significant differences (P > .05) in either growth rate or

feed efficiency in broilers when fed diets from 0 days to 53 days of age

containing up to 47% extruded whole soybeans in the starter diet and 32% in

the finishing diet as compared with the control soybean meal plus animal/

vegetable fat diet. He also reported no significant differences (P > .05) in

turkey tom performance in a 140-day feeding trial when fed 22.2% extruded

whole soybeans as compared with the control soybean meal plus animal/

vegetable fat diet.

Waldroup and Hazen (21) compared feeding soybean meal, roasted

soybeans, dry extruded soybeans, and raw soybeans to laying hens. Their

results showed that hens fed the extruded soybeans had the highest egg

production and the best feed conversion as compared to the control soybean

meal diet. Hens that were fed the raw soybeans showed inferior results

compared with the other groups.

It is widely accepted that the nutritional value of dietary proteins depends

on their amino acid composition and how effectively these amino acids are

used by the animal receiving the diet. In an experiment designed to assess the

effectiveness of different heat treatments on the amino acid digestibility of

full-fat soybeans, McNab (22) reported that although the trypsin inhibitor

(TIU) was variable among the different processes, it was considered to have

been reduced to safe levels in all cases (2 TIU/mg). His results showed that

autoclaving and extrusion by the dry extruder provided the highest digestible

amino acids (93.1% and 92.5% for autoclaved and dry extruded, respectively)

as compared with toasted (94.1%), micronized (90.4%), micronized after

water addition (87.9%), continuous toasting (87.6%), or wet extrusion

(85.6%).

The results presented above illustrate the need to evaluate products and

processes effectively to establish the correct nutritional properties.

2. Swine. Marty and Chavez (23) studied the effect of heat processing on

digestible energy and other nutrient digestibilities of full-fat soybeans fed to

weaner, grower, and finishing pigs. Their results showed that extruded

soybeans had superior crude protein digestibility (86.4%) when compared

with other heat treatments (79.8%, 79.8%, 80%, and 78.2% for jet sploded,

micronized, roasted, and solvent-extracted soybean meal, respectively). Their

results indicate that extrusion was most beneficial for weaner pigs as

compared with growing and finishing stages.
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Kim et al. (24) conducted metabolism studies on nursery pigs to determine

the effect of extruding or roasting on the nutritional value of ‘‘Williams 82

Soybean’’ with (þK) and without (�K) gene expression for the Kunitz

trypsin inhibitor. They reported that apparent values for nitrogen digestibility,

biological value, percent nitrogen retention, gross energy digestibility, and

metabolizable energy were greater for pigs fed extruded soybean as compared

with pigs fed roasted soybean. All the above criteria were greater for pigs fed

(�K) as compared with (þK) soybeans. The control soybean meal fed pigs

showed intermediate results as compared with extruded and roasted groups.

These results indicate that the NRC ME value of 1664 Kcal/lb for full-fat soy

products should be revised to indicate the type of processing used.

In a study to determine the effect of roasting and extrusion on the ileal

digestibility of nutrients in growing and finishing pigs, Kim et al. (25)

concluded that ileal digestibilities of dry matter, gross energy, nitrogen, and

various amino acids tend to be greater for extruded soybeans, intermediate in

soybean meal, and lowest for roasted soybeans. These trends were true for

both growing and finishing pigs.

Hancock et al. (26) reported that the improved feed efficiency for pigs fed

extruded sorghum and soybeans indicate that the ME value of sorghum grain

is dependent on the processing method, and the NRC value for ME of heat-

processed soybeans is probably too low, at least for dry-extruded whole

soybeans. Their data showed 6% increase in dry matter digestibility and 14%

increase in nitrogen digestibility as a result of extrusion of soybeans and

sorghum as compared with soybean meal-sorghum-soy oil nonextruded

control diet.

3. Ruminants. Aldrich and Merchen (27) studied the effect of heat treatment of

whole soybean on protein digestion by ruminants. They reported that

increasing the extrusion temperature from 220�F to 320�F at 20�F increments

resulted in a linear decrease of in situ degradation of soybean protein. As

expected, raw soybean protein degraded very fast. The extent of degradation

was 84.1%, 45.7%, 40%, 40.9%, 36.7%, and 30.4% for the raw, 220�F, 240�F,

260�F, 280�F, 300�F, and 320�F treatments, respectively. In other words,

extruded soybean at 320�F had a bypass protein value of 69.6% as compared

with 15.9% for raw soybeans.

Precision-fed cecectomized roosters assay was used to determine the

total amino acid digestibility both before and after ruminal incubation. Un-

incubated raw soybean had a value of 68.5% compared with 87.7% for

extruded soybean at 320�F. Digestibility of residues of extruded soybeans

(average of 90% for 240�F, 280�F, and 320�F treatments) following in situ

incubation were higher than those of raw soybeans (82%) after incubation.

This reflects the differences in trypsin inhibitor activities and underscores the

fact that the postruminal digestibility of the ruminal escape protein from raw

soybeans is likely to be lower than that of the escape protein of extruded

soybeans.
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Socha and Satter (28) conducted a study to determine the production response of

early lactation cows fed either solvent-extracted soybean meal, raw soybeans,

extruded whole soybeans, or roasted soybeans with alfalfa silage as the sole forage

source. They reported that dry matter intakes were lower for cows on the raw and

roasted soybean treatments. Cows on the extruded soybean diet produced more

milk, milk protein, and more 3.5% fat-corrected milk than cows fed the other diets.

Body weight changes and body condition scores did not differ among the various

treatments.

3.5. Effect of Extrusion on Soybeans

3.5.1. Effect on Proteins Proteins are denatured by the cooking process, an

effect related to the temperature created. Proteins are made up of amino acids,

which are known as the building blocks of protein. Amino acids are held together

by primary bonds, whereas the molecules are held together by secondary bonds.

The cooking action of the extruder breaks down the secondary bonds, but does

not create sufficient heat to destroy the amino acids or the primary bonds.

This effect is similar to that caused by cooking an egg. The secondary bonds

hold the protein in an egg together in a certain way. When the egg is heated, the

protein is denatured, or the secondary bonds are broken. When these bonds are bro-

ken, the product loses its distinctive physical appearance. If the egg was cooked to

extreme temperatures, the primary bonds holding the amino acids together would

be destroyed, thus affecting their nutritional value. The extrusion process does not

adversely affect the primary bond, but does create sufficient heat to denature or

break down the secondary bonds.

It is this effect of denaturization that is useful when extruding oilseeds. Soybeans

have an enzyme, urease, which can be denatured by heat created in the extruder.

Enzymes are proteins, and when they are denatured, they lose their effectiveness.

Urease breaks down urea to ammonia.

Another protein in soybeans that is destroyed by extrusion is the trypsin

inhibitor, which is produced in the pancreas. Without the action of trypsin, the

animal cannot use protein, as it is trypsin that splits or hydrolyzes the protein

molecule. Other less important enzyme inhibitors that are denatured by the extruder

relate to fats and the carbohydrate fraction of a diet. As the heat needed to deacti-

vate enzymes is less than that needed to prepare oilseeds for oil extraction, the

effect on the amino acids is much less severe, thus making them more available

to the animal or higher in digestibility.

3.5.2. Effect on Energy The energy fraction of the diet can be broken into two

parts: carbohydrate and fat. First, the carbohydrate fraction, which is primarily

starch, is greatly affected by extrusion or heat and expansion.

Starch is basically a granular mass of molecules. Each starch molecule is like a

chain with many side branches and is interconnected into a tightly held mass. Raw

starch has little water absorbing capacity, and if dried after being soaked, goes back

to its original state. One of the ways to test for starch is to pass light waves through
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the granule and measure its polarization. As starch passes through the extruder, it is

gelatinized, and when it leaves the extruder it expands. This effect is caused by

breaking down the granular structure and opening up the molecular chain. This

is similar to the effect that occurs by cooking starch in the presence of heat and

water. The difference is that with the dry extruder, the effect takes place at much

lower moisture levels and much quicker. Once the starch granule is gelatinized, it

cannot revert to the original granular state, and it now is water soluble and the light

waves are not polarized as they pass through the material. In a dry extruder, the only

moisture needed to gelatinize the starch is the amount needed to lubricate the extru-

der and allow the starch to pass out of the orifice of the extruder. As the material

leaves the dry extruder, the inherent moisture vaporizes, and the starch gel quickly

stiffens after the liquid has vaporized. The amount of expansion that takes place is

dependent on the amount of starch in the formula. With formulas containing 40–

50% starch, the normal expansion will equal 2–3 times. For this reason, most

extruded formulas are reground, returning the bulk density more closely to the ori-

ginal product.

3.5.3. Effect on Fat Extrusion, or heat and expansion, effects fat in two ways.

First, fat or oil is encapsulated within the cells of oilseeds. When a raw oilseed

is ground, the resulting product will be dry. During extrusion, the oil is released

from the cells making the product oily. The extent to which cells are ruptured in

a dry extruder has not been measured.

If starch is present when an oilseed is extruded, the fat and starch will form

a complex that is not soluble in ether, the normal method used for fat analysis.

Studies have shown that fat will enter a complex with starch on the basis of a

1 to 10 ratio. An acid hydrolysis is necessary to measure the correct and actual

fat level in such a case.

Heat generated by the dry extrusion method does not adversely effect fat quality.

Temperatures of the magnitude of 350–400�F are needed to produce off-odor devel-

opment, whereas temperature for extrusion is generally in the 250–300�F range.

3.5.4. Effect on Fiber The effect of extrusion on fiber is related primarily to its

bulk density. As a result of the mechanical action, grinding, and attrition, the hollow

structure of fibrous materials is crushed, thus changing the bulk density. High fiber

ingredients are normally low in moisture and take on moisture slowly, which

requires some type of preconditioning prior to extrusion.

3.5.5. Effect on Nutritional Value The beneficial nutritional effects of extrusion

vary with species, age, and type of ration being fed, but, in general, these benefits

can be expected of the protein, energy, and fiber content of the ration by the follow-

ing factors.

� Denaturing the enzymes, urease, lipase, amylase, and the trypsin inhibitors

� Improving starch digestion as measured by rate and efficiency of gain

� Increasing the bulk density of highly fibrous materials
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The mechanisms by which extrusion improves the digestibility and use of energy

are not fully understood. Certain studies would indicate that the combination of

heat, pressure, and moisture is involved in increasing the susceptibility of starch

to enzymatic digestion. Other studies indicate that the protein-binding effect of

the starch granule may be disrupted, allowing easier access of microbial and animal

enzymes to the starch granule.

In general, studies have shown a marked improvement in performance when

extruded grains have been used in rations for young animals. This effect is a result

of the somewhat undeveloped digestive tract of young animals as compared with

the older animal. Improvements in gain and efficiency have also been noted for ani-

mals on high concentrated rations. The denaturization of enzyme inhibitors allows

the normal enzymatic breakdown and use of proteins, fats, and carbohydrates.

The majority of the poultry, swine, and other feed industries use full-fat soybean

meal in their formulation. Ninety five percent of full-fat soybean meal is produced

through the extrusion process.

4. SOYBEANS CAN BE CONVERTED INTO FULL-FAT SOY
BY USING DRY OR WET EXTRUDERS

There are a number of different products on the international market all being sold

as full-fat soybean meal. These products are produced by a variety of processes, all

of which have a different impact on the nutritive value of the product and its quality

in terms of antinutritional factor levels. The following processes can be applied to

the production of full-fat soybean meal: boiling/autoclaving, roasting/toasting,

micronizing, jet-sploding, and extruding (wet or dry).

Extrusion is a continuous process and has obvious advantages over simple batch-

cooking processes like boiling or autoclaving. It is also quicker than boiling as the

beans have to be kept at boiling point for about 30 min to achieve reasonable levels

of inhibitor destruction. The main variables associated with product quality and

process efficiency as far as soybean processing is concerned are time, temperature,

moisture content, and the degree of physical damage needed to render the oil con-

tent more digestible. Extrusion is a readily controllable process, whereas tempera-

ture, time (to some extent), moisture content, and the degree of physical damage

can all be manipulated. The net result of this is that a very high-quality product

can be produced when the extrusion process is properly handled (8).

4.1. Processing of Soybeans with Dry Extruders

The term dry extrusion, as opposed to wet extrusion, refers to the fact that this type

of extruder does not require an external source of heat or steam (29). Dry extruders

generate heat and pressure mechanically as a result of the frictional and shear forces

produced within the extruder barrel. Provided that adequate operating temperatures

are achieved (138�–150�C), this combination of heat and pressure is sufficient to

substantially denature the important antinutritive factors in soybeans and render
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the material usable in feeds. Dry extruders are single-screw extruders with a seg-

mented screw put together around the shaft. In between the screw, a restriction

(steam lock, choke plate) of different diameters can be placed to increase the

cook and shear. When material moves in the barrel and comes across these restric-

tions, it is unable to pass through, and consequently, pressure builds up and a back

flow is created. Usually, these restrictions are arranged in such a way that they

increase in diameter toward the die end of the screw creating more pressure and

shear as they reach the die. This buildup of pressure and temperature, together

with shear stresses developed, tends to plasticize the raw materials into viscous

paste or a puffed shape, depending on the raw material. In dry extrusion, pressure

and temperature should be at a maximum just before leaving the die. The die design

and opening also plays a very important role in pressure buildup. Different dies are

used for different material and shapes. The cooking range in a dry extruder can be

180–320�F with very high pressure. As soon as the material leaves the extruder

dies, pressure is instantaneously released from the products, which cause internal

moisture to vaporize into steam, making the product expand (30). Figures 5 and 6

show the processing of full-fat soybeans by dry extrusion.

Most standard dry extruders are manufactured in such a way that the speed of

rotation of the main shaft is around 550 revolutions per minute (rpm). This shaft

speed is ideal for general purpose use where everything from cereal starch to

full-fat soybeans needs to be processed on the same machine. However, if the

machine is to be dedicated exclusively to full-fat soybean meal production, a

slightly higher shaft speed (around 620 rpm) is desirable in combination with an

Figure 5. A dry extruder extruding full-fat soybean. Courtesy of Insta-Pro International, Des

Monies, Iowa. (This figure is available in full color at http://www.mrw.interscience.wiley.com/

biofp.)
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extended three chamber barrel, as this will give a higher throughput per hour with-

out comprising product quality.

In dry extrusion, whole oilseeds can be used, and this type of extruder has the

ability to grind the oilseeds during extrusion processing. It is also argued that the

grinding action of the extruder screw may also increase nutrient availability by

rupturing cell walls, which release the oil and make it more biologically available.

In addition, lecithin and the natural tocopherols in the beans may also be liberated

by this grinding action. Dry extruders capitalize their source of heat through inter-

nal friction for cooking, and therefore, no external steam or heat is injected into an

extruder barrel during cooking. The dry extruder can process the ingredients that

have a wide range of moisture contents, i.e., 10–30%, depending on the formula-

tion. If material has a lower initial moisture content, then the drying of the material

after extrusion cooking is not necessary. Usually, in dry extrusion, we lose moisture

in the form of steam at the exit, and this moisture loss depends on the initial startup

moisture in the material. The heat and pressure generated in the extruder barrel

typically raises the temperature to 135–150�C. This temperature and pressure is

sufficient to denature the antinutritional factors in the soybeans and rupture the

oil cells. This can be accomplished only through optimum processing and good

quality control measures. If too much heat and pressure is applied, then significant

damage may be done to the protein component of the soybeans, thereby reducing

digestibility and availability in nonruminants. Thus, the process must be carefully

controlled to ensure sufficient heat is applied to denature antinutritive factors with-

out excessive cooking, which would damage the protein component.

Figure 6. A dry extruder making full-fat soybean meal. (This figure is available in full color at

http://www.mrw.interscience.wiley.com/biofp.)
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Recently, several developments have occurred in dry extruder design and its

components (8). Recent research has shown that if the starting material can be pre-

conditioned with steam, the efficiency of the extruder increase almost doubled (8).

Researchers also found that, in some applications, a longer barrel will work much

better than the normal barrel used for soybeans (8). Several dry extrusion operations

for full-fat soy have retrofit their dry extruder with steam preconditioning.

Woodroofe (8) reported that retrofitting a dry extruder with a steam preconditioner

can improve the processing capabilities up to 70%. Such technology can also

reduce the wear of the extruder barrel components by 20%, reduce the electrical

power cost by around 40%, improve the destruction of antinutritional factors,

improve the protein efficiency ratio of full-fat soybean meal, allow the production

of a finely textured end product, and avoid the shrinkage of extruded full-fat soy-

bean meal as a result of lower moisture contents. With care, full-fat soybean meal

can be produced with the use of a steam conditioner, but without the necessity of

adding a drier to the processing line, as moisture is lost both at the extruder die and

during cooling. However, the availability of a drier increases the flexibility of pro-

cessing options and may yield a material with better keeping qualities.

Dry extruders can successfully process soybeans without the additional use of

steam conditioning. This may be advantageous in terms of oil availability. However,

the use of a steam conditioner in conjunction with dry extruders will increase

throughput, improve inhibitor destruction, and enhance the biological value of the

protein in the end product.

As nothing is added or taken away in the full-fat soy process, the gross composi-

tion of full-fat soy will depend on a constant moisture basis. The most serious var-

iation can come with the level of moisture of the beans and the percentage of

impurities, such as dust, straw, or weed seed among others. Full-fat soy will

obviously contain the same level of oil as found in whole soybeans on a similar

moisture basis. The average oil content of full-fat soy will be 17–18% if determined

by the Soxhlet method using petroleum ether. This figure will be higher if oil is

determined by the acid hydrolysis method. The oil in full-fat soy, which is properly

processed by extrusion, is very stable and provides a remarkably long shelf life for

such a high-fat product. The long shelf life can be explained by the fact that full-fat

soy contains a high level of tocopherol and lecithin (4%) that inhibit oxidation of

the full-fat product. At the same time, during extrusion, heat will destroy the

enzymes lipase and lipoxigenase that cause rancidity. If full-fat soy is not processed

at the proper temperature, it will show the signs of rancidity, i.e., increased peroxide

value and free fatty acid level. This is no doubt a result of the incomplete destruc-

tion of lipoxidases. A moisture level above 12% will favor hydrolytic rancidity that

triggers the oxidative rancidity and mold growth.

The degree of destruction of trypsin inhibitors is influenced by moisture content

as well as processing time and temperature. With dry extruders, the highest reduc-

tion in trypsin inhibitor activity (TIA) appears to occur at the temperature range of

138�C to 150�C and a process moisture content of 20%. It is almost impossible

to achieve these parameters without using steam preconditioning, as water injec-

tion directly into the extruder barrel can only be done successfully in very limited
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quantities during whole soybean processing. This has led many users of dry extru-

ders to fit steam conditioners to their machines to aid in full-fat soybean production.

Extruder barrel component wear is reduced by approximately 20%. In addition, the

protein efficiency ratio (PER), a measure of the efficiency with which animals

use protein from feedstuffs of full-fat soybean meal, seems generally to be greater

for steam preconditioned material, and it is easier to make a finely textured end

product if a steam preconditioner is employed.

4.2. Processing of Soybean with Wet Extruder/Expanders

There are mainly two types of wet extruders that are being used to process soy-

beans: (1) segmented single-screw extruders and (2) interrupted flight extruders/

expanders.

4.2.1. Segmented Single-Screw Extruder A typical single-screw extruder

consists of a live bin, a feeding screw, a preconditioning cylinder, an extruder

barrel, a die, and a knife. A live bin provides a buffer of raw material at the inlet

so the extruder can operate continuously and without interruption. This bin should

be equipped with a means of preventing the bin discharge from becoming bridged

or blocked off. This bin is typically operated between high- and low-level limits.

A variable speed feeding screw must be used to continuously and uniformly dis-

charge material from the bin and feed it to the extruder, as uniform feeding of the

raw material is essential for the consistent and uniform operation of an extruder.

The extrusion rate of the food extruder is typically controlled by a feeder screw

or other metering devices. Therefore, the production of the single screw is depen-

dent on the screw speed. This feeding screw must meet a variable speed to achieve

the desired feed rate for extrusion. This feeder screw can feed directly into the

extruder inlet throat or into a preconditioning cylinder (31).

As single-screw extruders have a relatively poor mixing ability, they are gener-

ally used with material that has been either premixed or preconditioned. Precondi-

tioner is used to add the steam and water in the raw material before it enters into an

extruder barrel. In general, preconditioning prior to extruding will enhance any

extrusion process that would benefit from higher moisture and longer retention

time. Preconditioning of the raw material can improve the life of wear components

in the extruder barrel by several folds. The total capacity of the single-screw extru-

der will increase by using the preconditioner. By preconditioning the raw material,

product quality can be improved greatly. Preconditioning prior to extrusion greatly

increases extrusion throughput and enhances deactivation of growth inhibitors (32).

The single-screw extruder barrel assembly is composed of a jacketed head, a

rotating extruder shaft, screws, shearlocks, a stationary barrel housing, a die, and

a knife. Screws are the key elements of the single-screw extruder, as its geometry

influences the unit operation of the extruder. The extruder bore may be of uniform

diameters from inlet to discharge. It can be tapered, decreasing in a bore diameter

from inlet to discharge, or it can be of a uniform diameter with the final segment of

the barrel being tapered or decreasing in diameter. The screw design, including a
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variable pitch constant depth, increasing root diameter, increasing number of

flights, shear-locks, and decreasing diameter, is most frequently used in the industry

(33).

A single-screw barrel can be divided into three processing zones: the feeding

zone, the kneading zone, and the final cooking zone (34). The feeding zone gener-

ally has deep channels that receives the feed. The preconditioned or dry material

enter in this zone and are conveyed to the kneading zone. Water may be injected

at this point to help develop a uniform dough and to improve the heat transfer in the

extruder barrel. As the material is conveyed into the kneading zone, its density

increases because of the addition of water and steam. In this zone, screw pitch

decreases and the flight angle decreases to facilitate the mixing and a higher degree

of fill. This zone applies compression, mild shear and thermal energy to the feed,

and extrudate begins to lose some of its granular definition. By the end of this zone,

the feed material is a viscoamorphic mass at or above 100�C (35). The reduced slip

at the barrel wall prevents the material from turning with the screw, and this is

referred to as ‘‘drag flow’’ (36). A continuous screw channel serves as a path for

‘‘pressure-induced flow,’’ as the pressure behind the die is usually much higher than

that at the inlet. ‘‘Leakage flow’’ also occurs in the clearance between the screw tip

and the barrel wall. The flight of the screw may be interrupted in this area to further

increase mixing via leakage flow (37). The mechanism of shear begins to play a

dominate role because of the barrel fill condition in this zone. Steam and water

can be injected in the early part of this zone. Steam injection will increase the ther-

mal energy as well as moisture into the extrudate. As the extrudate moves through

the kneading zone, it begins to form a more integral flowing dough mass, and will

typically reach its maximum compaction. The material will exhibit a rubbery tex-

ture similar to a very warm dough. At this stage, the material enters into its final

cooking zone. The screw flights in this zone are typically shallow and have a short

pitch. The function of this zone is to compress and pump the material in the form of

a plasticized mass to the die. Temperature and pressure typically increase most

rapidly in this region because of the extruder screw configuration. Shear is highest

in this zone, and temperature of the products reaches the maximum and is held for

less than five seconds before the product is forced through the die (38). As the pro-

duct discharges through the die into a region of lower pressure, it expands as a

result of moisture vaporization.

4.2.2. Interrupted Flight Extruder/Expander Interrupted flight expanders are

used for two different applications on full-fat soybean. One is to transform flaked,

full-fat soybean into porous collets for subsequent solvent extraction. The other is

to make full-fat soy for animal feeds. Using expanders to make full-fat soy is an

attractive way for a feed mill to produce its own urease-free, trypsin inhibitor-

free soy meal directly from raw beans. The soybean should be ground. It doesn’t

have to be dehulled, preheated, or premoistened. Die openings of one-quarter inch

diameter with one-eighth inch land are sufficient. Trypsin inhibitor level in

the extruded full-fat soy is usually 2–8 international units per milligram on a fat-

free basis. Urease activity can be reduced to undetectable levels, but it is best to
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see some activity, 0.1, for example, to ensure that the soybean has not been over-

cooked (39).

Full-fat soy exits the expander as a meal that flashes some of the moisture

that had been injected as steam. After flashing, the meal still contains 15%–

20% moisture. Moisture is then reduced in an apron type dryer/cooler. The air

in the dryer is sometimes not preheated. The hot soy meal contains sufficient

heat to drive off the moisture, provided it contacts enough low humidity air to

carry the moisture away.

As expanders cook within 20 seconds, they counteract the activity of trouble-

some enzymes, such as lipase in rice bran (40) and urease in soybean (41). The

short time between enzyme activation and inactivation destroys the enzyme before

it has time to cause damage. An expander is even more effective than the horizontal,

atmospheric pressure cookers described earlier.

Canola, for example, contains enzymes that release phosphorus compounds

into the oil. If canola is processed through a stack cooker, the enzymes, which

were triggered into action when the canola was flaked, exposing them to air,

have several minutes to release phosphatides into the oil before the slow-acting

stack cooker brings the canola to a high enough temperature to inactivate the

enzymes. An expander brings the canola to full temperature in 20 seconds, and

the enzymes do not have enough time to release phosphatides. This results in a

significant reduction of phosphorus compounds in the finished oil; 48 ppm

compared with 350 ppm when using stack cookers. Reduced chlorophyll, free

fatty acid, peroxide value, and greenish color are added benefits. Zhang et al.

(42) saw a similar situation with phosphorus in soybean oil. They saw that

conventionally prepared soybean yielded degummed oil with 184 ppm phos-

phorus, whereas extrusion-prepared soybean yielded degummed oil with 67 ppm

phosphorus (42).

In this application, the expander replaces the cooking tray in a stack cooker and

cooks the oilseed at 190–221�F. If the oilseed is going to a solvent extractor, it

would continue to a prepress or collet expander (same as flakes from a cooker).

If the oilseed is going to a fullpress, then drying to optimum crushing moisture

(2–3%) is still required.

In wet extrusion, soybeans are usually ground or flaked because this type of

extruder will not grind soybeans during the extrusion process. The cooking of soy-

beans depends mainly on the addition of steams and some friction from the extru-

der. The resulting full-fat soy will contain approximately 13–18% moisture content

depending on the original moisture of soybeans. These full-fat soybeans must be

dried first and then cooled for proper storage (43). A typical expander (how it

works) is shown in Figure 7.

There are two major sources of nutritional variation in full-fat soy. The first

variation depends on the variety of seed used. Varieties grown in the United

States show major differences in their fat and protein content when compared

with varieties grown in Brazil, Argentina, and other countries. The second major

source of variation is the equipment characteristics and the processing tech-

niques. Also, the energy level in full-fat soy is influenced by the processing tech-
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nique; including temperature, duration of the process, and oil cell rupture. Feed

manufacturers need to ensure that the products they receive are safe, of known

quality, and as constant in composition as possible. In order to achieve these

objectives, it is required to control the quality of the incoming and of the final

products. There are several different tests that can be performed on full-fat soy,

including both fat and protein content. Tests should be performed to check the

antinutritional factors in soybean meal. Undercooking of soybean will not com-

pletely eliminate these factors, whereas overcooking will compromise the protein

quality and makes it less nutritive for the animal. Therefore, extra caution should

be taken during extrusion to control the proper cooking temperature and residence

time in the extruder barrel.

Properly processed and good quality full-fat soy can be extremely efficient and

profitable in animal as well as human nutrition. The heat applied to the beans

releases additional aromas and flavors, which encourage both piglets and other

domesticated mammals to eat more (44). Part of this improvement could be a result

of the inactivation of the lipoxygenases in the bean, promoting the quality and sto-

rage life of the end product (45). The use of full-fat soy started in 1960 has already

revolutionized the entire feed industry, the nutrition of animals, and aquatic species,

as well as the food industries around the world. Presently, full-fat soy is being used

in poultry (broiler and layers), swine, ruminants (beef and dairy cows), and aqua-

culture. A properly processed full-fat soy can be used in bakery products, soy

breads, cakes and doughnuts, sweet goods, chocolate and confections, spreads,

and wafer fillings.

Figure 7. A cut view of expander (how it works). Courtesy of Anderson International, Cleveland,

Ohio. (This figure is available in full color at http://www.mrw.interscience.wiley.com/biofp.)
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5. EXTRUSION-EXPELLING OF OILSEEDS

The traditional method of oilseed processing is based on solvent extraction to sepa-

rate the oil from the meal in soybeans and other oilseed crops. Solvent-extraction

technology thrives on economies of scale. It requires heavy capital investments,

high technology, and well-developed infrastructure for collection, storage, and dis-

tribution of raw material and finished goods. The main advantage of solvent extrac-

tion is the high efficiency of oil extraction and lower cost of production. The major

concerns for this process are the emission of hexane vapors into the atmosphere,

which create considerable environmental concerns. Indeed, the solvent-extraction

industry is under pressure to limit the level of emissions to the environment (46).

In this situation, any process that does not use the solvents would find favorable

consideration under these circumstances.

6. EXTRUSION-EXPELLING OF SOYBEANS

In this process, soybean oil is removed using an expeller by first heating the soy-

beans for a long time and then passing them through the expeller. The disadvantage

of this process is that it gives low extraction efficiency and fluctuation in the quality

of protein meal and oil, and a high cost of production. Prolonged heat treatment of

soybeans prior to pressing, nonuniform heating as a result of variation of seed

size within seed lots, and the need for multipass pressing have adverse effects on

the quality of meal and oil. Also, there is not enough heat to destroy all the anti-

nutritional factors causing off-flavor to the meal making it unsuitable for human

consumption. Nelson et al. (47) modified this traditional method by adding dry

extruders to extract the oil from soybeans as a pretreatment. Dry extruders are sin-

gle-screw autogeneous machines that operate at low moisture and require minimum

auxiliary equipment. It has been found that coarsely ground whole soybeans at 10–

14% moisture can be extrusion cooked in less than 30 seconds at a temperature of

about 130–135�C. It was discovered that the semifluid extrudate can be immedi-

ately pressed in a continuous screw-press to obtain high-quality oil and press

cake. The main advantage of adding a dry extruder in this process is that only

a single pass is required from the press in order to get oil down to 6% in the

meal. Protein content of this meal is in the range of 46–50% and can be used

for food or feed application. A typical process and their products are shown in

Figures 8 and 9.

Extrusion prior to expelling greatly increases the throughput of the expeller

over the rated capacity. An oil recovery of up to 70% can be achieved in a single

pass. The high-temperature short-time extrusion cooking process eliminates the

prolonged heating and holding of raw material in conventional expelling. The oil

and the meal produced by this method are remarkably stable as a result of the

fact that extrusion results in releasing the natural antioxidants (tocopherols) from

the beans. Table 1 shows analysis of dry extruded-expelled soybean meal.

Hill (48) stated that, when compared with solvent-extracted crude soybean oil,
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the extruded-expelled soy oil contained lower amounts of peroxides, free fatty

acids, trace minerals, sterols, phosphatides, unsaponifiable matter, moisture,

and volatile matter. Table 2 shows characteristics of extruded-expelled solvent-

extracted crude and refined, bleached and deodorized (RBD) soybean oils. The

expelled soy oil contained the same amount of pigments, fatty acids, and triacylgly-

cerols as crude solvent-extracted oil. He also reported that the high stability of

extruded soy oil is a result of the high levels of natural antioxidants (tocopherols),

while also having low levels of phospholipids and peroxides. Table 3 shows

the effects of processing steps on the content of minor compounds in expelled soy-

bean oil.

Extrusion-expelling concept is being used in the United States, Russia, and other

countries to process soybeans and other oil seeds. Recently, extrusion-expelling

technology has been adopted commercially by some soybean producers, grain

elevators, entrepreneurs, and cooperatives in the United States and elsewhere

Figure 8. A flow diagram of extruding expelling of oilseeds. Courtesy of Insta-Pro International,

Des Monies, Iowa. (This figure is available in full color at http://www.mrw.interscience.wiley.com/

biofp.)
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(49). Initially, extrusion-expelling technology was developed for soybean, but

units have been installed to process other oilseeds. Table 4 shows analysis of

extruding-expelling of soybean, cotton, canola, and sunflower seed. Said (49)

reported extruding and expelling of cottonseed to produce a meal with a low

content of gossypol and a residual oil content of 5–7%. The meal is sold as dairy,

beef, and sheep supplements that provide high rumen bypass protein and is easily

Figure 9. Different products (oil, full-fat meal, and partially defatted meal) from the extrusion and

expelling process. Courtesy of Insta-Pro International, des Monies, Iowa. (This figure is available

in full color at http://www.mrw.interscience.wiley.com/biofp.)

TABLE 1. Proximate Analysis of Dry

Extruded-Expelled Soybean Meal.

Component %

Dry matter 94.0

Crude protein 46.0

Ether extract 7.0

(acid hydrolysis) 7.7

Crude fiber 5.5

Ash 5.3

Undegradable protein 50.0–60.0

Free fatty acid 0.5

Linolenic acid 0.4

Linoleic aic 0.9

Lecithin 0.2

Source: Insta-Pro International, Des Monies, Iowa.
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TABLE 2. Characteristics of Extruded-Expelled, Solvent-Extracted Crude, and RBDa

Soybean Oils.

Crude Crude Commercial

Component Extruded-Expelled Solvent-Extracted RBD

Unsaponificable matter (%) 0.98 1.60 0.30

Peroxide value (meg/kg) 0–1.00 2.40 0.00

Moisture and volatile matter (%) 0.03 0.30 0.06

Iodine value 1.33 1.32 1.33

Free fatty acids 0.14 0.30–0.70 0.05

Phosphatide (%)b 0.20 1.5–2.5 0.01–0.05

Source: Insta-Pro International, Des Moines, Iowa.
a Refined, bleached, and deodorized.
b % phosphorus x 31.7.

TABLE 3. Effects of Processing Steps on Content of Minor Compounds in Expelled

Soybean Oil.

Chlorophylls Free Fatty Peroxide Value Tocopherol

Oil Sample (ppm) acid (%) (meg/kg) (ppm)

Crude extracted-expelled 0.42 0.16 0.10 1516

Degummed 0.40 0.15 8.24 1477

Refined 0.32 0.08 7.02 1430

Bleached 0.00 0.08 1.58 1236

Deodorized 0.00 0.03 0.00 790

Source: Insta-Pro International, Des Moines, Iowa.

TABLE 4. Analysis of Extruding Expelling of Soybean, Cotton and Sunflower Seeds.

Oilseed*
Raw Oil

Content %

Raw

Protein

Content %

Oil

Removel

Efficiency %

Extrusing

Temperature �F

Expelled

Meal Oil

Content %

Expelled

Meal

Protein

Content %

Soybean 18–22 36–40 65–67 300–320 6–9 42–46

Cotton 20–22 20–22 65–70 230–250 6–8 26–30

Canola 35–40 22–26 72–75 250–260 8–11 32–37

Sunflower 35–45 16–22 72–75 240–260 10–13 22–27

*All values used for oil protein content are expressed in average ranges. Actual content varies because of

varietal differences and growing conditions. Operator management also influences the quality of the end

product.

EXTRUSION-EXPELLING OF SOYBEANS 557



digestible as a good source of amino acids and energy. The crude oil is being sold

for refining. Table 5 shows analysis of extruded-expelled cottonseed oil.

Extrusion-expelling technology is also being used in Russia, Latvia, Lithuania,

and other newly independent states for extruding and expelling sunflower seed.

The oil is being used for human consumption and meal for animal feed. Similar

installations have been built to process rapeseed and peanuts (49). Table 6 shows

the quality characteristics of soybean meals recovered in commercial practices by

different oil-extraction processes.

TABLE 5. Analysis of Extruded/Expelled Cottonseed Oil.

Component %

Moisture Trace

Insoluble Matter 0.23

Unsaponificable Matter 0.92

Total MIU 1.15

Total Fatty Acids 92.83

Free Fatty Acids 1.10

Oxidized Fatty Acids 1.59

Saponification Number 185.80

Acetone Insolubles 1.00

Metabolizable Energy Value 3939.00 Metabolizable Energy Calories Per Pound

8666.00 Metabolizable Energy Calories Per Kilogram

Iodine Value 96.70

Free Gossypol 5300.00 ppm

Source: Insta-Pro International, Des Moines, Iowa.

TABLE 6. Quality Characteristics of Soybean Meals Recovered in Commercial Practice

by Different Oil Extraction Processes.

Processing Method

—————————————————————————————

Property Extruding-Expelling Solvent Extraction Screw-Pressing

Moisture (% as is) 6.90 11.70 11.00

Oil (%)a 7.20 1.20 5.60

Protein (%)a 42.50 48.80 43.2

Urease (�pH) 0.07 0.04 0.03

KOH solubility (%) 88.10 89.10 61.60

PDI (%) 18.10 44.50 10.60

Rumen bypass (%) 37.60 36.00 48.10

Color (Hunter L) 65.80 69.10 51.50

Trypsin inhibitor (mg/g) 5.52 5.46 0.30

Trypsin inhibitor (TIU/g) 12,250.00 5275.00 2000.00

aAt 12% moisture basis.

Source: Insta-Pro International, Des Moines, Iowa.
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7. NUTRITIONAL ADVANTAGES OF EXTRUSION-EXPELLING
OF OILSEEDS

Several researchers have studied the extruded-expelled meal for feeding

trials for poultry, swine, and beef cattle. When compared with solvent-

extracted meal, extruded-expelled meal is much better in nutrition and ani-

mals performance.

According to Said (50), an extrusion-expelling facility for 7000 tons to 8000 tons

of oilseed per year is based on operating six days a week and 24 hours a day, and

can be built for as little as $175,000 to $250,000. Operational costs average $25 per

ton for such a facility, covering both fixed and variable cost, including electrical,

labor, maintenance, and depreciation. Soybean and cottonseed processors in the

United States are showing a net profit of $20–30 per ton of oilseed processed by

the extrusion-expelling process. This profit can increase if the extrusion-expelling

processor starts refining its own oil.

The existing technologies for making extruded full-fat and partially defatted soy-

bean meals have been modified, and an extruder texturizing step has been added to

produce mild-flavored texturized soy products, which can be made in dispersed

locations without solvent-extraction plants (51, 52). This process has been fine

tuned for food-grade dehulled soybean to produce soy flour with high protein dis-

persibility index (PDI) to make texturized vegetable protein. According to Lusas

and Riaz (53), good quality soybean flour was produced using an Insta-Pro dry

extruder, which has PDI of 45.

A flow sheet for making partially defatted soy flour is shown in Figure 10.

Food-grade soybeans are cleaned, cracked and dehulled, and extruded by a

dry extruder to free the oil. The oil is then removed by a screw-press. The

press-cake is ground and adjusted to 21% moisture content and is formed

Preparation of Mechanically Expelled
Soy Flour

Whole Soybeans

Dehulled

Extruding Extrudates

Press Cakes

Grinding

Soybean Flour

Pressing

Cotyledons

Figure 10. A flow diagram of making partially defatted soybean flour.
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into shreds or chunks using the same extruder or another extruder. If desired,

caramel color or other ingredients can be added to the mix before texturization

(54, 55). The extruded products hydrate readily, resemble ground or chunk

meat, and retain a chewy texture when cooked. Figures 11 and 12 show different

stages of soybeans during processing into textured products and after hydrating

in the water respectively.

The advantages of using the extrusion-expelling method to make texturized

vegetable protein are as follows (56):

� Soybeans do not have to be first converted into flour or concentrates in

centralized oil mills before texturization.

� Preparation of texturized soybeans can be done in simple dispersed facilities

with small-size extrusion and screw-pressing equipments—tractor power

take-off-driven if necessary.

� The texturized product is extremely bland because of early deactivation of

lipoxygenases and other enzymes.

� The pressed oil is more bland than that obtained by typical solvent extraction

or screw-press processing: it has a nutty-like flavor and might be acceptable

with minimum processing in developing countries.

Figure 11. Different stages of soybean processing to make low-fat soybean flour by extrusion

and expelling process. (This figure is available in full color at http://www.mrw.interscience.wiley.

com/biofp.)
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� Both the textured soy protein and oil products retain natural antioxidants and

have good shelf life.

� Identity preservation is another factor that is becoming important in soybean

processing. This may be a result of the need for specific varieties of specific

applications or to separate organically grown varieties or to maintain identity

of GMO/nonGMO varieties. The large scale and fully automated structure of

the solvent-extraction industry does not lend itself to segregation of varieties

through the processing cycle. Extrusion-expelling on a small scale can ensure

identity preservation and could take advantage of the developing market for

identity preserved soybean products.

Although the process is simple in concept, several principles must be consi-

dered. ‘‘Beany’’ and other off-flavors often occur in soy products because of

the activity of lipoxygenases and other enzymes. As shown in Figure 13, the

lipoxigenaseses that also probably approximate the activity of other indigenous

enzymes are inactivated at about 105–107�C (57). Yet, at this temperature, the

protein has a PDI of approximately 25—still enough for later texturization if

a high shear extruder is used. As shown is Figure 14, increased moisture also

accelerates reduction of PDI, and extrusion cooking at higher than 13% moisture

can be detrimental to future texturization (57). Arresting enzymatic activity

by essentially instantaneous heating when extruding the soybeans in the extruder

is critical for obtaining mild-flavored products.

Figure 12. (This figure is available in full color at http://www.mrw.interscience.wiley.com/biofp.)
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Figure 13. Effect of extrusion temperature on protein dispersibility index (PDI) and lipoxygenase
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activity (LOX) during extrusion at 99 �C.
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8. MECHANICAL CRUSHING WITH EXPANDERS

Interrupted flight expanders are also used to prepare oilseeds for mechanical crush-

ing. Soybean can be passed through a high shear interrupted flight extruder

equipped with a rotating cone point at the end of the shaft to shear and force the

bean to flow between adjustable jaws. This converts the unbroken beans into a

frothy meal of almost fluid-like consistency (58). Fluidization is caused by moisture

boiling through the freshly liberated oil. The soybean, at 10% moisture and ambient

temperature, for higher capacity, can be cracked before entry into the expander.

High shear developed by the expander pulverizes the soybean and ruptures the

oil cells. Heat generated by shaft friction raises the temperature to 275�F. This

causes the moisture to flash from 10–14% down to 6–7% as the soybean exits

into atmospheric conditions.

These high-pressure oilseed expanders are fitted with adjustable jaw chokes in

place of die plates (Figure 15) and are operated under low-moisture, high shear con-

ditions. Under these conditions, they can transform cracked or uncracked oilseeds,

with or without preheating, into frothy, semifluid extrudates that flash to 5–7%

moisture en route to the screw-press. A rotating cone point inserted between two

laterally positioned, stationary jaws, generates the shear (59). The shear can be

increased or decreased by adjusting the proximity of the cone point to the jaws

and the opening between the jaws.

An eight inch diameter expander, with 150 HP drive, can process preheated,

cracked soybean at 6000 lbs/hr, producing full-fat soy with low levels of urease

and trypsin inhibitor. Also, the hot product can pass into a screw-press (after its

moisture is allowed to flash to 5–7%). As most of the oil cells have been ruptured

by the expander, a screw-press can process the soybean at three times the capacity it

would have had with unexpanded soybean.

Figure 15. A dry expander. Courtesy of Anderson International, Cleveland, Ohio. (This figure is

available in full color at http://www.mrw.interscience.wiley.com/biofp.)
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9. EXTRUSION OF OILSEEDS BEFORE EXTRACTION

Preparation of oilseeds prior to extraction has always been important for good ex-

traction results. Expanders accomplish so much in the preparation stage that better

extraction is achieved, while reducing the requirements for cracking and flaking.

The first oil-bearing material that was expanded before solvent extraction was

rice bran (60). Rice bran is a fine powder, making it very difficult to extract.

Rice bran also contains the enzyme, lipase, which splits trigacylglycerols into

free fatty acids. Lipase can raise the free fatty acid in the bran’s oil approximately

3–7 percentage points every day (61). Cooking in an expander inactivates lipase and

converts the bran into porous, sponge-like collets that allow rapid percolation of the

solvent. Inactivation of enzymes, coupled with conversion into sponge-like collets,

was a significant improvement in rice bran processing (60).

Another application of the expander is to form porous collets from oilseeds that con-

tained less than 30–33% oil (such as soybean and cottonseed) as well as from pre-pressed

oilseeds of higher oil content. The main objective of the expander/extruder is to

reshape flaked soybean or cottonseed into porous collets. Flaked oilseeds extract well if

the flakes are of good quality, but if the flakes are thick or if they are crumbly, or if the feed

already contained fines, then extraction suffers. Interrupted-flight expanders convert poor

quality flakes and fines into easily extracted collets. Figure 16 shows an expander making

collects for extraction. Even compared with good flakes, expanded collets offer signi-

ficant advantages because collets are larger, heavier, stronger, and more porous than

flakes. This permits faster solvent flow (because of larger particles), greater extractor

capacity (because the heavier, more porous collets occupy less space), and better drainage

(because the collets are strong enough not to crumble as easily as flakes do) (62).

The oilseed reaches 235�F at 10–13% moisture at the die plate under a pressure

of 30–40 atmospheres. All the water (natural moisture, injected steam, and liquid

water) is compressed into the liquid phase. When the product leaves the high-pres-

sure interior of the expander, some of the moisture flashes to reach equilibrium at

atmospheric pressure. The flashing inflates the collets with internal pores and sur-

face cracks, giving the collets a sponge-like structure. Figure 17 shows typical soy-

bean collets made with expander for solvent extraction.

Some oilseeds are mechanically screw-pressed to remove approximately half the

oil and then solvent extracted to remove the rest. Expanders can transform the

press-cake into porous collets. Steam injected into the expander raises cake moist-

ure by 2–4%. This must be done before the cake has cooled and hardened. Once

cool and hard, the denatured protein in the cake can no longer be transformed

into a gelatinous, inflatable condition. If oilseeds of high oil content are pre-pressed

to 15–30% oil, they extrude similarly to flaked soybean (at 18% oil) and flaked cot-

tonseed meats (at 30–33% oil).

According to Watkins et al. (63), the use of an expander offers several advan-

tages in processing soybeans for extraction.

� Theseed is finelyhomogenized in the expander, freeing the oil for rapid extraction.

� Dense collets are formed (which weigh more per cubic foot).
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� The collets are porous and do not restrict percolation of the solvent through

the extractor bed, as it may occur with fragile flakes.

� More oil is recovered by solvent from collets as compared with flakes.

� The solvent drains more completely from the extracted collets, resulting in

more complete removal of oil.

� Less energy is required for desolventizing the collets compared with flakes.

Figures 18 and 19 show collet made from pre-press canola, rice bran, sunflowers,

and cottonseeds respectively.

Figure 16. An expander making soybean collets for solvent extraction. Courtesy of Anderson

International, Cleveland, Ohio. (This figure is available in full color at http://www.mrw.inters-

cience.wiley.com/biofp.)
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Figure 17. A typical soybean collets made by expander. Courtesy of Anderson International,

Cleveland, Ohio. (This figure is available in full color at http://www.mrw.interscience.wiley.com/

biofp.)

Figure 18. Collets made from pre-press canolo and rice bran by expander for solvent extraction.

Courtesy of Anderson International, Cleveland, Ohio. (This figure is available in full color at http://

www.mrw.interscience.wiley.com/biofp.)
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10. EXTRUSION OF HIGH OILSEEDS

Oilseeds containing more than 30–33% oil, such as safflower, sunflower, peanut,

canola, and rapeseed, would cause problems in an expander because more oil would

be liberated than the collet could reabsorb. Figure 20 shows a high content of oil

that can not be processed in a closed wall expander. Pockets of oil would accumu-

late within the expander and disturb or stop steady-state operation. In an effort to

reduce oil level, extracted meal is sometimes mixed with the fresh oilseed. This

does reduce the oil level, but the reprocessing of extracted solids increases the

load on the expander, the solvent extractor, and the desolventizer. This may force

the plant to run at a reduced capacity. Williams (64) developed a slotted-wall

expander that can make collets from high oil materials by allowing the liberated

oil to escape through the slotted-wall drainage cage. A typical expander with a

slotted wall is shown in Figure 21.

Field trials with canola (65) and other oilseeds (66) show that the slotted-wall

expander could extrude full-fat oilseeds at high oil levels and produce collets at

20–30% oil. Such expanders are used on full-fat safflowers, sunflower, peanut,

canola, and rapeseed. The oilseeds are prepared by drying, or by cooking and dry-

ing and flaking, similar to the way they are for screw-pressing. The slotted-wall

Figure 19. Collets made from sunflower and cottonseeds by expander for solvent extraction.

Courtesy of Anderson International, Cleveland, Ohio. (This figure is available in full color at http://

www.mrw.interscience.wiley.com/biofp.)
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expander accepts then full-fat (42% to 45% for some), and allows the easily liber-

ated fat to escape through the barrel wall. The partially deoiled solids (22–35% fat

depending on the oilseed) continue along the length of the barrel, being converted

into a tacky semiplastic mass (67). The solids finally discharge (through die) as con-

tinuous strands that inflate with internal tiny pores and surface cracks. A typical

Figure 20. A view of high oilseed crops coming from the expander. Courtesy of Anderson

International, Cleveland, Ohio. (This figure is available in full color at http://www.mrw.inters-

cience.wiley.com/biofp.)

Figure 21. A typical slotted-wall expander. Courtesy of Anderson International, Cleveland, Ohio.

(This figure is available in full color at http://www.mrw.interscience.wiley.com/biofp.)
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slotted-wall expander in operation is shown in Figure 22. The cracks weaken the

strands and cause the strands to break apart into collets of approximately 0.5–2’’

in length (68). These collets usually are of the right porosity and length to present

no difficulty in solvent extractors. However, the length of the collets, the diameter,

and the internal porosity are easily influenced by manipulating extrusion conditions.

Preparation for most oilseeds is to crack or flake the seeds and heat them to approxi-

mately 60–70�C while reducing the moisture to approximately 8% and being care-

ful not to denature the protein.
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1
Fatty Acids and Derivatives

from Coconut Oil

Gregorio C. Gervajio

1. THE WORLD’S FATS AND OILS OUTPUT

The oleochemical industry is fairly well developed and its future secure because of

a reliable supply of raw materials. The world’s fats and oils output has been

growing rapidly over the past few decades, far beyond the need for human nutrition.

The world’s production and consumption of natural oils and fats has grown from

79.2 million t in 1990 to 117 million t in 2001. Malaysia, Indonesia, and Argentina

are notable excess-supply producers; India, the European Union countries, and

China are notable high-demand areas that supplement regional production through

imports (1).

The principal raw materials from which the natural fatty acids are derived are

tallow, crude tall oil, coconut, palm kernel, and soybean oils.

Many new fatty acid plants have been built in Southeast Asia, which is a major

source of coconut and palm oils used as raw materials for the production of C8–C14

fatty acids. Altogether, those countries (excluding China and India) have producers

of fatty acids from oil splitting with a capacity of 1.5 million t. Significant amounts

of the increasing production are being exported to other areas, including the

United States, Western Europe, and Japan (2).

The Philippines, a major producer of coconut oil, established its first oleochem-

ical plant of limited capacity in 1967. The plant produced only 3,000 t/year of coco

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
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fatty alcohols using KAO’s technology via the methyl ester route. This was

followed by a moderate-size plant, a joint venture between KAO Japan and a local

partner commissioned in 1980, producing 25,000 t of coco fatty alcohol and a host

of oleochemical derivatives.

COCOCHEM’s cocochemical plant, established in 1984, was the biggest in the

region during that period, with a splitting capacity of 70,000 t crude coconut oil and

producing 36,000 t of fatty alcohols, 9,000 t of glycerine, and various cuts of fatty

acids and fatty alcohols. The plant uses the Lurgi technology of the hydrogenation

of fatty acids to produce fatty alcohols. Recent data for the Phillippines listed a

capacity of 25,000 t of alcohol products from coconut oil by the fatty acid hydro-

genation process for Cocochem and 4,000 t for Colgate. Phillippinas Kao produced

30,000 t of alcohol products from coconut oil using the methyl ester hydrogenation

process (3). Consumption of fatty acids in the United States, Western Europe, and

Japan totaled 2.5 million t in 2001. There was a sharp decline in production and

consumption of fatty acid in North America after the events of September 2001.

However, growth is expected at the rate of 2.3% for the consumption of split acids

for the period 2000–2006. Growth in Western Europe is expected at the rate of

1.2%/yr for the period 2001–2006. Japan’s consumption is expected to decline (2).

2. THE ROLE OF COCONUT OIL IN THE OLEOCHEMICAL
INDUSTRY WORLDWIDE

Coconut oil and palm kernel oil, a coproduct of palm oil, comprise less than 5% of

the total natural fats and oils, but they are important feedstocks of the oleochemical

industry.

Coconut oil is commercially a major source of lauric acid. Together with palm

kernel oil and, to a small extent, babassu oil, it belongs to the so-called lauric oils,

which are characterized by their high lauric oil content of approximately 50%.

The lauric oils are highly desirable materials in the oleochemical industry world-

wide because of the importance of the lauric fraction especially in the manufacture

of soaps and detergents (4).

Coconut oil is well positioned because it has the unique advantage of having its

fatty acid composition falling within the carbon chain spectrum highly desired by

the oleochemical industry where the C12 and C14 fatty acid fractions are sought

after. Table 1 shows the fatty acid composition of coconut oil and palm kernel oil.

The caproic to capric (C6–C10) fatty acid fractions comprising approximately

15% are good materials for plasticizer range alcohol and for polyol esters. The

latter are used in high-performance oil for jet engines and for the new generation

of lubricants. These acid fractions are also the basic material for the manufacture of

medium-chain triglycerides, a highly valued dietary fat.

The C12–C18 fatty acid fractions, approximately 85% of the coconut oil fatty

acid composition, are the primary raw materials for detergent-grade fatty alcohols.

Coconut oil is a primary source of basic oleochemicals and a host of other oleo-

chemical derivatives. Figure 1 indicates some of the major processes by which
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Figure 1. Oleochemical raw materials and their derivatives (6).

TABLE 1. Fatty Acid Composition of Coconut and Palm Kernel Oils (5).

Fatty Acid Formula Coconut Oil (%) Palm Kernel Oil (%)

Caproic C6H12O2 0.2–0.8 0–1

Caprylic C8H16O2 6–9 3–5

Capric C10H20O2 6–10 3–5

Lauric C12H24O2 46–50 44–51

Myristic C14H28O2 17–19 15–17

Palmitic C16H32O2 8–10 7–10

Stearic C18H36O2 2–3 2–3

Oleic C18H34O2 5–7 12–19

Linoleic C18H32O2 1–2.5 1–2
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various oleochemicals and their derivatives can be obtained from fats and oils.

These processes are applicable to coconut oil with the exception of epoxidation

and direct sulfation because coconut oil lacks the necessary unsaturation to initiate

the two reactions. As can be seen from Figure 1, a great number of oleochemicals

can be derived from natural fats and oils. These olechemicals find increasing use in

various applications.

3. TYPES OF FATTY ACIDS AND DERIVATIVES FROM
COCONUT OIL AND THEIR GENERAL APPLICATIONS

Coconut oil is one of the most important raw materials for the oleochemical indus-

try. The whole range of its fatty acid composition is used as the starting material for

a wide variety of oleochemical products. Fatty acids are the building blocks that,

with proper selection and application of oleochemistry, are converted to higher

valued products.

Coconut oil is considered a saturated oil. From Table 1, it can be seen that coco-

nut oil has approximately 92% saturated fatty acid, from caproic to stearic, and only

around 8% unsaturated fatty acid, composed of oleic acid and linoleic acid.

3.1. Types of Fatty Acids from Coconut Oil

Fatty acids obtained by the high-pressure splitting of coconut oil, as discussed later

in this Chapter, are distilled and can be fractionated into various fractions or indi-

vidual cuts. Types commercially available are the following (7).

1. Whole distilled coconut fatty acid. A refined product whose fatty acid

composition is identical to that of the original oil.

2. Caprylic, capric acid. The low-molecular-weight fraction comprising around

55% C8 and 40% C10 fatty acid fractions with small amounts of C6 and C12

fractions.

3. Topped coconut fatty acid. The C12–C18 fraction after topping off the

C8–C10 fraction.

4. Lauric, myristic acid. The medium-chain fatty acid fraction comprising

approximately 72% C12 and 26% C14 fatty acid fractions with traces of

C10 and C16 fatty acid fractions.

5. Lauric acid. A pure-cut C12 fatty acid with a purity of 99% minimum with

traces of C10 and C14 fatty acid fractions.

6. Myristic acid. A pure-cut C14 fatty acid with a purity of 98% minimum and

traces of C12 and C16 fatty acid fractions.

There is a market for individual cuts of fatty acids of high purity. These are highly

desired by certain industries, such as the cosmetic industry, and command higher

prices.

Table 2 shows the typical composition and properties of these types of fatty acids

as produced by United Coconut Chemicals Philippines, Inc.
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TABLE 2. Fatty Acid Product Specifications (7).

Color Lovibond

5.25 inches Approximate

Unsaponifiable Carbon Chain Distribution

Fatty Acid Product Iodine Acid Saponification Titer Matter Y R

Products Code Value Value Value (�C) (% maximum) (maximum) (maximum) C6 C8 C10 C12 C14 C16 C18 C18 : 1 C18 : 2

Whole distilled Philacid 6–10 268–274 269–275 21–25 0.5 15 1.5 0.5 7.5 6.5 48 18 9 2 7 2

coconut fatty acid 0818

(C8–C18)

Caprylic–capric Philacid 0.8 maximum 355–365 356–366 1–5 0.5 — — 4 55 39 3 — — — — —

acid (C8–C10) 0810

Topped coconut fatty Philacid 8–12 254–260 254–260 25–29 0.5 15 1.5 — — 1.0 55 22 10 2.5 8 2

acid (C12–C18) 1218

Lauric acid (C12) Philacid 0.3 maximum 279–281 279–281 42–43 0.5 8 0.8 — — 0–1 99 min. 0–1 — — — —

1200

Myristic acid (C14) Philacid 0.3 maximum 245–247 245–247 53–54 0.5 8 0.8 — — — 0–2 98 min. 0–2 — — —

1400

Lauric–myristic acid Philacid 0.5 maximum 268–273 268–273 33–35 0.5 10 1.0 — — 1 72 26 1 — — —

(C12–C14) 1214



3.2. Oleochemical Derivatives from Coconut Oil and Their
General Applications

Coconut fatty acids and their various fractions, aside from being used directly, are

converted further to other derivatives. Their range of application covers a broad

spectrum in the oleochemical industry. As shown in Figure 1, fatty acids can under-

go different processes in the manufacture of various oleochemical derivatives.

Among the more common products and applications are the following:

Fatty Acids. A large volume of coconut fatty acids are used as major components

in toilet soap manufacture. Its high lauric content provides the quick lathering prop-

erties of toilet soap.

Fatty Acid Esters. Different fatty acid fractions can be esterified with a mono-

alcohol or a polyol to yield various esters. Polyol esters of trimethylol propane or

pentaerythritol and C8–C10 fatty acids are the bases for high-performance lubri-

cants. Re-esterification of C8–C10 fatty acid with glycerol yields a medium-chain

triglyceride, a low-viscosity, highly stable oil. Medium-chain triglyceride is used as

a solvent for flavors, in the surface treatment of dried fruits, and as a high-energy,

readily digestible dietary fat.

Esterification with monoalcohol, such as isopropanol and myristic acid, yields

isopropyl myristate, an important cosmetic ingredient. Glyceryl monoesters and

wax esters find application as food emulsifiers, mold release agents, and lubricants

for the plastic industry.

Fatty Alcohols. Fatty alcohol is considered a basic oleochemical manufactured

by high-pressure hydrogenation of fatty acids or fatty acid methyl esters. The

majority of the fatty alcohol produced is further subjected to various processes,

such as sulfation, ethoxylation, amination, phosphatization, sulfitation, and others.

Fatty alcohol can be fractionated to separate the C8–C10 fraction, known as

plasticizer range alcohol, and the C12–C18, known as the detergent range alcohol.

The plasticizer range alcohol is a liquid with good dissolving power. It can be used

in a limited way as a solvent for printing inks and lacquers. Esterification with a

polycarboxylic acid, such as phthalic anhydride, yields an excellent plasticizer

especially for PVC.

The C12–C14 alcohol finds special application as lubricant additives and in the

formulation of bearing and hydraulic oils. The C16–C18 fatty alcohol finds appli-

cation as a defoamer, as a solubility retarder for syndet bars, and as a consistency

giving factor in creams, lipstick, pastes, and polishes.

By far, the greatest application of fatty alcohol is in the manufacture of fatty

alcohol sulfate and fatty alcohol ether sulfate. These materials possess good foam-

ing properties and ready biodegradability and are extensively used as base surfac-

tants for laundry detergent products, shampoos, dishwashing liquids, and cleaners.

Polyglycol Ethers. Polyglycol ethers, produced by the reaction of fatty alcohol

with ethylene oxide, constitute the most important class of nonionic surfactants.

They possess good wetting properties, produce relatively low foam, and are highly

effective at low temperature and low concentration. They are used as textile auxili-

aries, in dishwashing liquids, degreasing products, and liquid cleaner formulations.
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Other Specialty Surfactants. Monoalkyl phosphate, fatty alcohol ether phos-

phate, and fatty alcohol sulfosuccinate are some of the specialty surfactants derived

from fatty alcohol with specific applications in the cosmetics and other chemical

industries.

Fatty Amides. Cocomonoethanolamide and cocodiethanolamide formed by the

reaction of fatty acids or esters with monoethanolamine or diethanolamine are

popularly used as foam boosters for shampoos and detergent products.

Fatty Amines. Fatty amines are the most important nitrogen derivatives of fatty

acids. They are produced by the reaction of fatty acids with ammonia and hydrogen.

They are the bases for the manufacture of quaternary ammonium compounds used

as fabric softeners and biocides. Fatty amine oxides are mild to the skin with good

cleaning and foaming properties and find application as a shampoo ingredient. The

above mentioned products are but some of the oleochemical derivatives from coco-

nut fatty acids (5).

3.3. Principles and Methods in the Manufacture of Oleochemicals

Oleochemicals, by their very name, may be defined as chemicals from oil. These

could be natural fats and oils, or oils of petrochemical origin. To have a clear dis-

tinction, oleochemicals derived from natural oils are termed natural oleochemicals,

whereas those derived from petrochemicals are termed synthetic oleochemicals (8).

The natural oleochemicals are obtained from natural oils with the least change in

the structure of the carbon chain fraction. In contrast, synthetic oleochemicals are

built up from ethylene to the desired carbon chain fraction or from oxidation of

petroleum waxes.

Fats and oils are renewable products of nature. One can aptly call them ‘‘oil from

the sun’’ where the sun’s energy is biochemically converted to valuable oleochem-

icals via oleochemistry. Natural oleochemicals derived from natural fats and oils by

splitting or trans-esterification, such as fatty acids, methyl esters, and glycerine are

termed basic oleochemicals. Fatty alcohols and fatty amines may also be counted as

basic oleochemicals, because of their importance in the manufacture of derivatives

(8). Further processing of the basic oleochemicals by different routes, such as

esterification, ethoxylation, sulfation, and amidation (Figure 1), produces other

oleochemical products, which are termed oleochemical derivatives.

The succeeding discussions detail the processing methods in the manufacture of

the basic oleochemicals and their derivatives.

4. FATTY ACIDS

Fatty acids and fatty acid methyl esters are probably the most important basic

oleochemicals in the oleochemical industry. Fatty acids are used as starting

materials for soaps, medium-chain triglycerides, polyol esters, alkanolamides,

and many more.
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4.1. Chemistry of Fat Splitting

Coconut oil, like any other fat or oil, can be hydrolyzed or split into its correspond-

ing fatty acids and glycerine. The reaction is represented by the following equation:

RCOOCH2

CH

CH2

3H2O

RCOOH

R′COOH

R′′COOH

CH2OH

CHOH

CH2OH

R′COO

R′′COO

Triglyceride

+ +

Water Fatty acid Glycerine

ð1Þ

In the case of coconut oil, the fatty acid fractions are C8 to C18 with a trace amount

of C6.

Fat splitting is essentially a homogeneous reaction that proceeds in stages. The

fatty acid radicals are displaced from the triglyceride one at a time from tri to di to

mono. An incomplete splitting will thus contain monoglycerides and diglycerides

as well as triglycerides. During the initial stage, the reaction proceeds slowly, lim-

ited by the low solubility of the water in the oil phase. In the second stage, the reac-

tion proceeds fairly rapidly brought about by the greater solubility of water in the

fatty acids. The final stage is characterized by a diminishing reaction rate as the

fatty acids liberated and the glycerine byproduct reach equilibrium conditions.

Fat splitting is a reversible reaction. At the point of equilibrium, the rates of

hydrolysis and re-esterification are equal. The glycerine byproduct must be with-

drawn continuously to force the reaction to completion.

Increasing the temperature and pressure accelerates the reaction because of the

increased solubility of the water in the oil phase and to its higher activation energy.

Temperature, in particular, exerts a significant effect. An increase in temperature

from 150�C to 220�C increases water solubility by two to three times.

The presence of small amounts of mineral acids, such as sulfuric acid or certain

metal oxides, such as zinc or magnesium oxide, accelerates the splitting reaction.

These metal oxides are true catalysts. They also assist in the formation of

emulsions.

4.2. Fat-Splitting Processes

There are at least four known methods of fat splitting. These are (1) Twitchell

process, (2) batch autoclave process, (3) continuous process, and (4) enzymatic

process.

Twitchell Process. The Twitchell Process (9) is one of the earliest processes

developed for fat splitting. It is still used in a small way because of its low initial

cost and simplicity of installation and operation. However, it is no longer of great

commercial importance, due to its high-energy consumption and poor product qual-

ity. The process makes use of the Twitchell reagent and sulfuric acid to catalyze the

hydrolysis. The reagent is a sulfonated mixture of oleic or other fatty acid and

naphthalene.
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The operation is carried out in a wooden, lead-lined, or acid-resistant vat where

the fat, water amounting to approximately half the fat, 1–2% sulfuric acid, and

0.75–1.25% Twitchell reagent are boiled at atmospheric pressure for 36–48 h, using

open steam. The process is usually repeated two to four times, drawing off the gly-

cerine–water solution after each stage. At the last stage, water is added and the mix-

ture boiled to wash off any remaining acid.

The long reaction period, high-steam consumption, and discoloration of the

fatty acids are disadvantages of the process and are the reasons for its limited

use today.

Batch Autoclave Process. The batch autoclave process is the oldest commercial

method used for splitting higher grade stock to produce light-colored fatty acids.

It is also more rapid than the Twitchell process, taking about 6–10 h to complete.

Distillation is normally performed to remove glyceride esters.

This process uses a catalyst, usually zinc, magnesium, or calcium oxides. Of

these, zinc is the most active. About 2–4% catalyst is used, and a small amount

of zinc dust is added to improve the color of the fatty acids.

The autoclaves are tall cylinders, 1220–1829 mm in diameter and 6–12 m high

(10) made of corrosion-resistant alloy and fully insulated. An injection of live steam

provides the agitation, although some, in addition, use mechanical agitators.

In operation, the autoclave is charged with the fat, water amounting to about half

the fat, and the catalyst. Steam is blown through to displace any dissolved air, and

the autoclave is closed. Steam is admitted to raise the pressure to 1135 kPa and is

injected continuously at the bottom while venting a small amount to maintain the

desired agitation and operating pressure. More than 95% conversion is achieved

after 6–10 h. The contents of the autoclave are transferred to a settling tank where

two layers are formed: the fatty acid upper layer and the glycerine (sweetwater)

lower layer. The fatty acid layer is drawn off, treated with mineral acid to split

the soap formed, and finally washed to remove traces of the mineral acid.

Continuous Process. The continuous countercurrent, high-pressure fat-splitting

process, more popularly known as the Colgate–Emery process, is the most efficient

of the current methods of fat hydrolysis. The high temperature and pressure used

permit short reaction time. Full countercurrent flow of oil and water produces a high

degree of splitting without the need of a catalyst. However, a catalyst may be used

to increase reaction rate further.

The splitting tower is the heart of the process. Most splitting towers have the

same configuration and basically operate the same way. Depending on the capacity,

the tower can be 508–1220 mm in diameter and 18–25 m high and is made of cor-

rosion-resistant material such as stainless steel 316 or Inconel alloy designed to

operate at a pressure of about 5000 kPa.

Figure 2 shows a Lurgi single-stage countercurrent splitting plant. The deaerated

fat is introduced by means of a sparge ring, around 1 m from the bottom with a

high-pressure pump. Water is introduced near the top at a ratio of 40–50% of the

weight of the fat. The high splitting temperature (250–260�C) ensures adequate dis-

solution of the water phase into the fat so that mechanical means for bringing the

two phases into contact are not required.
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The empty volume of the tower is used as the reaction compartment. The crude

fat passes as a coherent phase from the bottom to the top through the tower, whereas

the heavier splitting water travels downward as a dispersed phase through the mix-

ture of fat and fatty acid. Degrees of splitting up to 99% can be reached (11).

The continuous countercurrent high-pressure process splits fats and oils more

efficiently than other processes in a reaction time of only 2–3 h. Little discoloration

of the fatty acids occur. As a result of the efficient internal heat exchange, this

process affords high steam economy.

The utilities consumption per ton of feed is as follows (11).

Steam (6000 kPa) 190 kg

Cooling water (20�C) 3 m3

Electrical energy 10 kWh

Process water 0.6 m3

Enzymatic Splitting. Fats and oils can hydrolyze in the presence of natural

enzymes. Fat splitting through the use of lipolytic enzymes had been carried out

in experimental trials. However, at present, this process is of doubtful importance

because of its high cost and long reaction time.

The enzymatic splitting of fats and oils by lipase from Candida Rugosa, Asper-

gillus niger, and Rhizopus arrhizus had been studied at a temperature range of

26–46�C for a period of 48–72 h. About 98% splitting is possible (12). There are

Figure 2. Single-stage countercurrent splitting (11).
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still major problems to be solved in the further development of this process before it

becomes commercially viable.

4.3. Fatty Acid Distillation and Fractionation Operations

The fatty acids produced from the various fat-splitting processes are purified

and separated into fractions or even individual fatty acids by distillation and

fractionation.

Fatty Acid Distillation. Distillation of crude fatty acids removes both the low and

high boiling impurities as well as odor bodies. Fatty acids are extremely sensitive to

heat, oxidation, and corrosion effects. This is due to the reactive acid group at the

end of the long carbon chain. These factors are taken into consideration in the

design of the distillation unit and its operating parameters. Distillation is carried

out under high vacuum and lower temperatures and with the shortest residence

time allowable.

Technical design of most distillation units features high vacuum with no allow-

ance for air leakage, effective heating to achieve short contact time, good circula-

tion for effective mass transfer between vapor and condensate, and steam economy.

Internal arrangements of the column vary among suppliers with the ultimate pur-

pose of achieving the design objectives. The basic steps in processing are about

the same. Figures 3 and 4 show Badger’s and Lurgi’s continuous fatty acid distilla-

tion plants.

Figure 3. Badger’s continuous fatty acid distillation (13).
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Crude fatty acid is predried and degassed under vacuum and fed to the distilla-

tion unit, which is operated at a vacuum of 1.2 kPa or less and a temperature of

approximately 200�C. Modern stills use thermal oil or high-pressure steam as the

heat source. Stripping steam is provided to improve circulation and reduce partial

pressure, thus lowering the temperature and reducing degradation losses. The steam

facilitates the removal of low boiling impurities as well as odor and color bodies

from the vapor exiting the system and from the light ends. The distilled fatty

acid has an almost water white color and is free of the major impurities. The heavy

ends consist of the higher boiling components, usually of lower quality, which can

either be withdrawn separately or recycled directly for redistillation (11). The bot-

toms or residue are charred viscous polymerized material, which is disposed of by

blending with heavy residual oil and used as boiler fuel. It may also find use as an

asphalt additive.

Lurgi (11) establishes an approximate utility consumption per ton of crude fatty

acid feed for plant sizes from 50 t to 200 t per day as follows:

Heating steam (5000 kPa) 370 kg

Steam (300–1000 kPa) 150 kg

Cooling water (20�C) 15 m3

Electrical energy 5 kWh

Export steam (300 kPa) 120 kg

Fatty Acid Fractionation. Today’s market is becoming more and more demand-

ing. Specific fractions with purity in excess of 99% are in demand for special

Figure 4. Lurgi’s continuous fatty acid distillation (11).
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products. Fortunately, developments in fractionation technology can now readily

meet this challenge. Purities of 99.5% can be achieved for pure cuts of C12 or

C14 fraction.

Fractionation makes it possible to separate the fatty acid mixtures into narrower

cuts or even individual components. The detergent-grade feedstock C12–C18

fraction is separated from the whole cut by topping off the C8–C10 fraction. The

middle cut, C12–C14, can be further fractionated from the C12–C18 cut through

the use of multistage fractionation employing two or more columns.

All commercially available fractionation processes can give comparable perfor-

mances. Basically, each process uses a deaerator, heat source, fractionation

column, condensing system, and vacuum source. These processes may differ in

the internals of the column, in the manner of evaporation and condensation, and

in the piping arrangement for better heat recovery, but they can give equally

good results.

The column internals are designed to provide intimate contact of the vapor and

the distillate, together with the lowest pressure drop possible through the column.

Various arrangements are employed, such as bubble caps, exchange trays, regular

packings, or structured packings. Lurgi uses the Thorman tray, which claims high-

separation efficiency, flexible loading, and long-term trouble-free operation. Struc-

tured packings, such as the Mellapak or Sulzer or the Glitch, are finding favor in

modern columns. These packings are claimed to have high-separation efficiencies

and minimal pressure drops of 10–50 Pa mbar per stage. As a result of their struc-

ture, there is little liquid holdup. Slight changes in operating parameters can easily

upset the equilibrium conditions, and it is thus best to operate the column at steady

conditions.

The vacuum system is provided independently for each column and usually con-

sists of a mechanical vacuum pump and a steam ejector to achieve the highest

vacuum. A centralized vacuum system is not recommended, as a process upset in

one stage can readily affect the other stages. The heat source can be a shell-and-

tube heat exchanger using thermal oil. Figure 5 shows a Lurgi fractionation system

that has two columns to produce three separate fractions.

5. METHYL ESTERS

Fatty acid methyl esters play a major role in the oleochemical industry. Methyl

esters have increasingly replaced fatty acids as starting materials for many oleo-

chemicals. They are used as chemical intermediates for a number of oleochemicals,

such as fatty alcohols, alkanolamides, a-sulfonated methyl esters, and many more.

One other potential use of methyl esters is as a substitute for diesel oil (14). Methyl

esters are clean burning with no sulfur dioxide emission. Although the heat of

combustion is slightly lower, there is no engine adjustment necessary and there

is no loss in efficiency.
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5.1. Advantages of Methyl Esters

The use of methyl esters instead of fatty acids as starting materials for many

oleochemicals is rapidly gaining ground because of the following advantages (14):

1. Lower energy consumption. The production of methyl esters requires much

lower reactor temperatures and pressures than the splitting of fats and oils to

obtain fatty acids.

2. Less expensive equipment. Methyl esters are noncorrosive and are produced at

lower operating pressure and temperature conditions, hence they can be

processed in carbon steel equipment; fatty acids are corrosive and require

heavy-duty stainless steel equipment.

3. More concentrated glycerine byproduct. Transesterification is a dry reaction

and yields concentrated glycerine, while fat splitting produces glycerine

water, which has more than 80% water; thus, recovery of the latter uses

more energy.

4. Easier to distill–fractionate. Esters are more easily distilled because of their

lower boiling points and are more heat stable than the corresponding fatty

acids.

Figure 5. Fatty acid fractionation (11).
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5. Superior to fatty acids as chemical intermediates in some applications. In the

production of alkanolamides, esters can produce superamides, with more than

90% purity against fatty acids, which can only produce amides with a purity

of 65–70% amides.

6. Easier to transport. As a result of their chemical stability and noncorrosive

property, esters are far easier to transport than fatty acids.

One major consideration is the need to recover and recycle the methanol. As

methanol is a toxic and an explosive material, use of explosion proof equipment

and extra safety precautions are mandatory.

5.2. Chemistry of Esterification and Transesterification

Esterification. Esterification is the reaction of an acid with an alcohol in the

presence of a catalyst to form an ester. The reaction is expressed by the general

equation:

RCOOH þ R0OH ���! ���
Acid

Catalyst

RCOOR0 þ H2O

Acid Alcohol Ester Water

ð2Þ

Generally, acid catalysts like sulfuric acid are employed. Esterification is a rever-

sible reaction. Thus, water must be removed to drive the reaction to the right and

obtain a high-ester yield.

Transesterification. Transesterification, on the other hand, is the displacement of

the alcohol from an ester by another alcohol in a process similar to hydrolysis,

except that an alcohol is used instead of water. This reaction, cleavage of an ester

by an alcohol, is more specifically called alcoholysis and is represented by the gen-

eral equation:

RCOOR0 þ R00OH ���! ���
NaOCH3

Catalyst

RCOOR00 þ R0OH

Easter Alcohol Ester Alcohol

ð3Þ

In this case, a new ester is formed. Generally, alkaline catalysts are used with

sodium methylate said to be the most effective, although sodium hydroxide can

also be used.

Transesterification is an equilibrium reaction. To shift the reaction to the right, it

is necessary to use a large excess of alcohol or to remove one of the products from

the reaction mixture. The second option is preferred where feasible, as in this way,

the reaction can be driven to completion.

Transesterification is a general term. More specifically, if methanol is used, the

reaction is termed methanolysis. Methanol is generally used because it is cheap, but

other alcohols can be used.
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The reaction with fats and oils and using methanol is represented by the general

equation:

RCOOCH2

CH

CH2

3CH3OH

CH2OH

CHOH

CH2OH

Fat or oil

+ +

Methanol Glycerine

RCOO

RCOO

3RCOOCH3

Methyl ester

NaOCH3

Catalyst ð4Þ

Although the equation reflects the overall reaction, the reaction usually consists of a

series of consecutive reversible steps. The sequence of steps is triglyceride to digly-

ceride to monoglyceride with 1 mole of methyl ester formed at each cleavage (14).

The stoichiometry of the reaction requires 3 moles of methanol for each mole of

triglyceride. When up to 100% excess methanol is used, the conversion rate is at

its highest (14). The catalysts used are alkaline catalysts. Sodium methylate is

commonly used, although KOH or NaOH are also used.

The conversion rate is also strongly influenced by the reaction temperature.

However, given enough time, the reaction will also proceed to near completion

even at room temperature. Generally, the reaction is conducted close to the boiling

point of methanol (14).

Impurities in the oil used also affect conversion rates. Under the same condi-

tions, 67–84% conversion using crude vegetable oils can be obtained, compared

with 94–97% when using refined oils (14). The free fatty acids in the original

oils interfere with the catalyst. However, under conditions of high temperature

and pressure, this problem can be overcome.

5.3. Methods of Manufacture

Methyl esters of fatty acids can be made either by esterification of the fatty acids or

transesterification of the triglycerides using methanol.

Esterification Processes. There are two general methods used for esterification:

the batch process and the continuous process. Esterification can be done batchwise

under pressure at a temperature of 200–250�C. As it is an equilibrium reaction, the

water is removed continuously to obtain a high-ester yield (15).

Henkel has developed a continuous countercurrent esterification using a double-

plate reaction column. The technology is based on the principle of an esterification

reaction with the simultaneous absorption of the superheated methanol vapor and

desorption of the methanol–water mixture (15).

Figure 6 shows the Henkel continuous process of fatty acid esterification. The

reaction is carried out at a pressure of approximately 1000 kPa and a temperature

of 240�C. One advantage of this process is the excess methanol can be kept signif-

icantly lower at 1.5:1 molar ratio of methanol:fatty acid versus the batch process at

3–4:1 molar ratio. The methyl ester, having undergone distillation, does not require

further refining. The excess methanol is rectified and reused (15).

The continuous esterification process is superior to the batch process, in that the

same high yield can be obtained in a much shorter dwell time and with substantially
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Figure 6. Manufacture of methyl esters by esterification (15).
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less excess methanol. The esterification process is a preferred method for the

production of esters from specific fatty acids (15).

Transesterification Processes. Transesterification of fats and oils is the most

commonly used process for the manufacture of methyl esters, except in cases where

methyl esters of specific fatty acids are needed.

Triglycerides can readily be transesterified batchwise at atmospheric pressure

and at a slightly elevated temperature of approximately 60–70�C with an excess

of methanol and in the presence of an alkaline catalyst. The mild reaction condi-

tions, however, requires the removal of free fatty acids from the oil by refining or

pre-esterification before transesterification. This pretreatment is not required if the

reaction is carried out under high pressure (9000 kPa) and high temperature

(240�C). Under these conditions, simultaneous esterification and transesterification

take place (15). The mixture at the end of the reaction is allowed to settle. The low-

er glycerine layer is drawn off whereas the upper methyl ester layer is washed to

remove entrained glycerine and is then processed further. The excess methanol is

recovered in the condenser, sent to a rectifying column for purification, and

recycled.

Continuous transesterification is well suited for large capacity requirements.

Depending on the quality of the feedstock, the unit can be designed to operate at

high pressure and high temperature or at atmospheric pressure and slightly elevated

temperature.

Figure 7 shows a Henkel process flow diagram operated at 9000 kPa pressure

and 240�C using unrefined oil as feedstock. Unrefined oil, methanol in excess,

and catalyst are metered and heated to 240�C before feeding into the reactor.

The bulk of the excess methanol is flashed off as it leaves the reactor and is fed

to a bubble tray column for purification. The recovered methanol is recycled into

the system.

The mixture from the reactor enters a separator where the glycerine in excess of

90% concentration is removed. The methyl ester is subsequently fed to a distillation

column for purification. Further fractionation into special cuts may follow if

desired (15).

Figure 8 shows a Lurgi process flow diagram operating at normal pressure. The

process requires the use of a degummed and deacidified feedstock. The refined

vegetable oil and methanol are reacted in a two-stage mixer–settler arrangement

in the presence of a catalyst. The glycerine produced in the reaction, dissolved in

the surplus methanol, is recovered in the rectification column. Most of the entrained

methanol and glycerine are recovered from the methyl ester in the countercurrent

scrubber. The methyl ester can be further purified by distillation (11).

5.4. Materials and Utilities Consumption Per Ton of Ester

Lurgi’s (11) technical data for plant sizes of 30–250 tpd are as follows:

Methanol 142 kg

Refined PKO or CNO 995 kg
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Figure 7. Manufacture of methyl ester by transesterification (15).
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Figure 8. Manufacture of methyl esters by transesterification (11).

2
0



Steam (400 and 1000 kPa) 250 kg

Heat energy (thermal oil) 420,000 kJ

Cooling water (20�C) 25 m3

Electrical energy 10 kWh

Lion Corporation of Japan developed a continuous transesterification process using

unrefined feedstock known as the ES process. The free fatty acid in the oil is pre-

esterified by passing the feedstock and methanol through a packed column of a spe-

cial catalyst resin, after which transesterification is conducted through a two-stage

reactor. A high conversion rate of more than 99% is claimed (16).

6. FATTY ALCOHOLS

Fatty alcohols make up one of the major basic oleochemicals enjoying a continuing

growth rate. As a primary raw material for surfactants, its growth parallels increas-

ing economic prosperity and improvement in the standard of living. Fatty alcohols

are increasingly gaining favor as the surfactant raw materials of choice because of

their biodegradability as well as availability from renewable resources.

Fatty alcohols can be produced from natural oils, or synthesized from petro-

chemicals. The current world supply of fatty alcohols is equally divided between

natural and synthetic. However, the use ratio of natural: synthetics varies with

each region. The overall world ratio is projected to go in favor of natural fatty alco-

hols. This can be attributed to the increasing supply and price stability of the lauric

oils. The primary source of lauric oil is in the Southeast Asian region where most

processing plants have been established.

6.1. Methods of Manufacture

The different methods used in the production of fatty alcohols from various sources

are (1) hydrolysis of wax esters using animal fats, (2) sodium reduction process

using fats and oils, (3) Ziegler process using ethylene, (4) oxo process using olefins,

(5) catalytic hydrogenation of fatty acids and methyl esters from fats and oils, and

(6) direct hydrogenation of fats and oils.

Although not applicable to coconut oil, a brief description of the first method is

included for historical reference; brief descriptions of the second and sixth methods

are also included. The third and fourth methods use raw materials of petrochemical

origin and will not be discussed here. However, it should be mentioned again that

approximately 50% of the world’s supply of fatty alcohols is produced from these

two methods. A more detailed discussion of the fifth method is given later.

Hydrolysis of Wax Esters. Fatty alcohol was first obtained from the hydrolysis of

wax esters of animal origin, primarily spermaceti from sperm whale. With the

worldwide ban on whale hunting, however, this source is no longer available.

Spermaceti wax is split by heating with concentrated sodium hydroxide above

300�C. The liberated alcohol, approximately 35% yield, is separated by vacuum
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distillation from the soap and water formed. The product consists essentially of

cetyl, oceyl, and arachidyl alcohols (5).

Sodium Reduction Process. In 1909, Beauvault and Blanc discovered the sodium

reduction process of manufacturing fatty alcohols from coconut esters. Fatty alco-

hol plants established in the 1930s used this process. Although the basic process is

relatively simple, actual plant operations in handling the reactants and products are

much more complex. The hazards of handling metallic sodium is an additional

factor that caused this process to gradually lose out to the catalytic hydrogenation

process.

Direct Hydrogenation. A more recent process, developed and patented by Hen-

kel KGaA, is the direct hydrogenation of natural oils or triglycerides. However,

because of the severe conditions employed, a major portion of the valuable glycer-

ine byproduct is also hydrogenated to lower valued propylene glycol and propyl

alcohol. The loss of glycerine, the higher consumption of hydrogen gas, and

increased use of catalyst do not justify commercial production as yet (15).

6.2. Fatty Alcohols from Natural Fats and Oils

The manufacture of fatty alcohols from natural oils can be made either through the

methyl ester route or fatty acid route. These two methods are both well established

and are strongly competitive with each other. Commercial plants around the world

use either route. Figure 9 shows the manufacturing routes of fatty alcohols from

natural fats and oils.

6.3. Chemistry of Hydrogenation

The hydrogenation of methyl esters and of fatty acids to form fatty alcohols is given

by the following general equations.

RCOOCH3 þ 2 H2 ���! ���
Catalyst

CuCr

RCH2OH þ CH3OH

Methyl ester Hydrogen Fatty alcohol Methanol

ð5Þ

RCOOH þ 2 H2 ���! ���
Catalyst

CuCr

RCH2OH þ H2O

Fatty acid Hydrogen Fatty alcohol Water

ð6Þ

The direct hydrogenation of fatty acids as shown in Equation 6 is not used in a large

commercial scale due to the need for higher reaction temperatures resulting in low-

er yields, and to the damaging effects on the catalyst. Traditionally, the fatty acids

are first converted to esters before hydrogenation (15, 17).

Lurgi (17) has managed to overcome this problem by simultaneous esterification

of the fatty acid with the alcohol and the hydrogenation of the ester in the same

reactor as given by the following equations:
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RCH2OH þ RCOOH ���! ���
Catalyst

RCH2COOR þ H2O

Fatty alcohol Fatty acid Ester Water

ð7Þ

RCH2COOR þ 2 H2 ���! ���
Catalyst

2 RCH2OH

Ester Hydrogen Fatty alcohol

ð8Þ

The fatty acids are introduced into a large volume of circulating fatty alcohols,

more than 250 times the volume of the acids, so that the esterification is effected

rapidly without the damaging effect of the fatty acids on the catalyst (17).

Figure 9. Manufacturing routes of fatty alcohols from natural fats and oils (15).
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6.4. High-Pressure Hydrogenation Processes

The fractionated methyl esters can be converted into fatty alcohols by the

high-pressure hydrogenation process in the presence of a catalyst. Usually, copper

chromite catalyst is used. Copper chromite catalyst also converts any unsaturated

carbon double bonds so that only saturated fatty alcohols are formed. If unsaturated

fatty alcohols are desired, a special zinc-bearing catalyst is employed.

The hydrogenation process is carried out at 25,000–30,000 kP and a temperature

of 250–300�C in a tubular column. Depending on the method by which the catalyst

is employed, the hydrogenation can be conducted using the suspension process or

the fixed bed process.

Suspension Process. In the suspension process, the catalyst is slurried with a

small amount of the methyl ester and then fed into the reactor together with the

rest of the ester.

Figure 10 shows a simplified process flow diagram of the hydrogenation of

methyl ester using the suspension process. The methyl ester and hydrogen gas

are preheated separately. The copper chromite catalyst is preslurried in a small

amount of methyl ester and is introduced simultaneously with the preheated methyl

ester and hydrogen gas into the base of a tubular reactor (without packing). The

catalyst is metered into the system in an amount of at least 2.0%. Approximately

20 moles of hydrogen gas per mole of ester feed are used. The hydrogen gas,

bubbling through, serves also to agitate the reactants.

The reaction is conducted at approximately 25,000–30,000 kPa and 250–300�C.

As hydrogenation is an exothermic reaction, care must be taken to control the reac-

tion temperature to minimize side reactions leading to the formation of undesirable

hydrocarbons. From the column, the reaction mixture is cooled, separating the

hydrogen gas from the alcohol–methanol mixture. The hydrogen gas is recycled,

and the alcohol–methanol mixture goes to the methanol-stripping unit where, at

lower pressure, the methanol is stripped off, recovered, and recycled to the esteri-

fication or trans-esterification section. The crude fatty alcohol is filtered to separate

the catalyst. A major portion of the catalyst is recycled, so that the consumption

averages 0.5–0.7% of the alcohol produced.

The filtered alcohol is subsequently treated with caustic soda to form soap with

any unreacted ester. The alcohol is finally distilled to strip off any hydrocarbons

formed, which amount to about 2–3%. The soap remains in the still bottoms (15).

Fixed Bed Process. The fixed bed process, as differentiated from the suspension

process, has the catalyst ‘‘fixed’’ as a bed inside the reactor. The catalyst is either

compact pelletized or supported on a carrier. Figure 11 is a simplified process flow

diagram for the hydrogenation of methyl esters using the fixed bed process.

The reaction is conducted in the vapor phase where a part of the organic feed is

vaporized in an excess of hydrogen gas (20–25 moles) through a peak heater before

passing through the fixed catalyst bed. The hydrogenation is carried out at 20,000–

30,000 kPa and 200–250�C. The reaction mixture leaving the reactor is cooled and

is separated into the gas and liquid phases. The gas phase, mostly excess hydrogen,
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Figure 10. High-pressure hydrogenation of fatty acid methyl esters—suspension process (15).
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Figure 11. High-pressure hydrogenation of fatty acid methyl esters—fixed bed process (15).
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is recycled. The liquid phase is expanded into a flash tank to strip off the methanol

from the fatty alcohol.

The operating conditions are comparatively mild, so that the fatty alcohol pro-

duced does not require further processing. The overall yield is 99% with hydrocar-

bons and unreacted ester not exceeding 1.0%. Catalyst consumption is claimed to

be below 0.3% (15).

The Suspension Process Versus the Fixed Bed Process. The fixed bed process

requires a somewhat higher capital investment, as it needs larger reaction vessels,

gas recirculation pumps, and pipe work due to the higher volume of hydrogen gas

used. The suspension process, on the other hand, requires additional equipment for

the separation of catalyst, distillation of the crude fatty alcohol, and rework of the

unreacted methyl ester.

In terms of raw materials consumption, the fixed bed process has a higher yield

and the catalyst consumption is only half as much. The fatty alcohol via the fixed

bed process has a higher quality. However, the quality of the fatty alcohol via the

suspension process can also be brough up to the same level by further distillation (15).

6.5. Lurgi Fatty Acid Hydrogenation Method

The Lurgi method, which is a suspension process, makes possible the direct hydro-

genation of fatty acids to fatty alcohols overcoming the damaging effects of the

fatty acids on the copper-bearing analyst. This is achieved by a two-step reaction.

The first reaction is the esterification of the fatty acid with the fatty alcohol to yield

the ester and water. The second reaction is the hydrogenation of the ester formed to

produce 2 moles of the alcohol. Both reactions occur simultaneously in the same

reactor. The large volume of the fatty alcohol recirculated, more than 250 times the

fatty acid feed, effectively dilutes the feed, thus providing for an optimum condition

for rapid and complete esterification (17). Figure 12 is a simplified process flow

diagram of the Lurgi method of converting fatty acids to fatty alcohols.

The hydrogenation takes place inside the high-pressure reactor where the pre-

heated materials—fatty acid feed, recirculated fatty alcohol with the slurried cata-

lyst, and hydrogen gas—are fed continuously. The reaction is carried out at

approximately 30,000 kPa and 280�C. The heat of the product mixture leaving

the reactor is recovered by the recirculating hydrogen gas through the heat exchan-

ger, after which the products are separated through a two-stage cooling–expansion

system.

The gas phase (essentially excess hydrogen gas, some low boiling alcohols, and

reaction water) is separated from the liquid alcohols in the hot separator. This mix-

ture is cooled further in the cold separator, where the low boiling alcohols and reac-

tion water are condensed and separated. The excess hydrogen gas is recycled into

the system.

The liquid alcohols from the hot separator are pumped into a flash drum where

the dissolved hydrogen is released and recycled with the make up hydrogen. The

catalyst is separated from the crude fatty alcohol using a centrifugal separator. Part

of the catalyst is replaced with fresh catalyst to maintain the activity and is
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Figure 12. Fatty alcohol synthesis via hydrogenation of fatty acids (18).
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recirculated with the fatty alcohol. The clear phase portion from the centrifugal

separator is passed through a polishing filter to remove all traces of suspended

solids. The resulting crude alcohol undergoes further distillation to remove

hydrocarbons and may undergo fractionation if desired (18).

6.6. Materials and Utilities Consumption Per Ton of Crude
Fatty Alcohol

Technical data for plant capacities of 50þ t/day are (11) as follows:

Distilled coco fatty acid 1050–1100 kg

Steam (ca. 15 bar) 170 kg

Cooling water (20�C) 27 m3

Electric energy 130 kWh

Fuel gas 1:1	 106 kJ

Catalyst (copper chromite) 5 kg

Hydrogen (0�C, 100 kPa, depending on hydrogen

purity and fatty acid specification) 230–300 m3

Boiler feed water 185 kg

Export steam (ca. 4 bar) 120 kg

Material Balance. Figure 13 shows the overall material balance for the

manufacture of 1000 MT of distilled fatty alcohol starting from distilled coco fatty

acids.

6.7. Fractionation of Fatty Alcohols

Crude fatty alcohol resulting from the various hydrogenation processes described

previously may undergo fractionation to produce different cuts of alcohol.

Figure 14 shows a flow diagram for the fractionation of crude fatty alcohols.

7. GLYCERINE

Glycerine is a tribasic alcohol occurring in nature in the form of triglycerides,

which are glyceryl esters of fatty acids. All fats and oils are made up of triglycer-

ides. Coconut oil contains approximately 13.5% glycerine, the highest among

commercial fats and oils. The glycerine contents of other fats and oils range

from 9 to 12%.

Glycerine is an important high-value byproduct obtained from the processing of

fats and oils. It can also be synthesized from petrochemicals. However, with the

increasing output of vegetable fats and oils worldwide, glycerine, from this latter

source, plays a significant role in the world supply of this material. The production

of glycerine from petrochemicals will not be discussed here.
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7.1. Glycerine from Fats and Oils

Glycerine is obtained by cleavage of triglycerides using several methods:

1. Saponification of fats and oils using caustic soda to form soap and glycerine.

2. Splitting or hydrolysis of fats and oils in the presence of a catalyst to produce

fatty acids and glycerine; the sweetwater formed contains 16–20% glycerine.

3. Transesterification, which results in the displacement of the glycerine from

triglycerides when fats and oils are reacted with methanol in the presence of a

catalyst to produce methyl esters; in this process, glycerine concentration in

excess of 90% can be obtained because this is basically a dry reaction.

Both splitting or hydrolysis and transesterification were discussed earlier; therefore,

only saponification will be covered briefly in this section.

Saponification. When fats and oils are saponified with caustic soda, the reaction

is represented by the following equation:

Figure 13. Overall material balance for the manufacture of 1000 MT distilled fatty alcohol from

distilled coconut fatty acids (18).
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Figure 14. Fractionation of fatty alcohol (18).
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Saponification yields soap and spent soap lye containing 8–12% glycerine.

Fats and oils can be saponified via the full-boiled process. The saponification

process can be briefly described as follows. A refined blend of fats and oils is

charged into a kettle and a predetermined amount of soap lye with sufficient con-

centrations of caustic soda, and salt is added. The mixture is boiled vigorously,

using closed steam coils, until saponification is almost complete. The amount of

caustic soda added is deliberately made less than the stoichiometric requirement,

to ensure that the spent soap lye containing the glycerine has minimum alkalinity.

The caustic soda in the spent soap lye is neutralized during subsequent treatment of

the latter.

The salt used in the lye is necessary to keep the soap in the grained state and to

facilitate the separation of the soap and the spent lye. The latter is drawn off after

settling and transferred to the glycerine-processing section. Meanwhile, the soap

undergoes further boiling and countercurrent multiple washing to complete the

saponification and recover as much glycerine as possible before being finished to

neat soap.

Continuous soap boiling, which is widely practiced, makes use of multiple wash-

ing columns or centrifuges. The objective is to effect optimum glycerine recovery

with less lye bulk.

7.2. Methods of Purification

The glycerine obtained as a byproduct from the three processes noted above con-

tains impurities and must undergo further processing to purify and concentrate it.

Commercially, there are two known processes in use:

1. The conventional method of purification of the spent soap lye or sweetwater

by acid–alum or ferric chloride treatment followed by evaporation, distilla-

tion, deodorization, and bleaching.

2. The ion exchange method of purification followed by evaporation and

polishing.

Conventional Method. The conventional method is widely popular. Several man-

ufacturers of equipment using this method are established worldwide. Among these

are Lurgi and Feld & Hahn from Germany, Wurster & Sanger and Badger from

the United States, and C.M.B. (Ballestra) and Mecchaniche Moderne from Italy.

Figures 15–18 show some glycerine processing flow diagrams.

Basically, the steps used to produce high-grade glycerine with up to 99% purity

are essentially the same. The spent soap lye, or sweetwater, is acidified with mineral
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acid to split any dissolved soap and release it as fatty acid, which is skimmed off.

The pH is adjusted, and alum or ferric chloride as a flocculant is then added to

entrap the impurities, after which the mixture is filtered. The filtered lye is adjusted

to a pH of 6.5 or higher before it is fed to the evaporator.

Figure 15. Sweetwater purification (batch) (11).

Figure 16. Sweetwater evaporation (triple effect with vapor compression) (11).
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The type of evaporator, either single or multiple effect, depends on the volume of

materials to be processed. The crude glycerine obtained after evaporation has a

concentration of 80–88% and undergoes further processing. Salt, which separates

out during the evaporation of treated glycerine soap lye, accumulates in a salt

pot positioned underneath the evaporator. The salt is recovered and recycled to

the soap-making section.

The crude glycerine from the evaporator is distilled under a high vacuum of

660–1330 Pa absolute. Live steam is injected during distillation to keep the distil-

ling temperature below 200�C. This is done to prevent the polymerization and

decomposition of glycerine, which start at 204�C. Controlled condensation of the

vapor separates the glycerine from the water vapor.

The condensed glycerine, with up to 99%, purity, undergoes deodorization by

blowing steam into it in a deodorization vessel under high vacuum. The glycerine

is finally bleached with activated carbon and filtered to yield pharma-copoeia-grade

glycerine with a purity of 99þ%. Lower quality distillate near the tail end run is

collected and sold separately as technical-grade glycerine.

Ion Exchange Method. The ion exchange method of glycerine purification is

gaining wide acceptance because of the simplicity of operations and low energy

consumption. This method is made possible by the availability of suitable ion

exchange resins and is particularly suitable for refining of glycerine obtained

from fat splitting or from transesterification, which is practically salt free. When

salt is high, as in the spent lye from saponification, pretreatment to remove the

salt is necessary.

Figure 17. Glycerine distillation and bleaching (11).
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Figure 18. Glycerine distillation, Wurster & Sanger.
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Purification by ion exchange involves the passage of the prefiltered material

through successive beds of a strong cation, a weak anion, and a mixed bed of strong

cation–anion resins. The ion exchange units operate efficiently with dilute solutions

containing 25–40% glycerine.

Several resins are available commercially. Rohm and Haas has Amberlite 1R

120 or IRA 900 or Duolite C20 as strong cation; IRA 93SP or Duolite A 378 as

weak anion; and the mixed bed polishing resins C20 MB and A 101D as strong

cation–strong anion (19). Bayer, Germany supplies Lewatit S100, MP 64, and

MP 500 resins for glycerine purification.

Passage through the resin beds eliminates traces of free fatty acids, color, odor

bodies, and other mineral impurities present. Subsequent concentration of the pur-

ified glycerine solution is through evaporation using multiple-effect evaporators to

produce glycerine with a purity of more than 99%. Final decolorization by passage

through an activated carbon bed or treatment with activated carbon followed by fil-

tration yields pharmaceutical- or C.P.-grade glycerine. Figure 19 shows a flow sheet

for the ion exchange method of purifying glycerine.

Conventional Method Versus Ion Exchange Method. The conventional method

offers greater flexibility but uses more energy, considering that much water must

be evaporated and that the glycerine is distilled at a higher temperature. The ion

exchange method requires less energy but cannot be used for sweetwater containing

high chlorides. Chlorides foul up the ion exchange resin.

8. MONOALKYL PHOSPHATES

Monoalkyl phosphate and phosphate esters are special types of phosphorus-contain-

ing anionic surfactants that are of great industrial importance. They are used for

flameproofing, as antistatic for textiles, for foam inhibition, as an extreme pressure

(EP) lubricant additive, as a surfactant component for alkaline, and as acid cleaners

and for special cosmetic preparations (5). The commercially available phosphate

ester products are complex mixtures of monoester and diester, free phosphoric

acid, and free nonionic.

8.1. Chemistry of the Reaction

Phosphate esters are prepared by the partial esterification of fatty alcohol with phos-

phorous oxychloride followed by hydrolysis (20). This method yields a product that

is a mixture of monoalkyl, dialkyl, and trialkyl phosphates.

Another method of preparing alkyl phosphate is by reacting the fatty alcohol

either with phosphorous pentoxide or with polyphosphoric acid. As shown by ana-

lysis of experimental results, the composition of alkyl acid phosphates differs sig-

nificantly, depending on which of the two phosphating agents is used. The use of

polyphosphoric acid leads to a higher monoester: diester ratio than that obtained

with phosphorous pentoxide. Typical composition of the reaction products are given
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Figure 19. Ion exchange method of glycerine purification.3
7



in Table 3. The difference in composition of the phosphate product also results in

different properties and industrial applications.

Alkyl phosphates are more easily prepared by the addition of phosphorous

pentoxide to fatty alcohols or fatty alcohol ethoxylates.

3 ROH + P2O5 RO P

O

OH

OH + RO P

O

OR

OH ð10Þ

The resulting product is a mixture of dialkyl and monoalkyl phosphate esters. These

products also contain small amounts of condensed phosphates and phosphoric acid.

Neutralization of the acids with bases like alkali hydroxides, ammonia, or amines

produces water-soluble anionic surfactants and emulsifiers.

The presence of water in the fatty alcohol or in the pentoxide increases the per-

cent of monoalkyl acid phosphate. The use of higher molecular-weight fatty alco-

hols also increases the monoalkyl acid phosphate content. Products containing

higher amounts of monoalkyl acid phosphate can also be derived from the reaction

of 2 moles of fatty alcohol with 1 mole of phosphorous pentoxide. This reaction

gives a high-yielding dialkyl pyrophosphate product, which is readily hydrolyzed

to give an end product with a higher monoalkyl acid phosphate content than that

obtained from the 3 : 1 ratio of alcohol to pentoxide (20).

2 ROH P2O5 RO P

OH

O

O P(OR)

OH

O H2O

2 ROPO(OH)2+ ð11Þ

8.2. Method of Manufacture

Phosphate esters are prepared at reaction temperatures from 80�C to 120�C at

essentially atmospheric pressure. It has been claimed that temperature may be

maintained at 30–80�C. Lower temperature favors lower color of the product

(22), whereas, at temperatures near 100�C, noticeable decomposition occurs (23).

TABLE 3. Typical Composition of the Phosphate Ester Reaction Products (21)

Route Components Formula Quantity (%)

Polyphosphoric Monoalkyl phosphates O����P(OH)2 OR 74

acid Dialkyl phosphate O����P(OR)2 OH 2

Orthophosphoric acid O����P(OH)3 10

Free alcohol ROH 14

Phosphorous Monoalkyl phosphate O����P(OH)2 OR 35

pentoxide Dialkyl phosphate O����P(OH)2 OH 42

Orthophosphoric acid O����P(OH)3 1

Free alcohol ROH 22
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The phosphorous pentoxide is added portionwise to the alcohol at a rate such that

the pentoxide dissolves and reacts without lumping. Lumping makes complete dis-

solution difficult and the P2O5 unreactive. The reaction between the alcohol and the

P2O5 is carried out in the liquid phase and is basically exothermic. No catalyst is

required. The addition of a small amount of hypophosphorous acid or its salt gives a

colorless, color-stable product.

8.3. Properties and Uses

Monoalkyl phosphates inhibit the foam generation of other anionic and nonionic

surfactants. The composition of the phosphate ester greatly affects the functional

properties of the product.

Most phosphate esters are pale yellow to amber in color, sweet smelling, viscous

liquid, or pastes. Depending on the type of phosphate esters, they have many impor-

tant properties, among which are wetting, detergency, solubilizing, emulsification,

surface tension reduction, foaming, dedusting, lubricity, antistatic, corrosion inhibi-

tion, chelating, dispersing, and antisoil redepositing agent (23). They have been

proven to be extremely useful in a variety of applications where alternative anionic,

nonionic, or amphoteric surfactants fail to give the desired functional properties.

Phosphate esters possess strong tolerance to electrolytes and alkalis. Their

wetting properties are independent of the pH and, therefore, are used as surfactant

components in both alkaline and acid cleaners (5). Their detergent properties are

considered equal to nonionic surfactants, and they have excellent temperature

stability. In their acid form, phosphate esters are moderately strong acids and,

when neutralized to pH 5–8, have low order of toxicity. Phosphate esters are con-

sidered to be hydrotrope agents and are biodegradable.

9. ALKANOLAMIDES

Alkanolamides are condensation products of the reaction of a primary or a second-

ary alkanolamine with a fatty acid, a methyl ester, or a triglyceride such as coconut

oil. The composition and functional properties of alkanolamides vary considerably,

depending on the reactants employed and the reaction conditions. Such properties

include superfatting, wetting, foam boosting, foam stabilizing, thickening, lubricat-

ing, emolliency, skin protection, emulsifying, and corrosion inhibition.

Alkanolamides are nonionic surface active agents that find application in a

multitude of uses. There are four major groups of fatty alkanolamides: (1) mono-

ethanolamides (MEA), (2) diethanolamides (DEA), (3) monoisopropanolamides

(MIPA), and (4) ethoxylated or PEG alkanolamides. Each group has its own specific

functions and uses in formulations.

Early experiments in the preparation of alkanolamides were begun by Kritchevs-

ky (24, 25). It involves condensation reactions of fatty acids, triglycerides, esters,

amides, anhydrides, and halides with an alkanolamine. The reaction was carried out

at 100–300�C at atmospheric pressure. An important improvement was made by
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Meade (26), who made use of an alkali metal alkoxide as a catalyst at 100�C at

atmospheric and slightly above atmospheric pressure. Further refinement was

made by Tesoro (27), who conducted the reaction at 55–75�C and a vacuum of

4–8 kPa. Schurman (28) patented a continuous process for making alkanolamide,

which makes use of a thin film reactor. It is claimed the short contact time in the

reactor produces a high-purity alkanolamide (29).

9.1. Chemistry of the Reaction

Reaction with Fatty Acids. When alkanolamines react with fatty acids in the ratio

of 1 : 1 at 140–160�C, N-alkylolamides are formed.

HOCH2CH2NH2 þ RCOOH �! HOCH2CH2NHCOR þ H2O

MEA Fatty acid Fatty acid monoethanolamide Water
ð12Þ

The reaction is a two-stage reaction with the initial formation of the alkanolamine

soap followed by dehydration to form the alkanolamide. At the same time, signifi-

cant quantities of amine esters and amide esters are formed by the side reaction. If a

dialkanolamine is used as the starting material, smaller amounts of amine diester

and amide diester are formed as well as some morpholine and piperazine deriva-

tives.

Reaction of dialkanolamines with fatty acids in a 2 : 1 ratio at 140–160�C gives a

second major type of alkanolamide. This product, in contrast to 1 : 1 alkanolamide,

contains a considerable amount of unreacted dialkanolamine, which accounts for

the aqueous solubility of the product.

Reaction with Esters. The reaction of an ester, such as cocomethyl ester, with an

alkanolamine at 110�C produces an N-alkylolamide.

HOCH2CH2NH2 þ RCOOR00 �! R0CONHCH2CH2OH þ R00OH

Ethanolamine Ester Ethanolamide Alcohol

ð13Þ

The reaction of methyl esters of fatty acids with alkanolamines is used commer-

cially to prepare high-purity 1 : 1 alkanolamide. This product, in contrast to the

1 : 1 alkanolamides prepared from the parent fatty acids, contains only a small

quantity of the byproducts or unreacted starting material.

There are two competing reactions: amide formation and transesterification.

The most desirable reaction is one that gives the highest amide ester byproduct.

For the yield of the amide to exceed 90%, reduced pressure, lower temperature,

and a slightly higher catalyst concentration were found to be necessary (29). Plant

operations employ 0.3–0.5% catalyst, a temperature of 70–75�C, and a vacuum of

4 kPa or less.

Another variation is the use of triglycerides, such as coconut oil, as the starting

material. This involves the reaction of 1 mole of triglycerides with 6 moles of

the alkanolamine. The reaction can be catalyzed by sodium methylate at 60�C.
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Glycerine is a byproduct that usually remains with the final product. The typical

composition of the product consists of 80–85% alkanolamide, 5–7% or less free

amine, and traces of fatty acid soap and other byproducts.

The reaction is relatively mild and proceeds readily with the use of 0.2–0.3%

sodium methylate catalyst at an operating temperature of 70–75�C and at atmo-

spheric pressure.

9.2. Types of Alkanolamides

There are at least four types of alkanolamide commercially available. The first is

formed by reacting monoalkanolamine or dialkanolamine with fatty acids in a

1 : 1 ratio at elevated temperatures of 140–160�C. Significant quantities of the

byproducts—amine esters and amide esters—are also formed.

A second major type is the Kritchevsky type made from alkanolamine and fatty

acids in the ratio of 2 : 1. Such product contains 60–70% alkanolamide plus bypro-

ducts. If diethanolamine is used in addition to the mentioned byproducts, some

morpholine and piperazine derivatives are also obtained. The excess alkanolamine

renders the product water soluble (29). Both are of commercial importance as deter-

gent and detergent additives.

A third type is the so-called superamide prepared from the methyl esters in a

1 : 1 mole ratio. They are generally products that have an alkanolamide content

in excess of 90%. Some of the same byproducts as in the first type are formed

but in much smaller quantities. As a result of the relatively small amounts of

free alkanolamine, superamides have poor water solubility. They are used in con-

junction with a small amount of anionic or nonionic surfactant, which acts as a

solubilizer to form a clear viscous solution (29).

The fourth variant is the product of the direct reaction of a triglyceride with an

alkanolamine. The glycerine byproduct is retained with the other byproducts. It is

also used as a detergent additive in light-duty liquid detergents.

Other applications of alkanolamides include dry cleaning soaps, fuel oil addi-

tives, rust inhibitors, textile scouring, and dye leveling agents.

9.3. Method of Manufacture

Depending on whcih of the four types of alkanolamide is to be produced, the start-

ing material could be either fatty acid, methyl ester, or triglyceride (coconut oil)

and monoethanolamine or diethanolamine. Usually, a batch system of manufactur-

ing is employed, as shown in Figure 20.

Alkanolamide from Coconut Oil. A 2 : 1 cocodiethanolamide (CDEA) can be

produced using 6 moles of diethanolamine and 1 mole of refined and bleached

coconut oil. The materials are charged with the reactor and a small amount of cat-

alyst (0.25–0.3% sodium methylate or sodium hydroxide) is added. The tempera-

ture of the batch is increased to 70–75�C at normal pressure. After 90 min, the

reaction is completed. For a 10-t batch, total cycle time from charging the materials,

heating them up, allowing the reaction to proceed to completion, and transferring

the finished product takes at least 4 h.
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Figure 20. Manufacture of normal and super alkylolamides (30).
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If fatty acid is the starting material, a different operating parameter is used to drive

off the water formed during the reaction. If superamide is to be produced, coco-

methyl ester and diethanolamine can be used as the starting materials in a mole

ratio of 1 : 1. These materials are charged to the reactor with 0.3–0.5% sodium

methylate as the catalyst. The reaction is carried at around 100�C and a vacuum

of 4–5.3 kPa for a period of 90–120 min. The reaction temperature can be lowered

to 70–75�C by employing a vacuum of less than 4 kPa. The reaction time takes

longer to enable the maximum vaporization of the methanol byproduct. The metha-

nol is rectified and recycled for use in the transesterification of the coconut oil to

produce the methyl ester.

The final product in the liquid form is transferred into the storage tank. Postreac-

tion can be done by keeping the product in another vessel, preferrably at slightly

elevated temperature for a few days. This allows further conversion of the ester

byproduct to amide, thus further increasing the amide concentration.

If monoethanolamine is used as the starting material, the monoethanolamide

product (CMEA) is a waxy solid. Accordingly, the finished product after the

reaction is passed through a cooled flaking drum to convert it into flakes. It is

subsequently packed in bags.

10. SURFACTANTS

Surfactants or surface-active agents make up a special class of chemicals used in

practically all industries. Surfactants may be of petrochemical or natural oils origin.

This chapter discusses only those of vegetable oil origin, specifically those from

coconut oil.

Surfactants are chemical compounds that possess great surface activity. They act

so diversely because of the unbalanced molecular structure. A surfactant molecule

may be visualized as a tadpole or a mini-racquet. The ‘‘head’’ is the hydrophilic

(water-loving), strongly polar portion and the ‘‘tail’’ is the hydrophobic (oil-loving)

nonpolar portion. The head can be an anion, a cation, or nonion. The tail is a linear

or branched hydrocarbon chain. It is this characteristic configuration that makes

surfactants perform such diverse function in industry.

Surfactants find broad application in practically all industries as, for example,

the main ingredients of detergents and cleaners, foaming agents and emulsifiers

in cosmetics and pharmaceuticals, emulsifiers for paints, scouring agents for tex-

tiles, flotation agents for the mining industry, and emulsifiers and sanitizing agents

for the food industry.

10.1. Types of Surfactants

Surfactants are classified into four categories: anionic, cationic, nonionic, and

amphoteric, each with its own molecular structure and behavior.

Anionic Surfactants. Anionic surfactants are surface-active agents in which the

hydrophobic portion is connected to an anion or negatively charged ion. In an
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aqueous medium, an anionic surfactant dissociates into a positively charged cation

and a negatively charged anion. The latter is the carrier of the surface-active proper-

ties. Typical examples are the alcohol sulfates and the ester sulfonates.

Cationic Surfactants. Like the anionic surfactants, cationic surfactants also dis-

sociate in an aqueous medium. However, the head (hydrophilic portion) is a cation,

which is the carrier of the surface-active properties. Examples are the quaternary

ammonium compounds.

Nonionic Surfactants. The nonionic surfactants do not dissociate in an aqueous

medium. Their solubility is provided by the polar group, such as a polyglycol ether

or a polyol. The most important types of fatty nonionic surfactants are the polygly-

col ethers of fatty alcohols, fatty acids, amines, and amides.

Amphoteric Surfactants. Amphoteric surfactants in aqueous solution contain

both positive and negative charges in the same molecule. Thus, a hydrophobic fatty

chain is attached to a hydrophilic group that contains both positive and negative

charges. Its behavior depends on the condition of the medium or its pH value.

Examples of this type are the alkyl betaines.

Coco-Based Surfactants. The most important coconut oil-based surfactants are

fatty alcohol sulfate, fatty alcohol ether sulfate, and fatty alcohol polyglycol ether.

Two relatively new coco-based surfactants are fatty acid methyl ester sulfonate and

alkyl polyglycoside, which is produced from fatty alcohol and starch or sugar, both

renewable materials.

Fatty Alcohol Sulfates. Sodium salt of fatty alcohol sulfate of the C12–C18 range

is one of the more common active ingredients of choice in the formulation of laun-

dry detergent products, due to its good detergency, wetting and foaming properties,

and biodegradability. The C12–C14 fatty alcohol sulfate, known in the trade as

sodium lauryl sulfate (SLS), provides optimum foam and is used extensively as

the foaming agent in most toothpastes. The ammonium and alkanolamine salts of

the C12–C14 and C12–C16 alcohol sulfates possess high solubility and are well

suited for liquid shampoos and bubble bath preparations. In combination with other

surfactants and alkanolamides, they deliver desirable qualities, such as fine struc-

tured foam, low irritancy, and smooth hair feel (5).

Fatty Alcohol Polyglycol Ethers. The fatty alcohol polyglycol ethers belong to

the most important class of nonionic surfactants. They are characterized by having

excellent wetting properties, having low foam, and being effective even at low tem-

peratures. They are produced by the reaction of fatty alcohol with ethylene oxide

(EO) or propylene oxide (PO), using alkaline catalyst such as sodium methylate or

potassium hydroxide. The degree of ethoxylation can vary, depending on the chain

length of the fatty alcohol and the purpose for which it will be used. The C12–C14

and C12–C16 alcohols used as raw material for the ether sulfates can have 2–3

moles of EO. The C12–C18 alcohol, with 7–10 moles of EO, are used primarily

as wetting agents. Higher saturated alcohols, with up to 30 moles of EO, are

used as emulsifiers for waxes and ointments bases. Fatty alcohol polyglycol ethers

have replaced the alkylphenol polyglycol ether in most applications. In the United

States, however, the latter is still in use for institutional and industrial products

because of cost considerations.
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Fatty Alcohol Ether Sulfates. Probably the most important derivatives of fatty

alcohol in the C12–C14 and C12–C16 ranges are the fatty alcohol ether sulfates.

They are produced by the sulfation of the fatty alcohol, containing 2–3 moles of

ethylene oxide, with sulfur trioxide or chlorosulfonic acid and subsequently neutra-

lized with caustic soda, ammonia, or an alkanolamine. The ether sulfates possess

superior properties over the fatty alcohol sulfates. They have unlimited water solu-

bility, are unaffected by water hardness, and possess superior skin compatibility.

Accordingly, they are used in liquid shampoos and bath preparations. One charac-

teristic of this material is its ability to increase its viscosity by the addition of an

electrolyte such as salt (5).

10.2. Chemistry of the Reaction

Fatty alcohol sulfate of commerce is actually a neutralized salt primarily as sodium

coco fatty alcohol sulfate. It is produced by the direct reaction of fatty alcohol with

sulfur trioxide and subsequently neutralized with caustic soda, according to the

following reactions:

RCH2OH þ SO3 �! RCH2OSO3H

Fatty alcohol Sulfur trioxide Fatty alcohol sulfuric acid
ð14Þ

RCH2OSO3H þ NaOH �! RCH2OSO3Na þ H2O

Fatty alcohol sulfuric acid Caustic soda Sodium fatty alcohol sulfate Water
ð15Þ

The intermediate product is a half ester of sulfuric acid. It is quite unstable and must

be neutralized immediately. The final product contains approximately 1.5% of

sodium sulfate, 1.0–1.5% unreacted alcohol, and less than 0.5% of free alkali.

In sulfation, other sulfating agents may be used, such as oleum or chlorosulfonic

acid, as the source of SO3. However, oleum generates a large amount of waste sul-

furic acid. It is also not recommended for the sulfation of fatty alcohol ethoxylate.

Chlorosulfonic acid is an excellent sulfating agent, but it generates unwanted

hydrochloric acid as a byproduct. As a result of the corrosive nature of the hydro-

chloric acid vapor, special equipment must be used.

In neutralization, other alkali can be used such as ammonia, monoethanolamine,

or triethanolamine. The same chemical reaction and equipment applies to the pro-

duction of fatty alcohol ether sulfate, except that the raw material is fatty alcohol

ethoxylate.

10.3. Method of Manufacture

The latest technology in the manufacture of fatty alcohol sulfate or fatty alcohol

ether sulfate is the direct use of SO3 gas as the sulfating agent. This process not

only produces a high-purity product but is also much more economical and gener-

ates minimum waste.
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The heart of the process is the reactor. Reactors can be batch, cascade, or falling-

film type. Industry favors the falling-film type because the reaction is much more

controllable and highly efficient. Falling-film reactors can be multitube, monotube,

or annular (Figure 21).

The manufacture of fatty alcohol sulfate or ether sulfate can be divided into five

stages: process air preparation, sulfur trioxide generation, sulfation, neutralization,

and exhaust gas treatment.

Process Air Preparation. Process air must be totally dry, preferably with a dew-

point below �50�C. The presence of moisture not only makes it corrosive (due to

its reaction with SO3 gas) but also increases the color of the product.

Briefly, air is introduced by a large compressor to a cooling system, where it is

cooled down to 3–5�C and most of the moisture is condensed. From there, the air is

passed through a dehumidifier, such as silica gel, where the last traces of moisture

are retained. Figure 22 shows Ballestra’s air drying system.

Sulfur Trioxide Generation. For sulfur trioxide generation, high-purity sulfur

(99.5% pure) is melted in a tank and then kept at 145–150�C to maintain its visc-

osity at the minimum and constant value. The molten sulfur is introduced into the

sulfur burner by a special metering pump and then burned to SO2, using the dried

air. The diluted SO2 gas (6–7%) leaves the burner at around 650�C and is cooled to

430�C before feeding to the converter.

The catalytic converter, with three to four beds of vanadium pentoxide catalysts,

converts SO2 to SO3 with up to 98% conversion efficiency. The SO3 gas is cooled to

below 60�C, diluted to 4% by volume, and is passeed through a mist eliminator to

remove traces of oleum formed before it is fed to the reactor. Figure 23 shows a

typical system for the generation of SO3 gas.

Sulfation. The sulfation is carried out in a multitude film reactor, especially

designed to control accurately the mole ratios between the SO3 and the organic

feed in each tube. The materials enter the top section and flow cocurrently down-

ward inside the tube. As the reaction is almost instantaneous and exothermic, cool-

ing water at controlled flow is introduced into the jacket to maintain the reaction

temperature at 45–50�C maximum. A reaction yield of 97% can easily be achieved

(see Figure 21).

Neutralization. The intermediate product from the reactor must be neutralized

immediately, as hydrolysis may occur and badly affect the process and the product

quality. This is achieved in a double-step continuous neutralization unit. The multi-

bladed mixer gives exceptionally homogeneous mixing (30).

It is important that the neutralized paste be kept slightly alkaline to ensure pro-

cessability and product stability. An average concentration of 72% active matter is

readily achievable. A much higher concentration is not recommended, as proces-

sing difficulties may be encountered. If a dried product is desired, the paste can

be further processed through a wiped film evaporator. Figure 24 shows Ballestra’s

double-step neutralization.

Exhaust Gas Treatment. The gas effluent must be treated to comply with envir-

onmental regulations. The exhaust gas from the reactor contains traces of organic

matter and unreacted SO3 and SO2 gases. The first two impurities are removed by
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Figure 21. Multitube film reactor (30).
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Figure 22. Ballestra’s air drying system (30).
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Figure 23. Ballestra’s SO2–SO3 production (30).
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Figure 24. Ballestra’s double-step neutralization (30).
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the electrostatic precipitator. The remaining SO2 gas is removed by the reaction

with caustic soda solution flowing countercurrently inside the scrubbing column.

The concentration of the residual SO2 in the exhaust gas vented into atmosphere

is kept at 5 ppm maximum, well below the allowable standards (Figure 25).

10.4. Sulfonation of Fatty Acid Methyl Esters

Fatty acid methyl esters sulfonate may be considered a material with a great poten-

tial. Its superior sequestering effect on water hardness gives it an advantage over

fatty alcohol sulfate. The sulfonation of fatty acid methyl ester is different from

that of fatty alcohol. The reaction mechanism involves two steps (31). In the first

reaction, the SO3 gas reacts quickly to form sulfoanhydride. In the second step

(which takes 40–90 min), the sulfoanhydride becomes the sulfonating agent, react-

ing with the still-unreacted ester.

The reaction requires an excess of SO3 in the range of 20–30 mol % to get

initiated. With such an excess, the formation of disalt during neutralization is

unavoidable. This is somehow minimized by subsequent re-esterification after the

second step.

Figure 25. Ballestra’s gas-scrubbing system (30).
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The neutralization step can be carried out in much the same way as in the neu-

tralization step in the production of fatty alcohol sulfate. As a result of the nature of

the reaction and conditions during sulfonation, a dark-colored product is produced,

which requires bleaching. Postreaction treatment with H2O2 and NaOCl yields a

product with an acceptable color (30).

10.5. Other Surfactants

Three highly successful types of coco-based surfactants used in toilet soap formu-

lations that are mass marketed in the United States are worth mentioning. They

impart superior hardwater lather performance while retaining the mildness aspect

of toilet soap. These are (1) sodium cocoyl isethionate (SCI) used in Lever’s

Dove and their other brands, (2) sodium cocoglyceryl ether sulfate (LGES) used

in Procter & Gamble’s Zest, and (3) sodium cocomonoglycerides sulfate

(CMGS) used in Colgate’s Vel Bar (4).

Other coco-based surfactants are sulfosuccinates formed by the reaction of coco

fatty alcohol with maleic anhydride and further reaction with sodium sulfite or

bisulfite. This product possesses good foaming properties, is compatible with

soap, and is a good lime dispersant. It is used in toilet soap formulation, shampoos,

hand cleaning pastes, and for scouring raw wool. Its ether variant, with 2–4 moles

ethylene oxide, forms intense, finely structured foam and is used in combination

with ether sulfate in baby shampoos and bath preparations.

Alkyl phosphates, also coco based, are formed by the reaction of fatty alcohol

with phosphorous pentoxide. The product is a mixture of monoesters and diesters.

Its sodium salt (MAP) is reportedly mild and is used in facial wash, such as Kao’s

Biore. Other uses are as antistatics in textile auxiliaries, corrosion inhibitors, surfac-

tant additives for extreme pressure (EP) lubricants, and surfactant components

in alkali and acid cleaners. Coco-based alkyl polyglycosides (APG) have been

successfully produced and marketed by Henkel in the United States. The alkyl

polyglycoside fully satisfies the demand for a mild surfactant and is completely

biodegradable.

11. TERTIARY AMINES

Fatty amines and their derivatives represent the most important nitrogen com-

pounds of fatty acids. They possess great ionization constants compared with other

alkyl derivatives of ammonia. They are cationic, basic, biologically active, and

strongly adsorbed on many surfaces due to their high adsorption potential. They

are indispensable in many surface-related physicochemical processes. They are

the starting materials for the manufacture of quaternary ammonium compounds

and various cationic and amphoteric substances. These derivatives find wide

application in many industries as biocides, sanitizing agents for algae control in

water treatment, ore flotation agents in mining, effective corrosion inhibitors, and

lubricants in drilling and formulation. Fatty amines derived from tallow or palm oil

fatty acid fractions are widely used in the production of fabric softeners.
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The main raw material is the fatty nitrile derived from the reaction of fatty acid

with ammonia. Catalytic hydrogenation of the nitrile produces the amines. The

amines are available as primary, secondary, and tertiary amine, depending on the

number of the alkyl groups attached to the nitrogen atom.

11.1. Types of Tertiary Amines

Of the three fatty amines, the tertiary fatty amines, with three alkyl groups, find the

most application in industries. They are further classified into three types: (1) sym-

metrical trifatty amine (R3N), in which all three alkyl chains are identical; (2)

asymmetrical dimethyl fatty amine [RN(CH3)2] or methyl difatty amine

(R2NCH3); and (3) those derived from primary or secondary amine by the reaction

with ethylene oxide. These asymmetrical fatty amines are the bases for the manu-

facture of organomodified clay for the petroleum industry, biocides, and algicides.

11.2. Methods of Preparation

Several methods are available for the preparation of tertiary amines from fatty

acids. One of the oldest is the classical Leuckart reaction (32), which uses formal-

dehyde and formic acid for the reductive alkylation of a secondary amine.

RNH2 þ 2 HCHOþ 2 HCOOH! RNðCH3Þ2 þ CO2 þ H2O ð16Þ

Modification to this reaction had been reported. Shapiro (33) developed the reduc-

tive alkylation of primary and secondary amine with formaldehyde in the presence

of nickel catalyst.

Of commercial importance is the manufacture of fatty amines via the nitrile

route. Fatty acid is first converted to nitrile by the reaction with ammonia at

elevated temperatures of 280–360�C at atmospheric pressure.

RCOOHþ NH3 ��!
�H2O

RCHONH2 ��!
�H2O

RC����N ð17Þ

The reaction that produces the nitrile is essentially a dehydration reaction of the

intermediate product. The nitrile is then catalytically hydrogenated to produce

the fatty amines.

3 RH����Nþ 6 H2 ����!
Catalyst ðRCH2Þ3Nþ 2 NH3 ð18Þ

Depending on the process conditions, primary, secondary, or tertiary amines can be

produced. If more tertiary amines are desired, continuous removal of the NH3 is

necessary to shift the reaction forward. The presence of ammonia favors the

formation of primary and secondary amines.

Fatty alcohols are also available raw materials in the commercial preparation of

tertiary amines. The fatty alcohol may be converted directly to an alkyl halide by
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the reaction with a concentrated hydrogen halide (5). The alkyl halide can then be

reacted with dimethylamine to produce the tertiary amine (33).

RCH2OHþ HCl! RCH2Cl ð19Þ
RCH2Clþ HNðCH3Þ2 þ NaOH! RCH2NðCH3Þ2 þ NaClþ H2O ð20Þ

Long-chain alcohols can be converted directly to N,N-dimethylalkyamines by the

reaction with dimethylamine at 36�C in the presence of Th(SO4)2 or in the presence

of Cu–Cr catalyst and hydrogen at elevated temperatures and pressure (33, 34).

RCH2OHþ HNðCH3Þ2 ���!
Cu�Cr

H2

RCH2NðCH3Þ2 þ H2O ð21Þ

Ethoxylated tertiary amines can be produced by the reaction of primary or second-

ary amines with ethylene oxide. The water solubility of this amine increases with

the increasing degree of ethoxylation (33).

11.3. Uses

The asymmetrical tertiary amines are used exclusively as starting materials for the

manufacture of quaternary ammonium compounds, cationic and amphoteric surfac-

tants, and amine oxides. Quaternary ammonium compounds used as bactericides

and algicides are produced by the reaction of tertiary amines with benzyl chloride,

methyl chloride, or dimethyl sulfate. Of these, the benzyl ammonium chloride salt

is the most widely used.

Probably the largest volume use of fatty amines is in the manufacture of fabric

softeners. The latter is distearyldimethyl ammonium chloride produced by the

reaction of distearylamine and methylchloride with continuous addition of alkali.

However, as stated earlier, the starting materials for this product are the C16–

C18 fatty acid fractions from tallow or palm oil.

Tertiary amines are also used in the manufacture of amine oxides by the oxida-

tion with hydrogen peroxide. The amine oxides are used in cosmetic preparations

for its good foaming properties and mildness to the skin. Another raw material used

in the cosmetic industry is the betaines produced by the reaction of a tertiary

fatty amine with sodium chloroacetate. The betaines exhibit good foam stability

over a wide range of pH, are insensitive to water hardness, and are mild to the

skin (33).
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1. INTRODUCTION

The production of animal byproducts into useful items is not a recent event. For

example, early Eskimos and Native Americans used the parts of the animals that

could not be eaten. Hides and skins were used for clothing and shelter, bones

provided utensils, and crude soap was made from melted fat and wood ash. How-

ever, it took the development of other industries (i.e., soap and candle making)

before rendering became an established industry.

The production of soap played a large part in the early development of render-

ing. The first record of rendering was the melting down of animal fat to obtain

tallow. One of the earliest accounts of rendering dates back to 79 A.D. in Rome.

Historians are not sure whether the Romans adopted their tallow-making process

from the chance discoveries of wandering Bedouins or from the Celts who are

known to have made soap from boiling animal fats and plant ashes together.

Following the decline and fall of Rome, historians find little reference to the use

of soap. Its manufacture and popular use appears to have been developed largely

in Italy, France, and England during the Middle Ages.

Candle making also played a major role in the development of the rendering

industry. The method of making candles using tallow goes back to the Roman

days. They used tallow as the combustible material surrounding a flax or cotton

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
Edited by Fereidoon Shahidi. Copyright # 2005 John Wiley & Sons, Inc.
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wick. As the candles became available to the ‘‘common’’ people, the need for

tallow increased.

Rendering was a process developed over the better part of 1800 years as a direct

offshoot of the candle-making and soap industries. During this period, tallow was

derived primarily from the fat of sheep and goats because recovered fat from goat

and sheep was harder and made better candle fat. Pork fat, although used in soap

making, made poor candles. As the population of cattle increased, more beef tallow

was produced. However, it took the United States until the late 1800s to move the

rendering industry into its present place of prominence.

During the 1800s, there was an explosive development in the cattle industry in

California that had little to do with beef as a food. Cattle were raised for their hides

and tallow with little of the beef consumed. Most of the meat went to the coyotes

and other wild animals. During the Mexican-Spanish regime, the chief source of

wealth in California was raising stock. Trading hides and tallow to foreign vessels

gave California nearly all of the manufactured articles and most of the luxuries it

could not produce.

Development of the cattle industry in California was different from what took

place in Texas and mid-America. However, as the nation became involved in the

Industrial Revolution, immigrants from abroad moved into eastern cities. These

immigrants developed a greater taste for beef, which increased the demand from

the cattle industry. The nation’s first combined slaughter and meatpacking opera-

tion was established in 1838 at Alton, Illinois, and in 1865, the Chicago Stockyard

became the nation’s leading livestock market.

As cattle slaughter made the transition from the farm and ranch to the city, so

did the rendering operation. Until this time, rendering existed in concert with soap

manufacturing. Once the rendering companies discovered it was more profitable to

produce tallow and sell it to the soap manufacturer than making it into soap them-

selves, the rendering industry, as it is known today, came into being. A more com-

plete history of the rendering industry has been published (1).

The nutritional benefits of the rendered byproducts were not fully understood

until the nutritional needs of the domesticated animals produced for food were

known. Until these nutritional benefits were understood, little fat was used in ani-

mal rations (not until the 1950s), and the protein meal was applied to the land as a

fertilizer. Once the breakthrough in using rendered animal proteins and fats in feed

occurred, the contribution of rendered products to the total value of the slaughtered

animals was recognized. Processing methods also changed to improve the quality of

the byproducts made through rendering. Optimization of byproduct use reduces the

ultimate cost to the consumer of the primary product, meat.

2. MODERN DAY RENDERING

The rendering industry processes or ‘‘recycles’’ animal and poultry byproducts such

as animal fat, bone, hide, offal, feathers, hoofs, horns, hair, and blood. For example,
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using basic approximates, byproducts represent about 50% of the live weight of

cattle, 42% of the live weight of pigs, 37% of the live weight of broilers,

and 57% of the live weight of most fish species. Currently, factors exist that

have resulted in even higher inedible raw material quantities being generated,

which include further processing, prepacked/table ready meat products, which

leave increasing amounts of the inedible portions at the processing locations.

Additionally, the removal of nonambulatory cattle and specific tissues from

slaughtered cattle from foods because of recent and impending regulations con-

tribute to the raw material quantity increases. The current annual amount of raw

material generated in the United States alone is expected to exceed 27 million

tons in 2004.

At the present time, over 200 rendering facilities operate in North America,

and they serve the animal industries by using more than half the volume of its

total annual production. The rendering industry represents a major force in

maintaining a clean environment by the annual disposal of approximately 25–

30 million tons of perishable waste material generated by the beef, pork, and

poultry industries. The rendering process provides these same industries with

high-energy and high-quality protein ingredients to supplement the feed grains

that are used to produce the beef, veal, pork, poultry, and milk in the United

States. The industry also supplies a large portion of its products to the pet food

industry. It is also significant that tallow, grease, and animal protein are renewable

resources.

Rendering is a global industry with markets throughout the world. Table 1

outlines the global import and export of meat meal by continent for the period

1992–2002. The data is taken from the FAO database and is only available

through 2002 (2). As the United States dominates the North and Central American

region, U.S. data has been shown separately from the rest of North and Central

America. Table 2 shows similar data for rendered animal fats over the same period

of time (2).

TABLE 1. World Trade in Meat Meala, 1992–2002 Average (2).

LOCATION IMPORTS EXPORTS

Africa 1279567 6988

Asia 569258 21062

Europe 719613 829411

North and C. America Minus USA 138504 54487

USA 59573 384202

Oceania 9845 247881

South America 25915 97585

World 1650664 1641616

aIn metric tons
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3. BYPRODUCTS

The rendering industry performs the important job of recycling inedible tissues of

animals into protein meals, fats, and oils that are valuable animal feed and industrial

ingredients. According to the publication Oil World Annual, the world produces

about 250 million tons of red meat and poultry meat per year. Data for the period

1996–2004 forecast is shown in Figure 1 (3). The production of meat generally

follows the growth in the world population. Poultry meat, pork, beef, and veal

account for most of the meat production, which is shown in the Figure 2 (3). If

approximately 50% of the red meat and poultry meat was waste, this would amount

to a world availability of about 125 million metric tons of raw material suitable for

rendering. Rendering, however, is not done in many areas of the world.

3.1. Protein Meals

Animal byproduct meals help fulfill protein and mineral needs in animal feeds.

These meals are incorporated into rations for livestock, fish, and crustaceans. The

Figure 1. World production of red meat and poultry meat (3).

TABLE 2. World Trade in Animal Fatsa, 1992–2002 Average (2).

LOCATION IMPORTS EXPORTS

Africa 288559 14242

Asia 793188 35087

Europe 977231 802050

North & C. America Minus USA 531363 232503

USA 45830 1240858

Oceania 13338 484570

South America 172829 62731

World 2822338 2872041

aIn metric tons.
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Association of American Feed Control Officials (AAFCO) defines various feed

ingredients so that no issue exists with identity or composition. According to their

latest publication, the following is a description of the byproduct meals.

� Blood Meal is produced from clean, fresh animal blood exclusive of all

extraneous materials such as hair, stomach belchings, and urine, except as

might occur unavoidably in good processing practices. The process used must

be listed as a part of the product name such as conventional cooker dried,

steam, spray, or hydrolyzed.

� Hydrolyzed Poultry Feathers is the product resulting from the treatment, under

pressure, of clean, undecomposed feathers from slaughtered poultry, free of

additives or accelerators. Not less than 75% of its crude protein content must

be digestible by the pepsin digestibility method.

� Meat and Bone Meal is the rendered product from mammal tissues, including

bone, exclusive of any added blood, hair, hoof, horn, hide trimmings, manure,

stomach, and rumen contents, except in such amounts as may occur unavoid-

ably in good processing practices. It shall contain a minimum of 4.0% phos-

phorous (P), and the calcium (Ca) level shall not be more than 2.2 times the

actual phosphorous (P) level.

� Poultry Byproduct Meal consists of the ground, rendered, clean parts of the

carcass of slaughtered poultry, such as necks, feet, undeveloped eggs, and

intestines, exclusive of feathers, except in such amounts as might occur un-

avoidably in good processing practices.

� Meat Meal is the rendered product from mammal tissues, exclusive of any

added blood, hair, hoof, horn, hide trimmings, manure, stomach, and rumen

contents, except in such amounts as may occur unavoidably in good proces-

sing practices. The calcium (Ca) level shall not exceed the actual level of

phosphorous (P) by more than 2.2 times.

� Meat Meal and Tankage is the rendered product from mammal tissues exclu-

sive of any added hair, hoof, horn, hide trimmings, manure, stomach, and

Figure 2. Nine year average world production of red meat and poultry (3).
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rumen contents, except in such amounts as may occur unavoidably in proces-

sing factory practices. It may contain added blood or blood meal; however, it

shall not contain any other added extraneous materials not provided for by this

definition. The calcium (Ca) level shall not exceed the actual level of phos-

phorous (P) by more than 2.2 times.

� Fish Meal is the clean, dried, ground tissue of undecomposed whole fish or

fish cuttings, either or both, with or without the extraction of part of the oil. It

must contain not more than 10% moisture. If it contains more than 3% salt,

the amount of salt must constitute a part of the product name, provided that

the salt content of this product not exceed 7% (4).

As with any dry feed ingredient, if stored in the proper environment, byproduct

meals can be kept for long periods of time. The rendering process kills bacteria.

However, the meals can be recontaminated through various environmental sources.

As animal proteins provide a favorable climate for the growth of bacteria, extra care

must be taken during storage and handling to prevent bacterial growth. The biggest

factor is moisture; therefore, meals should be kept in a dry environment. The fat in

the meal, especially fishmeal, can become rancid because of oxidation. Antioxi-

dants can be added to the meal, either during the cooking process or during the

blending of various meals to increase the shelf life of the meals.

The global production of animal proteins is not listed by Oil World, although

they do carry data on tallow/grease, lard, and fish oil, which could be because, in

most countries, the rendered animal proteins are consumed locally and not gene-

rally exported. With an estimated conversion ratio from raw material to finished

product of 5:1 for both the protein and fat fractions, the global potential production

of meat and bone meal would be in the range of about 25 million metric tons each

for the protein and fat products. According to data taken from the FAO databases,

the European Union, Australia, New Zealand, the United States, Canada, and South

America account for most of the exports of meat meals. FAO does not distinguish

the types of meals that make up meat meal, but it appears to include all the red

meats including poultry. Within South America, Argentina and Uruguay account

for most of the meat meal exports. Figure 3 shows the exports of meat meal for

the period 1992 through 2002, the last year available in the FAO database (2).

Figure 3. Major meat meal exporters (2).
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China, Japan, Mexico, the European Union, South East Asia, and Africa are

major importers of meat meal, which can be seen in Figure 4. The data covers

1992–2002, the most current year in the FAO database (2). Without specific produc-

tion data, it is difficult to understand why some regions are both major importers

and exporters of the meat meal category. One would assume that because this

category includes a number of products, some products are not consumed domesti-

cally and are exported and replaced by a different product in that category, for example,

exporting ruminant meals and importing poultry meals. The data in Figures 3 and 4

clearly show the dramatic effect that the global bovine spongiform encephalopathy

(BSE) crisis (discussed later) has had on exports of meat and bone meal.

Within the United States, four major categories of rendered animal protein pro-

ducts exist. The production and export of these products over the period 1998–2002

is shown in Table 3 (5).

3.2. Fats

Oil World Annual lists tallow/grease, lard, and crude fish oil in their statistical

database. However, no listings for the other fat products that are produced by the

Figure 4. Major importers of meat meal (2).

TABLE 3. U.S. Production and Export of Rendered Protein Productsa 1998–2002 (5).

1998 1999 2000 2001 2002

PRODUCTION

Meat Meal & Tankage 2,511 2,748 2,612 2,509 2,514

Meat and Bone Meal 1,921 2,138 1,996 1,962 2,025

Dry Rendered Tankage 572 583 595 542 490

Feather Meal 366 379 368 354 362

All Other Inedible Products 1,038 1,148 1,235 1,258 1,319

Total Production 6,408 6,996 6,806 6,625 6,710

EXPORTS

Meat & Bone Meal 313 382 435 452 565

Feather Meal 30 21 25 42 39

Sub-total 343 403 460 494 604

Bone & Bone Products 21 26 36 37 24

Total Exports 707 832 956 1,025 1,232

aIn Thousand Metric Tons.
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rendering industry exist. Based on Oil World Annual, Figure 5 shows the 10-year

average production of the various global fats and oils (3).

AAFCO defines a number of animal fats in its latest official publication.

� Animal Fat is obtained from the tissues of mammals or poultry in the com-

mercial processes of rendering or extraction. It consists predominantly of

glycerol esters of fatty acids and contains no additions of free fatty acids or

other materials obtained from fats. It must contain, and be guaranteed for, not

less than 90% total fatty acids, not more than 2.5% unsaponifiable matter, and

not more than 1% insoluble impurities.

� Hydrolyzed Fat or Oil (Feed Grade) is obtained in the fat processing

procedures commonly used in edible fat processing or soap making. It consists

predominantly of fatty acids and must contain, and be guaranteed for, not less

than 85% total fatty acids, not more than 6% unsaponifiable matter, and not

more than 1% insoluble impurities.

� Fat Product (Feed Grade) is any fat product that does not meet the definitions

for animal fat, vegetable fat or oil, hydrolyzed fat, or fat ester.

� Lard is rendered fat of swine.

� Tallow is animal fat with a titer above 40�C.

� Grease is animal fat with a titer below 40�C. Choice white grease is derived

primarily from the rendering of pork offal whereas yellow grease is derived

from restaurant grease (4).

The fats and oils produced from the rendering process provide a concentrated

source of energy for use in animal feeds. Addition of fat in feeds also reduces dus-

tiness of the feed and makes it more palatable. Fats and oils also provide important

Figure 5. Global 10-year average production of oils and fats (3).
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ingredients for further processing for the making of many products such as soap,

fatty acids, and glycerol. Edible fats produced in the rendering industry may be

used for commercial baked goods, fast-food restaurants, margarine production, or

medicinal applications such as omega-3 fatty acids in marine oils. Table 4 shows the

U.S. production and export of rendered fat products for the period 1998–2002 (5).

Animal fats are not difficult to handle, and if kept in good condition, the fat can

be kept for long periods of time. Several factors will determine how long animal

fats can be kept. Fats should be stored and handled in steel or iron tanks and piping,

avoiding any contact with brass or copper. Even short exposure to brass and copper

will cause the fat to go rancid. Dry, clean fat will not be damaged by moderate heat;

however, excess moisture, insoluble impurities, and unsaponifiables (MIU) with

moderate heat will increase the free fatty acids (FFA) and instability of the fat while

increasing the probability of rancidity. Peroxide value (PV) is a measure of stability.

When fats are handled properly, and stabilized with a proper amount and type of

stabilizer such as an antioxidant, the fats will remain stable with a low peroxide

value for long periods. The fats and oils go through many processes before they reach

their finished form. These processes are described in more detail in Sections 8

through 10 this chapter.

The major use of edible tallow and lard is for cooking and frying. Until recently,

edible tallow was used quite extensively by the fast-food industry for frying foods

such as French fries. However, because of the perceived health concerns regarding

cholesterol, tallow has been replaced by vegetable oils, and human consumption

of tallow has declined. Nonetheless, the use of edible tallow in other markets has

expanded, including the manufacturing of foods such as bakery products and

margarine.

The majority of the rendered fat produced is inedible tallow and grease. A large

portion of the market for inedible tallow and grease is accounted for by animal

TABLE 4. U.S. Production and Export of Rendered Fat Productsa for 1998–2002 (5).

1998 1999 2000 2001 2002

PRODUCTION

Inedible Tallow & Greases 2,982.4 3,209.5 3,242.9 3,116.2 3,272.6

Inedible Tallow 1,638.2 1,750.5 1,764.4 1,704.2 1,711.3

Greases 1,327.9 1,438.7 1,461.1 1,441.0 1,561.4

Edible Tallow 697.1 784.4 834.8 836.9 892.7

Lard 246.9 243.1 234.9 182.9 175.1

Total 3,926 4,237 4,313 4,136 4,340

EXPORTS

Inedible Tallow 1,028.1 875.8 789.4 605.4 779.4

Yellow Grease 210.3 183.4 182.6 184.3 287.5

Other Inedible Fats & Oils 189.9 247.6 229.7 190.3 206.7

Edible Tallow 111.8 143.8 110.8 165.3 209.3

Lard 59.6 66.9 78.9 46.9 38.0

Total 1,600 1,518 1,391 1,192 1,521

aIn thousand metric tons.
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feeds. However, nonfeed uses exist for inedible fats, which will also be discussed in

Sections 11 through 14 in this chapter.

4. PROCESSING

Rendering is accomplished via a variety of equipment and processes. It is a process

of both physical and chemical transformation, using trimmings from the production

and processing of food animals for meat. All of the rendering processes involve the

application of heat, the extraction of moisture, and the separation of fat when it is

part of the raw material.

4.1. Protein Meals

4.1.1. Blood Meal Blood meal may be prepared by several different processes.

Cooker-dried blood is produced in a conventional batch cooker. Spray-dried blood

is a two-step procedure by which moisture is first removed by a low-temperature

evaporator under vacuum until it contains approximately 30% solids and is then

spray dried. Flash-dried blood meal is also a two-step process and is described in

Figure 6.

The blood is first put into a coagulating system. The raw blood is pumped

through a heated pipe (live steam injected into a pipe), which causes coagu-

lation. The coagulated blood is then transferred to a dewatering device (such as a

centrifuge), and a large portion of the moisture is removed, yielding a semisolid pro-

tein. The coagulated blood may also have the water removed by cooking in a con-

denser to a semisolid state. The semisolid blood mass is then transferred to a rapid

drying facility, such as a flash dryer, where the more tightly bound water is rapidly

removed. Ring-dried blood is similar to flash-dried blood meal, except that the

rapid drying facility is a ring dryer. Ring drying the blood produces a better quality

product than the conventional method, because it uses warm air to dry the blood

mass and not warm metal. The blood is not exposed to a direct heat surface and,

consequently, the sensitive amino acids such as lysine are not destroyed.

Care must be taken in the processing and purchasing of blood meal. These differ-

ent processing methods produce different types of blood meal, which may vary in

crude protein and amount and bioavailability of lysine and other amino acids (6, 7).

4.1.2. Feather Meal Feathers are rendered either using a batch or a continuous

hydrolyzer. Poultry feathers consist of the protein keratin, which is essentially indi-

gestible. To make the protein digestible and available for the domesticated animal,

the feathers must be hydrolyzed, which is done in a hydrolyzer under pressure at

approximately 30–50 psi for 45–60 minutes to break the bonds that hold the protein

together (such as amino acid bonds, sulfur-sulfur bonds of cystine, and hydrogen

bonds between nonadjacent amino acids). Figure 7 shows the basic flow diagram

for rendering feathers. The raw material may first go through a spreader to cut up

any large particles (such as heads or feet) that may have entered the system. The
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raw feathers are then fed into the hydrolyzer and the protein bonds are broken

down. The hydrolyzed feather is then fed into a dryer to remove excess moisture

to yield feather meal. At this point, the meal can then be ground to produce a finer

ground feather meal. Hoof, horn, and hair meal are produced in much the same way.

RAW MATERIAL

BLOOD TANK

COAGULATING
SYSTEM

CENTRIFUGE

SEMISOLID BLOOD
MASS

DRYER

BLOOD MEAL

Figure 6. Flow diagram of blood meal production.
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4.1.3. Meat and Bone Meal and Poultry Byproducts Meal Understanding

that beef, pork, and poultry processing procedures are similar, for simplification,

only the rendering process of ruminant meat and bone meal will be discussed.

Raw material collection is the first, and an important, step in the rendering process.

The timely and efficient collection of raw materials is critical to the industry. The

raw material must be clean and fresh to yield the highest quality products. Dirty and

decayed offal will lead to a darker colored fat, which is undesirable. Figure 8 shows

a typical flow diagram of the production of meat and bone meal and tallow.

The raw material is first collected by the trucks and then discharged into a

receiving bin. The material is then screw-conveyed to a crusher, prebreaker, or

RAW MATERIAL

SPREADERS

HYDROLYZER

DRYER

FEATHER MEAL

Figure 7. Flow diagram of feather meal production.
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similar device for size reduction to about 2.5 to 5.0 cm (1–2 inches). It is important

to reduce the size of the raw material before processing to increase the production

rate, decrease energy costs, and lead to uniform cooking, which enhances the qua-

lity of the finished product.

RAW MATERIAL

RAW MATERIAL
PIT

PREBREAKER

COOKER

DRAINER
SCREEN

PRESSCRUDE TALLOW CRACKLINGS

CENTRIFUGE

WASH TANK

FILTER TANK

FILTER

TALLOW

HAMMAR MILL

SHAKER SCREEN

MEAT MEAL

Figure 8. Flow diagram for the production of meat meal and inedible tallow.
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At this point, the raw material goes into either a batch or continuous cooking

system. Within the cooking system, the heating and grinding action breaks down

the fat cells in the animal tissue to release the fat. The rendering process consists

essentially of two steps. First, the raw material is heated or ‘‘cooked’’ to evaporate

the moisture. The second step is the removal of fat.

The batch cooking system is the process by which batches of raw material are

cooked according to a repetitive cycle. Two methods of batch cooking exist: wet

rendering and dry rendering. For the wet rendering method, the material is cooked

by steam under pressure in large closed tanks. The material is boiled with open

steam under pressure (25–75 psi internal pressure) from the bottom of the cooker.

After approximately 1.5–2.5 hours, the pressure is then reversed and applied from

the top, which causes the water and sludge to settle to the bottom of the cooker,

where it is drained off. After the water is drained off, the fat is removed from the

bottom and diverted to another tank for further processing. The tankage then goes

to the press for further fat removal.

The dry rendering process is the newer and more efficient method of cooking.

All the material is cooked in its own grease by dry heat in open steam jacketed

drums until the moisture has evaporated. Efficient cookers usually range in tempe-

rature from 115–120�C and take approximately 1.5–4 hours. Agitators in the cooker

reduce the cooking time. However, care must be taken because increased agitation

speed usually increases the amount of fines or particulate matter in the fat. After the

cooking process is complete, the material goes across a screen that allows the free

fat to run off. The tankage is then conveyed to a press where the residual fat is

removed, resulting in a product that contains 6–10% fat.

The continuous cooking system is similar to the dry rendering batch method

except the raw material is fed into the system in a semicontinuous fashion, which

is the most modern and efficient cooking method. A continuous system normally

consists of a single cooker, whereas the batch system consists of multiple cooker

units. As a result, continuous cooking systems offer many advantages over batch

cooking methods, including reduced labor requirements, less floor space required

(one cooker versus several), lower maintenance and operating costs (less time,

temperature, and fuel consumption with one cooker), and easier control of air

and water pollution (more enclosed environment with the one cooker). The contin-

uous system produces a more consistent product than the batch system. As the flow

is essentially constant, process variables are more easily controlled. However, care

must be taken because some raw material could be short circuited without suffi-

cient contact time to adequately destroy the bacteria in the raw material. Tempera-

ture of the continuous process usually falls into two categories: low temperature

(100–115�C) and high temperature (130–150�C). The time the material stays in

the cooker ranges from 30 to 60 minutes (depending on temperature; the lower the

temperature, the longer it stays in the cooker) and the material is continuously dis-

charged. The product usually has 4–6% moisture.

After the cooking process is completed, the cooked material is drained and

pressed to remove the fat using either a hydraulic or screw-press. The solid protein

(cracklings) is then normally ground with a hammer mill. After the hammer mill,
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the meal passes over a shaker screen to remove any coarse material and to produce

a uniform protein meal. The fat discharged from the press normally contains fine

solid particles, which are removed by centrifugation or filtration (7).

4.1.4. Fish Meal Two general methods of manufacturing fishmeal exist: the dry

rendering process and the wet rendering process. In the dry process, the oil pro-

duced during cooking is not removed. This process can be used when the starting

material is white fish or fish with low oil content, and the finished product is called

white fishmeal. A flow diagram of the wet rendering process used for fishmeal

production is shown in Figure 9.

In the wet process, a portion of the fish oil in the product is removed during

pressing. Fishmeal made from fish with a high oil content, such as menhaden

and anchovy, must have the oil removed to produce a stable product that can be

easily handled. Most fishmeal is produced using the wet method, which is usually

a continuous cooker process similar to meat and bone meal production. The raw

material is sometimes ground and fed into a cooker. Unlike the rendering process,

the cooking step is designed to break down the fat cells to release oil. The cooked

material is then hydraulically pressed to remove water, soluble protein, and oil.

What is left is called presscake. The presscake is then dried and ground to produce

fishmeal. The aqueous phase from the pressing process after removal of the oil is

called stickwater. The stickwater is concentrated and added back to the presscake to

form what is called wholemeal. The concentrated stickwater is called fish solubles

and is sometimes sold as a separate product (8).

4.2. Fat Products

4.2.1. Greases Several steps are taken to process the liquid phase from the ren-

dering process once it is released by the presses or from the street collection of res-

taurant grease. A typical flow diagram of a grease processing system is shown in

Figure 10. The grease is brought into the rendering plant in either 50-gallon drums

or bulk containers. The raw grease is dumped into a receiving pit; then it is con-

veyed over a drainer screen followed by a vertical screen to remove any foreign

material such as rags, plastics, etc. The grease can then go to a vertical settling

tank (holding tank) and is held while the water and more impurities are settled

out or the grease goes to an evaporator system, which evaporates the water from

the grease. Once the water is removed, the grease goes through a centrifuge to

remove more impurities. After the moisture and impurities are reduced to an accep-

table level, the grease is pumped into a storage tank (9).

4.2.2. Tallow A flow diagram of a typical edible tallow system is shown in

Figure 11. In this process, edible fat trimmings removed from edible beef carcasses

are rendered into the edible tallow product. The inedible tallow process was shown

in Figure 8. After the press, the crude tallow is pumped to a centrifuge, where small

proteinaceous fines are removed, and then to a holding tank for washing or filtering
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to remove any impurities. After filtering, tallow can undergo further processing, in-

cluding refining, bleaching, deodorizing, fatty acid splitting, and hydrogenation. In

the edible tallow process, the fat cuttings are ground up and heated to melt the

fat. The melted mix is then sent to a decanter centrifuge where the fat is separated

RAW
MATERIAL

COOKING

PRESSING

PRESSLIQUORPRESSCAKE

DRYING
STAGE 1

DRYING
STAGE 2

COOLING

ANTIOXIDANT
ADDED

DECANTER

SEPARATOR

FISH OILSTICKWATER

EVAPORATOR

CONCENTRATE

CENTRIFUGE

FISH OIL

GRINDING

FISHMEAL

Figure 9. Flow diagram of the production of fishmeal and fish oil.
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from the solids. After further cleaning in another centrifuge, the edible tallow can

be further processed or refined.

The term refining refers to any purifying treatment to remove impurities in the

tallow. These impurities may include free fatty acids, phosphatides, or other mate-

rial found undesirable in the fat. The terms exclude bleaching and deodorizing.

Bleaching refers to the treatment of the tallow solely to reduce the color of the

oil. Deodorization is the term used for the removal of volatile fractions in the fat

RAW MATERIAL

RAW MATERIAL
PIT

DRAINER OR PIT
SCREEN

VERTICAL
SCREEN

HOLDING TANK

EVAPORATOR
OR SETTLING

TANK

CENTRIFUGE

YELLOW GREASE

Figure 10. Flow diagram of the production of yellow grease.
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(e.g., free fatty acids and peroxide/degradation products), that may cause off-flavors

and off-odors.

Individual fatty acids are produced by ‘‘splitting’’ the triacylglycerol to form

fatty acids and glycerol. The glycerol is then separated and sold as a byproduct.

Distillation is used to separate and purify the fatty acids for a wide range of indus-

trial applications, including surfactants, soaps, plastics, resins, rubber, paints, lubri-

cants, textiles, and cosmetics.

CUT FAT AND
KILLING FATS GRINDER

DISINTEGRATOR

DECANTER
CENTRIFUGE

CRUDE FAT

SURGE TANK

CRACKLINGS OR
PROTEIN

DESLUDGING
CENTRIFUGE SLUDGE TANK

FAT TANK

Figure 11. Flow diagram for the production of edible tallow.
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Hydrogenation is the addition of hydrogen to the carbon-carbon double bonds

in the presence of a metal catalyst, which results in the conversion of liquid oils

to hard or plastic fats and soft fats to firmer products. It also results in improved

resistance of the fats and oils to deterioration through oxidation.

4.2.3. Fish Oil The liquid removed from the fish presscake is separated by centri-

fugation into an oil fraction and a water-soluble protein fraction called solubles.

The solubles are often concentrated by evaporation and either added back to the

presscake before drying, sold separately as ‘‘fish solubles,’’ or discarded. Fishmeal

plants operating onboard fish processing ships usually discard the solubles.

The fish oil produced after the solubles have been removed can be further pro-

cessed and used in various applications, such as components of paint, feed ingredi-

ents for aquaculture diets, edible oil used in preparing a variety of human foods, and

pharmaceutical uses. Currently, the primary pharmaceutical application is in the use

of fish oil for its high omega-3 fatty acids. Fish oil was always considered as an

edible oil outside the United States and as an industrial oil within the United States.

The primary use for the oil in foods was in the hydrogenated form until the mid-

1990s when the health issues related to trans-fatty acids caused a major shift in the

market. The shift moved the market away from hydrogenation and toward use in

aquaculture diets where the omega-3 fatty acids in the oil are considered essential

for carnivorous fish. The US FDA GRAS (generally recognized as safe) affirmation

of hydroagenated menhaden oil in 1989 and nonhydrogenated menhaden oil in 1995

opened the U.S. market to fish oil, especially in the nonhydrogenated form where

the omega-3 fatty acids were considered beneficial to health. The approval of a

qualified health claim (QHC) for omega-3 fatty acids and their effect on cardiovas-

cular disease in late 2004 will further open up the food market to fish oils (8).

5. PRODUCT COMPOSITION

The rendering process converts raw animal or fish tissue into various protein, fat,

and mineral products, all of which are transformed into rich granular-type powders

and fats with specific nutritional and chemical components. The animal byproduct

raw material has approximately 60%þ of water and yields about 20% protein and

20% fat. These protein, fat, and mineral fractions are then available for a variety of

uses. The annual volume in the United States approximates 4.2 million metric tons

of animal protein and 4.2 million tons of rendered fat.

5.1. Proteins

The major animal protein ingredients are all important feed ingredients for live-

stock, poultry, aquaculture, and pet food diets throughout the world. Meat and bone

meal (MBM), meat meal, and poultry byproduct meal (PBM) comprise the largest

available quantities. Animal proteins contribute not only protein but are also

excellent sources of amino acids, fat, essential fatty acids, minerals, and vitamins.

Thus, when compared with other protein ingredients, multiple nutrients are derived

from animal protein ingredient sources in addition to the protein and amino acids.
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5.2. Protein Product Specifications

The typical nutrient composition of the four most common animal proteins and fish-

meal is shown in Table 5 (8, 10).

5.3. Fats

The animal feed industry is a major user of rendered animal fats, recycled restau-

rant grease, and cooking oils. Fats are the highest caloric dense feedstuff and food-

stuff. In addition, fats and certain of their component fatty acids are essential and

indispensable for body functions in addition to their caloric function. The U.S.

rendering industry processes about 5.3 million metric tons (MMT) of the following

fats on an annual basis:

� Edible tallow—0.74 MMT

� Inedible tallow—1.75 MMT

� Lard and grease—0.59 MMT

� Yellow Grease—1.20 MMT

� Poultry fat—1.01 MMT

TABLE 5. Composition of Various Rendered Animal Proteinsa and Menhaden Fishmealb.

Poultry

Meat and Blood Feather By-Product Menhaden

Bone Meal Meal Meal Meal Fishmeal

Crude Protein, % 50.4 88.9 81.0 60.0 61.25

Fat, % 10.0 1.0 7.0 13.0 9.13

Calcium, % 10.2 0.4 0.3 3.0 4.87

Phosphorous, % 5.1 0.3 0.5 1.7 2.93

TMEN, kcal/kg 2666 3625 3276 3120 3025

Amino Acids, % of Sample

Methionine, % 0.7 0.6 0.6 1.0 1.61

Cystine, % 0.7 0.5 4.3 1.0 0.55

Lysine, % 2.6 7.1 2.3 3.1 4.55

Threonine, % 1.7 3.2 3.8 2.2 2.44

Isoleucione, % 1.5 1.0 3.9 2.2 2.32

Valine, % 2.4 7.3 5.9 2.9 2.83

Tryptophan, % 0.3 1.3 0.6 0.4 0.48

Arginine, % 3.3 3.6 5.6 3.9 3.68

Histidine, % 1.0 3.5 0.9 1.1 1.52

Leucine, % 3.3 10.5 6.9 4.0 4.32

Phenylalanine, % 1.8 5.7 3.9 2.3 2.17

Tyrosine, % 1.2 2.1 2.5 1.7 1.83

Glycine, % 6.7 4.6 6.1 6.2 4.49

Serine, % 2.2 4.3 8.5 2.7 2.51

aReference (10), b Reference (8).
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This annual volume is about one-third of the total U.S. production of fats and oils

(10). No data exists on the global production of these rendered animal fats.

5.4. Fat Product Specifications

The typical fatty acid composition of these rendered animal fats and fish oil is

shown in Table 6 (11, 12). Rendered animal fats can also be characterized by their

TABLE 6. Comparison of the Fatty Acid Compostion % of Various Rendered Fatsa and

Fish Oil.

Chicken Yellow Choice White Tallow Gulf Menhaden

Fat Grease Grease Fish Oib

C8:0 <0.10 <0.10 <0.10 <0.10

C10:0 <0.10 <0.10 <0.10 <0.10

C11:0 <0.10 <0.10 <0.10 <0.10

C12:0 <0.10 <0.10 <0.10 <0.10

C14:0 0.57 0.70 1.57 2.73 9.65

C14:1 0.26 0.14 0.36 0.50

C15:0 <0.10 0.11 0.26 0.43 1.78

C15:1 <0.10 <0.10 <0.10 0.16

C16:0 22.76 14.26 22.04 22.99 13.33

C16:1 8.37 1.43 5.03 2.86 12.67

C16:2 <0.10 <0.10 <0.10 <0.10 2.18

C16:3 <0.10 <0.10 <0.10 <0.10 2.92

C16:4 <0.10 <0.10 <0.10 <0.10 1.74

C17:0 0.11 0.33 0.63 1.35 2.54

C17:1 0.12 0.23 0.43 0.75

C18:0 5.36 8.23 9.95 19.44 3.06

C18:1 42.07 43.34 42.45 41.60 10.75

C18:2 17.14 26.25 13.17 3.91 1.91

C18:3 1.07 2.51 0.97 0.49 1.5

C18:4 0.22 0.47 0.29 0.36 2.30

C20:0 <0.10 0.33 0.14 0.14 0.19

C20:1 0.45 0.48 0.56 0.33 1.03

C20:2 0.20 <0.10 0.19 <0.10 0.15

C20:3 0.19 <0.10 0.12 <0.10 0.30

C20:4 0.45 <0.10 0.34 <0.10 1.84

C20:5 <0.10 <0.10 0.11 <0.10 13.07

C21:5 <0.10 <0.10 <0.10 <0.10 0.76

C22 <0.10 3.50 <0.10 <0.10 0.11

C22:1 <0.10 <0.10 <0.10 <0.10 0.25

C22:2 <0.10 <0.10 <0.10 <0.10

C22:3 <0.10 <0.10 <0.10 <0.10

C22:4 0.10 <0.10 <0.10 <0.10 0.21

C22:5 <0.10 <0.10 0.14 <0.10 2.56

C22:6 <0.10 <0.10 0.22 <0.10 6.84

C24 <0.10 0.12 <0.10 <0.10 0.29

C24:1 <0.10 <0.10 <0.10 <0.10 0.56

Unknown 0.56 0.72 1.03 1.96 5.51

IV 80 75 65 50 165

a Reference (11), b Reference (12).
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degree of hardness or melting point. A comparison of the different animal fats is

given in Table 7 (10, 12).

5.5. End Uses

The U.S. livestock sector slaughters 139 million head of cattle, calves, sheep, hogs,

and horses and nearly 36 billion pounds of poultry annually. In addition to protein

for human consumption, the system produces a large amount of byproducts that are,

in turn, transformed into highly valuable feed and industrial products. The task

of transforming byproducts from slaughterhouses and packing plants into safe

and valuable products lies with the renderers. Animal offal (including viscera,

heads, bone, blood, and other waste) is the primary raw material for rendering

operations, along with waste generated from restaurants, grocery stores, and butcher

shops. From this raw material, renderers manufacture meat and bone meal (MBM)

for use in livestock feed, as well as tallow, greases, and various other products of

value to the feed, industrial, and food processing industries (13).

The rendering industry performs functions vitally important to the livestock

and poultry sectors: It provides an outlet for over 23 million tons of byproducts

from meat packers, poultry processors, restaurants, retail meat stores, and other

entities in the United States alone. From this waste, the rendering industry pro-

duces about 5 million tons of protein ingredients, highly valued by the feed

industry. Also produced is a wide range of other lipid materials used in various

feed and industrial applications, which amounts to over 4.5 million tons in the

United States.

6. PROTEINS

Rendered animal proteins are especially valuable to the livestock and feed indus-

try because of their high protein content, digestible amino acid levels (especially

lysine), mineral availability (especially calcium and phosphorous), and relatively

low cost in relation to their nutrient value. They have few close substitutes in

most rations, although specific feeding characteristics of animal products can be

TABLE 7. Titer and Iodine Values of Fat from Various

Livestock Speciesa Including Menhaden Fish Oil.

Species Titer, �C (�F) Iodine Value

Sheep 44–48 (111–118) 42–43

Cattle 42–45 (108–113) 43–45

Hogs 36–40 (97–104) 64-65

Horses 35–38 (95–100) 80–85

Poultry 31–35 (89–95) 77–80

Menhadenb Not available 150–200

aReference (10), bReference (12).
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reproduced to some degree using vegetable protein sources (e.g., soybean meal)

supplemented with minerals and synthetic amino acids where necessary, but often

at significantly higher cost. For most feeding applications, animal proteins provide

one of the lowest cost balanced nutrients compared with plant-based or synthetic

alternatives. For other applications, the natural forms of amino acids (e.g., lysine

in blood meal) are the only effective source (10).

6.1. Protein Prices

Rendered animal proteins are commodities and compete on the world market with

other sources of protein. A comparison of meat meal, fishmeal, and soybean meal

prices is shown in Figure 12. In this case, the soybean meal with 49–50% protein is

basis Decatur, the soybean meal with 44% protein is also basis Decatur, the meat

meal with 59% protein is basis Kansas City, and the fishmeal with 60% protein is

basis U.S. Gulf Coast (5).

7. FATS

Rendered fats have many nonfood and nonfeed uses. In the United States, most of

the rendered fats are derived from beef animals (tallow), swine (lard), and poultry

(poultry grease or poultry fat). Some minor amounts of fats are derived from other
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Figure 12. Commodity prices of several protein sources (5).
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species such as sheep (mutton tallow) and fish. Some users prefer to use the term

fats to describe rendered products with titers of more than 39�C and the term oils to

describe those products with titers of less than 39�C. Rendered fats with lower titers

may also be referred to as greases, as shown previously in Table 7.

The industrial uses of the different fats depend on the characteristics of such fats

as determined by analyses such as titer, fatty acid profile, free fatty acid content (or

sometimes acid value), saponification value, refined and bleached (R&B) color,

peroxide value, and by the absence of impurities, such as moisture and unsaponi-

fiable matter. Some abbreviations may be used, such as FFA for free fatty acids and

IV for iodine value.

Rendered fats may be further processed by refining, bleaching, and deodorizing,

and these may be used as raw materials in hydrogenation, hydrolysis to fatty acids,

and trans-esterification to fatty esters. Many factors affect the suitability of ren-

dered fats for such use; these include

� The types and blends of animal byproducts to be rendered.

� The storage conditions of the animal raw material byproducts before processing.

� The methods and procedures of the rendering process used.

� The storage conditions of the rendered fats after processing.

Rendering plants in the United States produce a wide variety and types of fats with

widely varying characteristics. For example, in the southeastern United States, the

swine and poultry meat-processing industries generate a large part of the total meat

byproducts available, and many rendering facilities process a blend of these swine

and poultry raw materials along with beef raw materials.

The inclusion of different species in rendering can generate quite different char-

acteristics for rendered fat products. The inclusion of poultry byproduct raw mate-

rial and swine byproduct raw material will generally lower the titer of a ‘‘tallow’’

product, because of a change in fatty acid profile toward more unsaturation. The

standard grades, specifications, and quality tolerances for tallow and greases can

be found in the American Fats and Oils Association (AFOA) trading and arbitration

rules. Some of these specifications include titer, iodine value, free fatty acids,

refined and bleached color, moisture, impurities, and unsaponifiables. These

AFOA specifications are shown in Table 8 (14). Titer and iodine value (IV), both

being a measurement of fat hardness, are important because the hardness of fat var-

ies with different animal species. Hardfats make firm soaps, whereas soft fat makes

soft soap. The harder fats resist oxidation more than the softer fats, so that the fir-

mer soaps do not go rancid as fast as the softer soaps. Free fatty acids (FFA) provide

a measure of the amount of hydrolysis that has taken place within the fat molecule.

Time, temperature, and the presence of moisture all favor the hydrolysis of fat into

free fatty acids and glycerol. Refined and bleached color (R&B) is a factor that is

determined by the degree of damage done to the fat. A low R&B color indicates

the fat was rendered from high-quality raw materials by using good rendering

techniques, which is important for finished soap quality. Moisture, impurities,
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and unsaponifiables (MIU) are important determinants of fat quality. Excess MIU

will cause deterioration of the fat during storage; therefore, the lower the MIU, the

better the quality. Sterols are generally the major portion of the unsaponifiable

fraction.

The major use of rendered fats is in the production of tallow soaps and in the

area of fat hydrolysis, splitting triglycerides into fatty acids, and byproduct glycer-

ine. As the soap-making industry grew and became more refined, the quality stan-

dards and specifications for animal fat became more precise to meet the soap

industry’s need. The specifications and terminology, from the soap industry, form

the basis for the quality standards and characteristics used today.

Rendered fats have many other industrial uses. In these other uses, more than

70% require such processes as refining, bleaching, filtration, hydrogenation,

trans-esterification, and winterization before they can be converted to more useful

products. All of these products and processes fall under the general category of

oleochemistry.

7.1. Fat and Oil Prices

Rendered animal fats are commodities and compete with other fats and oils on the

world market. A comparison of some of these products is shown in Figure 13. In

this figure, the fish oil price is for crude oil any origin costþ insuranceþ freight

(CIF) N.W. Europe, the lard is EU unrefined 0.5%, the tallow is U.S. bleachable

fancy, CIF Rotterdam, and the palm oil is crude oil CIF N.W. Europe (3).

TABLE 8. Rendered Fats Specifications (14).

Titer, FFA, FAC Color R&B Color, MIU1,

Grade �C min % max max max % max

Edible Tallow 41.0 0.75 3 None a

Edible Lard 38.0 0.50 b None a

Top White Tallow 41.0 2 5 0.5 1

All Beef Packer Tallow 42.0 2 None 0.5 1

Extra-fancy Tallow 41.0 3 5 None 1

Fancy Tallow 40.5 4 7 None 1

Bleachable Fancy Tallow 40.5 4 None 1.5 1

Prime Tallow 40.5 6 13-11B None 1

Special Tallow 40.0 10 21 None 1

No. 2 Tallow 40.0 35 None None 2

‘‘A’’ Tallow 39.0 15 39 None 2

Choice White Grease 36.0 4 13-11 B None 1

Yellow Grease c 15 39 None 2

1 MIU: Moisture, Insoluble Impurities and Unsaponifiables.
a Moisture maximum 0.20%. Insoluble impurities maximum 0.05%.
b Lovibond color for 5.25 inch cell: maximum 1.5 red. Lard peroxide value: 4.0 Meq/Kg maximum.
c Titer minimum, when required, to be negotiated between buyer and seller on a contract-by-contract basis.
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8. OLEOCHEMISTRY

Basic oleochemicals are produced by splitting oils and fats and then reacting the

split materials to produce glycerine, fatty acids, esters, amines, amides, alcohols,

and other compounds (15). Any reaction that can take place at the carboxyl end

or the double bond (see Figure 14) offers the opportunity for a potential product
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Figure 13. Commodity prices of selected fats and oils (3).

OLEOCHEMISTRY

Any reaction that takes place at the double bond

Any reaction that takes place at the carboxyl group

C - C = C - C = C - C

C - C = C - C = C - COOH

Figure 14. Oleochemistry definition.
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or group of products, but in actuality, about 95% of the reactions take place at the

carboxyl end and 5% at the double bond (16). These products are classified as nat-

ural oleochemicals to distinguish them from synthetic oleochemicals, which are

derived from petrochemicals such as ethylene, paraffin, and propylene. Tradition-

ally, tallow, coconut, palm, and palm kernel oil are the major oleochemical raw

materials, and only about 20% of the total world production of fats and oils goes

into the nonedible market. Other oils such as tung, castor, and linseed have special

uses in the industrial market, but their relative volume is small and their prices high

because they have specialized properties. Oleochemicals are used across all markets

including technical, food, personal care, and agricultural uses; therefore, when one

begins to look at quantities, the potential for overlap exists. A tendency to overlook

these oleochemical uses also exists, especially when more lucrative markets for the

oil or fat exist. For example, the industrial applications for fish oils have never

received much attention outside the United States because of the general edible

use of the oil throughout the world and the overwhelming interest in the omega-

3 fatty acids and their possible incorporation into foods. However, marine oils

have a long and respectable history in technical (industrial) products. This history

developed within the United States where marine oils were not considered edible

until the affirmation as GRAS for menhaden oil was approved in 1989 for hydro-

genated menhaden oil and 1995 for refined or nonhydrogenated menhaden oil.

Some of these industrial uses are shown in Figure 15 (17).

As a result of the current demand for biodegradable and environmentally

friendly sources of raw materials, these uses have a place in the marketing of mar-

ine oils well into the twenty-first century and will command premium prices if spe-

cial niches for the oil can be developed. The competitiveness of the oleochemicals
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Figure 15. Some of the industrial applications of marine oils (17).
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and their opportunities usually lie with economics, but today, a universal awareness

exists of protection of the environment, sometimes called the ‘‘green’’ revolution,

and in these cases, economics becomes less important. The same would hold true

for rendered animal fats and oils.

Much of the current interest in oleochemicals centers on the lauric type oils,

coconut, palm, and palm kernel oil because of the physical properties that these

medium-chain fatty acids impart to the finished products. So the demand for the

longer chain fatty acids, such as found in fish oils and animal fats and oils, is

not as great in some markets, but might be essential in others.

8.1. Production of Oleochemicals

Oleochemicals are derivatives of fats and oils that are used in the chemical industry

to produce a wide variety of products that are then used in numerous applications.

The chemical reactions that are used require clean, relatively high-quality raw

materials in most, but not all, cases. Some of these markets purchase raw materials

on price alone, so they usually get the lowest quality oils. The successful operation

can take the cheapest waste oils and convert them into high-value end-products. A

good example of this is the conversion of spent restaurant grease into bio-diesel

fuel.

The flow diagram for the production of oleochemicals and some of the deriva-

tives produced is shown in Figure 16 (18). Fatty acids and methyl esters are the

main products from which a variety of other derivatives can be manufactured.
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Figure 16. Flow chart of oleochemistry (18).

84 RENDERING



Glycerine, a byproduct, is a major part of the economics. Other reactions also exist

that are not listed here, for example, the heat bodying or blowing (oxidation) of

polyunsaturated oils forms polymers that have unusual properties and are used

in a variety of markets. Boiled or bodied linseed oil is an example of this type of

product.

9. REFINING

In general, crude fish oils and animal fats cannot be used directly to produce oleo-

chemical compounds; they must first be refined or further processed. Free fatty

acids are usually thought of as impurities in commercially available rendered fats.

Consequently, manufacturers of purer grades of tallow will ‘‘refine’’ tallow and

other fats by adding a caustic material compound such as sodium hydroxide to form

soaps of fatty acids, which are washed out with water.

Steam refining and deodorization are sometimes used in place of caustic refin-

ing. New equipment designs have improved refining yields and product quality, and

most modern vegetable oil refiners use some form of these more efficient separation

methods. However, a large percentage of rendered fats processors have not invested

in these technologies and continue to use caustic refining as a means of reducing the

level of free fatty acids and color (19).

During caustic refining, the soaps are either gravity or centrifugally separated

from the neutral fats; then they are typically acidulated to reform free fatty acids,

properly known as acidulated soapstocks, which can be used in animal feeds. This

soapstock acidulation is essentially the same process used for the processing of

vegetable oil soapstocks. Costs of manufacturing are affected by refining losses,

because the acidulated soapstocks are sold for a price somewhat less than the ori-

ginal rendered fat. Acidulated soapstocks contain some proteinaceous material,

gums, and some unsaponifiable matter washed out with the soaps in the refining

process. Consequently, soapstocks are usually darker than the original fat, and

they have a lower nutritional value when used in animal feeds.

A major item in the efficiency of processing rendered fats is the neutral oil loss

associated with caustic refining. In tallow-derived chemicals, a general rule of

thumb is used that suggests that an average loss of fatty acids and neutral oil will

be approximately equal to 1.5 multiplied by the initial free fatty acid content of

the fat, assuming that the initial FFA is less than 5% (20). Consequently, a refiner

who buys tallow from a renderer that typically supplies a product with 3% FFA

should expect a loss of approximately 3% multiplied by 1.5; that is 4.5%. Com-

pared with gravity separation of the soap water in a tank, centrifugal separation

of soaps and water from the neutral fat may lead to better yields during the refining

process.

Any new developments by equipment manufacturers in vegetable oil refining are

transferable to rendered fat processing. In-line monitoring of the free fatty acid

(FFA) content with automatic addition of the caustic solution followed by mixing

and separation by centrifuge has improved refining yields. Some processors have
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been able to improve profitability by improving yields as they switch from batch

processing to a continuous operation. The equipment and procedural advances

that can improve refining yields mentioned earlier have been slow to be implemen-

ted in most instances, however, because of the initial costs of the equipment com-

pared with the yearly savings in chemicals and fat yields. Silica refining has been

used in the refining and bleaching of vegetable oils to improve efficiency and qua-

lity of the finished oil (21).

Poultry grease or fat is a rendered fat product that presents special problems in

refining because of the presence of a significant amount of gums (phospholipids).

During conventional caustic refining and washing, these gums can emulsify neutral

poultry grease with the soap and water wash, leading to drastic reductions in

refining yields. Some improvements in poultry grease refining yields have been

seen when prerefining steps are used such as saltwater washing as a degumming

step.

Although not a well-known fat in the industrial area, poultry grease has some

characteristics that make it potentially valuable. Poultry grease has a low titer,

usually within the range of 32–36�C, which causes it to be a liquid oil at room tem-

perature (22). If left to settle at room temperature, poultry grease separates into two

fractions: one clear and liquid and the other opaque but still fairly liquid. Either or

both of these layers might be used as a cheaper substitute for certain grades of

neatsfoot or lard oils or might also be used as a raw material for low cloud point

esters such as low cloud, low fallout substitute for methyl tallowate and methyl lar-

date. Improvements in the refining characteristics of poultry grease may lead to

improved economy in the production of refined poultry grease, which would

make it more price competitive as a substitute for other fats and oils.

10. BLEACHING OR COLOR REDUCTION

The bleaching of rendered fats, typically using commercially available bleaching

clays, is done to remove color bodies and other contaminants that darken the color

of the fat. Raw rendered fats are usually described by FAC (the Fat Analysis Com-

mittee of the American Oil Chemists Society) colors as outlined by the American

Oil Chemists’ Society (AOCS) Method Cc13a-43. The AOCS notes that the 1992

version was declared obsolete and was removed from the book of methods in 1993.

However, its use is not precluded and its official method status is not changed.

After the bleaching process, the reduced color fats are usually described using

the Lovibond 5.25-inch scale, correctly known as the AOCS Wesson color, but also

as AOCS Lovibond color or just Lovibond color. The method is outlined as Method

Cc 13b-45 by the AOCS (23). In bleaching rendered fats, bleaching earth, com-

monly known as bleaching clay, and possibly a filtration aid such as diatomaceous

earth, may be added to the fat, which is agitated then filtered. Adequate filtration

has been obtained by using both plate and frame presses and pressure leaf filters.

Advantages to each type exist, but for larger operations, a pressure leaf filter is

typical.
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Bleaching and color reduction are important in removing contaminants and also

in improving the perception of quality in textile sizing applications. For example,

the application of bleached tallow or bleached hydrogenated tallow on textile

fabrics is preferred over the use of darker fats. When color requirements become

important in the use of rendered fats, processors must pay careful attention to

raw material selection. An important analysis of the rendered fat is R&B color,

or refined and bleached color.

As a result of processing methods, condition of the original byproduct raw mate-

rial, storage conditions, and other factors, rendered fats may have a minimum color

that can be achieved by refining and bleaching. This ‘‘best attainable color’’ can be

determined by the AOCS Method Cc 8d-55, refined and bleached color (tallow and

greases for soaps). The various grades of rendered fats reflect different R&B color

values as outlined by the AFOA (14).

11. USES OF REFINED AND BLEACHED FATS

Refined and bleached fats may be described as such or may bear the product name

acidless, such as acidless tallow. These fats are primarily used as raw materials for

further processing steps or as a raw material for reactions, but also may be used as

finished products in areas where their reduced FFA content and lighter color make

them more suitable than the original rendered fat. Uses to be noted are as textile

sizing compounds, additives, and lubricants in metalworking and leather proces-

sing. Cloth soaked in acidless tallow has been placed along the edge of cardboard

tube manufacturing lines to apply a thin coating of fat to the ends of the tube to

assist the tubes in sliding down a metal track.

12. HYDROGENATION AND HYDROGENATED PRODUCTS

Hydrogenation reduces the level of unsaturation, which increases the titer and

melting point of the rendered fat. For example, fully hydrogenated tallow will

have a titer of 59–61�C. Fully hydrogenated lard can have a titer 1–2�C higher,

because of its slightly higher stearic content and slightly lower palmitic content

(24). Industrial users of hydrogenated fats can make serious errors when trying

to use melting point as an analytical measure rather than titer. Triacylglycerols of

varying amounts of long-chain fatty acids are known to exhibit a high degree of

polymorphism (25). Different crystallization conditions can lead to varying melt

points for the same product, and the misuse of melting points in analytical work

or product selection may give the user the false impression that the fully hydroge-

nated fat product does not meet specifications. This problem can be remedied by the

use of titer to describe the joint effect of chain length and unsaturation as it relates

to melting point. If an industrial user is concerned about levels of unsaturation only,

iodine value should be used. A fatty acid composition analysis using gas chroma-

tography, however, is the most accurate measurement.
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Hydrogenated fats find major uses in the textile industry as lubricants and soft-

ener additives in sizing compounds. Sizing is a term used to denote the thin film that

is used to coat fibers that are to be woven together. Sizing compounds can consist of

tallow, hydrogenated tallow, plant starches (such as corn starch), polyvinyl alcohol,

and adjuvants (such as emulsifiers, defoamers, and other materials). The blend of all

of these materials is known as a sizing compound, or informally as ‘‘size’’ (26). The

hydrogenated tallow used as an ingredient in sizing compounds is referred to as

sizing wax. The term wax refers to the white, waxy appearance of the solid particles

of hydrogenated tallow in flake or prill form. The purpose of using fat-derived pro-

ducts as fiber lubricants is to impart a thin film coating on the yarns, which reduces

friction and abrasion between the yarns and the textile weaving equipment and

between the yarns themselves. Some fat products act as softeners, giving a softer

feel to the fabric and decreasing the brittleness of the size film through a plasticiz-

ing effect. Many different formulations exist for sizing compounds. The ‘‘feel’’ of

the resultant fabric, or hand, can be changed with a specific formulation of the main

ingredients or with the addition of additives. In some instances, unhydrogenated or

bleached tallow is added to reduce the melting point of the sizing wax to provide

different hand properties to the fabric and to aid in the removal of the sizing film

from the fabric (26). In some cases, other triacylglycerols are added that impart

different sizing properties to the formula. Examples are vegetable oils such as cano-

la and other rendered fats such as hydrogenated menhaden oil and unhydrogenated

tallow.

Compared with hydrogenated tallow, the use of hydrogenated menhaden oil

gives improved lubricity per pound of ‘‘wax’’ used while also reducing the melting

point of the formula. However, the high cost of hydrogenated menhaden oil com-

pared with the cost of hydrogenated tallow keeps it from being more fully used.

The characteristics of hydrogenated fats can be modified with the addition

of unhydrogenated fats. In metal buffing and polishing compounds, a blend of

hydrogenated fat and unhydrogenated fats or oils may form a paste with a lower

melting point than the hydrogenated material alone. This paste can be used as a

base for the abrasive material in the compound. At times, these products are

impregnated in buffing pads, which can be used with mechanical polishers.

Industrial products consisting of, or containing blends of, two different melting

point fats may exhibit properties that reflect the mixture of triacylglycerols. When

melting points are used as quality assurance measures, blends tend to exhibit melt-

ing ranges as opposed to melting points. For example, Wax 725 is a brand name for

a textile wax made of approximately 75% hydrogenated tallow (titer 60�C) and

25% bleached tallow (titer 42�C). The resultant product has a titer of about

54�C. In melting point determination tests, Wax 725 tends to begin melting at about

45�C and completes melting at about 59�C. If Wax 725 is produced by the partial

hydrogenations of tallow, i.e., to an iodine value of 10–12 or a titer of 54�C, this

melting range becomes more of a melting point of approximately 56�C. Oleostear-

ine is another product that can consist of varying percentages of hydrogenated fats

and unhydrogenated fats.
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In an effort to satisfy varied customer requirements, manufacturers have made

different grades available, each differing only in the titer or melting point. The

melting point can be changed by varying the percentages and types of hydrogenated

fat and unhydrogenated fat used. Users of these oleostearine products include man-

ufacturers of the metal polishing compounds, paste lubricants, and oils for leather

processing.

In leather processing, natural oils from the hides are lost or ‘‘washed out.’’ The

resultant leather products would be cracked and dry without a process step that

replaces those natural oils. Leather processors can use a variety of fats: neatsfoot

oil, lard oil, tallow, lard, poultry ‘‘oil’’, different types of fish oils, hydrogenated or

partially hydrogenated fats, and some vegetable oils. After processing, the finished

leather products must be flexible and somewhat soft, depending on the application,

but must not have an oily surface. The fat also gives some degree of water repel-

lency. Relatively saturated oils are best for this purpose and the high natural level of

saturation of rendered fats make them more suitable than other less saturated oils.

Unsaturated oils such as fish are first oxidized with air (blowing) to reduce the unsa-

turation and increase the viscosity.

In leather processing, the fats are melted, and the ‘‘fat liquor’’ is pumped or

poured to a long, narrow vat. Hides are soaked in the melting fat or oil at a tem-

perature and time that allows them to absorb the fat. The hides are removed from

the vat and allowed to drip ‘‘dry’’ before the further processing of the leather. In

dyed leather products, such as horse reins, shoes, or fashion accessories, the fat

deposited inside the leather should not migrate from the inner areas to the surface.

Less saturated fats flow more freely through the leather, can leave an oily film on

the surface, and are quickly dissipated from the inside and from the surface. Flexi-

bility of the leather fibers is lost, leading to cracking and a general weakening of the

leather. More highly saturated fats can still migrate through the leather, especially at

higher temperatures, and after many cycles of heating and cooling, the solid fats can

be seen on the leather surface as a dusty, waxy powder called ‘‘spew.’’

Oleostearine is an important fat in the leather-processing industry because it is

unsaturated enough to provide good lubricating qualities and does not leave a pow-

dery residue on the surface, yet it is saturated to the degree that migration through

the leather is reduced. There have been recent advances in the use of fat liquors that

are adsorbed by the leather, then polymerized in place to reduce the possibility of

fat migration to the surface.

13. TRANS-ESTERIFICATION AND FATTY ACID ESTERS

Many fatty chemicals are manufactured from the fatty acids produced by the hydro-

lysis of natural fats and oils. However, some fatty chemicals can be produced with-

out the need for this step, and the fatty acids can be trans-esterified from the base

glycerine molecule to the lower chain length alcohols such as methanol or butanol.

Trans-esterification of rendered fat triacylglycerols with these lower chain length
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alcohols produce esters of the alcohols and glycerine as a byproduct. Examples are

methyl lardate and butyl tallowate.

Usually, a rendered fat with a low free fatty acid content is required, although

some continuing work exists in reacting yellow grease with a high FFA (15%)

by first reacting the free fatty acids, then reacting the acylglycerols. Hydrogenated

tallow is approximately 67% stearic acid and its reaction with methanol produces

a high-quality methyl stearate used as textile and metalworking lubricants and a

textile softener.

The reaction of hydrogenated tallow with butanol produces butyl stearate, which

is used in some metalworking formulations and as a lubricant for threads in the

coning process. As thread or yarn is being spun from the original fibers, cotton

for example, a thin coating of the butyl ester can be sprayed on the thread as it

is being wound on the cardboard cone. This thin film of butyl ester lubricant

reduces friction and abrasion when the yarns are used later in the weaving

process.

As rendered fats are composites of different fatty acid chain lengths with differ-

ent levels of saturation, raw material selection is guided by the fatty acid profiles of

the rendered fats. Butyl stearate made from triple-pressed stearic acid has a higher

palmitic to stearic ratio (ca. 1:1) than butyl stearate made from hydrogenated tallow

(ca. 0.5). Although this gives the hydrogenated tallow butyl stearate a higher stearic

content, it also gives it a higher cloud point, which may make it less desirable as a

lubricant. An official method exists for determination of cloud point, AOCS Method

Cc 6-25. Generally, a clear, heated sample is cooled in an ice water bath until the

product turns cloudy. Differences in cloud point methods have led to other confus-

ing descriptions such as haze point, fallout, and fallout percent.

The term haze point has been used to describe the temperature at which cloudy

material begins to form in a cooled sample. Fallout is another confusing term. In the

metalworking industry, a 4-oz. glass bottle containing the sample is allowed to sit at

room temperature for 48 hours. The fallout percent can be estimated volumetrically.

It is suggested that suppliers and users abide by industry standard methods when

describing this aspect of rendered fats (23).

Some butyl stearate manufacturers distill unreacted acylglycerols from the react-

ed butyl stearate and, in doing so, selectively maximize the butyl palmitate fraction

while leaving the butyl stearate fraction. These ‘‘distilled’’ or fractionated butyl

stearates from hydrogenated tallow can approach the low cloud points and fatty

acid profiles of the butyl stearate derived from triple-pressed stearic acid, some-

times with much improved economics. In most applications, complete removal of

any free butanol by postreaction stripping is important. Heating during the indus-

trial use of butyl stearate can lead to the release of alcohol vapors from the lubricant

creating odor and safety problems.

Methyl esters of rendered fats have many important uses as industrial chemicals.

Methyl esters of hydrogenated tallow are also known as methyl stearate because of

the high stearic content. A similar product is known as hydrogenated methyl tallo-

wate. In this case, the tallow is methylated first, and then hydrogenated. Except for

fractionation steps, these products exhibit identical fatty acid profiles, which qualify
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them as industrial-grade methyl stearate. Methyl tallowate and methyl lardate are

used extensively as lubricant bases and as additives in metalworking formulations

with applications in the processes of polishing, grinding, honing, cutting, and wire

forming. Two important elements in the area of quality assurance analysis in methyl

ester use are cloud point and fallout, but as mentioned earlier, precautions should be

taken that standard methods for those analyses are used.

Most methyl ester manufacturers use cloud point as an indication of quality. The

completion of the reaction can be gauged by reacting an in-process sample with

excess methanol and then determining whether additional glycerine is produced.

Cloud point determination gives a quicker method to determine how far the reaction

has progressed because the unreacted acylglycerols will have a higher cloud point

than the methyl ester. Methyl lardate has cloud points ranging from 9–11�C, whereas

methyl tallowate is marginally higher, 10–12�C, depending on raw material

sourcing.

Haze point is another quality assurance tool that can be used in conjunction with

cloud point. Haze point is defined as the point at which the sample starts to become

hazy as it is cooled to the cloud point. In a study of partially reacted versus fully

reacted methyl esters of tallow and lard, it was found that fully reacted methyl

esters exhibit haze points much higher; on esters in which approximately 95% of

the original fatty acids as acylglycerols had been reacted to methyl ester, the haze

points ranged from 5–8�C higher than the cloud points. As measured in this manner,

haze points are not approved methods by AOCS standards; however, the manufac-

turer or user of methyl esters may find these data useful.

Again, it is important to note that methyl esters of lard and tallow are the sum of

the methyl esters of fatty acids found in the original fat. Methyl lard for example,

will contain methyl myristate, methyl palmitate, methyl stearate, methyl oleate,

methyl linoleate, and methyl linolenate in the same percentages as the lard used

as the raw material, unless the manufacturer fractionates the material, thereby

selecting methyl esters of certain fatty acids over others.

Some metalworking formulators have noted ‘‘fallout’’ problems with methyl

lardate and methyl tallowate if their products are stored in drums or tanks without

agitation, especially in cooler weather. Over time, the saturated fatty acid esters

tend to crystallize and settle, leaving a cloudy or opaque substance in the bottom

of the storage container. In sample bottles, this settled opaque material can appear

to be as much as 50% of the volume of the total sample.

It should be noted that the saturated fractions are a natural portion of the pro-

duct and that this fallout is a natural characteristic of the product. Some users

have requested methyl lardate with lower levels of fallout or no fallout. In an

attempt to provide this product, manufacturers have blended certain crystal inhibi-

tors. Up to 15% methyl esters of less saturated vegetable oils have been blended in

to reduce cloud point and fallout, but some problems may result as the unsaturated

fatty esters perform differently in high heat metalworking processes. However,

vegetable oils are typically more expensive than the rendered fats, and the practice

of blending in methyl esters of vegetable oils makes the resultant product more

expensive.
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Isopropanol or other alcohols may be added in the range of 0.5–2% to reduce

cloud point, but this reduces the lubrication value of the esters. In addition, the

ester will exhibit a lower flash point, and if the fatty ester application involves

heating, the heated alcohol may vaporize leading to safety or odor problems. In

storage tanks, a more practical solution has been for metalworking formulators to

circulate the product periodically to make sure that settled esters are mixed well

with the top layers. Appearance problems with endusers of metalworking com-

pounds have been created when the fatty ester was not agitated or recirculated

to provide a thoroughly mixed product before its use in the formulation. A layer

of cloudy material was pumped from the bottom of the tank leading to the

appearance of haze in the final product. Samples can be taken from the top and

bottom of storage tanks and then compared, either visually or by running a cloud

point, to determine whether the fatty ester has settled. The settling rate depends on

the relative levels of saturation of the fatty esters, the temperature, and the settling

time.

Butyl ester of lard, or butyl lardate, has been used as a textile softener and

lubricant to replace butyl oleate. Butyl oleate raw material sources have ranged

from oleic acid to canola oil. Butyl lardate gives a much more saturated product,

which imparts certain stability advantages in this area. Yet it is still somewhat

unsaturated with the butyl oleate percentage reaching as high as 50%. The major

advantage of butyl lardate is its lower cost compared with other substitute

products.

An industrial grade glyceryl monostearate (GMS) is made by trans-esterification

of hydrogenated tallow with methanol to the produce methyl stearate and the bypro-

duct glycerine; the resultant methyl stearate reacted with excess glycerine to pro-

duce a glyceryl monostearate with an a-mono number of approximately 35. GMS

made in this manner is used as a waxy paste in metal lubricants and polishing

compounds and as textile softeners and lubricants. The two hydroxyl groups lead

to a greater water solubility than triacylglycerols, although GMS cannot be describ-

ed as water soluble. Higher grades of GMS with a-mono values of greater than

80% can be produced using fatty acids as raw materials. Some grades are described

as GMS-SE, or self-emulsifying.

In the textile chemical industry, GMS is sometimes modified by the addition of

hydrogenated tallow, which changes the a-mono number, the melting point, and the

emulsification properties of GMS giving the fabric a different feel or ‘‘hand.’’ GMS

produced with hydrogenated tallow as a raw material will contain the same fatty

acid composition as the original hydrogenated tallow; consequently, GMS will also

have a fairly high amount of glyceryl monopalmitate.

13.1. Markets

The oleochemicals and their derivatives are used in a variety of products across

different market segments. Figure 17 outlines a flow diagram showing the fat

and oil producer as the origin through the final finished product for some of the

uses (18).
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14. BIO-FUEL AND BIO-DIESEL PRODUCTS

Chicken fat, yellow grease, choice white grease, and beef tallow are readily avail-

able from meat, poultry, and other food-processing operations and are competitively

priced relative to No. 2 fuel oil. They represent a potential source of energy at 1.2

therms per gallon. At times, the price of fish oil is so low that producers use the oil

as an extender for the fuel oil that is being burned in the plants and some companies
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Figure 17. Flow chart leading to basic olechemicals and their potential markets (18).
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use the fish oil blended into diesel fuel for the fishing vessels. In these cases, the oil

is not modified; that is, it is in the natural triacylglycerol form and has not been

converted to methyl esters.

In 2002 a report was issued by the University of Georgia Engineering Outreach

Service under the Georgia Environmental Partnership Program. In this report,

chicken fat, yellow grease, choice white grease, and tallow were thoroughly evalu-

ated for use as an industrial boiler fuel. The results looked very good and the

analysis of the various fats compared favorably with No. 2 fuel oil. In Alaska,

fish oil has been burned as a boiler fuel for many years because the cost of shipping

the fish oil to markets in the lower forty-eight States makes the oil noncompetitive.

Data from the fish oil work in Alaska appears along with a comparison of the

composition of the various rendered animal fats in Table 9 (11, 27, 28).

Bio-diesel differs from the term bio-fuel in that bio-diesel is conventionally

defined as a bio-fuel that is produced through trans-esterification of the oil or fat

with methyl alcohol resulting in the formation of methyl esters (bio-diesel feed-

stock) and the byproduct glycerine. Bio-diesel can be made from animal fats,

recycled cooking oils, restaurant greases, vegetable oils, marine oils, and others.

The product has been produced in Europe for many years, and European develop-

ment is more advanced than in the United States. Table 10 shows the relative

production of bio-diesel in five European countries compared with the United States

for three different years, 1997, 2000, and 2003 (29).

TABLE 9. Fuel Energy Content of Various Rendered Fats and Oils (11).

Energy

Content

Fuel Btu/Lb Ash Carbon Hydrogen Nitrogen Oxygen Sulfur

Chicken Fat 16873 0.14 75.3 11.4 0.04 13.1 0.006

Yellow Grease 16899 0.02 76.4 11.6 0.03 12.1 0.005

Choice White Grease 16893 0.08 76.5 11.5 0.05 11.6 0.007

Tallow 16920 0.03 76.6 11.9 0.02 11.4 0.003

Fish Oila b 17112 0.032 78.92 11.59 na 10.58 0.004

No. 2 Fuel Oil 19237 0.02 84.0 11.9 0.01 3.78 0.35

na¼not available
a Reference (27), bReference (28).

TABLE 10. Global Bio-Diesel Capacity (2a).

Country 1997 2000 2003

million gallons per year

France 21.0 76.4 98.3

Germany 21.6 61.4 73.7

U S A 1.0 7.0 25.0

Italy 0.4 10.5 23.4

Austria 5.1 6.0 8.3

Belgium 4.5 5.1 6.0

Total 53.6 166.4 234.7
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Most bio-diesel is produced from vegetable oils by a two-step process of acid-cat-

alyzed esterification to convert the free fatty acids to methyl esters followed by an

alkaline-catalyzed trans-esterification step to convert the acylglycerols to methyl

esters. If the free fatty acid content is high, the process becomes more complex

and yields are lower. Reports in the United States indicate that enough feedstock

exists to produce 1.6 billion gallons of pure bio-diesel annually, which represents

excess production and exports that can be diverted to domestic use for fats and oils

(30). The properties and attributes of bio-diesel have been well defined and sum-

marized by the U.S. Environmental Protection Agency (EPA) in 2002. According to

the EPA report, which evaluated 39 different studies, when comparing bio-diesel with

petroleum diesel, the bio-diesel

� Reduced total unburned hydrocarbons by 67%

� Reduced carbon monoxide emissions by 47%

� Reduced particulate matter emissions by 48%

� Increased NOx by 10%

Although the report did not form an official rulemaking by the EPA, it does provide

a government-validated reference for federal, state, and local pollution strategies to

reduce, emissions that are harmful to human health and the environment (31, 32).

15. GOVERNMENTAL REGULATIONS

Two categories of tallow and grease exist: edible and inedible. Edible tallow and

lard are considered to be of the highest quality and are produced exclusively in ren-

dering plants operated by meat packers or independent edible renderers. The edible

rendering plants fall under the same inspection and processing standards set by the

U.S. Department of Agriculture for table meats. The rendering plants producing

inedible tallow, greases, and protein byproducts are governed by the U.S. Food

and Drug Administration, using the same standards set for the feed industry. Similar

types of regulations exist in the EU and other countries where rendered products

are produced.

15.1. BSE (Mad Cow Disease)

In an era of globalization, a disease incident anywhere becomes a disease incident

everywhere (33). Bovine spongiform encephalopathy (BSE) is a transmissible,

neurodegenerative, fatal brain disease of cattle. The disease has a long incubation

period of four to five years, but ultimately is fatal for cattle within weeks to months

of its onset. BSE first came to the attention of the scientific community in November

1986 with the appearance in cattle of a newly recognized form of neurological dis-

ease in the United Kingdom (UK). Epidemiological studies conducted in the UK

suggested that the source of BSE was cattle feed prepared from bovine tissues,

such as brain and spinal cord that was contaminated by the BSE agent. Speculation

as to the cause of the appearance of the agent causing the disease has ranged from
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spontaneous occurrence in cattle, the carcasses of which then entered the cattle food

chain, to entry into the cattle food chain from the carcasses of sheep with a similar

disease, scrapie. BSE in the brain affects the brain and spinal cord of cattle. Lesions

are characterized by sponge-like changes visible with an ordinary microscope. The

agent is highly stable, resisting freezing, drying, and heating at normal cooking

temperatures, even those used for pasteurization and sterilization. The nature of

the BSE agent is still a matter of debate. According to the prion theory, the agent

is composed largely, if not entirely, of a self-replicating protein, referred to as a

prion. Another theory argues that the agent is virus-like and possesses nucleic acids

that carry genetic information. Strong evidence collected over the past decade

supports the prion theory, but the ability of the BSE agent to form multiple strains

is more easily explained by a virus-like agent (34).

Until the advent of BSE in the UK in 1986, the rendering industry operated

globally on the premise of relative safety assurance based on a historical record

of producing safe feed ingredients. This all changed in 1988 based on the epidemio-

logical hypothesis that meat and bone meal of ruminant origin was the most likely

cause of transmitting the disease. This linkage of an animal protein that has been

used as a nutritional supplement in livestock rations for at least a century to a new

disease created initial alarm and anxiety within the UK with concurrent reverber-

ations throughout the global agricultural and livestock communities that exist to

this day, approximately 18 years since the confirmatory diagnosis of the first two

reported cases in the UK (33).

The whole issue of BSE or mad cow disease has had a profound effect on the

global rendering industry. For example, the North American exports of tallow

into the European Union dropped from about 350,000 tons per year to less

than 70,000 tons prior to 2003 and were expected to be further reduced after the

EU’s Animal Byproducts Regulations (ABPR) were put into effect in late 2003.

The EU has maintained that feed-borne food crises such as BSE all point to control

deficiencies in the animal feed sector. The new regulation builds on previous EU

measures that required the exclusion of dead animals, specified risk materials

(SRMs), and other condemned materials from feed, and the pressure treatment of

mammalian materials intended for use in feed. It also bans intraspecies feeding

of farmed animals. It classifies animal byproducts into three categories based on

their potential risk to animals, the public, or the environment, and sets out how each

category must or may be disposed of.

� Category 1 materials (animal byproducts presenting highest risk, e.g., trans-

missible spongiform encephalopathies or scrapie; residues of prohibited

substance, e.g., hormone used for growth promotion; or environmental conta-

minants, e.g., dioxins, PCBs) must be completely disposed of as waste by

incineration or landfill after appropriate heat treatment.

� Category 2 materials include animal byproducts presenting a risk of contami-

nation with other animal diseases, e.g., dead stock or animals killed in the

context of disease control measures or where there is risk of residues of

veterinary drugs. Products produced from these tissues may be recycled for
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uses other than food and feeds after appropriate treatment. Approved disposal

includes biogas production, composting, and production of oleochemical

products to be used in the technical industry.

� Category 3 materials, tissues derived from healthy animals slaughtered

for human consumption, are the only materials that may be used in the

production of feeds following appropriate treatment in approved processing

plants.

The ABPR approval does not affect the current EU total ban on the feeding of ani-

mal protein meals to farmed animals, which is a separate issue and remains in force

until all the meat and bone meal in storage (approximately 400,000–500,000 tons)

at present, awaiting incineration, does not find its way into the feed chain. The EU

has also developed tests to differentiate the different types of animal protein meals.

Such tests are needed in order to lift the ban for fishmeal and allow for traceability.

However, the ABPR establishes clear safety rules for the production of meat and

bone meal in case it is ever reauthorized for inclusion in feed for nonruminant

species. Concurrent with the feed ban has been a ban against the export of animal

protein meals. The United States was once the world’s largest exporter with over a

million tons exported per year; now that figure is less than 300,000 tons (35). The

timeline of the BSE situation follows:

� 1986 Bovine spongiform encephalopathy (BSE) is identified as a new disease

in cattle.

� 1988 The United Kingdom requires new cases of BSE to be reported and

investigated, bans the feeding of ruminant-derived meat and bone meal pro-

tein (MBM) to ruminants, and introduces a mandatory slaughter and compen-

sation plan for detected cases.

� 1989 The European Union bans the export of UK cattle born before the July

1988 feed ban. The first case of BSE outside the UK is detected in a native

herd in Ireland. The UK government bans the use of certain high-risk specified

bovine offal in human food.

� 1990 The UK establishes surveillance for Creutzfeldt–Jakob disease (CJD)

following concern about possible spread to humans.

� 1993 An EU-funded surveillance system for CJD is introduced in 10 countries

in Europe, Australia, and Canada.

� 1994 The feeding of mammalian protein to ruminants is banned throughout

the EU.

� 1997 A new human transmissible spongiform encephalopathy, variant CJD or

vCJD, is identified and distinguished from classic CJD. The UK bans the use

of mammalian MBM in feed for all farm animals. The UK introduces slaugh-

ter scheme to keep cattle older than 30 months out of food and feed chains.

Cattle ‘‘passports’’ are made mandatory for all cattle born beginning July 1,

1996. The United States FDA imposes a ban on feeding MBM protein to

ruminants (36).
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� 1998 The UK prohibits specified risk materials (SRM) in feed, cosmetics,

pharmaceuticals, and medical products.

� 2000 The EU implements an SRM ban. CJD surveillance is extended to cover

eight more countries.

� 2001 BSE is reported in Japan. It’s the first native-born case reported outside

Europe. CJD surveillance expands to include countries in Central and Eastern

Europe and China.

� 2002 The first confirmed case of vCJD in North America is reported in a man

in Saskatchewan, Canada. EU issues regulations under Directive 1774/2002

setting out a system for handling Animal Byproducts (ABPR).

� 2003 The first BSE-positive cow in Canada in a decade is discovered. Several

countries ban beef from Canada. The first BSE case in the United States is

found in a dairy cow imported from Canada. Several countries ban beef and

other products of U.S. cattle. USDA imposes new restrictions to prevent BSE

cattle from entering the food supply.

� 2004 USDA begins expanded BSE surveillance aimed at testing almost

268,000 cattle. Of the 8,500 cattle tested to date, none has tested positive. EU

issues Directive 780/2004 setting out the transition into regulation 1774/2002

over the period 2004–2005 (37).

The various feed bans, regulations, and restrictions on feeding animal byproducts

including fishmeal have had a dramatic effect on the rendering industry, the fish-

meal industry, and the animal agriculture industry. In the case of fishmeal, the feed-

ing ban in the EU was designed to prevent the deliberate or accidental adulteration

of fishmeal with animal byproduct meals until such time as an analytical method

could be devised that would detect the presence of mammalian protein in fishmeal,

which has now been done but a lifting of the ban on the use of fishmeal in ruminant

diets is not expected before late 2005 or early 2006.

16. ENVIRONMENTAL ISSUES

Environmental issues are important to the rendering industry; they are the original

recyclers. Without rendering, byproducts from the meat packing industry would fill

up the landfills. Many modern rendering plants are using new techniques to help

conserve energy and water. Although the rendering industry can be viewed posi-

tively for its role in recycling organic material, it has the potential to create environ-

mental problems in the air, water, and on the land.

Air pollution is typically in the form of odors. During the rendering process,

numerous breakdown products are formed or released from the raw materials. These

compounds travel with the water being evaporated in the cooking process. If releas-

ed directly to the air, though not hazardous, they would be quite objectionable. For

this reason, condensers are placed after the cooking unit to cool the gas flow. This

condenses the steam back into water as well as condensing some of the low boiling
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point organics. Many of the odorous compounds are soluble and remain with the

condensed liquid, which is sent to a wastewater treatment plant. Any materials

that remain in the gas phase from the condenser are either incinerated (using a

steam boiler or a designated burner) or scrubbed by passing them through an oxi-

dizing media.

As rendering processes are not tightly sealed, some odorous vapors will escape

into the surrounding room. This room air is also scrubbed through oxidizing

media. Large volumes of air are drawn through the scrubber to keep the building

at a negative pressure so that any leaks in the structure will be drawing fresh

air in.

Water is produced in large quantities during the rendering process. The two main

areas of wastewater production are from condensers (mentioned above) and plant

wash up. Washwater is high in fat, whereas condenser water can have a BOD5

(a measure of organic material) of 10,000 parts per million (ppm) and ammonia

of 750 ppm. For this reason, rendering waste water cannot be discharged directly

to a stream, and most municipal plants will require some sort of treatment before

discharge to their facilities.

A typical rendering waste water plant will contain a skimmer or dissolved air

floatation (DAF) unit, which floats fatty and lightweight solids for recovery, which

is followed by an extended aeration biological treatment system. In this system,

bacteria are used to digest organic material (BOD5 and ammonia, as well as others)

that remains in the water. These bacteria are settled out in clarifiers so that only

clear water continues through the process. High-quality streams may require phos-

phorous removal, filtration, or chlorination before discharge.

Excess bacteria generated in the waste water treatment plant, as well as other

solids generated in various areas of the rendering process, are often applied to the

land either as a disposal option or as a beneficial soil conditioner. Care must be

taken to ensure that nutrient loadings do not exceed vegetative demand, or they will

migrate off-site and create potential pollution problems (including elevated nitrates

in groundwater).

Dissolved solids or salts in land-applied material can also create problems. They

chemically collapse the clay structure, which normally allows soil to hold water.

Plants will exhibit drought-like symptoms even with adequate rainfall. Applying

sludge in liquid form greatly increases the potential for salt overload.

17. FUTURE OUTLOOK

The rendering industry is constantly changing. Only those companies that are

able to adapt to this ever-changing industry will survive. The primary changes

will continue to occur in the area of environmental issues, governmental regula-

tions, raw material, and market conditions.

Environmental considerations, particularly in terms of water and air pollution

control, will continue to have an impact on the economics of the business. As

government regulations in odor control and water pollution get stricter, production
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costs will increase. As with other industries, smaller operations that do not have the

financial ability to make substantial capital investments may be forced to close.

Another major environmental concern will be of dwindling energy sources.

Large amounts of energy are used during the rendering process, in the cooking

process, and by the fleet of trucks needed to haul the raw and finished material

to the plant or to customers. As energy sources dwindle and become more expen-

sive, the renderer will be forced to find more efficient and economical rendering

equipment. The renderer will also be forced to supply fuel to the truck fleet that

will be cleaner burning and more abundant. One consideration is that of bio-diesel

discussed previously. The bio-diesel is cleaner burning than today’s diesel and is

made from a renewable source, fats and oils.

As with any business, the renderer will have to abide by all governmental regu-

lations within the country where they operate. Like other businesses, the smaller

rendering companies will find it harder and harder to stay competitive and still

maintain a profit.

Changes in consumer preference of meat cuts will change the face of the meat-

packing industry. As a result of consumer demand, meatpackers now must trim the

fat on the meat cuts closer, leaving less to be trimmed when the meat is prepared for

retail sale at the local supermarket level, which could lead to more fat and bone

staying in the packing plant and less at the supermarket. This change will increase

the need for the rendering plant to be located next to the packing plant and

could result in a shortage of material in the areas served by metropolitan

renderers. These urban renderers will have to rely more on profits from processing

restaurant grease and less from rendering fat and bone from butcher shops and

supermarkets.
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3
Soaps

Michael R. Burke

1. INTRODUCTION

Soap is one of the oldest known manufactured chemical substances and was first

produced thousands of years ago through the reaction of animal fats with the ashes

from plants (1). Early soaps were used primarily for the cleansing of clothing, not

for personal hygiene, because of cultural as well as practical reasons. For instance,

these animal fat soaps possessed almost unbearable odors and probably contained

excessive amounts of unreacted caustics. Today soaps are produced using a variety

of processes, including kettle boiling, continuous saponification, and hydrolysis/

neutralization, as well as different fats and oils feedstocks, yielding finished mate-

rials that possess specifically desired properties for application as personal cleans-

ing products.

Soap is one example of a broader class of materials known as surface-active

agents, or surfactants. Surfactant molecules contain both a hydrophilic or water-

liking portion and a separate hydrophobic or water-repelling portion. The hydrophi-

lic portion of a soap molecule is the carboxylate head group and the hydrophobic

portion is the aliphatic chain. This class of materials is simultaneously soluble in

both aqueous and organic phases or preferential aggregate at air–water interfaces. It

is this special chemical structure that leads to the ability of surfactants to clean dirt

and oil from surfaces and produce lather.

Although soaps have many physical properties in common with the broader class

of surfactants, they also have several distinguishing factors. First, soaps are most

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
Edited by Fereidoon Shahidi. Copyright # 2005 John Wiley & Sons, Inc.
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often derived directly from natural sources of fats and oils. Fats and oils are trigly-

cerides, i.e., molecules comprising a glycerol backbone and three ester-linked fatty

oils. Other synthetic surfactants may use fats and oils or petrochemicals as initial

building blocks, but generally they require additional chemical manipulations such

as sulfonation, esterification, sulfation, and amidation.

Second, soaps form insoluble complexes, commonly referred to as curd, in the

presence of calcium and magnesium ions in solution. Calcium and magnesium ions

are the principal metal ions found in water and their level is commonly referred to

as the hardness of the water; hard water has high levels of both of these ions, soft

water has very low levels. This curd reduces the effectiveness of soap as a surfac-

tant and gives rise to other undersirable properties during use, e.g., precipitation on

surfaces. Many synthetic surfactants are considerably less susceptible to water

hardness. This water hardness insensitivity has led to the replacement of soap by

synthetic surfactants in a variety of applications, such as dish and laundry deter-

gents and shampoos. Although soap is still the predominant material used in perso-

nal cleansing products, e.g., facial, body, and hand cleansing, soap-based personal

cleansing products are being rapidly replaced by products that contain increasing

amounts of synthetic surfactants to meet changing consumer needs, such as rinsing

and lather in hard water and improved mildness to the skin.

2. PHYSICAL PROPERTIES OF SURFACTANTS

Surfactants, including soap, possess a bipolar structure, composed of both a hydro-

phobic tail and a hydrophilic head group. As a result of this bifunctional structure,

surfactants possess many unique physical properties. In solution, surfactants prefer-

entially concentrate as monolayers at the interfacial region between any two phases

of dissimilar dielectric constants or polarity. Examples of interfacial regions are the

interfaces between oil and water or air and water. The hydrophilic portion prefer-

entially solubilizes in the polar or higher polarity phase, whereas the hydrophobic

portion preferentially solubilizes in the nonpolar or lower polarity phase. The inter-

face between dissimilar polarity phases provides an ideal location to satisfy both

preferences. The presence of surfactants at the interface provides stability to the

interface by lowering the total energy associated with maintaining the boundary.

Thus, surfactants facilitate stabilization of intermixed, normally immiscible phases,

such as oil in water, by decreasing the energy necessary to maintain the large inter-

facial region associated with mixing. For example, in the absence of surfactants, an

oil-in-water mixture, commonly referred to as an emulsion, rapidly separates into

two distinct layers to minimize the surface or contact area between the two phases.

The ability of surfactants to lower this interfacial energy between the oil and water

allows for the formation and stabilization of smaller oil droplets dispersed through-

out the water. In this case, the decrease in interfacial energy offsets the increase in

total surface area of the system.

Another property of surfactants is their ability to aggregate in solution to form

various composite structures or phase states, such as micelles and liquid crystals, as
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a function of concentration and temperature. At very low surfactant levels, the sur-

factant exists as individual molecules in solution associating primarily with water

molecules. It also concentrates or partitions at the interfacial regions as described

above. However, as the concentration of surfactant in solution is increased, a point

is reached where the molecules aggregate to form micelles. This concentration is

defined as the critical micelle concentration (CMC). The micellar structure mini-

mizes energy through surfactant self-association; the micelle in water is typically

characterized with the hydrophobic tails pointing to the center and the head groups

pointing out toward the water in spherical superstructures. As the concentration of

surfactant in solution is further increased, the micelles elongate into long tubules

that align with each other to form a hexagonal arrangement when viewed end-on.

These structures are commonly referred to as hexagonal liquid crystals. As the sur-

factant concentration is further increased, the tubules expand in a second direction

to form large, stacked lamellar sheets of surfactants, commonly referred to as

lamellar liquid crystals. These liquid crystals are very important in soap making.

As the core of an aqueous micelle is extremely hydrophobic, it has the ability to

solubilize oil within it, as well as to stabilize a dispersion. These solubilization and

suspension properties of surfactants are the basis for the cleansing ability of soaps

and other surfactants. Furthermore, the ability of surfactants to stabilize interfacial

regions, particularly the air–water interface, is the basis for lathering, foaming, and

sudsing.

3. SOAP RAW MATERIALS AND THEIR PROCESSING

Carboxylate soaps are most commonly formed through either direct or indirect

reaction of aqueous caustic soda, i.e., alkali earth metal hydroxides such as

NaOH, with fats and oils from natural sources, i.e., triglycerides. Fats and oils

are typically composed of both saturated and unsaturated fatty acid molecules

containing between 8 and 20 carbons randomly linked through ester bonds to

a glycerol backbone. Overall, the reaction of caustic with triglyceride yields glycer-

ol and soap in a reaction known as saponification. The reaction is shown in

Equation 1.

CH2O C(CH2)nCH3

O

CHO

CH2O

C(CH2)nCH3

O

+  3 NaOH

C(CH2)nCH3

O

CH2OH

CHOH 

CH2OH

3 NaO C(CH2)nCH3

O

+
ð1Þ

Saponification can proceed directly as a one-step reaction as shown above, or it can

be achieved indirectly by a two-step reaction where the intermediate step generates

fatty acids through simple hydrolysis of the fats and oils and the finishing step

forms soap through the neutralization of the fatty acid with caustic soda. There
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are practical considerations that must be addressed when performing this reaction

on a commercial scale.

Compositional differences in the fats and oils give rise to their significantly dif-

ferent physical properties and those of the resulting fatty acids and soaps. Fats and

oils are triglycerides composed of glycerol ester linked to three fatty acids. The

main compositional difference is the chain-length distribution of the fatty acids

associated with the fats or oils. The compositions found in some commercially

important fats and oils are summarized in Table 1. High levels of unsaturated (con-

taining double bonds) or short-chain-length components produce fatty acids that are

liquid and soaps that have high water solubilities at room temperature. Conversely,

high levels of saturated, long-chain-length components produce waxy and hard fatty

acids, e.g., candle wax, and soaps that are essentially insoluble at room temperature.

Furthermore, unsaturated components are more susceptible to oxidative degrada-

tion, i.e., the oxidation of the double bond to form a number of shorter chain com-

ponents. This gives rise to undesirable odors and darker colors. A key to producing

soaps with acceptable qualities is the proper blending of these fats and oils.

The quality, i.e., level of impurities, of the fats and oils used in the manufacture

of soap is important in the production of commercial products. Fats and oils are

isolated from various animal and vegetable sources and contain different intrinsic

impurities. These impurities may include hydrolysis products of the triglyceride,

e.g., fatty acid and mono/diglycerides; proteinaceous materials and particulate

dirt, e.g., bone meal; and various vitamins, pigments, phosphatides, and sterols,

TABLE 1. Fatty Acid Compositions of Common Fats and Oils.a

Animal Fats, % Vegetable Oils, %

Common Chemical Chemical Palm

Name Name Formula Symbol Tallow Lard Coconut kernel Soybean

SaturatedFattyAcids

caprylic octanoic C8H16O2 C 8 7 3

capric decanoic C10H20O2 C10 6 3

lauric dodecanoic C12H24O2 C12 50 50 0.5

myristic tetradecanoic C14H28O2 C14 3 1.5 18 18 0.5

palmitic hexadecanoic C16H32O2 C16 24 27 8.5 8 12

margaric heptadecanoic C17H34O2 C17 1.5 0.5

stearic octadecanoic C18H36O2 C18 20 13.5 3 2 4

UnsaturatedFattyAcids

myristoleic tetradecenoic C14H26O2 C14:1 1

palmitoleic hexadecenoic C16H30O2 C16:1 2.5 3

oleic octadecenoic C18H34O2 C18:1 43 43.5 6 14 25

linoleic octadecadienic C18H32O2 C18:2 4 10.5 1 2 52

linolenic octadecatrienic C18H30O2 C18:3 0.5 0.5 0.5 6

aFrom historical data and Procter & Gamble analyses.
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i.e., cholesterol and tocopherol; as well as less descript odor and color bodies.

These impurities affect the physical properties, such as odor and color, of the

fats and oils and can cause additional degradation of the fats and oils upon storage.

For commercial soaps, it is desirable to keep these impurities at the absolute mini-

mum for both storage stability and finished product quality considerations.

There are a number of processing steps that can be used to improve the quality

and stability of the fats and oils raw material. These include water washing, alkali

refining, physical (steam) refining, deodorization, bleaching, and hydrogenation.

Water washing, also called degumming when dealing with vegetable oils, is an

effective means of improving the color of fats and oils through the elimination of

proteinaceous solids, phosphatides, and other water-soluble impurities. Hot water,

possibly containing some phosphoric acid or sodium phosphate, is mixed with the

fats or oils. The water layer is allowed to separate either statically or by using cen-

trifugal force. Many of the solids and other impurities become either solubilized or

suspended in the water and removed. Alkali and physical (steam) refining can be

used to decrease the amount of fatty acid and other color bodies present in fats

and oils. Alkali refining washes the fats and oils with alkaline water and converts

fatty acids into soap. The resulting soap is removed with the alkaline aqueous phase

through settling or centrifugation. In physical refining, volatile impurities, including

low-boiling fatty acids, are vaporized and removed from the fats and oils by steam-

heating the material. Deodorization, also called steam stripping, is another steam

distillation process. For deodorization, however, the distillation is performed under

a vacuum that allows for more efficient removal of the less volatile odor bodies.

Bleaching is most commonly done using a physical adsorption process in which

an activated clay, e.g., bentonite, is slurried with the oil at temperatures around

100�C. The color bodies adsorb onto the clay, which is subsequently removed

through a filtration process. Hydrogenation is also frequently used in the processing

of fats and oils to improve their storage stability through reduction in the amount of

polyunsaturates and unsaturates present. This is achieved by passing the fats and

oils through a heated column containing a catalyst, e.g., Ni or Pt, and hydrogen

gas under pressure so that hydrogen adds across the double bonds.

Industry uses a number of analytical methods to characterize fats and oils, which

include moisture, titre (solidification point), free fatty acid, unsaponifiable material,

iodine value, peroxide value, and color. Moisture content of the fats and oils is an

important measure for storage stability at elevated temperature because it facilitates

hydrolysis, which, in turn, impacts odor and color quality. Titre is a measure of the

temperature at which the material begins to solidify, signifying the minimum tem-

perature at which the material can be stored or pumped as a fluid. Free fatty acid is

a measure of the level of hydrolysis the fats and oils have undergone. Increased

fatty acid content usually negatively impacts product color stability because fatty

acids are more susceptible to oxidation. Unsaponifiable material is a measure of

the nontriglyceride fatty material present, which affects the soap yield of the mate-

rial. The iodine value is a measure of the amount of unsaturation present in the fats

and oils. Peroxide value is a measure of the amount of oxidation the fats and oils

have undergone and indicates the potential for further degradation.
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Fats and oils are treated as commodities in the open market and are purchased in

bulk. As commodities, their prices fluctuate with supply and demand. Furthermore,

fats and oils come in different grades that reflect different levels of processing and

have industry-standardized specifications, such as the American Fats and Oil Asso-

ciation. In the manufacture of soap in the United States, the source of animal fats is

domestic whereas the vegetable oils are frequently obtained from Southeast Asia,

primarily Malaysia and the Philippines.

Tallow is the fat obtained as a byproduct of beef, and, to a lesser degree, sheep

processing, and is the most commonly used animal fat in the manufacturing of

soaps. The high content of longer chain-length fatty acids present in tallow fat

necessitates the addition of other oils, such as coconut oil, in order to produce a

bar with acceptable performance.

Coconut oil is one of the primary vegetable oils used in the manufacture of soap

products. Coconut oil is obtained from the dried fruit (copra) of the coconut palm

tree. The fruit is dried either in the sun or over open fires from burning the husks of

the fruit, with the oil pressed out of the dried fruit.

Palm kernel oil, obtained from the nuts of the palm tree, is another frequently

used vegetable oil and is somewhat similar in properties and composition to coco-

nut oil (see Table 1).

Palm oil is derived from the fleshy fruit of the palm tree rather than the nut, as

with palm kernel oil. Palm oil has a longer chain-length distribution than palm ker-

nel oil and provides properties and compositions more similar to tallow than to

other vegetable oils (see Table 1).

3.1. Other Sources

The four oils named above are the most commonly used fats and oils in the soap-

making industry in the United States, but other sources are also used throughout the

world, including lard or hog fat, Babassu oil, rice brand oil, and soybean oil.

4. SOAP SOLUTION-PHASE PROPERTIES

Commercially, soap is most commonly produced through either the direct saponi-

fication of fats and oils with caustic or the hydrolysis of fats and oils to fatty acids

followed by stoichiometric (equal molar) neutralization with caustic. Both of these

approaches yield workable soap in the form of concentrated soap solutions (�70%

soap). This concentration of soap is the target on account of the aqueous-phase

properties of soap as well as practical limitations resulting from these properties.

Hence, before discussing the commercial manufacturing of soap, it is imperative

to understand the phase properties of soap.

4.1. The Binary Soap–Water System

Mixtures of soap in water exhibit a rich variety of phase structures, depending on

temperature and concentration of the mixture (2). Phase diagrams chart the phase
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structures, or simply phases, as a function of temperature (on the y-axis) and con-

centration (on the x-axis). Figure 1 shows a typical soap–water binary phase dia-

gram, in this case for sodium palmitate–water. Sodium palmitate is a fully

saturated, 16-carbon chain-length soap. At lower temperatures, soap crystals coex-

ist with a dilute isotropic soap solution. Upon heating, liquid crystalline phases may

form, depending on the relative concentration of soap in water. In dilute solutions,

the crystals disproportionate and form simple micellar isotropic solutions (nigre

phase). As the soap concentration is increased, hexagonal (hex) liquid crystal (mid-

dle phase) is formed. At even higher soap levels, lamellar (lam) liquid crystal (neat

phase) is formed. With other chain-length distributions of soap, the position of the

phase boundaries with respect to temperature and composition varies. However, the

general features and phase progressions are similar.

At typical soap-processing temperatures (80–95�C), three liquid soap phases are

possible: nigre (sometimes called isotropic), middle, and neat soap (3). Nigre soap

is observed in dilute soap solutions and is characterized as very fluid. However,

because of the dilute nature of this phase, it is not of practical use in the manufac-

ture of soap on account of high-energy requirements for drying. Middle soap is a

liquid crystalline phase that is extremely viscous and difficult to handle and work.

In commercial soap-making processes, care must be taken to avoid the middle-

phase region on account of the physical problems associated with it; neat phase

is always approached from the more concentrated soap direction. Neat soap is con-

siderably more fluid than middle phase and is readily pumped and mixed. This is

the phase most commonly desired for soap making. Neat soap is generally found in

the concentration range of 60–90% soap, with commercial processes typically

targeting �70% soap as the optimal concentration. Higher soap concentrations
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require increased temperatures to maintain the fully liquid crystalline properties

(note the curved boundary in Figure 1) and exhibit increased viscosities that

become difficult to manage.

4.2. Ternary Soap–Water–Salt Systems

A variety of components, such as salt (4), fatty acid (5), and glycerol (6), can alter

the general phase characteristics of the soap–water system. Ternary phase diagrams

are constructed to account for the presence of a third material. These diagrams are

displayed as triangles where each of the vertices defines one of the three compo-

nents and each of the three sides defines the relative concentrations of the two com-

ponents contained by the two vertices associated with the side. Although

temperature continues to be another important variable, these ternary diagrams

are often drawn for a defined temperature because of the difficulties in representing

an additional dimension. Sometimes the ternary triangle is modified by increasing

the angle of one of the vertices to 90�, emphasizing the most important components.

The soap–water–salt diagram is typically shown graphically with the 90� ver-

tices (Figure 2). At 0% salt, the phases along the axis present a slice of the binary

soap–water-phase diagram at 90�C (sodium palmitate in this case). The addition of

salt to the system greatly reduces the concentration ranges for the liquid crystalline

phases and increases the ranges for the isotropic phases: nigre and lye (a caustic-

rich aqueous phase). Further increase in the salt concentration drives the system

into a biphasic region in which both a concentrated soap and a nigre (or lye) phase

coexist. This ability of salt to drive the system into a biphasic, neat soap–nigre/lye

phase structure is the basis for the direct saponification approach to soap making.

The soap can be separated at a controlled concentration from an aqueous lye or salt

phase. The aqueous phase can be used to wash out the excess lye, impurities, and,

most importantly, the glycerol, a valuable byproduct of soap making.
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5. SOAP SOLID-PHASE PROPERTIES AND CRYSTALLIZATION

Soap crystallizes into bilayer structures composed of stacks of soap layers arranged

head-to-head and tail-to-tail, with water of hydration present in the head-to-head

intralamellar region (7). There have been a variety of reports regarding a large num-

ber of crystalline phase structures for soap, but it is generally accepted that only

four common, distinct pure sodium soap crystalline phases exist (8). These phases

are designated a, b, d, and w and were originally identified through powder x-ray

diffraction. Only w, b, and d are observed in conventional soaps; a-phase is found

only when crystallized out of ethanol. In a strict sense, these crystalline sodium

soap phases are not polymorphs, i.e., different crystal arrangement of same compo-

sition; rather, they are different phase compounds, i.e., compositionally different.

This distinction occurs not only because of the differences in crystal arrangement

but also because of the different levels of hydration present in the various crystal-

line states (9). This fact is emphasized in Figure 1.

For sodium palmitate, d-phase is the thermodynamically preferred, or equili-

brium state, at room temperature and up to �60�C; b-phase contains a higher level

of hydration and forms at higher temperatures; and w-phase is an anhydrous crystal

that forms at temperatures comparable with b-phase. Most soap in the solid state

exists in one or a combination of these three phases. The phase diagram refers to

equilibrium states. In practice, the drying routes and other mechanical manipulation

used in the formation of solid soap can result in the formation of nonequilibrium

phase structure. This point is important when dealing with the manufacturing of

soap bars and their performance.

X-ray diffraction (xrd) is the simplest and most reliable method for distinguish-

ing between the different crystalline phases, including sodium soap (10). Each

phase has a different crystal-packing arrangement and thus produces different

x-ray diffraction scattering patterns that can be used to identify and quantify the

soap phase composition. The most common means of phase identification is

through the measurement of the chain-to-chain packing lengths (0.25–0.4 nm),

which are insensitive to the chain length of the soap being examined (8).

When processing a hot mixture of soap, no crystals are present. However, crys-

tals form when the hot mixture is cooled to a critical temperature usually referred to

as the Krafft boundary (11). The type of crystalline structure that develops initially

is dependent on both the mixture composition and temperature. However, the

remaining processing of the soap can further alter the crystal structure of the

soap in terms of both colloidal structure, i.e., distribution and size of crystals,

and crystalline phase composition. The temperatures at which crystals form differ

for different chain-length soaps and different distributions, as well as water content

and counter cation. Shorter chain length and unsaturated soaps exhibit significantly

lower Krafft boundaries than longer, saturated chain-length soaps. Potassium soaps,

as well as ammonium soaps, possess considerably lower crystallization tempera-

tures, whereas heavy metal and alkali earth metal soaps possess higher crystalliza-

tion temperatures.

There are some general guidelines that allow the prediction of which crystal

structure will form upon cooling of a hot soap mixture. The most pronounced is
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the fatty acid chain-length distribution. Those mixtures that have more shorter or

unsaturated chain lengths (the more soluble soaps) typically result in w- or b-phase

soap crystals. The cis-configuration unsaturate isomers have a greater impact than

the trans-configuration isomers. Those hot soap mixtures enriched in the longer

saturated chain-length (palmitate and stearate) soaps typically result in the forma-

tion of d-phase soap crystals.

Other factors also impact the type of crystals formed upon cooling of hot soap.

Water activity or moisture content contribute to the final crystal state as a result of

the different phases containing different levels of hydration. Any additive that

changes the water activity changes the crystallization pathway. For example, the

addition of salt reduces the water activity of the mixture and pushes the equilibrium

state toward the lower moisture crystal structure. Additionally, the replacement of

sodium with other counter cations influences the crystallization. For example, the

replacement of sodium with potassium drives toward the formation of d-phase.

Phase diagrams can be used to help understand the resulting crystal formation.

Upon definition of the starting conditions (temperature and composition), the crys-

tal phases can be estimated by following a line down in temperature at a constant

composition. The first crystals to form may not be the equilibrium crystals at room

temperature. As soap phases are phase compounds and not simple polymorphs,

once they form, they must first disproportionate to reform into a different crystal

of another phase structure. This process is inherently slow and requires energy,

e.g., work or additional heat, so the first crystals encountered upon cooling are

likely to be frozen into the cooled, solid soap. Although, in theory, the crystal phase

structure of soap should be predictable from knowledge of composition and tem-

perature, in practice, the use of various drying approaches, e.g., chill rolls, vacuum

dryers, and spray towers, often leads to the formation of a nonequilibrium, room

temperature phase. It is the rapid cooling of the hot soap through these various dry-

ing techniques that, in essence, traps the soap in nonequilibrium phases. These

nonequilibrium phases give rise to the phase changes that occur during processing

into finished bar soap products. For the milled bar process, work and heat is put into

the soap during additional processing, which results in microheating and physical

mixing of the soap. Work tends to transform soap from w-phase to either b- or

d-phase. But, in addition to the work, appropriate temperature control must be

maintained to allow the formation of the desired phase. For example, d-phase is

most readily achieved through the cold milling of soap; w-phase can be maintained

through the hotter milling of the soap. The common phase progression is from w to

b to d, with the reverse progression only observed at high mill temperatures. For

framed products, conditioning of the finished soap at various temperatures can

result in enough energy input to facilitate the disproportionation reaction to the

more thermodynamically stable crystal.

The phase of the soap can have a dramatic impact on both the in-process proper-

ties and finished product performance. Soap phase can change the ability of the

soap to weld together during finishing, and induce soap stickiness, thus creating

problems in milling and conveying soap to and from the various unit operations.

In terms of finished product performance, phase can influence a variety of
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attributes. These attributes include lathering (or solubility), wet cracking, smear,

and firmness. Lathering includes both the amount and type, e.g., creaminess, of

lather a product imparts during use. Wet cracking is a measure of the degree of

cracking or fissures found in a bar after it has adsorbed water and subsequently

dried out. Smear measures the total amount of partially solubilized soap that forms

on the bar surface during long duration contact with water. Firmness is a measure of

the physical rigidity of the bar. Simple correlation between the soap phase and these

performance attributes have been noted as far back as 1929 (8). For example, b- and

w-phase soaps possess comparable firmness grades, but have significantly different

lathering abilities (b much greater). However, b-phase also creates more smear or

loss of soap to the water and formation of surface gel than w-phase soap. Therefore,

bar soaps are specifically designed and manufactured to create a soap phase struc-

ture that is a good balance of these properties.

In the presence of excess fatty acid, different soap crystalline phase compounds

can form, commonly referred to as acid–soaps. Acid–soap crystals are composed of

stoichiometric amounts of soap and fatty acid and associate in similar bilayer struc-

tures as pure soap crystals. There are a number of different documented acid–soap

crystals. The existence of crystals of the composition 2 acid–1 soap, 1 acid–1 soap,

and 1 acid–2 soap has been reported (12–14). The presence of the acid–soaps can

also have a dramatic impact on the physical and performance properties of the fin-

ished soap. The presence of acid–soaps increases the plasticity of the soap during

processing and decreases product firmness, potentially to the point of stickiness

during processing. Furthermore, the presence of the acid–soap changes the charac-

ter of the lather, decreasing the bubble size and subsequently increasing lather sta-

bility and creaminess.

It would be incomplete for any discussion of soap crystal phase properties to

ignore the colloidal aspects of soap and its impact. At room temperature, the

soap–water phase diagram suggests that the soap crystals should be surrounded

by an isotropic liquid phase. The colloidal properties are defined by the size, geo-

metry, and interconnectiviness of the soap crystals. Correlations between the col-

loid structure of the soap bar and the performance of the product are somewhat

qualitative, as there is little hard data presented in the literature. However, it might

be anticipated that smaller crystals would lead to a softer product. Furthermore,

these smaller crystals might also be expected to dissolve more readily, leading to

more lather. Translucent and transparent products rely on the formation of extre-

mely small crystals to impart optical clarity.

6. COMMERCIAL PROCESSING

6.1. Direct Saponification

Direct saponification of fats and oils is the traditional process used for the manu-

facturing of soap. Commercially, this is done through either a kettle boiling batch

process or a continuous process.
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6.1.1. Kettle Boiled Batch Process This process produces soap in large, open

steel tanks known as kettles, which can hold up to 130,000 kg of material. Kettles

are cylindrical tanks with conical bottoms, which contain open steam coils for heat-

ing and agitation. To make soap by this process, fats and oils, caustic soda, salt, and

water are simultaneously added to the kettle. Effective mixing is important in this

process because of the low miscibilities of the fats and oils and caustics. The addi-

tion of steam to the system facilitates mixing and the saponification reaction. In

some systems, the mixing is enhanced through the use of specially designed sapo-

nification jets, which allow for intimate mixing of the two components during the

charging of the kettle. Care must be taken when blending the fats and oils with

caustic soda, salt, and water to ensure a consistent reaction rate for forming the

desired neat soap. It is common practice to leave some previously formed soap

in the kettle before charging the kettle with the new saponification starting materi-

als. This soap, through its surfactant properties, helps disperse the fats and oils and

water phases through better emulsification, thus increasing the reaction rate. To

complete the saponification process, the soap batch is boiled for a period of time

using steam sparging.

Upon completion of the saponification reaction, additional salt is added to the

kettle while boiling with steam to convert the mixture from a pure neat-soap phase

composition into the curd soap–lye seat biphasic composition. This process is com-

monly called opening the grain of the soap. The lye seat is a phase having extre-

mely high electrolytic strength (high salt and lye levels), glycerol, and small

amounts of soap, which has minimal solubility in saturated salt solutions. The mix-

ture is allowed to separate for several hours, after which the aqueous solution or lye

seat is removed from the bottom of the kettle. The lye seat is usually transferred to a

glycerol recovery system, where the glycerol is recovered, purified, and used for

other purposes. The curd soap remaining in the kettle is typically washed a few

times by adding water, converting it back into neat soap and repeating the salt addi-

tion, boiling, and separation process. This washing process provides a more com-

plete removal of glycerol and other impurities from the soap. After the final wash,

the water level in the curd soap remaining in the kettle is adjusted to achieve the

proper physical properties for additional processing. This process, referred to as

fitting, results in the formation of a neat soap–nigre-phase mixture, which facilitates

further removal of impurities through the settling of the nigre phase. What remains

in the kettle is pure neat soap at �70% concentration with low levels of salt and

glycerol. This process is time-consuming and requires several days to complete.

6.1.2. Continuous Saponification Systems A relatively recent innovation in

the production of soap, these systems have led to improved manufacturing effi-

ciency and considerably shorter processing times. There are a number of commer-

cial systems available; even though these systems are different in design aspects or

specific operations, they all saponify fats and oils to finished soap using the same

general process (Figure 3).

Blended fat and oil feedstocks are continuously and accurately metered into a

pressurized, heated vessel, commonly referred to as an autoclave, along with the
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appropriate amount of caustic, water, and salt. The concentrations of these ingredi-

ents are adjusted to yield a mixture of neat soap and a lye seat. At the temperatures

(�120�C) and pressures (�200 kPa) used, the saponification reaction proceeds

quickly (<30 min). A recirculation system ensures a residual level of soap in the

autoclave to improve contact between the oil and water phases and provides addi-

tional mixing. After a relatively short resident time in the autoclave, the neat soap

and lye seat reaction blend is pumped into a cooling mixer where the saponification

reaction is completed and the reaction product is cooled to below 100�C. The reac-

tion product is pumped next into a static separator, where the lye phase containing a

high level of glycerol (25–30%) is separated from the neat soap through gravita-

tional force or settling.

The neat soap is then washed with a lye and salt solution using a countercurrent

flow process. This is often done in a vertical column, which might be an open tube

or contain mixing or baffle stages. The neat soap is introduced into the bottom of

the column and the lye/salt (washing) solution is pumped into the top. The less

dense neat soap rises up in the column while the lye/salt solution falls to the bottom.

The washing solution removes impurities and allows for further collection of the

glycerol. As with the kettle process, it is important to have a proper level of elec-

trolyte (salt and lye) for effective removal of the glycerol. Final separation of the

lye seat from the neat soap is commonly achieved using centrifugation. After cen-

trifugation, the remaining caustic or residual alkalinity in the separated neat soap is

neutralized through the accurate addition of fatty acid in a steam-jacketed mixing

vessel (crutcher). The soap is now ready for use in the manufacturing of soap bars.

6.2. Fatty Acid Neutralization

Another approach to produce soap is through the neutralization of fatty acids with

caustic. This approach requires a stepwise process where fatty acids are produced

through the hydrolysis of fats and oils by water, followed by subsequent neutraliza-

tion with appropriate caustics. This approach has a number of inherent benefits

over the saponification process.

6.2.1. Hydrolysis Step The hydrolysis of fats and oils by water requires inti-

mate mixing of these two normally immiscible phases. The reaction is carried

out under conditions where water possesses appreciable solubility (10 –25%) in

fats and oils. In practice, this is achieved under high pressure 4–5.5 MPa (580–

800 psi) and with high temperatures (�240–270�C) in stainless steel columns of

around 24 –31 m in height and 50 –130 cm in diameter (Figure 4). ZnO is some-

times added as a catalyst to the feedstock fats and oils to facilitate the reaction.

The fat and oil feedstock is injected at the bottom and water is injected at the

top of the column. The columns may be either open in design, or contain baffles

to ensure better mixing through turbulent flow. High-pressure steam inlets are

placed at three or four different heights in the column for heating. This design

establishes a countercurrent flow pattern with the water moving through the column

from top to bottom and the fats and oils the opposite direction. As these materials
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intermix at the high temperatures and pressures employed, the ester linkages in the

fats and oils hydrolyze to create fatty acids and glycerol. The newly formed fatty

acids continue to rise up the column, while the resulting glycerol is carried (washed

out) downward with the water phase. As this is a reversible reaction, it is importnat

to remove the glycerin from the mixture through the countercurrent washing pro-

cess. The concentrations of glycerol and glycerides (mono, di, and tri) are lowest

and the concentration of fatty acid is highest toward the top of the column.

The rate-limiting step in the reaction is the removal of glycerol from the fatty

acids. This removal relies on interaction with the washwater falling through the col-

umn. The Zn–soap formed by the reaction of ZnO and fatty acid acts as a phase-

transfer catalyst, improving the transfer of glycerol from the oil to the water phase.

The separation of the glycerol and fatty acid in the column prevents the reverse

reaction from occurring. The hydrolyzer process provides around 99% efficiency

for the conversion of the fats and oils to fatty acids and glycerol, and requires

around 90-min residence time.

The fatty acids that emerge from the top of the column contain entrained water,

partially hydrolyzed fat, and the Zn–soap catalyst. This product stream is passed

into a vacuum dryer stage where the water is removed through vaporization and

the fatty acid cooled as a result of this vaporization process. The dried product

stream is then passed to a distillation system.

The distillation system allows for improved fatty acid quality, i.e., odor and col-

or, through the separation of the fatty acid from partially saponified fats and oils,

the Zn catalyst, and odor and color bodies. This is achieved by heating the product

stream in a heat exchanger to around 205–232�C and introducing it into a vacuum

chamber (flash still) at 0.13–0.8 kPa (1– 6 mm Hg) absolute pressure. The fatty

acids are vaporized under these conditions and removed from the undesired materi-

als such as the partially hydrolyzed triglyceride. The vaporized fatty acids are then

passed through a series of cold water condensers for fractionation and collection.

Systems vary in the number of condensers but a three-condenser system is com-

mon. The fatty acids are typically separated into a heavy cut, a mid-cut, and a

very light cut. Depending on the end uses for the fatty acid, these fractions may

be used as separated for specialty fats such as stearic acid or reblended for desired

fat ratios such as 80:20% tallow:coconut soap. The light cut is often removed from

the other condensates because it contains many of the odor bodies present in the

fatty acid.

The fatty acids obtained from the process can be used directly or further manipu-

lated for improved or modified performance and stability. Hardening is an operation

in which some fraction of the unsaturated bonds present in the fatty acids are elimi-

nated through hydrogenation or the addition of H2 across a carbon–carbon double

bond. This process was initially intended to improve the odor and color stability of

fatty acids through elimination of the polyunsaturated species. However, with the

growth in the use of specialty fatty acids, hydrogenation is a commercially impor-

tant process to modify the physical properties of the fatty acids.

Hardening is typically achieved by passing the preheated fatty acid through

a series of tubes packed with catalyst in the presence of hydrogen gas. The most
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commonly used catalyst is Ni, but other catalysts are available. The amount of hard-

ening is governed by the amount of hydrogen, the reaction temperature, the pres-

sure, and the residence time. The hardened fatty acids are filtered to remove any

residual catalyst and then cooled in a flash tank where the excess hydrogen gas

is removed. In addition to the reduction of the unsaturate level in the fatty acid,

the process may also convert some of the naturally occurring cis-configuration

unsaturated fatty acids into the corresponding trans-configuration. The conversion

can affect the finished product properties and is typically controlled to within

desired specifications.

6.2.2. Neutralization Step The formation of soap from fatty acids is achieved

through the reaction of the fatty acid with the appropriate caustic. This reaction

is extremely rapid for most common caustics, e.g., NaOH or KOH, and requires

proper stoichiometry and rigorous mixing to ensure processing effectiveness.

Although this appears relatively straightforward, in practice, there are a number

of processing considerations that must be addressed. First, an exact ratio of fatty

acids, caustic, water, and salt must be maintained to ensure formation of the desired

neat soap phase. The process is controlled to avoid the formation of middle soap,

which has a high viscosity and does not dissipate rapidly, or the formation of a neat

soap–nigre biphasic mixture, which may separate upon storage. Second, intimate

mixing of the oil and aqueous reactants is necessary to ensure uniform neat soap

phase composition. Third, because of the heat liberated by the reaction, temperature

control must be maintained within certain limits to prevent overheating and boiling/

foaming.

There are a variety of commercial systems for achieving neutralization. Gener-

ally, a heated fatty acid blend (�50–70�C) and caustic–salt–water (�25–30�C)

streams are metered into some form of a high shear mixing system, commonly

referred to as a neutralizer. The mixed stream heats to between 85�C and 95�C
on account of the latent heat of reaction and is pumped into a receiver tank that

effectively mixes the soap through both a recirculation system and agitation. After

a short residence time in the receiver tank to ensure a uniform composition, the

resulting neat soap is pumped into storage tanks or to the finishing operations.

6.3. Glycerol Recovery

The spent lyes resulting from soapmaking processes generally contain 8–15% gly-

cerol; sweet waters from hydrolysis of fats contain as much as 20% glycerol; crude

glycerol from esterification contains 80% or more glycerol. The grade of fat used

directly affects the treatment required to produce glycerol of an acceptable com-

mercial quality. The chemicals most commonly used to remove impurities from

spent lye and sweet water are hydrochloric acid and caustic soda.

The treatment of spent lye consists of a series of operations designed to remove

nearly all of the organic impurities (15, 16). The spent lye commonly is treated with

mineral or fatty acids to reduce the content of free caustic and soda ash and to

reduce the pH to 4.6–4.8 (17). Sulfates are to be avoided because they are

COMMERCIAL PROCESSING 119



associated with foaming and heat exchanger fouling during subsequent refining.

After cooling, the solid soap is skimmed, and an acid and a coagulant are added,

followed by filtration. Addition of caustic soda removes the balance of coagulant in

solution and adjusts the pH to a point at which the liquor is least corrosive to sub-

sequent process treatment. Spent lyes from modern liquid–liquid countercurrent

extraction used with continuous saponification systems require little treatment other

than reduction of free alkali by neutralization with hydrochloric acid. The dilute

glycerol is now ready for concentration to 80% soap lye crude glycerol.

The sweet water from continuous and batch autoclave processes for splitting fats

contains little or no mineral acids and salts and requires very little in the way of

purification, as compared with spent lye from kettle soapmaking (8). The sweet

water should be processed promptly after splitting to avoid degradation and loss

of glycerol by fermentation. Any fatty acids that rise to the top of the sweet water

are skimmed. A small amount of alkali is added to precipitate the dissolved fatty

acids and neutralize the liquor. The alkaline liquor is then filtered and evaporated to

an 88% crude glycerol. Sweet water from modern noncatalytic, continuous hydro-

lysis may be evaporated to ca 88% without chemical treatment.

Ester crude glycerol is usually of high quality; however, salt residue from the

esterification catalyst is typically present at a concentration of one percent or higher.

Crude glycerol originating from esterification or splitting of 100% vegetable oils is

segregated from other glycerols throughout processing to produce kosher glycerin.

6.3.1. Concentration The quality of crude glycerols directly affects the refining

operation and glycerin yield. Specifications for crude glycerols usually limit ash

content, i.e., a measure of salt and mineral residue; matter organic nonglycerol

(MONG), which includes fatty acids and esters; trimethylene glycol (TMG), i.e.,

propane-1,3-diol; water; arsenic; and sugars (7).

Dilute glycerol liquors, after purification, are concentrated to crude glycerol by

evaporation. This process is carried out in conventional evaporation under vacuum

heated by low-pressure steam. In the case of soap–lye glycerol, means are supplied

for recovery of the salt that forms as the spent lye is concentrated. Multiple effort

evaporators are typically used to conserve energy while concentrating to a glycerol

content of 85–90%.

6.3.2. Refining The refining of natural glycerol is generally accomplished by

distillation, followed by treatment with active carbon. In some cases, refining is

accomplished by ion exchange.

6.3.3. Distillation In the case of spent-lye crude, the composition is ca 80% gly-

cerol, 7% water, 2% organic residue, and less than 10% ash. Hydrolysis crudes are

generally of a better quality than soap–lye crudes with a composition of ca 88%

glycerol, <1% ash (little or no salt), and <1.5% organic residue.

Distillation equipment for soap–lye and esterification crude requires salt-resis-

tant metallurgy. The solid salt that results when glycerol is vaporized is removed

by filtration or as bottoms from a wiped film evaporator. The Luwa scraped wall
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evaporator is capable of vaporizing glycerol very rapidly and almost completely,

such that a dry, powdery residue is discharged from the base of the unit (7). Dis-

tillation of glycerol under atmospheric pressure is not practicable because it poly-

merizes and decomposes glycerol to some extent at the normal boiling point of

204�C. A combination of vacuum and steam distillation is used in which the vapors

are passed from the still through a series of condensers or a packed fractionation

section in the upper section of the still. Relatively pure glycerol is condensed.

High vacuum conditions in modern stills minimize glycerol losses due to polymer-

ization and decomposition.

6.3.4. Bleaching and Deodorizing The extensive use of glycerol and glycerol

derivatives in the food industry stresses the importance of the removal of both color

and odor (also necessary requirements of USP and extra-quality grades). Activated

carbon (1–2%) and diatomite filter aid are added to the glycerol in the bleach tank at

74 –79�C, stirred for 1–2 h, and then filtered at the same temperature, which is high

enough to ensure easy filtering and yet not so high as to lead to darkening of the

glycerol.

6.3.5. Grades Two grades of crude glycerol are marketed: (1) soap–lye crude

glycerol obtained by concentration of lyes from kettle or continuous soapmaking

processes contains ca 80% glycerol; and (2) hydrolysis crude glycerol resulting

from hydrolysis of fats contains ca 88–91% glycerol and a small amount of organic

salts. As glycerol from methyl ester production contains salt, it is usually marketed

as soap–lye crude.

Several grades of refined glycerol, such as high gravity, dynamite, and USP, are

marketed; specifications vary depending on the consumer and the intended use.

USP-grade glycerol is water-white, and meets the requirements of the USP. It is

classified as GRAS by the FDA, and is suitable for use in foods, pharmaceuticals,

and cosmetics, or when the highest quality is demanded or the product is designed

for human consumption. It has a minimum specific gravity (25�C/25�C) of 1.249,

corresponding to no less than 95% glycerol. Kosher glycerin meets all USP require-

ments and is produced synthetically or from 100% vegetable glycerides. The Eur-

opean Pharmacopoeia (PH.EUR.) grade is similar to the USP, but the common

PH.EUR. grade has a minimum glycerol content of 99.5%. The chemically pure

(CP) grade designates a grade of glycerol that is about the same as the USP but

with the specifications varying slightly as agreed by buyer and seller. The high-

gravity grade is a pale-yellow glycerol for industrial use with a minimum specific

gravity (25�C/25�C) of 1.2595. The dynamite grade has the same specific gravity

but is more yellow (see Explosives and propellants, explosives). All these grades

satisfy the federal specifications for glycerol (0-G491B-2).

6.4. Comparison of Base Soap Manufacturing Routes

Direct saponification of fats and oils is well known, characterized, and straightfor-

ward; requires little equipment; and is relatively energy-efficient. However, it is not
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very effective with regard to changes in the fats and oils ratio desired for finished

soap bar formulations. Furthermore, direct saponification has the drawbacks of low-

er glycerol yields, limited flexibility toward formation of mixed counterion soaps,

and requires higher quality feedstock for good quality soaps. In contrast, the hydro-

lyzer/neutralizer system is more flexible with regard to formation of mixed counter-

ions and formula changes, allows for posthardening of fatty acids, and provides

better glycerol recovery. Furthermore, the ability for both distillation and posthar-

dening provides greater flexibility in fats and oils feedstock selection; lesser grades

can be used to yield comparable quality base soap. However, this process is extre-

mely energy-intensive and requires more specialized process equipment, e.g.,

hydrolyzer columns, stills, a hydrogenation system, and neutralizer, and necessi-

tates the use of stainless steel on account of the corrosive nature of fatty acid.

7. BAR SOAP MANUFACTURING

The conversion of wet base soap into consumer-acceptable bar soaps can be

achieved using one of three commonly used manufacturing processes: framing,

milling, and hot extrusion, all of which use a variety of processing unit operations

or finishing steps. These steps include wet mixing or crutching, drying, dry mixing

or compounding, and bar forming.

7.1. Framing

The framed bar process is by far the oldest and the most straightforward process

used in the production of bar soaps. The wet base soap is pumped into a heated,

agitated vessel commonly referred to as a crutcher. The minor ingredients used

in soap bars, such as fragrance or preservative, are added to the wet soap in the

crutcher or injected in-line after reduction of product stream temperature. The

hot mixture is then pumped into molds and allowed to cool.

These molds can be either finished bar-shape molds or large blocks. Finished

bar-shape molds can be either a mated two-piece design or a five-sided, open-top

design. Upon cooling, the solid bar is removed from the mold and packaged as

desired. For the large blocks, the mold is pulled apart and the block of solid

soap is removed. Wire cutters are employed to cut the blocks first into slabs,

then into stripes, and finally into rectangular bricks representing the finished size

of the bar. The rectangular brick is finished by a final stamping step that typically

embosses the logo and any shape modifications into the brick. This large-block

approach is only suitable for brick-like shapes, whereas the finished bar-shape

molds allow for the production of much more complex shapes.

Traditionally, this process has been used primarily for simple soap bars because

it tends to be time consuming and thus somewhat limited for large-scale bar produc-

tion. However, advances have been reported in automating this approach (18).

Furthermore, the process requires fluid crutcher compositions for flow into the

molds. This typically requires the formulation to contain either a high level of
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solvents, including water, glycerol, and alcohol, and be at elevated temperatures

(>80�C) when poured into the frames. Despite these limitations, it has proven to

be the preferred route to producing certain specialty products, for example, trans-

parent bars.

7.2. Milled Bar Process

The process used in the 1990s for the production of most bar soaps is the milled bar

process. The milled soap process produces high-quality soap bars. The process

requires drying as well as milling and plodding (extrusion) of low-moisture soap

and is capable of high efficiency and throughput (�300–400 bars/min for a given

packing line). This process, however, is also equipment-intensive on account of the

number of process unit operations required.

For this process, the wet soap is pumped into a mixing vessel (crutcher) where

the addition and mixing of minor ingredients may be achieved. Minor ingredients

include excess fatty acids, preservatives, and potentially other synthetic surfactants.

Alternatively, mixing can be achieved through the use of in-line static mixers, with

the accurate addition of the minors into a flowing stream of the wet soap.

The wet soap is put into the drying operation where moldable solid soap is cre-

ated by reducing the water content in the wet soap from around 30% to between 7%

and 15%. This drying step can be attained through three typical approaches: atmos-

pheric flash drying, vacuum drying, and chilled surface drying. For all three

approaches, the wet soap stream is first superheated in a high-pressure steam-

heat exchanger of either a plate-and-frame or tube-and-shell design. The amount

of heating the soap undergoes depends on the drying needs.

Atmospheric flash drying is similar to spray tower drying used for the formation

of detergent granules. The superheated soap (�190–220�C) is sprayed at pressures

of about 2.8 MPa (400 psi) (with specially designed nozzles) as small particles into

the upper part of a tower (at atmospheric pressures). The high-pressure spraying

process causes a rapid loss of moisture from the superheated soap in the form of

steam. Cooling of the hot, dry soap particles is achieved using cooling air that is

blown into the bottom of the tower. The air cools the soap as it falls to the bottom

of the tower. The cooling air is usually humidified to prevent overdrying of the

soap. The soap is removed from the bottom of the tower.

Vacuum drying is similar to atmospheric drying but does not require as high a

temperature to drive the moisture loss; it can be performed in a considerably smal-

ler tower. Wet soap, heated to around 130–150�C in a low-pressure heat exchanger,

is sprayed onto the walls of an evacuated tower using a nozzle. The nozzle can

either be unidirectional, mounted on a rotating shaft, or statically mounted and

multidirectional. Cooling and drying is achieved in one step through the rapid

release of moisture as vapor, which occurs on introduction of superheated soap

into the vacuum chamber (Joule-Thompson cooling). The dried, cooled soap is

scraped off the tower wall with a scraper blade mounted on a rotating shaft. The

moisture in the dried soap is dependent on the flow rate, the temperature of the

soap, and the pressure in the vacuum chamber; the last also controls the final
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temperature of the soap. The dried soap is obtained at the bottom of the tower in the

form of small pellets through an airlock created by the screw extrusion of the soap

through a multiholed orifice plate. Vacuum drying has a number of advantages over

atmospheric flash drying, including the lower pressure steam requirements, lower

overall temperatures, and the more compact drying system/tower.

The chilled surface drying process is similar to atmospheric drying, with the

cooling process being driven by a chilled surface as opposed to air flow through

a tall tower. The wet soap is superheated in high-pressure, nonboiling heat exchan-

gers. Drying is achieved by the release of steam when this superheated soap is intro-

duced into a chamber with a slight negative pressure, which is commonly referred

to as a flash chamber. The resulting hot, dry soap melt is cooled through the forma-

tion of a thin film on a chilled surfaced, commonly in the form of a roll (rotating

cylinder). The hot, dry soap falls into the small gap (�10–50 mm) formed at the

interface between a large chilled roll and a smaller, temperature-controlled (may

be heated or cooled) applicator roll that aids in uniform film formation. As the

chilled roll rotates, the dry, cold soap is removed via scraping with a doctor blade

and emerges in the form of flat flakes. The amount of soap drying is governed by

the temperature that the soap is introduced and the air flow in the flash chamber.

This process is exceptionally good for modern synthetic surfactant-containing for-

mulations because it is amenable to more sticky in-process materials. This drying

approach can also be achieved using a chilled belt in place of the chilled roll.

Additional minor ingredients, e.g., pigments, fragrances, dyes, preservatives, and

antibacterial actives, or some cosurfactants in modern-day bar soaps are introduced

into the dried soap in either a batch or continuous fashion in a unit operation

referred to as amalgamation. An amalgamator is a paddle mixer where both solids

and liquids can be effectively pulverized and mixed on a macroscopic scale. In a

batch process, the materials are individually weighed and placed into the amalga-

mator. The batch process is quite labor intensive and time consuming. The contin-

uous process is more commonly used because it allows for higher efficiencies and

throughput. In a continuous mixer, solids are typically introduced into the amalga-

mator through weighbelts, whereas liquid components are delivered using metering

pumps. The materials are mixed and moved through the amalgamator using a heli-

cal agitator.

More intimate mixing of the soap and minor ingredients is achieved using

controlled-temperature milling. Milling is an operation in which the soap is passed

through a series of closely spaced, temperature-controlled steel rolls that dictates

product temperature, inputs work into the soap mixture, and provides efficient

micromixing. Four-roll mills are very common but three- and five-rolls are also

used. Mills are designed such that successive rolls rotate in opposite directions

and at slightly increased rates than the previous roll. Therefore, at the point of con-

tact between two mill rolls, the two surfaces are moving in the same direction but

with different speeds. A zone, called a bead, is created at this point of contact where

material is micromixed through the high-shear nature of the zone. This high-shear

mixing also causes heating of the product stream. The spacing between the rolls is

set to generate a final product of around 1.0–1.5 mm thickness. At the top roll, the
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soap is scraped off using a knife blade into ribbons of less than 5 cm in width. A

typical four-roll mill can handle around 3600 kg/h of material, and inputs enough

work and temperature to raise the dried soap temperature from 25�C to 40�C.

Milling not only provides intimate mixing, but also eliminates variation in rib-

bon thickness and crushes lumpy materials, e.g., overdried soap, which might

impact finished bar texture. Milling is also used for the formation of the proper

bar soap crystalline phase, which plays a critical role in both the performance prop-

erties of the soap bar and the handling characteristics of the in-process soap. For

example, too hot a milling temperature can create sticky soap that is difficult to pro-

cess further.

The formation of finished bar soaps is accomplished through the continuous

extrusion of a shaped plug of soap. This extrusion is commonly referred to as plod-

ding and is achieved using a two-stage single- or twin-worm-screw extruder. The

purpose of plodding is to compact the soap noodles into a solid mass of soap that is

in a manageable form and devoid of air. The first stage of the plodder pushes the

soap through a multiholed orifice plate that acts as an airlock for the second stage.

The second stage is under vacuum to ensure the removal of entrained air that

impacts final bar appearance. The second stage also pushes the soap through a

temperature-controlled barrel that terminates in a cone having a shaped orifice

plate. The orifice plate yields a soap plug with proper dimensions for cutting and

stamping into the desired bar shape. During this plodding step, heat may be added

or removed. The worm screw and conical termination of the barrel force the soap

into a plastic mass (at appropriate temperatures), which is welded together and

emerges as a smoothly surfaced, continuous plug of soap.

The plug at the exit of the plodder is cut into the appropriate length and directed

into the stamping and packaging operations. Product can be stamped into the

desired shape on account of its intrinsic plasticity using either fixed capacity or

box dies. Capacity dies are a pair of casts pressed together to form the desired shape

of the bar. The dies possess a fixed capacity and excess material is pushed outside

the mated die pair. The excess, on the order of 20% of the original plug mass, is

recycled back to the plodder. Box dies are an arrangement of two dies that, in con-

junction with a cavity referred to as a box, form the shape of the bar. The plug is

placed into the cavity and the two dies push the soap to fill in the shape confined by

the two dies and the box. There is very little excess because this design uses the

total mass of material to fill out the shape. However, the resultant bar soap has a

band around its perimeter on account of the box. Capacity dies provide greater flex-

ibility in bar shape design, whereas box dies have the advantage of producing much

lower amounts of recycle material. Dies are typically produced out of brass, highly

polished to produce a high gloss, smooth bar surface, and cooled (�0–15�C) to

eliminate product sticking during stamping. To further eliminate the sticking of

the final bar to the die, a liquor of concentrated brine solution or glycerin is often

applied to the die surface. Stamped bars are then either wrapped or placed in car-

tons and bundled for sale. The entire bar-finishing operation from the plodder to

cases of finished product operate at rates of between 150 bar/min to 400 bar/min,

depending on the stamp design and packaging equipment.
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7.3. Hot Extrusion Process

The hot extrusion process was originally developed as a replacement of the tradi-

tional framed process used for the manufacturing of floating soap bars, i.e., Ivory

(19). This process uses a scraped-wall heat exchanger (SWHX) to provide con-

trolled crystallization and plug forming in one step. Wet soap is first partially dried

from �30% to �20% moisture using a high-pressure heat exchanger, operating

around 180 –190�C, and an atmospheric flash tank to drive off the water. The

high temperature and pressure drop causes the flashing. The reduced moisture

soap, at �85–95�C, is then pumped through a high-shear mixer where minor ingre-

dients such as fragrance and preservative are added. For a floating bar, air is also

injected into the product stream at this point.

The product stream is then pumped into the SWHX for cooling and crystalliza-

tion. The SWHX is an open tube and is jacketed for cooling using <0�C brine cir-

culated at a high rate. Inside the open tube is a rotating shaft containing scrapers.

This arrangement provides efficient cooling of the product stream as it transverses

the 1–2 m of the SWHX by scraping cooled product off the wall and effectively

mixing it back into the bulk product. At the end of the SWHX is a cone that causes

compression of the product stream into a rectangular plug. Inside the cone are a

series of rotating arms that help to ensure a homogenized product stream. At the

outlet of the SWHX emerges a partially crystallized strip at �55–70�C; this partial

crystallization makes the strip firm enough to maintain its shape once extruded. The

extruded strip is taken away from the outlet of the SWHX on a conveyor belt, cut to

appropriate dimensions, and allowed to cool further under specific temperature and

humidity conditions to ensure proper crystallization. The cut strips are then finished

into packaged bars using processes similar to those described previously.

8. FORMULATION OF SOAPS

The formulation of bar soaps has become increasingly complex with changing con-

sumer bathing habits and expectations. In the past, consumers’ bathing habits were

such, e.g., once-a-week baths, that simple lye soaps were acceptable. However,

today it is not uncommon to shower everyday, which puts greater demands on

the performance properties of soap bar, for example, mildness to skin and formation

of bathtub ring (20). Manufacturers of bar soaps have developed a variety of for-

mulation approaches to deliver products that better meet the consumer needs of the

1990s. This is achieved through the proper balancing of soap components, inclusion

of various additives, or the blending of synthetic surfactants into the formula. In

addition, new forms of cleansing products have been introduced to address these

changing habits and consumer needs, e.g., liquid handsoaps and shower gels or

body washes. For personal cleansing products, including bar soaps, performance

is measured by such tests as lather, wet cracking, smear, firmness, rinsability (the

amount of residue left on surfaces after rinsing with hard water), and mildness to

skin (21, 22). It is through use of these measures and exhaustive consumer research

that modern soapmakers develop better products for consumer needs.
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8.1. Soap Bars

In soap bars the primary surfactant is predominantly sodium salts of fatty acids.

These products typically contain between 70% and 85% soap. Occasionally, potas-

sium soap (�5–30%) is included in the formulation to increase the solubility of the

soap and, hence, the bar’s lathering properties. The low Krafft temperatures for

potassium soap are the basis for the lather enhancement, but also limits their con-

tent in bars.

Soap performance can be controlled through the proper blending of fats and oils

to specific ratios, and the formation of the proper phase and colloidal structure. It is

common to produce soap using a blend of tallow and coconut or palm kernel oils,

generally in a ratio of between 85:15 and 50:50. As the amount of coconut oil is

increased in the bar, the lathering profile of the product typically increases as a

result of the inherent higher solubility of the soaps formed from coconut (shorter

chain-length soaps). However, this higher lather comes at the expense of bar smear,

which increases for the same solubility reasons. Furthermore, the higher content of

sodium laurate in these high coconut soaps can negatively impact the mildness of

the product, because laurate soaps are intrinsically more irritating to skin than other

chain lengths (23). High-lathering, pure coconut oil soaps are still marketed in the

United States as Castille soaps.

Additionally, soap bars typically contain between 8% and 20% water, 0.5% to

1% NaCl, and low levels of glycerol. Salt modifies the processibility of soap during

plodding and milling, as well as being a carryover ingredient from the manufacture

of the base soap. Glycerol is also an impurity remaining from the base soap produc-

tion, but in some bars it is actually added for rinsing or skin-feel purposes.

8.2. Bar Soap Additives

There are a variety of additives that may be formulated into soap bars to provide

additional consumer benefits or modify the performance of the products.

8.2.1. Free Fatty Acid Soap bars are intrinsically alkaline in nature on account

of the physical properties of soap in water and the process used in its manufacture,

which yields base soap having a very slight excess of free caustic. Free fatty acid,

commonly either coconut or palm kernel, is added into the formulation to neutralize

this slight excess of caustic. Often higher fatty acid levels (1–8%) are incorporated

into the formula to modify the performance of the product, referred to as superfat-

ting. The free fatty acid associates with soap to form acid–soap crystals. The for-

mation of acid–soap crystals changes both the texture and plasticity of the bar, as

well as the lather performance. Superfatted bars are smoother and longer lasting.

They also yield lathers that are more stable, creamier, and more dense than non-

superfatted products. However, superfatting can also decrease the odor and color

stability of the final product because oxidative degradation of fatty acids is faster

than for the analogous soaps. Other materials can be used to achieve similar char-

acteristics as superfatted bars, for example, waxes and triglycerides. These types of

superfatting agents may also serve as emollients.
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8.2.2. Glycerol This common skin care ingredient is formulated in bar soaps

because of its humectant properties. Glycerol, at levels of 10%, has been shown

to change significantly the consumer skin softness and smoothness perception

(24). Even at low levels, glycerol can alter the skin-rinsing profile of the bar. Unfor-

tunately, high levels of glycerol can negatively impact bar processibility through

increasing product softness and stickiness.

8.2.3. Colorants, Dyes, and Pigments It is quite common to modify the

appearance or aesthetic properties of bar soaps through the incorporation of various

colorants and opacifiers. The most commonly used material is titanium dioxide,

which at low levels (<0.8%) is an effective whitener and opacifier. Most marketed

bar soaps contain some level of TiO2 as either an opacifier in conjunction with other

colorants or as a whitener. A variety of dyes are also used in addition to TiO2 to

generate desired product colors. The dyes used are almost exclusively dyestuffs

of Drug and Cosmetic or Food, Drug, and Cosmetic grades. Some producers also

use inert, inorganic pigments for product coloration. Pigments have an advantage

over dyes; they are inherently more color-stable and not water soluble. The latter

attribute is important for striped or two-toned products, because water-soluble dyes

can migrate in the product and eventually lessen the contrast between the two tones

present.

8.2.4. Fragrance A key aesthetic for consumer acceptance of personal cleansing

products is the product fragrance. Fragrance is used by manufacturers of soaps as

one of the primary means of targeting products for specific user groups and connot-

ing different product marketing positions. A secondary purpose of fragrance is to

mask the fatty base odor of the soap. Commonly, fragrance development is per-

formed by perfume houses who focus their development on product appeal needs.

For example, fragrances used for deodorant products tend to be impactful and resi-

dual to skin to provide long-lived fragrance on skin. A number of products are

appearing on the market that are designed for individuals with sensitive skin.

The fragrance types and levels used in these sensitive-skin products are such that

they mask the base odors of the soap while providing some soft perfume notes dur-

ing use, reinforcing their mildness to or compatibility with skin. Fragrance levels

are typically in the range of 0.7% to 1.5%, but sensitive-skin products contain much

lower levels. The level of fragrance used is a function of the target audience for the

product and the odor stability of the fragrance in the product. Product odor instabil-

ity results from both the loss of fragrance during storage and the propensity for oxi-

dation of fragrance and soap components. Hence, a product may change from an

acceptable to an unacceptable odor profile during its lifetime if not properly formu-

lated.

8.2.5. Chelants and Antioxidants Soaps, fatty acids, and fragrances are sus-

ceptible to oxidation during aging (25). The oxidation process is quite complex

but typically results from the reaction of the unsaturated bonds in these components

with oxygen in the air, resulting in the formation of shorter chain-length acids,
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aldehydes, and ketones that are extremely odoriferous. In the case of fragrance

components, oxidation can produce a change in product odor character and cause

discoloration of the bar. To minimize the oxidation of the base soap and other minor

ingredients in soap bars, both chelants and antioxidants are commonly used.

Chelants at concentrations of 0.1% to 0.2% improve the oxidative stability

through the complexation of the trace metal ions, e.g., iron, which catalyze the oxi-

dative processes. Examples of the chelants commonly used are pentasodium diethyl-

enetriaminepentaacetic acid (DTPA), tetrasodium ethylenediaminetetraacetic acid

(EDTA), sodium etidronate (EHDP), and citric acid. Magnesium silicate, formed

in wet soap through the reaction of magnesium and silicate ions, is another chelant

commonly used in simple soap bars.

Antioxidants are also used in conjunction with chelants to further improve pro-

duct odor and color stability. Antioxidants work by chemically trapping the free

radicals formed during the oxidation process, significantly decreasing the rate of

the degradation reaction. This is particularly important for fragrance components.

Butylated hydroxytoluene (BHT), one of the most commonly used antioxidants, is

usually incorporated at levels of 100–200 ppm in the formulation. BHT is fre-

quently added directly to the fragrance to improve the storage stability of the

neat material.

8.2.6. Mildness and Skin Additives The increased frequency of bathing and

the changing consumer need has necessitated the development of products having

skin care benefits. In addition to the two most common additives, fatty acid and

glycerol, there are a wealth of other additives that are frequently used. Examples

include lanolin, Vitamin E, aloe vera gel, mineral oil, and baking soda.

Inert materials are sometimes used in soap bars as a means of improving the skin

mildness of the product by decreasing the level of soap and surfactant in the bar.

The cleansing agents at high concentrations can sometime dry and irritate skin. A

variety of inert materials, both inorganic and organic, have been reported in the lit-

erature, including oatmeal, dextrin, starch, wax, and talc (26). These materials may

also deposit on the skin during washing, further modifying the rinsing properties of

the soap bar and impacting the consumer perception of the product and its aesthetic

properties.

Newer technologies have been used in the manufacture of bar soaps, which truly

improve the clinical mildness-to-skin of these products. One approach relies on

minimizing the overall levels of the more irritating soap species, such as the lau-

rates and unsaturated species, through appropriate balancing of feedstocks (27, 28).

Another approach is the incorporation of quaternary amine compounds into the for-

mula, which effectively complexes the soap during the wash–rinse process, reduc-

ing its potential to remove oils from or interact with the skin. The amines

commonly take the form of cationic polymers based on natural materials such as

cellulose, guar gums, and proteins (29).

8.2.7. Antimicrobial Agents Antimicrobial agents have been used for a number

of years in soap bars as a means of providing additional deodorant protection
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through their residual effectiveness on suppressing the growth of odor-causing bac-

teria. These materials actually deposit on skin during the washing process and pro-

vide a reservoir of active ingredient that is effective at suppressing bacterial growth

between washings. It is widely believed that these soaps may provide additional

benefits on account of their ability to control the microflora on the skin surface.

One such benefit may be the reduction in the level or frequency of minor skin infec-

tions by controlling the Staphlyococcus aureus level on the skin surface (30). Only

two active ingredients are commonly used in bar soaps: trichlorocarbanalide or

TCC (Triclocarban) and trichlorohydroxydiphenyl ether or TCS (Triclosan). These

compounds are typically used at concentrations of 0.25% to 1.5% in the final

product and have activity against a wide range of micro-organisms.

8.2.8. Specialty Soaps There are a variety of specialty soaps that require cer-

tain additives to deliver the special consumer needs for which they were developed.

Scouring soaps contain an abrasive agent homogeneously distributed throughout

the soap to aid in the cleaning properties of the product. The abrasives are extre-

mely small particles of insoluble material such as pumice. Striped bar soaps are

commonly produced using two soap streams with different colorant systems that

are intentionally poorly mixed during extrusion through the plodder. Transparent

soap bars, often called glycerin soap, are formed through the quiescent cooling

of a high solubility soap system containing a high level of solvent (31). The solvent

aids in the formation of a clear gel through retardation of large crystal formation.

Common solvents include glycerol, triethanolamine, ethyl alcohol, and sugars. A

common type of soap used in these products is triethanolamine soaps, e.g., Neutro-

gena, which have relatively low crystallization temperatures.

8.2.9. Synthetic Surfactant Much of the development of new soap bar techno-

logies has been focused on products containing some level of synthetic surfactants.

The primary benefits of synthetic surfactants over soaps are their intrinsic lower

sensitivity to water hardness, which improves their rinsing profiles, their lathering

ability, and their effects on skin feel and mildness. Anionic, nonionic, and ampho-

teric surfactants have all been formulated into bar soaps. In most bar soaps, the syn-

thetic surfactant serves the purpose of a secondary surfactant (at levels of 1–20%),

modifying the lathering, rinsing, or skin effects profile. However, in some skin care

or beauty bars, these surfactants represent the primary cleansing agent (up to 50%

or 60% of formulation), with soap taking the role as the secondary surfactant, pre-

sent primarily for structural purposes.

Anionic surfactants are the most commonly used class of surfactant. Anionic

surfactants include sulfates such as sodium alkylsulfate and the homologous

ethoxylated versions and sulfonates, e.g., sodium alkylglycerol ether sulfonate

and sodium cocoyl isethionate. Nonionic surfactants are commonly used at low

levels (�1–2%) to reduce soap scum formation of the product, especially in hard

water. These nonionic surfactants are usually ethoxylated fatty materials, such as

HOCH2CH2O (CH2CH2O)nR. These are commonly based on triglycerides or fatty

alcohols. Amphoteric surfactants, such as cocamidopropyl betaine and cocoam-
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phoacetate, are more recent surfactants in the bar soap area and are typically used at

low levels (<2%) as secondary surfactants. These materials can have a dramatic

impact on both the lathering and mildness of products (32).

These surfactants, in conjunction with soap, produce bars that may possess

superior lathering and rinsing in hard water, greater lather stability, and improved

skin effects. Beauty and skin care bars are becoming very complex formulations. A

review of the literature clearly demonstrates the complexity of these very mild for-

mulations, where it is not uncommon to find a mixture of synthetic surfactants, each

of which is specifically added to modify various properties of the product. For

example, one approach commonly reported is to blend a low level of soap (for pro-

duct firmness), a mild primary surfactant (such as sodium cocoyl isethionate), a

high lathering or lather-boosting cosurfactant, e.g., cocamidopropyl betaine or

AGS, and potentially an emollient-like stearic acid (33). Such benefits come at a

cost to the consumer because these materials are considerably more expensive

than simple soaps.

8.3. Liquid Soaps and Body Washes

In the late 1970s and early 1980s a new form of soap product emerged, commonly

referred to as liquid handsoaps. These liquid soaps were offered as a practical repla-

cement of soap bars for use at sinks in the bathroom and kitchen. Manufacturers

have taken two basic approaches to the formulation of these products: soap-based

and synthetic-based formulations. Soap-based formulas use potassium or ammo-

nium salts to yield soaps that are highly soluble at room temperature. These soaps

have typically been of either short chain lengths, such as coconut soap, or a blend of

short chain lengths and unsaturated soaps, such as oleic. More recently, these soap-

based formulations have been replaced by synthetic surfactant-based formulations.

Synthetic surfactant formulations have the advantages of being milder-to-skin, clea-

ner rinsing, higher lathering, and less sensitive to water hardness. A typical syn-

thetic surfactant formulation is around 80% water and may contain sodium alkyl

sulfate and sodium alkylethoxy sulfate as the primary surfactant, a nonionic surfac-

tant such as lauramide DEA, and potentially a lather-building amphoteric surfactant

such as cocamidopropylbetaine (34). Other commonly used surfactants include

sodium cocoyl isethionate and sodium olefin sulfonate. The U.S. market has

evolved significantly since the initial introduction of liquid handsoaps, and most

products in the 1990s possess both antibacterial agents (usually TCS) and moistur-

izers. The latter are used to protect hands from drying and germs. The most com-

monly used moisturizing agents are cationic polymers such as those previously

discussed.

Body washes are another more recent introduction into the marketplace. These

products have become a mainstay in the European market and, in only a few years,

have grown to be a significant fraction of the U.S. market. Body washes can be sim-

ple formulas similar to those used for liquid handsoaps or complex 2-in-1 oil-in-

water emulsion, moisturizing formulations. These products contain a wide range

of synthetic surfactants not typically found in bar soaps or liquid handsoaps,
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such as sodium monoalkyl phosphate. It is not uncommon to find over 20 different

components in these formulations, with no less than six or seven different surfac-

tants. The 2-in-1 products also contain skin-conditioning agents, such as cationic

polymers, and emollients or beauty oils to provide even milder-to-skin cleansing

and in-use moisturization.

9. ECONOMIC ASPECTS

The personal cleansing market in the United States represents nearly 2 billion in

consumer sales divided among the three primary categories: bar soaps (�77%),

liquid handsoaps (�13%), and body washes (10%) (35, 36). A few large manufac-

turers produce the majority of these products, as indicated in Table 2. However, a

number of smaller producers also manufacture bars for both general consumption

and specialty uses.

10. ANALYTICAL CHARACTERIZATION OF SOAP

There are a variety of analytical methods commonly used for the characterization of

neat soap and bar soaps. Many of these methods have been published as official

methods by the American Oil Chemists’ Society (23). Additionally, many analysts

choose United States Pharmacopoeia (USP), British Pharmacopoeia (BP), or Food

Chemical Codex (FCC) methods. These methods tend to be colorimetric, potentio-

metric, or titrametric procedures. However, a variety of instrumental techniques are

also frequently used, e.g., gas chromatography, high-performance liquid chromato-

graphy, nuclear magnetic resonance spectroscopy, infrared spectroscopy, and mass

spectrometry.

Some of the traditional methods used for the characterization of bar soaps are

moisture, free acid or free alkalinity, total soap, and chloride (salt). Moisture deter-

minations are typically run by Karl Fischer titration. However, under certain cir-

cumstances, moisture can be measured gravimetrically. The measure of free fatty

acid or free alkalinity is typically done via a simple pH titration using phenophtha-

lein or potentiometric end point. Total soap is generally done using an extraction/

gravimetric procedure: the soap sample is acidified in an ethanol–water mixture, the

fatty acids are extracted into a hydrocarbon solvent, and the amount of extracted

TABLE 2. Primary Manufacturers of Bar Soaps, Liquid Handsoaps, and Body Washes.

Producer Product

Procter & Gamble Co. Ivory, Oil of Olay, Zest, Coast, Safeguard, Camay

Lever Brothers Co. Dove, Lever 2000, Caress, Shield, Lux

Colgate-Palmolive Co. Irish Spring, Cashmere Bouquet, Softsoap, Palmolive

Dial Corp. Dial, Pure & Natural, Tone, Spirit

Andew Jergens Co. Jergens Mild, Naturals
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fatty acid is measured by gravimetric analysis after elimination of the solvent. The

measurement of sodium chloride is accomplished commonly using an ion-selective

electrode titration. Glycerol is analyzed using gas chromatography. The analysis of

finished bar soaps include, in addition to those stated above, color and odor analy-

sis; analysis of active ingredients, e.g., antimicrobial actives; and quantitation of

synthetic surfactants.

11. HEALTH, SAFETY, AND TOXICOLOGY

The manufacture of soap poses some material handling concerns because of the

reaction of strong caustics with either neutral fats and oils or fatty acids at relatively

high temperatures. The caustics, i.e., sodium hydroxide and potassium hydroxide,

represent the primary hazard. At around 50% concentrations, these caustics are

extremely corrosive and may cause serious body burns and eye injuries if not

removed quickly through rinsing with copious amounts of water. Appropriate pro-

tective clothing is strongly urged when handling these materials.

Soap, as used in personal cleansing products, has a long, safe history of use.

Modern soaps have been specifically formulated to be compatible with skin and

to be used on a daily basis with minimal side effects. Excessive use of soap for

skin cleansing can disrupt the natural barrier function of skin through the removal

of skin oils and disruption of the lipid bilayer in skin. This can result in imperfect

desquamation or a dry appearance to skin and cause an irritation response or erythe-

ma, i.e., reddening of the skin. Neither of these is a permanent response; and the

elicitation of this type of skin reaction depends on the individual’s skin type, the

product formulation, and the frequency of use.

There is a considerable amount of research into the compatibility of cleansing

products with skin (20, 38, 39). Modern soap manufacturers improve the skin com-

patibility of their products through a variety of chemical testing methods. These

methods are often used to evaluate the mildness (irritation potential) of test formu-

lations in comparison with other formulations on the basis of the dry skin and irri-

tated (red) appearance of skin. There are many reports of comparative studies of

various formulations and their mildness-to-skin; however, the results of these overly

exaggerated test methods may not reflect consumer experience with products (20).

On direct contact with other sensitive membranes, such as eyes, soap may also

cause irritation in the form of stinging. Again, this is a temporary response that

can be rectified through rinsing with water. Ingestion of soap poses little risk at

the levels of materials usually ingested. Typically, temporary minor irritation of

mucous membranes and gastrointestinal disorders, e.g., nausea, vomiting, and diar-

rhea, may be experienced.

12. ADDITIONAL USES OF SOAP

The primary use of carboxylate soaps is in the manufacture of personal cleansing

products, principally bar soaps. Liquid soaps comprise a small percentage of total
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usage. There are also a number of other applications for both consumer and indus-

trial use. Soluble soaps, such as potassium and sodium, are used in cleansing appli-

cations where their detersive and emulsification properties can be leveraged, for

example, in the textile industry where the cleansing of various in-process fibers

and leather (defatting) is desired. Soaps are also used in emulsion polymerization.

Furthermore, soaps are used in a variety of cosmetic products. Sodium stearate pro-

vides the structure of many modern antiperspirant and deodorant sticks (40, 41).

Amine soaps, typically triethanolamine and ammonium stearate, are used in pro-

ducts where high-volume, stable lathers are desired, such as cleansing and shaving

creams (42).

The lower solubility metal and alkaline-earth metal soaps are also widely used in

a variety of different applications. For example, calcium oleate is used in the water-

proofing of cement. Metal soaps, such as calcium, magnesium, and aluminum

soaps, are commonly used for the thickening of hydrocarbon lubricating greases,

mold release, and suspending agents in paints (43 – 47). Magnesium stearate is fre-

quently used as a filler material and binder in drug tablets and as either inert binder

or emulsification agent in cleansing products and cosmetics, respectively (48, 49).

Aluminum soap has been used in the manufacture of weapons of war, applying its

emulsification properties to napalm. Zinc soaps have been studied and applied to

specialty cleansing products because of their antibacterial and antifungal properties.
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4
Detergents and Detergency

Jesse L. Lynn, Jr.

1. INTRODUCTION

The cleaning of a solid object, i.e., the removal of unwanted foreign matter from its

surface, is done by methods ranging from simple mechanical separation such as

blotting or abrasion to removal by solution or selective chemical action. The

term detergency is limited to systems in which a liquid bath is present and is the

main cleaning component of the system. The action of the bath involves more than

simple solution or simple hydraulic dislodging of soil, although both will occur and

contribute to the cleaning. The cleaning is enhanced primarily by the presence in

the bath of a special solute, the surfactant, that alters interfacial effects at the var-

ious phase boundaries within the system. Thus, a typical detersive system consists

of a solid object to be cleaned, called the substrate, soil or dirt attached to it that is

to be removed in the washing process, and a liquid bath that is applied to the soiled

substrate. In turn, each of these elements can vary widely in properties and compo-

sition. The final cleaning benefit results from interaction of these elements and the

conditions used, i.e., temperature, time, mechanical energy input (agitation), and, in

the case of aqueous baths, the presence of hardness ions in the water.

In the cleaning or washing process in a typical detersive system, the soiled sub-

strate is immersed in or brought into contact with a large excess of the bath liquor.

Enough bath is used to provide a thick layer over the whole surface of the substrate.

During this stage, air is displaced from soil and substrate surfaces; i.e., they are

wetted by the bath. The system is subjected to mechanical agitation, either rubbing

or shaking, which provides the necessary shearing action to separate the soil from

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
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TABLE 1. Detersive Systems.

Mechanical

System Soil Action Bath Ratio Detergent

Fabric and Fibrous

Textile and allied manu-

facturing

Raw wool scouring Liquid at operating temperature Very gentle High Organic surfactant

Wool yarn and piece

goods

Liquid Gentle Moderately high Organic surfactant

Scouring gray cottons Mostly solid; waxy and starchy Vigorous Low Built surfactant

Scouring synthetic

fabrics

Mixed; oily lubricant and sizing

residues

Moderate Medium Built surfactant

De-inking paper Mixed; oily and pigment Vigorous High Heavily built surfactant

Laundering

Household Mixed and variable Moderate High Unbuilt or built surfactant

Commercial and

industrial

Mixed and variable; heavier than

house-hold soil

Vigorous High Built surfactant

Rug cleaning in plant Heavy solid Moderate gentle Medium to low Organic surfactant, may be

built

On location Heavy solid Vigorous; superficial brushing Very low; foam bath Organic surfactant foam

Hard Surfaces

Glass and ceramics

Hand dishwashing Mixed oily and solid organic Moderate to vigorous High Organic surfactant

Machine dishwashing Mixed oily and solid Vigorous hydraulic High Inorganica

Commercial bottle

washing

Light solid organic Vigorous hydraulic High Inorganica

Metals

Prefinishing cleaning Oily Moderate to gentle hydraulic High Inorganica

Postforming emulsion

cleaning

Oily and mixed Gentle hydraulic High Mixed and inorganic and

surfactant



TABLE .1. (Continued)

Mechanical

System Soil Action Bath Ratio Detergent

Cleaning metal struc-

tures and equip-

ment, tanks, dairy

equipment, etc.

Variable; mostly oily or organic solid Usually vigorous rubbing,

sometimes hydraulic

Usually low in wash cycle;

may be high in rinse cycle

Inorganica, built surfactant

Organic surfaces, paint,

linoleum, plastic tile

Mixed solid, organic solid, and oily Usually vigorous low rubbing Low Lightly to moderately built

surfactant

Cosmetic and Personal Cleaning

Shampooing Oily Vigorous rubbing in rinse cycle Low in wash cycle; high Organic surfactant

Bathing and washing Mixed, mostly oily Mild to vigorous rubbing High; sometimes low in wash

cycle

Organic surfactant

a Organic surfactant frequently added to aid wetting and draining.



substrate and disperse it in the bath. Agitation also promotes mass transfer in

the system, just as in a heterogeneous chemical reaction. The bath carrying the

removed soil is drained, wiped, squeezed, or otherwise removed from the substrate.

The substrate is rinsed free of the remaining soiled bath. This rinsing step determines

the final cleanliness of the substrate. The cleaned substrate is dried or otherwise finished.

A meaningful discussion of detergency requires a definition of clean. In the phy-

siochemical sense, a surface is clean if it contains no molecular species other than

those in the interior of the two adjoining phases. It is difficult to achieve such a state

even under the most exacting laboratory conditions. Practically, a surface is clean if

it has been brought to a desired state with regard to foreign matter present upon it,

as judged by agreed-upon criteria. Household linen, for example, is considered

clean when it is free of visible soil even though it may carry a starch and a softening

finish. In the dyehouse of a textile mill, a piece of goods such as this would be

rejected as dirty and returned for scouring because these finishes interfere with dye-

ing. Most standards for cleanness involve a visual or optical judgment for the pre-

sence of foreign matter. In some systems, for example, the desizing of cotton, the

degree of cleanness may be specified by weight percentage of soil on the substrate.

In other systems, such as the degreasing of metal, it is the weight of soil per unit

area of substrate surface that specifies cleanness. In washing dishes or glassware,

cleanness is often specified by complete water wettability or freedom from water

break, as well as by appearance.

Although it is impossible to list all the practical detersive systems that might be

encountered, a large proportion fall in a small number of classes. This classification

disregards surfactant structure and type of substrate (fibrous or hard surface) and is

restricted to a consideration of the soil present on the substrate, the mechanical

action employed, the bath ratio, and the detergent used. Some of the more com-

monly encountered detersive systems are classified on this basis in Table 1.

2. COMPONENTS OF DETERSIVE SYSTEMS

2.1. Substrates

Solid objects to be cleaned vary widely in chemical composition and surface con-

figuration. With few exceptions, however, they can be divided into fabrics and

fibrous materials and hard surfaces. Fabrics present a highly complex configuration

and can entrap soil even though it may be physicochemically removed from the sur-

face. Most fabrics are organic polymeric materials that may be swellable by water

or permeable to small molecules and ions dissolved in the bath. Many common

polymeric fabrics, cotton, polyester, rayon, nylon, wool, and cellulose esters con-

tain ionogenic or polar centers capable of localizing (generally anionic) electric

charges. Hard surfaces, on the other hand, are relatively flat and smooth. They can-

not entrap soil that has been detached by physicochemical action. In general, they

are impermeable to water and water-soluble materials although they vary widely in

their wettability and polarity. The most important types are glass, metal, and organ-

ic polymeric materials including painted surfaces, linoleum, and plastic tile.
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2.2. Soils

Soils vary greatly. They may be a single solid or liquid phase but usually are two or

more phases, intimately and randomly mixed and irregularly disposed over the sub-

strate. In a large number of important detersive systems, the nature of soil and the

quantity present are well known. This is the case, for example, in most textile mill

operations such as raw wool scouring, the boil-off and scouring of loom-state

woven goods, and the soaping of printed cottons. In the cleaning of fabricated metal

parts to remove forming and drawing lubricants, buffing compounds, and so on, the

nature of the soil is well known. The behavior of soils encountered in dishwashing

is well characterized.

As a result of many painstaking investigations, the soils on apparel encountered

in laundering have been shown to be complex mixtures containing both oily and

finely divided solid material (1–3). The oily material consists largely of fatty acids

and polar fatty material, but a considerable proportion of neutral nonpolar oil is also

present. The solid components vary widely with the locale in which samples are

taken, and they resemble local street dust in composition.

Particle size is one of the most important factors in determining the ease with

which solid soil can be removed from a substrate. Particles of >5 mm diameter

are generally easily removed. Particles of <10 nm diameter cannot be removed

by ordinary detersive processes once they are attached to a typical textile fabric.

Such particles are responsible for the gradual irreversible graying of white goods

with continued wear and laundering. Particles in this size range tend to form clumps

and clusters before they reach the fiber surface. These clusters behave like indivi-

dual large particles. Particles or clusters in the range of 100 nm diameter resist

removal by simple agitation in liquids that are not surface active, but these particles

are removable by normal detersive processes. This is the size range of greatest

interest.

Soil may include material that is soluble in the bath, such as encrusted sugar

residues and molecularly dispersed material such as fruit juice stains. Removal

of these soils is an important aspect of cleaning but is not generally considered

in discussions of detergency.

2.3. Baths

The baths discussed here are aqueous solutions. Most nonaqueous cleaning sys-

tems, such as metal degreasing operations, depend entirely on solvent action and

therefore cannot be considered examples of detersive systems. Some nonaqueous

systems, however, are true detersive systems. Modern dry cleaning baths, for exam-

ple, contain solutes that are surface active in the conventional hydrocarbon or

chlorinated hydrocarbon medium and aid soil removal. The physical chemistry of

such systems differs considerably from that of aqueous systems. Among bath com-

ponents, the solute that is effective in cleaning, usually a mixture of several com-

ponents, is called the detergent. The term detergent is also used frequently in the

restricted sense of a surfactant of high detersive power. In many hard-surface
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systems, however, nonsurfactants such as alkaline silicates and phosphates exert a

true detersive effect. They are, in fact, the principal detergents in these systems even

in the complete absence of any surfactants. In the cleaning of fabric systems, the

most important detersive component in the bath is the surfactant. Nonsurfactant

components that augment the cleaning effect of surfactants are called builders.

Many materials that act as builders in fabric systems, e.g., phosphates and silicates,

are the primary detergents in hard-surface systems, although their primary contri-

bution to the cleaning process may differ in the two cases.

3. FORMULATION

Detergents are formulated to clean a defined set of soiled substrates under an

expected range of washing conditions. Some detergents, the familiar bar or toilet

soap, for example, consist essentially of only one component. There are few sys-

tems, however, in which a suitably formulated detergent consisting of several com-

ponents does not outperform the best single-component system. Although

detergents for hand dishwashing rarely contain builders, those currently used in

the United States contain at least three surfactants, and they may contain up to

six. Ingredients of laundering detergent formulations for fabrics may be divided

into the following groups: surfactants, including soap and various others; the inor-

ganic salts, acids, and bases, including builders, and other compounds that do not

contribute to detergency but provide other functions, such as regulating density and

assuring crispness of powdered formulations; organic additives that enhance deter-

gency, foaming power, emulsifying power, or soil-suspending effect of the compo-

sition; and special-purpose additives, such as bleaching agents, fluorescent

whitening agents, antimicrobial agents, blueing agents, or starch, which provide

desirable performance functions but have no direct effect on soil removal.

Fabric detergent formulations for special applications, such as the various spe-

cific operations within the textile mill, are frequently much simpler. They tend to

contain little if any builder or special-purpose additive. The indispensable ingredi-

ent in fabric detergency is the organic surfactant. Formulations for hard-surface

detergency, such as those used in automatic machine dishwashing, are simpler

than fabric-washing compositions. An organic surfactant is frequently not needed,

and inorganic salts are the detersive ingredients.

4. SURFACTANTS

The most important components of detersive systems are the surfactants. Although

a detailed discussion of surfactants and surfactant systems is beyond the scope of

this chapter, and the reader is referred elsewhere for such (4), a limited discussion

of oleochemically derived surfactants is appropriate here.

The first detersive systems were essentially ‘‘pure’’ soaps, formed by mixing ani-

mal or vegetable fats with water and alkali from wood ashes. The earliest literary
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reference to washing with soap is found in Sumerian clay tablets dating from about

2500 B.C. (5), and for the next 4500 years, soap remained the dominant detersive

system. Tallow-based soaps provide excellent detergency in soft water but not in

hard water. This is one reason why in the 1940s, they began to be replaced by syn-

thetic detergents, i.e., combinations of synthetic surfactants, largely alkylbenzene

sulfonates (ABS), and builders, originally pentasodium tripolyphosphate (STPP).

Environmental factors have led to the replacement of ABS by linear alkylbenzene

sulfonate (LAS), and the replacement of STPP by zeolite, or more complex builder/

water-softening systems. However, despite occasional calls for a return to soap-

based cleaning systems (6), soaps play a minor role in today’s fabric washing deter-

gents. Basically, soaps do not provide detergents that are competitive on a cost-per-

formance basis with suitably formulated synthetic detergents.

Thus, over the last half-century, petrochemically derived surfactants, led by

LAS, have largely replaced soap, which has been the norm for almost five millenia.

Nevertheless, oleochemically based surfactants continue to play a vital role in

detergent formulations. Soap itself is generally present as a minor component to

control suds profile, reduce dye transfer, control powder properties, and act as a

cosurfactant or cobuilder.

Although LASs are petrochemically based, the other major surfactants in use

today, alcohol ethoxylates, alcohol ethoxysulfates, and primary alcohol sulfates,

are derived from long-chain alcohols that can be either petrochemically or oleo-

chemically sourced. There has, of late, been a substantial debate over the relative

advantages of ‘‘natural’’ (oleochemical) vs. ‘‘synthetic’’ (petrochemical) surfac-

tants, centering around reputed environmental advantages for the oleochemical

materials. However, studies have shown that similar oleochemically and petro-

chemically based surfactants have similar biodegradability. Further, life cycle ana-

lysis studies, which consider all resources, energy, and waste associated with a

product from production through disposal, have shown no substantial overall differ-

ences between the two (7, 8). This is hardly surprising because cost is a rough

measure of the resource expended to produce a material. Similar materials that

are cost competitive might be expected to require similar resource expenditure to

produce.

Thus, in the end, it will be seen there is ‘‘no real difference between petrochem-

ical- and oleochemical-based (alcohol) feedstocks for surfactants’’ (9). On this

basis, the primary determinants of hydrophobe choice for alcohol-based feedstocks

have been price and availability.

In addition to soaps, there are other groups of oleochemical surfactants having

no petrochemical analogues that are assuming increasingly important roles in deter-

gents, including methyl ester sulfonates, alkyl polyglycosides, and glucamides.

Methyl ester sulfonates (MES), or fatty acid ester sulfonates (FAES), have been stu-

died since the 1960s. However, until their recent adoption by a major Japanese

detergent manufacturer, they have not seen high-volume usage. Used basically as

an anionic replacement for LAS, FAES’s claimed benefits include good detergency

at low concentrations, low environmental load, and good supply of high-quality

material (10).
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In all of the surfactants discussed so far, except perhaps soap, the hydrophilic

portion of the surfactant has been from petrochemical or inorganic sources. The

alkyl polyglycosides (APG) and polyhydroxyamides are thus exceptional in offer-

ing a hydrophilic group based on sugar chemistry. Although APGs have been

known for many years, they were not offered on a large scale until the 1980s.

Despite many claimed advantages (11), APGs have not been strongly embraced

by any major detergent manufacturer. An unattractive cost-performance profile

has been a major factor in APG’s limited success to date.

The polyhydroxyamides (PHA), or glucamides, have recently been adopted

by a major detergent manufacturer in the United States and Europe (12, 13). To

date they have appeared in dishwashing liquids and heavy-duty liquid detergents.

In the case of U.S. heavy-duty liquids, inclusion of PHAs has been accompanied

by a major reduction in LAS levels. Potential benefits include improved enzyme

stability in fabric washing detergents and improved mildness of dishwashing

detergents.

4.1. Builders

Builders are substances that augment the detersive effects of surfactants (14). Most

important is the ability to remove hardness ions from the wash liquor (i.e., soften

the water) and thus to prevent them from interacting with the surfactant. Such inter-

action reduces detersive effectiveness. Hardness ions can also interact with the

negative charges present on soil and fabric surfaces (formed, e.g., by ionization

of ��OH or ��COOH groups), reducing electric repulsion between them, thus hin-

dering the detersive process. Hardness ions are best removed by sequestration to

form soluble chelates. Less desirable is the formation of insoluble precipitates

that may deposit on fabrics and machines and can, over many wash-and-wear

cycles, lead to incrustation on machine parts and harshening of fabric. A third

mechanism for removing hardness ions from wash liquors is through ion exchange

in which calcium in solution displaces sodium ions in the ion exchanger, thus effec-

tively removing the hardness from solution. The ion exchanger, in general, is a

solid. Unlike precipitated calcium carbonate, however, the particle size of the ion

exchanger can be controlled, and the problem of the presence of insoluble particles

in the wash liquor can be reduced.

In general, builders supply alkalinity to the wash liquor and thus function also as

alkalies. In addition, they can exert a suspending (antiredeposition) effect and keep

detached soil from depositing on the fabric; builder ions with multiple charges are

especially effective in this area.

Phosphates. Pentasodium triphosphate, sodium tripolyphosphate, STPP,

Na5P3O10, is the most widely used and most effective builder in heavy-duty fabric

washing compositions. It is a strong sequestrant for calcium and magnesium, with a

pKCa of ca. 6, and provides excellent suspending action for soils. Because of its

high sequestration power, it also finds extensive application in automatic-dishwash-

ing detergents. Sodium tripolyphosphate forms stable hydrates and thus aids in the

manufacture of crisp spray-dried laundry powders.
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Tetrasodium pyrophosphate, Na4P2O7, is another important primary builder and

detergent. In sequestration, it is not as effective as sodium tripolyphosphate and its

usage in heavy-duty laundry powders has declined in recent years. Functionally, tet-

rasodium pyrophosphate is both a builder for surfactants (i.e., water softener) and

alkali.

Where hardness is present in excess of the sequestering capacity of sodium tri-

polyphosphate and pyrophosphate, both can function as precipitant builders.

Trisodium phosphate, trisodium orthophosphate, Na3PO4, is an important consti-

tuent of hard-surface cleaners including those for ceramic, metal, or painted sur-

faces. It may be used with soaps, surfactants, or other alkalies. It precipitates

many heavy-metal ions but does not sequester to form soluble chelates. It is thus

a precipitant builder and additionally an alkali.

Glassy phosphates (sodium polymetaphosphate, sodium hexametaphosphate)

vary in composition, depending on the manufacturing process. They exert a power-

ful sequestering and suspending effect combined with a low-solution pH, about 6 or

7, and tend to hydrolyze or revert in aqueous solution and heat to pyrophosphates

and orthophosphates.

Potassium phosphates, particularly tetrapotassium pyrophosphate, K4P2O7, are

considerably more soluble than their sodium analogs. They have been used as

builders in liquid detergents.

In the early 1970s, a number of U.S. jurisdictions banned the use of phosphates

as detergent builders. The trend has continued to the point today that phosphates are

banned in a sizable proportion of the United States (about 45%). Consequently, sev-

eral alternatives to phosphates have been introduced into heavy-duty U.S. laundry

detergents. No entirely satisfactory single substitute for sodium tripolyphosphate

has been found that is as cost effective. Sodium tripolyphosphate aids detergency

not only via water softening (calcium/magnesium sequestration) but also via soil

suspension, soil removal, and antiredeposition benefits, all of which are closely

related mechanistically. Additionally, STPP provides excellent spray-dried powder

properties. However, it has been found that use of a water softener such as 4A Zeo-

lite, in combination with a mixed active system, buffer such as carbonate, and soil

suspension antiredeposition agents such as NaCMC, poly(ethylene glycol), polacry-

late, polyacrylate/maleate copolymers, plus other cobuilders such as citrate, can

provide general cleaning at least as good as the old high P formulations. Indeed

current products containing enzymes and effective low-temperature bleach are

superior. It seems likely that all principal U.S. detergent manufacturers will remove

phosphate from their products in the near future.

Sodium Carbonate. Sodium carbonate softens water by forming insoluble cal-

cium carbonate with calcium ions in hard water. Carbonate can also reduce calcium

levels by ion pairing, although the benefit to detergency is questionable. Buildup of

calcium carbonate on machine and fabrics, which can occur with time, is undesir-

able. Sodium carbonate does not provide any suspending action. It does, however,

provide alkalinity to the wash liquor and is an effective alkali.

Silicates. Sodium silicates have been used extensively as soap builders in laun-

dering formulations since well before the advent of synthetic surfactants. Silicates
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are more effective in removing magnesium than calcium hardness. Again, they

function primarily as alkalies. In addition, they act as anticorrosive agents and pre-

vent deterioration of washing machines, specifically metal pump parts. However, in

recent years, many of these machine parts have been replaced by engineering

plastics and the anticorrosion function has lost some of its importance. Alkaline

silicates act as primary detergents in machine-dishwashing formulations. Commer-

cial alkaline silicates are characterized by the ratio of SiO2 to Na2O in the molecule.

The silicates used in detergent formulations generally show a ratio >1, usually

2.0–2.4. The 1 : 1 compound, sodium metasilicate, is considered too corrosive to

be widely used in consumer product formulations.

Zeolites. Certain zeolites have found application as builders in heavy-duty deter-

gent formulations. The zeolite of choice is a so-called type A zeolite, of empirical

composition Na2O �Al2O3 �2SiO2 �4.5H2O and particle size of the range of 10 mm.

This builder functions by ion exchange in which sodium ions released from the zeo-

lite crystal are replaced by calcium ions in hard water, thus lowering the free hard-

ness in the wash. Its pore size accommodates calcium ions but is not sufficiently

large for the highly hydrated magnesium ions. Zeolite A, therefore, is not an effec-

tive builder for magnesium hardness. Like sodium carbonate building, the ion

exchange process is appreciably slower than soluble chelate formation by strong

sequestrants like sodium tripolyphosphate. Type A zeolite is used principally to

replace sodium tripolyphosphate in areas where phosphates are limited by law,

i.e., in the United States, Canada, and western Europe. However, it is not practical

as the sole builder in a nonphosphate detergent formulation, because it does not

contribute to alkalinity, soil suspension, or bind magnesium.

Clays. Clays, such as kaolin, the montmorillonites, and bentonites, have been

recommended and used from time to time as ingredients of washing compositions

and other formulations containing surface-active agents. Under certain favorable

conditions, particularly in soft water of low dissolved solids content, clay suspen-

sions can have a marked detersive effect on ordinary soiled fabrics. Bentonite also

acts as a suspending agent. In addition, sodium bentonite has some water-softening

effectiveness by virtue of its ability to sorb calcium ions. However, clays are con-

siderably less effective than type A zeolite in water softening.

In one U.S. laundry powder, a montmorillonite clay serves as the main softening

component. It is combined with a waxlike cationic granule (14–17). Both are

absorbed or filtered onto the cloth during the wash and spin rinse. The clay absorbs

onto the fabric in thin sheetlike layers, providing a lubricating effect. The cationic

particles melt in the heat of the automatic dryer providing an antistatic benefit and

augmenting the softening benefit of the clay. A softening-in-the-wash effect is thus

achieved with minimal interference with detergent performance.

Nitrilotriacetic Acid. The trisodium salt of nitrilotriacetic acid, N(CH2COOH)3,

so-called NTA, is a powerful sequestrant builder, comparable with sodium tripoly-

phosphate. It is therefore noted here, even though it is an organic builder. NTA has

been recommended and used as a phosphate replacement in areas where phosphate

is banned. However, because of adverse laboratory reports of possible teratogenic

effects, NTA was withdrawn in 1970 from consumer products at the suggestion of
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the U.S. Surgeon General. Because it is a smaller molecule than sodium tripolypho-

sphate, NTA is theoretically a more effective sequestrant on a weight basis. It is,

however, less effective than sodium tripolyphosphate as a suspending agent and

is not as easily processed in spray-dried laundry powders.

Alkalies. Caustic soda (sodium hydroxide) is used largely in mechanical bottle

washing, glass washing, and metal cleaning. Sodium carbonate, either anhydrous

(soda ash) or in hydrated form, has been used as builder or filler in soaps, surfac-

tants, and with inorganic constituents in cleaners for hard surfaces and fabrics. It

forms insoluble calcium carbonate with calcium ions in hard water but does not

provide any suspending action. Sodium bicarbonate, NaHCO3, sodium sesquicarbo-

nate, NaHCO3 �Na2CO3, sodium borate, Na2B4O7 �10H2O, and borax are used in

place of soda ash when a lower pH is desired. In cases where high solubility is

required, the potassium analogs are used.

The alkalies do not sequester heavy-metal ions and have little soil-suspending

effect. They are effective in maintaining a high pH and saponify the acidic consti-

tuents of soil and thus promote cleaning. In the cleaning of ceramics, glass, and

metal surfaces, however, the alkalies act as primary detergents even in the absence

of surfactants in these systems.

Neutral Soluble Salts. Sodium sulfate and, to a considerably lesser extent,

sodium chloride are the principal neutral soluble salts used in laundering composi-

tions. They are often considered to be fillers although they perform an important

standardizing function enabling the formulator to manufacture powders of a

desired, controlled density. Sodium sulfate, in addition, lowers the critical micelle

concentration of organic surfactants and thus the concentration at which effective

washing can be achieved.

In wool-scouring systems for textile processing that contain nonionic surfac-

tants, sodium chloride acts as a true builder, i.e., detergency promoter.

4.2. Organic Additives

Certain nonsurfactant organic additives improve cleaning performance and exhibit

other desirable properties.

Such additives are usually present in low percentage and serve one or more of

the following specific functions: reduced redeposition of soil from the detergent

bath onto the substrate; increased whiteness or appearance of cleanliness; enhanced

cleaning effect on specific types of solid and stains; promotion or inhibition of

foaming power and stability; increased solubility or other modification of the phy-

sical form of the detergent composition; sequestering of heavy-metal ions, both in

the concentrated detergent and in the diluted cleansing bath; and reduced injurious

effects the detergent may have on the substrate or the washing machine, such as

tarnishing of silverware or etching of glassware, corrosion of metals, or irritation

of skin in toilet and cosmetic applications.

Antiredeposition agents contribute to the appearance of washed fabrics. Sodium

carboxymethylcellulose, NaCMC, is the most widely used, and on cotton fabrics,

the most effective. With the advent of synthetic fabrics, other cellulose derivatives,
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e.g., methylcellulose, hydroxybutylcellulose, hydroxypropylcellulose, and mixed

methyl and hydroxybutylcellulose ethers have been shown to be more effective

than NaCMC (19).

Fluorescent whitening agents were first disclosed in 1940 in combination with

detergents (20). They absorb ultraviolet radiation and subsequently emit some of

the radiation energy in the blue part of the visible spectrum. As a result, they confer

enhanced whiteness to the appearance of washed articles. Highly effective cotton-

substantive fluorescent whitening agents were in widespread use at relatively high

concentrations (ca. 0.5%) in the 1950s and 1960s. For synthetic fabrics such as

polyester, it has proved to be more effective to prebrighten the fabric by incorpor-

ating the fluorescent whitening agent in the spin-melt during manufacture rather

than depend on adsorption from the detergent bath. As a result, the usage of fluor-

escent whitening agents in formulated laundry products has decreased in recent years.

Blueing agents, which are dyes, provide another approach to maintaining fabric

whiteness by a mechanism in which a yellow cast of washed fabrics is covered by

the blue dye. As this approach reduces reflectance, it is less desirable than the use of

fluorescent whitening agents that increase reflectance.

Proteolytic enzymes have been generally used in European detergent formula-

tions. In the United States, they were used in the late 1960s and early 1970s, but

their use declined until they were present in only a few detergents. There has been a

resurgence of their use in the last decade. Proteolytic enzymes in particular are

widely used in premium products. They degrade proteinaceous stains and aid the

cleaning performance of other formulation ingredients (21–23). Amylases and

lipases have been used in a few U.S. detergents, the former to remove starches

and the latter fatty esters and triglycerides. Cellulases have appeared in a few laun-

dry detergents around the world. As there are few, if any, cellulase-based soils pre-

sent on home laundry, any laundering benefit from cellulase would be expected to

come from action on cotton fabric. The nature and magnitude of such benefits is

uncertain.

Bleaching agents, such as sodium perborate trihydrate, NaBO3 �3H2O, are com-

monly present in significant amounts in European laundry detergents. At high

washing temperatures, sodium perborate effectively bleaches chemical stains

such as wine, fruit juices, and so on. As European wash temperatures have declined,

so has the efficacy of perborate alone. Bleach activators, primarily TAED (tetracetyl

ethylenediamine), have been widely used in Europe to provide effective bleaching

at these low temperatures. Because of the lower washing temperature in U.S.

machines, sodium perborate is considerably less effective and its usage is restricted

to some individual brands of laundry detergents (24, 25). In the United States, even

TAED is ineffective due to still lower wash temperatures, shorter wash times, and

lower product concentration. One U.S. detergent manufacturer has introduced

detergents with the bleach activator sodium nonanoyloxybenzene sulfonate (26).

This activator forms the surface-active species pernonanoic acid that does provide

a bleach benefit under U.S. conditions. In automatic-dishwashing formulations,

bleaching agents are needed to remove food stains from dishware and break

down proteinaceous soil. Chlorine is the most cost-effective agent available for

this purpose and is present in all U.S. products as chlorinated isocyanurate.
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Foam regulators such as amine oxides, alkanolamides, and betaines are present

in products where high foam value is functionally or esthetically desirable, mainly

hand-dishwashing liquids and shampoos. In automatic-dishwashing products, on

the other hand, copious foam volumes interfere with the efficiency of the mechan-

ical rotors during operation. In this type of product, a foam depressant is often

present.

Organic sequestering agents serve the same purpose as the sequestering phos-

phates, i.e., to remove interfering metal ions from the detergent bath. They would

appear to also provide some benefits through ionic strength and soil suspending

effects. They are used where the less expensive phosphates are, for one reason or

another, not applicable. Nitrilotriacetic acid, EDTA, and a variety of organic phos-

phonate structures are commonly used in a wide range of detergent compositions.

With the elimination of phosphate, sodium citrate and synthetic analogs such as

sodium tartrate monosuccinate and sodium tartrate disuccinate (27) have found

wide use, especially in heavy-duty liquids. They are used to some extent in deter-

gent powders. In the latter case, they can also be used to modify powder properties,

as can sodium polyacrylates. Certain hard-surface cleaning products such as sani-

tizing cleaners for hospital use are examples of products generally containing small

amounts of organic sequestrants.

5. FACTORS INFLUENCING DETERGENCY

Detergency is mainly affected by the concentration and structure of surfactant,

hardness and builders present, and the nature of the soil and substrate. Other impor-

tant factors include wash temperature; length of time of washing process; mechan-

ical action; relative amounts of soil, substrate, and bath, generally expressed as the

bath ratio, i.e., the ratio of the bath weight to substrate weight; and rinse conditions.

5.1. Effect of Surfactant Concentration

A plot of soil removal versus surfactant concentration is generally sigmoid. It starts

at the soil removal of water without surfactant, rises slowly, and then more steeply

until a plateau is reached when detergency is little affected by increase in surfactant

concentration. This plateau can be correlated with the critical micelle concentration

(CMC) of the surfactant and is generally higher than the CMC. In general, deter-

gency attains its maximum when the CMC of the surfactant is reached, taking into

account surfactant adsorption on the soil and substrate. However, with certain sur-

factants, there is evidence that oily-soil detergency continues to increase above the

CMC (28–31).

5.2. Surfactant Structure

The chemical structure of the surfactant is an important factor in detersive effective-

ness. When relating detersive power to chemical constitution, within limited series,

certain regularities can be observed, but few if any general principles apply to the
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whole range of surfactants. Among the homologous fatty acid soaps and the

straight-chain alkyl sulfates, optimum detergency under usual washing conditions

occurs at a chain length of about 16 carbon atoms. Detergency among the ethoxy-

lated nonionic surfactants varies in a regular manner with the length of the ethylene

oxide chain as well as with the structure of the hydrophobic group. In general, opti-

mum detergency occurs with 12–16 carbon atoms in the hydrophobe chain, and a

hydrophile–lipophile balance (HLB) of about 12. For oily-soil detergency by non-

ionics, it is often found that the optimum corresponds with the phase inversion tem-

perature of the system under consideration (32).

Within a series with a fixed hydrophilic head group, detergency increases with

increasing carbon chain length, reaches a maximum, and then decreases. This beha-

vior frequently reflects a balance between increased surface activity of the mono-

mer and decreased monomer concentration with increased surface activity. Similar

effects are seen in surfactants in biological systems.

The numerous studies of the effect of surfactant structure in detergency include

the classical paper on the series of sulfated secondary straight-chain alcohols (33)

and various papers on detergent-builder combinations (34); nonionic–anionic mix-

tures (35, 36); the polyethenoxy nonionic series (32, 37, 38); detergency of isomeric

alkylbenzene sulfonates (39); practical home laundering (40); laundering and deter-

gency effects in seawater (41); o- and p-alkylbenzene sulfonates with straight and

branched chains (42); and studies on alkylbenzene sulfonates (43).

5.3. Water Hardness and Builders

The presence of heavy-metal ions, especially calcium and magnesium, has an effect

on washing second only to that of the surfactant itself. Distilled water, used in a

system where soil and substrate do not contain substantial calcium ions, is a surpris-

ingly effective detergent, when the soils themselves contain fatty acids or sodium

soaps. Detergency can be improved by the addition of surfactants in amounts smal-

ler than might be expected. Conversely, the detergency of surfactants is generally

decreased by the presence of hardness ions (Ca2þ and Mg2þ) and hard water alone

is a poor soil remover. With traditional formulations containing anionic surfactants

or soaps, cotton can be cleaned well by washing only if the calcium concentration is

reduced to <0.01 mM. In current synthetic detergent compositions, builders seques-

ter calcium and magnesium ions and thus reduce interaction with surfactants, soils,

and fabrics as described above.

The sodium soaps of fatty acid form calcium soaps of such low solubility that

they act as their own builders. Initial soap additions precipitate the calcium ion, and

the soap added thereafter functions in soft water. At high temperatures, the calcium

soaps are relatively soluble compared with calcium tripolyphosphate. Thus, STPP

can build (revert) soaps in a hot-water wash. However, at low temperatures, the

relative affinity of STPP for calcium decreases so that STPP cannot build soaps

in a cold-water wash.

Calcium ion enters the system not only in the form of water hardness but also

in the form of calcium salts contained in the soil. Other heavy-metal ions such as
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aluminum and ferric iron may also be present in the soil and must be removed by an

appropriate builder to achieve good soil removal. Effective builders for cotton

washing are those for which the calcium dissociation constant, expressed as

pKCa, or �log KCa is >4 and preferably >7 (44). Much of the work that led to elu-

cidating the role of builders as calcium sequestering agents in detergency was done

in connection with redeposition studies (45).

Legislatively mandated reductions in detergent phosphate concentrations have

resulted in numerous attempts to compensate for the attendant cleaning losses. Pro-

blems caused by phosphate reduction can be ameliorated by changes in surfactant

systems. Thus, calcium-sensitive surfactants such as LAS can be replaced by

calcium-insensitive ones such as alcohol ethoxylates (AE) or alcohol ether sulfates

(AES). Proper blends greatly reduce surfactant sensitivity to calcium ions (46, 47).

Increasing the amount of surfactants partially compensates for phosphate reduction

or elimination. Other calcium-lowering agents include NTA, citrate, zeolite, and

carbonate. Citrate and NTA lower calcium levels in solution by sequestration, zeo-

lite by ion exchange, and carbonate by ion pair formation and precipitation. To date,

no entirely satisfactory single replacement for phosphate has been found. Indeed,

some soil-cloth detergency data show that the 1978 nonphosphate products are

less effective than the 1969 high-phosphate products (48). However, subsequent

refinements in formulation technology have substantially improved nonphosphate

product performance to equal that of their phosphate predecessors.

In the presynthetic surfactant era, soap was built (and still is) with alkaline salts

such as soda ash, silicates, orthophosphates, and borates. These materials buffer the

wash solution to a high pH and prevent soap protonation; thus, the soap remains

effective. Another type of builder is the neutral inorganic salt such as sodium chlor-

ide and sodium sulfate. These materials may improve detergency by increasing the

ionic strength and altering the CMC of anionic surfactants.

5.4. Antiredeposition Agents

The redeposition effect is best illustrated by agitating a clean swatch of white cotton

in a washing bath that has been used and is turbid with dispersed soil. Even though

the bath may still be effective and capable of removing soil, the white swatch picks

up some soil from the bath and darkens. Any agent that minimizes this redeposition

improves net soil removal and decreases the soil accumulation through several

laundering cycles. Redeposition is in many ways the inverse of soil removal and

is influenced by the same factors. Thus, calcium ion promotes redeposition in

much the same way that it inhibits soil removal. Surfactants themselves are effec-

tive antiredeposition agents. Builders reduce redeposition independently of their

ability to sequester hardness ions.

Sodium carboxymethylcellulose, NaCMC, greatly reduces redeposition in cot-

ton-washing systems based on synthetic surfactants. It is effective at remarkably

low concentrations of ca. 1% of the standard washing compositions used at ca.

0.1–0.2% in the bath. Thus, ca. 0.001–0.002%, or 10–20 ppm, NaCMC is sufficient

to significantly inhibit redeposition.
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A very large number of hydrophilic polymers have been tested with regard to

their power of inhibiting redeposition, and it is remarkable how few materials

can match NaCMC. Some proteins, polyvinylpyrrolidinones, and vinyl alcohol

polymers with rather specific molecular weight ranges are in the same class as

NaCMC. Certain starch derivatives, cellulose sulfates, and cellulose ethers are

also effective. Currently, both NaCMC and cellulose ethers are used in home laun-

dry products specifically to control redeposition. The cellulose ethers are used to

control oily-soil redeposition upon synthetic fibers, especially polyester. Using tra-

cer methods, it was proved that NaCMC is adsorbed on the soil particles and also,

under normal laundering conditions, on cotton fiber (49, 50). Adsorption on cotton

appears to be more important in preventing soil redeposition. This absorption

occurs to a significant extent only in the presence of metallic cations that are furn-

ished as sodium ions from STPP and the filler salts present in the detergent. In the

absence of cations, except for the Naþ present in the NaCMC itself, the adsorption

is so slight as to be almost undetectable, and the antiredeposition effect is corre-

spondingly lowered.

5.5. Liquid Soil

Liquid soils are frequently removed from fibers by a roll-up mechanism (50). In a

study of wool grease removed from single fibers, it was found that the grease layer,

originally continuous, rolled up in relatively large globules that detached them-

selves from the fiber. The detergent alters the contact angle at the fiber–grease–

water interface. In pure water, the contact angle is <90�, measured through the

oil. Addition of detergent increases the angle to ca. 180�. The receding contact

angle, i.e., that measured as the oil rolls up, is more important in detergency

than is the advancing contact angle. Detergency mechanisms are similar on wool,

viscose rayon, and cuprammonium rayon (52). The soil removal depends primarily

on the nature of the oil. Those containing free fatty acids are removed more rapidly,

followed by neutral glycerides and less polar mineral oils. Similarly, polar oils are

more easily removed from wool than nonpolar oils (53). This difference correlates

well with differences in contact angle.

Liquid soil can be removed by direct emulsification and solubilization as well as

by roll-up. Oils that are more readily emulsified or solubilized are removed more

rapidly and more completely.

5.6. Solid Soil Type and Size

Different solid soils differ greatly in ease of removal and redeposition behavior.

These differences can be traced to particle size and soil-substrate bonding. The

effect of particle size variation on detergency has been studied with soil removal

and redeposition techniques.

In an early systematic investigation of this relationship, a series of carbon black

samples was applied to chopped cotton fibers from an aqueous suspension with vig-

orous agitation (54, 55). The degree of soiling was estimated by filtering the fibers
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with suction to form a mat, drying, and measuring the reflectance of the mat. The

degree of soiling was found to be directly related to the particle size of the carbon

black. As shown in Figure 1, when the primary particles of the carbon black are

<50 nm, the soil deposition is severe, whereas at particle sizes >50 nm, the soil

deposition is much lighter and relatively independent of particle size. Electron

microscope studies of the cotton fiber show that 50 nm is about the upper limit

of the crevice width on the surface of cotton fibers. Furthermore, the soil deposition

by this procedure using fine-particle carbon blacks is practically irremovable, and

the fibers are to all intents and purposes dyed a very fast gray. On this basis and on

the basis of other supporting evidence, it was concluded that soiling in this system

takes place by microocclusion, i.e., that the particles of soil are so small that they

can be trapped mechanically by the irregularities of the fiber surface, even though

these irregularities are scarcely larger than the dimension of a polymeric molecule.

This theory accounts well for the observed facts, but the facts could also be

accounted for by simply assuming that van der Waals forces control the attachment

of the carbon particles to the fiber. As these forces operate at the surface of the par-

ticle, there should be a critical particle size below which the surface forces become

more important than the inertial and gravitational forces that are proportional to

mass. Electron micrographs of soiled cotton show adherent soil particles in size

ranges up to 0.5–2.0 mm clinging to apparently smooth surfaces (56–58). These

and other supporting detergency data indicate that mechanical binding is not the

basic mechanism of solid soil binding, even though the binding varies greatly

with particle size.

As might be expected, large differences in the removability of solid particulate

soil are due to differences in the chemical nature of the particle surface. Thus, iron

Figure 1. Effect of primary particle size in a 1% carbon black dispersion on rate of change in

reflectance. s¼ 5 min, +¼ 20 min, g¼ 180 min, *¼ 360 min.
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oxides, lampblacks, and clays, all of the same particle size, differ greatly in their

redeposition behavior and the manner in which they are removed.

5.7. Fabrics and Fibrous Substrates

Certain fibers are easier to wash than others. The hardness of the fiber surface,

which varies not only with the basic fiber but also with the surface finish, affects

both soilability and soil removal. Generally, soft finishes pick up and retain soil

more readily than hard finishes, since soft surfaces permit greater soil–surface con-

tact. The hydrophobicity of the fiber surface also influences soilability and soil

removal, and the more hydrophobic fibers show greater soil retention especially

for hydrophobic soils such as oils. These effects are explained by the high-energy

interface existing between hydrophobic fibers and water (59, 60). Many soil com-

ponents lower the interfacial energy and therefore locate at the fiber–water inter-

face.

Soils can also penetrate into the fiber. The interior of the cotton fiber, the lumen,

is relatively hollow, and soils may collect there. Polyester fibers are solid, but if

polyester is washed above its glass transition temperature Tg, it becomes relatively

fluid. In this case, oils on the fiber surface can mix with the polyester itself. When

soils penetrate into the fiber, they are nearly impossible to remove.

5.8. Temperature and Mechanical Action

Absorption of external thermal or mechanical energy by a detersive system influ-

ences the rate and extent of soil removal. Raising the temperature generally

increases the cleaning rate and, therefore, the amount of soil removed during any

fixed-time laundering cycle. The effect is only strong at two critical temperatures;

one is the temperature at which the fatty soil in the system liquifies. As temperature

increases through this region, the detergency increases markedly. Typical curves of

detergency versus temperature are shown in Figure 2 (61). The second critical tem-

perature is the boiling point. Boiling greatly increases detergency because of the

localized mechanical action of steam bubbles forming, expanding, and breaking

away at the solid–liquid interfaces. However, in the United States, boiling effects

are never encountered in home washing machines. U.S. laundry wash temperatures

have declined to an average wash temperature of about 35�C, and the average hot-

water wash temperature is only 54�C. From 1970 to 1988, hot-water wash declined

from 48% to 20% of washes (62). Temperature effects are also important with cer-

tain detergent additives. Thus, the efficacy of certain bleaches and enzymes is mark-

edly reduced at the low wash temperatures now popular. These effects emphasize

the problems inherent in the current trend to lower wash temperatures.

As with the case of energy input, detergency generally reaches a plateau after a

certain wash time as would be expected from a kinetic analysis. In a practical sys-

tem, each of its numerous components has a different rate constant; hence its rate

behavior generally does not exhibit any simple pattern. Many attempts have been

made to fit soil removal (63) rates in practical systems to the usual rate equations of
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physical chemistry. The rate of soil removal in the Launder-Ometer could be rea-

sonably well described by the equation of a first-order chemical reaction; i.e., the

rate was proportional to the amount of removable soil remaining on the fabric (64,

65, 66). In a study of soil removal rates from artificially soiled fabrics in the Terg-

O-Tometer, the percent soil removal increased linearly with the log of cumulative

wash time.

In detailed studies with a number of different artificial test cloths, first-order

kinetics were obtained for soil removal during the first 6–20 min of the cycle (67).

In the washing of fabrics, machine and timing must be carefully adjusted. Too

large an energy input for too long a time can injure fabric severely and eventually

tear it to shreds. The same effect is quite possible with purely mechanical agitation.

5.9. Foam

The relationship of foaming power to detergency has always been of interest, and

foaming power has become associated in many consumers’ minds with high deter-

sive power. However, foam has no direct relationship to detergency in ordinary fab-

ric-washing systems, and does not improve cleaning in a laundry or home-washing

machine. Indeed, excessive foam can inhibit agitation and reduce cleaning. Addi-

tionally, excess foam levels may concentrate certain surface-active cleaning agents

in the foam, reducing their contact with the fabrics to be cleaned. In systems of low

bath ratio, on the other hand, foam may play an important role. The individual foam

laminae tend to imbibe and segregate particles of both liquid and solid soil that have

been removed from the substrate. This prevents redeposition and enables the soil to

be easily removed by scraping off or rinsing away the soil-laden foam. This effect is

Figure 2. Effect of wash temperature on removal of — sebum, —— lanolin, and � � � � � lard from

cotton (0.25% built detergent) (58). - � - � - represents sebum removal with no detergent.
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very important in the on-location shampooing of rugs, and to a certain extent in the

shampooing of human hair. An excellent series of photomicrographs show the imbi-

bition of liquid-soil droplets by foam films during the washing of oiled glass plates

(68). The soil tends to be carried by capillary convention to the low-pressure region

in plateau borders where three individual laminae join to form the edge of a foam

cell.

6. MECHANISMS

Even the simplest detersive system is surprisingly complex and heterogeneous. It

can nevertheless be conceptually resolved into simpler systems that are amenable

to theoretical treatment and understanding. These simpler systems are represented

by models for substrate–solid soil and substrate–liquid soil. In practice, many soil

systems include solid–liquid mixtures. However, removal of these systems can gen-

erally be analyzed in terms of the two simpler model systems. Although these two

systems differ markedly in behavior and structure, and require separate treatment,

there are certain overriding principles that apply to both.

The first principle is that soil systems can be regarded and treated as classical

systems of colloid and surface chemistry. A cotton fiber bearing attached small par-

ticles of clay or carbon soil, immersed in an aqueous medium, is fully analogous to

the sulfur sols or gold sols of classical colloid chemistry. Although the fiber is not of

colloidal dimensions, the area over which any individual soil particle contacts the

fiber is of colloidal dimensions. Furthermore, the ratio of the soil particle’s area to

the area of contact, and the ratio of the soil particle’s mass to the area of contact put

this system in the colloidal range. These ratios are the same as the ratios prevailing

when one sulfur sol particle makes contact with another. In addition, in the sub-

strate–soil system two different types of surfaces are interacting, whereas in the

classical sol systems the particles are all of the same chemical nature and the inter-

acting surfaces are therefore similar. The problem of mixed sols has, however, been

explored in classical colloid chemistry to at least a limited extent, and it is fully

analogous to the problem of the model soil–detersive system. A fiber or steel plate

covered with oil and immersed in an aqueous solution is a good representative of

the liquid–liquid–solid system of classical surface chemistry. The well-established

concepts of interaction at the liquid–liquid interface and at the three-phase bound-

ary line are fully applicable.

A second principle applying to these model systems is derived from their colloi-

dal nature. With the usual thermodynamic parameters fixed, the systems come to a

steady state in which they are either agglomerated or dispersed. No dynamic equi-

librium exists between dispersed and agglomerated states. In the solid-soil systems,

the particles (provided they are monodisperse, i.e., all of the same size and shape)

either adhere to the substrate or separate from it. In the liquid-soil systems, the soil

assumes a definite contact angle with the substrate, which may be anywhere from 0�

(complete coverage of the substrate) to 180� (complete detachment). The governing

thermodynamic parameters include pressure, temperature, concentration of dissolved
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components, and electrical conditions. This concept is at variance with the idea of a

dynamic detergency equilibrium, which was advanced as a working hypothesis by

many of the early investigators. It is, however, much more in keeping with the

established concepts of colloid chemistry. In the classical theory of lyophobic col-

loids, no consideration is given to a dynamic equilibrium existing between the pep-

tized state and the agglomerated state. This all-or-nothing behavior has been

studied experimentally in model detersive systems by observing, with the help of

microscopic techniques, the behavior of single textile fibers in aqueous carbon

black suspensions containing dissolved soap (69). In the absence of soap, the car-

bon particles deposit on the fiber. When sufficient soap is added, the carbon parti-

cles do not deposit on the fiber but remain in suspension. The quantity of soap

necessary to maintain the carbon in suspension is proportional to the amount of car-

bon present in the system. There is a sharp demarcation between the state in which

the carbon is suspended and the state in which the carbon is attached to the fiber.

In applying this concept, the factor of particle size must be continuously borne in

mind. A heterodisperse system can reach a steady state wherein the smaller parti-

cles are agglomerated and the larger particles are dispersed, giving the apparent

effect of an equilibrium. In ideal monodisperse systems under steady conditions,

however, no such effects are noted.

Purely mechanical disturbances (which are not usually considered thermody-

namic variables) may influence the state of aggregation of a colloidal system; for

example, floc size in carbon and iron oxide suspensions varies with the degree of

agitation being imposed on the system (70). When the agitation is stopped, the flocs

revert to their steady-state size. To have any effect, the shear field must be high and

the particles relatively large. With particles <0.5 mm, thermal agitation becomes

more important than even vigorous mechanical agitation in determining the state

of aggregation.

A final consideration in resolving practical detersive systems into their simpler

components relates to soil removal versus redeposition. Superficially, it would

appear that the redeposition phenomenon contradicts the all-or-nothing concept

that the system must exist in either the agglomerated or the dispersed state. Keeping

in mind both the composite nature and the kinetics of a practical system, it is read-

ily shown that no such contradiction exists. The soil particle that redeposits is in a

different state from what it was during its initial removal from the substrate. It may

have changed its state by becoming detached from adherent oil or from a cluster of

similar solid particles. During the time interval between detachment and redeposi-

tion, it may have altered its surface character by adsorption or desorption. In this

time interval, the state of the substrate surface may also have changed by adsorption

or desorption, or by the loss or grain of an oily layer. Additionally, there are prob-

ably varying substrate types present in the wash, with varying affinities for the soils

present. For example, oily soil could be detached from a cotton fiber, but then

deposited on a polyester fiber for which it would have a greater affinity. Thus,

the initial group of agglomerated systems, which composes the soil–substrate–

bath complex before soil removal, is different from the agglomerated system com-

posed of substrate and redeposited soil.
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7. SOLID-SOIL DETERGENCY

7.1. Adsorption

Many studies have been made of the adsorption of soaps and synthetic surfactants

on fibers in an attempt to relate detergency behavior to adsorption effects. Rela-

tively fewer studies have been made of the adsorption of surfactants by soils

(71–74). Plots of the adsorption of sodium soaps by a series of carbon blacks

and charcoals show that the fatty acid and the alkali are adsorbed independently,

within limits, although the presence of excess alkali reduces the sorption of total

fatty acids (75, 76). No straightforward relationship was noted between detergency

and adsorption.

In a study of the adsorption of soap and several synthetic surfactants on a variety

of textile fibers, it was found that cotton and nylon adsorbed less surfactant than

wool under comparable conditions (77). Among the various surfactants, the cationic

types were adsorbed to the greatest extent, whereas nonionic types were adsorbed

least. The adsorption of nonionic surfactants decreased with increasing length of

the polyoxyethylene chain. When soaps were adsorbed, the fatty acid and the alkali

behaved more or less independently just as they did when adsorbed on carbon. The

adsorption of sodium oleate by cotton has been shown independently to result in the

deposition of acid soap (a composition intermediate between the free fatty acid and

the sodium salt), if no heavy-metal ions are present in the system (78). In hard

water, the adsorbate has large proportions of lime soap.

The adsorption behavior of commercial ABSs and several other anionic deter-

gents on cotton, wool, and some of the synthetic fibers has been carefully plotted

(79, 80). The equilibrium adsorption isotherms, with a few exceptions, do not show

any startling abnormalities. A number of other studies have attempted to correlate

adsorption with detergency (81–83). In general, no significant correlations were

found for a number of possible reasons. On porous fibers such as cotton, adsorption

may occur on fiber areas that are not beneficial to detergency. The presence of soils

on the fiber surface may significantly alter the adsorption behavior. The presence of

trace amounts of surface-active agents in the soils themselves could modify adsorp-

tion of the active detergent component. For instance, soap present in natural soils

could significantly change nonionic adsorption behavior. Finally, and perhaps most

importantly, equilibrium adsorption measurements may not realistically reflect

adsorption taking place in a 10-min wash cycle.

Adsorption of bath components is a necessary and possibly the most important

and fundamental detergency effect. Adsorption is the mechanism whereby the inter-

facial free energy values between the bath and the solid components (solid soil and

substrate) of the system are lowered, thereby increasing the tendency of the bath to

separate the solid components from one another. Furthermore, the solid components

acquire electrical charges that tend to keep them separated, or acquire a layer of

strongly solvated radicals that have the same effect. If it were possible to follow

the adsorption effects in a detersive system, in all their complex ramifications

and interactions, the molecular picture of soil removal would be greatly clarified.
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7.2. Mass Transfer Near the Substrate Surface

Mechanical action has a great effect on soil removal, probably by influencing mass

transfer, i.e., the diffusion of soluble material away from the immersed fibers

(84, 85). Mechanical action tends to maintain a high concentration gradient near

the fiber, and the resulting increased diffusion causes stronger diffusion currents

to flow. These diffusion currents are presumably responsible for carrying away

the soil particles that have already been detached or loosened from the fiber surface

by physicochemical action. In a Terg-O-Tometer investigation of mass transfer,

using only water-soluble substances, the transfer coefficient was found to be

directly proportional to agitator speed and stroke angle, inversely proportional to

the water-holding capacity of the cloth load and independent of bath volume

(84, 85). The soil removal behavior is very similar to the mass transfer behavior,

supporting the idea that diffusion currents are an important operating factor in

soil removal, even though they may play no part in breaking the primary soil–sub-

strate bond. Considering the wide variety of soils and substrates encountered in

washing, as well as the wide variation in particle size and fabric geometry, mass

transfer effects could play a principal or minor role in the overall wash process,

depending on the specific system encountered.

7.3. Colloidal Stabilization

Surfactant adsorption reduces soil–substrate interactions and facilitates soil

removal. For a better understanding of these interactions, a consideration of colloi-

dal forces is required.

The model solid-soil detersive system is advantageously treated as a solagglo-

merate colloid system or, in more general terms, a lyophobic colloid. In the typical

lyophobic colloid, consisting of a single disperse phase in an aqueous suspending

medium, only one type of liquid–solid interface and one type of solid–solid inter-

face is present. The simplest detersive system, however, has an added degree of

complexity in the presence of two types of liquid–solid interface: soil–bath and sub-

strate–bath. Also present are two effective types of solid–solid interface: soil–sub-

strate and soil–soil. The soil–soil interface relates to flocculation or dispersion of

soil particles remote from the substrate, and is not of primary concern in the present

discussion. The soil–soil interface is, of course, important in practical detergency

since soil aggregates can be regarded as large single particles.

There are two general theories of the stability of lyophobic colloids, or, more

precisely, two general mechanisms controlling the dispersion and flocculation of

these colloids. Both theories regard adsorption of dissolved species as a key process

in stabilization. However, one theory is based on a consideration of ionic forces

near the interface, whereas the other is based on steric forces. The two theories

complement each other and are in no sense contradictory. In some systems, one

mechanism may be predominant, and in others both mechanisms may operate

simultaneously. The fundamental kinetic considerations common to both theories

are based on Smoluchowski’s classical theory of the coagulation of colloids.
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As the particles in a colloidal dispersion diffuse, they collide with one another. In

the simplest case, every collision between two particles results in the formation of

one agglomerated particle, i.e., there is no energy barrier to agglomeration. Apply-

ing Smoluchowski’s theory to this system, the half-life, t1=2, i.e., the time for the

number of particles to become halved, is expressed as follows, where Z is the visc-

osity of the medium, k Boltzmann’s constant, T temperature, and N0 is the initial

number of particles:

t1=2 ¼
3Z

4kTN0

:

For dispersions at moderate concentrate, ca. 109 particles per cm3, t1=2 has a value

of the order of a few seconds. This expression assumes there is no barrier to colli-

sion and every collision is effective. For stable dispersions to exist, an energy bar-

rier W is assumed that prevents collision. In this case, the expression for half-life

becomes:

t1=2 ¼
3Z

4kTN0

expðkT=2WÞ:

If W is 15� 20kT , the half-life is several days, and the dispersion is reasonably

stable. The problem of colloidal stability thus becomes a problem of the energy bar-

rier W, which lessens the unifying collisions.

Ionic Stabilization. The quantitative theory of colloid stability based on electri-

cal barriers was developed independently in the USSR by Derjaguin and Landau

(86, 87) and by Verwey and Overbeek in Holland (88). It is generally referred to

as DLVO theory. There are two opposing forces between particles: a force of attrac-

tion that is responsible for agglomeration when the particles approach close

enough, and a force of repulsion that prevents close approach. The attractive forces

are the London dispersion forces or van der Waals forces. These have the general

form shown below, where r is the distance between particles and n is between 3 and

7, depending on the geometry of the interacting surfaces:

F ¼ K=rn:

The repelling forces are caused by the electrical double layers that surround the

particles in aqueous dispersions. The interaction of these two forces is conveniently

shown in a plot of potential energy versus distance between particle centers, as in

Figure 3. The ordinate in this plot can be either force or potential; for quantitative

purposes, they are interconvertible through the definitive relationship that force is

the negative gradient of potential. To separate two agglomerated particles (r ¼ 2a),

it is necessary to overcome the energy barrier V þW, to bring them to distance X2

at which point repulsive forces predominate. Conversely, to cause agglomeration of

two separated particles, it is necessary to overcome the barrier W at X2.

According to DLVO theory, the shape of curve 2, which controls the shape of the

effective curve 3, is determined by the thickness and charge density of the electrical
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double layer that surrounds each particle. These factors, in turn, are determined by

the nature of the ionic species adsorbed at the interface, the degree of adsorption,

and the ionic strength of the surrounding medium. The quantitative aspects of the

DLVO and the double-layer theory (i.e., the structure, formation, and interactions of

electrical double layers at phase interfaces) are beyond the scope of this Chapter,

and it is recommended that the reader consult the standard publications in this field.

Qualitatively, high charge density increases the repulsion forces and thus shifts

curve 3 upward, increasing the potential W and decreasing jVj. High ionic strength

shrinks the double layer, lowering curve 3, lowering W , and tending to increase jV .

Electrical potentials can, of course, be negative or positive. In most detersive

systems, the charges acquired by both substrate and solid soil are negative. The

adsorption of detergent anions increases the effective density of negative charge

and tends to increase the double-layer repulsion potentials. The counterions, in

this case metallic cations, exert the controlling effect on the ionic strength factor,

with increasing valence greatly magnifying the effect. Thus, calcium ions have a

much greater effect than sodium ions in shrinking the double layer and promoting

agglomeration. Aluminum ions have an even greater effect than calcium ions. This

is in accord with the well-known Schulze–Hardy rule that was proposed as an

empirical finding many years before this quantitative DLVO theory was developed.

The electrokinetic effect is one of the few experimental methods for estimating

double-layer potentials. If two electrodes are placed in a colloidal suspension, and a

voltage is impressed across them, the particles move toward the electrode of oppo-

site charge. For nonconducting solid spherical particles, the equation controlling

Figure 3. Attraction–repulsion potentials as a function of distance between particle centers.

Curve 1 represents the attractive potential caused by van der Waals forces, curve 2 is the

repulsive potential caused by double-layer forces, and curve 3 is the resultant force experienced

by the two particles.
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this motion is presented below, where u ¼ velocity of particles; Z ¼ viscosity of

medium; V ¼ applied field, V/cm; R ¼ factor for electrical relaxation;

D ¼ dielectric constant of medium; F ¼ factor for size of spheres; and � ¼ zeta

potential.

u ¼ RFVD

6pZ
�:

This equation is a reasonable model of electrokinetic behavior, although for theo-

retical studies many possible corrections must be considered. Correction must

always be made for electrokinetic effects at the wall of the cell, since this wall

also carries a double layer. There are corrections for the motion of solvated ions

through the medium, surface and bulk conductivity of the particles, nonspherical

shape of the particles, etc. The parameter zeta, determined by measuring the parti-

cle velocity and substituting in the above equation, is a measure of the potential at

the so-called surface of shear, i.e., the surface dividing the moving particle and its

adherent layer of solution from the stationary bulk of the solution. This surface

of shear lies at an indeterminate distance from the true particle surface. Thus, the

measured zeta potential can be related only semiquantitatively to the curves of

Figure 3.

There have been many attempts to correlate detergency and deflocculation with

measurements of zeta potential (89); such measurements have been made on both

fibers and soil particles using various model detersive baths as the media. Aside

from the expected result that high zeta potentials tend to correlate with defloccula-

tion, few direct relationships of theoretical significance have become evident. In an

extensive and productive study, it was pointed out that DLVO theory relates the

height of the maximum in the potential curve (W in curve 3, Figure 3) to the square

of the zeta potential rather than to its first power (90, 91). From the DLVO theory

the surface potential c was calculated, which is necessary to give a barrier of height

(in joules) W ¼ 15kT for soil particles of various size in electrolytes of various con-

centrations; � was measured experimentally. When the ratio �2=c2 was greater than

unity, good stability was attained. In calculating soil–substrate interaction, good

results were obtained using the ratio of [(� substrate) (� soil)]/[c substrate)(c
soil)]. Application of DLVO theory to detergency has also been made very success-

fully when the shape factors and factors involving the structure of the double layer

were taken into consideration (92–94).

The strong adverse influence of calcium ions on the stability of lyophobic sus-

pensions is predicted by DLVO theory, and has been demonstrated with many types

of simple soils. That calcium ions have an overwhelming effect on the redeposition

of carbon soil onto cotton tends to support the idea that DLVO theory is a principal

key in explaining detersive action. The redeposition of carbon onto cotton has been

correlated quantitatively with the calcium ion content of the system, both in the pre-

sence and absence of surfactant (95). The adverse effect of calcium ions on wet soil

removal in practical washing has also been well established (96). The effect of

calcium in detergency cannot be explained solely, however, by its shrinking of
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the double layer. Calcium is very strongly adsorbed onto cotton through the

carboxyl and hydroxyl groups present on the cellulose chains. This adsorption is

so strong that cotton rinsed in even slightly hard water transfers a harmful amount

of calcium to the next wash liquor. Calcium present in soil particles can act as a

bonding agent at the soil–substrate interface and inhibit soil removal by this sec-

ondary mechanism. In one of the most thorough studies of the above effects, it

was also demonstrated that calcium promotes the deposition of oil onto cotton

(97). The sorption of calcium during washing is complicated by its apparent ability

to coadsorb with surfactants and complex phosphate builders, further obscuring the

mechanism by which it exerts its adverse effect (98, 99).

Despite its successes and its great usefulness as a guide, the limitations of the

DLVO theory in explaining detergency are most evident when considering the nat-

ure of the soil–substrate bond. The DLVO theory in its simplest form postulates van

der Waals’ bonding as the primary agglomerating mechanism. Even revised the-

ories of double-layer interaction, which do not assign such an important role to

van der Waals’ forces, do not encompass agglomerating mechanisms such as poly-

valent cation bridges and hydrogen bonding (100, 101). There is ample evidence

that these latter mechanisms prevail in some important detersive systems.

Steric Stabilization. Double-layer repulsion cannot satisfactorily explain stabili-

zation of lyophobic suspensions by nonionic surfactants nor nonionic detergency in

solutions of high salt content. Not only nonionic surfactants but even anionic ones

can overcome the agglomerating effects of salt. To explain these phenomena, steric

interaction between the surfactant molecules adsorbed at the solid–solution inter-

face must be considered. The adsorbed molecules are oriented with the hydrocar-

bon tails adherent to the essentially hydrophobic solid surface and the water-soluble

heads sticking into the solution. This adsorption and orientation is governed by the

same factors governing micelle formation, i.e., the amphipathic nature of the sur-

factant molecule and solution forces. The head groups at both nonionic and anionic

surfactants are heavily hydrated. As a result the lyophilic particle is surrounded by

an inner layer of hydrophobic surfactant tails and an outer layer of hydrated surfac-

tant heads. In Figure 3, it can be seen that the attractive potential does not greatly

increase until the particles are relatively close to each other.

The bulk of the hydrated head groups prevents the particles from approaching

near enough to each other for the attractive forces to cause agglomeration. In the

case of polyoxyethylene nonionic surfactants, the head group is quite large, extend-

ing for several nanometers into solution; the head group is associated with a large

amount of water of hydration caused by ether–water interaction. The bulk of a

hydrated anionic head group is not so great; however, the anionic surfactant retains

some ionic stabilization even in salt solution. Agglomeration is achieved only if the

particles overcome the energies involved in steric compression of the head groups

and desolvation of the head groups. Conversely, if two particles, adherent over a

small area of contact, are immersed in a surfactant solution, oriented adsorption

on the noncontacting areas, followed by hydration, presumably breaks the adhesive

bond and forces the particles apart. This picture would suggest some degree of cor-

relation between the wetting power of a surfactant for a given material and its
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stabilizing power for sols of the same material. Such a correlation has indeed been

found, using paraffin wax with both nonionic and anionic surfactants (102, 103).

8. OILY-SOIL DETERGENCY

8.1. Roll-Up

The principal means by which oily soil is removed is probably roll-up. The applic-

able theory is simply the theory of wetting. In briefest outline, a droplet of oily soil

attached to the substrate forms at equilibrium a definite contact angle at the oil–

solid–air boundary line. This contact angle (Figure 4) is the result of the interaction

of interfacial forces in the three phase boundaries of the system. These interfacial

forces, expressed in mN/m (¼ dyn/cm), or interfacial free energy values expressed

in mJ/m2 (erg/cm2s) are conveniently designated gLA, gSA, and gSL, the subscripts

relate to the liquid–air, solid–air, and solid–liquid interfaces, respectively. The equi-

librium contact angle at the boundary line ySLA may be regarded as a thermody-

namic quantity since it is functionally related to the free energy values through

the Young–Dupre equation:

gSA ¼ gSL þ gLA cos ySLA:

When the solid substrate is placed in the bath, the air is displaced by the bath, B,

and the SA interface is replaced by an SB interface. Similarly, an LB interface

replaces the LA interface. The equilibrium free energy values of these new inter-

faces are not established immediately but gradually through mass transfer (if there

is any mutual solubility between L and B; it is assumed that B does not dissolve S)

and through adsorption of dissolved components. When these processes have gone

to completion the new relationship is

gSB ¼ gSL þ gLB cos ySLB:

In general, gSB and gLB are lower than gSA and gLA. If B contains a surface-active

agent, they tend to become exceptionally low and ySLB is therefore much greater

Figure 4. Contact angle at the oil–solid–air boundary line in the rollback process of oily solid

detergency. Xs, X1, and Xa are force vectors at the surface and tangential to the droplet.
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than ySLA. Because ySLB is greater than 90�, even though less than 180�, hydraulic

action is capable of removing the oil droplet from the soil and surface.

Rearrangement of the above equation gives

cos y ¼ gSB � gSL

gLB

:

For y > 90�, there must be cos y < 0. As the interfacial tension terms are positive,

for cos y < 0, it follows that gSL > gSB. In other words, for effective roll-up, i.e.,

y > 90�, the interfacial tension between the solid and bath must be less than that

between the solid and liquid. As shown in Figure 5, the area of contact can be

reduced to zero while maintaining the contact angle and its equilibrium value,

and avoiding any necking down and division of the droplet. If ySLB is less than

90�, it is impossible to separate the oil completely from the surface by hydraulic

action alone. As the droplet is withdrawn and the area of contact is reduced, a

neck is formed directly above the contact region. If the contact angle is maintained

at equilibrium, the drop must divide at this neck, leaving a small quantity of oil

adherent to the substrate. This effect is shown in Figure 6.

The value of ySLB can be estimated on purely theoretical grounds from estimates

of the adsorption of surfactant which, in turn, can be estimated from the Gibbs

adsorption equation relating adsorption to surface tension lowering.

Even when the equilibrium value of ySLB approaches 180�, it is quite difficult in

practice to displace all the oil from the substrate by the bath for the following rea-

sons: The contact angle of the oil, as it is rolling back, is a receding contact angle

that is considerably smaller than the equilibrium angle. Any surface roughness

Figure 5. With y remaining constant at >90�, oil droplet can be removed completely by hydraulic

currents (arrows).

Figure 6. With y remaining constant at <90�, droplet cannot be removed completely by

hydraulic currents (arrows). A small droplet is left attached to the substrate.
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further increases the hysteresis. Thus, an actual angle of 180� may not be achieved

even though the theoretical equilibrium angle has this maximum value. Solid sur-

faces are notoriously inhomogeneous. Even a small surface area exhibits roughness

or spots of high interfacial energy where the moving boundary tends to stick. The

hydraulic currents then tear away the bulk of the droplet, leaving some oil at the

rough or sticky spot.

In this model, the surface is oil free under steady-state conditions only when

ySLB is 180�. At any lower value, free-floating oil droplets redeposit and become

attached to the substrate, and at equilibrium (on the all-or-nothing basis) all the

oil is attached. When ySLB is high, however, even though it is not 180�, agitation

keeps a large proportion of oil separated from the substrate and moving around in

the bath. Thus, if the substrate is removed from the agitated bath and rinsed, it is

freed of most of its soil burden.

This model for oily-soil removal does not apply to systems where the oil soil

becomes emulsified. Emulsified oil droplets are characterized by a surface layer

that acts either as a physical barrier or as a potential energy barrier against coales-

cence, or against coming into intimate contact with the substrate. Such droplets

must overcome this potential barrier to redeposit on the substrate, whereas the

free-floating unemulsified oil droplets of the roll-up model redeposit on contact

without surmounting any barrier, energetic or physical. The mathematical model

for emulsification can be found in standard treatises on emulsification. It resembles

the model for solid-soil dispersion outlined above, although there are many impor-

tant differences of detail.

8.2. Solubilization

The role of micellar solubilization (as the term is used in the physical chemistry of

surfactants) in oily-soil removal has been debated for many years. The amount of

oily soil that could be present in a normal wash load could not all be removed and

held in micellar solution by anionic surfactants. On the other hand, nonionic surfac-

tants could do so, because of their greater solubilizing ability. High solubilizing

power is definitely linked with good detergency (104). Thus, a very direct relation-

ship between the solubilizing power of a surfactant for the test dyestuff Orange OT

and its ability to remove polar solid from steel surfaces was established (105). In a

practical detergency range lying between the surfactant concentration that gives

90% soil removal and a surfactant concentration twice that high, the relationship

is expressed by the equation below, where D is the detergency value, S is the solu-

bilization value, and K1 and K2 are constants:

D ¼ K1Sþ K2:

Furthermore, in a series of polyoxyethylene nonylphenol nonionic surfactants, the

value of K1 varied linearly with the HLB number of the surfactant. The value of K2

varied linearly with the log of the interfacial tension measured at the surfactant con-

centration that gives 90% soil removal. Carrying the correlations still further, it was
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found that from the detergency equation of a single surfactant with three different

polar soils, K1 was a function of the soil’s dipole moment and K2 a function of the

soil’s surface tension (105).

Detailed thermodynamic and mechanistic analyses of solubilization and related

mechanisms are given in (28) and (106–108). These works show that under proper

circumstances, solubilization can make a significant contribution to oily-soil

removal.

8.3. Phase Changes at the Soil-Bath Interface

Closely related to solubilization is a phenomenon that involves polar organic soils

and surfactant solutions. If a complete phase diagram is plotted for a ternary system

containing sodium dodecyl sulfate (or glycerol oleate) and water, several important

and unusual features are noted. A large area represents a liquid phase consisting of

a microemulsion, where the dispersed particles are so small that the system is iso-

tropic, like the familiar soluble oils. Also, over another large area, a liquid crystal-

line phase is formed, containing all three components. This liquid crystalline phase

flows like a liquid, at least in one direction. Flow perpendicular to the oriented

planes is accomplished by folding the planes cylindrically, but the physical flow

is still of the purely viscous type, with no yield point evident. These two phases,

particularly the liquid–crystal phase, play an important part in detergency (109).

Furthermore, liquid–crystal formation lowers interfacial tension (110). Although

this phenomenon was demonstrated in tertiary oil recovery, the principles could

also apply to oily-soil detergency.

When the polar organic component is a solid at ordinary temperatures, the addi-

tion of detergent and water markedly lowers the melting point; more specifically, as

the temperature is raised, a point is reached where surfactant and water penetrate

the solid. Thus, the ternary liquid–crystal phase might form spontaneously at room

temperature by mixing the components, or, more precisely, an aqueous detergent

solution can literally melt and liquify a relatively large proportion of solid polar

fatty matter. What actually happens when these two phases are placed together at

a low temperature and slowly warmed is a slow interaction. At a definite critical

temperature, however, penetration of the detergent solution into the polar material

starts to take place rapidly and the mass soon becomes fluid (28). This interaction is

especially favorable in the case of nonionic surfactants that are relatively soluble in

polar organic compounds and are the active ingredients of choice when forming

microemulsions. In addition, above certain temperatures they display multilayer

adsorption isotherms (111–116).

These phenomena are most rapid and easiest to observe in fairly concentrated

aqueous detergent solutions, that is, minimally 2–5% detergent solutions. In a prac-

tical qualitative way, this is a familiar effect, and there are many examples of the

extraordinary solvency and cleaning power of concentrated detergent solutions, for

example, in the case of fabric pretreatment with neat heavy-duty liquid detergents.

Penetration can also be demonstrated at low detergent concentrations. As observed

microscopically, the penetration occurs in a characteristic manner with the
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formation of a sheathlike structure, termed myelin; they are filled with isotropic

liquid but have a liquid crystalline birefringent skin.

In a detersive system containing a dilute surfactant solution and a substrate bear-

ing a solid polar soil, the first effect is adsorption of surfactant at the soil–bath inter-

face. This adsorption is equivalent to the formation of a thin layer of relatively

concentrated surfactant solution at the interface, which is continuously renewable

and can penetrate the soil phase. Osmotic flow of water and the extrusion of myelin

forms follows the penetration, with ultimate formation of an equilibrium phase.

This equilibrium phase may be microemulsion rather than liquid crystalline, but

in any event it is fluid and flushable from the substrate surface. This phase change

effect explains the detersive behavior of sucrose fatty esters in admixture with

alkylarenesulfonates (117).

9. MEASUREMENT OF DETERGENCY

The measurement of detergency can be approached from two different points of

view. The theoretical approach is concerned with the relative quantity of soil bound

to the substrate before and after washing. In this case, measurement is a necessary

analytical procedure in the study of the detergency mechanism. The second

approach emphasizes the development of reproducible laboratory methods that pre-

dict the results of practical cleaning operations. In the development of new house-

hold-cleaning compositions, for example, the formulator must know whether his

products outperform others under actual use conditions. Realism, or accuracy as

it is usually termed, is a prime requisite of any detergency test. It means good cor-

relation between laboratory evaluation and the results of field testing. The practical

field evaluation is usually made on the basis of specifications, sometimes implied

rather than explicitly expressed, that determine whether or not the cleaning results

were satisfactory. In removing spinning lubricants from wool yarns, for example,

the most satisfactory cleaning procedure is that which removes most soil from

the substrate. In certain metal-cleaning operations, however, the satisfactory out-

come is a piece of metal free of solid soil but carrying an even and easily percei-

vable layer of rust-preventive oil. In judging the cleanness of white fabrics, more

interest is usually shown in fabric whiteness rather than in its actual soil content.

Thus, most detergency evaluations in which white fabric is the substrate specify

cleanness in terms of fabric whiteness or reflectance.

With these limitations in mind, the measurement of detergency in the laboratory

requires the following components: A means for measuring or estimating the

amount of soil on the substrate or the degree of cleanness both before and after

washing; satisfactory substrates and soiling compositions; a means for applying

soil to substrate in a realistic manner; and a realistic and reproducible cleaning

device. These fundamental requirements apply regardless of the particular type

of substrate that is being cleaned. More attention in this area has been centered

on textile fabrics than on other substrates, but the various substrates and even

human skin can be considered from the same point of view.
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10. FABRIC DETERGENCY

10.1. Laundering

Reflectance is the most commonly used measurement for the whiteness of fabrics,

although the transmittance of light by fabric specimens can also be used. The most

commonly used instrument for reflectance measurement is the Gardner colorimeter,

although the Zeiss Elrepho is also used. For general detergency, the grayness of the

fabric is measured. Color effects can also be measured, and fabric yellowing is

especially important. It is masked by fluorescent whitening agents (FWA). Special

filters are available to eliminate this effect, and whitening caused by soil removal

can be distinguished from that of FWA deposition.

As would be expected, no single artificial soil or combination of artificial soils

can adequately model natural soils in the household laundry. Natural soils vary

widely within a single household, between households, and between regions. In

addition, natural soiling includes effects of aging and repetitive soiling that are dif-

ficult to simulate artificially. Consequently, there is no single set of test conditions

that can consistently rate a group of detergents in a completely realistic manner.

Limited correlations are usually obtained by suitably adjusting both the laboratory

procedure and the practical full-scale procedure.

These problems can be dealt with by using artificial test cloths impregnated with

various approximations of natural soils such as vacuum cleaner dust, dirt from air

conditioner filters, clays, carbon black, fatty acids dirty motor oil, and artificial

sebum, either alone or in combination (48, 118–123). The soils are applied by

spraying, immersion, or padding. If the soils are carefully applied, reproducible

results can be obtained. Soil test cloths can be of great help in detergency studies,

when used with an understanding of their limitations.

The device most widely used for laboratory fabric detergency measurements is

the Terg-O-Tometer (U.S. Testing Co.), a miniature agitator washer. Just as it is dif-

ficult to model natural soils, it is difficult to model a full-scale washing machine.

The Terg-O-Tometer consists of four or six small agitator washers in 2-L beakers.

Water and detergent are placed into the beakers, and the temperature controlled by a

water bath. Standard-soil cloths are added and washed for 5–15 min. The speed as

well as the angle of oscillation of the agitators is adjustable. The soil cloths are then

rinsed, usually in the Terg-O-Tometer, dried, and the reflectances read. The perfor-

mance of various detergent mixtures can be compared on the basis of the final

reflectance Rf of the washed soil cloths. However, it is generally more useful to

express the cleaning as percentage detergency, %D where Ri is the initial reflec-

tance (before the wash) of the soil cloths and R0 the reflectance of the unsoiled

fabric used to prepare the soil cloths, as shown in the following equation:

%D ¼ Rf � Ri

R0 � Ri

	 100:

Redeposition of soil can be estimated simultaneously with net soil removal (deter-

gency) by including a white swatch with the soiled swatches. It also can be
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estimated separately by adding a measured amount of soil to a fresh wash bath, then

treating the white swatch in this standard-soil bath. The former method is, super-

ficially at least, more realistic. The latter method, however, is frequently of greater

value in development work because both the quantity and composition of the soil

are known and can be controlled.

Grayness of a fabric swatch is not directly proportional to its content of black

pigment (or artificial soil). A basic formula relating reflectance to the pigment con-

tent or concentration can be applied to the evaluation of detergency test swatches

(64, 125–127). In simple form, an adaptation of the Kubelka-Munk equation, it

states that the quantity ð1� RÞ2=2R (where R is the fraction of light reflected

from the sample) is a linear function of the soil content of the sample.

In some cases, it may be impossible, or undesirable, to measure the amount of

soil by reflectance. Soil can also be determined by extraction and weighing the

cloths, or weighing the washed cloths.

A number of excellent studies have used a variety of radiolabeled soils to inves-

tigate the removal of small amounts of colorless soils such as oils (128–130). By

proper use of different radiolabels (such as 3H and 14C), the preferential removal of

various components in a soil mixture can be followed. In these cases in particular,

detergency can also be calculated from measurements of the amount of radioactiv-

ity that is removed from the fabric and is found in the wash liquor.

The above tests all measure the ability of a washing system to remove soil from a

fabric in a single wash. However, the detergent or washing machine is often judged

by the way the linen appears after several soil-wash cycles. After a series of soilings

and washings, the linen acquires an off-white gray or yellowish shade caused by

soil accumulation and chemical changes in the soil. Although soil accumulation

tests are more tedious than soil removal tests, they give the most realistic results.

A laboratory-scale soil accumulation test using vacuum cleaner dirt and small

swatches of fabric has been described (131).

10.2. Textile Mill Operations

Detergency is important in textile finishing because small quantities of foreign mat-

ter on the goods can interfere seriously with dyeing and other finishing treatments.

Furthermore, the goods are expected to be uniformly and thoroughly clean when

sold. Many detergency tests in this area are of the semipractical type, i.e., test

swatches are analyzed for soil content. This analysis generally consists of gravi-

metric determination of the soil content either directly from the fabric weight or

by extraction.

11. HARD-SURFACE DETERGENCY

Despite the variety of hard-surface objects that are purposefully cleaned at regular

intervals, detergency has been studied quantitatively in relatively few cases only.

The small-scale user normally judges washing results as satisfactory or unsatisfac-
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tory. If satisfactory results are obtained with the amount of detergent and the degree

of mechanical action employed, the user is not interested in minor qualitative dif-

ferences. In those areas where specifications are important and where differences

among detergents or mechanical washing equipment are readily perceivable, quan-

titative methods for measuring detergency have been developed.

In specific cases of metal cleaning where small amounts of residual soil must be

detected and are difficult to measure by conventional means, radiotracer methods

have been employed (132). Interest in these techniques has been stimulated by

the development of methods for decontaminating hard surfaces subjected to atomic

fallout (133).

Quantitative measurements have been obtained for ceramics and glass, metals,

and organic surfaces such as painted and plastic tile.

11.1. Glassware and Dishwashing

Dishes are washed either by hand or in an automatic dishwashing machine.

Hand-dishwashing detergents are generally high-foaming compositions containing

organic surfactants as the main ingredient. The consumer judges efficiency not

only by the cleanness of plates but also by foam persisting throughout the

operation. Evaluation of hand-dishwashing products by manufacturers simulates

this procedure. The number of plates that can be washed clean, judged visually

without or with a color or fluorescence indicator, and the number of plates neces-

sary to kill the foam in the dishpan is taken as the measure of detersive efficiency

(134, 135).

More objective laboratory methods employ a mechanical device such as a Terg-

O-Tometer (136). Food soils are applied to microscope slides or glass tape rather

than to actual plates. The soils are tagged with fluorescent materials or with dark

pigment to facilitate measurement of residual soil. Reflectance or transmittance

may also be read directly (137).

The foam stability of hand-dishwashing compositions can also be measured

more directly and more quantitatively using mechanical means to whip up a

foam and adding increments of food soil to a predetermined no-foam end point

(138).

The detergents in automatic-dishwashing compositions are largely inorganic, but

evaluation of residual soil is essentially the same as in hand-dishwashing tests. Low

foam avoids inhibition of the free movement of the rotor. Clarity of glassware is a

particularly prized performance feature of home dishwashers and special photo-

metric methods have been reported for measuring freedom from water spots or film-

ing (haze) (139). More frequently, however, the presence of spots and filming is

assessed visually in a box in which light is beamed at the interior of inverted glasses

in an otherwise black environment.

In restaurant operations, sterilization of dishes is an additional requirement. Ster-

ilization is determined by the usual swabbing and culturing methods or by employ-

ing bacteria tagged with radioactive phosphorus and counting residual radioactivity

on the washed dishes (134).
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11.2. Metal Cleaning

The purpose of cleaning steel is to remove dirt and leave the article in a state in

which it can be delivered for use without further finishing. The surface must there-

fore be covered with a tenacious corrosion-resistant coating as it emerges from the

cleaning bath. Many emulsion cleaners remove lubricants and other unwanted dirt

while depositing an anticorrosive coating on the metal. The primary test for efficacy

in this situation is a corrosive test of the cleaned article.

A more thorough cleaning prepares the surface for further finishing, e.g., elec-

troplating or painting, or application of an oxide finish. The basic objective in this

case is to ensure maximum adhesion of the finish by freeing the surface of all for-

eign matter (140). Frequently, the cleaning compositions are straight organic sol-

vents, hydrocarbons or chlorinated hydrocarbons, but in many cases aqueous

detergent solutions are used. Regardless of the composition of the cleaning product,

detergency test methods involve soiled test specimen, a standard method or device

for performing the cleaning operation, and a quantitative method for estimating the

extent of soil removal. The test specimens are mostly metal panels, or coupons, 10–

300 cm2 in area. They are carefully cleaned, usually by abrasive action, and then

soiled. Soils may vary widely but often are based on lubricating oil or asphalt. A

dark pigment or fluorescent marker is added if the cleaning result is to be evaluated

visually or by photometry. A radioactive tracer, compatible or identical with the

soil, may also be added for assessment of residual soil. The cleaning device is often

a miniature version of large-scale cleaning equipment that provides soaking of the

test article and agitation by hydraulic action or boiling.

When a quantitative estimate of residual soil is not called for and the suitability

of a metal surface for further finishing needs to be assessed, the water-break test is

used. The term water-break refers to the behavior of a water film on a smooth

greasy surface. When the film becomes sufficiently thin by drainage, it suddenly

breaks into islands or droplets between which the surface appears dry. On the other

hand, when a film drains from a clean water-wettable, nongreasy surface, it

becomes progressively thinner and finally disappears by evaporation without ever

breaking into droplets. Such a surface is said to be free from water-break.

In a similar procedure, the atomizer test, which depends on the behavior of an

advancing rather than a receding contact angle, a fine mist of water is applied to the

metal surface and the spreading of water is observed. On a clean surface, water

spreads to a uniform film. With oleic acid as the test soil, the atomizer test can

detect the presence of 10�5 mg of soil per cm2, less than a monomolecular layer

(141). For steel that is to be electroplated, the copper dip test is often employed.

Steel is dipped into a cupric salt solution and the evenness of the resulting metallic

copper deposit is noted.

Correlation of all aspects of the test method with the practical system of interest

is always important. The test used for dairy cleaning is an excellent example (142).

Milk is used to tag the soil with radioactive 45Ca by an exchange with radioactive

CaCl2. This treatment is applied to stainless steel planchets by suspending the plan-

chets in milk under actual pasteurizing conditions.
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11.3. Organic Surfaces

Tests for detergency on organic surfaces such as painted walls and plastic tile gen-

erally include a rubbing or sponging step corresponding to the manner in which

such surfaces are cleaned in practice. The method adopted by the Chemical Special-

ties Manufacturers’ Association includes scrubbing a painted glass surface soiled

with a marking pencil in a Gardner Straight Line Washability Machine and asses-

sing detersive efficacy visually on a seven-point scale (143). In a similar method,

a preconditioned linoleum tile is coated with an oily pigment soil and scrubbed

in a Gardner machine; the detersive efficacy is measured by reflectance change

(144).

12. DETERGENT MANUFACTURE

12.1. Liquid Products

The manufacture of liquid detergent products is generally a straightforward process

requiring batch equipment with provisions for metered addition of individual ingre-

dients, agitation, and if needed, heating and cooling. Capital cost can vary depend-

ing on the degree of automation.

12.2. Spray-Dried Products

The manufacture of powdered product is more complicated. High-pressure spray-

drying of an aqueous slurry has replaced the earlier process in which a solidified

cake of the product had to be broken up mechanically. Spray-drying equipment

requires a relatively high capital outlay. The resulting product, however, is charac-

terized by several desirable features: a high concentration of surfactant can be

accommodated in the finished product; the product consists of hollow beads that

dissolve readily in the washing solution; powders are considerably less dusty

than those produced by the earlier process; powders generally do not lump and

most compositions can be packaged in cartons without special liners; and bulk den-

sities are obtainable within the general range of 0.25–0.65 g/L.

The first stage in preparing spray-dried products involves producing a slurry of

liquid and solid ingredients. Two processes are available, a batch process or a con-

tinuous process. The batch process involves preparing a slurry in a crutcher, which

is a mixing vessel with heavy-duty agitation and provision for heating. Solid and

liquid components are combined to form a homogeneous slurry. It is normal with a

batch process that two crutchers are employed; while one crutcher batch is dis-

charged to the spray-drying tower, another batch is prepared in the second crutcher.

The automated batch process is preferred when there are reaction, hydration, and

crystallization processes involved.

The continuous process can offer shorter residence times and requires a high

degree of automation (145). In addition, continuous slurry preparation can permit
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high solids concentrations and hence reduce the evaporative load in the spray-dry-

ing tower. The resulting energy savings can be significant in large installations.

Acids such as fatty acids and alkylbenzene sulfonic acids are neutralized with

NaOH during slurry preparation to form soap and sodium alkylbenzene sulfonate,

respectively.

After preparation, the slurry is transported to an aging vessel. During residence

time of 20–30 min, the neutralization process, hydration of sodium tripolypho-

sphate and structural changes in the slurry are completed to provide a homogeneous

composition. By means of a high-pressure pump, the slurry is conveyed to the

spray-drying tower under a pressure of ca. 10 MPa (100 atm). A representative

spray-drying tower layout is shown in Figure 7.

The slurry, at 80–100�C, is forced through nozzles of 2.5–3.5 mm diameter

arranged on a nozzle ring. In the tower, the slurry encounters hot air that has entered

the tower at 250–350�C. Airflow is normally countercurrent. Air circulation is pro-

vided by two blowers. A third blower provides suction that carries fines into the

collecting cyclones. From there the fines may be reintroduced into the upper part

of the tower where they are contacted by wet slurry descending in the tower. Alter-

natively, the fines may be added to subsequent crutcher batches. Upon exit, the

power is conditioned during passage via belt conveyer and an airlift to the packa-

ging machinery.

The capacity of spray-drying towers is influenced by the formulation of the pow-

der being produced. For large spray-drying towers, throughputs of up to 30 tons per

hour can be expected.

Because of stringent air pollution rules, the exit gases are wet-scrubbed in

brine since high NaCl concentrations reduce foam formation. NaOH scrubs out

SO2 from sulfur-containing fuel. The scrubbing solution, saturated with detergent

fines, is recycled to the water tank for slurry preparation. As shown in Figure 7,

the tower is also provided with a cleaning ring that is moved along the tower

walls.

Although spray-drying accommodates relatively high content of surfactants, cer-

tain types, such as the alkanolamides and some nonionic surfactants are best added

to the product after spray-drying. Postaddition not only protects the surfactant from

the heat of the tower but also prevents the formation of aerosols in the exit gas.

Aerosols are more difficult to trap in the scrubbing system than solid fines. They

are formed by unsulfonated matter from the manufacture of LAS and nonionic sur-

factants with short ethylene oxide chains (146).

12.3. Dry-Blended Product

In addition to lower capital outlay, dry-blending requires considerably less proces-

sing energy. Final product density, which is usually near unity, depends on the den-

sity of the starting materials and the nature of equipment used to blend these

materials. Modern mixing and blending equipment, if properly controlled, can

give product density and particle sizes comparable to spray-dried products.
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Figure 7. Plant for spray-drying of detergents and soaps. (1) Burner, (2) air combustion, (3) cold air fan, (4) hot air generator, (5) spray-drying

tower, (6) cleaning ring, (7) nozzles circuit, (8) tower suction cyclones group, (9) tower suction fan, (10) double-flap dischargers, (11) recovery

powder cyclone, (12) recovery powder fan, (13) belt conveyor, (14) air lift, (15) air lift suction cyclones, (16) air lift suction fan, (17) double-flip

dischargers, (18) vibrating sieve.
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12.4. Agglomerated Products

The process of agglomeration is intermediate between spray-drying and dry-blend-

ing. Process water concentrations are between 35% and 40% in a crutcher slurry

and essentially zero in dry blending. In agglomeration, a liquid is sprayed onto a

continuously agitated powder. Equipment designs include stationary mixers, rotat-

ing mixers with spray nozzles, and rotating blenders with a liquid dispersion bar,

either twin shell or continuous zigzag (147). Automatic dish-washing detergents are

mostly manufactured by agglomeration (148). Liquid components of the formula-

tion, for example, silicate, detergent actives, and water, can be used as the agglom-

erating liquid. Other examples of agglomeration processes include the hydration of

sodium tripolyphosphate, coloring (speckling) of detergent powders, and the

agglomeration of spray tower fines.

13. ANALYSIS

The literature on analytical methods is voluminous and not easily summarized

(149–156). Often the greatest expertise in the analysis of complex detergent mix-

tures resides with in-house personnel in individual companies who may regard their

methods as proprietary information.

An unknown commercial detergent may contain some combination of anionic,

nonionic, cationic, and possibly amphoteric surfactants, inorganic builders and fil-

lers as well as some minor additives. In general, the analytical scheme includes

separation of nonsurfactant and inorganic components from the total mixture, clas-

sification of the surfactants, separation of individual surfactants, and quantitative

determination (157).

14. HEALTH AND SAFETY FACTORS

As a class, surfactants and detergent products are among the most widely used che-

mical compositions. Almost everyone is exposed to these products on a daily basis

in situations that range from ingestion of food-grade emulsifiers to intimate contact

of skin and eyes with personal-care and laundry products. Safety is therefore a mat-

ter of great importance (158, 159). Ranges of surfactant LD50 values are shown in

Table 2.

TABLE 2. Rat Oral LD50 Values of Surfactant (158).

Type of Compounds Oral LD50 (mg/kg)

Alkylbenzene sulfonates 700–2,480

Alcohol ethoxylates 1,600 to greater than 25,000

Sulfated alcohol ethoxylates 7,000 to greater than 50,000

Alcohol sulfates 5,000–15,000
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Under conditions of normal use, detergent products are not hazardous to

users. Nonetheless, surfactants possess some toxicity, and they are mild irritants.

Particularly under conditions of misuse, such as accidental ingestion or spillage,

they can produce irritation and discomfort in the form of nausea and vomiting,

as well as irritation to skin and eyes. The long-term effects, however, are minimal

(160).

In the 1980s and 1990s, governmental concern with the safety of chemicals has

led to a number of legislative acts that regulate the manufacture and sale of chemi-

cals including detergents. Even before this, the Food and Drug Act was passed in

1938. Food-grade emulsifiers fall under its provisions, as well as products contain-

ing antimicrobial agents such as deodorant soap bars.

Like other chemicals, new substances introduced into detergent products are

regulated by the TSCA of 1977. Since its purpose is to prevent chemicals with

long-term deleterious effects from entering the marketplace, the emphasis in

testing is on long-term effects such as carcinogenicity, mutagenicity, and terato-

genicity.

The manufacture of surfactants and of detergent products is regulated by the

Occupational Safety and Health Administration (OSHA). Dust concentration in

detergent plants as well as factory noise levels are the primary areas of relevance,

since the individual components in these products are essentially nonhazardous. Of

more immediate concern to the detergent industry is the Federal Hazardous Sub-

stances Act (FHSA) of 1960 and the Consumer Products Safety Act (CPSA) of

1972. The FHSA defines specific labeling requirements, such as ‘‘Danger’’ for

extremely flammable, corrosive, or highly toxic substances, and ‘‘Warning’’ or

‘‘Caution’’ for less hazardous materials.

To assess the degree of hazard, animal acute oral toxicity data are generally

relied upon even though such data have limitations in their applicability for predict-

ing possible human effects in the case of a specific exposure. Ranges of detergent

LD50 values ratings are given in Table 3.

TABLE 3. Detergent Animal Acute Oral LD50 versus Probable Lethal Dose for a Human

Adult (161)

Animal Acute Oral Probable Lethal Oral Dose

LD50 (g/kg) Toxicity Rating for 70 kg Person (g)a;b

<0.005 6 super toxic taste <0.35

0.005–0.050 5 extremely toxic 0.35–4.9

0.05–0.50 4 very toxic 4.9–28.3

0.5–5.0 3 moderately toxic 28.3–45.3

5.0–15.0 2 slightly toxic 453–1000

>15 1 practically nontoxic >1000

a0.35 g¼ 7 drops; 4.9 g¼ 1 tsp; 28.3 g¼ 1 oz.
bTo convert grams to pounds, multiply by 0.0022. 1 lb is approximately 1 pt.
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The range of values for several representative categories of detergent products is

given in Table 4.

Because of emesis, it is unlikely that appreciable quantities of most common

soaps and detergents could be ingested accidentally.

Methods of testing for eye and skin irritation potential have been reviewed (163).

The official FHSA procedure for evaluating ocular irritation potential of detergent

products is a modified Draize rabbit eye test (164). Some controversy surrounds

this method at present, and a search for a procedure less injurious to test animals

is in progress. In general, the order of irritation is cationic > anionic > nonionic

(165).

Skin irritation potential is assessed by patch tests. More serious than simple irri-

tation is the potential of a product to cause sensitization, i.e., to cause a subject to

become allergic to even very small amounts of the product.

Several test methods have been devised for sensitization. In the Magnussen-

Kligman procedure, guinea pigs are injected just below the skin with a slightly irri-

tating dose of the test substance with and without an antigen. After some days, a

patch test is taken on the injection site to stimulate the skin to react. After several

weeks, another patch test is taken, this time on an untreated site. A positive reaction

is an indication of the sensitizing potential of the test substance (166).

Photosensitization, the potential of a product to cause sensitization in the pre-

sence of sunlight, is similarly evaluated by taking a patch test on guinea pigs before

and after exposure to ultraviolet radiation (167).

Controversy over test methodology, and concern with the welfare of test animals,

has been highly publicized in the last decade, and various states have proposed leg-

islation to ban animal tests. Significant effort has been devoted to developing non-

animal alternative tests and predictive methods. Progress has been made, but no

entirely satisfactory substitute has been found to date (168).

TABLE 4. Acute Oral LD50 Ranges for Detergent Products (162).

Albino Rat, Oral

Detergent Type LD50 (g/kg)

Heavy-duty, laundry

Granular 2–7

Liquid 2–9

Hand-dishwashing, liquid 5 –20

Automatic dishwashing 2–7

Floor and wall cleaner

Crystalline 4 –6

Liquid 8 –>16

Rug cleaner 7–9

Laundry presoak with enzyme, granular 3 –11

Fabric softener >10

Toilet bar, soap, or synthetic base 7–20

Shampoo

Plain >10

Medicated 3 –10
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15. ENVIRONMENTAL CONSIDERATIONS

The introduction of surfactant products into the environment, after use by consu-

mers or as part of waste disposed during manufacture, is regulated by the Clean

Water Act, the Clean Air Act, and the Resource Conservation and Recovery Act.

In this respect, surfactants are subject to the same regulations as chemicals in gen-

eral. There are, however, two areas of specific relevance to surfactants and detergent

products, i.e., biodegradability and eutrophication.

As early as 1947, incidents of foam blankets on bodies of water were reported.

This was at a time when detergents containing synthetic surfactants were in the pro-

cess of displacing soap as the principal heavy-duty laundry product. It was sus-

pected that they were the cause of foam formation since they were less readily

degraded by the microorganisms present in water. In contrast to soap with a

straight-chain hydrophobe, ABS, the predominant surfactant at the time, contained

a highly branched hydrophobe, e.g., a propylene tetramer alkyl group. The U.S. sur-

factant industry, represented by The Soap and Detergent Association (SDA), took

the lead in the investigation of the problem, sponsoring a large number of field stu-

dies in the development of test methods and analytical procedures for measuring the

presence of surfactants in the environment. For anionic surfactants like ABS, the

Methylene Blue Active Substance (MBAS) test, which depends on the formation

of a chloroform-soluble complex of the anionic surfactant with cationic methylene

blue, provides the first indication of the extent to which a surfactant has been

degraded (169). Nonionic surfactants are assayed by complex formation with cobalt

thiocyanate (170).

Among the methods for simulating the fate of the surfactant in the environment,

the river die-away test (171) and the shake-flask method (172) have proved accep-

table for fast screening and routine use. The semicontinuous activated sludge

(SCAS) method is more time-consuming but is more accurate and reproducible

(173). Determination of biological oxygen demand (BOD) also provides useful

data on biodegradation (174, 175).

The extensive investigations led to the conclusion that a branched hydrophobe

impedes the rate and extent of degradation of surfactants by microorganisms.

The most immediately apparent remedy, therefore, was to replace the propylene tet-

ramer in ABS with a straight hydrocarbon chain giving straight-chain ABS, so-

called linear alkanesulfonate (LAS). At the same time, commercialization of the

Ziegler process for the oligomerization of ethylene provided another route to

straight-chain hydrophobes that could easily be converted to detergent alcohols

and straight-chain nonionic surfactants. By 1965, the U.S. detergent industry had

completed a voluntary switch from hard to soft surfactants at a cost that has

been estimated at ca. $150	 106. In addition to ABS, other surfactants based on

propylene oligomers, such as alkylphenol derivatives, have largely disappeared

from U.S. consumer laundry products.

Even though the biodegradability problem has been solved for all practical pur-

poses, the subject continues to receive considerable attention. The biodegradation

of LAS has been studied intensively, and several mechanistic pathways have been
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identified such as b and o oxidation as well as reductive and oxidative desulfona-

tion (176). Investigation of the biodegradation of LAS, alcohol ethoxylates, and

alkylphenol ethoxylates in the laboratory and under sewage plant operating condi-

tions showed that LAS and straight-chain alcohol ethoxylates and their sulfates

degrade to CO2 and H2O (177, 178).

15.1. Eutrophication

This term, which denotes excessive nutrition or overfertilization, has been applied

to the contribution excessive amounts of phosphorus may make to the growth of

algae under certain conditions. Phosphorus in water supply originates from run-

off of agricultural fertilizers, human excrement, and sodium tripolyphosphate pre-

sent in detergent formulations. It has been estimated that 25–30% of the phosphorus

in wastewater comes from laundry detergents, and that detergents contribute about

3% of the phosphorus annually entering U.S. surface waters (179). Excessive algal

growth in stagnant bodies of water contributes to oxygen depletion, which causes

starvation of marine life and eventually leads to the death of lakes through silting.

Phosphorus can be removed from the effluent of sewage treatment facilities by

treatment with materials such as alum. Expansion of sewage treatment has been

the method of choice in some areas of the world, notably Sweden to assure accep-

tably low phosphorus content in environmental waters (180). In the United States,

and later in Western Europe, detergent phosphates were singled out in the early

1960s as the cause of eutrophication, and their removal from consumer laundry for-

mulations was proposed as a feasible approach to improvement of environmental

water quality. Many states and a number of local jurisdictions have banned deter-

gent products containing phosphate.

The efforts of the detergent industry toward solution of its part of the eutrophi-

cation problem are, at this point, less complete than its response to the biodegrad-

ability problem. Soda ash, Na2CO3, sodium silicate, and, to a lesser extent, sodium

citrate formed the basis of the early formulations marketed in the areas where phos-

phates were banned. Technically, these substances are considerably less effective

than sodium tripolyphosphate. As a precipitant builder, soda ash can lead to unde-

sirable deposits of calcium carbonate on textiles and on washing machines.

At the same time, the industry embarked on an intensive search for phosphate

substitutes. Of a very large number of experimental organic builders, a few sub-

stances reached commercialization or near-commercialization, including trisodium

nitrilotriaceate (NTA), trisodium carboxymethoxysuccinate (CMOS) (181) and tri-

sodium carboxymethyltartronate (182). As discussed above, sodium citrate ether

carboxylates have achieved widespread use as phosphate substitutes. Polymeric

builders (polyelectrolytes) proved to be effective calcium sequestrants, but failed

to satisfy the criterion of acceptable biodegradability. Interestingly, some mono-

meric polycarboxylates proved to be even more powerful calcium sequestrants

than sodium tripolyphosphate but were not sufficiently biodegradable (183).

Trisodium nitrilotriaceate, a sequestrant of effectiveness comparable to sodium

tripolyphosphate, reached commercialization in the late 1960s. However, because
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some laboratory findings suggested potential teratogenicity, it was withdrawn from

the market in 1970 at the request of the U.S. Surgeon General. It has continued to

be used in Canada and elsewhere. On the basis of many studies supporting the

safety of NTA, the Environmental Protection Agency dropped its opposition to

NTA and this builder, in combination with type-A zeolite, briefly appeared in

some nonphosphate consumer laundry products. However, continuing opposition

to NTA on the state level resulted in its withdrawal from detergents and its reap-

pearance seems unlikely at this time.

Laboratory assessment of the eutrophication potential of an experimental sub-

stance is less clear-cut than that of biodegradation. A frequently used method is

the algal assay procedure in which a variety of algal cultures is grown in open shake

flasks and the effect of test material on their growth is determined (179). In a second

procedure, the MAAP test, one observes the behavior of a microcosm, consisting of

bacteria, algae, zooplankton, sediment, and water taken from an oligotrophic lake.

The diversity index, an indication of the number of algal species present, is a mea-

sure of the nutritive index of the system. A reduction in the diversity index is taken

as an indication of the eutrophic potential of the test substance (184).

REFERENCES

1. C. B. Brown, Research (London), 1(10), 46 (Oct. 1947).

2. W. C. Powe and W. L. Marple, J. Amer. Oil Chem. Soc., 37, 136 (1960).

3. E. Kissa, in W. G. Cutler and E. Kissa, eds., Detergency: Theory and Technology, Marcel

Dekker Inc., New York, 1977, Ch. 1.

4. A. Cahn and J. L. Lynn, Jr., in J. I. Kroschwitz, ed., Encyclopedia of Chemical

Technology, vol. 22, 3rd ed., John Wiley & Sons, Inc., New York, 1983, pp. 332–432.

5. L. Spitz, Soap Technology for the 1990s, Am. Oil Chem. Soc., Champaign, Illinois, 1990,

p. 2.

6. W. R. Noble, R. G. Bistline, Jr., and W. M. Linfield, Soap Cosmet. Chem. Spec., 38, 62

(1972).

7. W. E. Bishop, C. C. Kuta, and C. A. Pittinger, Life Cycle Analysis and Its Relevance to the

Detergent Industry, paper presented Sept. 14, 1992, New Horizons’ 92 CSMA/AOCS

Detergent Industry Conference, Bolton Landing, New York.

8. C. Fusler, in A. Cahn, ed., Proceedings of the 3rd World Conference on Detergents:

Global Perspectives, AOCS Press, Champaign, Illinois, 1994, pp. 58–63.

9. W. J. B. Voge, in Ref. 8, p. 123.

10. T. Satsuki, in Ref. 8, pp. 135–140

11. A. D. Urfer et al., in A. R. Baldwin, ed., Proceedings of the Second World Conference on

Detergents: Looking Toward the 90s, Am. Oil. Chem. Soc., Chicago, Illinois, 1987, pp.

268–271.

12. H. Andree and B. Middelhauve, in A. Cahn, ed., Proceedings of the 3rd World

Conference on Detergents: Global Perspectives, AOCS Press, Champaign, Illinois,

1994, pp. 95–98.

REFERENCES 181



13. D. S. Connor, J. J. Scheibel, and R. G. Severson (to Procter & Gamble Co.), U.S. Patent

5,194,639, March 16, 1993.

14. W. W. Morgenthaler, Inform, 2, 6 (1991).

15. J. P. Nirschl and R. A. Gloss (to Procter & Gamble Co.), U.S. Patent 3,862,058,

January 21, 1975.

16. R. J. Baskerville, Jr., and F. G. Schiro (to Procter & Gamble Co.), U.S. Patent 3,936,537,

February 3, 1976.

17. T. D. Storm and J. P. Nirschl (to Procter & Gamble Co.), U.S. Patent 4,062,647,

December 13, 1977.

18. S. R. McDonald (to Procter & Gamble Co.), U.S. Patent 4,141,841, February 27, 1979.

19. G. K. Greminger, Jr., and A. S. Teot, J. Amer. Oil Chem. Soc., 55, 122 (1978).

20. A. E. Siegrist, J. Amer. Oil Chem. Soc., 55, 114 (1978).

21. P. N. Christensen, P. Holm, and B. Sønder, J. Amer. Oil Chem. Soc., 55, 109 (1978).

22. C. A. Starace, J. Amer. Oil Chem. Soc., 60, 1025 (1983).

23. G. Jensen, Tenside Surf. Det., 27, 30 (1990).

24. A. Gillis, J. Amer. Oil Chem. Soc., 66, 734 (1989).

25. A. P. James, Chemistry of Peroxygen Bleaching, paper presented at 83rd American Oil

Chemists’ Society, Toronto, Canada, May 1992, Interox America Reprints, Houston,

Texas, 1992.

26. S. Y. Chung and G. L. Spadini (to Procter & Gamble Co.), U.S. Patent 4,412,934,

November 1, 1983.

27. R. D. Bush, D. S. Connor, S. W. Heinzman, and L. N. Mackey (to Procter & Gamble Co.),

U.S. Patent 4,663,071, May 5, 1987.

28. M. E. Ginn and J. C. Harris, J. Amer. Oil Chem. Soc., 38, 605 (1961).

29. J. A. Shaeiwitz et al., J. Colloid Interface Sci., 84, 47 (1981).

30. K. W. Dillan, E. D. Goddard, and D. A. McKenzie, J. Amer. Oil Chem. Soc., 56, 59

(1979).

31. K. W. Dillan, E. D. Goddard, and D. A. McKenzie, J. Amer. Oil Chem. Soc., 57, 230

(1980).

32. H. L. Benson and K. H. Raney, Shell Technical Bulletin, SC: 1182–90, Shell Chemical

Co., Houston, Texas, 1990.

33. E. E. Dreger et al., Ind. Eng. Chem., 36, 610 (1944).

34. H. Stupel, Synthetische Wasch-und Reinigungsmittel, Konradin-Verlag, Stuttgart,

Germany, 1954.

35. G. E. Barker, J. Amer. Oil Chem. Soc., 28, 317 (1951).

36. H. R. Suter and M. G. Kramer, Soap Sanit. Chem., 27(8), 33 (1951).

37. R. L. Mayhew and R. C. Hyatt, J. Amer. Oil Chem. Soc., 29, 357 (1952).

38. J. V. Karabinos, G. E. Bartels, and G. E. Kapella, J. Amer. Oil Chem. Soc., 31, 419 (1954).

39. F. N. Baumgartner, Ind. Eng. Chem., 46, 1349 (1954).

40. M. S. Furry and E. M. O’Brien, Am. Dyestuff Rep., 41, 861 (1952).

41. R. Bernstein and H. Sosson, Soap Sanit. Chem., 30(1), 46 (1954).

42. F. W. Gray, J. F. Gerecht, and I. J. Krems, J. Org. Chem., 20, 511 (1955).

43. H. A. Ludeman, J. A. Balog, and J. C. Sherrill, J. Amer. Oil Chem. Soc., 35, 5 (1958).

182 DETERGENTS AND DETERGENCY



44. T. G. Jones, in K. Durham, ed., Surface Activity and Detergency, Macmillan and Co.,

Ltd., London, 1961.

45. T. G. Jones and J. P. Parke, Proceedings of the 4th International Congress on Surface

Activity, 3rd ed., University of Mainz Press, Germany, 1960, p. 178.

46. K. L. Stellner and J. F. Scamehorn, J. Amer. Oil Chem. Soc., 63, 566 (1986).

47. K. L. Stellner and J. F. Scamehorn, Langmuir, 5, 79 (1989).

48. B. J. Rutkowski, in W. G. Cutler and R. C. Davis, eds., Surfactant Science Series, vol. 5,

part 3, Marcel Dekker, Inc., New York, 1981, p. 1013.

49. S. Stawitz, W. Klaus, and P. Hoepfner, Fette Seifen Anstrichm., 60, 94 (1958).

50. J. W. Hensley and C. G. Inks, Textile Res. J., 29, 505 (June 1959).

51. N. K. Adam, J. Soc. Dyers Colour, 53, 121 (1937).

52. W. Kling, E. Langer, and I. Haussner, Melliand Textilber., 25, 198 (1945).

53. J. C. Stewart and C. S. Whewell, Textile Res. J., 30, 903 and 912 (1960).

54. J. Compton and W. J. Hart, Textile Res. J., 23(3), 158 and 418 (1953).

55. J. Compton and W. J. Hart, Textile Res. J., 24(6), 263 (1954).

56. W. Kling and H. Mahl, Melliand Textilber, 35, 640 (1954).

57. T. H. Shuttleworth and T. G. Jones, International Congress on Surface Activity, vol. 4,

2nd ed., Academic Press, New York, 1957, pp. 52–59.

58. V. W. Tripp et al., Textile Res. J., 28 (1958).

59. J. Berch and H. Peper, Textile Res. J., 33, 137 (1963).

60. J. Berch, H. Peper, and G. L. Drake, Jr., Textile Res. J., 34, 29 (1964).

61. W. C. Powe, J. Amer. Oil Chem. Soc., 40, 290 (1963).

62. J. L. Lynn, Jr., Detergents in Depth ’89, Soap and Detergent Association, New York, 1989,

p. 11.

63. J. C. Dickinson and R. C. Palmer, J. Textile Inst., 42, T510 (1951).

64. T. H. Vaughn, A. Vittone, Jr., and L. R. Bacon, Ind. Eng. Chem., 33, 1012 (1941).

65. W. P. Utermohlen, Jr., and E. L. Wallace, Textile Res. J., 17, 676 (1947).

66. L. Loeb, P. B. Sanford, and S. D. Cochran, J. Amer. Oil Chem. Soc., 41, 120 (1964).

67. H. Schott, J. Amer. Oil Chem. Soc., 52, 225 (1974).

68. D. G. Stevenson, J. Soc. Dyers Colour, 68, 57 (1952).

69. I. J. Gruntfest and E. M. Young, J. Amer. Oil Chem. Soc., 26, 236 (1949).

70. I. Reich and R. D. Vold, J. Phys. Chem., 63, 1497 (1959).

71. J. C. Harris, Textile Res. J., 18, 669 (1948).

72. J. C. Harris, Soap Chem. Spec., 34(11), 40 (1958).

73. J. C. Harris, Soap Chem. Spec., 34(12), 59 (1958).

74. J. C. Harris, Soap Chem. Spec., 35(2), 57 (1959).

75. A. S. Weatherburn, G. R. F. Rose, and C. H. Bayley, Can. J. Res., 27F, 179 (1949).

76. A. S. Weatherburn, G. R. F. Rose, and C. H. Bayley, Can. J. Res., 27, 426 (1949).

77. A. S. Weatherburn and C. H. Bayley, Textile Res. J., 22, 797 (1952).

78. K. W. Gardiner and L. B. Smith, J. Amer. Oil Chem. Soc., 26, 194 (1949).

79. L. H. Flett, L. F. Hoyt, and J. Walter, Am. Dyestuff Rep., 41, 139 (1952).

80. W. A. Fessler, Am. Soc. Test. Mater. Spec. Tech. Publ., 115, 9 (1951).

REFERENCES 183



81. A. L. Meader, Jr., and B. A. Fries, Ind. Eng. Chem., 44, 1636 (1952).

82. K. McLaren, J. Soc. Dyers Colour, 66, 521 (1950).

83. J. M. Lambert, Ind. Eng. Chem., 42, 1394 (1950).

84. J. Tuzson and B. A. Short, Textile Res. J., 30, 983 (1960).

85. B. A. Short, in Ref. 48, pp. 237–238.

86. B. Derjaguin, Discuss. Faraday Soc., 18, 85 (1954).

87. B. Derjaguin and L. Landau, Acta Physicochim. USSR, 14, 633 (1941).

88. E. J. W. Verwey and J. T. G. Overbeek, Theory of the Stability of Lyophobic Colloids,

Elsevier Publishing Co., Amsterdam, 1948.

89. J. C. Harris, Textile Res. J., 28, 912 (Nov. 1958).

90. K. Durham, J. Appl. Chem., 6, 153 (1956).

91. K. Durham, in Ref. 57, p. 60.

92. H. Lange, Kolloid-Z., 154, 103 (1957).

93. H. Lange, Kolloid-Z., 156, 108 (1958).

94. H. Lange, Am. Dyest. Rep., 50(12), 25 (1961).

95. J. Ross, P. T. Vitale, and A. M. Schwartz, J. Amer. Oil Chem. Soc., 32, 200 (1955).

96. P. T. Vitale, J. Amer. Oil Chem. Soc., 31, 341 (1954).

97. A. S. Porter, in Ref. 54, p. 103.

98. W. J. Schwarz, A. R. Martin, and R. C. Davis, Textile Res. J., 32, 1 (1962).

99. B. J. Rutkowski and A. R. Martin, Textile Res. J., 31, 892 (1961).

100. A. Bierman, J. Colloid Sci., 10, 231 (1955).

101. O. F. Devereux and P. L. De Bruyn, Interaction of Plane Parallel Double Layers, MIT

Press, Cambridge, Massachusetts, 1963.

102. H. Lange, J. Phys. Chem., 64, 538 (May 1960).

103. H. Lange, Kolloid-Z., 169, 124 (1960).

104. G. S. Hattiangdi, W. W. Walton, and J. I. Hoffman, J. Res. Natl. Bur. Stand., 42, 361

(1949).

105. A. M. Mankowich, J. Amer. Oil Chem. Soc., 39, 206 (1962).

106. R. Mallikarjun and D. B. Dadyburjor, J. Colloid Int. Sci., 84, 73 (1981).

107. H. L. Rosano and M. Clausse, Microemulsion Systems, Marcel Dekker, New York, 1987.

108. R. Zana, Surfactant Solution, Marcel Dekker, New York, 1977.

109. A. S. C. Lawrence, Nature, 183, 1491 (1959).

110. E. I. Franses and co-workers, J. Phys. Chem., 874, 1547 (1980).

111. J. M. Corkill, J. F. Goodman, and J. R. Tate, Trans. Faraday Soc., 62, 979 (1966).

112. N. A. Klimenko and A. M. Koganovskii, Kolloidn. Zh., 36, 135 (1974).

113. N. A. Klimenko, A. A. Tryasorokova, and A. A. Permilovskaya, Kolloidn. Zh., 36, 624

(1974).

114. N. A. Klimenko, A. A. Permilovskaya, and A. M. Koganovskii, Kolloidn. Zh., 36, 728

(1974).

115. N. A. Klimenko, A. A. Permilovskaya, and A. M. Koganovskii, Kolloidn. Zh., 37, 870

(1975).

116. N. A. Klimenko and co-workers. Kolloidn. Zh., 37, 873 (1975).

184 DETERGENTS AND DETERGENCY



117. L. I. Osipow and F. D. Snell, J. Amer. Oil Chem. Soc., 38, 184 (1961).

118. F. L. Diehl and J. B. Crowe, J. Amer. Oil Chem. Soc., 31, 404 (1954).

119. E. Goette, Melliand Textilber., 34, 534 (1954).

120. C. Z. Draves and O. L. Sherburne, Am. Dyestuff Rep., 9, P771 (1950).

121. H. L. Sanders and J. L. Lambert, J. Amer. Oil Chem. Soc., 27, 153 (1950).

122. R. E. Wagg, in Ref. 54, pp. 35–42.

123. A. R. Martin and R. C. Davis, Soap Chem. Spec., 36(4), 49 (1960).

124. A. R. Martin and R. C. Davis, Soap Chem. Spec., 36(5), 73 (1960).

125. O. C. Bacon and J. E. Smith, Ind. Eng. Chem., 40, 2361 (1948).

126. J. C. Harris, M. R. Sullivan, and L. E. Weeks, Ind. Eng. Chem., 46, 1942 (1954).

127. I. Reich, F. D. Snell, and L. I. Osipow, Ind. Eng. Chem., 45, 137 (1953).

128. B. E. Gordon and E. L. Bustin, J. Amer. Oil Chem. Soc., 45, 754 (1968).

129. B. E. Gordon and W. T. Shebs, J. Amer. Oil Chem. Soc., 46, 537 (1969).

130. J. C. Illman and co-workers, J. Amer. Oil Chem. Soc., 47, 379 (1970).

131. A. M. Schwartz and J. Berch, Soap Chem. Spec., 39(5), 78 (1963).

132. E. H. Armbruster and G. M. Ridenour, Soap Chem. Spec., 31(7), 47 (1955).

133. G. Segura and co-workers, Chem. Ind. (London), 1270 (1953).

134. W. G. Mizuno, F. T. Lanners, and J. L. Wilson, J. Amer. Oil Chem. Soc., 32, 437 (1955).

135. A. Segesser and H. Stupel, Seifen Oele Fette Wachse, 80, 686 (1954).
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5
Glycerine

Keith Schroeder

CC Engineering, Ltd.

1. INTRODUCTION

1.1. Chemistry

Glycerine (sometimes called ‘‘glycerin’’) is the name of the commercial product

consisting of glycerol and a small amount of water. Glycerol is actually trihydric

alcohol C2H5(OH)3, which is more accurately named 1,2,3-propanetriol. Its chemi-

cal structure is shown in the formulas given below.

Much of the naturally produced (as opposed to synthetic) glycerine is a copro-

duct of saponification of fats using caustic soda. The reaction is (1)
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The resulting coproduct stream, called spent lye, typically contains 10–25% gly-

cerol (depending on the production process) as well as contaminants such as salt

(NaCl), water, and various organics usually known as matter organic nonglycerol

(MONG). Probably the more abundant source of glycerol is the hydrolysis (splitt-

ing) of fats and oils, which produces fatty acid and glycerol. This reaction is (1)
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The concentration of glycerol in the resulting sweetwater is 10–18% and gets its

name from the characteristic sweet taste imparted by the glycerine (2). Glycerin is

also recovered as the coproduct of methyl esters (from fats and oils) and fatty alka-

nolamides; the amount produced from these sources has historically been relatively

small but has increased significantly due to worldwide construction of fatty alcohol

plants and, more recently, methyl ester biodiesel plants. There are some other inter-

esting sources of glycerol, which will be discussed below. This Chapter concen-

trates on the recovery of glycerol from soap lyes (water and glycerol from soap

making) and sweetwaters, as they represent the majority of the recovery applica-

tions. Synthetic glycerine will not be covered, as it is not derived from fats and oils.

1.2. History of Glycerine Processing

Glycerine was first identified in 1770 by Scheele, who produced it by heating olive

oil and litharge. In 1784, he observed that the same substance could be produced

from other vegetable oils and animal fats, such as lard and butter. He called this new

substance ‘‘the sweet principle of fats’’ due to glycerine’s characteristic sweet taste

(3). In 1811, Chevreul, while studying Sheele’s Sweet, as it had come to be called,

coined the modern name glycerine from the Greek word glyceros, meaning

‘‘sweet.’’ After closely studying glycerol, he was awarded the first patent relating

to its manufacture in 1823. Chevreul also distinguished himself by doing some

important early research work on fats and soaps. By 1836, Pelouze had determined

the formula for glycerol, and finally Berthlot and Luce published the structural

formula in 1883 (4).

Nitroglycerine was discovered in 1847 by Sobrero. This compound is danger-

ously unstable, which limited its potential for commercial applications. In 1863,
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Alfred Nobel demonstrated nitroglycerine’s explosive capabilities, and in 1866

he invented dynamite. He followed that discovery by the invention of blasting gela-

tin, a mixture of nitroglycerine and nitrocellulose, in 1875. Nobel’s commercial

success and humanitarian efforts are well known, but equally important was the

vital role his inventions played in advancing the Industrial Revolution. The

demand for his explosive products helped to form a large and growing demand

for glycerine.

The history of glycerine is closely related to the history of soap making because

one of the earliest commercial sources of glycerine was recovery from soap lyes,

and soap lyes continue to be a common feed stock for glycerine recovery today. In

the early 1870’s, the first U.S. patent ‘‘for the recovery of glycerine from soap lyes

by distillation’’ was issued. The process was further developed by Runcorn in 1883.

In the decades following, the soap industry began recovering glycerine from the

‘‘waste streams’’ of their soap-making operations on a relatively large scale, thus

making glycerine a readily available commodity.

A prominent source of glycerine is from the sweetwaters of fat splitting, which

initially came from the manufacture of stearine for candle making (3). The famous

Twitchell process for fat splitting was developed at the turn of the century. Twitch-

ell developed a process for splitting fat using a catalyst and dilute sulfuric acid that

produced an acceptable product (5). This was followed by high-pressure autoclave

splitting, which relied on high-pressure steam for hydrolysis of fat and produced a

superior product. Today’s modern fat-splitting plants, using stainless steel columns

with counter current flow of fatty acid and sweetwater, are the latest development in

the splitting process. The high-quality sweetwaters obtained allow efficient refining

into the high-purity grades of glycerine used today.

1.3. Economics

The consumption of glycerine has remained strong over the years, and trends indi-

cate that this is not likely to end soon. Although glycerine is a mature product with

a multitude of uses that continue to increase, the Soap and Detergent Association is

trying to develop new uses for the product. In 2003, the market price of natural USP

glycerine in the United States was at $0.55–0.75/lb., but has been as low as $0.25/lb.

and as high as $1.00/lb. throughout the 1990’s. The U.S. production of glycerine

is approximately 600 million pounds (270 million kg) per year and grows 2–5%

annually. Imports add about 10% more supply, while only a small amount is

exported. The world glycerine production is well over one billion pounds (450 mil-

lion kg) per year (6). Many new fatty acid splitting facilities have come online,

especially in Asia, where palm and coconut plantations are plentiful. China con-

tinues to add capacity as more products come into demand.

Synthetic glycerine is produced in the United States by a single supplier. There

are only three producers worldwide. The strong supply of natural glycerine and the

rising cost of feedstock (propylene) are likely to pressure producers to revise their

production. Also, some epichlorohydrin, an intermediate product, can be diverted

into other products of potentially high profitability. Synthetic glycerine may contain
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small quantities of chlorinated hydrocarbons, which has caused some concern in the

health care applications.

2. PROCESSING PRINCIPALS AND DETAILS

2.1. Sources of Glycerine

Natural glycerine is essentially a coproduct of certain processes performed on

animal or vegetable fats and oils:

1. Fat splitting under high pressure and temperature, in the presence of water, to

obtain fatty acids and sweetwater glycerine. The fat-splitting process provides

the majority of glycerine in the United States. Processing of splitter ‘‘sweet-

water’’ requires less intensive processing and lower equipment costs because

salt content is not high and common stainless steels can be used as the

material of construction.

2. Saponification of fats with sodium hydroxide (caustic soda, NaOH), yielding

spent lyes containing glycerol, water, sodium chloride (NaCl), and other

impurities; depending on the process for saponification and soap washing, the

concentration of the glycerol varies greatly. The presence of high salt levels

requires higher cost metallurgies as is discussed later in this chapter.

The chemical reactions for these processes were given earlier in formulas 1 and 2.

3. Transesterification of fats, typically with methanol, using sodium methoxide

as a catalyst, to produce methyl esters and glycerol (7).

The chemical reaction for this process is as follows:
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Although the initial chemical reactions for the above processes yield high

theoretical concentrations of glycerol, subsequent washing steps dilute the glycerol

to typical values:

Fat Splitting 10–18%

Saponification, kettle 10–15%

Saponification, continuous 20–25%

Transesterification 25–30%

Synthetic glycerine is produced (Dow process) by chlorinating propylene to allyl

chloride, converting this to dichlorohydrin, which is then converted to glycerine
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through the addition of small amounts of dilute sodium hydroxide and sodium

carbonate (8).

2.2. Pretreatment Techniques

The purpose for treatment of spent soap lyes or sweetwater is to prepare the feed-

stock for glycerine recovery by removing impurities that cause operating problems

in subsequent processing steps, resulting in a poor-quality product. In the handling

of dilute glycerol feedstocks, care must be taken to prevent fermentation, which can

cause serious loss of glycerine due to the formation of trimethylene glycol (TMG),

(1,3-propyleneglycol), gases, and acids during decomposition. Fermentation can

occur in glycerol solutions of 25% by wt. held at temperatures of 125�F or less.

Glycerol solutions above 25% prevent bacterial growth as does the presence of

salt or caustic. Furthermore, these gases produced by the bacteria may cause pro-

blems in evaporation of the lyes, and any TMG can be difficult to separate from the

glycerine by distillation due to their similar vapor-pressure characteristics. Excess

impurities in soap lye crudes can act as nucleation sites for crystal growth in the

evaporator, and aid the growth of larger, more easily separated salt crystals.

Spent soap lyes, as they are drawn from the continuous saponification area or

soap kettles, consist primarily of glycerine, sodium chloride, and water as well

as small quantities of sodium hydroxide, sodium sulfate, sodium carbonate, soap,

and fatty acids, and also some albuminous and oleaginous matter. To remove these

impurities, the soap lye is generally treated in batches.

First, a cooling and settling step is used to separate the soaps and fatty acids. The

fatty acids are less soluble at lower temperatures and rise to the surface, where they

can be removed by skimming. Other heavy materials will settle to the bottom and

remain in the tank until it is cleaned periodically. This skimming of the fatty acid is

best done in the soap plant before the lyes are transferred to the treatment plant

(Figure 1).
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Carbon from
bleaching columns

Air

Air
agitator

Air
agitator

Second
treatment

tank

First
treatment

tank

Soap lye from
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Filtrate
tank

First filter
press

Second filter
press

Cake Cake

Figure 1. Batch soap lye treatment flowsheet. Courtesy of Crown Iron Works Co. (9).
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Second, the skimmed and settled lye is transferred to the first treatment tank. It is

good practice to heat the lye to 50–60�C during the transfer pumping or in the treat-

ment tank; the treatment process is most efficient at this temperature. In the first

tank, the lye is acidulated to pH 4.6–5.0 with sulfuric or hydrochloric acid. Hydro-

chloric acid is recommended to avoid the formation of sulfates. These sulfates can

build up in the recovered salt, which is returned to the soap-making area where sul-

fates are not desirable. This acidulation step liberates fatty acids, which may be

skimmed, as most are insoluble in water.

Third, a coagulant may be added to cause the residual fatty acids to form inso-

luble soaps, which coagulate. The pH is adjusted to 4.5. At the same time, com-

pressed air is bubbled into the tank and is used for mixing and to ensure

oxidation. The coagulant is usually either aluminum sulfate or ferric chloride. If

ferric chloride is used, the air agitation is particularly needed to oxidize the iron

to its ferric state (10). Although ferric chloride is more difficult to handle than alu-

minum sulfate, it is strongly corrosive to iron, and is more expensive, but is usually

preferred because the salts formed using aluminum sulfate introduce additional sul-

fates. The precipitates of either aluminum hydroxide or ferric hydroxide will adsorb

other impurities such as fatty acids or proteinaceous matter. The chemical reactions

for these two precipitants neutralizing the excess sodium hydroxide are described

below.

It takes 1 kg of ferric chloride to neutralize approximately 0.44 kg of sodium

hydroxide, according to the following formula:

FeCl3 � 6H2Oþ 3NaOH! FeðOHÞ3 þ 3NaClþ 6H2O ð4Þ

Exactly 0.36 kg of sodium hydroxide is required to neutralize 1 kg of aluminum

sulfate according to the following reaction:

Al2ðSO4Þ3 � 18H2Oþ 6NaOH!
2AlðOHÞ3 þ 3Na2SO4 þ 3NaSO4 þ 18H2O ð5Þ

The composition of the first treatment can be checked by filtering a sample in the

laboratory and then adding a small amount of dilute ferric chloride or aluminum

sulfate to the filtrate. Any precipitate indicates that the reaction has not been taken

to completion (11–13). The contents of the first treatment tank are then filtered,

typically in an open plate and frame filter. The filter cake is discharged periodically

for disposal. Filter aid can be added, if required.

Finally, the filtrate from the first press flows to the second treatment tank, where

sodium hydroxide is used to adjust the pH to approximately 9.0. Compressed air is

again used to agitate and oxidize the batch, before filtration through a second press.

A smaller amount of precipitate is produced in this step, and therefore the filter can

be sized for less area. In addition, spent bleaching carbon from the glycerine dis-

tillation plant can be added at this point, with the goal of recovering some residual

glycerine into the treated lye.
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Treatment can also be carried out using a continuous or semicontinuous opera-

tion. In each case, accurate, in-line pH measurement is needed to control the addi-

tion of the treatment chemicals. Filtration can be accomplished on a

semicontinuous basis using plate and frame filters by sizing the treatment tanks

to allow surge capacity for filter cleanout intervals, or a continuous vacuum drum

filter can be used. These processes lend themselves to the large capacity plants.

Treatment of sweetwaters is less involved than the treatment of soap lyes as

described above. The purpose of treating sweetwaters is to remove any unreacted

fats and to prevent bacteriological growth in the glycerine. Typically, the sweet-

water is settled for several hours to allow any free fats and fatty acids to rise to

the surface, where they are skimmed off the top. Then, using air agitation, an excess

of lime is added to neutralize the fatty acids still present. Excess lime is calculated

as 0.23% of calcium oxide, and the batch must be adjusted appropriately to obtain

this excess (1). The sweetwater is then filtered. Sodium carbonate is sometimes

used to remove the calcium excess as carbonate. Some processes treat using barium

chloride and sulfuric acid, which is a more effective and expensive process. Also, it

has been shown that addition of a small amount of polyelectrolyte, such as used in

water treatment, will significantly improve the quality of the crude glycerine (10).

An alternative method for treating sweetwater, implemented in many facilities,

is to settle the sweetwater for approximately 24 h at 80–90�C and a pH of 4–5.

Phosphoric acid is sometimes used to help break any emulsion, but this is not

always required. The fats and fatty acids are decanted from the top of the sweet-

water and returned to the splitter feed for recycle.

The settled sweetwater is then sent to the evaporators for concentration. This

alternative method requires two tanks, one for settling and one for collecting the

sweetwater. The tanks are alternated every 24 h to run continuously.

2.3. Evaporation

2.3.1. Overview Following treatment, the soap lyes or sweetwaters are concen-

trated to 80–88% glycerol through an evaporation process. This is an energy-

intensive process and, depending on the plants capacity and energy costs, can have

either a single-, double-, or even triple-effect evaporator. The primary design considera-

tion is the amount of water to be evaporated. With soap lyes, the secondary considera-

tion is the method for handling the salt that precipitates as the water is evaporated.

The amount of water to be evaporated is calculated from the amount of

liquor (soap lye or sweetwater) and its glycerol concentration. Table 1 shows the

TABLE 1. Example of Concentrations in Soap Lye and Crude Glycerine.

Substance Percent Weight (kg) Percent Weight (kg) Change

Glycerol 10 100 80 100 None

Salt 11 110 9 14 96 kg Salt

Water 79 790 11 16 774 kg Water
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concentrations that occur, starting with a dilute soap lye and concentrating to 80%

crude glycerine. The table does not include losses that occur.

Two general types of evaporators are used, and their names refer to the type of

circulation used to transfer heat to the liquor for evaporating the water. Natural cir-

culation evaporators rely on a thermosiphon to circulate liquors while forced circu-

lation units use a pump to achieve the required circulation. The heating tubes may

be inside or outside the evaporator body, but most designs, especially the older

calandria style evaporators, use internal tubes for heating (Figure 2).

Forced circulation heating is used for most new evaporation plants for several

reasons. Primarily, pumping the liquor allows the selection of a higher flowrate

and velocity than can be achieved by natural convection, which improves heat

transfer, thus reducing the surface area required for heating and evaporation of

water. Higher velocities in the tubes also reduce fouling and scaling of the tube sur-

faces. One drawback to forced circulation is the increase in energy consumption

from pump motors. In addition, if the velocity is too high, there can be problems

with crystallization and crystal growth when processing soap lye.
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Figure 2. Calandria-style single-effect evaportor with flick separator. Courtesy of Crown Iron

Works Co. (9).
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Evaporation can be either single effect or multiple effect, depending on the num-

ber of evaporation stages used. Single-effect evaporation offers the simplest process

and minimum equipment investment. In a single-effect evaporator, a batch of dilute

glycerine can be evaporated to a half crude state with a concentration of 40–50%

glycerol and stored. When sufficient quantities of half crude are available, it is pro-

cessed to full crude (80% concentration). The steam economy for a single-effect

evaporator is 0.8–1.0 kg of water evaporated for each kilogram of steam used.

Single-effect evaporators, operating as a semicontinuous unit, as described above,

have been used with some frequency in the past, but are now primarily used for

small plants because of the economy and convenience of operation inherent in

continuous multieffect plants.

Multiple-effect evaporation is accomplished by joining two or more evaporators

in series using the heat in the waste vapor from one effect to heat the subsequent

effect. Live steam is added in the first effect only. The difference in the working

pressure in each effect (each effect working at a lower pressure than the previous

one) allows the use of lower pressure heating steam in the following effects. This

pressure difference also allows transfer of liquor from one effect to the other.

As a rough guideline, it can be assumed that approximately 0.8 kg of water can

be evaporated per kilogram of steam for each evaporator effect. Thus, one effect

will evaporate 0.8 kg of water per kilogram of steam, two effects will evaporate

1.6 kg, and three effects will evaporate 2.4 kg (14).

Multiple-effect evaporators are most often used in glycerine recovery plants of

medium to large size, with the typical plant having a two-effect evaporator. The

user must calculate and compare the savings in steam use for operating additional

effects against the additional equipment and maintenance costs as well as space and

operational complexity for additional effects.

Additional economy in steam consumption can be obtained through implemen-

tation of thermal vapor recompression (TVR). Water vapor from the evaporator is

captured and recompressed in a thermocompressor, using high-pressure motive

steam, so the vapor can be condensed in the first effect’s heat exchanger. The pres-

sure after the thermocompressor is between that of the water vapor and motive

steam. Only a portion of the vapor is recompressed in the thermocompressor,

with the remaining vapor used to heat the subsequent effect. The thermocompressor

can be used on a single-effect evaporator or on the first effect of multieffect units.

This equipment favors low �T in the heat exchanger to minimize the compression

ratio. The thermocompression effect will add additional economy equivalent to at

least half of an additional evaporation effect at a modest extra cost, typically just a

fraction of the cost of an additional effect. Recovered condensate can be econo-

mized by using it to preheat incoming liquor (15).

The operation of a two-effect, continuous evaporator is shown in Figure 3. Trea-

ted lye or sweetwater is fed continuously and regeneratively heated with conden-

sates coming from the heaters. Water is evaporated in the first evaporation chamber,

which is kept at a pressure slightly above atmospheric pressure (4–6 psig), using

heat provided by the thermocompressor. The thermocompressor takes part of the

vapor from the first-effect heater and recompresses it to increase its temperature
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and pressure. The remaining vapors go to heat the second effect. In the first

evaporator, about 60% of the water is evaporated (In a three-effect evaporator,

the first effect evaporates about 45–50% of the water, with the remaining two

effects roughly splitting the amount of water evaporated).

The liquor from the first effect is then fed by gravity and by pressure difference

to the second effect, which is under a slight vacuum (115 mm Hg absolute). There,

it is concentrated to 80% for soap lyes or up to 88% for sweetwater crude (contain-

ing no salt) and then pumped to crude glycerine storage.

As soap lyes are concentrated, the concentration increases until the dissolved

salts begin to come out of solution and form crystals. These crystals grow and settle

in the bottom of the evaporator, where they are removed as described below. Some

salt crystals will drop out in the first effect, but most of the salt will drop in

the second effect. The proportions are determined by several factors, including the

operation of the evaporators, the characteristics of the soap lye, and the concentra-

tions reached in each effect. The solubility of sodium chloride in glycerol is

relatively unaffected by temperature, however.

2.3.2. Entrainment Separation Some kind of entrainment separation is neces-

sary to reduce losses of glycerine entrained in the vapor stream from each evapora-

tor. Control of the vapor velocity by proper evaporator and duct sizing will

minimize the amount of entrainment. An entrainment separator should be installed

at the outlet of each evaporator body, and the glycerol recovered should be returned
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Figure 3. Double-effect evaporator with thermocompressor flowsheet. Courtesy of Crown Iron
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to its evaporator. The separator is usually of the cyclonic type, which can be

equipped with internal impingement baffles (Flick type). Mesh- or baffle-type

separators are possible, but care must be taken to prevent any buildup on the inter-

nal components, which would cause excessive pressure drop. Figure 2 shows a

Flick separator installed.

As the glycerol concentration increases during evaporation of soap lyes, salt

crystals begin to form as the liquor saturates. These salt crystals, as they grow,

will tend to sink to the cone in the bottom of the evaporator. Proper treatment

and filtration of the soap lye is important to ensure proper crystal growth in this

stage because impurities in the soap lye can hamper the growth of crystals. There

are several methods to recover the salt from the evaporators, and all of the methods

address the need to wash as much glycerol from the salt as practical. Washing is

done with water and sometimes lyes, with the purpose of recovering glycerol

that is removed with the salt. The wash liquor is subsequently returned to the treat-

ment plant. Obviously, any water that is added must be evaporated, so an economic

balance must be achieved between glycerol loss and water to be evaporated.

2.3.3. Salt Removal All salt removal systems start with the salt crystals (and

some glycerol) being removed from the evaporator, through an open valve, and col-

lected in a salt receiver or directly into a salt extractor, depending on the configura-

tion of the plant. If a salt receiver is used, the salt level is allowed to build up to a

certain level, determined by observation through a sight glass or by time interval.

Then the valve above the receiver is closed, the one below it is opened, and the salt

slurry is blown to a salt extractor using compressed air or steam. Salt extractors are

usually provided in pairs and used alternatively. The valves are then returned to

their original positions for recovering salt. If salt receivers are not used, the salt

is dropped directly into the salt extractor, in a similar manner as described above.

Salt receivers are placed below each evaporator and under a salt settling tank

(Figure 4).

The salt extractor is fitted with a screen to catch the salt and allow the liquor to

pass out of the extractor by being returned to the salt receiver from which it origi-

nated. Several batches of salt from the receivers are accumulated in a salt extractor

before the salt is removed. The salt is then washed to remove glycerol that is con-

tained with the salt. The wash fluid can be soap lye for the first wash and water for

subsequent washes. The wash water is returned to the treatment plant.

Some plants remove the salt manually by shoveling it out through a door in the

salt extractor. Before this salt is removed, it is dried in the extractor by steaming.

Removal of dried salt can be a labor-intensive practice. The salt is usually returned

to the soap plant, where it is dissolved into brine to be used again in the soap-

making operation.

Other plants will dissolve the salt in the salt extractor. There, after the final wash,

water is introduced into the extractor, the salt is dissolved, and the brine is pumped

back to the soap plant.

Centrifugal separation can be used to extract and wash the salt obtained in the

evaporation process. The centrifuge used for this process can be either a continuous

PROCESSING PRINCIPALS AND DETAILS 201



or a batch operation model. The continuous model typically offers higher capacity

and efficiency, but at a higher cost. The salt slurry is fed to the centrifuge in a simi-

lar fashion as described above for feeding a salt extractor, but there is typically a

slurry tank ahead of the centrifuge.

A batch centrifuge has a basket with a fine screen (or cloth bag), which catches

the salt while the liquor is drained back to the evaporation plant. The centrifuge is

fed with salt slurry from the evaporators and is spun until the basket is full of salt.

Then the salt is washed with treated lye or water to remove glycerol contained with

the salt, and then the salt is removed. The salt can be removed by mechanical means

or dissolved for reuse in the saponification plant. In the case of the cloth-bag type

centrifuge, the entire bag of salt is lifted out of the basket, and a new bag is

installed. The salt is then dissolved from the bag in a separate tank, freeing up

the centrifuge for salt extraction. Batch centrifuges require a relatively high amount

of operator attention.

The continuous centrifuge is fed with salt slurry from the evaporators. Figure 5

shows the main components and operating principles for this type of unit. The salt

slurry from the evaporators is continuously fed from the top inlet where it falls

between the helicoidal blades of the extractor and the conical basket. The basket

Salt
receivers

Second effect
evaporator

First effect
evaporator

Barometric condenser

Flick
separator

Flick
separator

Figure 4. Double-effect evaporation with forced circulation and external heating. Courtesy of

Crown Iron Works Co. (9).
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has a specially designed, slotted screen installed over it to contain the salt crystals.

The slurry experiences a centrifugal load of 300–500 g, due to the spinning of the

basket. The liquid passes through the screen and is collected in the discharge chan-

nel. The extractor rotates at a positive differential speed relative to the screen,

which pushes the salt that has settled toward the bottom of the screen where it is

discharged out the bottom of the machine’s frame. The salt can be continuously

washed while it is on the screen. Some machines have more than one washing

zone, allowing the use of different wash liquor concentrations for more efficient

washing. The efficiency of salt removal depends on crystal size. For best results,

the crystals should be at least 100 mg in size (17).

2.3.4. Fat Settling and Saponification For sweetwaters that have been pre-

treated by settling alone, the concentrated crude glycerine will require an additional

step before the refining step. In this step, any excess fat that has been forced out of

the solution during evaporation requires decanting and saponification.

In the crude glycerine settling step, the crude is fed to one of two (or more)

tanks. The crude glycerine is maintained at 80–90�C and the fat and fatty acids

are allowed to rise to the top of the crude glycerine for a 24-h period. As with

the sweetwater settling step, alternate tanks are used in parallel. One tank is for

collecting the concentrated crude glycerine and one tank is used for settling the

crude glycerine. After settling, the crude glycerine is drawn off to another set of

tanks for saponification.

Figure 5. Continuous centrifuge operation diagram. 1, Frame; 2, discharge channel; 3, conical

basket; 4, screen; 5, helicoidal blades; 6, reduction gear unit; 7, electric motor. Courtesy of

Guinard Centrifugation. (16).
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The saponification step involves reacting any fats and fatty acids remaining in

the crude concentrated sweetwater with sodium hydroxide. The resulting sodium

soap will be removed with the foots, or pitch, that make up the still bottoms.

A sample of crude glycerine is analyzed for saponification (SAP) value using the

AOCS Official Method Cd 3-25 analytical test (18). The SAP value is then con-

verted to a sodium hydroxide basis. This number represents the pounds (or kg)

of pure sodium hydroxide that must be added to 1000 pounds (or kg) of the crude

glycerine. Typically, an excess of sodium hydroxide is added based on the batch

size. This excess is usually in the range of 0.1–0.25%. This excess must be mini-

mized because excess sodium hydroxide will generate polyglycerols in the distilla-

tion step. Empirical evaluations have shown approximately seven pounds (or kg) of

glycerine are lost as polyglycerols for every pound (or kg) of excess sodium hydro-

xide present in the crude glycerine.

The saponification reaction is carried out at a temperature of 90�C with agita-

tion. This process is typically accomplished on a batch basis using alternate tanks

to simultaneously carry out the reaction in one tank and feed the distillation system

with reacted crude glycerine from a second tank. The system can be run on a con-

tinuous basis with this two (or more) tank system.

2.3.5. Vacuum System The vacuum system for the evaporation plant plays a

dual role by condensing the water evaporated and providing the required vacuum

of approximately 50 mm Hg absolute pressure. The vapor-condensing function and

initial vacuum device is either a barometric condenser, using water spray and a

barometric leg discharging into a hotwell, or a water-cooled surface condenser.

Despite a somewhat higher equipment cost, the surface condenser system offers

several significant advantages over a barometric condenser: (1) Any glycerine in

the vapor that is condensed is recovered and is not lost into the hotwell water,

and, (2) The surface condenser is cooled with clean water, typically circulated

from a cooling tower. In a barometric system, the spray water becomes contami-

nated, requiring a separate cooling tower system from the ‘‘clean’’ cooling water

used elsewhere in the plant. The ‘‘dirty’’ cooling tower water must be periodically

cleaned or replaced to prevent excess buildup and fouling in the cooling system.

Following the condensing section, and depending on the utility situation at the

plant site, either a liquid ring vacuum pump or a two-stage steam jet with an inter-

condenser is used. A booster ejector is not required to maintain the vacuum level

required for evaporation.

2.4. Refining of Glycerin

2.4.1. Distillation Distillation of glycerine is accomplished through distillation

with steam, under high vacuum, and at elevated temperatures. The vapor pressure

of glycerine at atmospheric pressure is 760 mm Hg at 290�C, and because glycerol

will begin to polymerize at approximately 200�C, distillation must occur at low

pressure. When distilling with steam, the partial pressure of the glycerol is reduced,
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while maintaining the same total pressure, as related by the following well-known

equation:

Weight of glycerine vapor

Weight of water vapor
¼ Partial pressure of glycerine vapor

Partial Pressure of water vapor

�MW of glycerine

MW of water

Glycerine distillation plants typically operate at 5–6 mm Hg absolute pressure

and at about 165�C. Certain undesirable chemical reactions can occur in crude

glycerol at distillation temperatures:

1. Formation of nitrogen compounds from proteinaceous matter present in the

crude glycerine (not removed in the treatment process) by thermal break-

down; these, along with volatile decomposition products, form impurities in

the refined glycerin; therefore, it is important to limit the time the glycerol is

at high temperature as well as the maximum temperature it is exposed to.

2. Formation of volatile glycerol esters by reaction with soaps (low molecular

weights) by the following equilibrium reaction:

C2H5ðOHÞ3 þ R	 COONa ! C3H5ðOHÞ2 	 O	 CO	 Rþ NaOH ð6Þ

The formation of ester is reduced in the presence of alkali.

3. Formation of polyglycerols, which occur in the presence of NaOH; thus, it

can be seen that it is important to control the alkalinity of the crude glycerol

to an optimum level.

4. Formation of acrolein (CH2¼ CHCHO), which is an odor constituent that is

difficult to eliminate.

The amount of total stripping steam for distillation is about 20% of the amount

of glycerol processed. This amount is greater with poorer quality feedstocks. How-

ever, not all of this steam is injected, as the water in the incoming crude glycerine

(80%) flashes to steam and provides a significant portion of the stripping steam

requirement. It may be undesirable to produce crude glycerine at a higher concen-

tration in the evaporation stage, as additional steam would be needed.

2.4.2. Residue Recovery and Disposal After the glycerine has been distilled

from the crude glycerine, a residue remains that is continuously removed from the

still. The residue contains some glycerol, polymerized glycerol, aldehyde resins,

organic products of decomposition, and salt, which must not be allowed to become

too concentrated as buildup of residue will cause quality and capacity problems in

the plant (19). If the residue is allowed to concentrate in the still, it displaces

volume for incoming crude glycerol, thus reducing the still’s capacity. At least

two methods of removing the residue are used:
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1. A residue receiver vessel placed below the still accumulates residue, which is

periodically discharged to the treated lye tank for reprocessing.

2. Residue is removed continuously from the still and is redistilled to recover

the remaining glycerine; the concentrated residue from the bottom of the

foots still is discharged to a drum for disposal, typically to land fill as solid

waste.

The details of glycerine refining via the Crown Iron Works Co. process, which is

representative of the continuous distillation process used by a large portion of sup-

pliers for soap lye crude glycerine, are detailed here (Figure 6).

The crude glycerine is preheated regeneratively by hot distilled glycerine. The

liquor then enters the still heater where it is further heated to about 165�C and cir-

culated by means of a circulation pump. The circulated liquor is partially vaporized

through the aid of vacuum (6 mm Hg) and sparging steam in the flashing chamber.

The vapor rises through an entrainment separating section and then enters the con-

densing section. Here, the glycerine vapors are condensed in a layer of packing,

wetted by recirculated, cooled, distilled glycerine. The remaining vapors enter

the scavenging condenser where remaining traces of glycerine are condensed and

recovered as 80–90% substandard glycerine, which is sent to intermediate storage.

The substandard glycerine is re-refined after sufficient quantities have been col-

lected for a 2- to 3-day run every month. Typically, the substandard glycerine is

processed into a lower grade of glycerine, such as high gravity or dynamite grade.

The residue in the bottom of the still is continuously discharged from the crude

still to the foots still. The residue should be kept rich in glycerol (>25%) to

improve handling and distillation characteristics. A small amount (0.5–1%) of
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Figure 6. Flowsheet of Wurster & Sanger glycerine refining plant. Courtesy of Crown Iron Works

Co. (9).
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phosphoric acid is added to keep the residue soft by lowering the pH to retard the

formation of polyglycerols. Here, it is reheated by recirculation through an external

heater to about 175�C and partially vaporized, under vacuum and with about 25%

stripping steam. Most of the vapors are condensed in the foot still’s condenser, and

the condensate is returned to the crude still. Any remaining glycerine is recovered

where the vapors pass through the scavenging condenser. The residue at the bottom

of the foots still is discharged to a drum for disposal.

The distilled glycerine from the crude still is re-evaporated in the deodorizer at

about 130–140�C, again in the presence of high vacuum and stripping steam and

with external heating, to ensure optimal removal of odoriferous materials and resi-

dual moisture. The vapor passes through a packed section where the incoming feed

condenses the vaporized glycerine. Proper reflux rates are needed to ensure removal

of close boiling impurities. Residual volatiles are condensed in the scavenging

condenser.

An alternate method for distilling glycerine, especially sodium-hydroxide-

treated sweetwater crude glycerine, has been implemented in many facilities and

differs from the above system in many features (Figure 7). Most notably is the

use of a fractional (or partial) condenser for the glycerine product followed by a

final condenser to capture a ‘‘yellow’’ glycerine stream. A wiped film evaporator

is used for recovering glycerine from the foot’s, or pitch, stream.

Figure 7. Hydrolyzer crude refining system process flow diagram. Courtesy of CC Engineering,

Ltd. (20).
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The still for this system is a simple flash still with a forced circulation reboiler.

The saponified, crude glycerine stream is fed into the recirculation pump on the

suction side. The recirculation rate is in the range of 40–50 times of the crude gly-

cerine feed rate. The top of the still vessel is equipped with a pad style entrainment

separator to eliminate carryover.

The still bottoms are drawn off and sent to a second distillation step to remove

as much of the remaining glycerine as possible. This system can be a small still,

similar to a foot’s still, or a wiped film evaporator. The foots still bottoms, or

pitch, from this step is comprised mostly of sodium soaps, polyglycerols, salts,

and minor quantities of organic compounds formed in the treatment and distillation

steps.

The glycerine and water vapors leave the still and enter the partial condenser.

This condenser is a vertical, shell and tube heat exchanger that condenses the gly-

cerine on the shell side. The tube side of the heat exchanger is configured to allow

water to boil in the tubes. The tube side outlet is equipped with a valve to control

the pressure of the steam leaving, thereby controlling the temperature at which the

water boils and glycerine vapors are condensed. Typical condensing temperatures

are 115–135�C. A balance must be reached with the temperature of condensation so

that odor and color impurities are at a minimum, yet the glycerine yield is econom-

ically sufficient.

The remaining glycerine and water vapor leaves the partial condenser and enters

the full condenser. This condenser is a shell and tube type condenser that condenses

the remaining glycerine and a small amount of the water. This glycerine stream is a

low-gravity glycerine and is very yellow. This stream is collected and can be run as

a separate recycle batch as mentioned above. The full condenser uses cooling tower

water on the tube side. Water vapor leaves the full condenser shell side and goes

through the vacuum system where it is condensed.

2.4.3. Wiped Film Evaporator (WFE) An alternate method of distilling glycer-

ine is by using a wiped film evaporator system (Figure 8). Pfaudler Corp. describes

the process as follows.

Feed material enters the inlet [2] and flows onto a distributor plate [5], which is

part of the rotor assembly. The initiation of feed to the WFE occurs at the same time

that the drive and motor [1] are started. As the rotor unit turns, centrifugal force

spreads the feed from the distributor plate onto the heated wall of the WFE. Volatile

components, such as glycerine, are rapidly evaporated. Slotted wiper blades [8]

connected to the rotor evenly distribute the feed material into a uniform, agitated,

thin film and continuously move material down the heated wall, including highly

viscous materials.

The vaporized glycerine stream passes through the entrainment separator [10]

and condenses on the internal U-tube condenser [9]. Droplets of material entrained

with the vapor stream impinge on the entrainment separator and flow back to

the heated wall through centrifugal force of the rotating assembly. Distillate flows

out the distillate outlet [11] and noncondensables flow out through the vacuum

outlet [13].
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The bottoms, or residue, continues to move down the heated wall into the bot-

toms collector and out through the residue/bottoms outlet [12]. Optional extruder

blades [16] mounted on the bottom of the rotor assembly act to push highly viscous

material out through the residue/bottoms outlet.

The heating temperature is chosen based on the vapor pressure of glycerine. The

WFE is typically under a high vacuum (3–5 mm Hg). Noncondensables and water

vapor are removed by the vacuum system.

One option used in many facilities is to use a WFE that is not equipped with an

internal condenser. The vapor stream is then taken from the WFE to the partial

condenser inlet for fractional condensation previously discussed.

The advantages of this type of continuous process over batch or continuous dis-

tillation in a ‘‘still pot’’ include low residence time (1–2 minutes) and a small dif-

ference between the vapor temperature and the liquid film temperature. The

temperature of the glycerine can be tightly controlled, thereby reducing the forma-

tion of odor, color, and other impurities. This system does not require stripping

Figure 8. Wiped film evaporator with internal condenser components. Courtesy of Pfaudler

Corporation. (21).
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steam, which reduces the capital and operating costs of the vacuum system and

overall energy consumption.

Wiped film evaporators are very effective for processing sweetwater crudes.

Yields of glycerine are very good and the quality of finished product is equal to

glycerine from other distillation systems discussed previously. Salt crude’s can

be distilled in these systems, but special modifications are required to handle the

salt that precipitates out during distillation.

2.4.4. Vacuum System The vacuum system for the distillation plant is typically

a single system for the still, deodorizer, and foots still (if supplied). To achieve a

vacuum of 2–10 mm Hg required in the distillation equipment, the vacuum system

is usually designed for 1–8 mm Hg absolute, to allow for equipment pressure

differentials, ducting losses, leaks, etc. Most systems have a surface condenser or

a barometric condenser, followed by a booster jet or multiple-stage vacuum pump.

The cooling and condensing water going to the hotwell is typically of good quality,

as virtually all condensables are removed by the condensing sections.

2.4.5. Carbon Adsorption Distilled glycerine requires one final processing step

prior to final storage and shipment. The final step is processing through activated

carbon columns. The carbon adsorption process step removes any final traces

of odor and color from the distilled glycerine and enhances stability to provide a

glycerine product that will not degrade in the final storage tanks (22).

Typical activated carbon usage is in the range of 0.5–1.0%. This can vary

depending on the amount of odor and color impurities in the distilled glycerine.

The typical carbon column configuration (Figure 9) consists of three carbon col-

umns in series with a standby carbon column filled with fresh carbon. The column

Figure 9. Carbon adsorption process flow diagram. Courtesy of CC Engineering, Ltd. (20).
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is filled with dry, activated carbon using any of several methods, including bag

dumping, supersacks, or pneumatic conveying. The column is then filled with water

or with heated (75–85�C) final glycerine product to saturate the carbon and displace

air from the carbon granules. The filled column needs to settle while vented to the

atmosphere. This ensures the carbon bed is thoroughly saturated, all air has been

expelled, and channeling of glycerine through the carbon bed is prevented. Chan-

neling in the carbon bed leads to increased carbon usage and poor-quality glycerine

that does not meet required specifications.

Heated (75–85�C) glycerine is pumped to the carbon column system from the

distilled glycerine storage tank. It is critical to the adsorption process to avoid

‘‘bumping’’ the carbon beds with a sudden surge of glycerine because this disrupts

the beds and can cause odor and color quality degradation in the finished glycerine.

The ‘‘bumping’’ of the carbon bed can sometimes occur with a centrifugal pump.

A positive displacement pump, preferably equipped with a variable frequency drive,

is recommended to feed the glycerine at a constant flow rate.

A filter is used after the carbon columns to remove any carbon fines from the

glycerine. The filter is typically a bag type using polypropylene or PTFE cloth

bags with a pore size of 5–10 micron. The bleached and deodorized glycerine

product is then sent to final storage for shipment.

2.5. Storage and Stability

Dilute and crude glycerine contain certain amounts of suspended material (precipi-

tates, salt, etc.) that tend to settle out during storage. Therefore, to avoid introducing

these materials into the process when liquor is drawn, it is recommended to have

discharge nozzles be approximately six inches above the bottom of the tank. It is

necessary to empty and clean the storage tank(s) periodically.

Dilute solutions of glycerol (<50%) are subject to fermentation, which reduce

yields and introduce breakdown products that degrade the glycerol. Holding the

glycerol above 70�C or higher concentrations will alleviate this problem. Concen-

trated glycerine is difficult to pump at lower temperatures because of its high vis-

cosity. It is recommended that glycerine be pumped at 40–50�C; lower temperatures

make pumping difficult and higher temperatures can affect the color. If heating coils

or steam tracing are used, it is important to use low-pressure steam so as not to

overheat the glycerol and cause breakdown of products.

Stainless steel vessels or stainless-steel-lined vessels are recommended to pre-

vent the formation of color complexes, especially if moisture or residual fatty acids

are present in a carbon steel tank. Since glycerine is hygroscopic, care should

be taken to exclude moisture from the refined glycerine storage tank. Glycerine

subjected to heat should not be stored in vessels containing copper or tin, as copper

or iron salts will catalyze oxidation of glycerine under those conditions (23).

2.6. Odor and Color

As noted, color and odor problems can be mostly avoided by using a high-quality

raw material, treating and storing crude glycerol properly, and avoiding high
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temperatures for an extended time period. Impurities in crude glycerine, especially

matter organic nonglycerol (MONG), affect the quality and quantity of distilled

glycerine. If the MONG content is high (3–5%), odor, taste, and color reversion

problems may exist in the final product. Tremethylene glycol, which is present in

MONG, can affect the color of glycerine and lead to problems in storage.

A properly designed deodorizer or ‘‘stripper’’ vessel, located after the distillation

column and operating at high vacuum and with open or ‘‘sparging’’ steam, will

remove close boiling impurities and most odor bodies. Remaining color bodies

are removed by adsorption with activated carbon.

Acrolein may be formed in the presence of iron, iron salts, acid, or neutral

salts:

C3H5ðOHÞ3 ¼ C3H4Oþ 2H2O: ð7Þ

Acrolein odor is distinctive and is detectable to the human nose in small quan-

tities (ppm).

It has been found that glycerine left inside processing vessels, especially carbon

columns, can degrade and develop hard-to-remove odors. Therefore, process equip-

ment should be cleaned completely after shutdown, and carbon columns blown

down with air and washed with water. Also, fresh carbon can sometimes contain

odor-causing impurities. The carbon can be washed with distilled glycerine that

can be subsequently redistilled or sold as a lower grade.

3. PROCESSING PLANTS

3.1. Layout Considerations

Plant layout considerations for a glycerine recovery plant are similar to those for

other processing plants: adequate space must be allowed for equipment installation,

operation, and maintenance, as well as operator safety. As some of the operation

requires material handling, consideration must be given to these specific require-

ments. These operations include batch feeding of treatment chemicals (most of

which are hazardous), disposal of filter cake, and charging of the bleaching columns

with carbon. It generally makes sense to arrange the equipment in order of process

flow, as piping and other connections can be made much more conveniently. In

addition, if process tanks are located to allow gravity feeds, some pumps can be

eliminated. Locating equipment on several levels also helps in reducing the overall

footprint, or floor space requirements.

All areas should be equipped with wash-down equipment, and all levels must

have adequate floor drains with the floor surfaces properly pitched. Care must

also be exercised when selecting flooring materials, as glycerine is slippery; this

is a real concern, because spills and leaks inevitably occur. Provisions must be

made in the plant for efficient cleaning procedures for the equipment, piping, and

building.
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3.2. Material and Construction

3.2.1. Overview Careful selection of the materials of construction is important

to ensure adequate life of equipment in the glycerine processing plant and to ensure

a high-quality finished product. This is especially true when recovering glycerine

from soap lyes, where the presence of sodium chloride, in crystal and solution

forms, greatly increases the corrosion potential. The reader is encouraged to consult

textbooks and manufacturer’s data sheets regarding corrosion for the compounds

and materials in the glycerine plant.

3.2.2. Pretreatment Plant When treating sweetwater glycerine, ductile iron

(DI) can generally be used for pumps, although lined DI and stainless steel pumps

can be used with an expectation of longer life.

More care must be used when selecting material for treating spent lye. Treatment

vessels can be either lined carbon steel or stainless steel. Fiberglass-reinforced

polyester (FRP) is a good choice for both tanks and piping in the treatment plant,

but care must be taken to ensure that the temperature range of the FRP material

is observed and that the pipelines are correctly supported. Also, steam blowing

of pipes should not be allowed as the high temperature can damage the FRP

piping.

The open plate and frame filter presses used typically have cast iron frames with

polypropylene plates that give excellent life. Filter clothes are usually constructed

of synthetic materials such as polypropylene felt, rather than natural fibers such

as cotton. Plastic tools must be used to clean cake from the clothes to avoid

damage.

A plate and frame heat exchanger is sometimes used to preheat incoming soap

lye, as treatment is more effective with warm lye. The plates can be of 316L stain-

less steel, or even titanium for effective corrosion resistance.

3.2.3. Evaporation Plant Material selection for the evaporation plant is the

greatest challenge in the glycerine recovery plant, again, especially if there is

salt present. For evaporating splitter sweetwater, 304L stainless steel may be

used. The corrosive nature of the brine-glycerol solution makes carbon steel and

most grades of stainless steel a poor choice for evaporators handling soap lye.

The heavy-walled, cast-iron callandria that have been used extensively for soap

lye evaporation in the past have long lives, however, economic considerations dis-

courage new evaporators of that style from being built. The material of choice for

the past 25 years for welded plate evaporators (and related components handling

salt or brine) is copper-nickel alloy. The two principal alloys to consider are

9010 (90% copper, 10% nickel), which has the best corrosion resistance to the

glycerol-brine solution, and 7030, which has a higher cost (24).

An interesting class of materials that should be considered for evaporator service

are the duplex stainless steel alloys. These high-performance stainless steel alloys

have a ‘‘duplex’’ structure. The alloy contains both the austenitic and ferritic phases
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in the grain structure at the same time. These materials have shown high resistance

to stress corrosion cracking in chloride-bearing environments and have the charac-

teristics of high corrosion and erosion resistance. (A description of the corrosion

protection mechanism is outside the scope of this chapter; the reader is referred

to corrosion handbooks and manufacturers data sheets for more information.)

Two alloys that show promise for this application are Sandvik’s SAF 2205 and

SAF 2507 (20, 25). Other, more expensive alloys, such as Ferralium 225, Hastelloy,

and Monel, have been used in various applications.

Pumps for the evaporation plant must stand up under the hot glycerol-brine solu-

tion and are also generally of the centrifugal design. Cast stainless steels (CF8M

alloy) are often used for this application, but a superior material for pumps is a

chromium-nickel-copper-molybdenum stainless steel known as CD-4M, which

should be considered when choosing the pump material. The extra cost is usually

not significant.

Seals for pumps are generally mechanical. If the fluid contains salt crystals,

which are abrasive, it is recommended that water be used to flush the seal. Both

seal faces on the pump side should be of a hard material; using carbon for one

of the seal faces has not proven to be successful. The reader is again urged to con-

tact seal manufacturers for their recommendation.

3.2.4. Refining Plant Materials for the refining plant can be selected based on

the impurity content of the glycerol being handled. The initial distillation vessel or

residue still, if it is handling crude glycerine with salt in it, should be a high grade of

stainless steel. The L grades generally exhibit slightly better corrosion resistance

than their base versions. The 316 and 316L stainless steels are recommended

for stills handling soap lye crude glycerine, while 304 and 304L stainless steel is

adequate for sweetwater stills, vapor scrubbers, condensers, deodorizers, and

bleaching equipment where salt is not present. The 316L is especially recom-

mended for foot stills where salt is present but water is not.

In some cases, more corrosion-resistant materials have been used; the Ittner

refining stills in use at some Colgate-Palmolive plants were fabricated from pure

nickel. The life of such equipment is exceptionally long (26).

Pumps for handling glycerine can be centrifugal as long as the temperature and

viscosity of the product is satisfactory for the pump being used. For lower tempera-

tures and pumping residue, a positive displacement pump with a pressure relief loop

(internal) should be used.

3.3. Instruments and Controls

Control techniques for glycerine plants have not changed much over the years, as it

is necessary to control pH, levels, temperatures, and vacuums in the various por-

tions of the plant. Most operations can be accomplished manually, and traditionally,

manual operation of these plants have been the norm. However, the development
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and refinement of digital single-loop controllers and associated sensing equipment

have increased the ease and accuracy of control. Reliable inline pH monitoring has

made treatment plants easier to operate.

A caution must be given, however, to select instrumentation that can handle the

sometimes severe conditions in the glycerine recovery plant. The crude glycerine in

the evaporation and crude refining sections contains both dissolved and suspended

salt, while the residue in the refining plant contains salt as well as other impurities

that make the viscosity of the residue high. Vane-type flow meters have been used

successfully for measurement of difficult flows such as residue from the crude still.

Rotameters often will be plugged by suspended solids and are recommended

only for flows that are ‘‘clean’’ and will maintain a constant viscosity over time.

Mass flow meters (Corealis effect), such as those manufactured by Micromotion,

have proven successful in many areas of the treatment and refining plants. These

flow meters have no moving parts and can handle a wide range of viscosities and

densities.

Materials of construction for wetted portions of the instrumentation must be

selected using similar considerations to those used for the equipment itself. In addi-

tion, plastic diaphragm seals are available to cover and protect the pressure-sensing

faces of immersed level transmitters. This allows the use of stainless steel in appli-

cations where, if unprotected, the corrosion rate would be unacceptably high on the

thin face of the instrument. A diaphragm seal is recommended for pressure instru-

ments in the presence of suspended or entrained solids.

3.4. Piping Considerations

In addition to the few suggestions on material selection given earlier, other issues

need to be considered when designing or evaluating the piping for a glycerine

recovery plant. As in any piping system, the piping must be properly supported,

be given correct slopes for proper flow and self drainage, accommodate thermal

expansion, and be designed with adequate bypasses for equipment maintenance

and proper operational control. In addition, consideration should be given for sam-

pling points, drains, and for blowout-wash-down connections. Fluid velocities

should be maintained within standard design limits. The above information can

be obtained in reference books dealing with industrial piping design. Another

area of concern may be the possible problem of electrolysis as a result of dissimilar

materials used together in the piping system.

4. PROPERTIES OF GLYCEINE

Glycerine has a unique set of physical properties that allow glycerine to be used in a

variety of industries. Some of these properties are summarized in the following

tables:
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5. QUALITY AND TESTING

5.1. Glycerine Grades

Several grades of glycerine have been established or are in common use in

North America. U.S. Pharmacopoeia (USP) or chemically pure (CP) glycerine stan-

dards have been established for the highest grades of glycerine, water (white in col-

or), and with glycerol contents of not less than 95%. It conforms to standards given

in U.S. Pharmacopeia. It is used by the food and pharmaceutical industries because

of the high purity. Both natural and synthetic glycerine meet these specifications

(Table 5).

TABLE 2. Physical Properties of Glycerine.

Molecular Weight 92.09

Boiling Point 290�C (760 mm Hg)

Melting Point 18.17�C
Freeze Point (eutectic) (66.7% glycerol solution) 	46.5�C
Specific Heat 0.5795 cal/gm�C (26�C)

Refractive Index (Nd
20) 1.47399

Flash Point (99% glycerol) 177�C
Fire Point (99% glycerol) 204�C
Autoignition Point (on platinum) 523�C

(on glass) 429�C
Heat of Combustion 397.0 Kcal per gram

Surface Tension 63.4 dynes cm (20�C)

58.6 dynes cm (90�C)

51.9 dynes cm (150�C)

Coefficient of Thermal Expansion 0.0006115 (15–25�C Temp. Interval)

0.000610 (20–25�C Temp. Interval)

Thermal Conductivity 0.000691 cal cm deg/sec (0�C)

Heat of Formation 159.8 Kcal/mol (25�C)

Heat of Fusion 47.5 cal/gram

Heat of Vaporization 21,060 cal/mol (55�C)

19,300 cal/mol (105�C)

18,610 cal/mol (175�C)

TABLE 3. Vapor Pressure of Pure Glycerine.

mmHg 1 5 10 20 40 60 100 200 400 760

�C 125.5 153.8 167.2 182.2 198.0 208.0 220.1 240.0 263.0 290.0

TABLE 4. Viscosity of Glycerine-Centipoise.

�C 80 90 100 110 120 130 140 150 158 167

cp 32.18 21.2 14.60 10.48 7.797 5.986 4.726 3.823 3.282 2.806
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High-gravity glycerine is a commercial grade of glycerine, near white in color, and

with a high glycerol content (>98.7% with specific gravity minimum of 1.2583 at

25/25�C). It conforms to Federal specification O-G-491C and to ASTM D1257.

Dynamite glycerine meets all high-gravity specifications, except that a darker color

is allowed.

Hydrolyzer (88%) and soap lye (80%) crude’s are crude, unrefined grades of gly-

cerine offered for sale to glycerine refiners. Hydrolyzer crude is concentrated

sweetwater from fat splitting, while soap lye crude comes from soap making and

contains some salt.

For salt crude glycerine, the typical concentration for sale is 80%. Adjustments

in price can be made for concentrations above or below 80%, however, these adjust-

ments are negotiated by buyers and sellers. The standard for ash content in salt

crude is 10% maximum. The standard for water is 10% maximum. Limits on minor

constituents include a 0.5% limit for trimethylene glycol (TMG), 2.5% limit for

MONG, and a limit of 2 ppm for arsenic.

Hydrolyzer (sweetwater) crude glycerine is traded at a standard 88% glycerol.

Limits on minor constituents include ash at 1% maximum, MONG at 1.5%

maximum, and TMG at 0.5% maximum. The limit on arsenic is 2 ppm maximum.

5.2. Test Methods

The American Oil Chemists’ Society (AOCS) has published several methods for

sampling and testing of glycerine (18). Included are procedures for sampling crude

glycerine and test methods for glycerol, apparent specific gravity at 25/25�C,

TABLE 5. Refined Glycerine Specifications.

Characteristic 99.7% USP 99.5% USP 99.0% USP

Specific Gravity,

25/25�C
1.26092 1.26073 1.25945

Color 25 hazen maximum,

APHA 10 maximum

25 hazen maximum,

APHA 10 maximum

25 hazen maximum,

APHA 10 maximum

Ash 0.01% maximum 0.01% maximum 0.01% maximum

Chlorides 10 ppm maximum 10 ppm maximum 10 ppm maximum

Sulfate 20 ppm maximum 20 ppm maximum 20 ppm maximum

Arsenic 1.5 ppm maximum 1.5 ppm maximum 1.5 ppm maximum

Heavy metals 5 ppm maximum 5 ppm maximum 5 ppm maximum

Readily

carbonizable

— Not darker than

matching fluid H

Not darker than

matching fluid H

Chlorinated

Compounds

30 ppm maximum 30 ppm maximum 30 ppm maximum

Acrolein, glucose

and ammonia

compounds

Not yellow, no

ammonia odor

Not yellow, no

ammonia odor

Not yellow, no

ammonia odor

Fatty acids and

esters (FA & E)

1.0 milliequivalent/

100 gm MAX.

1.0 milliequivalent/

100 gm MAX.

1.0 milliequivalent/

100 gm MAX.

PH Neutral Neutral Neutral
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moisture, and color (Table 6). Tests are usually conducted to analyze the amount of

ash, alkalinity, salt, and organic residue. In addition, the refractive index of glycer-

ine can be used to estimate its concentration (13, 25). Color is determined using the

APHA scale. APHA color is determined using AOCS Method Ea 9-65, which

measures ‘‘color by comparison with artificial empirical standards’’ (23).

6. PROCESSING LOSSES

Losses are a natural part of any processing plant. The control and reduction of the

losses will, in part, determine the economic effectiveness of the plant’s operation.

All areas of the glycerine recovery plant can produce losses. In storage, fermenta-

tion can cause serious losses of glycerine due to the formation of trimethylene

glycol, gases, and acids during decomposition.

In the evaporation plant especially, glycerine can be carried out with the vapor

during evaporation and lost in the vacuum system’s condensing of water. The

amount of carryover can be minimized in several ways:

1. Entrainment separators, or ‘‘catchalls’’, and mist eliminator pads can be

installed where the vapor is removed from the vessel by the vacuum system;

the recovered product can be returned to the process at an appropriate point.

2. Control the vapor velocity and maintain an adequate vapor space at the top of

the vessel; it becomes important to control the liquid level to maintain the

required vapor space.

3. Use a surface condenser to recover any additional condensable material that

escapes into the vacuum system.

The treatment process should be done carefully to control any tendency to foam.

Other sources of glycerine losses include the following:

1. Glycerine is carried out with salt coming from soap lyes; proper washing of

the salt is required to minimize this loss.

2. The filter cake and skimming from the treatment plant contain glycerine.

3. Spent bleaching carbon contains glycerine of the highest concentration

produced in the plant. It should be allowed to drain and then the columns

should be blown down with air or nitrogen to extract as much free glycerine

as possible. Then, the spent carbon can be added to the first treatment

tank, where additional glycerine will be washed from the carbon. The car-

bon is separated in the filter press and disposed of with the rest of the filter

cake.

4. Residue removed from the distillation process contains a certain percentage

of glycerine; much of the glycerine can be recovered from this residue by a

separate distillation step in a wiped film evaporator, or foots still.

5. Glycerine leaks into heat exchangers.
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6. There is spillage from all sources; careful plant design and operation are

needed to minimize spills from overfilling tanks, equipment malfunctions,

and other operational errors.

7. Opening of equipment for maintenance can result in loss of product. Where

possible, the liquid should be blown into the previous or next process vessel

or drained back into a bucket for recovery. Any product that is recovered that

is not badly contaminated can be returned to a separate storage tank upstream

in the process. If a ‘‘substandard’’ or ‘‘off-spec’’ glycerine tank is provided in

the refining section, it can be equipped with an easily removable cover.

7. WASTE MANAGEMENT

The three primary waste streams from a glycerine recovery plant are skimming and

filter cake from the treatment plant, contaminants in the vacuum system condensing

water, and residue (foots) from the glycerine refining plant. Filter cake discharge is

typically sent to a solid landfill. The concentrated residue from a foots still, when

allowed to cool, will typically solidify and must be disposed of as required by the

local environmental authority.

Contaminants that get into the vacuum system’s condensing water supply are a

dual problem. There is glycerol and other condensables that are carried over from

the vapor stream from the evaporation plant. First, the glycerol represents a loss

of product. Second, these contaminants will foul the condensing water supply,

which is typically recirculated through a cooling tower. A certain amount of

the condensing water is generally bled away and replaced with makeup water to

maintain an acceptable water-quality level. An important alternative here is the

inclusion of a closed-loop system that incorporates a surface condenser cooled

with clean water recirculated from a cooling tower. The surface condenser, usually

a horizontal shell and tube heat exchanger, replaces the barometric condenser in the

vacuum system and, while using clean cooling water, allows any condensables to be

recovered.

8. USES, APPLICATIONS, AND ECONOMICS

The number of uses of glycerine is truly phenomenal (Figure 10). Depending on

the publication surveyed, up to 1700 uses have been identified. Its wide range of

applications is, in part, related to a few of its key properties:

1. Glycerine is a natural product, nontoxic, and generally recognized as safe

(GRAS) for human consumption.

2. It is an excellent humectant, emulsifier, and plasticizer.

3. It is compatible with a wide variety of materials and mixes well.

4. It possesses antioxidant properties.
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Below is a list of some of the more prominent or interesting uses for glycerine

(4, 23).

� Adhesives, used for plasticizing and penetrating properties.

� Agriculture, used in sprays, dips, and washes.

� Antifreeze: properties include low freezing point and excellent compatibility.

� Cleaners and polishes, used in a wide range for the home and automotive

markets.

� Corrosion prevention, used in gums and resins for surface-coating metals.

Cosmetics, acting as a bodying agent, emollient, humectant, lubricant, and

solvent; present in skin creams and lotions, shampoos and hair conditioners, soaps,

and detergents.

Dental creams, up to 50% of typical dental creams, used as a humectant, to

ensure good dispersion and to serve as a vehicle for dyes and flavorings.

Explosives, a large amount is consumed in the manufacture of nitroglycerine-

based explosives.

Food and beverages, used in a wide variety of applications; serves as a solvent,

carrier, emulsifier, conditioner, freeze preventer, and coating; used in wine,

liqueurs, chewing gum base, confectioneries, and chewy bars; kosher glycerine is

used in kosher foods.

Leather, used in tanning and finishing processes.

Metal processing, widely used for pickling, quenching, stripping, electroplating,

galvanizing, and soldering.

Paper, acts as a humectant, plasticizer, softening agent, and barrier against

grease and solvents; used for greaseproof and glassine papers.

Pharmaceuticals, used in salves and dressings, antibiotic preparations, capsules,

and suppositories; used as a vasodialator for angina pectoris (nitroglycerine).

Photography, properties include wetting and plasticizing.

Resins, includes ester gums, phthalic acid and malic acid resins, polyurethanes,

and epoxies.

Textiles, facilitates printing and dying, lubricating and snagproofing; used for

treatments for antistatic, antishrink, anticrease, waterproofing, and flameproofing.

Tobacco, used as a humectant, softening agent, and flavor enhancer.

Alkyd resins (36%)

Tobacco products (16%) Food/beverages (10%)

Urethane uses (6%)
Explosives (2%)

Cosmetics/pharmaceuticals (30%)

Figure 10. Glycerine uses.
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9. FUTURE CONSIDERATIONS

9.1. Technology

Future technologies that appear most likely to impact the production of natural gly-

cerine center around recovery of glycerine from nontraditional sources. As demand

for biodiesel fuel from vegetable oils grows, large amounts of high-quality glycer-

ine will become available. Other technologies that show promise for use in glycer-

ine recovery include ultrafiltration and reverse osmosis. As processes become more

effective and efficient and as economic conditions change, some of these processes

may come into more common use.

An interesting source of glycerol is through recovery from ethanol fermentation

still bottoms by chromatographic separation and ion exchange process. In a process

proposed by IWT/US Filter, raw stillage is first clarified by filtration through a

membrane, concentrated (by evaporation), and then fed to the ADSEP chromato-

graphy process where the glycerol is separated. The glycerol is then further purified

by ion exchange, followed by traditional concentration and distillation (27).

9.2. Future Economics

The future economics of glycerine worldwide will be sure to change as fundamental

changes on the supply side occur. Animal fat is a significant raw material for gly-

cerine production, both for fat splitting and saponification. Recent health trends

emphasizing lower fat content in meats has caused animal producers to develop lea-

ner meats, reducing the supply of animal fats. Other uses of fat add additional price

pressures. However, the soap and detergent industry is expected to increase its use

of glycerine as nonionic surfactants.

Additional glycerine production is being added from several growing and signif-

icant sources. The Asian fatty alcohol and fatty acid industry is expected to add an

additional 30,000–60,000 tons to the world market in the next few years. There is a

similar amount expected to arrive in the market, primarily from the European bio-

diesel (methyl ester production from vegetable oil) industry. Other developing

sources of glycerine, such as glycerine recovery from ethanol stillage, may add

further stocks to the world supply.

The purification of glycerine from these sources is obtained using the traditional

methods outlined in this chapter. However, the economics of production of the

crude glycerol will determine how these new sources affect the world market.
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Vegetable Oils as Biodiesel
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Saskatoon, Saskatchewan, Canada

1. INTRODUCTION

Renewable fuels are increasingly being used to displace fuels from non-renewable

sources, though the goals of using these bio-based fuels are often complex. In

Austria, where much of the pioneering commercial development occurred, bio-

diesel development was driven by the need to: (1) increase security of energy

supply for the transportation sector by having a renewable source at hand, (2)

have an environmentally friendly fuel available for the diesel combustion engine,

(3) reduce health and security risks, and (4) provide the customer with a reliable

fuel at a reasonable cost-benefit ratio (1).

Generally, renewable fuels are produced to reduce greenhouse gas emissions,

improve combustion of fuels, and to extend supplies of fossil fuels, although their

production may also be used to subsidize the production of agricultural commod-

ities and improve the balance of trade for countries that produce little fossil fuel.

Biodiesel is a renewable fuel that is usually narrowly defined as esters of lower

alcohol and fatty acids, where the fatty acids are derived from vegetable oil, animal

fat, or tallow (2). In spite of the restrictive nature of this definition, it is possible to

include a wide range of molecules derived from living organisms in fuels for com-

pression ignition engines (3). In light of the diverse potential for using biocompo-

nents for fuels, a section of this chapter will be dedicated to specific molecules

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
Edited by Fereidoon Shahidi. Copyright # 2005 John Wiley & Sons, Inc.
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derived from fatty acids and their derivatives that are used as biodiesel fuel and fuel

components. Pyrolysis oils, derived by heating biomass in the absence of oxygen,

are derived from a broad range of molecules including carbohydrates, proteins, phe-

nolic compounds, and lipids. Their formation and use is beyond the scope of this

discussion.

Fatty acid derivatives are used in diesel fuel primarily and include a narrow

range of current and proposed applications (1). Commercial fuels are predomi-

nantly methyl esters of fatty acids or blends of fatty acid methyl esters with

conventional diesel fuels from fossil sources. Although other esters have been

studied as fuels, the relative cost benefits and ease of preparing and using methyl

esters have allowed these sources to dominate current commercial production (1).

Other options are being explored, including conversion of vegetable oils to

n-alkanes to improve combustion (4–6) and developing diesel technology that

combusts triacylglycerol oils directly (7–9). These latter technologies bear discus-

sion but are not part of the major global commercialization effort that is currently

under way.

2. BIODIESEL QUALITY

Diesel fuels are complex mixtures of hydrocarbons defined by physical and chemi-

cal properties. Petroleum diesel fuels are based on molecules with 9 to 20 carbon

atoms and a boiling range between 170�C and 350�C (10). These fuels are produced

by sequential chemical treatments and refining of heavy petroleum oils followed by

distillation. In general, specifications for fuels are inclusive so as not to exclude

compositions with similar operational characteristics. However, environmental con-

cerns regarding toxic emissions from diesel engines have led to legislation that has

forced manufacturers to modify diesel fuel chemistry (11).

Fatty acid methyl esters and other esters of fatty acids and a lower alcohol can be

added at a low ratio to most diesel fuels without substantially changing fuel char-

acteristics. It has been reported that in blends containing 30 percent biodiesel, low-

temperature flow properties are not greatly affected (12), but at higher blend levels,

the properties of the methyl ester may affect the properties of the fuel. With few

exceptions, pure biodiesel does not meet minimum low-temperature requirements

and may exceed manufacturers’ maximum viscosity for diesel fuels.

2.1. Physical Parameters

Official methods of physical analysis used to characterize conventional diesel are

applicable and meaningful when applied to biodiesel and provide useful informa-

tion. Biodiesel chemistry leads to a number of physical characteristics that are

unique when compared with diesel fuels. Most biodiesel preparations have higher

viscosity, density, initial boiling point, final boiling point, cold-filter plugging point,

and flash point than conventional diesel fuels. Virtually all of these characteristics

are due to the high average molecular weight of the component esters of biodiesel.
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Boiling point and flash point, for example, are related to vapor pressure. Fatty acid

saturation does not appear to impact surface tension significantly.

Physical properties may affect fuel characteristics and combustion in a number

of ways. Diesel fuel must be efficiently atomized to effect combustion. Surface ten-

sion and viscosity of diesel fuel are properties that determine atomization charac-

teristics (19). Allan and Watts (19) compared the atomization characteristics of 15

biodiesel fuels with number two diesel. They found that molecular weight was the

main property affecting atomization. As an example, the mean oil droplet diameter

of coconut oil methyl esters, which are composed of 12 and 14 carbon chains, was

not significantly different from diesel fuel, whereas methyl esters, which had pre-

dominantly 18 carbon chains, produced droplets with mean diameters 20–30

percent larger than diesel fuel. Rapeseed oil, with a mean carbon chain length of

20 carbons, increased droplet size by 40 percent over that of diesel fuel. The larger

size of atomized droplets of biodiesel may account for some of the differences in

emissions observed from diesel fuels. Vapor pressure and, consequently, the flash

point of all diesel fuels is largely determined by the molecular species with the low-

est molecular weight present in the fuel. As most of the diesel supply infrastructure

was built for a fuel with a high flash point, it is advantageous that properly made

biodiesel has an elevated flash point (2, 14–18).

2.2. Chemical Parameters

Official methods of chemical analysis of conventional diesel are often not adequate

to characterize biodiesel. Tests for the levels of sulfur and aromatic components in

biodiesel are useful but usually reveal that the concentrations of compounds con-

taining these atoms or functional groups are very low. Analysis of biodiesel chem-

istry can reveal characteristics conferred by the source of the oil, the method of

manufacture, and duration of storage (20, 21). For example, free and bound glycer-

ol is measured to ascertain if biodiesel has been completely formed during synth-

esis. Fatty acid content, residual soaps, iodine value, peroxide value, and fatty acid

composition all may reflect the quality of biodiesel (Table 1) but are unimportant

and inapplicable in conventional diesel fuel quality determination.

Significant differences in fuel standards also exist among different countries (2,

14–18; Table 1). In the European Union (EU), member countries have adopted a

standard requiring an iodine value of less than 115 (15, 16), 120 (14), or 125

(18). This iodine value reflects the upper extreme iodine value of canola (low erucic

acid rapeseed) oil. The American Society for Testing Measures (ASTM) and Italian

National Standards Body (UNI) standards do not include iodine value (2, 17) and

thus allow higher iodine value oils such as soy and sunflower.

Chemical analyses of biodiesel may be accomplished through standard methods

as recommended by ASTM and other organizations, but these measures do not

determine all aspects of biodiesel chemistry (20, 21). Knothe (21) extensively

described methods of measuring trans-esterification progress and assuring biodiesel

quality, and suggested that no single test could assure quality. Online methods, such

as NIR (near infrared spectroscopy), could be used to rapidly screen products to
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TABLE 1. International Standards for Biodiesel.

AUSTRIA FRANCE GERMANY ITALY SWEDEN USA

Standard/ Test ON C1191 Journal DIN E 51606 UNI 10635 SS 15 54 36 D-6751-02

Specification Value Unit (14)� Officiel (15)� (16)� (17)� (18)� (2)�

Date 1 July 1997 14 Sep 1997 Sep 1997 21 April 1997 27 Nov 1996 10 Jan 2002

Application FAME�� VOME�� FAME�� VOME�� VOME�� FAME��

Density 15�C g/cm3 0.85–0.89 0.87–0.90 0.875–0.90 0.86–0.90 0.87–0.90 —

Viscosity 40�C mm2/s 3.5–5.0 3.5–5.0 3.5–5.0 3.5–5.0 3.5–5.0 1.9-6.0

Distillation I.B.P �C — — — >300 — —

Distillation 95% �C — <360 — <360 — —

Flashpoint �C >100 >100 >110 >100 >100 >130

CFPP �C <0/�15 — <0/�10/�20 <0/�15 <�5 —

Pourpoint summer �C — <10 — — — —

Total Sulfur % mass <0.02 — <0.01 <0.01 <0.001 —

CCR 100% % mass <0.05 — <0.05 — — <0.050

CCR 10% % mass — <0.3 — <0.5 — —

Sulfate ash % mass <0.02 — <0.03 — — <0.02

(Oxide) Ash % mass — — — <0.01 <0.01 —

Water content mg/kg — <200 <300 <700 <300 <500

Impurities total mg/kg — — <20 — <20 —

Cetane No. — >49 >49 >49 — >48 >47

Neutral No. mgKOH/g <0.8 <0.5 <0.5 <0.5 <0.6 <0.80

Methanol cont. % mass <0.20 <0.1 <0.3 <0.2 <0.2 —

Ester content % mass — >96.5 — >98 >98 —

Monoacylglycerol % mass — <0.8 <0.8 <0.8 <0.8 —

Diacylglycerol % mass — <0.2 <0.4 <0.2 <0.1 —

Triacylglycerol % mass — <0.2 <0.4 <0.1 <0.1 —

Free glycerol % mass <0.02 <0.02 <0.02 <0.05 <0.02 <0.020

Total glycerol % mass <0.24 <0.25 <0.25 — — <0.240

Iodine No. — <120 <115 <115 — <125 —

Phosphorous mg/kg <20 <10 <10 <10 <10 <10

Alkaline met. NA/K mg/kg — <5/5 <5 — <10/10 —

�Reference No.
��Abbreviations: FAME: Fatty Acid Methyl Ester, VOME: Vegetable Oil Methyl Ester, CFPP: Cold Filter Plugging Point, CCR: Conradson Carbon Residue.



10 9 8 7 6 5 4 3 2 1 0 ppm

10 9 8 7 6 5 4 3 2 1 0 ppm

10 9 8 7 6 5 4 3 2 1 0 ppm

B Stage 1 Methyl Ester

A  Canola
    Oil

4.8 4.6 4.4 4.2 4.0 3.8 3.6 3.4

4.8 4.6 4.4 4.2 4.0 3.8 3.6 3.4

C  Stage 2 methyl Ester

Figure 1. Proton NMR (400 MHz) spectra: a) spectrum of bulk refined canola oil in deuterated

chloroform (CDCl3) with the expansion of the region containing protons from glycerine (3.4–

4.8 ppm); b) spectrum of single stage reaction of canola oil with methanol and KOH in CDCl3 with

the expansion of the region containing protons from glycerine (3.4–4.8 ppm); c) spectrum of two

stage reaction of canola oil with methanol and KOH in CDCl3 with the expansion of the region

containing protons from glycerine (3.4–4.8 ppm).

227



identify those materials that warrant further analyses. Samples that failed NIR scru-

tiny would be subject to more stringent testing methods, such as gas chromatogra-

phy (GC), to determine the exact problem with the fuel. Mittlebach (20) suggested

that GC methods provided most of the needed information for determining biodie-

sel quality.

In many specifications, there is redundancy in biodiesel testing. The ASTM spe-

cification is unique because it does not limit methanol concentration, but the spe-

cified flashpoint is only possible if the methanol content is very low (2). Other

specifications define both methanol content and flash point. Some biodiesel stan-

dards are also redundant in the measurement of mono-, di-, and triacylglycerols

as separate analyses from the determination of free and bound glycerol (15–18).

The quantitation of individual acylglycerols is achieved by liquid or gas chromato-

graphy and may require sample preparation and a significant period for analysis.

Free and bound glycerol can be determined by relatively simple colorimetric iodo-

metry (20, 21). In the future, rapid spectrophotometric methods will likely lead to

online analyses, as predicted by Knothe (21). Online methods will be based on tech-

niques that have sufficient signal-to-noise ratio to determine the presence of low

levels of contaminants while accurately measuring target components. Figure 1a

shows the 400 MHz NMR spectrum of canola oil, whereas Figure 1b and 1c

show the first and second stage of a two-stage trans-esterification, respectively.

The inset to all figures shows the expansion of the spectrum from 3.5 ppm to

4.5 ppm. The loss of the proton signals between 4.1 and 4.4 and their replacement

by a singlet at 3.7 ppm is indicative of the replacement of glycerol with methanol.

The NMR method allows direct quantitation of glycerol and methanol without deri-

vatization. New NMR technology based on microcells could allow development of

a cost-effective instrument for rapid and precise determination of glycerol (22).

Although NMR technology remains costly, HPLC methods involving gel permea-

tion chromatography (GPC) are also able to separate acylglycerides. Figure 2a

shows the separation of four standards using a gel permeation column where larger

molecules elute first followed by smaller molecules. Therefore, the elution order is

triacylglycerols, diacylglycerols, monoacylglycerols, and, finally, methyl esters,

which coelute with fatty acids. In Figure 2b, the residual acylglycerols in the first

stage of a biodiesel synthesis reaction are clearly visible. These components are not

detected in the second stage of the reaction. The largest problem with both NMR

and GPC is low sensitivity. The liquid chromatography method relies on a light

scattering detector, which does not provide a linear response and may only be

used for qualitative analysis.

2.3. Toxicological Parameters

Methyl and ethyl esters of fatty acids have been used in consumer products for a

long time and are generally recognized as safe in specific applications (23, 24).

However, the new use of biodiesel as a fuel has led to tests to determine its potential

toxicity in new applications.
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Acute oral toxicity was determined in fasted male and female albino rats to be

greater than 5000 mg/kg body weight for both methyl and ethyl esters of canola oil

(25). Dermal toxicity was tested on albino rabbits. Applying levels of up to

2000 mg/kg body weight was found to have no observable effect for systemic toxi-

city (25). The treatment produced only slight and temporary erythrema (redness)

and edema (swelling).

Canola Oil
Diglyceride
Methyl Ester
Standerd Mix

A

B

C

Stage 1 Methyl Ester

Stage 2 Methyl Ester

1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00

Minutes

0.00

200.00

400.00

0.00

200.00

400.00

0.00

200.00

400.00

600.00

800.00

Figure 2. Gel permeation chromatograms: a) chromatogram of four standards of triglyceride

(triolein), diglyceride (diolein), and methyl ester standards as detected by evaporative scattering

light detection; b) chromatogram of single stage reaction of canolaoil with methanol and KOH; c)

chromatogram of a two stage reaction of canola oil with methanol and KOH.

BIODIESEL QUALITY 229



Acute aquatic toxicity was determined on both Daphnia magna and rainbow

trout (25). The Daphnia magna became trapped in oil sheen and the concentration

that produced 50% death was determined to be 99 ppm (compared with table salt at

3.7 ppm and diesel at 1.4 ppm).

Rainbow trout survived 48 hours of treatment with 100 ppm and 300 ppm canola

methyl and ethyl esters, but were in poor condition (25). Biodiesel exhibits acute

toxicity in aquatic systems but its rapid degradation and low overall toxicity make it

greatly preferred to diesel fuel in environmentally sensitive areas.

3. BIODIESEL AND DIESEL EMISSIONS

3.1. Local Emissions

The U.S. National Institute for Occupational Safety and Health (NIOSH) has iden-

tified diesel exhaust as a ‘‘potential occupational carcinogen’’ (26). Particulate mat-

ter in diesel exhaust has been identified as a potential risk factor. Biodiesel

emissions are generally found to be more benign than diesel fuel, but it cannot

be said that all components of the emissions are reduced compared with conven-

tional diesel fuels. The results can be especially confusing as diesel fuels can differ

greatly depending on the source of crude oil and the refining process that was used

to produce the fuels (10). Simply stated, biodiesel emissions compare favorably

with emissions from most diesel fuels, but the fuels used for comparisons have

varied among tests. In addition, as fuel specifications are changed, often in response

to legislation, combustion characteristics of ‘‘conventional’’ diesel fuels are also

changing. Older data obtained using fuels with higher sulfur and aromatic components

and lower cetane numbers may no longer represent current industrial practice.

Furthermore, biodiesel is variable depending on the source of the fuel and its age

(27). For example, Monyem and Van Gerpen (27) observed decreased carbon mon-

oxide and hydrocarbon emissions from oxidized neat biodiesel when compared

with unoxidized biodiesel. In addition, cetane number is inversely proportional to

iodine value (28) and proportional to biodiesel age (29).

Hydrocarbon, carbon monoxide, and particulate matter are all reduced in both

direct and indirect inject diesel engines fueled with biodiesel when compared

with diesel, whereas nitrogen oxide emissions are increased (30–33).

In addition to the measurements on regulated emissions mentioned above, unre-

gulated emissions and, in particular, aldehyde and polyaromatic hydrocarbon emis-

sions, have been studied extensively. When compared with engines operating on

conventional diesel, formaldehyde and acrolein were found to increase by 40%

in engines operating on biodiesel fuel while polyaromatic hydrocarbons greatly

decreased (33). Although mutagenicity was not attributed to specific compounds,

diesel fuel exhaust was found to have greater total mutagenic potential in modified

Ames testing when compared with biodiesel fuel exhaust (33).

The combined emissions improvements obtainable with 100% biodiesel provide

an advantage in enclosed areas where the use of this fuel mitigates the potentially
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toxic diesel fumes. This toxicity of biodiesel exhaust was thoroughly tested by the

Lovelace Respiratory Research Institute (34). The authors concluded that ‘‘no pro-

nounced toxicity resulted from the exposure of rats to biodiesel exhaust emissions

at any concentration.’’ Histological analysis revealed small changes in the lungs of

female rats treated with the highest level of exhaust indicating an adverse exposure

to high-level exhaust. The study also noted some mutagenic activity in both the par-

ticulate and semivolatile fractions. The authors of the study assert that ‘‘the no-

adverse-effect-level for this study of inhaled biodiesel exhaust emission was the

intermediate exposure level’’ (34).

Blends of biodiesel with conventional diesel fuel have also produced substantial

improvements in combustion products similar to those reported for pure biodiesel.

Several research groups (35–37) have investigated the potential for construction of

a fuel sensor that may be able to detect biodiesel (and ethanol) content in fuel and

adjust the engine during operation to minimize NOx emissions. Although they have

met with some technical difficulties, such a detector is likely practical. With

improvements obtainable through combinations of biodiesel, low-sulfur diesel,

and emission controls including oxidation catalysts and adaptive fuel systems, it

may be possible to meet stringent new standards.

3.2. Global Emissions

The impacts of biodiesel on global greenhouse gas emissions have been extensively

and repeatedly studied. The exercise of Life Cycle Assessment (LCA) is a form of

accounting that is used to determine the net impact of a process or series of pro-

cesses. In an early LCA assessment of biodiesel production, Krahl et al. (38)

reported a positive output of energy from the cultivation of winter canola grown

under European conditions. Other assessments have followed and generally reveal

a ratio of one unit of fossil energy used in the production of two to four units of

renewable energy embodied in the biodiesel fuel (38–41). The major energy con-

sumption in biodiesel production revealed by LCA includes field tillage, synthetic

fertilizer (N, P, K, and S) production, oilseed processing to recover oil, and

methanol used in trans-esterification (38–41). Substantial improvements in LCA

are possible. For example, herbicide-resistant crops may be grown using minimum

tillage technology to save substantially on fuel consumption (42). Nitrogen-fixing

organisms like soybean have an enhanced positive LCA mainly because of their

minimal need for nitrogen fertilizer.

It may be assumed that LCA is not static and that numerous improvements may

be made to improve the overall assessment. In Canada, substantial improvements to

the ratio of yield to energy input have been attained through the adoption of low-

tillage systems made possible by the introduction of herbicide-tolerant crops (42).

Oilseed crops have been developed using hybrid seed technology that displays yield

improvement over nonhybrids (43). Agronomic practices are continuously improv-

ing the efficiency of fertilizer use and decreasing field emissions.

Improvements in the LCA of biodiesel may be realized by using ethanol in bio-

diesel production. The LCA of ethanol is positive (39, 40) but not as positive as
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biodiesel (38–41). As ethanol comprises a greater portion of the biodiesel fuel com-

pared with methanol, it may be seen to displace a portion of the higher LCA fuel. It

is important to note that substitution of methanol with ethanol in biodiesel produc-

tion yields more fuel. Therefore, the impact of substituting ethanol for methanol is a

decrease in total greenhouse gas emissions due to the larger potential volume of

fuel produced, but the LCA assessment on a fuel weight basis is not greatly

affected.

Life Cycle Assessment of canola and other oilseeds could be substantially

improved by increasing seed oil content while decreasing overall plant phosphorous

and nitrogen content. Canola meal is particularly high in phosphorous in the form

of phytate (inositol hexaphosphate) (44). Phytate is indigestible by nonruminants

and can impair digestion by making mineral nutrients, particularly zinc, unavail-

able. It is likely that a reduction in phosphorous in canola meal or a conversion

of the phytate phosphorous to other forms would have a net positive impact on

LCA as it would be easier to use the meal as feed. To date, corn varieties released

with low phytate characteristics have had reduced yields when compared with high-

er phytate counterparts (45). A similar reduction in canola phytate level with con-

sequent energy savings may also be possible through conventional breeding or

through genetic engineering. Although it is not desirable to lower the protein con-

tent of canola meal, it is possible to reduce the total meal production with respect to

oil. This has been accomplished with the development of yellow-seeded canola

varieties that have significantly higher oil content and a higher ratio of oil to protein

TABLE 2. Biodiesel Production Capabilities, North America 2002.�

Name Location Capacity Feedstock

Griffin Industries Butler, Kentucky 6.8 million L /year Waste Oil & Grease

and animal fats

Ocean Air Lakeland, Fl 38 million L /year Waste Oil & Grease

Pacific Biodiesel Kahului, Hawaii 567,000 L /year Waste Oil & Grease

Stepan Co. Joliet, Il UNK Soy Oil

Ag Environmental Lenexa, Kansas 22.7 million L /year Soybeans

Imperial Western

Products

Coachella, CA 46 million L /year Waste oil and grease/

and soy

West Central

Co-operative

Ralston, Iowa 45 million L /year Soybeans

Columbus Foods Chicago, Illinois 5.7 million L /year

Biodiesel Industries Las Vegas, Nevada 18 million L /year Waste oil and grease

American Bio-Fuels/

Green Star

Products

Adelanto, CA 10 million L /year Soybeans

Montana Biodiesel Missoula, Montana 1 million L /year

Proctor and Gamble

Co.

Cincinnati, OH Unknown

Government of

Saskatchewan

Saskatoon

Saskatchewan

8 million L /year Refined Canola Oil

�Survey performed by telephone October 2002 by the senior author.
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than conventional dark seed coat varieties (46). These varieties also have higher

average meal protein contents than the brown seed coat counterparts. Owing to

its high molecular weight, rapeseed (high erucic acid rapeseed) oil produces less

glycerol and requires less methanol for trans-esterification than canola oil. The

best combinations of plant traits would improve LCA of canola biodiesel well

beyond current practice.

Soybean, corn and sunflower oil content can also be manipulated by plant breed-

ing (47, 48). Historic attempts to increase oil content of soy have lowered protein

production (47). If the domestic demand for soybean biodiesel increases in

North America, diversion of plant photosynthate from meal to oil production

may prove advantageous and limit market distortions.

3.3. Global Biodiesel Production

The Austrian Biofuels Institute currently maintains an ongoing database on the

global biodiesel industry (49). Their current statistics reveal that most biodiesel

is obtained from canola (low erucic acid rapeseed; 84%) and sunflower (13%).

European biodiesel production dominated world production in 2000 and Europeans

have chosen canola oil as the mainstay for manufacturing biodiesel. However,

recent facility construction (50) and legislative action (51) in North America may

lead to rapid increases in biodiesel production (Table 2). The State of Minnesota

has passed legislation that mandates the inclusion of 2% biodiesel in all diesel

fuel sold in the state (51). European and American biodiesel production is rapidly

increasing. In 2000, U.S. production was just 22 ML (Table 3).

4. RESOURCES FOR BIODIESEL PRODUCTION

Currently, most biodiesel is synthesized from higher quality vegetable oils, includ-

ing canola, sunflower, and soy. More recently, used frying oil and tallow have

TABLE 3. Biodiesel Production in Selected Countries

(Approximate Use in 2000).

Region Biodiesel

Annual Biodiesel Production (millions of liters)

North America

USA 22

Canada <1

Europe

Austria 22

Belgium 90

France 275

Germany 230

Italy 90

Sweden 11
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increasingly been used as sources of oil for biodiesel production (Table 2) (1).

Modern biodiesel facilities are usually designed with capability to cleanly process

multiple-feed stocks (MFS) to accept lower cost oils. The capability of dealing with

lower cost feed stocks is also important in recovering esters and acids that are often

entrained in glycerol during processing. Modern MFS biodiesel plants can convert

almost 100% of fatty acids and esters to usable biodiesel (1).

New sources of oil are continually being suggested for biodiesel production.

Rubber seed (Hevea brasiliensis) produces unsaturated oil that has little value

and is often not recovered but could be effectively used to produce biodiesel

(52). Jatropha curcus, a bushy tree that grows quickly and produces a fruit with

a high-oil seed, has been touted as an energy plant for tropical climates (53).

Research has also been conducted into the development of unique high-

glucosinolate producing Brassica sp. hybrids (54). These species are suggested

as industrial crops because the meal they produce is inedible and would not enter

feed markets, but the glucosinolates in the meal provide the potential for use

of the meal or meal extracts as pesticides. The tuber, yellow nut-sedge (Cyprus

esculentus L.), is also a rich source of oil, and blends of this oil with diesel fuels

have been recommended (55).

Northern regions with short growing seasons have limited total production

potential. Typical yields of canola and flaxseed in Canada, for example, average

1300 kg/ha (56), whereas in Europe, yields of these crops are often double this

amount (57); the EU average yield for canola was 2700 kg/ha in 1998. The primary

limitation in growing more productive crops is the cold winter conditions that pre-

vent the introduction of winter varieties. Enormous potential exists for increasing

the production of oilseed in northern climates (e.g., Europe, North America, and

Northern Asia) through the introduction of higher yielding species.

5. PRODUCTION TECHNOLOGY

Biodiesel is produced from vegetable- and animal-based oils by esterification or

trans-esterification with a lower alcohol (3). Most vegetable oils and animal fats

are predominantly triacylglycerols (TAGs). Although TAGs may be incorporated

in diesel fuels without chemical modification, these compounds increase fuel visc-

osity, are poorly combusted, and tend to prematurely foul upper cylinder engine

parts. Therefore, chemical processes of converting fats and oils to alkyl esters of

monohydric alcohols are now in common use to produce a fuel with lower viscosity

that may be used as a direct replacement for diesel fuel. The core synthetic process

of most biodiesel production technologies is trans-esterification (3). In this process,

animal fat or vegetable oil consisting mostly of acylglycerols is reacted with a

catalyst and alcohol. The reaction that ensues consumes the acylglycerols and

liberates glycerol and alkyl esters of lower alcohols. Reaction 1 shows the trans-

esterification of a triacylglycerol with three moles of alcohol releasing one mole

of glycerol and three moles of ester. Ma and Hanna (3) reviewed biodiesel produc-

tion, and this article is suggested as an additional reference.
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Reaction 1

CH2

CH

OOCR

CH2

OOCR

OOCR

CH2

CH

OH

CH2

OH

OH

+ 3R′OH + 3R′-OOCR

where

R¼ long chain alkyl group (Example: (CH2)7(CH)2(CH2)7CH3)

R0 ¼ short chain alkyl group (Example: CH3)

5.1. Oil

Oil quality and composition are important determining factors in optimizing ester-

ification strategy. Oils may contain numerous components that will affect the effi-

ciency of esterification. Common oil contaminants include fatty acids, partial

acylglycerols, phospholipids, unsaponifiables, and water (20, 21).

Fatty acids react with alkaline catalysts to form catalytically inactive soaps (3).

The chemical reaction consumes one mole of fatty acid per mole of alkaline cata-

lyst. Although fatty acid composition of the starting material varies, the content

determined by titration reflects the amount of catalyst that would be consumed in

a chemical reaction. By calculation, it may be determined that one gram of fatty

acid (expressed as oleic acid) will react with about 0.2 g of anhydrous potassium

hydroxide or 0.14 g of anhydrous sodium hydroxide. Often, additional catalyst

must be added to esterify a vegetable oil containing higher levels of fatty acids

(3). Conversely, acid catalysts are not inactivated by fatty acids (3). In a unique

reaction, fatty acids produced during biodiesel manufacture are actually used as

a catalyst in their own esterification (see below).

Partial acylglycerols, including mono- and diacylglycerols (DAGs), often occur

in high concentrations in the same reaction mixtures as fatty acids (58). These

materials can be thought of as interim products of the biodiesel manufacturing pro-

cess and do not normally present significant problems with reactions. However,

monoacylglycerols (MAGs) can increase the viscosity and melting point of oils

(59). Furthermore, lower concentrations of alcohol would be required to esterify

oils that are enriched in partial acylglycerols. One mole of glycerol mono-oleate

(356 g/mole) may react with one mole of methanol to produce one mole of methyl

ester (296 g/mole) and one mole of glycerol. In this reaction, the mass ratio of alco-

hol to MAG is lower than that produced in a reaction with a TAG. The yield of

glycerol is higher than that produced in reaction with the TAG. As emulsifiers,

MAGs may also serve to accelerate the formation of esters.

Phospholipids are often removed in refining steps prior to biodiesel synthesis

processes (3). Refining steps for phospholipid extraction often include the

industrial-standard degumming with acids or water that form oil-insoluble materials,

which are readily removed by centrifugation. These methods have the disadvantage

of removing a portion of the oil, which is lost to further reaction. Other methods

include removing the gums while the oil is dissolved in a hexane solution (60).
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This process may mitigate some neutral oil losses. It is predictable from chemistry

that the impact of the presence of phospholipid during trans-esterification is mostly

a contamination of the glycerol phase with compounds that include glycerol phos-

phate, inositol, and basic compounds (choline, serine) derived from the phospholi-

pid. The authors are not aware of studies describing the presence of these products

in the glycerol derived from trans-esterification of unrefined oils. In our experience,

oils with high levels of phospholipid (50–300 ppm) are readily trans-esterified

using alkaline catalysts. The remaining oil is depleted in phosphorous by the reac-

tion, and the resulting methyl esters contain less than 10 ppm phosphorous after

refining (unpublished results). The impact of this process on glycerol production

is not known.

Unsaponifiable materials are rarely considered as significant components in bio-

diesel, though they may constitute several percent of the fuel weight (61). Unsapo-

nifiables are primarily alcohols and hydrocarbons that do not affect the overall

trans-esterification reaction. Unsaponifiable components do not require alcohol

for esterification and decrease the total alcohol used in trans-esterification to a

very small extent. The presence of unsaponifiable matter in biodiesel raises ques-

tions regarding the fate of these materials during combustion. In most oils, the unsa-

ponifiable fraction is composed mainly of sterols that are higher in molecular

weight than other fuel constituents. To the authors’ knowledge, little is known of

the fate of sterols during combustion in a diesel combustion cycle (62). However,

research has been conducted on the effects of unsaponifiables on cetane number.

The slight changes that were observed were less than the ASTM repeatability

and reproducibility specifications.

Biological oils are often contaminated with water in emulsion (3). Although

some water is tolerable in the synthesis of esters, its presence is generally not pre-

ferred. Water can act with alkali catalysts to saponify esters that form soaps.

Water can also change the equilibrium of esterification with acidic catalysts favor-

ing the formation of free fatty acids over that of esters. Water has the potential to

react with 16 times its weight with TAG or ester, assuming the ester or TAG is of

oleic acid. As will be described later, this reaction can be mitigated even if water is

present.

Oil composition specifically affects the esterification strategy and also the poten-

tial uses of the ester. Esters rich in highly saturated fats and high-melting trans-fatty

acids, for example, may need to be esterified or trans-esterified at elevated tempera-

tures. (3). The product esters of these saturated compounds will typically have ele-

vated melting points (59). Such esters are often not well suited for use in fuels that

may be exposed to lower temperature (62). With dilution in fuel, low-melting esters

or solvent esters of saturated fatty acids may be included in fuels suitable for use at

low temperatures (62). Unsaturated fats have lower freezing points and are often

preferred in lower temperature applications (63). Polyunsaturated fats are prone

to oxidation and polymerization. The changes induced by oxidation may alter the

quality of biodiesel deriving from these fats (64). Polymerization can increase the

fuel viscosity and alter combustion characteristics (27, 64). In addition to the

increase in viscosity with oil oxidation, in an accelerated aging test, acid value
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and specific gravity also increased (64). The antioxidants a-tocopherol and tert-

butylhydroquinone (TBHQ) were partially effective in mitigating effects of accel-

erated aging (64).

The ratio of alcohol to oil in ester is determined by the molar weights of both the

alcohol and the oil. Lower molecular weight fatty acids comprise a smaller portion

of an ester product than higher molecular weight substances (Table 4). For common

fatty acids, changes in chain length have the greatest impact on ester weight,

whereas changes in saturation have little impact. Biodiesel made with oils rich in

palmitic acid will require more alcohol than biodiesel made with oils rich in oleic or

higher alcohols. Erucic acid, found in rapeseed oil, requires 10% less alcohol in the

synthesis of its esters than oleic acid.

5.2. Alcohol

Many choices of alcohol are possible, including methanol, ethanol, isopropanol, n-

propanol, butanol (all isomers), and pentanol (all isomers) (65). In general,

improved conversion is achieved by adding extra alcohol (3). Higher molecular

weight alcohols have lower polarity. Phase separations become more difficult

with higher alcohols (66). Mixing higher alcohols with methanol has been used

to improve reaction completion and phase separation (66). Adding glycerol and

water can have the same effect (67). Small amounts of water are tolerable only

if a glycerol phase forms (68). Otherwise, soaps form slowly in a reversible

reaction. In reactions where water is present, the key to avoiding saponification

is to minimize reaction time and have water only in the glycerol phase. The amount

of alcohol contributing to the weight of the ester increases with the molecular

weight of the alcohol. Table 5 indicates the contribution of various alcohols that

may be used in esterification of triolein. Approximately 5% weight contribution

increase in the proportion of alcohol to ester is contributed with each additional

carbon atom.

5.3. Catalyst

5.3.1. Alkali In base catalysis of fatty acids, little or no esterification occurs and

saponification is essentially irreversible. Therefore, it is necessary to optimize con-

TABLE 4. Impact of Oil Type on Alcohol Required

for Trans-Esterification.

Oil Methanol

Oil Type moles/kg kg/kg Oil

Palm oil 1.17 0.112

Canola oil� (LEAR) 1.13 0.108

Rapeseed oil (HEAR) 1.04 0.100

�Moles/kilogram is similar for canola, soy, corn, sunflower, and flax.
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ditions so that hydrolysis (saponification) is minimized. Water present in the oil,

alcohol, or catalyst may result in saponification (3). As the reaction proceeds and

sufficient glycerol is formed to separate from solution, water will dissolve prefer-

entially in the glycerol phase (67). The separation of the glycerol phase can prevent

substantial lipid hydrolysis even when substantial amounts of water are present

(67, 68). In alkali catalyzed reactions, the catalyst is presumed to be metal alkylate

of the alcohol. For example, potassium hydroxide reacts with methanol to reversi-

bly form potassium methoxide and water. The water of reaction is not sufficient to

produce significant quantities of fatty acids through hydrolysis (3).

Reaction 2:

OH� þ H3COH � H2Oþ H3CO�

Reaction 3:

H3CO� þ RCOOR0 � RCOOCH3 þ OR0
�

5.3.1.1. NaOH vs KOH Sodium hydroxide has a lower molecular weight than

KOH, and thus it also has more moles per gram (Table 6). The potassium ion is

larger and forms slightly more soluble salts, including more oil-soluble ethoxide.

On a mole basis, KOH is a more efficient catalyst than NaOH. Weight for weight

both catalysts are equivalent in reaction rate. However, water and fatty acids are

known to inactivate both catalysts with one mole of fatty acids reacting with one

TABLE 6. Comparison of Alkaline Catalysts Required for Efficient

Trans-Esterification.

Moles Base

Catalyst Purity Mol. Wt. (100 g/oil)

0.25% KOCH3 0.95 70 0.0034

0.25% NaOCH3 0.95 54 0.0044

1.0% KOH 0.9 56 0.0161

1.0% NaOH 0.9 40 0.0225

TABLE 5. Alcohol Molecular Weights and Percent Weight

of Three Moles of Alcohol to One Mole of Pure Triolein.

Alcohol

Molecular Weight

(g/mole)

Ratio (3 mole alcohol/

1 mole triolein; w/w)

Methanol 32 11

Ethanol 46 15

Propanol 60 20

Butanol 74 25

Pentanol 88 30
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mole of each catalyst. In this reaction, it requires significantly more fatty acid to

inactivate sodium hydroxide than potassium hydroxide.

5.3.1.2. NaOCH3 vs NaOH Where oils and alcohols contain little water, it is pos-

sible to use alkoxide catalysts to produce alkyl esters from vegetable oils. In anhy-

drous systems, as little as 0.1% to 0.2% alkoxide by weight of oil can efficiently

catalyze trans-esterification, but higher concentrations are normally reported (3).

Alkoxides also have the advantage of minimizing the base content of the glycerol

product. For example, a trans-esterification process using 0.25% potassium meth-

oxide would require approximately 0.034 moles of methoxide per kg of oil, whereas

1% potassium hydroxide would require 0.16 moles per kg of oil (Table 6). The

relatively small level of ions simplifies the requirements of glycerol refining. An

additional benefit of alkoxides is the avoidance of water. Typically commercial

hydroxides contain small amounts of water and form additional water in reaction

with alcohol to form the alkoxide. By definition, commercial methoxides are anhy-

drous. Water produced by or released from catalyst in biodiesel manufacture will

eventually be recovered with methanol evaporation. If the water content of the alco-

hol is substantial, a rectification distillation column and a zeolite-drying column are

required to distill dry alcohol for further esterification (69). Methoxide catalysts can

be used to avoid adding water to the reaction and to prevent water accumulation in

the alcohol. Alcohol recovered from alkoxide-catalyzed reactions may be dried

using a zeolite-packed column.

5.3.2. Acid Esters are readily synthesized from fatty acids and alcohols in the

presence of acid catalysts. In general, a large excess of alkylating reagent is

required to drive the equilibrium. Preferred acids include sulfuric acid and hydro-

gen chloride, although p-toluenesulfonic acid is also used (3). Acid-catalyzed ester-

ification of fatty acids is relatively rapid and is usually performed at the reflux

temperature of the alcohol. Small amounts of water are known to reverse the reac-

tion, and thus methods that require large additions of alcohol are often used (3, 70).

However, methods that significantly lower water content or provide a second

phase that contains the water can lead to esterification with smaller amounts of

alcohol (67).

As a result of the need for acid-resistant alloys and other equipment required for

acid esterification, the process is typically more capital intensive than base trans-

esterification. The higher capital costs associated with the use of acidic catalysts are

usually offset by the ability of the process to accept lower cost feedstocks (1).

Acidic catalysts may be used to recover soap byproducts of alkali-catalyst based

trans-esterification processes (3, 71). In these processes, acid is used to convert

soap to free fatty acids and then to esters (see below).

Many oil products are available that cannot be esterified directly using alkali cat-

alysts as they have sufficient fatty acid content to neutralize an alkali catalyst, yet

have high ester contents. An acid esterification step may be employed in advance of

base catalyzed esterification. These pre-esterification methods need only provide

sufficient acid and alcohol to esterify the fatty acids present (3, 68, 71), although
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some methods use large molar excesses of alcohol (72). Acid-catalyzed trans-

esterification of acylglycerols with alcohol is a relatively slow reaction when

compared with acid-catalyzed esterification. Trans-esterification and release of

glycerol is avoided by maintaining abbreviated reaction times. In essence, the bulk

of the acylglycerol oil is not reacted and, therefore, inert during the pre-esterification

reaction. These pre-esterification methods will be discussed in detail below.

5.3.3. Exotic Ideally, catalysts are long lasting, hasten reactions, lower energy

inputs, and simplify product refining. Alkali catalysts, used as the mainstay of

many biodiesel production processes, are entrained in glycerol released by the

process and are lost for further catalysis. Alkali catalysts are neutralized by

fatty acids forming soaps with limited alkalinity that do not act as catalysts.

This latter property limits the utility of basic catalysts to applications with low acid

value oils. Liquid acid catalysts may be reacted with oils with high acid numbers

but, like basic catalysts, these materials tend to be soluble in the glycerol phase.

Most innovative approaches to catalysis involve new heterogeneous (solid) cat-

alysts that can be repeatedly used to manufacture biodiesel, although a few novel

approaches describe using homogeneous catalysts. For example, Demmering (72)

was able to use oleic acid as a catalyst for biodiesel synthesis with reaction condi-

tions of 240�C for 3 hours. Georghiu (73) was able to generate esters using an orga-

notitanate catalyst at just 0.15% of the reaction mixture using a reaction time of

2.5 hours at 220�C. Acidic resins are also capable of forming esters but may also

produce ethers as a coproduct. Lundquist (74) describes esterification using acidic

resins at 110�C. The reaction produced a significant amount of dimethyl ether in

spite of adjusting reaction conditions to minimize ether formation. Resin-based

acid catalysts may also be used in pre-esterification of acidic oils. Jeromin et al.

(75) achieved a reduction of acid value from 10 to less than 1. The elevated

temperature, high autogenic pressure, and exotic catalysts often combine to detract

from the economics of these novel catalysts. Improved catalysts are anticipated.

Ultimately, enzymatic esterification holds great promise in biodiesel production.

Foglia et al. (76) and Haas (77) have worked to develop enzymatic methods for

production of alkyl esters. Foglia et al. (76) found that 10% lipase by weight of

TAG stirred at 200 rpm for 5 hours at 45�C was sufficient for high conversion of

oils to alkyl esters. As a result of the current high cost and low activity of enzymes,

the reaction described was limited in scale. Wu et al. (78) have been able to

improve and regenerate lipase activity by washing the catalyst with alcohols with

three or more carbon atoms. However, the enzymatic reactions and their improve-

ments as described did not lead to a process that could economically yield commer-

cial quantities of fuel. Enzymes will not be components of commercial biodiesel

synthesis until significant improvements have been developed.

5.4. Ester Production Processes and Strategies

An abundance of intellectual property has been developed to improve production of

fatty acid esters. The goals of most inventions are to increase the yield of product,
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use lower quality materials, ease refining requirements, or minimize inputs such

as energy, catalyst, or alcohol. Simple principles of chemistry would seem to limit

the efficiency of all processes (i.e., esterification is reversible) but combinations

of principles have been used to design processes and reactions that achieve

almost 100% efficient conversion of materials. Basic catalyzed reactions often

appear to go beyond theoretical yields; but this is caused by the separation of gly-

cerol into a second phase during the reaction. This phenomenon prevents feedback

inhibition of glycerol on ester synthesis. Soaps do not accumulate to high levels in

the reaction as they dissolve in water, lower alcohol, and glycerol. Removal of

soaps in a glycerol phase can greatly assist in the refining required for biodiesel

production.

Some total processes define the extraction and refining of the oilseed within their

invention. Stidman et al. (79) describes a process for extracting oils from soybean

and converting those oils to methyl esters. The process includes standard steps for

degumming, caustic refining, and bleaching followed by esterification. The process

finishes with glycerin removal and a washing step.

In one process, the inventor has reported that sugars from oilseed meals are read-

ily fermented to form ethanol (80). With soybeans, the concentration of fermentable

sugars can constitute 12% of the meal weight. These sugars could readily be fer-

mented to produce enough ethanol for esterification of oil from the seed. However,

it is improbable that seeds with higher oil contents would produce sufficient ethanol

from fermentation to esterify the oils present.

5.4.1. Unique Reaction Sequence Advantageous methods have been develop-

ed to improve esterification processes. In an early development, Glossop (81) re-

ported the removal of fatty acids from high acid oils by washing with methanol

or another solvent that was not miscible with oil in a countercurrent extractor. After

washing, the oil phase had low free fatty acids and was suitable for base trans-

esterification. The methanol phase was treated with acid to esterify the fatty

acids.

It is often found to be more difficult to produce esters of ethanol and higher alco-

hols than methanol. Dreger (66) overcame this inefficiency in forming esters by

using two-stage trans-esterification and two alcohols, one of which is methanol.

The reaction produced a mixed ester, but the yield was significantly improved.

5.4.2. Unique Reaction Conditions Billenstein et al. (82) reported 498-g

tallow plus 27 g of 30% sodium methylate were combined in a reactor and success-

fully reacted with alcohol vapor at >210�C.

Klok and Verveer (83) were able to achieve extensive esterification with the

minimum addition of alcohol. According to their description, 40-kg soy oil and

6.2-kg methanol were heated to 65�C and 0.95-kg 30% sodium methoxide was

added. The mixture was stirred for 1.5 h then settled and the glycerol separated.

Subsequently, a further 0.2 kg of 30% sodium methoxide was added to the ester

layer. The reaction mixture was heated and methanol recovered from the methyl

ester layer by distillation.
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Soapstock is a novel low-cost material that is rich in fats. Soapstock is generated

during alkali refining of vegetable oils, where oils are mixed with sodium or potas-

sium hydroxide solutions (84). This mixture is centrifuged to yield a low acidity,

light-refined oil phase and a heavy phase composed of soap, neutral lipid, and

water. Haas et al. (85) developed a process for converting these lipids into esters.

In the process, the soap solution is treated with additional alkali to complete the

saponification, and then it is dried. The dried solids may be esterified by the addi-

tion of inorganic acid catalysts and alcohol. Reaney (86) also approached the con-

version of soapstock to esters. In the patented technology, soapstock was treated

with acid and an alcohol, where the alcohol was selected from among alcohols

that remained insoluble in salt water. The process efficiently generates separate

phases of water and oils without evaporation. Fatty acids and alcohol in the mixed

upper layer are condensed to esters through treatment with heat. The resulting

product, including mixed esters and glycerides, may be trans-esterified using

base catalysis to remove glycerol. Preferred alcohols for conducting this reaction

include n-propanol, i-propanol, n-butanol, and isopentanol alcohol. Mixtures of

these alcohols, called fusel oils, may be obtained as byproducts from the production

of ethanol by fermentation.

The early stages of most biodiesel reactions proceed slowly, but the slow reac-

tion is readily overcome when the reaction is induced to form a single phase.

Boocock (87) described methods of accelerating methyl ester synthesis by adding

ether cosolvents. In one example, 100 g of soy oil was reacted with 28 mL of

methanol in the presence of 35 mL of tetrahydrofuran and 1 g of sodium hydroxide.

The reaction proceeded rapidly and separated in 20 min. After the reaction was

complete, the solvents were flashed off the methyl ester phase and a small amount

of glycerol separated. The ester yield was 90.1%.

Stern et al. (71) recovered free fatty acids from alkaline esterification. Fatty acids

are converted to soaps in trans-esterification. When the alkaline glycerol layer

forms, the soaps partition into the glycerol layer leaving a high-quality methyl ester.

The alkaline glycerol is then neutralized with acid and the soaps are converted to

fatty acid in the process. The glycerol and fatty acids are mutually insoluble and

separate. When separated from the glycerol, the fatty acids are recovered as a con-

centrate. Stern et al. (71) recommend a process of mixing the fatty acids with gly-

cerol and heating to more than 200�C. The acidity of the mixture is sufficient to

allow the formation of esters from the glycerol and fatty acid mixture. The esters

may be added to future batches for alkaline trans-esterification. This method

increases yield of the reaction while allowing some tolerance for fatty acid content

in the oil and fatty acid production during processing. Stern et al. (71) described

production of methyl esters by trans-esterification with 95% ethanol and recovery

of the lost fatty acids by reaction with glycerol. Stern et al. (71) also proved that a

high yield is possible with alkali-based trans-esterification even using 7% acidity

palm oil. In this reaction, the level of base required for the reaction was increased

from 0.4% to 1.2% by weight. The method may require an additional amount of

alkaline catalyst to overcome acids encountered in the reaction. The reaction

requires equipment for handling acidic materials but has the advantage that the total
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material reacting under acidic conditions is less than 10% of the total reaction

volume.

McDonald (69) reported a total system for ester synthesis that described a pro-

blem that is seldom alluded to in other published methods (Figure 3). Alcohol

recycled in biodiesel synthesis commonly accumulates water from catalysts, leaks,

and fresh alcohol. If the water content is low, a column containing molecular sieves

may remove it, but with higher amounts of water present, a process for drying the

alcohol is required. The method described by McDonald (69) also avoids a water

wash step for fatty acid methyl esters altogether by decanting the glycerol in con-

tinuous decanters and recovering the methanol from the methyl ester directly.

Lepper and Friesenhagen (67) were able to esterify oils rich in free fatty acids by

adding alcohol, glycerol (or other polyhydric alcohol), and p-toluenesulfonic acid

(or other acid catalyst). The unique contribution of this technology is the use of a

polyhydric alcohol to form a second phase that does not occur if the reaction does

not release glycerol. Fatty acids react quickly to form esters, and the water formed

by the reaction is largely partitioned into the glycerol phase. The reaction products

include a phase of alkyl esters of lower alcohols and glycerol mixed with a phase of

glycerol, catalyst, and methanol. The alkyl ester phase is readily trans-esterified

using alkaline catalysts to form fatty acid esters suitable for use as biodiesel. The

process relies on inexpensive means to refine or reuse the polyol to remain efficient.

Lepper and Friesenhagen (67) reported that the polyol was effectively recycled nine

times (67).

Wimmer (88) described the need in base catalysis to compensate for the con-

sumption of base by fatty acids. In their patent, they claim the need for 0.025 moles

of base catalyst for each 100 g of fatty acid ester. Fatty acids are overcome by the

addition of more catalyst, on an equivalent molar amount, to the fatty acids in the

free state. Clearly, this method can be used with some fatty acids being present in

the oil; but it is not adaptable to oils with elevated fatty acid contents.

All biodiesel plants risk emission of the alcohol used in trans-esterification

reactions, evaporation, and other processes. Emissions are typically restricted by

government regulations and sophisticated recovery processes are required to meet

these regulations. Traditionally, methanol can be recovered from plant emissions by

condensation, absorption into organic solvents (e.g., triethylene glycol), or adsorp-

tion onto activated carbon. In a unique process, Granberg and Schafermeyer (89)

have designed an agitated column that uses a chemical reaction to recover methanol

entrained in inert gases used in a biodiesel process. Their reaction intimately mixes

the inert gas with a catalyst and a ‘‘fatty source.’’ The reaction that ensues converts

the vapor to nonvolatile alkyl esters and essentially recovers most of the waste alco-

hol vapor from plant exhaust. In this process, Granberg and Schafermeyer (89) indi-

cated a reduction of alcohol from 16,000 ppm to less than 80 ppm.

Oils with high acid values may be esterified with synthetic heterogeneous cata-

lysts. Jeromin et al. (75) successfully reduced the free fatty acid content of coconut

oil in reaction columns containing Lewatit SPC 1118 BG ion exchange resin

(Sybron Chemicals Inc., Birmingham, NJ) and a related product. They claimed

methods for pre-esterification of crude fat or oil of vegetable or animal origin in
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an admixture with methanol, in a mole ratio of methanol to free fatty acid content of

the fat or oil of 10 : 1 to 50 : 1 over a fixed bed, heterogeneous catalyst. Although

this method holds the promise of directly trans-esterifying the resultant mix of

esters and alcohol, the authors proceed to evaporate the alcohol to produce oils

with low acid numbers.

Kawahara and Ono (90) reviewed methods of pre-esterifying oils with high acid

numbers and found that these methods often produced poor quality esters. They

attributed the low quality to impurities that were readily extracted by washing

the esters with alcohol immediately after pre-esterification.

5.5. Summary of Biodiesel Production Technology

Clearly there are numerous technologies for biodiesel production and improve-

ments to increase efficiency and lower costs. Evaluating these processes and

comparing the costs of biodiesel production processes can and should be accom-

plished based on objective criteria such as comprehensive empirical data and com-

parative analysis of approaches. Many improvements to biodiesel technology may

be considered as components that may be added or inserted into existing processes.

For the purpose of this discussion, we consider the impact of these improvements

on the core process of trans-esterification and alcohol recycling described by

McDonald (69). The two-stage process described in this patent includes a complete

engineering diagram with information on pumps, mixers, and solvent recovery sys-

tems. With appropriate insertion of processing data and engineering information,

complete economic and operation models may be devised to emulate the process

and determine potential advantages of new processes versus old.

As most biodiesel glycerol separations can occur quickly, the McDonald patent

reports replacement of typical centrifuge technology with less capital-intensive

decanters. Discharging from the decanter will be the lightest, therein the least con-

taminated, methyl ester from the top discharge and inversely, the heaviest compo-

nent, glycerol, from the bottom of the decanter. As the methyl ester and methanol

mixture from the top of the decanter is free of glycerol, the wash step commonly

found in standard processing can be eliminated. The elimination of the wash water

step improves energy efficiency, yield, and alcohol recovery.

The many methods of pre-esterification would complement the described pro-

cess by allowing the use of acylglycerols with higher fatty acid content. The ben-

efits of such methods may then be determined independent of a total process.

Cosolvents such as tetrahydrofuran would increase the need for energy used in

evaporation of solvents and may increase the need for vapor compression to con-

dense a mixed phase. The ether solvents described by Boocock (91) would add to

the total energy consumed in biodiesel production and would detract from the effi-

ciency of the McDonald design. However, the advantage of using cosolvents in pre-

esterification, described later by Boocock (91), could be manifold if lower cost high

free fatty acid materials are used. Pre-esterification without the need for evaporation

may eventually prove the most efficient method of processing oils with high levels

of free fatty acids.
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McDonald’s last step is then to recover the methanol using vacuum and rectify-

ing the methanol stream using molecular sieves. Inclusion of the molecular sieves

significantly lowers energy costs when compared with traditional distillation, as

steam is only used during the regeneration of the sieves and steam usage in the rec-

tification column is greatly reduced because a lower operating temperature is

required as a result of the use of vacuum. The ingenious vapor recovery system

developed by Granberg and Schafermeyer (89) could reduce the cost of condensing

alcohol and could be incorporated into most biodiesel manufacturing plants, but it

would not provide specific advantages in the recovery of ether solvents. If this tech-

nology were incorporated in the McDonald design, this could replace significant

portions of the alcohol vapor condensation equipment and energy inputs.

It is possible that the need for water removal from methanol is not necessary if

the entire system is maintained in a dry state and dry catalysts are used. For

example, sodium methoxide brings less water to the reaction than the comparable

hydroxide, and commercial methanol can be obtained in an essentially dry state. In

the case where dry oil is available for processing, it may be advantageous to pro-

duce biodiesel using the dry ingredients and monitor water levels in recovered

methanol.

Many glycol liquids form a two-phase mixture with biodiesel, and these com-

pounds can be contacted with biodiesel to remove polar contaminants (92). The

process has many advantages in refining biodiesel but glycols tend to have high

boiling points and, thus, are difficult to recycle. The use of glycols as absorptive

media described by Bam et al. (92) might consume significant amounts of energy

and capital costs in the distillation to recover the liquid glycol products.

Single-stage reactions are normally inefficient, as they require the addition of

large amounts of alcohol to drive the reaction to completion. In a single-stage reac-

tion, it is normal to add 5–10 times the amount of alcohol required for a stoichio-

metric reaction. Trans-esterification in a two-stage reaction is advantageous when it

allows the reduction of alcohol used for trans-esterification to 2–4 times stoichio-

metric requirements. A single-stage reaction using methanol and a typical vegetable

oil with a molecular weight of 885 g/mole (glycerol trioleate) uses between 483 g

and 976 g of extra methanol. In a two-stage reaction, the extra methanol is reduced

to 108–325 g. In addition, as methyl esters are soluble in both glycerol and cosolvents,

a two-stage reaction has lower losses of these materials. In any case, the methyl

esters and fatty acids dissolved in alcohol are not lost and they may be recovered.

6. UTILIZATION TECHNOLOGY

6.1. Lubrication

At current oil crop production levels and fuel consumption rates, biodiesel is unli-

kely to replace more than a very small portion of total diesel fuel consumed glob-

ally (1). However, biodiesel has many potential niche markets where its low toxicity

and improved emissions can provide value that outweighs the added costs of using

this fuel. Toxicity and biodegradability tests have determined that biodiesel is a
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preferred fuel for environmentally sensitive areas where fuel spillage poses an

undue risk. This advantage is especially important in inland waterways and national

parks. Fuels comprising 20% to 100% biodiesel also have special applications

where the oxygen content of the fuel significantly reduces a broad spectrum of

potentially toxic emissions. Applications include the use of ultra-low-sulfur-fuel

blends with biodiesel and oxidation catalysts in mines to reduce the production

of particulates and carbon monoxide. Additional technology is required to reduce

NOx emissions that accompany the combustion of this fuel.

In addition to fulfilling market demand, governments (1, 51) have also enabled

the development of new markets by mandating specific levels of biodiesel in fuels.

Primarily, these mandated fuel markets develop demand for domestic agriculture,

reduce reliance on foreign fuel sources, and improve the balance of trade. An unex-

pected improvement in overall fuel economy can be realized with the addition of

low levels of biodiesel to certain fuels.

Concern for the environment has resulted in moves to significantly reduce the

noxious components in emissions when fuel oils are burned. Attempts are being

made to minimize sulfur dioxide emissions and, as a consequence, a strategy to

minimize the sulfur content of fuel oils has been implemented. Although typical

diesel fuel oils have, in the past, contained 1% or more of sulfur (expressed as ele-

mental sulfur) by weight, environmental legislation in the United States has

required that sulfur content of diesel fuel be less than 0.05% (11). These levels

will be reduced to 15 ppm or less to protect new exhaust catalyst after-treatment

devices. In Europe, various jurisdictions have moved to lower sulfur content. In

Sweden, for example, taxation of higher sulfur, lower cetane fuels is elevated to

reflect to their respective environmental cost (93).

The reduction in the sulfur content of diesel fuel is correlated with lubricity pro-

blems. It is generally accepted that the reduction in sulfur is also accompanied by a

reduction in polar oxygen and nitrogen-containing compounds as well as polycyclic

aromatic compounds (10). As these compounds are responsible for fuel boundary

lubricating ability, their loss in severe refining results in low-sulfur fuels with

reduced lubricity. Thus, low-sulfur content is not necessarily indicative of a lubri-

city problem, but it has become the measure of the degree of refinement of the fuel.

In comparison with less refined diesel fuels, ultra-low-sulfur diesel fuels have been

found to induce an increase in sliding adhesive wear and fretting wear of pump

components including rollers, cam plates, couplings, lever joints, and shaft drive

journal bearings. Reducing the level of one or more of the diesel fuel components

that contributes to lubricity reduces the ability of the fuel oil to lubricate the injec-

tion system of the engine. The engine’s upper cylinder liner and top piston rings

also suffer from reduced fuel lubricity. When diesel fuels are compared using lubri-

city bench tests, including the high-frequency reciprocating rig (HFRR) or the

Munson roller on cylinder lubricity evaluator (M-ROCLE), small additions of bio-

diesel have been found to reduce wear areas and friction coefficients for unadditized

low-sulfur fuels (94–96). This additional lubricity translates into significantly

reduced (10–50%) engine wear, as measured by accumulation of wear metals in

crankcase oil, and improvements (2–13%) in fuel economy in field tests (94–101).
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The consequences of lowered lubricity include fuel injection pump failures rela-

tively early in the life of an engine. Fuel injection system failures due to low-lubri-

city fuel occur more frequently in high-pressure rotary distributor pumps, although

inline pumps and injectors also experience reduced life. Poor lubricity problems in

diesel fuel oils are likely to be exacerbated by the future engine developments

aimed at further reducing emissions, which are predicted to have more exacting

lubricity requirements than present engines. For example, the advent of high-pres-

sure unit injectors is anticipated to increase fuel oil lubricity requirements. Poor

lubricity can lead to wear problems in the engine upper cylinder areas and in other

mechanical devices, such as valve guides dependent for lubrication on the natural

lubricity of fuel oil. Diesel fuels exhibiting higher coefficients of friction in lubri-

city bench tests can be expected to increase engine upper piston ring drag on

cylinder walls, thus increasing fuel consumption as well as engine wear.

Hertz et al. (95–101) have reported a lengthy series of diesel engine vehicle field

studies with biodiesel lubricity additives applied at rates from 30% (soy methyl

ester) to 0.5% (canola methyl ester). Unadditized as well as additized commercial

summer and winter seasonal low-sulfur diesel fuels were referenced. Engine wear

was inferred from ICP spectrometry and ferrographic analysis of the used engine oil

wear particles as well as examination of oil filter debris. Both indirect and direct

injection engines were compared, with and without exhaust gas recirculation and

turbo charging. In these studies, it was found that biodiesel additization to low-

lubricity diesel fuels resulted in significant iron wear reductions, typically in the

10% to 50% range. The benefit depended on the engine design, the lubricity of

the reference diesel fuel, the additization rate, and the efficacy of the additive. A

typical 0.5% canola methyl ester treatment in commercial diesel fuels resulted in

50% to 57% ICP iron wear reductions in a VW TDI engine (100). In this study,

0.5% canola methyl ester additization increased field fuel economy from 2% at

moderate ambient temperatures to 13% under arctic winter conditions.

Numerous lubricity additives for fuel oils have been described (101). Caprotti

et al. (102) disclosed an additive that is comprised of an ester of a carboxylic

acid and an alcohol, wherein the acid has from 2 to 50 carbon atoms and the alcohol

has one or more carbon atoms, e.g., glycerol monooleate. Although general mix-

tures are contemplated, no specific mixtures of esters were described.

Furey, in U.S. Patent No. 3,273,981 (103), disclosed a lubricity additive as being

a mixture of Aþ B, wherein A is a polybasic acid or a polybasic acid ester made by

reacting the acid with C1��C5 monohydric alcohols; and B is a partial ester of a

polyhydric alcohol and a fatty acid, for example, glyceryl monooleate, sorbitan

monooleate, or pentaerythitol monooleate. The mixture finds application in jet

fuels.

Beimesch and Zehler (104) described the uses of two esters with different visc-

osity in diesel fuel to reduce smoke emissions and increase fuel lubricity. In one

preferred embodiment of that invention, methyl octadecenoate, a major component

of biodiesel, was included in the formula. Similarly, Dilworth (105) also described

a fuel composition comprising middle distillate fuel oil and two additional

lubricating components; those components being (1) an ester of an unsaturated
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monocarboxylic acid and a polyhydric alcohol and (2) an ester of a polyunsaturated

monocarboxylic acid and a polyhydric alcohol having at least three hydroxyl

groups.

The approach of using a two-component lubricity additive was pioneered by

Fainman (106). He described an additive and a liquid hydrocarbon fuel composition

consisting essentially of a fuel and a mixture of two straight-chain carboxylic acid

esters, one having a low molecular weight and the other having a higher molecular

weight.

In U.S. Patent 5,713,965, Foglia et al. (76) describe the synthesis of alkyl esters

from animal fats, vegetable oils, rendered fats, and restaurant grease. The resultant

alkyl esters are reported to be useful as additives to automotive fuels and lubricants.

The addition of alkyl esters of fatty acids derived from vegetable oleaginous seeds

were recommended at rates between 100 ppm to 10,000 ppm to enhance the lubri-

city of motor fuels in U.S. Patent 5,599,358, (107). Similarly, a fuel composition

was disclosed by Stoldt and Harshida (108) comprising low-sulfur diesel fuel

and esters from the trans-esterification of at least one animal fat or vegetable oil

triacylglycerol.

Lang et al. (109) investigated the lubricity of methyl, ethyl, 2-propyl and 1 butyl

esters of canola, linseed, rapeseed, and sunflower oils. A statistical test of the results

revealed effects of oil used and alcohol on the resultant lubricity measured. Canola

and rapeseed esters were superior to linseed esters in reducing wear scar formation

followed by the esters of sunflower. Esters of isopropyl alcohol had the greatest

impact on reducing the coefficient of friction. Munson and Hertz (95, 96) surveyed

the lubricity of a series of vegetable-based esters at 1% treatment rates in

hydrotreated low-sulfur No.1 diesel fuel. The reported M-ROCLE lubricity num-

bers, based on the ratio of wear area stress to coefficient of friction, were found

superior for canola methyl ester, linseed ethyl ester, and rapeseed methyl ester.

The lubricity number response for canola-based esters was found to be a semiloga-

rithmic function of treatment rates. Soy and sunflower methyl esters performed

poorly as a result of their respective higher coefficients of friction and larger

wear areas.

6.2. Low Temperature Behavior

In temperate climates, diesel fuel must remain fluid at temperatures below the mini-

mum expected temperature for the season. Through much of North America, winter

diesel fuels have low temperature flow points below �30�C. Diesel fuels with low

pour points have lower viscosity and often lack lubricity (110). These fuels typi-

cally provide little lubricity. For example, Noureddini (111) reports that biodiesel

fuels that are simple esters of various vegetable oils have poor flow characteristics

below a temperature of �2�C. To overcome this difficulty, a solvent consisting of

mixed ethers of glycerol is added to the biodiesel. The resultant fluid has a low tem-

perature cloud point below �32�F (�36�C). The pour point of this fluid is still

above that necessary to effectively add to many winter diesels, as it may be neces-

sary to pour the fuel component at temperatures as low as �45�C.
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Soybean ester fuel blends may also be produced that have improved low

temperature performance (62). Thirty percent blends of soybean methyl esters

with kerosene began crystallization at �14.7�C, whereas the 2-butyl ester began

crystallization at �30.2�C. These solutions do not have sufficient low temperature

performance for inclusion in many low temperature applications.

Vegetable oils have also been considered in applications as fuels and attempts to

maintain solutions of triacylglycerol oils at low temperatures have also been

attempted. Blends of vegetable oil and lower alcohols have suitable viscosity for

use in fuels, but they separate into two phases as temperature is lowered (62). High-

er molecular weight alcohols can be used to lower the temperature of phase separa-

tion. In a soy oil number 2 diesel blend with ethanol, phase separation was deferred

to �16�C whereas the cold filter plugging point was lowered to �24�C.

6.2.1. Hydrotreated Vegetable Oils n-Alkane Fuels Tall oil, animal fats,

yellow grease, and vegetable oils can be converted to combustible fuels suitable

for diesel engines by hydrotreating, i.e., treating with hydrogen over catalysts at

elevated temperatures (5, 6). The impact of hydrotreating was complete decarboxy-

lation and hydrogenation of all alkene and hydroxyl functionality. Decarboxylation

occurring during the reaction shortens the chain length of fatty acids by one and

hydrogenation assures that the converted products are mostly odd chain length n-

alkanes. Glycerol undergoing this conversion is primarily converted to propane.

Water and carbon dioxide are the primary byproducts and they embody none of

the energy present in the starting material. The n-alkane products have the desirable

characteristic of high cetane values, which allows their use as fuel combustion

improvers. However, these materials have the undesirable trait of high melting

point, which limits their use in fuels suited for low-temperature applications.

The test results show that n-paraffin (1) linearly raises the cetane of unadditized

diesel without a top-end limit; (2) can linearly raise the cetane of ‘‘nonresponsive’’

diesel blends; (3) is synergistic with traditional cetane improvers; (4) has a low

sulfur content; and (5) increases endproduct volume added (4, 5). When n-alkanes

and cetane enhancers were added to a diesel fuel with a cetane number of 32 to

raise the cetane number to 43, a 10% reduction in carbon dioxide emissions was

achieved.

6.2.2. Triacylglycerols Triacylglycerols (TAGs) may be combusted directly in

diesel engines, and technology exists to efficiently use these resources without

trans-esterification (8). Diesel engines may be modified to operate directly on vege-

table oil, but low temperature performance can be difficult. This is overcome by

heating the fuel and insulating fuel lines (112). As viscosity is the main difficulty

in operating on TAG oils, treatments to lower viscosity have been attempted. Heat-

ing TAG oil has been partially successful in allowing combustion of the fuel with-

out engine modifications, but engine failure has occurred when fueling with heated

TAG (113). Fuel viscosity can be reduced by blending soybean oil with other fuels

or by forming emulsions (7). This approach still may result in inadequate engine

performance due mostly to blocked injectors.
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Certain short-chain triacylglycerols (SCT) produced by Cuphea viscosissima

(113) could be used as sources of low viscosity triacylglycerols. There is no current

abundant and commercial short-chain triacylglycerol source available but in the

future new plant domestication, genetic engineering, or breeding efforts may lead

to SCT biodiesel fuels.

Most biodiesel synthesis processes produce a fuel that has a slight contamination

with acylglycerols, and this fact is recognized in most current biodiesel standards

(Table 1). In spite of their low concentrations, these acylglycerols may contribute

disproportionately to fuel lubricity.

7. COPRODUCT USE

During methyl ester production, glycerol is produced at approximately 10% of the

weight of most fats and oils, with exceptions being fats with higher average mole-

cular weights, which produce less glycerol, and fats with lower molecular weights,

which produce more glycerol. As the source for most biodiesel produced to date has

been canola, sunflower, and soy oils, the glycerol production is approximately 10%

of biodiesel production. An increasing percentage of the world’s glycerol supply is

coming from the production of biodiesel. As biodiesel production increases, new

markets must be found to deal with the rising production levels of the byproduct

glycerol.

In addition to traditional uses, which are reviewed elsewhere, glycerol may be

used in animal feed, reaction solvents, and chemical synthesis (113–115). Glycerol

containing strong alkali may be used in the synthesis of conjugated linoleic acid

(114). It is expected that substantial new demand will be generated for glycerol

in the production of diacylglycerols that are being promoted for their beneficial

dietary effects. Glycerol can also be converted through chemical and biological pro-

cesses to polyglycerol ethers, glycerol acetates, isopropylidene glycerol, glycerol

ethers, and propylene glycol (115). As the value of glycerol falls, the opportunities

to use glycerol will necessarily expand.

Salt is a coproduct of biodiesel production. Usually, salts are formed in the step

of glycerol use or during glycerol distillation. The salts formed are dependent on

the catalyst used in ester formation and the acid used to neutralize the glycerol.

Sodium- or potassium-based catalysts can be reacted with phosphoric, hydrochlo-

ric, sulfuric, carbonic, or other acids to produce the respective phosphates, chlorides,

sulfates, carbonates, or other salts. Preferred technologies include the use of

potassium hydroxide and phosphoric acid to generate a final product of potassium

phosphate, which is suitable for fertilizer. Sodium salts are more difficult for land

disposal, but they may be suited to production of specific commercial products.

Sodium chloride is the resultant salt in processes developed by Lurgi and Crown

Iron Works. Although chloride ions are corrosive on equipment, advanced materials

available from these technology suppliers allow cost-effective recovery of glycerol

and brines.
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8. THE FUTURE

If current trends continue, biodiesel will grow to become the largest market for

triglyceride oil, expanding in size beyond current markets for food, feed, and

industrial products. Research will be required to improve biodiesel production

technology at all levels. With innovation, the footprint of agriculture land required

for biodiesel production will be minimized. Energy inputs for biodiesel production

will also be minimized, whereas protein and glycerol coproducts of biodiesel

production will be improved to allow total use. In spite of the diversion of food

crops to energy production, it is anticipated that technology development will

enable agriculture production to meet future needs.

The steps taken to the future will be small at first. Over the next several years,

feedstocks, including yellow grease, soybean, corn, and sunflower oil, will be the

foundation of profitable biodiesel production. However, in the long term, the

demand for oil will drive the development of new biodiesel sources. Canola pro-

duces a desirable ratio of oil to meal; but it cannot fix nitrogen, whereas soy will

inevitably be found to produce too much protein and too little oil to be considered

over the long term for global biodiesel production. Breeding existing crops and

introducing new species will produce new biodiesel crops for our future.
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7
Vegetable Oils as

Lubricants, Hydraulic
Fluids, and Inks

Sevim Z. Erhan

National Center for Agricultural Utilization Research, USDA

Peoria, Illinois

1. INTRODUCTION

The major components in lubricants are the basestock (usually 80–100%) and addi-

tives. The additives are used to enhance the most important properties for each spe-

cific application. Most of the basestocks originate from petroleum, including many

synthetic esters and poly-alpha-olefins. Less than 2% of the basestocks are the pro-

duct of oleochemical and related industries, the primary area of their application

has been as hydraulic fluids. This is consumed at approximately 5 million metric

tons/year in the U.S. market, which has the highest demand for biodegradable lubri-

cants (1). A major application area is industrial hydraulic fluids that represent an

838 million liter (222 million gallon) market in the United States, with potential

use in waterways, farms, and forests. Other significant niche market areas are cut-

ting and drive chain oils, two-stroke engine oils, chainsaw bar oil, wire rope oil,

marine oils and outboard engine lubricants, oil for water and underground pumps,

rail flange lubricants, agricultural equipment lubricants, metal cutting oils, tractor

oils, dedusting, and several others.

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
Edited by Fereidoon Shahidi. Copyright # 2005 John Wiley & Sons, Inc.
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Environmental concerns over the use of petroleum-based products in various

industries, such as forestry, farming, mining, boating, and others, has led to

increased interest in the use of environmentally friendly fluids. The beneficial

aspects of vegetable oils as lubricants are mainly their biodegradability and non-

toxicity, which are not exhibited by conventional mineral base oils (2, 3). Their

volatility is low because of the high molecular weight of the triglyceride structure

and the oils have a narrow range of viscosity change with temperature. The ester

linkages deliver inherent lubricity on metallic surfaces because of their adhesive

property. Further, vegetable oils have superior solubilizing power for contaminants

and additive molecules compared with mineral base fluids.

Certain performance limitations of vegetable oil basestocks are poor oxidative

stability due to bis-allylic protons in the fatty acyl chain, deposit forming tendency,

low-temperature solidification, and low hydrolytic stability. Oxidation results in

increased acidity, corrosion, viscosity, and volatility of the lubricant. On the other

hand, parameters like lubricity, antiwear protection, load carrying capacity, rust pre-

vention, foaming, demulsibility, etc., are mostly additive dependent. Antioxidant

additives (4) provide limited improvement of oxidative stability; therefore, other

approaches are required to improve the above characteristics.

Low-temperature testing shows that vegetable oils solidify at �20�C upon long-

term exposure, a problem in some parts of the world. Chemical modifications are

therefore necessary to suppress or eliminate triacylglycerol crystallization. The

inherently narrow viscosity range limits use in various viscosity grades, especially

at lower viscosities. The polar nature of triacylglycerols contributes to air entrain-

ment and problems of foaming, compressibility, and bulk modulus.

The performance limitations of vegetable oil basestocks can be overcome by

genetic modification, chemical modification, processing changes, and improved

additive technology. Soybean oil is the largest and cheapest vegetable oil in the

U.S. market; others include corn, canola, safflower, sunflower, and their various

genetically modified forms. Soybean oil could have a distinct advantage over other

oils if it can be modified to improve stability (oxidative and low temperature), a

major step for commercialization as a base fluid.

Current research efforts are directed toward improving the thermal and low-

temperature stability of vegetable oils by chemical modification, blending with

functional fluids and additive response studies.

2. VEGETABLE OIL STRUCTURE AND COMPOSITION

Physical and chemical properties of vegetable oils are determined by the fatty acid

(FA) profile. Table 1 shows typical FA contents of some vegetable oils that are

being investigated as potential basestocks for industrial applications.

High unsaturation in the molecule increases the rate of oxidation resulting in

polymerization and an increase in viscosity (5). On the other hand, high saturation

increases the melting point of the oil (6). Therefore, suitable adjustment between

low-temperature properties and oxidative stability must be made when selecting

a vegetable oil basestock for a particular industrial application. Table 2 presents

some of the chemical properties associated with C����C unsaturation in the molecule.
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3. OXIDATIVE STABILITY

Oxidation is the single most important reaction of oils resulting in increased acidity,

corrosion, viscosity, and volatility when used as lubricant base oils for engine oils.

The triacylglycerol structure forms the backbone of most available vegetable oils,

and these are associated with different FA chains. It is therefore a complex associa-

tion of different FA molecules attached to a single triglycerol structure that consti-

tute a vegetable oil matrix. The presence of unsaturation in the triacylglycerol

molecule, due to C����C from oleic, linoleic, and linolenic acid moieties, functions

as the active sites for various oxidation reactions. Saturated FAs have relatively

high oxidation stability (5), which decreases with increasing unsaturation in the

molecule.

Oxidation of hydrocarbons usually takes place through a radical initiated chain

mechanism (7) involving: initiation (RH! R�, R� þO2! RO2
�); propagation

TABLE 1. Fatty Acid Composition (%) of Vegetable Oils Used in Studies of Lubricant

Basestocks (Gas Chromatography Analysis, AACC Method 58-18, 1993).

Vegetable Oil 16:0 18:0 18:1 18:2 18:3

Safflower oil 6.4 2.5 17.9 73.2 —

High-oleic safflower oil 4.6 2.2 77.5 13.2 —

High-linoleic safflower oil 6.7 2.6 14.6 75.2 —

Sunflower oil 6.1 5.3 21.4 66.4 —

High-oleic sunflower oil 3.5 4.4 80.3 10.4 —

Soybean oil 6.0 5.2 21.2 65.7 0.5

High-oleic soybean oil 6.2 3.0 83.6 3.7 1.7

Corn oil 10.6 2.0 26.7 59.8 0.9

Cottonseed oil 18.0 2.0 41.0 38.0 1.0

16:0 palmitic; 18:0 stearic; 18:1 oleic; 18:2 linoleic; 18:3 linoleic.

TABLE 2. Typical Analytical Data of Vegetable Oils Used

in Studies of Lubricant Basestocks.

Vegetable Oil IV1 FFA2 PV3

Cottonseed oil 109.1 0.33 34.7

Corn oil 119.9 0.20 26.6

Canola (rapeseed) 99.1 0.22 22.4

Safflower oil 135.2 0.21 32.0

High-oleic safflower oil 83.6 0.31 27.8

High-linoleic safflower oil 121.2 0.00 32.2

Sunflower oil 124.8 0.30 39.1

High-oleic sunflower oil 80.8 0.10 23.9

Soybean oil 117.0 0.22 27.4

1Iodine value, AOCS method, Cd 1-25, 1993;
2Free fatty acid, AOCS method, Cd 5a-40, 1993;
3Peroxide value, AOCS method, Cd 8-53, 1993.
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(RO2
� þ RH! RO2Hþ R�, R� þO2! RO2

�); branching (RO2H! RO� þ �OH,

RO� þ RHþO2! ROHþ RO2
�, �OHþ RHþO2 ! H2Oþ RO2

�); chain stop-

ping inhibition (In Hþ RO2
� ! In� þ RO2H); peroxide decomposition

(RO2H! inert products). The free radicals generated during the initiation stage

react with O2 to form peroxy free radicals and hydroperoxides (8). During this

period, O2 is consumed in a zero-order process (9), apparently leading to inter-

mediates that are not too well characterized, prior to the formation of peroxides

(8). The latter undergoes further reaction to form alcohols, ketones, aldehydes,

and carboxylic acids (10), leading to rancidity and toxicity (11), thereby accelerat-

ing the oil degradation process (12, 13). These compounds have molecular weights

that are similar to vegetable oils and therefore remain in solution. As the oxidation

proceeds, the oxygenated compounds polymerize to form viscous material that,

at a particular point, becomes oil insoluble leading to oil thickening and

deposits.

The extent of oxidation and formation of oxidation products are further compli-

cated by the amount of unsaturation, structural differences in the various triacylgly-

cerol molecules, and presence of antioxidants. All these factors, together or

individually, can change the specific compounds formed and the rates of their for-

mation (14). In addition to unsaturation in the molecule, oxidative degradation and

kinetics of oxidation are also influenced by methylene chain length, bis-allylic

methylene groups, etc. The cumulative effect of various structural parameters in

the triacylglycerol molecule makes oxidation a highly complex process and no sim-

ple kinetic model alone would hold good for such systems.

Several bench top oxidation tests are available primarily as screening tools for

oxidative stability of vegetable oils. Evaluation of oxidation is complex and a fully

acceptable protocol is yet to emerge. Estimation of peroxide content (peroxide

value, PV) can be used as an index of oxidation if the peroxides formed are stable

and do not decompose after formation, which most often is not the case. The acti-

vation energy for the formation of peroxide is 146–272 kJ/mol (15) and that of

decomposition of lipid peroxide is 84–184.5 kJ/mol, suggesting peroxides are

less stable than lipids (16). Two other methods for measuring oxidative stability

are the active oxygen method (AOM) (17) and the Rancimat method (18, 19). In

the former method, test oil is heated to 100�C and the oxidation is followed by mea-

suring the PV of heated sample at regular time interval until PV¼ 100 meq/kg is

reached, which gives the AOM endpoint. A large amount of sample, numerous ana-

lysis, and critical control of airflow is required. With samples that form unstable

peroxides, PV¼ 100 meq/kg may never be reached and such measurements have

no meaning. In the AOM method, consumption of O2 may also be a measure for

induction period. The Rancimat method is based on the fact that the volatile acids

formed during oxidation (20, 21) can be used as automated endpoint detection. Gor-

don and Murshi (22) have shown good correlation of Rancimat method at 100�C
with oil stability as measured by peroxide development during storage at 20�C.

In another study, Jebe et al. (23) have pointed out the advantages of Rancimat meth-

od at higher temperature. In the Sylvester test (24), the sample is heated to 100�C in

a closed vessel and the pressure decrease due to O2 consumption is monitored.
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Oxidograph (24) is an automated version of this method and induction period is

determined from the sudden decrease in the O2 pressure.

Chemiluminescence can be used to follow vegetable oil oxidation. The oxidative

status of oil can also be obtained by integrating the light curve during the chemi-

luminescence reaction (25). The method is highly sensitive for the measurement of

lipid oxidation. Matthäus et al. (26) have described a linear correlation (R2¼ 0.99)

between iodimetric peroxide determination (27) and chemiluminescence method.

Another official method to measure induction period is oil stability index (OSI)

(28). The OSI values generally correspond well with AOM values if PV is

100 meq/kg or greater (29). The method is automated and much easier as compared

with AOM. However, lengthy experimental time, large errors associated with small

changes in O2/air-flow rate (30), and inability to differentiate between small

changes in vegetable oil matrix are its main disadvantages.

The thin film micro-oxidation test is often the method of choice for studying

vegetable oils because it is simple and reproducible. The test is especially effective

when thermally induced, volatility is low, and insoluble deposit formation through

polymerization is to be considered rather than rates of inhibitor depletion.

The procedure of micro-oxidation, analogous to that of heated block micro-

oxidation, involves polishing the coupons and heating block, weighing the empty

coupons, applying 40 mm3 (�36 mg) of sample in a form of homogeneous film,

placing the coupons on the thermally equilibrated aluminum slab, covering with

the bottomless impinger, and supplying 0.1 MPa dry air flow at 20 cm3/min (31).

After a given duration, the sample pan is removed and placed on a clean, cold metal

surface for shock-cooling. Then the pan is weighed and the oxidized sampled

washed off with tetrahydrofuran (THF). Weighing before washing with THF per-

mits determination of volatile loss (or gain due to oxidation), whereas weighing

after the washing determines possible formation of solids or corrosion of the surface

metal. Gel permeation chromatography (GPC) is employed to investigate oxypoly-

merization kinetics (Figure 1).

Figure 2 presents the results of evaporation at two different temperatures (175�C
and 200�C) for the oils. The temperature is high enough to result in substantial eva-

porative loss of the oil as well as cause quantifiable polymerization resulting in oil-

insoluble deposits. Upon epoxidation of SBO, percent evaporation is low at 175�C,

and increased at higher temperature (200�C).

The plausible reason for such behavior could be the oxidative cleavage of the FA

chain structure into smaller fragments. The thermal opening of the epoxy linkage

could also result in unstable structure and consequently to C��C chain scission. Sun-

flower oil shows high evaporation on increasing the percent monounsaturation both

at 175�C and 200�C. The percent increase of evaporation was substantial at higher

temperature with high oleic content. Conversely, increase in polyunsaturation

results in low evaporation of vegetable oil. Similar trends were observed in

safflower, high oleic, and high linoleic safflower oil. High oleic oils, evaluated at

175�C and 200�C, exhibit the highest evaporative loss. On increasing the polyun-

saturated FA content (High linoleic safflower oil), the percent evaporation

decreased at 175�C and remained comparable with safflower oil at 200�C.
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Sample analysis in micro oxidation

Evaporation
Insoluble
deposit

Preparation Injection Microoxidation Washing in THF

GPC analysis
(cups weighed)

 %evaporation (negligible for vegetable oils)
 %solidified products
 %oxypolymers

air in

air out

constant
temperature
bath

impinger

test fluid

Figure 1. Sample analysis in micro-oxidation.
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Figure 2. Percent fluid loss of vegetable oils during thin film micro-oxidation.
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In Figure 3, epoxidized soybean oil showed substantial decrease in the formation

of insoluble deposit at lower temperature. The selective removal of unsaturation

through epoxy group has resulted in significantly reducing the tendency to oxidative

degradation. The presence of polyunsaturation in the FA is the primary reason of

low oxidative stability, as di-vinyl-CH2 protons are highly susceptible to free radical

attack leading to substitution with O2 molecule and consequent formation of poly-

meric oxy-polar compounds. These compounds are the precursors of oil-insoluble

deposits often encountered with high-temperature oxidation of vegetable oils.

Thermal analysis, such as pressurized differential scanning calorimetry (DSC),

is another popular approach for rapid measurement of the oxidative stability of

vegetable oils (32, 33). The procedure is fast, requires only a small quantity of sam-

ple, and is extremely reproducible. Nominally, 1.5 mg of sample is placed in a her-

metically sealed aluminum pan with a pinhole lid for interaction of the sample with

the reactant gas (oxygen). The sample amount has significant impact on the shape

and reproducibility of DSC exotherm. An optimum weight in the range 1.0–1.5 mg

is found to yield consistent results. A film thickness of less than 1 mm is required to

ensure proper oil-O2 interaction and eliminate any discrepancy in the result due to

oxygen diffusion limitations (32, 34). The module is first temperature calibrated

using the melting point of indium metal (156.6�C) at 10�C/min heating rate and

later at 1�C/min, 5�C/min, 15�C/min, and 20�C/min to be used in the study. For

kinetic studies, the system is equilibrated at 35�C and heated using the above heat-

ing rates. Oxygen gas (dry, 99% pure, obtained commercially) is pressurized in the

module at a constant pressure of 3450 kPa and maintained throughout the length of

the experiment. These conditions maintain maximum contact with the sample and

eliminate any limitation due to oxygen diffusion in the oil medium. Extreme care

should be taken to maintain the pressure of the reactant gas (O2) constant.

The inverse of peak height temperature corresponding to maximum oxidation

from the exotherm is plotted against the log of heating rate (b). Using the linear
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Figure 3. Percent insoluble deposit of vegetable oils during thin film micro-oxidation.
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regression method and subsequent data computation, various kinetic parameters are

obtained. Figure 4 presents the calorimetric curves (in scanning mode) of a typical

vegetable oil at different heating rates. The figure shows the start temperature (Ts)

at 180.84�C and onset temperature (To) representing temperature of rapid oxidation

at 190.8�C (only at 20�C/min) for high oleic sunflower oil. To is defined as the tem-

perature when rapid increase in the rate of oxidation is observed in the system. This

temperature is obtained from extrapolating the tangent drawn on the steepest slope

of reaction exotherm. A high To would suggest a high oxidative stability of the

vegetable oil matrix. The oxidation start temperature (Ts) is the temperature during

which primary oxidation products begin to form in the vegetable oil matrix (33). It

is also when loss of small molecular fragments due to evaporation are observed.

Lower Ts and To indicates a thermally unstable matrix.

Table 3 shows that the activation energy (Ea) of vegetable oil oxidation is

affected by the degree and extent of polyunsaturation in the vegetable oils. High
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Figure 4. PDSC exothermic plots for high oleic sunflower oil at different heating rates.

TABLE 3. Thermal, Kinetic, and Wax Appearance Data of the Vegetable Oil Basestocks

Calculated from Differential Scanning Calorimetry Results; b¼ 10�C/minute; Cooling

Range¼þ50�C to �100�C. (K¼ Z.e�Ea/RT; R¼Rate Constant)

Ea T k t½ Ts To Tc1 Tc2

Vegetable Oil (kJ/mol) (K) (min �1 ) (min) (�C) (�C) (�C) (�C)

Cottonseed oil 63.3 477.4 0.37 1.87 139.5 149.9 �10.7 —

Corn oil 77.8 464.3 0.43 1.61 162.6 177.0 �25.3 �43.4

Canola 88.5 454.0 0.51 1.36 119.8 143.0 — —

Safflower oil 75.3 455.6 0.44 1.57 147.4 166.4 �24.2 �43.7

HOSaflr oil 88.7 471.8 0.48 1.44 172.0 177.8 �26.2 �48.9

HLSaflr oil 73.5 456.9 0.42 1.65 152.4 166.3 �21.3 39.8

Sunflower oil 63.8 446.2 0.38 1.82 129.8 145.4 �14.9 �36.7

HOSunflr oil 86.6 471.6 0.47 1.47 169.6 177.0 �21.5 �45.8

Soybean oil 79.7 464.5 0.44 1.57 161.3 178.2 �13.2 �35.5

HOSaflr¼ high oleic safflower; HLSaflr¼ high linoleic safflower; HOSunflr¼ high oleic sunflower oil; DSC

data reported are the average values for three independent experiments.
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linoleic content decreases the Ea for oxidation, and high oleic content increases it.

The Ea for most of the oils studied varied in the range of 63–89 kJ/mol, which

resulted in subsequent variation in the Z (Arrhenius constant), k (rate constant),

and t½ values.

Figure 5 presents a modulated DSC trace of high oleic safflower oil (HOSaflr)

obtained on cooling the sample from þ50�C to �100�C at the rate of 10�C/minute.

As a result of the presence of various triacylglycerol polymorphic forms (a and b),

which can influence the crystal packing and the energy involved in the low-tem-

perature crystallization process, vegetable oils do not crystallize over a narrow tem-

perature range (35). Instead, crystallization of vegetable oil is a slow continuous

process as initially microcrystalline structures are produced, which on further cool-

ing, transform to macrocrystalline forms that rapidly lead to an overall solid-like

consistency.

Unsaturation in the FA chain is inversely related to the liquidity of the oil or its

freezing point, and is directly related to its solubility and chemical reactivity (ther-

mal and oxidative). Oils with high saturation, in general, show high oxidative sta-

bility but poor low-temperature fluidity. Saturated FA have no C����C bonds to distort

the geometry of the chain. Therefore, during the cooling process they pack very

effectively into crystalline forms and, wax appears at a higher temperature than

for unsaturated fatty acids of the same chain length.

During the initial cooling process, Tc1 is the temperature at which microcrystals

start forming through stacking of the ‘‘bent tuning fork’’ conformation. On further

cooling, the solvation power of the vegetable oil matrix is lowered and the oil trans-

forms from an increasingly viscous fluid to a solid material and is preceded by an

onset temperature of freezing (Tc2). Rationalization of the wax appearance tempera-

ture in a system like vegetable oil, consisting of a complex mixture of various
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Figure 5. Cooling curve of high oleic safflower oil.
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fatty acids in the triacylglycerol molecule, cannot be based on the content of oleic

acid alone. The relative amount of other fatty acid components (which may

function as solvents to stabilize the crystals formed during the cooling process)

may also have an effect on crystallization.

Thermal analysis methods, such as pressurized differential scanning calorimetry

(PDSC), are popular for the determination of oxidative stabilities of vegetable oils

(33, 36, 37).

In conclusion, the complexity of vegetable oil oxidation is primarily due to the

involvement of different structural parameters in the fatty acid chain. Different

structural parameters participate in the reaction at different stages of oxidation. It

is therefore not recommended to measure the extent of oxidative degradation in

terms of a single parameter, i.e., polyunsaturation. Allylic, bis-allylic protons, a–

CH2 to C����O group, chain length of the saturated methylene groups, etc., have sig-

nificant effect on the oxidation process at different stages. The 1H- and 13C NMR-

derived structural information can be used to explain most of the thermal and

kinetic behavior of unmodified and genetically modified vegetable oils (38).

A critical analysis of the data in Tables 3 and 4 indicates that a high percentage

of saturated CH2 carbons and low percentage of bis-allylic CH2 carbons translates

to high Ea of the vegetable base fluid. An increase in the methylene carbons of the

FA chains, without being interrupted by��C����C�� bonds, increases the thermal and

oxidative stability. Protons on bis-allylic methylene groups (Table 5) are highly sus-

ceptible to rapid radical attack and initiate oxidative degradation of the triacylgly-

cerol molecule.

Similarly, an increase in percentage olefin protons in the FA chain decreases the

Ea for oxidation. Conjugated olefin structures offer easy removal of H� due to better

resonance stabilization.

TABLE 4. Structural Parameters (Expressed as % of

Carbon Atoms) of Vegetable Oil Basestocks Derived

from Quantitative 13C NMR Data.

Saturated Bis-allylic

Vegetable Oil Olefin CH2 CH2

Cottonseed oil 8.1 38.3 8.0

Corn oil 9.6 36.3 7.8

Safflower oil 9.1 32.4 9.4

HOSaflr oil 9.7 43.1 5.6

HLSaflr oil 9.5 32.4 10.2

Sunflower oil 9.0 34.9 9.7

HOSunflr oil 9.9 41.9 6.1

Soybean oil 9.1 36.6 10.8

HOSaflr¼ high oleic safflower; HLSaflr¼ high linoleic safflower;

HOSunflr¼ high oleic sunflower oil; NMR data reported are the

average values of three independent experiments. The repeatability of

the data is �0.2.
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4. LOW-TEMPERATURE PROPERTIES

Vegetable oils, when subjected to low-temperature environment, undergo solidifica-

tion through crystallization and, therefore, are a major hurdle for use in industrial

applications. The relatively poor low-temperature flow properties of vegetable oils

derive from the appearance of waxy crystals that rapidly agglomerate resulting in

the solidification of the oil. Vegetable oil is a complex molecular system and, there-

fore, the transition from liquid to solid state does not occur at a particular tempera-

ture, but over a wide temperature range involving several polymorphic forms (a, b0, b)

(39–41) contributing to the wax appearance and crystallization process. This

deposition of waxy materials from oil results in a rapid viscosity increase leading

to poor pumpability, lubrication, and rheological behavior.

Low-temperature behavior of triacylglycerols relates first of all to their crystal-

lization kinetics. Major crystalline forms have been established for saturated tria-

cylglycerols (42). Hagemann (43) has listed over a hundred reports on melting

temperatures of mainly monoacid triacylglycerols. However, crystalline forms of

unsaturated triacylglycerols have been established only for triacylglycerols with

symmetrical distribution of monounsaturated fatty acids (44). Thus, investigations

of crystallization of unsaturated mixed acid triacylglycerols are mostly empirical

(45), and solidification of such triacylglycerols is too complex to be studied using

traditional techniques, such as X-ray diffraction. Nonetheless, it has been firmly

established (42, 43) that presence of cis-unsaturation, lower molecular weights,

and diverse chemical structures of triacylglycerols favor lower temperatures of soli-

dification.

Crystallization kinetics generally is very sensitive to temperature fluctuations and

related factors, such as cooling rate or thermal history. As can be expected from

nucleation theory and crystallization thermodynamics, presence of contaminants,

TABLE 5. Structural Parameters (Expressed as %)

of Vegetable Oil Basestocks Derived from Quantitative
1H NMR Data.

Olefin Bis-Allylic CH2 on Saturated

Vegetable Oil Proton CH2 Proton Carbons

Cottonseed oil 8.8 2.83 54.87

Corn oil 10.0 3.4 51.4

Safflower oil 11.2 4.3 48.4

HOSaflr oil 7.2 0.8 57.03

HLSaflr oil 11.0 4.4 48.5

Sunflower oil 10.2 3.9 51.1

HOSunflr oil 6.9 0.6 57.8

Soybean oil 10.3 4.1 51.7

HOSaflr¼ high oleic safflower; HLSaflr¼ high linoleic safflower;

HOSunflr¼ high oleic sunflower oil; NMR data reported are the

average values of three independent experiments. The repeatability of

the data is �0.2.
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foreign bodies, or other nucleation centers and even shaking may affect crystalliza-

tion. As solidification thermodynamics of VO is exceedingly complex, only indirect

semiquantitative data are available from techniques such as cooling the liquid and

measuring its viscosity increase, precipitation, or loss of fluidity.

In the industry, one major characteristic of the low-temperature properties of

lubricating fluids is pour point (PP). ASTM technique D-97 is used to determine

PP by placing a test tube containing 50 mL of the sample into a metal cylinder,

which is submerged into cooling media, and measuring the temperature at the

top of the sample until it stops pouring (46). The temperature of the cooling media

is kept constant below the sample temperature. When the sample temperature

reaches the specified range (e.g., three of the ranges are þ9�C to �6�C, �6�C to

�24�C, and �24�C to �42�C), the temperature of cooling media is also reduced to

the specified value (�18�C, �33�C, and �51�C, respectively). Statistically, the test

shows satisfactory accuracy; as described in a precision statement (46), the differ-

ence between two test results from independent laboratories exceeds 6�C in only

one case of 20, and repeatability is 2.87�C at 95% confidence.

Pour point depressants (PPD) have been created to suppress formation of large

crystals during solidification, although the mechanism of PPD action on triacylgly-

cerol crystallization remains undisclosed (47). One type of commercial PPD con-

tains a polymethacrylate backbone with branching, which allows inclusion of the

PPD molecule into the growing crystal (Figure 6). However, VO containing PPD

have still shown unsatisfactory performance when exposed to low temperatures

for durations significantly longer than those specified in the D-97 test (48).

Table 6 tabulates the pour point values for selected vegetable oils and synthetic

fluids. It must be noted that some of the fluids may actually still pour after being

held for significant durations at slightly lower temperatures than their determined

PP. A good example is castor oil, which pours after more than 24 hours when stored

at �25�C, although its PP has been determined to be �24�C in triplicate runs.

Crystal growth without 
Pour Point Depressant (PPD)

Crystal growth with PPD

Crystal size
limited by

hindrance of 
p-methacrylate

backbone

Figure 6. Crystal growth with and without PPD.
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There may be several arguments to explain this observation. First, the D-97 calls for

determining the PP at either �24�C or �27�C, i.e., the actual loss of fluidity may

occur at the temperature which is closer to �27�C than �24�C, but it still qualifies

as a PP of �24�C, rather than �27�C.

Second, the D-97 requires lowering the bath temperature from �33�C to �51�C
when the sample thermometer reaches �24�C. This produces pronounced changes

in the cooling rate and temperature profile within the sample, which may have

implications on the solidification kinetics. Despite the complexities of interpreting

the data, it can be observed that increasing molecular weight of fatty acids and full

saturation contribute to the increase in PP, whereas cis-unsaturation favors the

decrease. Castor oil demonstrates PP notably lower than those of soybean, high-

oleic sunflower, and canola oils, suggesting that interaction between the hydroxy

groups (hydrogen bonding) of ricinoleic acid interferes with the crystal growth.

The effect of pour point depressant on pour points of vegetable oils (Table 7)

shows that an amount of 0.4% by weight of PPD significantly reduces rates of soli-

dification. Increased amount of PPD may still slow down solidification, however,

any further depression ceases quite rapidly.

Differential scanning calorimetry (DSC) is a relatively simple and reproducible

technique capable of providing a direct measurement of the �H (change in enthal-

py) for a system undergoing physical and chemical changes during heating or cool-

ing (49–51). A number of studies have been carried out on the cooling behavior of

TABLE 6. Pour Points of Test Fluids.

Fluid Pour Point (�C)

Canola oil �18

Soybean oil �9

High oleic sunflower oil �12

Meadowfoam oil þ3

Castor oil �24

Diisodecyl adipate �60

PAO 2a �72

aPoly alpha olefin (PAO) with viscosity of 2 cSt at 100�C

(hydrogenated dimmers/trimers of a–decene).

TABLE 7. Effect of Pour Point Depressant (PPDa) on Pour Points (�C) of Vegetable Oils.

0 0.4 1 2

(Amount of PPDa (Amount of PPDa (Amount of PPDa (Amount of PPDa

Vegetable Oil [% {w/w}]) [% {w/w}]) [% {w/w}]) [% {w/w}])

Soybean oil �9 �18 �18 �18

High oleic �12 �21 �24 �24

sunflower oil

Canola oil �18 �30 �33 �33

aPoly(alkyl methacrylate) copolymer of �8,000 amu, canola oil carrier 1:1.
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different wax-bearing crude and mineral base oils using DSC (52–57). Reports are

also available on the application of DSC for identification of various stable poly-

morphs in pure single-acid triacylglycerol structure by heating and cooling experi-

ments (58–63) and references therein. However, the situation in an unmodified or

genetically modified vegetable oil is far more complex. This is primarily due to the

presence of different fatty acid moieties, their chain length, abundance, structural

difference, and configuration in the triacylglycerol that makes vegetable oils signif-

icantly different from other pure molecules. All the above factors individually and

collectively are capable of influencing the physical properties of vegetable oils.

Overall, DSC is an excellent method to measure the wax appearance and crystal-

lization temperatures of vegetable oils. Due to the complexity of the vegetable oil

composition with respect to their FA distribution, the situation is not as simple as

pure triacylglycerol molecules. Moreover, there is significant influence of the nat-

ure, relative abundance, and orientation of C����C bonds on the wax appearance tem-

peratures. Further, presence of other saturated short-chain-length FAs in vegetable

oil structure is found to affect the crystallization process. Statistical analysis of 1H

NMR-derived vegetable oil structure support the influence of several predictor vari-

ables associated with FA unsaturation on the crystallization process.

Distance and dihedral angle calculations on triacylglycerol structures using

energy minimization molecular modeling approach were able to explain the relative

crystallization tendency of vegetable oils in the bent ‘‘fork’’ conformation (61).

5. VISCOSITIES, POUR POINTS, AND OXIDATIVE DEGRADATION
TENDENCIES OF MAJOR LUBRICANT BASESTOCKS

Soybean oil (SBO) and high oleic (90%) sunflower oil (HOSO) were chosen for

evaluation as examples of vegetable oils (62). Polyalphaolephin and adipate repre-

sented widely used synthetic biodegradable lubricating basestocks. The mineral oil

was a typical ‘‘non-biodegradable’’ basestock mostly used for formulations of auto-

motive lubricants. Except for natural antioxidants, the above fluids did not have any

additives.

Kinematic viscosities of the fluids were measured according to ASTM D-445,

1991b (63). For Oxidative Stability testing, micro-oxidation experiments were car-

ried out using the Pennsylvania State University Micro-Oxidation Kit (64). ASTM

D-97 was used for pour points and cold storage tests (65).

Initially, kinematic viscosities at 40�C and pour points of the fluids were deter-

mined (results shown in Table 8). It appears that low-temperature properties of

vegetable oils are much more inferior to those of synthetic basestocks or even

mineral oil. Cold storage properties of vegetable oils do not appreciably respond

to the pour point depressants (PPD), as opposed to mineral oils. This is consistent

with earlier observations (35). Oxidative stabilities of the oils are compared in

Table 9.

The data also compare oxypolymerization and volatility tendencies of the fluids.

Temperature of 150�C and durations of 30–60 minutes chosen for testing were high
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enough to cause a quantifiable polymerization in unsaturation-free basestocks, yet

not too severe to result in oxidative gelation of vegetable oils. Therefore, the side

processes, such as oxidative cleavage and formation of solids, were not substantial.

It appears from the data that vegetable oils oxypolymerize considerably faster than

unsaturation-free fluids. This is further highlighted in a kinetic chart for oxypoly-

merization, as shown in Figure 7.

TABLE 8. Viscosities and Pour Points of Major Lubricating Basestocks.

Storage at Storage at

Viscosity, Pour Points, �25�C, days �25�C, days

Fluid cST at 40�C �C (No additives) (With 1% PPDa)

Soybean oil 31.5 �9 0 0

90% Oleic Sunflower oil 40.3 �12 0 0

Di i-C13 adipate 27.2 �54 7þ 7þ
PAO 4b 17.4 �63 7þ 7þ
Mineral oil 71.2 �21 0 7þ
aPoly alkyl methacrylate copolymer of �8000 amu, canola oil carrier 1:1.
bPoly-alpha olefin (kinematic viscosity 4 mm2/s).

TABLE 9. Oxidative Degradation Tendencies.

Micro-oxidation, 30 min Micro-oxidation, 30 min

at 150�C, % at 150�C, %

Fluid (Oxypolymers) (Evaporation)

Soybean oil 48 2

90% Oleic Sunflower oil 13 0

Di i-C13 adipate 3 5

PAO 4a 6 45

Mineral oil 5 5

aPolyalphaolefin with viscosity of �4 cSt at 100�C (hydrogenated dimmers/trimers of a–decene).
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Figure 7. Oxidative degradation and oxypolymerization tendencies of various oils.
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Although HOSO containing only 5% of linoleic acid shows higher resistance to

oxypolymerization than SBO, its oxidative stability is far less than those of PAO or

adipate. Oxypolymerization proceeds much faster and slows down only when side

processes, especially formation of solids, become more pronounced. It has been

established that methylene interrupted polyunsaturation is the key factor causing

low oxidative stability of vegetable oils (66, 67). This is also evident comparing

micro-oxidation data for different vegetable oils (Figure 8).

Chemical modification is necessary to improve these performance limitations

with the focus of eliminating bis-allylic hydrogen functionalities in methylene

interrupted polyunsaturation and optimal extent of structural alteration for

improved low-temperature performance.

6. EFFECT OF DILUENT AND ADDITIVES
ON LOW-TEMPERATURE PROPERTIES

Studies show that diluents have a significant role in lowering the pour point of the

base fluid (35). However, high dilution does not necessarily translate to proportion-

ate depression of pour point, and no synergism exists between diluents and PPD

molecules.

During the cooling process, the response to diluents and PPD molecules is

dependent on the vegetable oils FA composition and its geometry to a certain

extent. Pour point determinations (65) of safflower, high oleic safflower, and high

linoleic safflower in the presence of diluent and additive molecules are presented in

Table 10 (68).

The addition of a synthetic ester diluent to safflower and high linoleic safflower

oils showed a larger decrease in the pour point compared with the high oleic oil.

Due to the presence of multiple unsaturations in safflower and high linoleic saf-

flower oil, the triacylglycerol molecules encounter significant steric-hindrance

from the ‘‘zigzag’’ nature of the FA chain during the cooling process. The presence

of diluent molecules in the system enhances this effect by lowering the viscosity
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Figure 8. Oxypolymerization tendencies using thin film micro-oxidation test.
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and by interfering with the stacking process during cooling. The addition of PPD

further lowers the pour point without any particulate precipitation. High oleic and

high linoleic oils appear to show a better response in the presence of additive mole-

cules.

In addition to exhibiting good low-temperature behavior, base oils should be

stable over extended time at low temperature to qualify for any industrial and auto-

motive applications. Although high oleic oils exhibit good thermal-oxidative beha-

vior and acceptable PPD response, they fail in an industry-specified low-

temperature extended storage stability test. Table 11 presents the storage stability

test data of selected vegetable oils in the presence of diluents and PPD molecules

(68). Using the optimized diluent and PPD concentration, safflower and high lino-

leic safflower oils showed acceptable fluidity well beyond seven days with some

loss in optical clarity.

7. CONCLUSIONS

� The widespread use of vegetable oils as lubricant basestocks will depend

largely on how well they perform during high-temperature oxidation and low-

temperature applications.

� Oxidative stability and low-temperature characteristics of vegetable oils

should be improved before they are considered for universal lubricant

application.

TABLE 11. Cold Storage Stability Test of Vegetable Oils.a

Days at �25�C
—————————————————

Fluids þDiluenta Diluent þ PPDb

Safflower oil 7þ d 7þ d

High oleic safflower oil 1d 1d

High linoleic safflower oil 7þ d 7þ d

aASTM D-97; Reference 54.
bOptimal blending condition of 65 : 35 oil : diluent (vol/vol)þ 1% PPD.

TABLE 10. Response of Diluents and Additives on Genetically Modified Vegetable Oil.

Pour Point in �Cb

————————————————

Fluid Neat þDiluenta Diluent þ PPDa

Safflower oil �21 �39 �45

High oleic safflower oil �21 �27 �36

High linoleic safflower oil �21 �39 �48

aASTM D-97; Reference 54.
bOptimal blending condition of 65 : 35 oil : diluent (vol/vol)þ 1% pour point depressants (PPD).
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� The presence of polyunsaturation in the FA chain reduces evaporative loss but

accelerates oxidative degradation.

� High oleic vegetable oils perform better than regular vegetable oils in terms of

thermal and oxidative stability.

� Diluents and PPD have a positive influence in lowering the pour point and

increasing the stability in cold storage of vegetable oils and are dependent on

the FA composition of the vegetable oils.
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1. INTRODUCTION

Polymers are a group of materials made up of long covalently bonded molecules,

which are obtained either from natural or synthetic sources. Within the life

sciences, the study of polymers has helped to foster the emergence of molecular

biology through focus on natural macromolecular substances such as proteins,

nucleic acids, and polysaccharides. Largely through engineering efforts, a series

of commercially synthetic polymers have been successfully used in many applica-

tions in modern society.

Polymers, in the form of plastics, are used in making articles of daily use, such

as knobs, handles, switches, pipes, heart valves, and so on. An overwhelming per-

centage of the polymers to make these commodities are synthesized from petroleum

sources or natural gas raw materials. The key petrochemicals for polymer synthesis

(ethylene, propylene, styrene, vinyl chloride monomer, and others) are produced

largely from naphtha, one of the distillation fractions of crude oil or from natural

gas. Once synthesized, the polymer materials, such as polyethylene, polypropylene,

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
Edited by Fereidoon Shahidi. Copyright # 2005 John Wiley & Sons, Inc.
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polystyrene, and polyvinyl chloride, are passed to major consuming industries.

These synthetic polymers are, however, often not environmentally friendly because

they typically do not undergo the process of biodegradation and, of course, are

dependent on a limited petroleum resource. The urgent need of today is to develop

polymers that are biodegradable so that they become environmentally friendly

(1–3). The common biodegradable synthetic polymers include novel aliphatic

polyesters, such as poly(e-caprolactone) (PCL), poly(b-methyl-d-valerolactone),

polylactide, and their copolymers. The most important aspect of synthesizing

biodegradable polymers relates to their ability to undergo degradation within the

biosphere on coming into contact with micro-organisms, enzymes, or under natural

environmental conditions.

In addition, the natural resource of petroleum is being exhausted at a fast rate

(4). The escalating cost of petrochemicals and the high rate of depletion of this nat-

ural resource present a serious challenge to the innovative potential of chemists (5).

Scientists are therefore investigating opportunities to prevent economic losses and

inevitable crisis of lowered standard of living as a result of oil shortages in the

future. They are searching for new raw materials that can be synthesized into

environmentally friendly polymers so as to make available the materials needed

by various industries at lower costs (6, 7). These new materials are, in fact, not

so new; they stem from natural agricultural sources, called ‘‘renewable resources’’

(4, 6, 8). By definition, renewable resources are the agricultural products that are

synthesized by the use of solar energy (3, 4, 9). Some examples of these resources

are polysaccharides, such as cellulose and starch, and glycerol esters of fats and

oils (3, 10).

2. POLYMERS FROM RENEWABLE RESOURCES

This chapter deals with polymers synthesized from oilseed sources. However, to

provide the reader with an appreciation of the area of renewable, biodegradable

polymers and the place within this area that polymers from oil seeds occupy in

terms of functionality, price, and acceptability, some other polymers from major

renewable sources are also discussed. The most well-known and widely used

renewable biodegradable polymers are those from polysaccharides. The principal

polysaccharides of interest to polymer chemists are starches and cellulose, both

of which are polymers of glucose. In addition to these, fibers, polylactic acid

(PLA), and triacylglycerols of oils are of particular interest for the development

of biodegradable industrial polymers.

2.1. Starch

Starch is the most common polymer found in plants. Large amounts of starch can

be obtained from tubers such as potatoes, from cereals such as rice, and from seeds

such as corn. The starch molecule is heavily hydrated as it contains many exposed

hydroxyl groups, which form hydrogen bonds on coming into contact with water.

Starch is constituted of linear polymers (amylose) and of branched polymers
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(amylopectin) of a-D-glucose. Amylose consists of long linear chains joined by

a (1! 4) linkages. Amylopectin, however, is highly branched in that D-glucose

is also joined by a (1! 4) linkages, but the branching point linkage between

the two D-glucose molecules have a (1! 6) linkages (11). The structures of amy-

lase, amylopectin, and starch are shown in Figure 1.
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Figure 1. Structures of amylose, amylopectin, and starch.
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It may be noted from Figure 1 that the starch molecule contains two important

functional groups, that is the��OH group, which is important for substitution reac-

tions, and C��O��C, which is susceptible to chain breakage. As a result of these two

important features, starch and its derivatives are used in the synthesis of biodegrad-

able plastics (1).

Starch is generally regarded as a resource that is competitive with petroleum in

terms of the preparation of a compostable polymer (12). It is used as an additive to

plastics, for cross-linking or bridging to change the structures of plastics into

networks, and as fillers for various purposes. Acetylation of starch yields starch

acetate, which is considerably more hydrophobic than starch and has an improved

solubility so that it can be easily cast into films from simple solvents. Degradation

of acetylated starch films occurs when exposed to buffered amylase solution (1).

Starch is used as filler in various resin systems to produce films that are imperme-

able to water but permeable to water vapors. Griffin (13) reported that starch-filled

polyethylene films become porous after the extraction of starch. This porous film

can then be readily invaded by micro-organisms and rapidly saturated with oxygen,

thereby increasing polymer degradation by biological and oxidative methods. Some

work has also been reported in which starch is used as a filler in manufacturing

polyvinyl chloride (PVC) plastics (1). In addition, the hydroxyl group (��OH) of

starch can react with the extremely reactive groups (��N����C����O) of isocyanates

spontaneously, (i.e., cross-linking) which can be used to prepare a large number

of reactive resins with reduced cost and improved solvent resistance and strength

qualities (1, 14).

2.2. Cellulose

Cellulose is the most abundantly occurring natural biopolymer. Cellulose is a linear,

unbranched homopolysaccharide. It resembles amylose, which is the primary poly-

meric constituent of starch. However, the major difference is that glucose residues

in cellulose have b configuration (11, 12, 15). Cellulose is now receiving greater

attention from polymer chemists because of the easy manner in which it undergoes

biodegradation by certain micro-organisms. Aerobic soil is rich in floral bacteria

and fungi, which will operate cooperatively to degrade polymers. Primarily, cellu-

lose is biodegraded to glucose and cellodextrin. Then, by the action of enzymes,

these cellodextrins are converted to glucose. The end products of biodegradation

under aerobic conditions are water and carbon dioxide. The final products of bio-

degradation under anaerobic conditions, on the other hand, are carbon dioxide,

hydrogen, methane, hydrogen sulfide, and ammonia (1).

Cellulose is a fibrous, tough, water-insoluble, and crystalline substance. As a

result of these characteristics, it is often converted to its derivatives in order to

make it more useful. The most commonly used derivatives of cellulose are carbox-

ymethylcellulose, methylcellulose, hydroxyethylcellulose, hydroxypropylcellulose,

cellulose acetate, and cellulose xanthate (12). Among these derivatives, cellulose

acetate and cellulose xanthate are cellulose esters, which are now widely used

in the manufacturing of fibers, films, and in injection molding thermoplastics.

282 VEGETABLE OILS IN PRODUCTION OF POLYMERS AND PLASTICS



Cellulose esters represent a class of polymers that have excellent physical proper-

ties and are relatively low-cost materials with high market potential (1). The struc-

ture of cellulose acetate is shown in Figure 2.

2.3. Fibers

In addition to starch and cellulose, a wide variety of organic materials have signif-

icant commercial importance to the plastic industry. Fibers, among these, are being

currently used as fillers and reinforcing agents in plastic materials. The primary

advantages of using renewable lignocellulosic fibers as additives in polymers are

that they (16):

1. have low densities

2. are low-cost materials

3. have a nonabrasive nature

4. provide high filling levels

5. require low-energy consumption

6. have high specific properties

7. are biodegradable and environmentally friendly

8. have wide varieties available throughout the world

Wood flour, for example, is a finely ground fibrous material obtained primarily from

pine and spruce. Cotton is another plant fiber that is important in thermosetting

molding compounds. Cotton fibers are used in the plastic industry in several forms:

as flock, cordage, woven fabrics, nonwoven fabrics or felts, and chopped fabrics.

The products obtained by using these fibers have reduced cost, increased impact

strength, and other mechanical properties, as well as having improved moldability

and appearance of finished molded parts. Wood flour; cotton fibers; sisal, another

fiber plant; and hemp fiber, obtained from Cannabis sativa (12), are all used as filler

and act as a reinforcing material for plastics. A lot of work has been done by

Mohanty et al. (16–23) using lignocellulosic fibers from jute, pineapple leaf, sisal,

and others, in making biopolymers. They observed that lignocellulosic fibers play

important roles in modifying physical as well as chemical properties of the poly-

mers (17–19). Rout et al. (20) have studied the use of coir as reinforcement in poly-

mer composites. It was found that the efficiency of fiber-reinforced material
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depends on the fiber/matrix interface and the ability of transferring stress from the

matrix to the fiber. Mohanty et al. (22) studied the chemical modifications of jute

yarns in making biopolymers and found that alkali-treated yarns produce better

mechanical properties than the defatted ones because of the improved fiber matrix

adhesion of the previous ones. Mishra et al. (16) studied surface modifications and

mechanical improvements in pineapple leaf polyesters. It was observed that the

surface-modified pineapple leaf fibers were good reinforcing agents for polyester

matrices as well as having increased tensile and flexural strength.

2.4. Polylactic Acid (PLA)

Polylactic acid is not a new polymer. It belongs to the family of aliphatic polyesters

commonly made from a-hydroxy acids, which can be synthesized via two major

routes. One method involves the removal of water using solvent, under conditions

of high temperature and pressure. The polymer yielded using this method may be

coupled with isocyanates, epoxides, or peroxides to produce a variety of other poly-

mers. The other method involves the removal of water without solvent under milder

conditions to produce a cyclic intermediate dimer referred to as lactide (24). Poly-

lactic acid is one of the few polymers in which the stereochemical structure can

easily be modified by polymerizing a controlled mixture of L- or D-isomers

(meso forms) to yield high-molecular-weight polymers. The properties of polylactic

acid depend entirely on the ratio of these two meso forms of lactic acid. The struc-

tures of the two meso forms are shown in Figure 3.

A great variation in the properties of products can be observed by using D, L,

and different D/L ratios of polylactic acid. A product with high melting point and

high crystallinity is obtained by using the L-isomer of lactic acid. On the other

hand, an amorphous polymer is obtained by using a mixture of D and L isomers.

This feature is very important, particularly in the binder fiber area (24). PLA,

furthermore, is environmentally friendly. The products of PLA can completely

degrade to carbon dioxide and water (24, 25).

2.5. Cashewnut Shell Liquid (CNSL)

Cashewnut Shell Liquid (CNSL) is an agricultural product, which as such, qualifies

its inclusion in the category of renewable resource. Major components of CNSL

have been characterized by various researchers using different techniques such as

ultraviolet (UV), infrared (IR), nuclear magnetic resonance (NMR) spectroscopy,
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Figure 3. D and L forms of lactic acid.
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and chromatography. The four major components of cashewnut shell liquid are

cardanol, cardol, anacardic acid, and 6-methylcardol (26). Structures of these

four components of CNSL are shown in Figure 4.

Several resins have been prepared by Guru et al. (27) using cardanyl acrylate,

which is a derivative of cardanol (major constituent of cashewnut shell liquid)

and furfural in the presence of an acid catalyst and a selective organic compound.

They studied the thermal behavior of these resins as well as their solvent absorptiv-

ity using solvents such as toluene and dimethyl formamide. The organic compounds

used were thiourea, o-hydroxybenzoic acid, m-phenylene diamine, and m-chloro-

phenol. The scheme of the reaction of cardanyl acrylate, furfural, and an organic

compound is shown in Figure 5. Thermal studies of these resins has shown that

the first great loss in weight occurs at 700�C and is a result of segmental

fragmentation of cardanyl acrylate and ring unzipping of organic compounds. It

was observed that resins obtained from thiourea had a higher thermal stability

because of the absence of aromatic rings.

In another study, Nayak et al. (26) prepared CNSL-novalac resins by condensing

cardanyl acrylate with p-aminobenzoic acid and formaldehyde in the presence of an

acid catalyst. Thermogravimetric analysis and degradation studies on these resins

have been carried out. It was observed that this resin decomposed with the removal
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Figure 4. Structure of four major components of cashewnut shell liquid (CNSL).
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of water. Swain et al. (28) have also reported the preparation of a number of resins

by condensing diazotized cardanol with formaldehyde and organic compounds in

the presence of an acid as a catalyst. They also carried out investigations on the

thermogravimetric properties of the resin, which resulted in a weight loss of this

resin of about 67–74% at 700�C.

Polyesters and polyurethanes can be prepared by bifunctional monomers like

dianhydrohexitols, which are readily available from D-glucose and D-mannose.

The structures of dianhydrohexitols are shown in Figure 6. Okada et al. (2) prepared

polyesters based on furan rings. The scheme of the polyester formation is shown in

Figure 7. They studied the biodegradability of these polyesters by three methods:

hydrolysis in a phosphate buffer solution, soil burial degradation, and enzymatic

degradation. They observed that the hydrolytic degradability of these polyesters

is low, whereas soil burial degradation shows that several spores and hypas of

actinomycetes were grown within 100 days showing erosion of the surface of the

film, meaning these polyesters are biodegradable.
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2.6. Triacylglycerol Oils

It has been reported above that low-cost biodegradable polymers can be prepared by

using polysaccharides, fibers, and polylactic acid. In addition to these renewable

resources, naturally occurring triacylglycerol (TAG) oils are also significant starting

materials for the production of biodegradable polymers (6, 29). The TAG oils of

linseed, tung, lunaria, Lesquerella gracilis, and crambe have been used as sources

of polymers by virtue of their double bonds; functional groups that can result in

polymerization (8). The double bonds of these and other TAG oils can also be epox-

idized or converted into hydroxyl groups to increase their reactivity (6). Only a few

TAG oils, however, contain naturally occurring special functional groups, i.e.,

hydroxyl and epoxy groups (30, 31). For example, castor oil and Lesquerella pal-

meri (also called bladder pods or pop weed) contain hydroxyl groups in addition to

double bonds. Similarly, vernonia oil contains a natural epoxide functional group

(31–33). The structures of the main triacylglycerols of castor, lesquerella palmeri,

and vernonia oils are shown in Figure 8. The hydroxyl and epoxide functional

groups on these long and complex TAG molecules may be exploited to allow

such molecules to be cross-linked, which allows large macromolecules to be

formed.

Castor oil from castor beans contains high percentage triacylglycerols (TAGs) of

ricinoleic acid (83.6–90%), which is a C-18 fatty acid. Castor oil is unique in that

its TAGs contain both double bonds and nonconjugated hydroxyl groups. The tri-

functional nature of castor oil contributes toughness to the structure, and the long

fatty acid chain imparts flexibility. As a result of its unusual structure, this oil is

very versatile in its applications. It is used in making paints, adhesives, and

urethane foams (34). Lesquerella oil, a C-20 oil, is obtained from a wild plant. It

contains fatty acids similar to ricinoleic acid, but also contains two additional
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��CH2�� groups on the acid residue. Vernonia oil has a relatively low viscosity

because of high epoxide concentration. It is, therefore, mostly used as a diluent

for coating applications (34).

Soybean oil, another TAG oil, is being used in the manufacturing of plastics,

resins, and adhesives. Soybeans themselves contain 20% oil and 40% proteins;

they contain discrete groups of proteins that have unusual adhesive properties

(35). Soy-based plastics have many applications, which include their use in the pro-

duction of parts for agricultural equipment, such as tractors and farming machines,

and for the automotive industry. The applications also include civil engineering

components for bridges and highways, marine infrastructures such as pipes and off-

shore equipment, rail infrastructure such as carriages, box cars, and grain hoppers,

and in the construction industry such as formaldehyde free particle board, ceilings,

and engineered lumbers (36). Different techniques such as injection molding and

compression molding are used to prepare soy-protein plastics.

Jiratumnukul and Michael (37) have reported the use of different glycol esters

from soybean oil, such as ethylene glycol, propylene glycol, diethylene glycol, and

dipropylene glycol, for making new coalescent aids. They investigated the proper-

ties of these coalescent aids as related to evaporation rates and Minimum Film
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Formation Temperature (MFFT). Based on their observations, soybean oil glycol

esters are not classified as volatile organic compounds.

3. EXPLOITATION OF THE FUNCTIONAL GROUPS
ON TRIGLYCEROL MOLECULES FOR THE PRODUCTION
OF POLYMERS

Different functional groups on TAG oils, such as carbon-carbon double bonds and

epoxy and hydroxyl groups, play an important part in the formation of polymers.

Oils from various sources contain different functional groups. The occurrence of

these functional groups in oils from different sources and their significance in the

production of polymers is described below.

3.1. Double Bonds

Among the oils that contain carbon-carbon double bonds as the functional groups,

linseed, tung, corn, cottonseed, rapeseed, and soybean are more widely used as

polymeric sources. Linseed oil is extracted from the seeds of the flax plant (Linum

usitatissimum). The major constituents of linseed oil are a-linolenic acid (60%),

linoleic acid (29%), and oleic acid (27%). This composition varies with changes

in climatic conditions. On the other hand, tung oil, also called china wood oil, is

derived from the seeds or nuts of the trees aleurites fordii and A. montana. The

major constituent of tung oil is eleostearic acid (77–82%), whereas the other impor-

tant components of tung oil are oleic acid (3.5–12.7%) and linoleic acid (8–10%). It

is known that the carbon-carbon double bond in oleic acid is at C9, in linoleic acid

it is at C6 and C9, and in linolenic acid it is at C3, C6, and C9, whereas eleostearic

acid has double bonds at positions C5, C7, and C9.

The structures of oleic, linoleic, linolenic, and eleostearic acids are given in

Figure 9. Linseed oil and the tung oil are collectively called ‘‘drying oils,’’ which

are defined as liquid oils that dry in air to form a solid film (these oils have iodine

values greater than or equal to 150 units). Soybean oil, sunflower oil, and canola oil

are semidrying oils, with iodine values between 110 units and 150 units. The drying

power of such oils is directly related to the chemical reactivity conferred on the

TAG molecules by the carbon-carbon double bonds of the unsaturated acids, which

allows them to react with atmospheric oxygen, thus leading to the process of

polymerization to form polymeric networks.

Linseed oil, which contains 60% a-linolenic acid, is an example of a nonconju-

gated oil, which is rich in polyunsaturated fatty acids. These polyunsaturated fatty

acids contain double bonds, which are separated by at least two single bonds. The

linolenic acid content in nonconjugated oils plays an important role in the drying

process that is generally considered to be the result of a process of autoxidation

followed by polymerization when the oil absorbs large amounts of oxygen. The

process of autoxidation in the case of nonconjugated oil systems begins with the

dehydrogenation of unsaturated fatty acids, such as linolenic acid, by means of

atmospheric oxygen. As a result, dehydrogenated radicals are formed and chain

EXPLOITATION OF THE FUNCTIONAL GROUPS ON TRIGLYCEROL MOLECULES 289



polymerization starts with the formation of hydroperoxide. Furthermore, cross-

linking takes place to form large molecules. A summary of this process is shown

in Figure 10.

Tung oil with eleostearic acid as its major component, on the other hand, is an

example of conjugated oil systems. The conjugated double bonds of oils, such as

those of tung oil, favor polymerization and oxidation more rapidly than nonconju-

gated oils. The principal drying component of tung oil is eleostearic acid. As a con-

sequence of this polymerization, the resultant product obtained is highly resistant to

water and alkali. Drying of films in the case of conjugated oils consists of the fol-

lowing three steps:

1. Induction: This process begins by the autocatalysis of eleostearic acid, and

the oxygen uptake starts increasing slowly.

2. Initiation: The film continues to absorb oxygen from the atmosphere and, as a

result of this absorption, the mass of the film increases and the double bonds

of eleostearic acid undergo a rearrangement process. On rearrangement,

hydroxyl and hydroperoxy groups are formed in the film.

3. Cross-linking: As a result of the above two steps, the number of double bonds

decreases due to cross-linking and, thus, larger molecules are formed.

For many applications, tung oils often cure so rapidly that a highly wrinkled sur-

face forms. Therefore, it is necessary to modify the reactivity of tung oil, which is
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Figure 9. Structures of oleic, linoleic, a-linolenic and eleostearic acid.
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possible by reducing the number of double bonds present. The reactivity can be

modified by chemical means, such as the Diels-Alder reaction with a reactive die-

nophile (38) and copolymerization with styrene (39) and diacrylate (40); this

reduces the number of double bonds and causes the cure speed of the copolymers

to be slower, resulting in a nonwrinkled surface. Also, by controlling comonomer

stoichometry, sufficient residual double bonds should remain so that oxidative cure

of the copolymers would be still possible.

On the other hand, the high degree of unsaturation of this type of drying oil has

made it a potential monomer for polymerization into useful polymers. More

recently, Li and Larock (41) reported the conversion of tung oil to solid polymers

by cationic copolymerization with divinylbenzene as a comonomor. The result-

ing polymers have proven to be thermosetting materials with good mechanical
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properties and thermal stabilities and may find applications in replacing petroleum-

based polymeric materials because of their presumed ability to biodegrade and the

low cost of their preparation from renewable natural resources (i.e., vegetable oils).

Furthermore, the multiple double bonds also make tung oil a thermally polymer-

izable monomer at elevated temperatures. Li and Larock (42) produced a variety of

polymers prepared by thermal copolymerization of tung oil, styrene, and divinyl-

benzene in the temperature range of 85–160�C by varying the stoichiometry, oxy-

gen uptake, peroxides, and metallic catalysts. They found that the stoichiometry

and the addition of metallic catalysts greatly affect the mechanical, thermal, and

physical properties of the resulting polymers. However, the variations of oxygen

uptake and peroxides have little effect. Li and Larock also (43–50) proposed a

direct method to convert soybean oil to polymers by cationic copolymerization

with divinylbenzene or mixtures of styrene and divinylbenzene initiated by boron

trifluoride diethyl etherate or other modified initiators. The polymers obtained can

range from soft rubbers to hard plastics, depending on the reagents, stoichometry,

and initiators used in the synthetic process. The resulting polymers exhibit thermal,

physical, and mechanical properties that were competitive with those of their

petroleum-based counterparts, as well as some other very promising properties,

including good damping and shape memory properties.

Knot et al. (51) converted soybean oil to several monomers for use in structural

applications. They prepared rigid thermosetting resins by using free radical copo-

lymerization of maleates with styrene. The maleates are obtained by glycerol trans-

esterification of the soybean oil, followed by esterification with maleric anhydride.

They also synthesized several TAG-based polymers and composites and compared

their properties. It was found that the moduli and glass transition temperature (Tg)

of the polymers varied and depended on the particular monomer and the resin com-

position. They proposed that the transition from glassy to rubbery behavior was

extremely broad for these polymers as a result of the TAG molecules acting both

as cross-linkers as well as plasticizers in the system.

3.2. Hydroxyl Groups

Triacylglycerol oils, such as castor and lesquerella, are naturally occurring oils that

have hydroxyl groups on their major TAG molecules. The major component of cas-

tor oil is ricinoleic acid (C18), which has a hydroxyl group at C12. On the other

hand, the principal component of Lesquerella palmeri is lesquerellic acid (C21),

having a hydroxyl moiety at C14. The structures of ricinoleic and lesquerolic acids

are shown in Figure 11. Based on the TAG molecules of these acids shown in

Figure 8, these oils are referred to as trihydroxyl polyols or triols. These polyols

are important for the production of cross-linked polymers. The presence of the

hydroxyl groups permit reaction with diisocyanates to form polyurethanes. Polye-

sters are formed when hydroxyl groups react with dibasic acids, such as sebacic

acid obtained from castor oil, to form aliphatic polyesters with the removal of a

water molecule as byproduct (52). Castor oil derivatives, obtained through alkali

pyrolysis can also be useful, such as decanedioic acid (sebacic acid), which is
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used as a monomer for nylon 610, and undecylenic acid, which forms 11-aminoun-

decanoic acid, which is the monomer for nylon 11 (34). Nylon is an important poly-

mer that is used for engineering plastics in the automotive and transport industry,

for example. Nylon products are also used in powder coating to cast metals that

require abrasion, impact, and corrosion resistance.

Isocyanates are the derivatives of isocyanic acid (H��N����C����O). The functional-

ity of the isocyanate (��N����C����O) group is highly reactive toward proton-bearing

nucleophiles, and the reaction of isocyanate usually proceeds with addition to the

carbon-nitrogen bond. The reactions of isocyanates fall into two main categories:

(1) active hydrogen donor, and (2) nonactive hydrogen reaction. The more signifi-

cant of these is the first category, where isocyanates react with polyols, which

involves reaction with active hydrogen. The second category of reactions involving

nonactive hydrogen reactions usually leads to cycloaddition products and linearly

polymerized products. Some examples of diisocyanates are: 2,4-toluene diisocya-

nate, 2,6-toluene diisocyanate, 1,6-hexamethylene diisocyanate, and 1,5-naphtha-

lene diisocyanate, among others. The reactivity of isocyanates depends on their

chemical structures. Aromatic isocyanates are usually more reactive than their ali-

phatic counterparts. The presence of electron withdrawing substituents on isocya-

nates increases the partial positive charge on the carbon atom and moves the

negative charge further away from the reaction site. As a result of this character,

the reaction between the donor substance and the carbon atom of isocyanates is

fast. Therefore, whenever polyols or triols react with an isocyanate, the resulting

polyurethane is cross-linked. The extent of cross-linking affects the stiffness of

the polymer. The polymer structure must be highly cross-linked when a rigid

foam is required, whereas less cross-linking gives rise to flexible foams. The degree

of cross-linking is entirely dependent on the NCO/OH ratio. Branching occurs at

the urethane linkage when NCO/OH ratio is low. Low degree of cross-linking

allows the molecules freedom of movement resulting in the improvement in

strength and creep resistance. However, a slight loss in the soft, flexible, rubbery

behavior occurs. On the other hand, when NCO/OH ratio is high, the probability

of the formation of urea linkages is greater and, therefore, the branching takes place

at the urea linkage points. A high degree of cross-linking, in contrast, immobilizes

the polymer molecules and, thus, the resulting polymer becomes a thermoset
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Figure 11. Structures of ricinoleic and lesquerolic acid.
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plastic. Das and Lenka (53) and Barrett et al. (34) have reported the preparation of

polymers by using toluene diisocyanate and hexamethylene diisocyanate. They

observed that increased ratio resulted in a highly cross-linked product with high

thermal stability.

It is known that increased cross-linking brings the polymer backbone closer

together. There is, therefore, a reduction in molecular mobility and an increase

in glass transition temperature. The weaker and less stable cross-linkages at high

temperatures tend to reopen and revert back to linear structures. Less cross-linked

polymers absorb large amounts of solvent and, thus, swell to form soft gels. Highly

cross-linked polymers, however, absorb less solvent molecules as a result of less

molecular mobility and, thus, cannot move apart to accept solvent molecules.

The preparation of polyols from vegetable oils, such as castor oil, safflower oil,

linseed oil, and soybean oil, has been studied by several groups. There are many

ways to introduce hydroxyl groups into oils, resulting in different polyol structures

and different polyurethanes ranging from elastomers to rigid foams. Polyurethane

prepared from castor polyols exhibits a broad range of properties. Low-viscosity

urethane polymers have been found extremely useful for potting electrical compo-

nents, for which fast penetration without air voids and fast dispensing cycles are

desirable (54). Meanwhile, very low-viscosity polyurethane systems containing

castor polyols have been prepared for use in telephone cable (55). On the other

hand, polymerization, whether chemical or oxidative, of castor oil resulted in oils

with higher viscosity that were more useful in the polyurethane coating industry

than untreated ones (56).

Castor oil and its derivatives have been used in the preparation of rigid, semiri-

gid, and flexible polyurethane foams. Castor oil’s resistance to hydrolysis, pigment

dispersion ability, and compatibility with polyether polyols has also made it useful

as a modifier for polyether-based foam. Castor oil can also be used to formulate

commercially acceptable rigid polyurethane foams for use as thermal insulations

and structural material (57). Superior rigid polyurethane foams have been prepared

from hydroxymethylated polyol esters of castor acids. Frankel et al. (58, 59) pre-

pared castor, safflower, and linseed oil derivatives with enhanced hydroxyl group by

hydroformylation with a rhodium-triphenylphosphine catalyst, followed by hydro-

genation. The polyurethane foams obtained had good compressive strength and

dimensional stability that met the requirements of commercial products.

Recently, Petrovic and coworkers (60–69) developed two technologies to pre-

pare soybean oil-based polyols for general polyurethane use. In the first technology,

the oil was first epoxized using the standard epoxidation procedure, followed by

alcoholysis to form the TAG polyol. In the second, the double bonds of the soybean

oil were first converted to aldehydes by hydroformylation with either rhodium or

cobalt as the catalyst, followed by hydrogenation to alcohols by nickel. The polyols

were then reacted with a diisocyanate to yield polyurethanes. The resulting polyur-

ethane can behave as a hard rubber or a rigid plastic, depending on the methods

used in the reaction process, such as by controlling the degrees of conversion, using

different diisocyanate components, and varying the stoichiometry. They found that

the rhodium-catalyzed hydroformylation of soybean oil with high conversion of
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olefins leads to a rigid plastic polyurethane at room temperature, whereas the

cobalt-catalyzed hydroformylation with low conversion of olefins gave a hard rub-

ber. The properties of the product can also be controlled by the cross-linking den-

sity. Polymers prepared with NCO/OH ratio from 1.05–0.8 were glassy, whereas

with the others, less than 0.8 were rubbery. The selection of the diisocyanate com-

ponent affects the cross-linking and properties of the polyurethane as well. Usually,

aromatic isocyanates produce more rigid polyurethanes than their aliphatic counter-

parts, but their oxidative and ultraviolet stability are lower. Within aromatic isocya-

nates, 2,4-toluene diisocyanate (TDI) is chosen to obtain the most flexible product.

Rigid foams can be made from TDI prepolymers but are most often based on a

polymeric diphenylmethane 4,4- diisocyanate (MDI). Aliphatic isocyanates give

rubbery polymers with higher elongation at break, higher swelling, and lower ten-

sile strength. The thermal stability of polyurethanes was also investigated. It was

found that the thermal stability depended on the functionality of the polyol, i.e.,

on the number of urethane groups per unit volume, as well as structural differences.

John et al. (70) studied and compared the properties of polyurethane foam

obtained from soybean oil-based polyols and synthetic polyols and found that the

soybean-based polyols showed enhanced reactivity and that the foaming reactions

proceeded in a very similar way to synthetic polyols. It was also found that their

properties were sensitive to several variables such as water content, isocyanate

index, and catalysts. The reaction rate was mainly controlled by the water and iso-

cyanate content. As the water content increased, the reaction was faster and the

amount of the hard segment increased. In addition, MDI yielded more rigid foams

than TDI.

Polyesters obtained from lesquerella oil have variations in colors and have low

solution viscosity as compared with castor oil polyesters. The viscosity variations

are usually associated with the structural differences of the oil. Solution viscosity of

castor oil-based polyesters is usually high because ricinoleic acid in castor oil

allows extensive hydroxyl hydrogen bonding. Furthermore, lesquerella oil-based

polyesters are effectively plasticized because of longer C20 fatty acid. The hydro-

xyl group of lesquerella oil can be exploited to make acrylates. The scheme for

making lesquerella oil-based acrylates is shown in Figure 12. Lesquerella oil acry-

lates impart excellent gloss to wood, aluminum, and steel and have good adhesive

properties. The hydroxyl groups of lesquerella and castor oil also react with

cycloethers such as propylene oxide, epichlorohydrin, and ethylene oxide. As a

result of these reactions, novel polyhydroxy compounds of much improved reactiv-

ity can be obtained. Epichlorohydrin-modified lesquerella oil has increased reactiv-

ity characteristics. The coatings developed from epichlorohydrin and lesquerella oil

form harder films in shorter dry time. The mechanism is shown in Figure 13.

3.3. Epoxides

Vernonia oil contains a naturally occurring epoxide group on C12. It is, therefore,

important for the productions of polymers. It is also used in making adhesives,

plasticizers, industrial coatings, varnishes, and paints (32). Vernonia oil can be
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polymerized through a variety of reactions. A natural elastomer can be synthesized

by reacting vernonia oil with naturally occurring dibasic acids, such as the sebacic

acid derived from castor oil (4). It is known that castor oil is the major source of

dibasic acids, such as decanedioic and nonanedioic acids (subaric and azelaic acids,

respectively), through pyrolitic decomposition. These acids can also be derived

from vernonia oil via an efficient reaction sequence (71). The obtained aliphatic

dibasic acids are established industrial raw materials that can be used as plasticizers

and impact resistant elastomers as well (30).

On the other hand, the rubbery nature of the polymerized oil may be used as

toughening, rigid epoxy materials because it is phase separated into spherical

domains when mixed and cured with bisphenol-A epoxy compounds (72–75). A
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Figure 12. Synthesis of lesquerella oil acrylates.
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reinforced elastomer, however, is formed because the vernonia oil-sebacic acid

polyester forms a continuous phase. The reaction is shown in Figure 14. Sperling

and Manson (30) compared the glass transition temperature of vernonia oil polye-

ster with that of epoxidized linseed oil polyester. They observed that the glass tran-

sition temperature of linseed oil polyester was higher than that of vernonia oil

polyester because of dense cross-linking in epoxidized linseed oil. Vernonia oil is
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Figure 13. Epichlorohydrin modification of lesquerella oil.
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soluble in many organic solvents and diluents as it contains both oxirane ring and a

double bond. These two features are useful in drying and curing mechanisms.

The epoxide moieties of vernonia oil play an important role in making acrylates,

groups useful in making UV curing formulations. For instance, the methacrylate

ester of vernonia oil is synthesized by reaction with methacrylic acid in the pre-

sence of a tertiary amine. The acrylate ester is UV active and is therefore easily

polymerized through the acrylate vinyl moieties. The mechanism of making verno-

nia oil-based acrylates is shown in Figure 15.

Epoxidized soybean and linseed oils are the two main representatives of the

industrially produced epoxidized vegetable oils. Both are obtained by epoxidation

of the corresponding unsaturated oils, and the degree of epoxidation can be con-

trolled by reaction time. Muturi et al. (76) found that the molecular structures

and properties of partially epoxidized soybean and linseed oils are similar to those

of vernonia oil. They are suitable for the preparation of low volatile organic com-

pound alkyd and epoxy coatings formulations. However, fully epoxidized oils are

not as good as vernonia oil for making reactive diluents for coatings because of

their higher viscosities and melting points. Epoxidized soybean oil is widely

applied as a polyvinyl chloride (PVC) additive to improve PVC processing, stabi-

lity, and flexibility (77). In addition, the double bond of vernonia oil can be con-

verted into an oxirane functional group. These ‘‘super epoxides’’ have the potential
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to serve as the reactive components of epoxide powder coatings. This super epox-

idized vernonia oil possesses a higher glass transition temperature than natural

vernonia oil. This characteristic is, therefore, useful for excessive plasticization.

The epoxidation of vernonia oil is represented in Figure 16.

As these oils contain multiple functionalities, they provide an alternative to pet-

roleum as a chemical feedstock. They are derived from cultivated or wild plants.

There is an international interest in using these naturally occurring oils as the start-

ing material for polymer production because excessive quantities of nonrenewable

petroleum are now being consumed (34).

4. USE OF NATURALLY FUNCTIONALIZED TRIACYLGLYCEROL
OILS IN INTERPENETRATING POLYMER NETWORKS

As mentioned earlier, TAG oils may contain special functional groups that deliver

the potential of converting these oils into biopolymers. Such functional groups

make these oils particularly important as they can be polymerized with an appro-

priate bifunctional reactant to form polymers, if they contain a hydroxyl or epoxide

functional groups (34, 52). These oils contain hydroxyl as well as unconjugated

vinyl groups in their structural backbone. The presence of double bonds can be

exploited via a chain-growth mechanism to form polymerized plastics. On account

of these two features, these oils have the unique quality to control elasticity as well

as plasticity in a single backbone chain structure (78, 79). The cross-linking of

hydroxyl groups in a step-growth polymerization gives rise to ‘‘Interpenetrating

Polymer Networks’’ (IPN) (79). IPN materials contain ‘‘two or more polymers in

a network form with at least one polymer that is polymerized or cross-linked in the
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immediate presence of the other’’ (80, 81). Two major IPNs have been explored.

These are referred to as sequential and simultaneous IPN. Sequential IPNs involves

the preparation of one cross-linked polymer network and a subsequent swelling

with the monomer. This is then cross-linked with a second component and polymer-

ized in a network to a form sequential IPN. These two polymer networks are pre-

pared separately before polymerization. On the other hand, simultaneous IPN

involve the simultaneous mixing of all the components in one step followed by

the formation of both networks via independent reactions proceeding in the same

reaction vessel (32, 52, 80, 81).

Polyurethanes and polyurethane-based IPN have gained great importance in

recent years. Polyurethanes are divided into several classes. Some polyurethanes

are used in foams, whereas others are used for making fibers. Segmented elastomers

are perhaps the most interesting class of polyurethanes. This category of polyur-

ethanes is a kind of multiblock copolymer (82). The block copolymer is defined

as a type of polymer blend that contains two polymer chains that are linked end

to end (81, 83). In addition to various other uses, polyurethane materials are

extensively used in the medical field, such as in the production of medical-grade

tubing (82).

4.1. Use of Castor Oil-Based Polyurethanes/Polyesters for Making
Interpenetrating Polymer Networks

Several scientists have worked on the production of IPN and their characterization

based on a castor oil polyurethane model. Sperling and coworkers (84, 85) have

published a number of very interesting papers on IPNs from castor oils. The hydro-

xyl groups were reacted with 2,4-toluene diisocyanate for polyurethane formation.

Styrene and divinylbenzene were polymerized, and thus interpenetrated, to prepare

IPN and simultaneous interpenetrating networks (SIN) by using either individually

or mixed polyester-urethane. These IPNs and SINs can be tough plastics or rein-

forced elastomers depending on their compositions, which were shown from mod-

ulus-temperature, stress-strain, and impact-resistant studies. Furthermore, the

morphology of these IPNs and SINs depended on the synthetic method, such as

reaction time, stirring time, and time to pour into the mold. Yenwo et al. (84, 85)

synthesized sequential IPNs using castor oil and studied the dynamic mechanical

properties of the IPN. The experimental data showed that the molecular mixing

of the two networks was extensive but incomplete. Mechanical properties of such

systems were related to the degree of phase continuity and inversion.

Siddaramaiah et al. (86) employed an X-ray diffraction method to determine the

microstructural parameters of IPNs of castor oil-based polyurethanes and polystyr-

ene and correlated the changes of microstructural parameters to the physical macro

changes, such as hardness. They found that the addition of polystyrene (PS) resulted

in an increase in hardness that was due to an increase in crystal size.

Nayak and coworkers (7, 29, 87) prepared a series of IPNs by first reacting

castor oil with diisocyanate to form a prepolymer then polymerizing with

methacrylate, acrylamide, and cardanyl acrylate, respectively, using ethylene glycol
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dimethacrylate as cross-linker and benzoyl peroxide as initiator, and studied their

high-temperature degradation mechanism and mechanical properties. The thermo-

gravimetric analysis was followed by a computer analysis method for assisting the

kinetic mechanism and a new mechanism of degradation was suggested based on

these kinetic parameters.

A special case of IPN is the SIN (88). The existence of SINs provides a novel

way to control the phase states and mechanical behavior of two-phase materials. As

a result of the multiple chemical compositions and synthetic routes involved in the

formation of SINs, polymers can be made with very different mechanical behavior.

Among the features that control the behavior of the resulting blends, microphase

structures and molecular interactions are of greatest importance for the determina-

tion of mechanical properties of the two coexisting phases. There are usually two

ways of forming a SIN. One involves the simultaneous polymerization of two poly-

mers, whereas the second involves the mixing of two kinds of monomers together,

which are polymerized sequentially (88). The two techniques give different pro-

ducts with different morphologies and different mechanical behaviors. Various

studies have been done on the properties and structures of the resulting SIN.

Devia-Manjarres et al. (88) and Devia et al. (89) studied the morphology and glass

transition behavior of SIN based on elastomeric polymers derived from castor oil

and cross-linked polystyrene by using electron microscopy and dynamic mechan-

ical spectroscopy techniques, respectively. A two-phase morphology was revealed

by electron microscopy. Depending on the synthetic conditions, either phase can be

continuous. Morphological details, however, can be determined by compatibility of

the polymer networks, speed of stirring, and reaction rates of network formation

(80). Dynamic mechanical spectroscopy results showed two glass transition tem-

peratures around the homopolymer glass transition temperatures but shifted inward.

These materials proved to be tougher than their corresponding homopolymer

networks. The toughness of these SINs increased with a decreasing domain size

of the dispersed phase. The use of castor oil-based elastomers in the brittle polymer-

polystyrene produces toughened plastic with an enhanced tensile strength and

impact properties (89).

Suthar and coworkers (83, 90, 91) investigated the SIN prepared from radical

copolymerization of liquid polyester based on castor oil and dibasic acid with poly-

styrene initiated by benzoyl peroxide in the presence of the cross-linker 1,4-divinyl-

benzene. This group also reported the preparation and morphology of sequential

IPN composed of castor oil polyurethane and various polyacrylates using ethylene

glycol dimethacrylate as a cross-linker and benzoyl peroxide as initiator. These

materials were characterized in terms of resistance to chemical reagents, the static

mechanical properties (tensile strength, Young’s modulus, and percent elongation),

thermal properties, and morphology (scanning electron microscopy).

Xie et al. (92, 93) synthesized simultaneous IPN from castor oil polyurethane

and copolymers of vinyl monomers, including styrene, methyl methacrylate, and

acrylonitrile, without cross-linker using a redox initiator at room temperature and

both the formation kinetics of cross-linking and grafting on phase separation were

examined. It was demonstrated that the resulting materials were mainly grafted IPN
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with vinyl or acrylic polymer grafted on the double bonds of castor oil. These IPN

exhibited good properties, including high strength, good resilience, solvent resis-

tance, and high abrasion resistance.

4.2. Use of Polyethylene Terephthalate and Castor or Other Naturally
Functionalized Triglyceride Oils for Making Semi-Interpenetrating
Polymer Networks

Polyethylene terephthalate (PET) is a semicrystalline thermoplastic (79). Semicrys-

talline PET is of particular importance because of its properties, which are suitable

for the production of engineered plastics. It is a widely used polymer because of its

high strength, low price, and good solvent resistance. It is a primary material for the

production of bottles, textile industry components and auxiliaries, recording tapes,

and packaging films. However, it cannot be used in injection molding as it has a

slow crystallization rate. As a result of its slow crystallization rate, the parts molded

with PET have poor dimensional stability. PET, in combination with castor or other

naturally functionalized triglyceride oils, may be used to improve characteristics

such as toughness and faster crystallization rate (32).

As PET is a semicrystalline thermoplastic, the process of synthesizing semi-

IPNs based on PET is different from the above-mentioned method. It is known

that PET is a condensation product of terephthalic acid and ethylene glycol. Castor

oil would polymerize with terephthalic acid in competition with ethylene glycol if

SIN formation method were used. On the other hand, PET is aromatic, whereas cas-

tor oil is aliphatic in nature; they are, therefore, immiscible, which makes sequential

IPN formation impossible. In order to obtain a PET and castor oil network, the two

components must be either miscible or well mixed. It was observed that a miscible

mixture of PET and castor oil could be obtained by continuously heating the blend

together. A bond exchange reaction between ester groups of PET and ester and

hydroxyl groups of castor oil occurs during heating. As a result of this interchange,

a miscible copolymer mixture is formed and a hybrid semi-IPN structure is

obtained (79, 94). The castor oil was shown to improve the crystallization rate of

poly (ethylene terephthalate), and after the polymerization of castor oil, it offered a

mechanism for toughening the materials.

In addition, PET can be used to form semi-IPNs with other naturally functiona-

lized triglyceride oils, such as vernonia oil (31). The procedures for PET/vernonia

semi-IPNs are essentially the same as those of PET/castor ones, but with important

differences. For PET/castor mixtures, the diisocyanate cross-linker was added at

240�C and the mixture was poured into the molds rapidly before the castor gel point

had been reached. In this case, PET/castor polyurethane semi-IPNs were formed, in

which crystallization and gelation occurred simultaneously resulting in a single,

broad glass transition temperature. For PET/vernonia, the sebacic acid was added

at 280�C, which reduced the temperature to about 250�C, where the mixture was

held for another 5 min, then poured into a preheated mold and allowed to cool, dur-

ing which time the PET crystallizes. In this case, PET/vernonia polyester network

was formed, and the PET crystallized prior to network formation because the latter
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one took place more slowly. This network displayed two glass transition tempera-

tures. In another case, rather than allowing the mixture to cool, it was kept at 250�C,

which is above the crystallization temperature of PET. Under this condition, the

network is formed prior to crystallization of PET, therefore, the material was

much more rubbery and tough, and it was amorphous. In these semicrystalline

semi-IPNs, network formation before or after crystallization or phase separation

are factors that affect the crystalline and phase morphology considerably. These

factors, in turn, are reflected in the physical properties of the resulting materials.

The amounts of bond interchange, phase separation, crystallization of PET, and net-

work formation of cross-linking are factors that control the morphology and proper-

ties of materials in this and similar polymer systems.

5. CONCLUSIONS

As the world arrives closer to the global realization of our dwindling fossil fuel

resources, concern is increasing about continuity of our way of life, as so much

of the materials and energy we depend on are sourced from petroleum. As scientists

and innovators begin to search in earnest for alternative sources of some of the more

ubiquitous materials in our environment, such as plastics, other important factors,

such as degradability and environmental sustainability, are being considered. Vege-

table oils and other lipids form an important renewable source of such materials,

and based on the work reported here by a growing number of researchers, natural

and modified triacylglycerol oils can be used to produce polymers with important

functional properties. This is an important and growing area of research, and by the

time this chapter has been printed, it will almost certainly be dated, given the rate at

which research is being performed in this area. However, the material presented

here does present a snapshot of the various areas of endeavor to convert TAG

oils into polymers.
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9
Paints, Varnishes,

and Related Products

K. F. Lin

1. RELATIONSHIP OF FATS AND OILS
TO THE PAINT-COATING INDUSTRY

Historically, drying oils have been the major film formers of coatings, including

paints, varnishes, and inks. Although it is not certain whether linseed oil was

used in paints in ancient Egypt, flax was grown and flax seeds were collected at

that time. The early Renaissance was probably the real beginning of paints as we

know them today in the West. The Van Eyck brothers (1388–1441) are said to be

the first to use linseed oil as a binder (1). Whereas in China, tung oil has been used

for centuries as waterproofing caulking or as coating for wood objects including

boats, houses, and furniture.

The first American paint factory was opened in Boston in 1737 by Thomas

Childs (2). The pigment and oil were placed on a granite trough, and a granite

ball, known as the Boston Stone, was then rolled over the mixture to make the paint.

The ball is now preserved and serves as the symbol for the Federation of Societies

for Paint Technology.

The drying oils owe their value as raw materials for decorative and protective

coatings to their ability to polymerize and cross-link, or ‘‘dry,’’ after they have been

applied to a surface, to form tough, adherent, impervious, and abrasion-resistant
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films. Their film-forming properties are closely related to their degree of unsatura-

tion, since it is through the unsaturated centers or double bonds that polymerization

and cross-linking take place. With one exception (to be noted later) the oils used

in paints varnishes and similar products are relatively high in iodine value. In any

given product, there is an optimum degree of reactivity in the oil; the speed with

which the oil dries must be balanced against such factors as elasticity and durability

in the paint film. In general, however, unsaturation is at a premium in paint and

varnish oils, and the oils in greatest demand are those in which drying takes place

most readily.

The form in which drying oils are used in coating applications has gone

through an evolutionary change over time. The simplest and most primitive

way is to use them directly as the film former of a coating. It was discovered that

drying oils may be made more useful by altering their natural state. By aging

in vats, by heating, or by blowing air through, the viscosity and drying character-

istics of the drying oil may be changed enough to improve its general properties for

coating applications. In the case of fast-drying oils with conjugated double bonds,

such as tung, oiticica, and dehydrated castor oil, heat treatment is necessary to

‘‘gas-proof’’ them, so that the oils do not dry into undesirable wrinked and/or

frosted films. The oils are not necessarily used in their original form of triglycerides

for coating applications. It has become a common practice to hydrolyze them first,

and the free fatty acids are then used to synthesize coating resins with certain advan-

tages. Therefore, the term fats and oils includes fatty acids for the purpose of the

discussions in this Chapter, unless otherwise specified. Through progress, people

found that sometimes mixtures of different oils could be used to greater advantage

and that natural gums could be added; thus oleoresinous varnishes were born.

Thereafter, human creativity started to make rapid and diversed progress in the

development of new coating materials, many of which have departed completely

away from the drying oil base.

When the drying characteristics of oils were relied on as the sole (or major) cause

for a varnish-based coating film to dry, those oils belonging to the linolenic or con-

jugated acid groups, such as linseed, perilla, tung, oiticica, and highly unsaturated

winterized fish oils were of the prime interest to coating formulators. Since about

the 1950s, with the advent of synthetic resins, particularly, alkyd resins, it has

become possible to make considerable use of oils with poorer drying character-

istics. Semidrying oils such as soybean oil, safflower oil, and sunflower seed oil

have become viable as raw materials for making ‘‘drying’’ paints. Nondrying oils,

such as coconut oil, are also used in coating materials. However, their function is

primarily that of a plasticizer rather than of an active component for air drying. In

addition, castor oil, a nondrying oil, has been converted chemically by dehydration

to give excellent drying property.

There is no denying that the once prominent position of fats and oils as the most

important raw material for coatings has been greatly eroded by other materials. The

total U.S. consumption of drying and semidrying oils in coating and allied applica-

tions peaked around 1950 at about 1.2 billion lb. It went down steadily thereafter.

According to SRI International (3), the direct use of drying oils accounted for only
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about 4% of the total film formers consumed in the United States in 1990, at about

98 million lb, whereas the consumption of alkyds, urethane alkyds, and epoxy esters

was estimated at 645, 40, and 12 million lb, respectively (4–6). Very little drying oil

is used in paints at present. Drying oils and oxidizing alkyds have been studied as

binders for organic inorganic coatings (4). Urethane coatings are the fastest growing

sector. Use in 2003 was 1:6� 106t (5). Epoxy resins are among the most widely

used (6).

2. A BRIEF OVERVIEW OF THE COATINGS TECHNOLOGY

Modern requirements in protective coatings are extremely diverse and exacting.

They go far beyond the mere necessity of protecting the finished surface from

weather or from ordinary wear or abrasion. Some coatings (e.g., those employed

as electrical insulation) must possess extreme resistance to high temperatures or

to penetration by moisture. Others (e.g., marine varnishes and the enamels for coat-

ing the interior of cans) must withstand prolonged contact with water or aqueous

solutions. Modern assembly-line methods of manufacture produce many particular

requirements and have created a special demand for quick-drying finishes. The wide

distribution of illustrated journals, the proliferation of advertising matter, and the

development of high speed printing processes have greatly elaborated the require-

ments of users of printing inks. Tung and other conjugated oils are particularly

suitable for manufacture of fast-drying finishes, and for a time, the consumption

of these oils increased significantly in response to more exacting requirements

for specialized finishes. New systems based on epoxy resins, urethane polymers,

silicones, and other synthetic intermediates have greatly decreased dependency on

tung oil, and use has shrunk significantly.

The complex and diversified requirements of modern industry have to a large

extent removed the manufacture of paints and varnishes from the category of an

art to that of a science. In most plants, the manufacturing processes are now carried

out under careful laboratory control and are freely modified or revised, whenever

revision is indicated, in accordance with known scientific principles. As a result, the

industry has been able to offer a succession of constantly improved products through

periods of fluctuation in the availability of many important raw materials, pressures

for solvent replacement to meet emerging air quality standards, and extensive pig-

ment reformulation to replace mercury and lead to conform to new federal regu-

lations on toxicity.

A most important development in the modern paint and varnish industry has

been the introduction of synthetic resins as replacements for natural resins in the

manufacture of varnishes and enamels. By using synthetic resins it has been pos-

sible to produce a variety of coatings that, in many cases, have important points

of superiority over any of those compounded from natural resins. The synthetic

vehicles are particularly distinguished by their hardness and durability and their

high degree of resistance to the action of water, alkalies, and other chemical

agents.
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New methods for application of paint films and new procedures for curing have

placed challenging demands on the resourcefulness of the resin chemist. For years

brushing was virtually the only method of application; later, spraying, was used.

Now a host of new application and curing techniques are commonplace. These

include roller coating, dipping, coil coating, powder coating, electrodeposition, hot

spray, fluid bed coating, electrostatic spray, two-component spray, ultraviolet

cure, and electron beam cure.

The two foremost reasons for the decline of the direct use of oils, including

oleoresinous varnishes, for coating applications are performance and environment.

Drying oils by themselves, or even in the form of oleoresinous varnishes, do not

give the drying speed and, sometimes, film properties that would satisfy the modern

needs. The ease in the application and cleaning of latex paints caused oil-based

paint to lose most, if not all, of the trade-sales market. The implementation of

Rule 66 in California was the opening salvo for protecting the environment against

solvent-based coatings of which practically all oil-based coatings belong. Thus the

emphasis has switched to the development and commercialization of other coating

materials or systems that are more environment friendly than oil-based materials.

Indeed, it is quite remarkable that in the face of such severe odds, oil-based mater-

ials have been able to hold ground as well as they have.

There is an extraordinary body of terms used to define various features of pro-

tective coatings. Before discussing paints and varnishes and the particular function

of fats and oils in coatings, it is desirable to review and define some of the language

of the industry.

Protective coatings protect (or decorate) surfaces. Greases, mineral oils, plastic

web coats, and mastic compositions may be used for protection, particularly of

metal surfaces; but in the usual sense, protective coatings are materials that form

durable films adhered to the surface to provide protection.

A varnish is a solvent-thinned combination of a drying oil and a hard resin. Also,

a varnish is the clear film obtained using a varnish as a coating vehicle. By exten-

sion, vehicles used for clear films are called varnishes although the vehicle may be a

true varnish, an alkyd resin solution, a urethane-modified oil, or even a lacquer.

A paint is a pigmented system applied to hide and protect a surface. Paints con-

tain a wide range of ingredients as follows:

The vehicle is the carrier for pigment, consisting of combinations of oils, resins,

polymers, and solvents; the nonvolatile portion is commonly called the binder.

Prime pigments are used for their ability to hide or cover the surface. The term

hiding power is used to describe the relative ability of fixed amounts of

different pigments to cover a surface and depends on the difference in

refractive indices between the pigment and the binder; thus primary pigments

usually have high values in refractive index.

Extender pigments give relatively little hiding, but their cost is lower than that of

prime pigments; they provide control of such properties as flow consistency,

durability, and adhesion.
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Driers are metal salts, especially of cobalt, manganese, zirconium, calcium, and

iron, that accelerate the conversion of the liquid film to a solid; lead was

commonly used as a primary drier, but due to its toxicity, it is rarely used

now.

Solvents or thinners control paint consistency and application properties. Slow

solvents evaporate slowly and leave the film ‘‘open’’ (workable) for longer

periods than fast solvents, which evaporate rapidly; in water-thinned paints,

water is the thinner and there is no control over rate of evaporation.

A variety of other materials may be added for special effects.

Antiskin agents minimize skin formation on the top of the can during use or

storage.

Mildewcides protect the applied film from fungus growth.

Wetting agents or griding aids promote wetting of pigment particles by the

vehicle.

Antiflood and antifloat agents minimize flooding and floating, deficiencies

characterized by separation of colored pigments during drying.

Antisetting agents minimize separation of pigment into a firm or hard mass in

the bottom of the can.

Antisag agents minimize sagging or ‘‘curtaining’’ of wet films during application.

Puffing agents, or thixotropic agents, increase the paint consistency and mini-

mize sagging by giving a thixotropic consistency to paint (a type of behavior

in which the viscosity of the system decreases when agitated, as under the

shear of brushing, and increases when allowed to stand).

Paints are made by grinding pigments in the vehicle. Actually the term grinding

is somewhat inaccurate. The pigments are received from the manufacturer are

already as fine in particle size as they will be in the finished paint. The grinding

operation is designed to break up the aggregates of pigment particles and to dis-

perse them in the vehicle so that each particle is wetted. Griding is usually carried

out in roller mills, in which shear between steel rollers disperses pigments, in ball

mills or pebble mills, in which steel balls or pebbles rotating and rubbing against

each other in a closed cylinder to produce the shear for dispersing the pigment, or in

sand mills, in which agitation of sand causes pigment separation and dispersion. For

products in which a fine grind (fine pigment dispersion) is not required, as in barn

paints or house paints, high speed rotors may be used to grind the paint. In typical

paint manufacture, a paste prepared from all of the pigment and a portion of the

vehicle is subjected to the appropriate grinding technique until the desired fineness

of grind is attained, and the resultant paste is ‘‘let down’’ (diluted) with the remain-

ing portion of vehicle and solvent.

Fineness of grind is commonly expressed numerically using a grind gauge,

which is a shallow wedge cut from polished metal. Paint is filled into the wedge
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and a bar is drawn across the surface. With fine grinds, the paint fills the wedge even

to the shallowest part. With coarse grinds, the paint is pulled away from the shallow

edge of the wedge of the deeper end. The line of demarcation ranging from 0

(very coarse grind) to 8 (ultrafine grind) designated the quality of the pigment

dispersion.

An enamel is a paint based on a vehicle that dries to a considerably harder film

than paints derived from unmodified drying oils. Paints and enamels are classified

by type of finish as follows:

Flat paints or enamels dry to a velvety nonglossy or matte surface.

Semigloss paints or enamels dry to an intermediate gloss range between flat and

glossy.

Gloss paints or enamels dry to a highly reflecting surface.

There are many variations in the nomenclature, and films that are called gloss

films by one observer might be classified as a semigloss by the individual who

demands mirrorlike surfaces. Other designations might be used also such as egg-

shell (between flat and semigloss) or full gloss to differentiate mirror gloss from

normal gloss.

The degree of gloss is measured by a glossmeter, which measures light reflec-

tance at a low angle from the horizontal (20� gloss) or high angle (60� gloss). The

60� reflectance is most common, and although ranges of values are not sharply

divided, the general consensus is as follows:

Since the ability of a surface to reflect light, which gives the gloss measurement,

depends on the smoothness of the surface, one can readily visualize that a coating

with a greater surplus of binder over its pigment content will have a greater ability

to produce a smooth surface, thus high in gloss. Conversely, with a high pigment

content, there will be more pigment particles or aggregates at or near the film sur-

face to cause a scattering of light, thus resulting in low gloss. The amount of pig-

ment in the paint is measured by the pigment volume concentration (PVC), i.e., the

volume percent of pigments in the dried paint film. In solvent-based systems,

products of low PVC (up to 20–25%) are glossy, products in the middle range

Type of Paint 60� Reflectance

Flat 4 or 5 maximum

Eggshell 5–20

Semigloss 20–60 (up to 80)

Low gloss 80 to 90þ
High or full gloss 90 to 98þ
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(25–50%) have a semigloss finish, and products in the high range (45–70) have a

flat or matte surface. Gloss in water-thinned systems does not correspond to the

above, particularly in emulsion systems, because the pigment particles are not

wetted uniformly by the binder. Solvent-thinned paints containing certain ‘‘flatting

agents’’ such as extremely fine silica do not conform to the normal pattern.

Coating systems are divided into two general classifications, depending on the

point of application. Trade sales finishes are purchased by the user in a paint store

or hardware store (or today even in a drugstore or a supermarket) and are applied by

the purchaser, usually by brush or roller. Included are barn paints, house paints, trim

paints, varnishes, porch and deck enamels; wall paints, architectural enamels, and

similar user-applied finishes. Industrial finishes are applied to objects by the manu-

facturer, usually by spraying, dipping, roller coating, air knife, or other high speed

production application methods, and they are usually force dried by baking. Imple-

ment, automotive, appliance, and furniture finishes are typical industrials.

Finishes are also described by the function of the paint. A primer is used to coat

the original surface. Its major functional property is good adhesion. Protection

against corrosion is an especially important characteristic of metal primers. Hiding

is a secondary function.

A sealer is a primer whose major function is covering a porous surface such as

plaster, gypsum board, or paperboard with a surface coating that exhibits a mini-

mum penetration into the surface. Good sealing prevents ‘‘ghosting,’’ a film defect

in which variation in penetration causes gloss differences and visual color differ-

ences in the final coat. A typical ghosting effect is obtained in painting wallpaper

in which the pattern can show through multiple coats because of the variability in

porosity of the substrate.

A sanding sealer is designed for easy sanding after short dry so that smoother top

coats can be attained. Sanding sealers are most important in furniture finishes and

industrial finishes such as automotive systems.

An undercoat is another name for primer or sealer, especially as an enamel

undercoat, which serves to supply a uniform base for an enamel so that there

will not be a wide variation in gloss. Undercoats may be applied over sealers.

The top coat or finish coat is the outside layer of paint applied over the primer

or sealer.

The specification of products for coating applications involves a large number of

factors, including color and color retention of films, rate of setup, bakability, rate of

cure of films, hardness of films, adhesion, wetting action in grinding with pigments,

flexibility and retention of flexibility on aging, reactivity with pigments, reactivity

with driers, water resistance, alkali resistance, solvent resistance, viscosity, visco-

sity stability in the package as clear products or in pigmented systems, thermo-

plasticity, durability, compatibility with other film-forming agents, mar resistance,

abrasion resistance, stain resistance, performance in the varnish kettle, gloss, gloss

retention, etc. Obviously, no single product can be optimum in all of these character-

istics, and in each use a compromise must be made to provide the best performance

in the intended usage.
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3. FILM DRYING PROCESS OF OIL-BASED
COATING MATERIALS

3.1. Drying of a Nonconjugated System

As mentioned earlier, it is through the unsaturated centers or double bonds of the

fatty acids in drying oils that polymerization and cross-linking, i.e., drying, takes

place. Hence, oils are conventionally classified, based on their iodine values into

three groups: drying, semidrying, and nondrying. The generally accepted demarca-

tions are, respectively, >140, 140–125, and <125. These numbers are, more or less,

arbitrarily assigned. When the oil contains conjugated double bonds, the iodine

values determined are usually low due to incomplete halogen absorption. Such a

classification can only be used for a rough guidance.

Wicks and Jones (7) suggested that the methylene groups between two double

bonds, i.e., the CH2 groups allylic to two C����C groups, are much more reactive than

those being allylic to only one C����C group and are mostly responsible for the dry-

ing of the nonconjugated oil. Thus the average number of such groups fn in an oil

molecule serves as a better indicator for the drying characteristics of the oil. An oil

with an fn value of greater than 2.2 is a drying oil, those with fn values somewhat

less than 2.2 are semidrying, and there is no sharp dividing composition between

semidrying and nondrying oils, according to the authors. While such a classification

system does have merits over the conventional way (based on iodine value), it does

not provide a ‘‘rule’’ for classifying oils with conjugated unsaturation.

The chemical mechanism of drying has been established as an oxidative radical

chain reaction process, which has been summarized as follows (8):

1. A period of induction at the beginning of the reaction during which no visible

change in physical or chemical properties in the oil is noticed; natural

antioxidant compounds are consumed during this period.

2. The reaction becomes perceptible and oxygen uptake is considerable; discrete

interaction of oxygen and olefins takes place followed by the formation of

hydroperoxides.

3. Conjugation of double bonds occurs accompanied by isomerization of cis to

trans unsaturation.

4. The hydroperoxides start to decompose to form a high free-radical concen-

tration; the reaction becomes autocatalytic.

5. Polymerization and scission reactions begin and yield high molecular weight

cross-linked products and low molecular weight carbonyl and hydroxy

compounds; carbon dioxide and water are also formed and are present in

the volatile products of film formation.

It is now generally believed that the induction is slow at first but is autocatalytic

and the rate increases steadily. The rate depends on the reaction conditions such as

temperature, light, and traces of heavy metals or inhibitors in the oil or coating (9).
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The active sites are the allylic carbon a to a double bond, especially those a to

two double bonds with one on each side, such as carbon number 11 in a 9,12-octa-

decadienoic (linoleic) acid and proceeds through the following mechanism:

CH CH CH2 CH CH

−H

CH CH CH CH CH
CH CH CH CH CH
CH CH CH CH CH

O2

CH CH CH CH CH

OO

CH CH CH CH CH

OO

CH CH CH CH CH

OO

H

CH CH CH CH CH

OOH

CH CH CH CH CH

OOH

CH CH CH CH CH

OOH

Abstraction of a hydrogen atom

Resonance hybrid free radicals

Three possible peroxy radicals

Addition of hydrogen atom abstracted
from another linoleate molecule

Three possible hydroperoxides, two of
which are conjugated

The initial step is believed to be the dehydrogenation from the a-methylene group

to form a radical. Since such a hydrogen extraction would require a considerable

amount of energy, a number of investigators proposed that the hydrogen is removed

through reaction with a free radical. Thus a radical, A � , abstracts a hydrogen from a

molecule of linoleate, RH, to form the radical R � ,

RHþ A� ! R � þAH

Since the radical is allylic to the double bonds on either side of it, resonance hybrid

free radicals are formed resulting in shifting the double bonds to a conjugated posi-

tion. This is then followed by:

R � þO2 ! RO2�
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and

RO2 � þRH! ROOHþ R�

The net reaction is hydroperoxide formation:

RHþ O2 ! ROOH

During the oxidation to form hydroperoxides, the natural cis,cis unsaturation of

linoleate is converted to cis, trans and trans, trans isomers. Privett and co-workers

(10) concluded that at least 90% of linoleate hydroperoxide preparations are conju-

gated. When the oxidation is conducted at 0�C the hydroperoxides are predomi-

nately cis, trans isomers, but room temperature oxidation produces a large

amount of trans, trans unsaturation (11, 12). Ethyl or methyl linoleate hydroperox-

ides are relatively low melting and as a result purification by crystallization is dif-

ficult. Bailey and Barlow (13) prepared high melting p-phenylphenacyl linoleate,

oxidized the ester in benzene solution, and isolated virtually pure hydroperoxide

by crystallization. Infrared spectra of the 99% purity p-phenylphenacyl linoleate

hydroperoxide correspond to a trans, trans conjugated isomer.

The autoxidation of linoleate described above shows the characteristic features

of a chain reaction involving free radicals. Materials that decompose to form free

radicals catalyze the reaction even when present in very low concentrations to

produce high yields of hydroperoxides; initiation of the reaction by light can pro-

duce quantum yields much greater than unity and easily oxidized substances that

consume free radicals, but do not themselves undergo significant autoxidation,

can markedly inhibit the chain reaction.

Although there is quite general agreement on the mechanism of the chain pro-

pagation reaction, there is much less unanimity of opinion on the primary reaction

to produce the radicals (indicated as A � above) responsible for the initiation of the

chain reaction. Originally, it was proposed that hydroperoxides are the initial pro-

ducts of autoxidation (14, 15). Primarily because of the high energy requirement for

rupture of the a-methylenic carbon–hydrogen bond several authors (16–19) almost

simultaneously concluded that the initial point of oxidative attack was the double

bond and not the a-methylene group, although some (16) proposed a limited attack

at the double bond to produce radicals in sufficient amount to initiate the chain reac-

tion through the a-methylenic carbon.

Kahn (20) questioned the formation of a diradical and proposed direct addition

of oxygen to a double bond to form a cyclic transition state, which breaks down

to yield the hydroperoxide. The theory of oxidation has received little support,

because it does not explain the inhibitory effect of free-radical acceptors in the ini-

tial stages of autoxidation.

It has been contended that the direct attack of oxygen on the double bond has

low thermodynamic probability (21, 22), and it has been considered that trace metal

contaminants catalyze the initiation of autoxidation by producing free radicals

through electron transfer. Alternative pathways are as follows, using cobalt as an
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example of a metal that can facilely shift valence states in oxidation–reduction

reactions:

1. Reduction activation of trace hydroperoxides in the system yields free

radicals.

Co2þ þ ROOH! Co3þ þ OH� þ RO�

2. Direct reaction of a metal ion with oxygen:

Co2þ þ O2 ! Co3þ þ O�2 �

The O�2 � radical ion reacts readily with a proton to form the HO2� radical,

which can initiate the chain reaction of oxidation.

3. Complex reaction of metal compounds with oxygen and subsequent forma-

tion of an HO2� radical.

Co2þ þ O�2 ! Co3þ � O2

Co3þ � O2 þ XH! Co3þ þ X� þ HO2�

4. Oxidation by electron transfer of the a-methylenic group by the metal ion.

Co3þ þ RH! Co2þ þ Hþ þ R�

According to Uri (21) the kinetic and thermodynamic probabilities for formation of

free radicals by the metal-catalyzed initiation reaction are considerably more favor-

able than the Bolland and Gee (16) proposal of diradicals by direct oxidation of a

double bond.

Once hydroperoxides are formed, even in trace amounts, they can play a

profound role in the autocatalysis. Monomolecular decomposition yields two free

radicals:

ROOH RO HO+

A bimolecular reaction, perhaps proceeding through intermediate hydrogen bond-

ing, is more probable:

ROO
     H

HOOR [ROO
     H

HOOR] HOH RO RO2+ + +

Either the monomolecular or the dimolecular decomposition serves to feed new

radicals into the reaction to initiate the chain reaction of autoxidation. These radicals

may further react through different paths. They may follow a radical chain mechan-

ism or other well-known radical reactions, such as coupling or disproportionation.
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The reactions may lead to the formation of dimers or polymers or may achieve

cross-linking, resulting in an insoluble, infusible film (i.e., drying). Apparently,

the dominant reaction path depends on the temperature. At room temperature,

mostly C��O��C bonds are produced, whereas C��C bonds are predominantly

formed under baking conditions.

The free radicals may also undergo chain cleavage reactions. Low molecular

weight by-products, such as water, carbon dioxide, aldehydes, ketones, and alcohols

may be formed, which cause the odor and taste of the oils. The strong odor of

rancid soybean oil was shown to be caused by 2-pentylfuran found in oxidized oil

in storage (23).

Chemically, the air-drying of a nonconjugated oil such as linseed is character-

ized by the adsorption of 12–16% by weight of oxygen. The reactivity of drying

oils is based on the mesomeric stabilization of the radical intermediate: the un-

paired electron is delocalized over several carbon atoms, and less energy is required

to eliminate the proton as illustrated below (24).

3.2. Drying of a Conjugated System

Tung oil, whose dominant feature is the conjugated cis, trans, trans-9,11,13-octa-

decatrienoic acid, a-eleostearic acid, dries to a coherent film with absorption of

only 5% by weight of oxygen. Privett (25) suggested oxidation through 1,2- or

1,4-addition to the diene system to yield noncyclic peroxides. Faulkner (26) iden-

tified 1,6-peroxide in addition and suggested that the autoxidation does not proceed

via hydroperoxide groups but rather via cyclic peroxides. It has also been found that

the triene content decreased and the diene content increased in proportion to the

absorption of oxygen (27, 28). The main reaction is believed to consist of a direct

attack by oxygen on the C����C double bonds to form cyclic peroxides and dienes.

The peroxides then react with allylic methylene groups or thermally dissociate to

give radicals, initiating a radical chain reaction mechanism, forming polymers via

C��C or C��O��C bonds (29).

4. OLEORESINOUS VARNISHES

As noted, coating systems were advanced from oil-only vehicles to oleoresinous

varnishes for improved performances. These are basically oils that have been

Activation Energy Relative Rate

Triglycerides Mesomers (kJ/mol) of Oxidation

Stearate a 415 0

Oleate 2 335 1

Linoleate 5 289 120

Linolenate 11 168 330

aSaturated molecules.
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‘‘hardened’’ or modified by treatment with one or more suitable resins, natural

or synthetic. The oils and resins are combined, usually by heating together

at temperatures of 250�C or above, until a homogeneous mixture is formed. In

most cases, it is simply a case of dissolving the resin or resins in the oil. In

some cases, chemical reaction may have taken place between the resin and the

oil, such as that between the methylol groups of a ‘‘heat-reactive’’ phenolic resin

and the double bonds of a drying oil in forming a chroman ring structure as shown

below (30):

OH

R

CH2OHHOH2C

+

R′
CH

CH

R′′

O

C

CH
CH

R

R′

H R′′
HOH2C

Chroman ring structure

The major improvements obtained by incorporating resins into drying oils are faster

drying, greater film hardness, higher gloss, better water and chemical resistance,

and greater durability. The degree of property change depends on the type and

the amount of the resin incorporated in the oil. Varnish makers express the oil to

resin ratio in terms of oil length, which is defined as the number of gallons of oil

used per 100 lb of the resins in the varnish. Varnishes are categorized according to

their oil length as short- (5–15 gal), medium- (16–30 gal), and long-oil (30þ gal)

varnishes. These demarcations are somewhat arbitrary and not universally agreed.

From oleoresinous varnishes, the coatings industry progressed into alkyd resins.

While one might say that this was only an evolutionary change, it nevertheless did

open a new horizon for coating technologists and has been responsible for the long-

evity of oil-based coating materials. It behooves us to take a more comprehensive

look at the various aspects of alkyd resins.

5. ALKYD RESINS

Alkyd resins have been the workhorse for the coatings industry over the last half

century. The term alkyd was coined to define the reaction product of polyhydric

alcohols and polybasic acids, in other words, polyesters. However, its definition

has been narrowed to include only those polyesters containing monobasic acids,

usually long-chain fatty acids. Thus thermoplastic polyesters typified by polyethy-

lene terephthalate (PET) used in synthetic fibers, films, and plastics and unsaturated

polyesters typified by the condensation product of glycols and unsaturated dibasic

acids (which are widely used in conjunction with vinylic monomers in making

sheet molding compounds or other thermosetting molded plastics) are not consid-

ered as part of the alkyd family and are beyond the scope of the present discussion.
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The first appearance of the term alkyd resin in the subject index of Chemical

Abstracts was in 1929, under ‘‘resins.’’ It was not until 1936 that alkyd resins was

listed in its alphabetical place, but still appeared as ‘‘see resinous products.’’ The

proliferation of literature on alkyd resins peaked in the 1940s through the 1960s.

Research activities on alkyds in the United States, as indicated by the number of

publications, has apparently tapered off in the last two decades. Readers who are

alkyd history buffs can find more detailed historical reviews (31–34).

In spite of the challenges from many new coating resins developed over the

decades, alkyd resins, as a family, have maintained a prominent position even until

today. There are two major reasons for such sustained popularity. First, alkyds are

extremely versatile. An alkyd technologist can choose from a large variety of reac-

tion ingredients and at widely different ratios to tailor the structure and properties

of the resin or to obtain similar resin properties from different ingredients, as their

availability or cost may sometimes so dictate. For almost any given coating appli-

cation, from baking enamels for appliances to flat house paints to clear wood

finishes, one can design an alkyd resin to meet the property requirements. The

second reason is that alkyd resins can be made at relatively low cost. Most of

the raw materials are fairly low cost commodity items, and major capital investment

and high processing cost are not needed to produce the resins.

5.1. Basic Reactions and Resin Structure

The main reactions involved in alkyd resin synthesis are polycondensation by ester-

ification and ester interchange. If one uses the following symbols to represent the

basic components of an alkyd resin: O R

O

O , a polyol molecule or radical;

X��A��X, a polybasic acid molecule or radical; and X��F, a mono-basic acid mole-

cule or radical, a schematic representation of the resin molecule can be given (Fig-

ure 1). As Figure 1 implies, there is usually some amount of residual acidity along

with free hydroxyl groups left in the resin molecules. The structure-property rela-

tionship and the principles commonly followed to design the resin structure will be

discussed below.

5.2. Classification of Alkyd Resins

Alkyd resins are usually referred to by a shorthand description based on a certain

way of classification or a combined classification, from which the general properties

Figure 1. Schematic representation of an alkyd resin molecule.
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of the resin become immediately apparent. The commonly used bases for classi-

fication are as follows.

Drying versus Nondrying, and the Specific Source of Fatty Acids. Alkyd resins

can be broadly classified into the drying type and the nondrying type, depending on

the ability of their film to dry by air oxidation. This drying ability is derived from

the polyunsaturated fatty acids in the resin composition. If drying oils, such as

linseed oil, are the sources of the fatty acids for the alkyd, the resin would belong

to the drying type and is usually used as the film former of coatings or inks. On the

other hand, if the fatty acids come from nondrying oils, such as coconut oil, the

resin would be a nondrying alkyd. They are used either as plasticizers for other

film-formers, such as in nitrocellulose lacquers, or are cross-linked through their

hydroxyl functional groups to become part of the film former. More frequently,

an alkyd resin is classified by the source of the fatty acids, e.g., a linseed alkyd,

a tung oil-modified soy alkyd, and a coconut alkyd.

Classified by Oil Length or Fatty Acid Content. Probably inherited from oleo-

resinous varnish practice but with a different way of expression, alkyd resins are

also classified by their oil length. For an alkyd resin, the oil length is defined as

the weight percent of oil or triglyceride equivalent, or alternatively, as the weight

percent of fatty acids in the finished resin, for example, the resin represented in Fig-

ure 1. The structure indicates that the molar ratio of these three ingredients is

4 : 4 : 3. Assume that the polyol is glycerol, the polybasic acid is phthalic anhydride,

and the fatty acids came from soybean oil with an average molecular weight of 280.

The formula weight of the resin would be 1674 and the triglyceride equivalent of

the fatty acids would be 878, thus the oil length would be 52.4%. Alternatively, the

above resin would be described as one having 50.2% fatty acids. Since the over-

whelming majority of alkyd resins are based on phthalic anhydride, it is also

customary to describe an alkyd in terms of its phthalic anhydride content in per-

cents based on the finished resin.

By this approach, alkyd resins are classified into four classes:

It should be noted that these demarcations are arbitrary and may vary from author to

author. Furthermore, the boundaries are usually not clear-cut.

More frequently, alkyd resins are described by a combined classification in terms

of their oil length, the type of fatty acids, and any unusual ingredients. Such

descriptions as an isophthalic, very long tall oil alkyd or a medium oil dehydrated

castor-PE (the PE refers to pentaerythritol, not polyethylene) alkyd or a short oil

lauric-benzoic alkyd would immediately project the general properties of the resin.

Percent Fatty Percent Phthalic

Resin Class Percent Oil Acids Anhydride

Very long oil >70 >68 <20

Long oil 56–70 53–68 20–30

Medium oil 46–55 43–52 30–35

Short oil <45 <42 >35
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5.3. Oil Length–Resin Property Relationship

Obviously, the oil length of an alkyd resin has profound effects on the properties of

the resin. A few of these effects are discussed below.

Effect on Solubility. At long oil lengths, the aliphatic hydrocarbon chains of the

fatty acids constitute the major portion of the mass of the resin molecules; there-

fore, the resin would be soluble in nonpolar aliphatic solvents. Conversely, as the

oil length decreases and the phthalic content increases, the aromaticity of the resin

molecules increases, and the aromaticity and/or the polarity of the solvent will also

need to be increased to dissolve the resin effectively.

Effect on Drying Characteristics. Alkyd resin molecules have a comblike struc-

ture, with a thermoplastic polyester backbone and dangling fatty acid side chains.

Each of these two fractions contributes to the drying, or film-forming, characteris-

tics of the resin. The backbone fraction dries by solvent release, similar to a lacquer

material, whereas the side chain fraction dries in a manner similar to the oil from

which the fatty acids came. Therefore, short oil alkyds develop a surface dryness

relatively quickly due to a faster solvent release, which is often further facilitated

by the fact that the solvents used have high volatility. However, their through-dry in

air is usually slower, because the fatty acid side chains are fewer in numbers and

more scattered in space to cross-link with each other through the action of oxygen,

and the dry surface would impede the transportation of air oxygen to reach down

into the film. On the other hand, long oil alkyds are relatively slow in reaching the

‘‘set-to-touch’’ stage of surface drying, but the greater abundance of fatty acid side

chains and the relative openness of the film surface would facilitate the film to reach

through-dry.

Other trends of changing properties (Table 1) would become obvious, consi-

dering how the structure of resin molecules would change with oil length. Theoreti-

cally, one could design and make alkyd resins at almost any oil length. However, for

any given set of starting ingredients, as the oil length goes up, it will reach a point

TABLE 1 Trends of Property Changes with Oil Length of Alkyd

Resinsa.

Oil Length Long Medium Short

Requirement of aromatic, polar solvents ������������������������������!
Compatibility with other film formers ������������������������������!
Viscosity ������������������������������!
Ease of brushing  ����������������������������������������
Air dry time, set-to-touch,  ��������������������������������������
Through-dry  ���������������� ���������������!
Film hardness ������������������������������!
Gloss ������������������������������!
Gloss retention ������������������������������!
Color retention ������������������������������!
Exterior durability  ���������������� ���������������!
aPrimarily referring to drying-type alkyds.
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where the maximum extent of fatty acid modification of the polyester molecules has

been achieved, and any additional amounts of fatty acids or oil remain as separate

entities, blended with the polyester molecules. Refer again to the resin structure in

Figure 1. If the molar ratio is 1 : 1 : 1 among glycerol, phthalic anhydride, and soy

acids and the reaction was carried to completion, the resin would have an oil length

of 60.5%, or 57.9% of fatty acids. There is no more room in the resin structure to

accommodate any additional amount of fatty acid. Therefore, with those three

ingredients, if the oil length exceeds 60.5%, the excess amount of oil would only

be retained in the resin as a blend. Obviously, the ‘‘very long oil’’ types of alkyd

resins would almost certainly be resin–oil blends.

The maximum oil length of an alkyd resin (before it becomes a resin–oil blend)

depends on the molecular weight of the ingredients as well as the functionality of

the polyol. If the C18 soy fatty acids in the above example is replaced with C12

lauric acid, the transition would be reached at 52.6% oil. On the other hand, if a

tetra-hydroxyl polyol, such as pentaerythritol, replaces glycerol, the stoichiometry

would allow 2 moles of fatty acids, for every 1 mole of phthalic anhydride and

pentaerythritol. Thus theoretically, the maximum amount of soy fatty acids that

may be chemically combined in the resin structure would be 70.9%, equivalent

to a 74.1% oil length.

5.4. Major Ingredients

Each of the three principal components of alkyd resins—the polybasic acids, the

polyols, and the monobasic acids—has a large variety to be chosen from. The selec-

tion of each one of these ingredients will affect the properties of the resin. As will

be shown later, the choice of ingredients may even affect the choice of manufac-

turing processes. To both the resin manufacturers and the users, the selection of the

proper ingredients is a major decision.

Polybasic Acids and Anhydrides. The major types of polybasic acids used in

alkyd preparation are as follows.

Phthalic anhydride is by far the most important dibasic acid used in alkyd prepara-

tion, because of its low cost and the excellent overall properties it imparts to the

Molecular Equivalent

Type Weight Weight

Phthalic anhydride 148 74

Isophthalic acid 166 83

Maleic anhydride 98 49

Fumaric acid 116 58

Adipic acid 146 73

Azelaic acid 160 80

Sebacic acid 174 87

Chlorendic anhydride 371 185.5

Trimellitic anhydride 192 64
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resin. Its anhydride structure allows a fast esterification to form half-esters at rela-

tively low reaction temperatures without liberating water, thereby avoiding the dan-

ger of excessive foaming in the reactor. However, since the two carboxyl groups of

phthalic anhydride are in the ortho position to each other on the benzene ring,

cyclic structure may and does occur in the resin molecules. Consequently, the

development of chain length of the polymer would be restricted, and the average

molecular weight would tend to be low. Phthalic anhydride has a tendency to sub-

lime. (Heat of sublimation: 143 g-cal/g; heat of vaporization: 87.2 g-cal/g.) There-

fore, care must be taken to prevent its loss.

Isophthalic acid is the meta isomer of phthalic acid. Since the two carboxyl

groups are adequately separated, the chances of forming a cyclic structure in the

resin molecules are greatly diminished. Therefore, isophthalic alkyds usually attain

higher molecular weight and show much higher viscosity than their phthalic coun-

terparts at the same oil length. This is the major motivation for resin manufacturers

to use isophthalic acid for the preparation of long oil alkyds. Another major

advantage of isophthalic acid is that the resultant alkyd resins show much higher

thermal stability than the phthalic type (35). In spite of these advantages, isophtha-

lic acid has not gained the same popularity as phthalic anhydride in alkyds, because

the resin making process is much more complicated and difficult than that with

phthalic anhydride. Its melting point (350�C) is much higher than that of phthalic

anhydride (131�C), and it has a low solubility in the initial alkyd reactants, which

causes the reactants to stay as a two-phase solid–liquid system and does not become

clear until the reaction is near complete (36, 37). The diacid does not readily form

half-esters at relatively low reaction temperature as would the anhydride, and twice

as much water will be formed and needs to be removed from esterification. Usually,

additional care and equipment are needed for the higher processing temperature

required for isophthalic acid.

The para isomer terephthalic acid may also be used for making alkyds. The

resultant resins showed even better thermal stability than isophthalic alkyds (35).

However, it has all the disadvantages of isophthalic acid and is more expensive.

It is rarely used in making alkyd resins.

Maleic anhydride is sometimes used for partial substitution of phthalic anhy-

dride in making alkyds. It imparts vinylic unsaturation functionalities in the back-

bone chain of the resin molecules, which allows the resin to be grafted with styrene,

acrylic esters, or other vinyl monomers. The presence of a small amount of maleic

anhydride, up to 10% on molar base of the total dibasic acids, in the resin formula-

tion would accelerate the viscosity increase during the resin manufacturing process.

The resins usually dry more rapidly and give harder films with improved color,

adhesion, water resistance, alkali resistance, and exterior durability. However, the

resin cooking process needs to be monitored and controlled with greater care, parti-

cularly when it is near the desired end point, to prevent gelation. Fumaric acid, the

trans isomer of maleic acid, may be used in an equivalent manner.

Maleic and fumaric acid can also be, and are often, incorporated in alkyd resins

in the form of the Diels-Alder adduct of rosin. The adducts are tribasic acids. They

provide one of the means to impart pendant carboxyl groups in the resin molecules,
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which can then be saponified to give ionic and, in turn, water-soluble characteristics

to the resin. Alkyds containing maleic–rosin adducts often have poorer color reten-

tion, toughness, gloss retention, and exterior durability.

Aliphatic dibasic acids, such as succinic, adipic, azelaic, and sebacic acids have

also been used to make alkyd resins. Their linear and flexible chain structure lends

higher flexibility and lower viscosity to the resin than the rigid aromatic rings of

phthalic acids.

Chlorendic anhydride is the Diels-Alder adduct of maleic anhydride and hexa-

chlorocyclopentadiene. It is also known as hexachloro-endo-tetrahydrophthalic

(HET) anhydride. The major interest of the alkyd industry in this material is that

the resultant resins contribute to the flame retardancy of the coatings. It has been

reported to give a greater reaction rate than phthalic anhydride, such that at 204–

210�C (400–410�F) the reaction rate approximates that of phthalic anhydride at a

temperature of 238�C (460�F) (38). However, the resins are prone to develop darker

color, particularly at high processing temperature. Tetrachlorophthalic anhydride,

made by conventional chlorination of phthalic anhydride, would also impart flame

retardancy to its alkyds. However, it is appreciably less soluble in the usual proces-

sing solvents than is phthalic anhydride and is reported to be of appreciably lower

chemical reactivity (39).

Trimellitic anhydride (TMA), 1,2,4-benzenetricarboxylic acid anhydride, has

gained greater prominence in recent years due to the greater interest in water-

soluble alkyds. A partial substitution of the phthalic anhydride with TMA gives a

measured quantity of pendent carboxyl groups for water solubilization with

ammonia or other suitable base. The anhydride hydrolyzes to the acid form simply

by allowing it to stand in open containers. Premature cross-linking of alkyd resins

formulated with a high content of TMA would occur at high acid numbers when

large amounts of trimellitic acid are present (40).

Polyhydric Alcohols. The major types of polyol used in alkyd synthesis are as

follows.

Pentaerythritol (PE) is one of the most important polyols used in alkyd resins. Its

molecular structure, four methylol groups (CH2OH) surrounding a center carbon

atom, is the basis for its many interesting attributes. The four equal and highly

Molecular Equivalent

Type Weight Weight

Pentaerythritol 136 34

Glycerol 92 31a

Trimethylolpropane 134 44.7

Trimethylolethane 120 40

Ethylene glycol 62 31

Neopentyl glycol 104 52

aSince glycerol is usually supplied at 99% purity (1%

moisture), its equivalent weight is commonly assumed to

be 31 in recipe calculations.
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reactive primary hydroxyl groups make it versatile for designing resin structures,

and the neopentyl core structure lends stability against heat, light, and moisture.

As a result, alkyds based on PE usually are superior to their counterparts based

on glycerol in viscosity, drying properties, film hardness, gloss retention, color

and color stability, humidity resistance, thermal stability, and exterior durability.

On the other hand, its high functionality demands that the resin composition be

more carefully designed and the synthesizing process be more carefully monitored

and controlled to reduce or eliminate the tendency of gelation. Dipentaerythritol

and tripentaerythritol are linear dimer and trimer of PE. They are hexa- and octa-

functional polyols, respectively. Technical grades of PE usually contain small or

trace quantities of di- and tri-PE that were not completely removed in the manufac-

turing process. The high functionality of these materials makes them impractical to

be considered as the sole or major polyol of an alkyd resin.

Among the triols, glycerol is undoubtedly the most important one in alkyd tech-

nology. Natural fats and oils are triglycerides. Therefore, whenever oils are used

directly as the source of fatty acids in an alkyd resin, glycerol will automatically

be a part of the polyols of the resin. Besides the difference in functionality, the

major difference between glycerol and PE is that one of the hydroxyl groups in

glycerol is secondary, which has lower reactivity than primary hydroxyl groups.

This often manifests itself as if glycerol had a de facto functionality of less than

3. Consequently, a larger excess of glycerol would be required in the resin formulas,

which would result in poorer resin properties as a coating material. At high tempe-

ratures, the proton on the secondary carbon in glycerol may undergo a dehydration

reaction with one of the primary hydroxyl groups on the adjacent carbon atom to

give water and acrolein, whereas such reaction is not possible with PE. Glycerol

alkyds are more prone to thermally decompose to give color bodies, resulting in

darkening of the resin.

Trimethylolethane and trimethylolpropane are synthetic triols. Like PE, they

have the neopentyl structure and equivalent primary hydroxyl functional groups.

Therefore, they also yield alkyds with better resistance to heat, light, moisture, and

alkali than glycerol. They have one less hydroxyl group than PE, and the equivalent

weights of these polyols are higher than that of PE. Trimethylolethane has been

reported to give alkyds that are faster drying and higher in film hardness than tri-

methylolpropane (41), whereas trimethylolpropane was claimed to give alkyds with

better water and alkaline resistance, color and color retention, and impact resistance

than trimethylolethane (42).

Diols such as ethylene glycol, propylene glycol, and neopentyl glycol are some-

times used as part of the polyols in alkyd formulations primarily for the purpose of

regulating the functionality of the reaction system. Their relatively low boiling

points, (197, 188, and 207�C), respectively, for the above three glycols) require that

special precautionary measures be taken during the resin manufacturing process.

Analogous to the use of linear a,o-dibasic acids (such as adipic and sebacic),

polyols with long, flexible chains between hydroxyl groups (such as 1,4-butanediol,

1,6-hexanediol, and diethylene glycol) may also be used to impart greater flexibility

in the resin.

326 PAINTS, VARNISHES, AND RELATED PRODUCTS



It should be pointed out that under high temperatures, such as those used for

alkyd resin synthesis, and in the presence of high acidity, etherification between

the hydroxyl groups of two polyol molecules may condense them into a new polyol

with a functionality of nþ n0 � 2, where n and n0 are the numbers of hydroxyl

groups of the two original molecules. The introduction of such high functionality

polyols plus the net reduction of total available hydroxyl groups can lead to an

increased danger of gelation during the poly-condensation process.

Monobasic Acids. The overwhelming majority of monobasic acids used in alkyd

resins are long-chain fatty acids of natural occurrence. They may be used in the

form of oil or free fatty acids. Free fatty acids are usually available and classified

by their origin, viz., soy fatty acids, linseed fatty acids, coconut fatty acids, etc. The

fatty acid composition of various types of fats and oils that are commonly used in

alkyd resins are given in Table 2.

The drying property of alkyd resins reflects directly that of the oil or fatty acids

in the resin structure, discussed earlier. It should be pointed out that alkyds based on

conjugated unsaturated fatty acids, such as those from tung and oiticica oils, dry so

fast that if not properly moderated, the surface layer will dry long before the under-

layer, resulting in a wrinkled surface due to the stresses created in the dried surface

layer. Therefore, in alkyd resins, tung oil and oiticica oil are primarily used to fur-

nish a minor portion of the fatty acids to improve drying properties. Even so, great-

er care must be exercised during the manufacturing process to avoid gelation, which

is caused by the dimerization of the fatty acid chains through a Diels-Alder addition

between the conjugated diene structure on one molecule and a double bond on

another molecule. It should be noted that nonconjugated diene groups, such as those

in linoleic and linolenic acids, may undergo isomerization to become conjugated.

Furthermore, ene-reaction could also occur between two unsaturated fatty acid

chains, which leads to gelation.

Rheineck and co-workers (44) have found that linolenic acid is responsible for

the high yellowing tendency of alkyds based on linseed oil fatty acids. Therefore,

alkyds intended for making white or light color enamels should avoid high linolenic

content fatty acids by choosing soy oil, safflower oil, or dehydrated castor oil

(DCO). Alkyds made with nondrying oils or their fatty acids have excellent color

and gloss stability. They are frequently the choice for white industrial baking enam-

els and lacquers.

Since the mid-1950s, tall oil fatty acids (TOFA) have become available in good

quality and large quantities. Refined grades of TOFA have degrees of unsaturation

rivaling that of soy acids. Since it is a year-round by-product from the paper indus-

try, its supply and price are more stable than agricultural products like soy fatty

acids. It is used extensively in medium- to long-oil alkyds, virtually as equivalent

to soy fatty acids. Although the minor quantities of rosin acids in TOFA may impart

some yellowing tendency, its lack of linolenic acid may be more than enough to

give as good or even better color retention than soy fatty acids. The typical proper-

ties of refined grades of commercial TOFA are given in Table 3.

A number of monobasic acids that are not derived from fats and oils have been

used in alkyd resins. However, except in the rare cases of making the so-called
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TABLE 2. Fatty Acid Compositions of Fats and Oils Commonly Used in Alkyd Resins.

Fatty Acid Composition (Percent by Weight)

Oil Iodine Value Saponification Value Saturateda Palmitoleic Oleic Linoleic Linolenic Other

Castor 85.8 195 2.4 — 7.4 3.1 — Ricinoleic, 87.0; dihydroxystearic, 0.6

Castor, 125–135 191 2.4 — 8.0 86 3.0 About 33% of the linoleic is

dehydrated 9,11-conjugated.

Coconut 8.7 257 76.6 — 5.7 2.6 — Caprylic, 7.9; capric, 7.2; of the

saturated, lauric, 48.0 and

myristic, 17.5

Cottonseed 105.0 196 27.2 2.0 22.9 47.8 — Tetradecenoic, 0.1

Linseed 180 191 9.3 — 19.0 24.1 47.4 Lignoceric, 0.2

Menhaden 148–185 191 24.0 15.0 30.0 — — Highly unsaturated

C20H2(20� x)O2, 19; and

C22H2(22� x)O2, 12.b

Oiticica 192 11.3 — 6.2 — — Licanic, 82.5

Peanut 93.3 190 13.8 1.7 54.3 26.0 — Arachidic, 2.4; behenic 3.1:

lignoceric, 1.1

Rapeseed 102.3 175 6.1 1.5 12.3 15.8 8.7 Behenic, 0.7: lignoceric, 0.8;

eicosenole, 4.8; erucle, 47.8;

docosendienole, 1.5

Safflower 136.2 191 6.0 — 32.8 61.1 1

Soybean 132.6 193 13.4 1.0 23.5 51.2 8.5 Saturated C20-C24, 2.4

Sunflower 130.8 188 7.1 — 34.0 57.5 — Lignoceric, 0.4

Tung 192 5.0 — 5.0 3.0 — Eleostearic, 87

aAliphatic monocarboxylic acids, C12 to C20, principally palmitic and stearic.
bx ¼ 4� 10.

Owing to incomplete halogen absorption, iodine values for conjugated acid oils by the usual methods (Wijs, Hanus, etc.) are both low and variable. The true value of fresh tung

oil, as determined by special method, is 248–252: that of oiticica oil is 205–220 (43).



oil-free alkyds for special purposes, they are used in conjunction with fatty acids to

modify resin properties. Rosin acids, primarily in the form of abietic acid, are the

most common type of such acids. They may be used in neat form or be brought in

as a part of TOFA. Presumably, the fused ring structure of rosin contributes to the

film hardness, initial gloss, and water resistance of the alkyd. However, color and

color retention, and exterior durability will be adversely affected if the rosin content

goes much above 5–6%. The drying rate of alkyds usually appears to be improved

with rosin modification. However, since rosin does not participate in the oxidative

drying mechanism that applies to polyunsaturated fatty acids, the true drying rate of

the alkyd resin would be reduced due to a reduction of the fatty acid unsaturation.

Synthetic saturated carboxylic acids (such as pelargonic acid, 2-ethylhexanoic acid,

and isoctanoic acid) and aromatic monobasic acids (such as benzoic acid and

p-alkyl-benzoic acids) can improve color retention, gloss retention, and exterior

durability even better than those based on castor or coconut fatty acids. The aro-

matic acids, similar to rosin, also give higher film hardness and faster apparent

drying rate.

5.5. The Concept of Functionality and Gelation

The concept of functionality and its relationship to polymer formation was first

advanced by Carothers (45) in 1929. Flory (46) greatly expanded the theoretical

consideration and mathematical treatment of polycondensation systems. Thus if a

dibasic acid and a diol are reacted to form a polyester, assuming there is no possi-

bility of other side reactions to complicate the issue, only linear polymer molecules

TABLE 3. Typical Properties of Refined Tall Oil Fatty Acidsa.

Grade Designation

Pamak Pamak Pamak Pamak Pamolyn Pamolyn

Characteristic 1 2 4A 4 200b 300a

Acid number 193 192 191 188 195 196

Iodine number 125 128 130 131 162 156

Total fatty acids, % 96.8 95.9 94.1 91.5 97 97

Saturated acids, % of free fatty acids 2.0 — — 4.0 <1 <1

Oleic 51.0 — — 51.0 22.0 21.0

Linoleic, nonconjugated 41.0 — — 39.0 68.0 39.0

Linoleic, conjugated 6.0 — — 6.0 10.0 40.0

Linolenic — — — — — —

Rosin acids, % 1.4 1.8 3.5 4.0 1.5 1.5

Unsaponifiables, % 1.8 2.3 2.4 4.5 1.5 1.5

Color, Gardner 3 3 4 6 3þ 3

Titer, �C 5 5 5 6 �28 �28

aData from Hercules, Inc. (Wilmington, Del.).
bEnriched polyunsaturated fatty acids from highly refined TOFA.
cSame as Pamolyn 200, with further treatment to isomerize the nonconjugated linoleic acid.
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will be formed. When the reactants are present in stoichiometric amounts, the aver-

age degree of polymerization �xxn follows the equation:

�xxn ¼ 1=ð1� pÞ ð1Þ

where p is the extent of reaction, in fractions. Thus when the reaction is driven to

completion, theoretically, the molecular weight would approach infinity and the

whole mass would form one giant polymer molecule. Although the material should

theoretically be still soluble and fusible, it is considered and defined as a gel, and

this would be the only time that difunctional ‘‘monomers’’ could be polymerized to

gelation.

The functionality of the system f is the sum of all of the functional groups, i.e.,

equivalents, divided by the total number of moles of the reactants present in the

system. Thus in the above equimolar reaction system:

f ¼ ð1� 2þ 1� 2Þ=ð1þ 1Þ ¼ 2

However, when there are reactants with three or more functionalities participating

in the polymerization, branching and the formation of intermolecular linkages (i.e.,

cross-linking of the polymer chains) become definite possibilities. If extensive

cross-linking occurs in a polymer system to form network structures, the mobility

of the polymer chains is greatly restricted. Then the system would lose its fluidity

and transform from a moderately viscous liquid to a gelled material with infinite

viscosity. The experimental results of several such reaction systems reported by dif-

ferent investigators are collected in Table 4.

The data in Table 4 show that when the reactants are present in stoichiometric

proportions, gelation occurs before the completion of esterification, and the extent

of reaction p reached at the gel point depends on the functionality of the system.

Carothers (47) showed that at the gel point, p ¼ 2=f . Thus, to avoid premature

gelation, the polymerization system should have an average functionality of no

more than 2. This can be accomplished by adding low functionality reactants

and/or adding an excess amount of one of the reactants, usually the one with high

functionality constituents. The latter has the net effect of reducing the functionality

of the reactant. For example, if a 20% excess of glycerol over the stoichiometric

TABLE 4. Gel Points of Polyesterification Reaction Systems with Stoichiometric

Reactants (46).

Percent Esterification

Polybasic Acid (COOH) Polyol (OH) f at Gel Point

Adipic (0.707)þ tricarballylic (0.293) di-EG (1.0)a 2.103 0.911

Dibasic (1.0) glycerol (1.0) 2.400 0.765

Adipic (1.0) PE (1.0)b 2.667 0.578

aDiethylene glycol.
bPentaerythritol.

330 PAINTS, VARNISHES, AND RELATED PRODUCTS



amount required to esterify all of the carboxyl groups present in the formula is

added, the glycerol would have an effective functionality of 3/1.2, or 2.5. Fre-

quently, both of these measures are taken to safeguard against premature gelation.

Patton (48) showed that for alkyd resins, the extent of the reaction at gel point was

pc ¼ 2=f ¼ 2mo=eo

where eo is the total effective equivalents of all of the reactants present at the begin-

ning of the reaction (i.e., the excess reactants are discounted in the manner dis-

cussed above), mo is the total number of moles of all reactants at the beginning,

and f is the effective average functionality of the formulation.

5.6. Microgel Formation and Molecular Weight Distribution

Bobalek and co-workers (49) observed that the behavior of alkyd resin reaction

often deviates from that predicted by the theory of Flory. They proposed a mecha-

nism of microgel formation by some of the alkyd molecules at a relatively early

stage of the reaction. The microgel particles would be dispersed and stabilized

by smaller molecules in the remaining reaction mixture. As polyesterification pro-

ceeds, more microgel particles would be formed, until finally a point is reached at

which they could no longer be kept separated. The microgel particles would then

coalesce or flocculate, phase inversion would occur, and the entire reaction mass

would be ‘‘gelled.’’ They showed that the drying capability of an alkyd resin comes

primarily from the microgel fraction and, ‘‘when the highest molecular weight frac-

tion representing about 20% of the total was removed through fractionation, the

residual linoleic alkyd lost all ability to air dry to a hard film.’’

Solomon and co-workers (50, 51) further elaborated on the microgel theory by

proposing the formation of micelles as precursors of microgels. They proposed that

when some of the molecules have grown to reach certain fatty acid: polyester ratios,

surface activity develops to form micelles. The polyesterification reactivity at the

surface of the micelles would be preferentially greater, which would lead to the

eventual formation of microgels. From electronmicroscopy evidence, they observed

that the size of microgels increased with reaction time, and particle diameters as large

as 2m have been reported. Functional groups such as OH groups in the microgel

particles are believed to be buried in the structure and not available for reactions.

Whereas in polyesterification reactions without fatty acids, at all stages of the reac-

tion up until the physical gelation of the reaction mixture, the hydroxyl values cor-

responded with the calculated values. Furthermore, the oil-free systems showed no

sign of microgel formation under electron microscope, and the reaction mixture

would undergo a sudden change from a soluble polymer to a gelled mass. The reac-

tion temperature for alkyd preparation in both of the above references was kept at

no more than 200�C, well short of what would normally be required for the bodying

of unsaturated oils in the absence of an oxidizing reagent. This indicates that poly-

merization between unsaturated fatty acids of the resin molecules is not necessary

for the formation of microgels.
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Kumanotani and co-workers (52–55) further confirmed the formation of micro-

gels by characterizing fractions of alkyd resins from preparative GPC columns.

Their results showed that the presence of microgel can be detected even in low

molecular weight fractions. Colloidal gel particles up to 10þ mm in diameter

were observed in the high molecular weight (>105) fractions, with or without unsa-

turated fatty acids in the alkyd formulation. However, the unsaturated fatty acids

made a significant contribution to the formation of the colloidal particles. Higher

reaction temperature led to higher molecular weight and broader molecular weight

distribution. Acid value and hydroxyl value each went through a minimum in the

middle fractions (molecular weight about 103–104), whereas the polyester: mono-

acid ratio increased with the molecular weight of the fraction. Cured films from

alkyds with greater amount of colloidal fractions gave better thermomechanical

properties. Finally, the high molecular weight colloidal fractions were preferentially

adsorbed by pigment particles and would thus stabilize the pigment dispersion in

the coating formulation.

5.7. Basic Principles for the Designing of Alkyd Resins

The process of alkyd resin designing should begin with the following question:

what would be the intended application(s) of the resin? The application would

dictate property requirements, such as solubility, viscosity, drying characteristics,

compatibility, film hardness, film flexibility, acid value, water resistance, chemical

resistance, environmental endurance, etc. With these targets in mind, a selection on

oil length, and a preliminary list of alternative choices of ingredients can then be

made. For commercial production, the raw material list is screened based on consi-

derations in material cost, availability, yield, impact on processing cost, and poten-

tial hazard to health, safety, and the environment. The list may be further narrowed

by limitations imposed by the production equipment or other considerations. Once

the oil length and ingredients are chosen, the first draft of a detail formulation for the

resin can then be made.

It would be highly desirable that one could rely on a simple equation or formula

to obtain the optimum formulation of the alkyd resin with the chosen ingredients,

and several approaches have been proposed for such purpose (56–59). However, the

complexity of the alkyd reaction system has rendered these equations to be of no

more value than providing a first approximation of a starting formula. The causes of

the complexities include the formation of intramolecular cyclic structures, which

would reduce the chance of gelation; the etherification of polyols, which would

increase the chance of gelation by forming higher functionality materials and redu-

cing the number of hydroxyl groups available for esterification; the cross-linking

between unsaturation groups, especially the conjugated double bonds, which would

increase the chance of gelation; and the phenomenon of microgel formation.

Except when nondrying alkyds are used strictly as plasticizers for other thermo-

plastic polymers, alkyd resins do not remain as a thermoplastic material in their

ultimate application. The film integrity is largely derived after the resin molecules

have been cross-linked, either through the unsaturation functionalities on their fatty
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acid side chains or through the reactions of their residual hydroxyl or carboxyl

functionalities with such cross-linking agents as amino resins or polyisocyanate

materials. In a sense, alkyds are usually made and applied as B-stage resins. There-

fore, it is not necessary to build the molecules of alkyd resins to huge molecular

weights, as one would for thermoplastic polymers. In fact, too high a molecular

weight would lead to poor solubility and high solution viscosity and would be un-

desirable for practical applications. Most of the published data show that the aver-

age molecular weight of alkyds is less than 10,000. Nevertheless, within the

practical limits, it is still preferred to have a linear backbone structure and high

molecular weight to give the best film-forming and film properties. Alkyd formula-

tions with an equimolar ratio of dibasic acids: polyols tend to have the best chance

of achieving a linear molecular structure and high molecular weight.

Thus a simple molecular approach is favored by some of the alkyd chemists for

deriving the starting formulation. The basic premise of this approach is that when

the total number of moles of polyols is equal to or slightly larger than that of the

dibasic acids and the hydroxyl groups are present in an empirically prescribed

excess amount, the probability for gelation to occur would be small. Table 5 lists

the empirical requirements of excess hydroxyl groups based on the oil (fatty acid)

length of the alkyd. The values were developed based on experimental experience

(57, 58). With the new understanding that some of the hydroxyl groups would be

buried in microgel structures (49–55), such requirements may be better rationa-

lized. The procedure of this method for formulating alkyd resins will be illustrated

with examples.

The first example demonstrates the formulations of a 50% soy oil alkyd for

baking enamels. The preliminary selection of ingredients would be alkaline refined

soy oil, phthalic anhydride (PA), and pentaerythritol. The basis for calculation is

1 mole of PA. From Table 5, the excess OH recommended at 50% oil length

is 25%. Therefore, the quantity of PE required, in equivalents, would be

EPE ¼ 1� 2� ð1þ 0:25Þ ¼ 2:5 eq: ¼ 0:625 moles

TABLE 5. Excess Hydroxyl Content Required in Alkyd Formulations.

Oil Length, Percent Percent Excess OH Based Percent Excess OH

Fatty Acida on Diacid Equivalents in Finished Resin

62 or more 0 0

59–62 5 0–5

57–59 10 5–10

53–57 18 10–15

48–53 25 15–20

38–48 30 20–25

29–38 32 25–30

aBased on C18 fatty acids with average equivalent weight of 280. If the average

equivalent weight of the monobasic acids is significantly different, adjust

accordingly.
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Since the total polyol is to be equimolar to PA, the glycerol from the soy oil will,

therefore, be ð1� 0:625Þ ¼ 0:375 moles, which gives ð3� 0:375Þ ¼ 1:125 moles

of soy fatty acids. The ingredients can be listed as follows:

The above formulation does not meet the test of 50% oil length. The oil content

must reduced. A reduction in oil would cause a corresponding reduction in glycerol,

consequently, free glycerol is added to make up the loss. Let MPE ¼ X, MGly ¼ Y ,

and Moil ¼ Z. Since the total polyols is to be equimolar to dibasic acids, X þ Yþ
Z ¼ 1. The 25% excess OH requirement defines 4X þ 3Y ¼ ð2� 1:25Þ ¼ 2:5, and

the 50% oil length requirement gives the following:

880Z=ð148þ 141:6X þ 93Y þ 880Z � 18Þ ¼ 0:5

where 880, 148, 141.6, 93, and 18 are the molecular weights of the oil, PA, PE,

glycerol, and water, respectively. When solve the simultaneous equations to find

X ¼ 0:221, Y ¼ 0:539, and Z ¼ 0:240. Thus the ‘‘final’’ formulation is listed as

follows:

The above formulation meets all of the requirements of the resin design, i.e., equi-

molar PA and polyols, 25% excess OH, and 50% oil.

The next example shows the formulation of a 50% TOFA alkyd for baking

enamels. Assume that PA, PE, ethylene glycol (EG), and refined TOFA with

4% rosin acids are the chosen ingredients. From the given constraints, the

Ingredient M COOH OH Weight (g)

PA 1.0 2.000 — 148.0

Soy oil 0.240 0.720 0.720 211.2

Glycerol 0.539 — 1.617 50.1

Tech-PE 0.221 — 0.884 31.3

Total 2.000 2.720 3.221 440.6

Water 1.0 — — (18.0)

Resin — — — 422.6

Ingredient M COOH OH Weight (g)

PA 1.0 2.000 148.0

Soy oil 0.375 1.125 1.125 330.0

Tech-PE 0.625 — 2.500 88.5

Total 2.000 3.125 3.625 566.6

Water 1.0 — — (18.0)

Resin — — — 548.5
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following simultaneous equations can be established. Let MEG ¼ X, MPE ¼ Y , and

MTOFA ¼ Z.

X þ Y ¼ 1

2X þ 4Y ¼ 2� ð1þ 0:25Þ þ Z

295Z � ½148þ 141:8Y þ 62X þ 295Z � 18� ð1þ ZÞ� ¼ 0:5

Solve the equations, to find X ¼ 0:362, Y ¼ 0:638, and Z ¼ 0:776. Therefore, the

‘‘final’’ formulation can be listed as follows:

The percent excess OH ¼ ð3:276� 2:776Þ=2 ¼ 25%, and the oil length ¼
228:9=457:6 ¼ 50% TOFA.

The ‘‘final’’ formulations derived in the above examples are meant to be only the

starting formulations. They should be fine-tuned based on small-scale laboratory

experiments before being used in plant production.

Since the molecular chain length or the degree of polymerization is a function of

the extent of the reaction as shown in equation 1, the alkyd reaction is usually car-

ried to a point short of completion, i.e., to a finite acid number to guard against

premature gelation. It has been shown that the esterification of phthalic anhydride

was slower and showed higher temperature dependence, i.e., higher activation

energy, than that of fatty acids (60–62). Therefore, one may assume that the residual

acidity belongs to unreacted dibasic acids, which contributes to the limiting of

chain growth. In real practice, an additional safety margin against premature

gelation is provided by having a slight molar excess of polyols over dibasic acids

in the alkyd formulation. If the molar ratio between the polyols and the dibasic

acids is r, equation (1) may be rewritten as:

�xxn ¼ ð1þ 1=rÞ=½ð2=rÞð1� pÞ þ 1� 1=r� ð2Þ

which indicates that a fractional increment in r and/or a fractional reduction in p

would give a substantial reduction in �xxn. Generally, the value of r is chosen between

1 and 1.05.

Ingredient M COOH OH Weight (g)

PA 1.000 2.000 — 148.0

Tech-PE 0.638 — 2.552 90.3

EG 0.362 — 0.724 22.4

TOFA-4 0.776 0.776 — 228.9

Total 2.776 2.776 3.276 489.6

Water 1.776 — — (32.0)

Resin — — — 457.6
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5.8. Chemical Procedures for Alkyd Resin Synthesis

Different chemical procedures may be used for the synthesis of alkyd resins. The

choice is usually dictated by the choice of the starting ingredients.

Alcoholysis Process. Cost and availability often dictate that oil, rather than free

fatty acids, be used as raw material for alkyd synthesis. Since oil, in the form of

triglycerides, is essentially inert and would not participate in the polyesterification

reaction, heating the oil with the polyol and the dibasic acid would result in the

formation of seedy polycondensates between the polyol and the polybasic acids

leaving the oil unreacted. The two phases thus would be incompatible with each

other. Therefore, the triglycerides must first react with additional polyol to redistri-

bute the fatty acids among all of the polyols, thereby liberating free hydroxyl groups

from the oil for further reaction with the dibasic acids. The reaction is alcoholysis.

It is usually catalyzed by basic compounds such as metal oxides, hydroxides, salts,

or soaps such as naphthanates. In the past, litharge was the most popular choice as

the catalyst. It was found that on a molar basis lead compounds were the most effi-

cient among the 36 that were included in the study (58). In recent years, due to the

concern of lead poisoning from the resultant coatings, lithium hydroxide, sodium

hydroxide, or calcium oxide have been commonly used. The dosage of these cata-

lysts usually ranges from 0.01 to 0.06% metal based on the weight of the oil for lead

and 0.008 to 0.02% for lithium or calcium. The amount of catalyst added should be

kept at the minimum required for completing the reaction in an acceptable batch

time. They may cause poor color, poor water resistance, or haziness in the final

resin.

Ideally, 2 moles of polyol would react with 1 mole of triglyceride to form 3 moles

of monoester. In reality, the reaction would reach an equilibrium, whereby some

amount of diesters and triesters and neat polyol, including glycerol and the added

polyol, would coexist in the reaction mixture. The composition of the alcoholysis

product at equilibrium from soy oil and glycerol (1 : 2 mole ratio), and soy oil and

monopentaerythritol have been reported as follows (63):

Mole Percent

—————————————

Component Oil-Glycerol Oil-Mono-PE

Glycerol

Monoester 42 20.6

Diester 21 6.2

Triester 3 2.0

Free glycerol 33 14.0

PE

Monoester 29.0

Diester 16.8

Triester 5.1

Tetraester Negligible

Free PE 6.3

336 PAINTS, VARNISHES, AND RELATED PRODUCTS



Diols, such as ethylene glycol, are usually not added during the alcoholysis step.

This is because their monoesters have only one remaining hydroxyl group and

would function as chain stoppers, thus severely limiting their utility in the structure

design of the resin molecules.

In general practice, the oil is first heated to 230–250�C under an inert gas blanket

and agitation. The catalyst, usually predispersed in a small quantity of the oil, and

the polyol, usually at 2 times the molar quantity of the oil present in the reactor, are

added. The batch is reheated to and maintained at the desired temperature, usually

in the 230–250�C range. The progress of the reaction is monitored by periodical

sampling from the reactor and checking miscibility with anhydrous methanol.

This is because triglycerides are not soluble in methanol, whereas monoglyceride

is. When a volume of the alcoholysate can tolerate three or more volumes of metha-

nol without becoming turbid, the alcoholysis process is considered complete.

Acidic contaminants are poisonous to the alcoholysis catalysts and must be

avoided. If the oil has a high acid number, or there are high acidity residues left

in the reactor from the previous batch, such as sublimed phthalic anhydride con-

densed under the dome of the reactor, the reaction can be severely retarded. A

longer batch time or additional amount of the catalyst would then be required.

Both are undesirable.

When the alcoholysis step is complete, the polybasic acid(s) and the balance of

polyol, if any, are added. The batch is reheated to and maintained at about 250�C to

carry out the polycondensation step to the desired endpoint, usually a combination

of the acid value and viscosity of the resin.

Fatty Acid Process. When free fatty acids are used instead of oil as the starting

component, the alcoholysis step is avoided. All of the ingredients can, therefore,

be charged into the reactor to start a batch. The reactants are heated together,

under agitation and inert blanket, until the desired end point is reached. Chen

and Kumanotani (64) reported that alkyds prepared by the fatty acid process

have narrower molecular weight distribution and give films with better dynamic-

mechanical properties.

A modified form of the fatty acid process, dubbed ‘‘high polymer alkyd tech-

nique’’ was reported (65). A portion of the fatty acids is withheld in the first stage

of the process to allow the polycondensation between the dibasic acid and the

polyol to have a better chance of extending the polyester chain without being termi-

nated by the monoacids. After the acid value of the reactant has reached a desired

low level, indicating the completion of the poly-condensation, the remaining

portion of fatty acids is then added to complete the process. The resins prepared

by this technique have more linear backbone chain structure, higher molecular

weight, and higher viscosity than the corresponding ones with identical formulation

but prepared by the conventional process.

Fatty Acid–Oil Process. When oil represents only a minor portion (33% or less)

of the total furnish of fatty acids in an alkyd formulation, the alcoholysis step may

be avoided. All of the ingredients, dibasic acid, polyol, oil, and free fatty acids may

be charged together into the reactor and proceed as in the fatty acid process. Appar-

ently, the oil is incorporated into the resin by ester interchange at the reaction
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temperature. The resultant resins give higher viscosity (4), faster surface drying,

and slower through-dry (3). If the oil content is too high, not enough of it may

be incorporated in time, then it, would result in a partial gelation to form ‘‘seeds.’’

Acidolysis Process. As mentioned previously, isophthalic and terephthalic acids

are difficult to process in ordinary alkyd preparation methods, due to their high

melting point and low solubility in the reaction mixture. An acidolysis process

was developed for this purpose (6). The dibasic acid is heated together with the

oil in the resin formulation under agitation and inert gas blanket to about 280�C,

holding for about 40 min. In this reaction, which is self-catalyzed by the acidity

of the reaction mixture, an ester interchange occurs. A carboxyl group of the dibasic

acid displaces that of a fatty acid on the oil molecule and splits off the fatty acid.

The completeness of the acidolysis reaction is determined by a tedious extraction

of the oil phase and analysis of its free fatty acid content by titration. The analysis

takes several hours to complete. Rapid test methods, comparable to the methanol

miscibility test for alcoholysis, that could be used for process control of the acido-

lysis reaction have yet to be developed. Therefore, the process is normally con-

trolled by reaction time and temperature, based on experience. After acidolysis,

the reactant temperature is dropped to about 230�, the polyol is charged and heated

back up to the desired temperature to bring the esterification step to the desired

end point. The acidolysis process is not suitable for phthalic anhydride or other

dibasic acids with a high tendency to sublime.

Alkyd Resin Production Processes. Parallel to the above chemical procedures,

the processing method may also be varied with different mechanical arrangements

to remove by-product water, to drive the esterification reaction toward completion.

Fusion Process. In the fusion process, also frequently referred to as fusion cook,

inert gas is continuously sparged from the bottom of the reactor to carry away water

vapor from the reaction mixture. The exhaust is then either vented away or sent to a

fume scrubber, which is frequently a small vessel with water atomizing nozzles.

After the reaction is completed, the finished resin may be discharged, filtered,

and packaged without solvent. More frequently, it is cooled to a safe temperature,

then dissolved with the desired type and amount of solvent in a thinning tank, fil-

tered, and packaged, or pumped to a storage tank. The reactor usually needs to be

cleaned by charging a small volume of solvent into the vessel and heated to reflux

for an appropriate time period. If deemed necessary, the vessel is further cleaned

by digesting with caustic soda solution.

The fusion process has the advantage of simplicity in mechanical arrangement.

However, it has several significant disadvantages. Low boiling and/or subliming

ingredients, such as glycols and phthalic anhydride, would be lost during the reac-

tion causing the product composition and its properties to deviate from the design.

The material loss causes an increase in the cost of the resin. Reactants as well as the

product may adhere to the reactor walls above the surface level of the charge, which

will contaminate or even become catalyst poisons to the subsequent batches. And

the resin produced from a fusion cook is more prone to develop dark colors. For

these reasons, most of the manufacturers have discontinued the practice of fusion

cook, unless it is dictated by the existing equipment.
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Solvent Process. In the solvent process, or solvent cook, the water formed from

the reaction is removed from the reactor as an azeotropic mixture with an added

solvent, typically xylene. Usually between 3 to 10 weight percent, based on the

total charge of the solvent, are added at the beginning of the esterification step.

The mixed vapor passes through a condenser. The condensed water and solvent

have low solubility in each other, and phase separation is allowed to occur in an

automatic decanter. The water is removed, usually to a measuring vessel. The

amount of water collected can be monitored as one of the indicators of the extent

of the reaction. The solvent is continuously returned to the reactor to be recycled. A

typical equipment for this process is shown in Figure 2. The reactor temperature is

Figure 2. Equipment for solvent processing of alkyd resins. Courtesy of Hercules Inc.

(Wilminton, Del.).
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modulated by the amount and type of refluxing solvent. Typical conditions are as

follows.

The solvent vapor also serves as a blanket in the reactor. The processing solvent is

usually left in the product as part of the dilution solvent.

The refluxing solvent provides a constant wash to the reactor, and brings back

the reactants that had escaped out of the reaction mixture. The reaction temperature

is better controlled by the constant refluxing, and the viscosity of the reaction mix-

ture is lower, which improves the effectiveness of the agitation. The product usually

has better color and is more uniform than those made by the fusion process. Ordi-

narily, the reactor requires no more than a solvent wash to be clean enough for the

next batch. These advantages far outweigh the higher cost of the production facility.

Therefore, few would consider building a new alkyd plant without solvent process

capability.

When low boiling ingredients such as ethylene glycol are used, a special provi-

sion in the form of a partial condenser will be needed to return them back into the

reactor. Otherwise, not only would the balance of the reactants be upset and the raw

material cost of the resin be increased, they would also become part of the pollutant

in the waste water and incur additional water treatment costs. Usually, a vertical

reflux condenser or a packed column is used as the partial condenser, which is

installed between the reactor and the overhead total condenser (Figure 3). The

temperature in the partial condenser is monitored and maintained at a level to effect

a fractionation between water, which is to pass through the reactor, and the glycol

or other materials, which is to be condensed and returned to the reactor. If the frac-

tionation is poor and water vapor is also condensed and returned, the reaction will

be retarded and result in a loss of productivity. As the reaction proceeds toward

completion, water evolution slows down, and most of the glycol will have been

combined into the resin structure. The temperature in the partial condenser may

then be raised to facilitate the removal of water vapor.

5.9. Process Control

The progress of the alkyd reaction is usually monitored by periodical determina-

tions of the acid number and the viscosity (solution in a suitable solvent and at

an appropriate concentration) of samples taken from the reactor. The frequency

of sampling is commonly every half hour. The general practice is to plot the deter-

mined values separately against time on semilogarithmic coordinants (Figure 4).

Solvent Weight Percent Temperature (�C)

Xylene 3 251–260

Xylene 4 246–251

Xylene 7 204–210

High flash naphtha 10 204–210
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Toward the end of the reaction, the resin viscosity tends to increase exponentially.

Gelation in the reactor is always a threat, due either to what the formulation would

theoretically allow by the completion of the polyesterification or to the occurrence

of some of the side reactions. After the onset of gelation, it would progress extre-

mely rapidly and would be almost impossible to arrest. Therefore, it is routine to

Figure 3. Solvent-processing equipment using a partial condenser. Courtesy of Hercules Inc.

(Wilmington, Del.).
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extrapolate the plots in Figure 4 when predicting the point at which to terminate the

reaction in time to prevent gelation. If gelation should occur in the reactor, it would

cause not only the loss of product but also significant down time for cleaning the

reactor. Some alkyd practitioners have found that a rapid addition of a large quan-

tity of raw oil quenches the runaway gelation, disperses the gel, and significantly

eases the cleanup operation. A technique of injecting water or steam during the

condensation process to reverse or retard gelation has been reported in the patent

literature (66).

Figure 4. Alkyd reaction control plots.
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6. SAFETY AND ENVIRONMENTAL PRECAUTIONS

The manufacturing of alkyd resins involves a wide variety of organic ingredients.

While most of them are relatively mild with low toxicity, some of them such as

phthalic anhydride, maleic anhydride, solvents, and many of the vinyl (especially

acrylic) monomers are known irritants, or skin sensitizers, and are poisonous to

humans. Persons involved should be thoroughly familiar with the hazard potential

of each and every one of the chemicals by consulting the material safety data sheets

provided by the suppliers and practicing the recommended safety precautions in

handling the materials. The use of personal safety equipment such as protective

goggles, gloves, clothing, and respiratory devices should be diligently observed.

Since large quantities of highly flammable solvents are routinely handled in an

alkyd plant, fire safety should be the utmost in everyone’s mind. Electrical equip-

ment and power circuitry in the plant should conform to all applicable codes, and

all equipment should be properly grounded. The areas for the reactors and storage

tanks should be separated by fire walls and must be adequately ventilated. The

storage tanks should be blanketed by inert gas. A slight positive pressure of inert

gas should be maintained in the reactor or storage tanks during discharge of the

resin or resin solution to prevent air from being sucked into the vessel to form

an explosive mixture with the solvent vapor.

With the ever increasing awareness of the need for environmental protection,

the emission of solvent vapors and organic fumes into the atmosphere should be

prevented by passing the exhaust through a proper scrubber. The solvent used for

cleaning the reactor is usually consumed as part of the thinning solvent. Aqueous

effluent should be properly treated before discharge.

7. MODIFICATION OF ALKYD RESINS BY BLENDING
WITH OTHER POLYMERS

As mentioned earlier, one of the important attributes of alkyds is their good com-

patibility with a wide variety of other coating polymers. This good compatibility

comes from the relatively low molecular weight of the alkyds and the fact that the

resin structure contains, on the one hand, a relatively polar and aromatic backbone

and, on the other hand, many aliphatic side chains with low polarity. The alkyd

resin involved in a blend with another coating polymer may serve as a modifier

for the other film former, or it may be the major film former and the other polymer

may serve as the modifier for the alkyd to enhance certain properties. The following

describes some of these compatible blends.

Nitrocellulose-based lacquers often contain a fair amount of short- or medium-

oil alkyds to improve flexibility and adhesion. The most commonly used are

short-oil nondrying alkyds. Amino resins or urethane resins with residual isocya-

nate functional groups may be added to cross-link the coating film for improved
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solvent and chemical resistance. The major applications are furniture coatings, top

lacquer for printed paper, and automotive refinishing primers.

Amino resins are probably the most important modifiers for alkyd resins. Butyl-

ated urea- or melamine–formaldehyde resins are compatible with alkyds. They

react with the free hydroxyl groups of the alkyd to effect cross-linking and to impart

hardness, mar resistance, chemical resistance, and durability to the coating. Short-

or medium-oil alkyds of both drying and nondrying types are frequently used. Color

and color retention requirements often dominate the choice of the alkyd. Many

industrial baking enamels, such as those for appliances, coil coatings, and auto-

motive finishes (especially refinishing enamels), are based on alkyd-amino resin

blends. Some of the so-called catalyzed lacquers for finishing wood substrate

require low bake or no bake at all.

Chlorinated rubber is often used in combination with medium-oil drying type

alkyds. The alkyd gives better toughness, flexibility, adhesion, and durability, and

the chlorinated rubber contributes to faster dry and better resistance to water

and chemicals. The major applications are highway traffic paint, concrete floor,

and swimming pool paints.

Vinyl resins of the type that are the copolymers of vinyl chloride and vinyl acet-

ate and that contain a fair amount of hydroxyl groups (from the partial hydrolysis of

vinyl acetate) and/or carboxyl groups (e.g., from copolymerized maleic anhydride)

may be formulated with alkyd resins to improve application properties and adhe-

sion. The blends are primarily used in making marine topcoat paints.

Synthetic latex house paints sometimes contain emulsified long-oil or very long

oil drying alkyds to improve adhesion to chalky painted surfaces.

Silicone resins with high phenyl contents may be used with medium- or short-oil

alkyds as blends in air-dried or baked coatings to improve heat and weather resis-

tance, whereas the alkyd component contributes to adhesion and flexibility. Major

applications include insulation varnishes, heat-resistant paints, and marine coatings.

7.1. Chemically Modified Alkyd Resins

While blending with other coating resins provides a variety of ways to improve the

performance of alkyds, or vice versa, chemically combining the desired modifier

into the alkyd structure would eliminate the compatibility problem and give a more

uniform product. Several such chemical modifications of the alkyd resins have

gained commercial importance, and are described below.

Vinylated alkyds are alkyd resins that have been incorporated with a significant

amount (20–60% by weight) of vinyl monomers (such as styrene, vinyl toluene, and

methyl methacrylate) by grafting the monomers through a free-radical mechanism

onto unsaturated reaction sites in the resin molecules. The modified resin embodies

the good attributes of ease of application, good wetting, and adhesion from the

alkyd as well as fast solvent release, hardness, and weather resistance from the vinyl

modification. The common objective of such a modification is for achieving a

drying rate comparable to that of lacquer materials. The reaction sites on alkyd

resin molecules are primarily the allylic carbons on unsaturated fatty acid chains
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and the double bond of a,b-unsaturated dibasic acids. Free radicals, generated from

the thermolysis of such free-radical initiators as benzoyl peroxide, dicumyl perox-

ide, and di-t-butyl peroxide are usually required to kick off the reaction. Ideally, the

initiating species would attack the active sites on the resin molecules and all of the

added monomers would be evenly distributed in grafted side chains. In reality, it is

inevitable that part of the monomers would engage in homopolymerization, and

some of the resin molecules would remain unmodified. The presence of a large

amount and high molecular weight homopolymer of the vinyl monomer would

lead to incompatibility and result in a hazy product. Methods that have been

used to minimize homopolymerization include using fatty acids having conjugated

diene structure, using maleic anhydride as part of the dibasic acids for the alkyd,

choosing initiators such as peroxides or hydroperoxides that tend more to extract

allylic protons than to add to double bonds, avoiding initiators that would decom-

pose at very low temperatures, adding the monomer gradually along with an appro-

priate amount of the initiator, choosing monomers that would have a more

favorable tendency to copolymerize with the active species on the alkyd resin,

and properly maintaining the reaction temperature. Chain transferring is the pre-

ferred mechanism for terminating chain growth from the addition polymerization

of the monomer. Usually, the solvent, the fatty acid chain, and the monomer are

effective chain-transfer agents. If an additional transferring agent is used, care

must be exercised, or too much of it could cause the formation of a large amount

of very low molecular weight homopolymers, and would result in poor film proper-

ties. Occasionally, vinylation is first performed on the fatty acids or the oil before

the alkyd reactions.

It should be emphasized that the presence of a large amount of either conjugated

fatty acids or maleic anhydride in the alkyd formulation gives rise to a high degree

of probability of premature gelation during the alkyd reaction. An allowance must

be made in the alkyd formulation, and the polyesterification is frequently termi-

nated at a relatively high acid number (about 15), to avoid gelation. It has been

reported that the optimum amount of maleic anhydride in the alkyd is an amount

having a maleic group in one-third of the resin molecules (17).

A common procedure for the preparation of vinylated alkyds is as follows: first,

a base alkyd resin is brought to the desired end point. The resin is then cooled to

about 160�C and often diluted with aromatic thinner. Next, the desired monomer is

added, usually at about 20–60% based on the final product, followed by an appro-

priate amount of a free-radical initiator. Alternatively, a premix of the monomer and

the initiator is added at a controlled rate over most of the reaction. Then the reaction

is brought to monomer reflux, until the residual monomer content has dropped

below a specified level. The residual monomer, if any, is stripped away before the

product is diluted in a solvent, filtered, and packaged.

Silicone alkyds are etherification products of alkoxy-polysiloxane oligomers

and the free hydroxyl groups of alkyd resins (67, 68). The property improvements

and applications are similar to those of the alkyd-silicone blends, with the added

advantage of incorporating the stable ��Si��O��C�� structure into the alkyd mole-

cules. The preferred silicone oligomers are those with high phenyl contents, and
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the alkyds at long- or medium-oil length based on polyols with primary hydroxyls.

To improve the thermal stability effect imparted by the silicone modification

further, one can use isophthalic alkyds rather than the phthalic type. The etherifica-

tion reaction may be carried out on an alkyd resin designed for the purpose or on the

polyol before it is used in alkyd preparation. The silicone content of the modified

alkyd lies usually between 20 and 60% of the total product.

Urethane alkyds, or uralkyds, are alkyds with a part or even all of the dibasic

acids replaced by diisocyanates. The isocyanate group, ��N����C����O, reacts with

the hydroxyl group of a polyol, at low temperature, to form a urethane linkage,

��NHC(O)O��, without spitting out water as a by-product. Toluene diisocyanate

(TDI) is commonly used for such modification. It is commercially supplied as an

80 : 20 mixture of 2,4- and 2,6-isomers. The ��NCO� group para to the methyl

group has about 8 times greater reactivity than the one on the ortho position, which

aids greatly the control of the reaction. Since the NCO group is reactive with labile

protons, water must be excluded from the reaction system. The esterification reac-

tion of the base alkyd must be brought to the desired end point with the by-product

water removed, and the temperature lowered to about 100�C to prevent any conti-

nuation of the esterification before the introduction of the NCO reactant. TDI is

highly toxic and is usually handled in a closed system under a dry inert gas blanket.

Metallic soaps, such as dibutyltin dilaurate, stannous octoate, and calcium naphtha-

nate, are used as reaction catalysts. The reaction is vigorous and exothermic. There-

fore, the reaction temperature is maintained under 135�C, and great care must be

exercised to bring the reaction under proper control.

Uralkyds have superior adhesion, hardness, abrasion resistance, durability, and

chemical resistance to the unmodified alkyds. They find major applications in wood

floor finishes, marine coatings, metal primers, and maintenance paints.

Phenolic resins are well known for their contribution in improving hardness,

gloss, and water and chemical resistance in oleoresinous varnishes. Those based

on p-alkyl-substituted phenols and with heat-reactive methylol groups have also

been incorporated into alkyd resins. The reaction has not been well studied. Pre-

sumably, the methylol group would react with the unsaturation functionality on

the fatty acid chain to form the chroman structure, similar to what is believed to

have occurred in the varnish. Etherification between the methylol group and free

hydroxyl of the alkyd resin, catalyzed by the residual acidity in the resin, would

be another possible reaction.

Polyamide modified alkyds show a special rheological behavior—they are thix-

otropic (69, 70). Typically, the polyamide resin would be of the type based on dimer

acids, i.e., dimerized unsaturated fatty acids, and aliphatic diamines, such as ethy-

lene diamine. These would react to form polyamide resins with low acid and amine

values. The alkyd resin would be a medium- or long-oil drying alkyd. The reaction

products from the polyamide and the alkyd are gel-like materials that undergo a

time-dependent shear thinning and recover to the gel-like state after the shearing

action is stopped. This allows the preparation of ‘‘no-drip’’ paints, which are

easy to brush and can be applied at high film thickness from a single coat with little

or no danger of sagging. Pigment settling during storage of the paint is also
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minimized. The major applications are flat oil-based architectural paints and main-

tenance paints. Generally, up to 10% of the polyamide based on the weight of the

alkyd is added to the alkyd and heated at normal alkyd reaction temperature under

agitation. Ester interchange reaction takes place, and fragments of the polyamide

resin become chemically bonded to the alkyd. The modified alkyd serves as a com-

patibilizer for the mutually insoluble unreacted polyamide and alkyd to form a

gellike structure. The stiffness of the structure decreases with the increasing amount

of the compatibilizer. If the reaction is allowed to continue, and there is no unreact-

ed polyamide left in the system, little or no thixotropy will be exhibited. Therefore,

the reaction must be precisely controlled to give the desired degree of thixotropy.

Aromatic solvents such as xylene tend to destroy the thixotropic structure. There-

fore, they must be reduced to less than 0.5% in the product. Polyamide modified

alkyd resins are available commercially to be used as additives for making thixotro-

pic alkyd paints.

7.2. High Solids Alkyds

There has been a strong trend in recent years to increase the solids level of all coat-

ing materials, including alkyds, to reduce solvent vapor emission. To raise the

solids level and still maintain a manageable viscosity, the molecular weight of

the resin must be reduced. Consequently, film integrity must be developed through

further chain extension and/or cross-linking of the resin molecules during the ‘‘dry-

ing’’ step. A high cross-linking density necessitated by the lower molecular weight

of the resin would build a high level of stress in the film, and cause it to be prone to

cracking. Therefore, adequate flexibility should be designed into the resin structure.

This means that the distance between the hydroxyl groups of the polyol and the

carboxyl groups of the dibasic acid would need to be lengthened by linear linkages.

Thus long-chain diols, polyether polyols, and linear a,o-dibasic acids would not

only build in more flexibility but also reduce the viscosity for high solids alkyds,

due to the greater spacing of polar ester groups and the reduction of aromaticity in

the resin structure. In addition to the manipulation of resin molecular structure for

increasing coating solids, the use of more active, though more expensive, oxyge-

nated solvents also serves to reduce the viscosity of resin solutions.

Chain extension and cross-linking of high solids alkyd resins are typically

achieved by the use of polyisocyanato oligomers or amino resins. An adequate

amount of excess hydroxyl groups must be designed into the alkyd structure to

provide reaction sites for these modifiers. To limit the molecular weight of the alkyd

resin, the molar ratio between polyols and dibasic acids should be greater than 1.

The hydroxyl functionality of the formulation should be controlled by a careful

selection of polyols to avoid an overpresence of free hydroxyl groups in the pro-

duct, which would adversely affect water resistance and other properties of the

coating film. Most of the high solids alkyd systems are used in industrial baking

finishes. For air drying applications, higher doses of driers are usually needed to

achieve acceptable drying rate (71).
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7.3. Water-Reducible Alkyds

Replacing solvent-borne coatings with water-borne coatings would not only reduce

solvent vapor emission but also improve safety against the fire and health hazards of

organic solvents. Alkyd resins may be rendered water-reducible by either convert-

ing the resin into an emulsion form or by incorporating ‘‘water-soluble’’ groups in

the molecules. The latter will be the subject for further discussion.

The most common approach for imparting water solubility in an alkyd resin is to

leave enough pendent carboxyl groups in the resin and to neutralize them with a

fugitive base, such as ammonia or low molecular weight amines, to build ionic char-

acteristics into the resin. Nonfugitive base materials, such as caustic soda, would

leave the salt in the coating film and damage its water- and corrosion-resistance.

Trimellitic anhydride (TMA) is the most frequent choice of ingredient to provide

the pendent carboxyl groups. It was reported that glycerol gives resins with poor

hydrolytic stability (72). Therefore, polyols with primary hydroxyl groups are pre-

ferred for the preparation of water-soluble alkyds.

The recommended procedure (37) for the preparation of water-soluble alkyds is

to hold off the TMA in the initial stage of the alkyd reaction so that the high func-

tionality of TMA would not be a cause of gelation. When the reaction has pro-

gressed to a desired low acid number, i.e., the building of the polymer chain is

completed, the temperature is lowered to 180�C; the TMA is then added and main-

tained at that temperature until a desired acid number, usually about 50–60, is

reached. At such a temperature, only the anhydride group of the TMA would react

to form half esters, and the remaining two carboxyl groups would essentially

remain unreacted. If one desires to have the TMA participating in the backbone

structure of the resin, a part of the TMA is charged in the beginning of the alkyd

reaction, often with the presence of an appropriate amount of a monohydric alcohol,

such as benzyl alcohol, to balance the functionality of the system. The remaining

TMA is then added in the same manner as described to ‘‘end cap’’ the resin and to

provide pendent carboxyl groups for water solubilization.

The finished resins are usually dissolved in oxygenated coupling solvents, such

as glycol ethers, to improve the solubilization of the resin in aqueous media and the

handling of the resin. Water and the base are premixed and added to the resin solu-

tion when needed. The coupling solvents usually have higher boiling points than

water. During the drying process, the solvent would be enriched in the coating

film as water evaporates preferentially. The resin molecules would become better

solubilized, i.e., molecular chains would be extended, and result in better formation

and integrity of the film.

8. ECONOMIC ASPECTS

Alkyd resins as a family have remained the workhorse of the coatings industry for

decades. In the United States, the total consumption of alkyds increased from about

200,000 t in the mid-1950s to more than 300,000 t in the mid-1960s. It peaked in
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1973 at about 345,000 t, constituting about 33% of all synthetic coating resins.

In 1980, alkyds still accounted for 30% of the 1,090,000 t of all resins consumed

for coatings. From 1987 to 1989, although the consumption maintained at about

300,000 t/year, its market share among all coating resins was reduced to 26% in

1987 and 25% in 1989. At present, 55–60% of the alkyd resins consumed in the

United States are used for architectural coatings. A decline in consumption is

expected because of regulations involving VOCs (volatile organic emissions). Cali-

fornia and the Northeastern United States are expected to adopt regulations that will

severely restrict the use of solvent-borne coatings (73).

The overall demand in Europe is expected to decrease at the rate of 3%/yr over

the next five years. Environmental regulations are expected by 2007. Japan’s con-

sumption has declined, but has stabilized because high performance alternatives

have already replaced the coatings in question.

The industry was hard hit in 2003–2004 with higher prices for raw materials

such as linseed and soybean oil. Alkyd producers are already developing new

water-borne products (73).

Other uses for alkyds are in general industrial coatings such as machinery and

metal furniture. Alkyd resin-chlorinated rubber based coatings are used in traffic

paints, but use is declining because of VOC concerns. Some alkyds are still used

in refinish paints for automobiles. Uralkyds are used as a vehicle for urethane

varnishes for the do-it-yourself market.

9. FUTURE PROSPECTS

Stemming from the drive by the coatings industry to reduce solvent emission, there

has been a clear trend of gradual decline in the market share of alkyd resins. How-

ever, their versatility and low cost will undoubtedly continue to keep alkyds as

major players in the coatings arena. Alkyds are much more amenable to move to-

ward higher solids than most other coating resins. Great strides in the development

of water-borne types have also been made in recent years. There is one more good

reason to remain optimistic about alkyds for the future—a significant portion of

their raw material, fatty acids, is renewable.
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10
Leather and Textile Uses

of Fats and Oils

Paul Kronick and Y.K. Kamath

1. GENERAL USE OF FATS AND OILS IN LEATHER

Although most of the 20-odd steps of leathermaking use fats and oils as detergents,

by far the majority of these materials are used as additives to soften leather. Oils are

usually applied in aqueous emulsions while the leather is still wet from tanning.

Several oils are conventionally used, often made self-emulsifying by partial sulfa-

tion or sulfonation by treating with sulfuric acid. These oils are called fatliquors.

Heavy grades of leather are also softened by the addition of neat melted fat after the

leather has been dried. This ‘‘hot stuffing’’ process involves softening the leather by

milling it in the presence of the warm molten fat. Although the milling by itself is

sufficient to soften the leather, the fat dispersed among the fibers allows the leather

to remain soft if it is dampened and dried again. The amount of these materials that

are used annually has not been compiled, but it is over 20 million pounds per year.

Aside from softening, a smaller amount of oils and fats as detergents are also

used in preliminary cleaning of the raw skins and hides; to suspend lime particles,

buffer the alkaline solution that removes the epidermis and hair, and suspend these

materials when they come off; to remove grease; to tan certain types of leather; and

to control the penetration of dyes.
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2. SOFTENING OF LEATHER

2.1. Drying Skin or Hide

The skin or hide of an animal is an organ whose complex structure can be simplified

for purposes of analysis into two layers: a thin (<1 mm) epidermis and a thicker (up

to 1 cm) dermis. The epidermis, bearing the hair, is removed early in the steps of

leathermaking. The dermis comprises very long fibrils, 100 nm in diameter,

composed mostly of the protein collagen type I. The fibrils are organized into

interwoven bundles. Among the fibrils is a concentrated solution or network of

glycoproteins and, immediately after slaughter, blood plasma. There are also

blood vessels and nerves, which are removed during leathermaking before the

tanning (collagen crosslinking) step, which is the last step before the addition of

fatliquor.

If skin or hide is dried, even minus the hair and epidermis, it becomes a hard

material, like horn. If the skin is thin, this product can be used as a tough parch-

ment, but little else. This behavior is attributed to the proteins and proteoglycans

found among the fibers of the hide, which act as a glue when they dry.

If the skin is agitated with lime-buffered water (pH¼ 12.5), it swells enor-

mously, and most of the gluelike material is extracted. On neutralization, however,

the fibers become flaccid and, on drying, stick together to again form a hard mass.

Before being dried for leather, however, the extracted skin is tanned: the collagen

protein of the fibers is crosslinked to make them stiffer. The resulting product can

be dried to a leathery material that is stiff, but much more flexible than that dried

without tanning. To soften tanned skin, one can mill it by lifting and dropping it in a

large rotating drum or in a staking machine, which pounds it with small hammers.

The result is not satisfactory, however, for a number of reasons, including the effect

on the integrity of the surface of the leather and the inability to rewet the leather

without making it become stiff again.

2.2. Use of Oil or Fat

If, after tanning, a soluble resin is added and the leather is dried and milled in

the presence of melted grease, a flexible but resilient product is obtained that

can be rewet, within limits, and dried again to the same esthetically pleasing

product. This hot-stuffed leather is actually a commercial product used for the

upper parts of shoes. The product is not stable, however, to dry cleaning, which

removes the grease. The grease removed from this dry-cleaned leather must be

replaced.

It is not necessary to depend on mechanical milling to make soft leather. Usually,

after the hide is tanned, it is tumbled in a drum with an oily emulsion (fatliquor). On

drying, the emulsion droplets coalesce among the fibers, producing a soft leather

containing 10–15% oil on basis of dry weight. Although this leather can be wet

again and dried without becoming stiff, the organic solvents used in dry cleaning

can extract the oils as they do to the fats in hot-stuffed leather.
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There are other drawbacks to conventionally fatliquored leather. When it is used

in automobile upholstery, it is often heated by sunlight in the unstirred air of the

parked vehicle to temperatures high enough to sublime or distill the fat or oil

onto the windows. This deposited material is troublesome to remove and causes

some lots of leather to be rejected by the automobile manufacturer. Another draw-

back is flammability, which can be obviated by a judicious choice of oil in the

emulsion. Further, the oil sometimes tends to migrate to the surface of the leather,

causing an unpleasant film, or spew, to form. Under some conditions it can cause

separation of the finish or coating from the leather substratum.

3. SOFTENING WITH FATLIQUOR

3.1. Physical Mechanism

It is not clear exactly why oil, added as a fatliquor emulsion when the leather is wet,

causes the leather to dry to a soft product. The most cogent hypothesis derives from

the observations of von Fuchs (1), who noticed that the oil could be removed from

the dried leather with solvent without causing it to become stiff. One concludes that

the fatliquor prevents the fibers from sticking together during the drying but after-

ward is not needed. There is uncertainty, however, about what comprises a fiber. We

have evidence that it is a bundle of the unitary 100-nm collagen fibrils, perhaps

10 mm in diameter (2) (Figure 1). The interaction of collagen and sulfated oils

has been studied (3).

The emulsion of a fatliquor should not be too stable. The leathermaker wants to

control its depth of penetration into the leather by the tendency of the surfactant to

adsorb to the protein of the hide. This adsorption depletes the micelles of surfactant,

causing the emulsion to break before it permeates the interior of the hide, releasing

the oil somewhat superficially. The untreated interior thereby retains its stiffness,

but with only a small mechanical moment. The product is then firm but resilient

(not like cardboard). The released oil, with the surfactant tightly bound to the fibers,

also resists being washed out of the leather by water. Suede leather, on the other

hand, requires full penetration of the fatliquor and, therefore, an emulsifier that

does not bind tightly to the protein.

As noted, when a leather is dried without fatliquor, the fibrils adhere and form

irregular fiber bundles with a linear cross-sectional dimension of about 100 mm.

When the leather is still wet in the fatliquoring step, however, the emulsion is dis-

tributed among the fibrils. As the fatliquored leather dries, the fibrils still tend to

adhere to each other but with weakened adhesive force because of the presence

of the oil. We believe that the lateral forces, due to shrinkage of the bundles of

fibrils as water evaporates, causes them to rupture into the 10-mm fibers. What is

important is that the eventual softness of the leather would depend on the topology

of the fragments rather than directly on the rheological or chemical properties of the

oil. The same geometric effect should be achieved by mechanical milling of the

dried leather in the presence of grease or oil, as in hot stuffing.
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Figure 1. Effect of fatliquor on the structure of fibers in leather after drying. (Top) The 100-mm

fiber bundles in the leather dried without fatliquor are intact. (Bottom) They are broken into

fragments when dried with fatliquor, making the leather compliant. Bar¼ 10 mm.
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3.2. Components and Formulation

In formulating a fatliquor, one is concerned with the chemical interactions with the

substance of leather fibers, the dyes, and the tanning agent, mostly hydrated chro-

mic oxides. Mostly, these interact with the emulsifier. With the likely introduction

of substitutes for chromium, such as aluminum or vanadium, the reactions of the

emulsifiers will have to be adjusted. The surface charges of the new inorganic mate-

rials will be different from that of chromium, affecting the tendencies of various

emulsions to coalesce. This chemistry can be adjusted by changes in pH and

perhaps will lead to other requirements on lengths of the fatty chains.

The neutral portion of the fatliquor can be almost any oil. Triglycerides are most

common, but wool grease and mineral oil are also used. The oil is chosen to be

nonvolatile (for permanence and to prevent the fogging effect described above),

minimally soluble in water, and liquid at about 40�C (and so emulsifiable). Longer

carbon chains (above 14) are better. This has been attributed to retention of the oil

among, rather than within, the fibrils (4). Mixtures of different oils are usually used.

Esthetic properties are resistance to discoloration and hardening and lack of unplea-

sant odor. An important chemical property for an oil is that it should be easily sul-

fonated, sulfated, or oxidized so that it can be the starting material for its own

emulsifier. In fact, the most commonly used fatliquors are partially sulfonated

oils, adjusted to the correct degree of sulf(on)ate by addition of more base oil.

One of the most common oils is castor oil, which can be both sulfated and sulfo-

nated. Others commonly used are fish oils, especially from cod; neatsfoot oil,

rendered from the bones of cattle; rice bran oil; soy oil; coconut oil; linseed oil;

and rapeseed oil.

Sulf(on)ation is not the only method used to prepare fatliquor from oil. Simple

oxidation of fish oil with air or nitric acid is another, again causing a portion of the

oil to become amphipathic. The products are often referred to as ‘‘moellons’’ or

‘‘degras.’’

Leather softeners that are technically satisfactory can also be made from jojoba

oil (5) and even butadiene rubber (6). Waste animal fat obtained from scraping the

flesh from the fresh hide, before the leathermaking process is begun, can be used

after sulfation or ethoxylation.

Although neat fats and greases can be added to the leather after it has been dried,

oils must be emulsified if they are to be used during the wet end of the leathermak-

ing process. Fortunately, most oils can usually be sulf(on)ated or oxidized easily,

making them amphiphilic; the usual degree is 50% of the triglyceride molecules,

so that an oily emulsion can be prepared with excess neutral oil. By artful formula-

tion, the properties of the emulsion are carefully controlled with regard to the visc-

osity and size of the particles and their affinity for the leather fibers and the chromic

oxide tanning agent. These properties affect the ability of the emulsion particles to

penetrate the leather. Castor oil, unlike fish oil, yields the sulfated as well as the

sulfonated product when it is treated with sulfuric acid; its emulsions have a greater

tendency to break in the presence of electrolytes. When used as fatliquors, its emul-

sions tend to break in the superficial regions of the leather, releasing their oils there
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rather than deeper inside. This allows the leathermaker a means to control deposi-

tion of oil ‘‘stratigraphically.’’ As already described, this permits adjustment of the

mechanical properties and leather esthetics.

A balance of properties of the product can be obtained by formulations based on

natural oils to which sulf(on)ated oils are added. The mixtures can then be opti-

mized statistically with respect to the mechanical properties (7).

Aside from sulf(on)ates, carboxylates (soaps) and phosphates can also be used in

the surfactant. An emulsion based on alkyl phosphate emulsifier is reported to give

an especially soft leather (8). Phosphates are reviewed by Fricke and Haeussler (9).

There is also experience with sulfosuccinic acid amides (10) and other surfactant

formers.

Before the growth of organic chemistry and techniques for sulfonating fats and

oils, tanners emulsified oils for leather softeners with soap and protective colloids.

These mixtures were prepared as water-in-oil emulsions, called ‘‘mayonnaise’’ in

the trade and added to the water in the drum with the leather. They are still used

but not nearly as frequently as sulf(on)ated oils. On the other hand, salts of naphthe-

nic acid are used with hydrocarbon oils (e.g., 11) to make the reverse forms of

these.

Egg yolk was once commonly used, probably because of its lecithin, to emulsify

oils in leathermaking. Lecithin itself is effective as a fatliquor emulsifier (12). Non-

ionic emulsifiers have the advantage of forming emulsions that are stable to elec-

trolytes, so they do not interact electrostatically with the chromium or aluminum

tanning ions. Nonionic–anionic combinations (e.g., 1% nonionic–99% anionic)

are now used to suppress the accumulation of fatty deposits or extrusions at the

surface of the leather. These systems are under active development.

Cationic surfactants are used mainly to treat the surface of the leather, making it

waxy. These are typically C-16 to C-18 alkylbenzyl quaternary ammonium com-

pounds (e.g., 13). Also effective are cationic fatliquors from aminated and quater-

nized castor oil; other vegetable oils are also used (14).

Oils are frequently chlorinated in addition to being sulf(on)ated or oxidized. The

reaction is extended to both the neutral oil and the surfactant, to make them less

volatile and more flame resistant. Fish oil is the usual substrate for this treatment,

but it has been extended to fatliquor from mineral oil and paraffin wax (e.g., 15).

4. OTHER SOFTENING MATERIALS

Leather is also softened, after it is dried, by the addition of grease at temperatures at

which it is fluid. These ‘‘stuffing compounds’’ are made from wool grease or high-

melting (230–266�C, 110–130�F) mixtures of mineral waxes and fatty acids. For

reasons that are not understood, they must be used at much higher levels than fatli-

quors—usually about 30% of the weight of the leather, instead of 10–15%.

The development of new softening materials is considered to be a high priority

by the international leather industry. Research to find materials that give softer

leather for garments without the drawbacks of greasy feel, odor, and cost that attend
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increasing the amounts used is proceeding in many laboratories in many countries

(16). Research on leather softeners is driven by the same considerations every-

where: the need to find new sources of oils and greases that are of constant quality,

inexpensive, convertible to emulsifiers, color-fast, and preferably colorless, odor-

less, fixed well in the leather, and ecologically acceptable.

Examples of such developments are sulfation of transesterified rapeseed oil

phosphatides (17) and the use of bicontinuous microemulsions obtained by the

addition of aliphatic alcohols (18, 19). The stability of these systems promises to

be more reliable than those in present use. Oils from wood (tall oil) can be sulfo-

nated for self-emulsifying fatliquors (20). Polymerizable oils have been used in

fatliquors (21). We expect more progress on the use of high polymers, such as

the already commercial alkyl acrylate esters developed by Hodder et al. (22–24),

and material based on elastomers (6). We anticipate the development of novel sys-

tems to be encouraged by the demand for leather in washable garments and auto-

mobile upholstery.

5. EVALUATING EFFECTS OF FAT IN LEATHER

The amount of residual natural fat and added fatliquor is usually determined by

chemically analyzing hexane extracts, following ASTM Standard D-3495 (25).

The leather is extracted in a Soxhlet apparatus and the amount dissolved in the

hexane is determined gravimetrically. Analyses for specific fatty components are

described in (26).

Fatliquor affects mostly the mechanical properties, measured also by a collection

of ASTM methods given in (25). In addition, the sounds emitted by leather when it

is deformed are greatly suppressed by the presence of fat, supporting a method of

assay by means of the acoustic emission test (27).

6. GENERAL USE OF FATS AND OIL FOR TEXTILES

Consumer textiles are produced from natural and synthetic fibers. To be converted

into useful goods, such as apparel and home furnishings, fibers have to go through a

series of processes such as spinning, weaving, and dyeing. The economics of pro-

duction of these materials demand relatively high speeds of processing. Under these

conditions, fibers and yarns coming into contact with other surfaces undergo fric-

tional heating and abrasive damage and often break, impairing the efficiency of the

process. Sticking of the abraded material to the processing machinery makes this

situation worse.

In addition to abrasion, triboelectric charging is a serious problem in the produc-

tion and processing of synthetic fibers. Charged fibers, because of interfiber repul-

sion, do not form a coherent yarn, and it is difficult to wind such yarns on bobbins to

be transferred to other locations for further processing. To overcome these

problems, combinations of oils, fats, and their derivatives are used extensively as
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lubricants and antistatic agents, known in the trade as spin finishes. Mechanisms of

their action in the fiber and yarn-forming processes are discussed. Oils and fats in

the form of their surface-active derivatives are also used in scouring, dyeing, and

softening. It is important to note that synthetic oils have replaced most of the nat-

ural oils in the processing of textiles. Natural oils are used mainly as their fatty acid

derivatives.

7. COMMON TEXTILE FIBERS

With the exception of silk, which is extruded as a continuous filament by the silk

worm, most natural fibers, such as cotton, occur in the form of short filaments called

staple fibers. Synthetic fibers like nylon, polyester, and poly(propylene), are melt

spun (28) in the form of continuous filaments. High-melting acrylic fibers, on the

other hand, are produced by a process known as wet spinning (29) in which fibers

are regenerated by precipitating the polymer in the fiber form in a suitable nonsol-

vent. Some of the less common fibers are sometimes produced by solution spinning,

in which fibers are regenerated by evaporating the solvent. All manufactured fibers

can be converted into the staple form by cutting the continuous filaments to the

required length.

8. PROCESSING OF FIBERS

8.1. Spinning

In the textile trade, spinning refers to the production of yearns by twisting staple

fibers, as well as the production of yarns from synthetic polymers by the extrusion

of continuous filaments through spinnerettes. In the spinning of staple fibers, yarns

are produced at relatively high speeds by the alignment, drawing, and twisting of

fibers in automatic machines. Stout (30) has studied the role of lubrication in spin-

ning of staple fibers. Open-end spinning (31), used mainly for short staple fibers, is

a more recent spinning method that eliminates the intermediate step of fiber align-

ment. In open-end spinning, fibers are brought to a twisting location in a chamber

by air turbulence. The stability and the efficiency of this process depends on good

fiber cohesion, which prevents yarn breakage. Treating the staple fiber with an oil

promotes fiber cohesion, in addition to lubrication against hard surfaces of the

processing machines to prevent abrasive damage.

Melt or solution spinning of synthetic fibers is a marvel of modern technology.

Fiber lubrication, which is of the utmost importance in this high-speed process, is

achieved by the application of spin finish—a combination of oils and surfactants. A

typical spin line for the production of polyester staple fiber is shown schematically

in Figure 2. The number of filaments, which can vary from tens to thousands, come

into contact with various parts of the machinery, some of which are heated for prop-

er fiber modification. To replenish the lost finish and to ensure adequate lubrication,
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the finish is applied more than once at strategic locations along the spin line. Spin

finishes are also applied to solution spun fibers, after the regeneration step. As these

finishes protect the fibers in subsequent processing, an even distribution at low add-

on is an important requirement. Methods of determining the distribution of finishes

on fibers and yarns have been developed (32).

8.2. Texturing

As a result of crimp, natural fibers form relatively bulky yarns. These produce soft

fabrics that are preferred by the consumer. Texturing is a process that imparts bulk

to melt-spun continuous filament yarns, by introducing crimp in the individual fila-

ments. False-twist friction texturing is one such process (33). The heated yarn is

passed between ceramic friction discs rotating in opposite directions, which intro-

duces a temporary twist in the yarn. The twist is undone as the yarn leaves the discs,

leaving a permanent crimp in the individual filaments. The mechanism of texturing

has been presented (34). Application of a proper finish is critical for the success of

this process in which the interfiber friction should be low and the fiber–disc friction

should be high. Formulating a finish that achieves these two opposing requirements

at a high temperature without degradation is a challenge (35). The effect of

volatilization of a lubricant on yarn friction has been investigated (36). The nature

of the finish plays an important role in the uniformity of the textured yarn and con-

sequently in the quality of the fabric.

8.3. Weaving and Knitting

Solid fats, like tallow, are sometimes used as lubricants on sized warp yarns in shut-

tle looms. Without such lubricants, warp yarns can unravel and break as a result of

the abrasion of the size by the shuttle and the heddle. This would introduce defects

in the fabric and will also affect the efficiency of the weaving process. In knitting,

the lubrication of the yarns is also important. Lack of lubrication results in nonuni-

form yarn movements that affect the quality of the fabric.

Figure 2. Schematic of a typical spin line for the production of staple fibers.
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9. PHYSICAL EFFECTS OF OILS AND FATS ON FIBERS
AND YARNS

9.1. Fiber Lubrication

Surfaces of materials possess different degrees of roughness depending on the way

they are produced. When two solid surfaces are pressed together with a force acting

normal to them, they make contact at the tips of the asperities in the two surfaces. In

the case of soft metals and polymers, because of yielding, these points of contact

form adhesive junctions. The minimum force required to slide one surface over the

other is the force of friction ðFÞ and is given by (37)

F ¼ As; ð1Þ

where A is the area of real contact (much smaller than the geometrical area) at the

asperities and s is the shear strength of the junctions. This is shown schematically in

Figure 3. When a liquid film of a low-shear strength material is introduced at the

interface, some of the solid–solid junctions are replaced by the liquid film. The new

friction force is given by (38)

F0 ¼ A½asþ ð1� aÞsl	; ð2Þ

where a is the fraction of the surface with solid–solid junctions and sl is the shear

strength of the liquid. It should be noted that F0 
 F because a
 1 and sl 
 s.

Adhesion of the lubricant film to the solid surface is an important requirement.

Lack of adhesion will lead to the squeezing of the lubricant film out of the interface

and the re-establishment of the solid–solid junctions (39, 40). This will render the

lubricant less effective. The work of adhesion ðWÞ between a liquid lubricant and

the solid surface is given by (41)

W ¼ sð1þ cos yÞ; ð3Þ

where s is the surface tension of the liquid and y is the contact angle, which is a

measure of the interaction between the liquid and the solid. As, for a given solid

Figure 3. Schematic of the effect of a lubricant film on the formation of adhesive junctions at a

solid–solid interface.
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surface, cos y is inversely related to the surface tension of the liquid (42), proper

formulation of a lubricant to maximize W by adjusting s and cos y is important.

The solid–liquid interaction parameter, cos y, also plays an important role in the

spreading and penetration of the liquid lubricant into the yarn (43). This type of

friction at low sliding speed is known as boundary friction, and lubrication in

this regime is known as boundary lubrication (38).

A different frictional behavior is observed in the lubrication of fibers and yarns at

high speeds (44). Friction appears to increase with the sliding speed. Hydrodynamic

origin of this behavior was first explained by Reynolds (45) based on the lubrication

of bearings rotating at high speeds. According to this theory, at high rates of shear,

hydrodynamic pressure is generated in the lubricant film, which supports the

normal load at the interface. The friction coefficient is found to be a function of

the product of viscosity (Z) and the sliding speed ðVÞ. This relationship between

the friction coefficient (m) and ZV is seen in the hydrodynamic region of

Figure 4, at high values of ZV=W (44). In the boundary friction regime, at low

values of ZV=W , high friction results from the solid–solid junctions. Under these

conditions, abrasive wear is the result. As the formation of adhesive junctions is a

time-dependent phenomenon, at high sliding speeds, fewer adhesive junctions are

formed, and therefore, friction decreases with an increase in sliding speed.

Stick-slip phenomenon, which is characteristic of boundary friction, disappears

(46). In the hydrodynamic region, on the other hand, high coefficients of friction

need not be indicative of abrasive wear. In this friction regime, under the conditions

of good adhesion, a lubricating finish film is always present at the solid–solid

interface.

Figure 4. Schematic of the effect of viscosity and sliding speed on hydrodynamic friction. W is

the normal load (44).
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9.2. Fiber Adhesion

Adhesion between the filaments of a yarn is an important requirement in processing

of fibers. Twist contributes significantly to yarn cohesion. In the case of low-twist

continuous filament yarns, filament adhesion can be improved considerably by the

application of a liquid finish. Liquid bridges are formed by the applied finish, and

the capillary pressure of these liquid bridges is responsible for the increase in

cohesion. This is shown schematically in Figure 5 (47). The force per unit length

of the fibers is given by

�F ¼ 2s sinðjþ yÞ þ 2Rs sinj cosðjþ yÞ
Rð1� cosjÞ þ d

; ð4Þ

where R is the fiber radius, 2d is the distance between the fibers, j is the half-angle

subtended by the liquid bridge at the center of the fibers, y is the contact angle, and

s is the liquid surface tension. The first term on the right-hand side is the attraction

due to the component of surface tension parallel to the line joining the fiber centers.

The second term is the Laplace pressure of the liquid bridge, whose magnitude

depends on y. It is at a maximum when y ¼ 0, and is negative when y > p=2.

Therefore, repulsion between the fibers is possible if the second term in Equation 4

becomes negative and is numerically larger than the first. Physically, this means

liquid–air interface of the bridge is convex rather than concave. It is important to

note that the presence of liquid bridges in the yarn makes a small but significant

contribution to the strength of the yarn (47).

Figure 5. Geometry of a liquid bridge between two filaments.
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10. OILS AND FATS IN TEXTILE PROCESSING

10.1. Natural vs. Synthetic Oils

Although natural oils can be used as lubricants and processing aids in textiles, they

have some serious drawbacks. As a result of unsaturation, these molecules adsorb

strongly on fiber surfaces and are not completely washed off the finished goods. The

residues form resinous products by autoxidation in the presence of oxygen leading

to ‘‘yellowing’’ (48). Oils with conjugated double bonds in the fatty acids are even

worse in this regard. Storage stability of these goods is poor in warehouses and in

the presence of ultraviolet light. As a result of this, in modern textile processing,

synthetic oils are preferred over their natural counterparts. Saturated fatty acids

from natural oils and fats find their way into surfactants in scouring and dyeing

and as antistatic agents in spin-finish formulations. Uses of these surfactants in

the textile industry have been reviewed extensively (49,50).

10.2. Spinning

The commercial importance of spin finishes can be realized from the sheer volume

of synthetic fibers produced. For the year 2000, the production figures of the three

major synthetic fibers, e.g., polyester, polyamide (nylon), and poly(acrylonitrile)

were approximately 18, 4, and 3 million tons, respectively (51). If spin finishes

are applied at 0.25–0.5% level, the annual requirement of these finishes will be

in the range of 70–140 thousand tons. This has given rise to industries that supply

spin-finish components and completely formulated spin finishes for specific

applications (52). An experimental nonproprietory spin finish formulation supplied

to TRI/Princeton by Henkel Corp. follows:

UCON 50 HB 660 (lubricant), 66.0%

Butyl stearate, 8.5

Oleic acid, 8.5

KOH (45% aqueous), 2.8

POE (6) nonyl phenol, 10.0

POE (2) ethyl hexyl Kþ salt, 4.2

UCON is a random copolymer of ethylene oxide (EO) and propylene oxide (PO)

and can be considered as a synthetic oil. POE is poly(oxyethylene), which is a

homopolymer of EO. Random EO-PO copolymers are typical of synthetic oils

used as lubricants in textile processing (53, 54). PLURONICS (BASF) are block

copolymers of EO and PO. Both of these copolymers can be produced with visc-

osities ranging from that of a thin oil to that of a thick paste. Oils of appropriate

viscosity give hydrodynamic lubrication in the high-speed spinning of synthetic

fibers. The hydrophile–lipophile balance (HLB) in these polymers can be varied,

by changing the EO–PO composition, to suit the aqueous solubility requirements.

The other major synthetic oils used in textile processing are the silicone oils, based on

the polymers of dimethyl siloxane, (CH3)3Si��O��(��Si(CH3)2��O��)nSi (CH3)3 (55).
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Similar to the copolymers of EO/PO, these polymers can also be produced with a

range of molecular weights and varying viscosities. In contrast to the EO–PO copo-

lymers, these have much lower surface energies and spread easily on a surface to

give very thin films. Therefore, they make rather poor boundary lubricants. How-

ever, because of the low surface tension and high wettability with other surfaces,

they make good hydrodynamic lubricants (42). For the same reasons, these oils

are often used in soil and water-repellent treatments of fabrics (56, 57). More

recently silicone oils have been combined with POEs and EO–PO copolymers to

produce surfactants with varying HLB numbers and are used as lubricants and

emulsifying and spreading agents (58). In general, silicones are known to be better

lubricants than the EO–PO-based copolymers. The brief nature of this review

precludes detailed discussion of the rather voluminous literature available in this

area.

Mineral oils of different viscosity are used in the spinning of natural and syn-

thetic fibers (59). These are paraffins of varying molecular weights, byproducts

of the petroleum industry.

Apart from lubricants, spin finishes contain antistatic and spreading and emulsi-

fying agents. These are generally alkyl sulfates, alkylbenzene sulfonates, sulfonated

fats and oils and poly(ethylene glycol)-modified fatty acids, fatty acid amides, fatty

alcohols, and fatty amines. Potassium alkyl phosphates are extensively used in the

production of polyester staple fibers.

10.3. Scouring

Here oils and fats are used principally as detergents and wetting agents in the clean-

ing of natural fibers, to remove, for example, fats and waxes from cotton and wool

(60) and in removing finishes used as processing aids in the manufacture of syn-

thetics. Generally, anionic surfactants are used in this process. As most natural

and synthetic fibers have negative charges on the surfaces, anionics will not adsorb

strongly and therefore can be rinsed out easily. Among the nonionic surfactants,

alkyl, alkylphenol, fatty acid, and fatty-acid-amide-modified POEs are more com-

mon. The pH of the bath is an important consideration in the selection of the proper

surfactants.

10.4. Dyeing

In dyeing, surfactants are used as wetting agents. They are also used in the formu-

lation of disperse dyes. A stable suspension of the dye is prepared with the help of

an anionic surfactant, such as alkyl or aryl alkyl sulfonate. It has been shown that

dyeing takes place through the aqueous phase by the slow dissolution of the solid

dye particles (61, 62). The presence of the surfactant helps the dissolution of

the dye.

In special cases, cationic surfactants are used as dye-leveling agents (63, 64).

Cationic dyes with temperature-sensitive diffusion coefficients often yield non-uni-

form shades, because of the difficulty of maintaining constant temperatures in large
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industrial dye baths. Cationic surfactants used in these dye baths diffuse into the

fiber ahead of the dye molecules and occupy some of the sites. This, in general,

reduces the rate of dyeing, but improves uniformity. Overall dye uptake is not affected

because at the end of the process the surfactant molecules are displayed by the dye mole-

cules. Quaternized long-chain surfactants are generally used for this purpose.

10.5. Softening

Fabrics often feel rough after scouring and washing. Ionic as well as nonionic sur-

factants are used to ‘‘soften’’ such fabrics (65). Several mechanisms have been sug-

gested for the softening effect. In the case of low-molecular-weight ionic and

nonionic surfactants, softening has been attributed to the moisturizing and lubrica-

tion of the fibers in the fabric. When the interfiber friction is low, the fabric deforms

easily by the slippage of fibers over one another. This results in a softer ‘‘hand.’’ As

a result of low molecular weight and lack of substantivity, these effects tend to be

temporary, and the fabric needs to be treated after every wash. A more permanent

softening is achieved by the surface deposition of an elastomeric polymer, which

forms interfiber bonds. Surface-deposited silicones (66) are known to be superior

in this respect. A principal drawback of these polymeric softeners is that they inter-

fere with the water absorbency of the fabric because of their hydrophobic nature. A

rather unusual application of silicones is in the shrink proofing of wool garments

(67). In this instance, the interfiber bridges prevent unidirectional fiber migrations

that otherwise would lead to the felting of the fabric.

11. CONCLUDING REMARKS

The foregoing discussion shows the importance of oils and fats in the processing of

textiles. As a result of oxidative stability, synthetic oils have superseded their nat-

ural counterparts. However, fatty acids from natural oils still play an important role

in the processing of textiles. There is considerable pressure on the textile industry to

reduce the amounts of these additives, or to eliminate them completely, because of

the environmental implications of the effluents (68). In response to this, consider-

able effort is being made in the industry to develop additive-free processes.
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Edible Films and Coatings

from Soybean and Other
Protein Sources
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Biobased materials, which are diverse in nature, chemistry, and properties, expand

the possibilities to tailor-made films for packaging in the food industry. Biobased

materials used in the production of films are shown in Figure 1 (1).

1. EDIBLE FILMS AND COATINGS

Oilseed proteins in the meal after the extraction of oil from soybean, corn, cotton

seed, peanut, sunflower seed, rapeseed, and sesame seed are rich sources of plant

proteins and suitable for the production of edible films. Protein content of oil seeds

varies from 20–40% on dry weight basis. Meals have been used as animal feed. A

majority of oilseed proteins are globulins. Soybean meal contains 44–50% protein

and is mainly composed of 2S (alpha-conglycinin), 7S (beta- and gamma-conglycinin),

11S (glycinin), and 15S (glycinin polymers) globulins (2). Rapeseed meal contains

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
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Biobased polymer used for films
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Figure 1. Biobased materials used in the film preparation grouped based on origin/method of production [adapted from Weber (1)].
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40–45% protein, which is predominantly 2S albumin (napin) and 11S globulin (cru-

ciferin) (3). Peanut meal contains 45–50% protein and has 2S (conarachin I), 8S

(conarachin II), and 14S (arachin) globulins (4). Peanut protein film has been

reported to have a bland flavor, and could be used to coat intermediate moisture

foods (5). Sunflower seed meal has 40–50% protein, mainly consisting of albumins

and globulins that are highly soluble in water (6). Cottonseed proteins make up 30–

40% of seed kernel and have good film-forming properties (7). Sesame seed meal

contains 40–50% protein and is suitable for human consumption (8, 9). Zein is an

alcohol soluble prolamine fraction of corn proteins and has higher amounts of non-

polar amino acids such as leucine, proline, and alanine (10). Corn zein films are

tough, glossy, and brittle, with better moisture barrier ability than other protein

films (11). Corn zein has been used commercially in the coating of candy, shelled

nuts, and pharmaceutical tablets (12).

Animal proteins, such as milk casein, whey, albumin, collagen, gelatin, keratin,

and myofibrillar, are also proposed as raw materials to form edible films (13–15).

Extended structures formed by unfolding of protein molecules are required for film

formation. Amorphous three-dimensional structures formed by noncovalent interac-

tions among protein chains stabilize the films. At high water content, films are pro-

duced by ‘‘casting’’ of viscous solutions, and at low water content, films are

produced by extrusion using thermoplastic properties of proteins (13).

Edible films from polysaccharides, proteins, and/or lipid compounds are used in

various food products to control gas transfer (15–17).

Edible coatings of food materials have been studied for their ability to provide a

barrier to mass transfer of moisture and gases and to improve mechanical integrity

of foods (18). Wax was the first edible coating used to coat fruits. Edible coatings

can function as primary packaging (1). Controlling the oxygen and carbon dioxide

transfer in and out of the product can extend shelf life of food products. Oxygen

takes part in many degradation reactions in food such as fat and oil rancidity, micro-

bial growth, enzymatic browning, and vitamin loss. However, for fresh fruits and

vegetables, some permeability to oxygen and especially to carbon dioxide is essen-

tial, and moderate barrier packaging is more appropriate. Carbon dioxide should be

partially eliminated to maintain the quality of fruits and vegetables. Some produce,

for example, strawberries, cherries, raspberries, broccoli, and mushrooms, can tole-

rate and even benefit from carbon dioxide concentrations up to 20% because of a

decrease in respiration rate, whereas others such as pears, some apple varieties,

lettuce, celery, and tomatoes will be injured by carbon dioxide concentrations above

2% (19). Films with the appropriate permeability are selected to establish a suitable

equilibrium modified atmosphere (20). Park et al. (21, 22) reported zein coating on

tomato delay color change, weight loss, and maintained firmness during storage.

Apart from barrier and antimicrobial properties, edible coating should be organo-

leptically and functionally compatible with the product (23). Edible coating should

not have any impact on sensory characteristics of the food product (1). Edible coat-

ings have to fulfill some basic requirements such as good sensory qualities, high

barrier and mechanical efficiencies, sufficient biochemical, physical and microbial

stability, and safe for consumption (23).
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2. PROTEIN FILMS

In native state, proteins exist as either fibrous or globular form. Protein should be

denatured and unfolded to produce an extended chain structure to form film.

Extended protein chains can interact through hydrogen, ionic, and hydrophobic

bonds to form a three-dimensional structure (24). Protein films are excellent gas

barriers but poor moisture barriers because of their hydrophilic nature. Mecha-

nical properties and gas permeability depend on the relative humidity (1). Al-ameri

(25) studied the antioxidant and mechanical properties of soy, whey and wheat

protein, and carrageenan and carboxymethyl cellulose films with incorporated

tertiary-butylhy-droquinone (TBHQ), butylated hydroxytoluene (BHT), fenugreek,

and rosemary extracts. Armitage et al. (26) studied egg albumin film as a carrier

of natural antioxidants to reduce lipid oxidation in cooked and uncooked

poultry.

2.1. Soy Protein Film

The protein content of soybean ranged from 38% to 44%, which mainly consist

of globulins 2S, 7S, 11S, and 15S (27). Amino acid asparagine and glutamine

are high in soy protein (24). Film formation is a result of polymerization of

unfolded proteins by disulfide and hydrogen bonds and hydrophobic interactions

(28). Soy protein films are usually formed by the polymerization of 11S and 7S

protein by disulfide linkages (29). Polymerization is favored by heating a solution

above 60 �C to unfold the protein and a pH between pHs 6.2 and 10.2 to promote

sulfhydryl-disulfide interchange reaction. The pHs of the soy protein film-forming

solutions influence the properties of films (24). Surface films prepared from 11S

protein are smooth, opaque elastic, and have high tensile strength, whereas 7S pro-

tein are translucent and have creases (30).

2.1.1. Plastisizers Plasticizer is necessary to produce protein-or polysaccharide-

based films to have mechanical strength for handling (31). The most common

plasticizers used in films are polyols (glycerol, sorbitol, polyethylene glycol),

mono-, di-, and oligo-saccharides and lipids (monoglycerols, phospholipids). Sur-

factants, such as sodium dodecyl sulfate or glycerol monostearate, also have receiv-

ed attention as potential plasticizers (17, 32–34). Plasticizers are small poly alcohol

(OH) molecules that can increase chain mobility probably by disrupting the hydro-

gen bond between neighboring protein strands and by reducing interchain attractive

forces, which thereby increases flexibility and reduces brittleness of the film (15, 16).

With increased chain mobility, the diffusion coefficient for gas and water vapor

also increases. Lower molecular weight and higher hydrophilicity of the plasticizer

increase the plasticizing effect. Hydroxyl groups of the plasticizer are believed to

replace polymer–polymer interactions by developing polymer–plasticizer hydrogen

bonds. Large amounts of plasticizer increase the extensibility and flexibility and

decrease the elasticity, mechanical resistance, and barrier properties of the films.

Plasticizers chosen for polymer films must be readily soluble in the film solvent and
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miscible with polymer. Plasticizers affect mechanical and permeability properties

of film, thus, they have to be optimized to reduce adverse effect on film properties

(15). Plasticizers also lower water activity, thereby limiting microbial growth (1).

Plasticizer concentrations should be optimized to produce films with desirable

mechanical strength.

2.1.2. Film Casting Edible films are produced by two different mechanisms, dry

and wet processing. In the dry process, films are produced at a lower water content

by extrusion using the thermoplastic properties of polymers. In the wet process,

polymers are dispersed or solubilized into a liquid phase, cast, and dried. The

wet process is preferred to apply coatings in liquid form directly onto food pro-

ducts by dipping, brushing, or spraying (13). Wet processed films reported in the

literature are produced by pouring a measured amount of film-forming solutions,

at different concentrations, onto a surface. This process will result in thicker film

and inconsistency in the thickness of film at different positions. A flow diagram for

the preparation of a soy protein film-forming solution is shown in Figure 2.

Rhim et al. (35, 36) used soy protein isolate at a concentration of 5 g/100 mL,

heated at 70 �C for 20 min and poured the film-forming solution onto a Teflon-

coated glass plate. Brandenburg et al. (37) used a soy protein isolate 5 g/100 g

Figure 2. Soy protein film preparation.
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and heated at 60 �C for 10 min to produce a film-forming solution and poured the

film-forming solution onto a Teflon-coated glass plate. Park et al. (38) used a soy

protein isolate 5 g/100 mL and heated at 90 �C for 20 min to produce a film-forming

solution and poured the film-forming solution onto weighing boats. Rangavajhyala

et al. (39) used a soy protein isolate at a concentration of 5 g/100 g and heated at

70 �C for 30 min to produce a film-forming solution and poured the film-forming

solution onto a Teflon-coated glass plate.

The thickness of the film will determine the physical properties, including

mechanical strength, water, and gas permeability, and any inconsistency in the

thickness of film will result in high variation in the physical properties. To represent

the coated films, model films should also have uniform and low thickness, which

cannot be achieved by casting film in the existing method. Thin films with uniform

thickness can be cast with a Drawdown instrument (Figure 3) by using an adjustable

micrometer film applicator to spread the film-forming solutions uniformly. The

Drawdown instrument is widely used to study the properties of film coating in

non-food applications such as paint, varnish, and lacquer. Unlike pouring film-

forming solutions, the films produced by casting with the Drawdown instrument

need to be optimized for polymer concentrations to have good leveling behavior.

Film-forming solution should withstand an increase in surface area without

dripping in a coating application. In the edible film studies, variations in the

Figure 3. Drawdown instrument for casting films.
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concentration of the polymer are used to produce film-forming solutions that make

the comparisons less useful. A film-forming solution can neither be a solution nor

be a gel. Extended structures formed by the unfolding of protein molecules are

required for film formation. Amorphous three-dimensional structures formed by

noncovalent interactions among protein chains stabilize the films (13). The distance

between polymer molecules (concentration) will determine the solution and the gel

stage. The transition point between solution and gel was expected to be ideal for the

film-forming solution. The concentrations of the polymers have to be optimized to

get this transition point.

Eswaranandam and Hettiarachchy (40) selected the concentration of soy protein

based on the turning point of the slope of concentration versus viscosity to optimize

concentration to cast films. To produce the best films, polymer molecules should

be in a distance that is not too far to form noncovalent bonds and not too close

to form a gel network. The optimum concentration to cast film by the Drawdown

instrument is the point of the changing slope of viscosity versus the concentration

curve. The turning point of the slope of concentration versus the viscosity curve

will express this optimum distance between polymer molecules. The turning point

in viscosities is 10.0/9.0/16.5/1.75 g 100-g solution for a soy protein/whey protein/

wheat gluten/carboxymethyl cellulose film-forming solution (Figure 4) (40). Table 1

shows the concentrations of soy, whey, wheat proteins, and carboxymethyl cellulose

used in the optimization of the film-forming solutions for casting with a Drawdown

instrument (40).

Glycerol (plasticizer) concentration used in the literature varied from 35 to

60 g/100-g soy protein (35–39). A lower amount of plasticizer will cause drying

out and cracking of the film. The intermolecular disulfide bonds resulting from

the denaturing of protein and intermolecular interactions between the protein chain
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Figure 4. Optimization of concentration of polymer for film-forming solution based on viscosity

[adapted from Eswaranandam and Hettiarachchy (40)].
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from hydrogen bonding hydrophobic interactions and the electrostatic forces will

result in the brittleness of the film. Higher amounts of plasticizer increase the flexi-

bility and decrease the elasticity, mechanical resistance, and the barrier properties

of the films. Plasticizers affect the mechanical and permeability properties of films.

The level of plasticizer has to be optimized to reduce the adverse effect on film

properties (15).

The optimum level of plasticizer will reduce the protein chain-to-chain inter-

action and will increase the flexibility of the film (41). Different concentrations of

polymers, glycerol, and conditions were required to produce these films with desir-

able physical and mechanical properties.

Low-molecular-weight organic acids with one or more OH groups also have a

plasticizing effect on films (Figure 5). Krull and Inglett (42) and Cagri et al. (43)

reported the plasticizing effect of lactic acid, which increases elongation of wheat

gluten and whey protein films. Organic acids are either naturally present in fruits

and vegetables or synthesized by microorganisms as a result of fermentation. Acetic,

citric, succinic, malic, tartaric, benzoic, and sorbic acids are major organic acids

that naturally occur in fruits and vegetables (44).

HO CH COOH

CH2 COOH

DL-Malic acid (MW 134.09, EQ W 67.05
pKal 3.40, pKa2 5.10

HO C

CH2

CH2 COOH

COOH

COOH

Citric acid (MW 192.13, EQ W 64.04),
pKal 3.13, pKa2 4.76, and pKa3 6.40

CH3 CHOH COOH

Lactic acid (MW 90.08, EQ W 90.08)
pKa 3.86

HOOC CHOH CHOH COOH

Tartaric acid (MW 150.09, EQ W 75.03
pKal 3.20, pKa2 4.80

Figure 5. Structure, molecular and equivalent weights, and pKa (at 25 �C ) of organic acids.

TABLE 1. Concentrations of Polymer and Glycerol used in Optimization of Film-Forming

Solutions and Their Optimized Concentrations.

Optimum Optimum

Polymer Concentrations Polymer Glycerol Concentrations Glycerol

used in Optimization Concentration used in Optimization Concentration

—————————————————————————————————————————

Polymer (g/100-g solution) (g/100-g polymer)

Soy protein 4.0, 6.0, 8.0, 10.0, 12.0 10.00 25, 30, 35, 40, 45 35

Whey protein 4.0, 5.0, 6.0, 7.0, 8.0, 9.0 10.0 9.00 25, 30, 35, 40, 45 35

Wheat gluten 12.0, 14.0, 16.0 16.5, 17.0, 17.5 18.0 16.5 10,15, 20, 25, 30, 35, 40, 45 15

Carboxymethyl 1.00, 1.25, 1.50, 1.75, 2.00 1.75 10,15, 20, 25, 30, 35, 40, 45 15

cellulose

Adapted from Eswaranandam and Hettiarachchy (40).
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2.1.3. Ultraviolet or c-Irradiation and Cross-Linking The mechanical strength

of the film can be improved by cross-linking of the polymers by means of ultra-

violet (UV)/g-radiation, enzymes, and chemicals. UV treatment (51.8 J/m2) de-

creased puncture strength and increased tensile strength of soy protein film (36).

Gennadios et al. (45) reported that the application of UV irradiation (103.7 J/m2)

to soy protein film increased the tensile from 3.7 to 6.1 MPa; furthermore, tensile

strength was shown to increase linearly with UV irradiation dosage. Gennadios et al.

(45) reported that UV irradiation has weaker energy than does ionizing radiation,

which is less likely to cause adverse effects but linearly increases tensile strength

(R2¼ 0.96) and linearly decreases percentage elongation (R2¼ 0.92) of soy protein

film with the UV dosage up to 103.7 J/m2.

Ultraviolet or g-irradiation can be used to cross-link protein film. The effi-

ciency of UV radiation on the mechanical properties of film depends on the amino

acids composition and the molecular structure of the protein. A UV irradiation of

0.0104 J/cm2 increased the tensile strength (65%) and decreased elongation (31%)

of soy protein film but did not influence wheat gluten and pea protein films. The

aromatic amino acids tyrosine and phenylalanine in soy protein may participate

in cross-linking reactions when irradiated by UV light (45–47). The net results

of irradiation could be cross-linking or molecular degradation, which depend on

the nature of protein and irradiation dose (48). Vachon et al. (49) reported that

g-irradiation induced cross-links in calcium caseinate film. They also reported

that a combination of irradiation and thermal treatments increased the puncture

strength of calcium caseinate and whey proteins films. Brault et al. (50) reported

that cross-links formed by g-radiation increased the mechanical strength and

water resistance of calcium caseinate film. Ionizing g-radiation affects proteins by

causing conformational changes, aminoacid oxidation, free radical formation,

covalent bond breaking, recombination, and polymerization reactions (51). At the

dosage of 5–30 kGy, g-radiation did not affect the tensile strength of soy protein

film but increased the tensile strength of soy protein and polyethylene oxide com-

posite film (52).

Gennadios et al. (45) treated soy protein films (soy protein 5 g, glycerol 2.5 g

per 100-mL water, pH 10.0) with UV light after drying and peeling from the plates.

The UV dosage used in their study was 0.01037 J/cm2 (0.6 mW/m2 for 48 h), and

reported tensile strength increased linearly with the UV dosage. Rhim et al. (35) also

showed an increase in tensile strength of UV-irradiated egg albumin, gluten, and

zein films compared with control nonirradiated films. The higher dose of UV irra-

diation used in this study explores the benefits of UV irradiation other than increas-

ing tensile strength.

The effect of UV treatment on the tensile strength depended on the step of film

preparation (Figure 6, Table 2) (53). UV treatment of soy protein isolate and during

film preparation steps before casting (d), before drying (e), and after drying (f)

increased tensile strength of the film at pH 7.0. UV treatment before heating

(b) was not significantly different from that of the control with no UV treatment.

Although UV treatment decreased elongation of the film before break, the differ-

ences are not significant ( p > 0.05).
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At pH 3.0, UV treatment significantly increased maximum tensile strength and

tension at break of the film at steps a, d, and e (soy protein isolate, before casting,

and before drying). UV treatment at steps b, c, and f (before heating, before adjust-

ing pH, and after drying) did not show a significant effect on maximum tensile

strength and tension at break of the film (p > 0.05). UV radiation is absorbed by

aromatic amino acids in soy protein, resulting in conformational modifications and

cleavage of S��S bonds (52). UV irradiation at 1.0 J/cm2 had minimum/no effect

on tensile properties of wheat gluten and pea protein films (48, 54). A high amount

of tyrosine and phenylalanine in soy protein that participates in the cross-linking

reactions induced by UV irradiation is responsible for the increase in tensile

strength (46). Drastic conformational changes of protein molecules during heating

Figure 6. UV treatment (7.56 J/cm2) at different steps of soy protein film solution preparation

(arrows point to the steps of UV treatment) [adapted from Eswaranandam (53)].
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and adjusting pH may affect the cross-links formed during UV irradiation at the

steps b and c (before heating, before adjusting pH). Soy protein isolate can be

UV irradiated to increase the tensile strength of the film at neutral and acidic pHs.

2.2. Film Properties

2.2.1. Film Thickness Several problems associated with thick edible coating

including anaerobic respiration in apples and banana (55), rapid weight loss in

tomatoes (21, 22), the elevated level of core flush in apple (56), and increased incid-

ence of decay in cucumber have been reported (57). Thin film should have adequate

mechanical strength and extensibility to maintain integrity and withstand external

stress that would occur during processing, handling, and the storage of the product

(58). The distance within polymer molecules and between polymer and plasticizer

molecules and the level of dryness will determine the mechanical strength of the film.

Soy protein films with the thickness of 63.3–93.5 mm (35, 36), 84–128 mm (38),

and 156.4 mm (59) have been reported. However, thick films are not suitable for

applications including coatings of food products. Table 3 shows the thickness of

soy, whey and wheat protein, and carboxymethyl cellulose films produced by cast-

ing (40). Wheat gluten film had the greatest thickness (44.1 mm) followed by soy

protein (27.5 mm) and whey protein films (13.1 mm). Carboxymethylcellulose films

also can be produced with low thickness (20.3 mm). The high molecular weight of

wheat gluten (monomeric gliadins 30–80 kDa, polymeric glutenins 30–120 kDa)

and soy proteins (7S globulin 168 kDa, 11S globulin 300–380 kDa) compared

with whey protein (b-lactoglobulin 18.3 kDa, a-lactalbumin 14.2 kDa) may have

contributed to the greater thickness of these films. For the applications of food

TABLE 2. Effect of UV Treatment (7.56 J/cm2) at Different Steps� (a-f) of Film Preparation

on the Tensile Strength and Elongation of the Soy Protein Film.

Steps of UV Treatment Maximum Tension at Elongation % Thickness mm

pH in Film Preparation Tension (MPa) Break (MPa)

pH 7.0 Control (no UV) 16.6� 2.3c�� 15.3� 2.1b 65.2� 7.9a 27.1� 3.4a

(a) Soy protein isolate 22.7� 1.1ab 20.2� 1.4a 43.8� 13.2a 27.9� 0.4a

(b) Before heating 19.9� 1.5bc 17.6� 1.4ab 37.7� 12.2a 27.9� 0.6a

(d) Before casting 22.8� 1.4ab 19.1� 1.2ab 45.2� 9.8a 29.7� 2.3a

(e) Before drying 22.7� 1.6ab 20.0� 1.3a 29.5� 7.9a 28.2� 1.3a

(f) After drying 27.3� 1.8a 22.5� 1.4a 52.4� 13.2a 28.6� 1.2a

pH 3.0 Control (no UV) 11.7� 0.3de 11.7� 0.3cd 32.7� 8.4ab 35.1� 0.5c

(a) Soy protein isolate 14.2� 0.6a 14.1� 0.6a 26.9� 3.4b 38.4� 1.6b

(b) Before heating 10.7� 0.4e 10.7� 0.4d 32.2� 7.4ab 41.1� 0.9a

(c) Before adjusting pH 11.2� 0.3de 11.1� 0.3cd 24.4� 4.8bc 39.4� 0.5ab

(d) Before casting 13.3� 0.6abc 13.2� 0.6ab 19.4� 5.1bc 37.6� 0.5bc

(e) Before drying 13.8� 1.0ab 14.2� 0.9a 7.0� 1.8c 40.3� 0.3ab

(f) After drying 12.1� 0.3cde 12.0� 0.3bcd 46.5� 5.6a 38.6� 0.9ab

�
See Figure 6 for details.
��

Values are means� SEM of triplicate analyse. Means followed by the same superscript in a column are not

significantly different (p > 0.05).

Adapted from Eswaranandam (53).
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coating, low thickness of film is preferred. Other investigators produced films with

higher thickness. Homogenous film by pouring results in films with high thickness.

Homogenous film by casting with the Drawdown instrument can produce films with

low thickness. The optimized film-forming solution produced for casting with the

Drawdown instrument with low thickness will resist dripping from the surface when

applied on the surface of food products.

2.2.2. Color The color of the film can affect the consumer acceptance of coated

produce (60). Five different color systems XYZ, Yxy, L�a�b�, L�C�Ho, and Hunter

Lab are used to express absolute chromaticity. Color system XYZ is measured as

tristimulus values of color and forms the basis for most calculations. In the color

system Yxy, Y is a lightness factor expressed as a percentage based on a perfect

reflection of 100%. x and y are chromaticity coordinates defined by the following

equations:

x ¼ X

X þ Y þ Z
; y ¼ Y

X þ Y þ Z
:

Color L�a�b� system closely represents the color sensitivity of the human eye.

L� is the lightness variable, and a� and b� are color coordinates defined by the fol-

lowing equations:

L� ¼ 116
Y

Yn

� �1
3

�16; a� ¼ 500
Y

Xn

� �1
3

� Y

Yn

� �1
3

" #
; b� ¼ 200

Y

Yn

� �1
3

� Z

Zn

� �1
3

" #
;

where X,Y, and Z are measured tristimulus values of the sample.

Xn, Yn, and Zn are tristimulus values of the light source used (for D65, Xn¼
95.045, Yn¼ 100.00, and Zn¼ 108.892)

The red color never contains green components, the blue color never contains

yellow components, and the white color never contains black components.

The total color difference �E�ab is defined by following equation:

�E�ab ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðL� � L�t Þ

2 þ ða� � a�t Þ
2 þ ðb� � b�t Þ

2
q

;

where L�t , a�t , and b�t are target colors.

TABLE 3. Thickness and Mechanical Properties of Films.

Thickness mm Tensile Strength Tension at Elongation % Puncture

Polymer Film (MPa) Break (MPa) Strength (N)

SPI 27.5b� 2.89c 2.86c 4.99a 0.47b

WPI 13.1a 20.13b 18.51b 11.24a 0.64b

WG 44.1c 23.28ab 22.63ab 7.56a 3.54a

CMC 20.3b 27.26a 27.26a 13.78a 3.54a

�
Values are means of triplicate analysis. Means with same superscript in each column are not significantly

different (p > 0.05).

Adapted from Eswaranandam and Hettiarachchy (40).
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The L�C�Ho color system uses the same coordinates (Figure 7) as the L�a�b�

system, but it uses cylindrical coordinates instead of Cartesian coordinates. In

this system, L� represents lightness, C� represents chroma where C� ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ða�Þ2þðb�Þ2
p

, and Ho represents Hue angle defined by

Ho ¼ tan�1 b�

a�

� �
when a� > 0 and b� > 0;

Ho ¼ 180þ tan�1 b�

a�

� �
when a� < 0;

Ho ¼ 360þ tan�1 b�

a�

� �
when a� > 0 and b� < 0:

In the Hunter Lab color system, L is the lightness variable and a and b are

chromaticity coordinates defined as follows:

L ¼ 100
T

Yn

� �1
2

;

a ¼ 175
0:0102Xn

Y=Yn

� �1
2

" #
X

Xn

� �
� Y

Yn

� �� �
;

b ¼ 70
0:00847Zn

Y=Yn

� �1
2

" #
Y

Yn

� �
� Z

Zn

� �� �
;

where X,Y, and Z are tristimulus values of the sample.

Yellow
+b
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−b

Red
+aGreen

−a

Chroma

Hue angle

Figure 7. LCH Color coordinates.
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Xn, Yn, and Zn are tristimulus values of the light source used (for D65, Xn¼
95.045, Yn¼ 100.00, and Zn¼ 108.892)

The color characteristics of the film can be affected by various treatments. Rhim

et al. (35) reported that the transparent greenish-yellow color (L¼ 92.9, a¼�3.27,

and b¼ 15.4) of soy protein film increased lightness (L) and decreased yellowness

(a) and greenness (b) by the addition of polyethyleneglycol alginate. Rhim et al.

(36) also reported color changes of heat-cured (90 �C 24 h) and UV-treated

(51.8 J/m2) soy protein film. Both heat-cured and UV-treated films had lower light-

ness (L) and greater yellowness (b) than control. Yellowish coloration (þb)

increased linearly with the UV-irradiation dosage up to 103.7 J/m2 (46). The color

of the wheat gluten film changed drastically by heat curing. When the temperature

of heat curing of wheat gluten film increased from 20 �C to 140 �C, lightness (L)

decreased by 20% and redness (a) and yellowness (b) increased by 1137% and

307%, respectively (48).

Table 4 shows the color lab chroma and hue angle of soy, whey and wheat pro-

tein, and carboxymethyl cellulose films (40). Wheat gluten film was darker (Lower

L¼ 94.52) than all other films, which is in agreement with the L value (94.73) of

wheat gluten film reported by Micard et al. (47). Soy protein film had higher L

value (96.69) than other films. Film color is influenced by thickness and pH of

the film. Rhim et al. (36) reported an L value of 93.0 for soy protein film at a pH

of 10.0. Wheat gluten and soy protein films are more yellowed (higher b, 10.01

and 6.69, respectively) than whey protein and CMC film, although the yellow color

was visually unnoticeable in thin films. Micard et al. (47) also reported a higher b

value (11.15) of wheat gluten film. Rhim et al. (36) reported a higher b value

(14.40) for soy protein film at a pH of 10.0. The hue angle of the films was high

(85.25–95.23) because of the lower a value and the higher b value. The yellow color

of wheat gluten and soy protein films resulted in a higher color difference (�E)

from the standard white color plate, and the transparent character of whey protein

and CMC films resulted in a lower color difference (�E) from the standard white

color plate. Thin films with low �E will not mask the original color of the product

and are preferred for coating.

TABLE 4. Color L�a�b�, Chroma Hue Angle and �E of Films.

L a b Chroma Hue Angle �E
�

SPI 96.69a �0.62b 6.69b 6.71b 95.23a 4.90b

WPI 96.17b 0.15a 2.15c 2.15c 86.14c 1.00c

WG 94.52c �0.61b 10.01a 10.02a 93.44b 8.56a

CMC 96.52ab 0.17a 2.05c 2.05c 85.25c 0.62c

Values are means of triplicate analysis. Means with same superscript in each

column are not significantly different (p > 0.05).

L,
�

Lightness index from black (0) to white (100).
aGreeness (�80) to redness (þ100).
bBlueness (�80) to yellowness (70).
cChroma.

�E, Color difference from white standard plate (L, 97.10; a, �0.13; b, 1.88).

Adapted from Eswaranandam and Hettiarachchy (40).
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Thin film with high tensile and puncture strength, low color difference, and low

water vapor permeability is more suitable for application as coating, the carriers of

antimicrobials, and nutraceuticals than thick film produced by pouring film-forming

solution.

2.2.3. Mechanical Properties Edible films should have adequate mechanical

strength and extensibility to maintain integrity and withstand external stress that

would occur during processing, handling, and storage (58). Tensile and puncture

strengths are used to express the mechanical property of the film. Mechanical

strength and barrier properties of the film can be increased by cross-linking. Protein

can be cross-linked by irradiation or enzymes, such as transglutaminase, peroxidase,

or chemicals, such as glutaraldehyde, glyceradehyde, formaldehyde, gossypol, and

tannic and lactic acids and divalent cations (61). Yildrim and Hettiarachchy (62)

studied the properties of transglutaminase cross-linked whey protein and 11S glo-

bulin film. Transglutaminase cross-linking increased tensile strength and decreased

solubility of the film.

Incorporation of additives other than cross-linking agents will result in lower

tensile strength and higher elongation because these molecules form hydrogen

bonds with an amide group of proteins (15). Yildrim and Hettiarachchy (62)

reported that transglutaminase cross-linking increased tensile strength and puncture

strength of whey protein and 11s globulin composite film by two times the control.

Rhim et al. (35) reported that incorporation of polyethyleneglycol alginate

increased tensile strength and decreased percentage elongation of the soy protein

film. Rhim et al. (36) also reported that puncture strength of the soy protein film was

lower in acidic medium and higher in alkaline medium than in water. Were et al.

(63) reported high tensile and puncture strength with added cysteine of soy protein

and wheat gluten (4:1) film at a pH of 7. Wu and Zhang (64) reported a decrease

in tensile strength of soy protein film from 18.5 MPa to 3.8 MPa and an increase

in percent elongation from 20% to 230% by the addition of 20–70-g ethylene glycol

per 100-g soy protein. Galietta et al. (34) reported increasing glycerol concentration

from 25% to 40% decreased mechanical strength, and incorporation of formalde-

hyde up to 9-g/100 g dry matter increased mechanical strength of whey protein film.

An increase in tensile strength (75%) and stiffness (Young’s module) (314%) and a

decrease in elongation (36%) with aging of wheat gluten films for 5 days was

reported by Micard et al. (47), because of the formation of a disulfide bond by thiol

oxidation. Perez-Gago and Krochta (65) reported an increase in tensile strength,

Young’s modulus, and elongation with increased heat denaturation temperature

from 70 �C to 100 �C and time from 5 to 20 min. Divalent cations such as calcium

can cross-link between negatively charged groups of protein molecules and

decrease mobility of protein chains that contributes to an increase in tensile strength

and barrier properties (66).

Table 3 shows the thickness and tensile and puncture strength, tension at break,

and percent elongation of soy, whey and wheat protein, and carboxymethyl cellu-

lose films (40). Wheat gluten film showed higher tensile (23.28 MPa) and puncture

strengths (3.54 N). Micard et al. (47) reported a very low tensile strength (2.1 MPa)
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for wheat gluten. The differences observed may be from high glycerol content

(23%) and low heating temperature (50 �C ) of the film-forming solution, which

is not enough to open the structure of protein molecules (48). The soy protein film

showed lower tensile (2.89 MPa) and puncture strengths (0.47 N). Tensile and punc-

ture strengths of the films depend on pH and thickness of the film. Brandenburg

et al. (37) reported the tensile strength of soy protein films (thickness 63.8 mm)

to be 3.13, 4.33, 5.23, and 4.54 MPa at a pH of 6.0 to 8.0, and 10.0 and 12.0, res-

pectively. Park et al. (38) reported the tensile strength of soy protein film to be 5.5

MPa at a pH of 9.0, and Rhim et al. (36) reported the tensile strength of 8.2 MPa at a

pH of 10.0. Thin homogenous protein films produced by casting had higher tensile

and puncture strength than thick pouring films. Drawdown cast film has the

advantage of high mechanical strength even at low thickness compared with poured

film because of the uniform thickness.

Carboxymethyl cellulose film showed higher tensile (27.26 MPa) and puncture

strengths (3.54 N). A tensile strength of 10 to 20 MPa was reported for methylcel-

lulose film (67). Thin homogenous cellulose films produced by casting with the

Drawdown instrument had higher tensile and puncture strength than thick pouring

films. There is no significant difference (p > 0.05) in percent elongation soy, whey

and wheat protein, and carboxymethyl cellulose films.

2.2.4. Barrier Property—Water Vapor Permeability (WVP) Protein films are

excellent gas barriers but poor moisture barriers because of their hydrophilic nature.

Mechanical properties and gas permeability depend on the relative humidity (1).

Water vapor permeability of edible film quantifies the efficiency to reduce moist-

ure transfers between food and its surrounding medium. Transport of water vapor

through polymer films proceeds through (1) adsorption on to the surface, (2) solu-

tion into polymer matrix, (3) diffusion through polymer matrix, and (4) desorption

of water vapor from another surface of polymer film (68). Water flux varies non-

linearly with water vapor pressure difference so that the WVP is not an inherent

property of hydrophilic films (69). The water vapor transmission rate increased

with increasing moisture content of the film and relative humidity of the two sides

of the film with a constant difference between two sides (70). Protein films are poor

water vapor barriers because of their hydrophilic nature, which is a major challenge

for many food applications (1). Water vapor barrier properties can be improved by

incorporating hydrophobic lipid material or by developing bilayer protein-lipid film

(71). Water molecules also affect barrier and other properties such as plasticization,

swelling, and solubilization of hydrophilic films by causing sorption and swelling,

and by changing the structure of the film. But the water barrier property of hydro-

phobic films, such as polyethylene, depends only on the water vapor pressure dif-

ference on both sides of the film (72). Diffusivity and solubility of water molecules

in the film matrix influence the water vapor transmission through protein film.

Water vapor diffusivity increases by plasticizer molecules, which increase inter-

chain spacing between polymers (17).

Water vapor permeability can be measured by the gravimetric method (ASTM

E96-00e1) (73) for a hydrophobic film. For hydrophilic films, the method is
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corrected to include partial pressure gradient in the stagnant air layer between

the mounted film and the water and thickness of the film. When the stagnant

air gap is > 14-mm air convection will occur due to the effect of evaporative

cooling (69).

Were (74) studied the effect of cysteine-added, soy protein–wheat gluten, com-

posite film. Incorporation of cysteine increased tensile strength of soy:gluten 4:1

film at a pH of 3.0 from 3.68 to 4.94 MPa. Park et al. (38) studied the effect of cal-

cium salts and glucano-d-lactone on the mechanical properties of soy protein film.

Calcium sulfate 0.3% (w/w of soy protein) increased the tensile strength and punc-

ture strength of soy protein film from 5.5 and 5.9 to 8.6 and 9.8 MPa, respectively.

Glucano-d-lactone 0.3% (w/w of soy protein) increased the tensile strength and

puncture strength to 8.3 and 8.8 MPa, respectively.

High moisture content (38.5–41.7%) and lower moisture adsorption (3.1%) dur-

ing the WVP determination may favor the initial adsorption, solution, diffusion, and

desorption, which caused higher WVTR of soy protein film. Wheat gluten films

had the lowest WVTR (48.96 g/h m2). Low moisture content (15.0-17.0%) and

lower moisture adsorption (2.0%) during the WVP determination may hinder the

moisture transmission through the wheat gluten film. Water vapor permeability of

soy protein film (1.01 g mm/kPa h m2) were higher than carboxymethyl cellulose

films (0.76 g mm/kPa h m2) and whey protein films (0.69 g mm/kPa h m2). Wheat

gluten film (0.48 g mm/kPa h m2) has lower WVP. Higher WVPs were reported

for films with greater thickness. Park et al. (38) and Rhim et al. (35) reported that

soy protein films with the thickness of 84 mm and 63 mm have a WVP of 8.86

and 9.00 g mm/kPa h m2, respectively. Anker et al. (75) reported that whey protein

films with the thickness of 175 mm had a WVP of 14 g mm/kPa h m2. Yildirim and

Hettiarachchy (62) reported a WVP of 2.71 g mm/kPa h m2 for whey protein film

with the thickness of 74 mm. Thin film produced by casting had lower water

vapor permeability than films prepared by pouring. Water vapor permeability of

0.49 g mm/kPa h m2 was reported for wheat gluten film (48).

Table 5 shows the WVP and WVTR of soy, whey and wheat protein, and carb-

oxymethyl cellulose films (40). Lower thickness of the films might result in lower

WVTR and WVP in all films. McHugh et al. (69) reported a direct correlation

TABLE 5. Water Vapor Barrier Property of the Films.

Moisture Content of the Film (%)

Before After Moisture WVTR WVP

Polymer Film WVP Determination Adsorption (%) (g/h m2) (g mm/kPa h m2)

SPI 38.5a� 41.7a 3.1 61.08a 1.01a

WPI 26.8b 38.1b 11.3 48.96b 0.69b

WG 15.0c 17.0c 2.0 34.50c 0.48c

CMC 26.3b 34.3b 8.1 52.69b 0.76b

�
Values are means of triplicate analysis. Means with same superscript in each column are not significantly

different (p > 0.05). Water vapor partial pressure under (P2) and over (P3) side of the film are 2.64 and

0.78 kPa, respectively.

Adapted from Eswaranandam and Hettiarachchy (29).
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between thickness and WVP. The WVTR of soy protein film (61.08 g/h m2) was

higher than CMC film (52.69 g/h m2) and whey protein film (48.96 g/h m2).

The physical and mechanical properties indicate that edible films have a

potential application in agricultural and biomedical fields. The potential applica-

tions of edible film for commercial application to extend shelf- life and improve

microbial safety in whole and minimally processed fruits and vegetables as well

as poultry meat and sea food products seems promising. Furthermore, these edible

films can be tailored to incorporate antimicrobials, antioxidants, phytonutrients,

nutraceuticals, nutrients, flavor, colors, and food additives. These areas need exten-

sive research.
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1. INTRODUCTION

Lipids are a major source of storage energy, are important precursors in the body’s

metabolic processes, and are essential components of cell membranes and other

biological structures. Lipids also play important roles in absorption of fat-soluble

nutrients. They function as essential fatty acids (omega-3 and omega-6), fat-soluble

vitamins, cellular transport components, and food/medical supplements. Besides

nutrition and biological functions, lipids play an essential role in processing, quality,

and the organoleptic and texture properties of food products (1, 2). Fatty acids

are important components of cell membrane processes and play a major role in the

formation of eicosanoids. Lipids come mainly from one of two sources, ingested

foods or are synthesized in the body, primarily in the liver.

The metabolic role of lipids and the manner in which they operate in cellular

structures is increasingly better understood. This understanding has allowed for

the developments of a diverse number of applications both in the pharmaceutical

and cosmetic fields. The major types of lipids that are present in the human body

and/or play major roles in metabolic processes are triacylglycerols (TAGs), free

Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.
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TABLE 1. Metabolic Fatty Acids.

Carbon number Common Name Structure Comments

14:0 Myristic acid CH3(CH2)12COOH Found in plasma membrane-associated cytoplasmic proteins

16:0 Palmitic acid CH3(CH2)14COOH End product of mammalian fatty acid synthesis

16:1�9 Palmitoleic acid CH3(CH2)5C����C(CH2)7COOH Found in storage lipids

18:0 Stearic acid CH3(CH2)16COOH Found in storage lipids

18:1�9 Oleic acid CH3(CH2)7C����C(CH2)7COOH Most abundant in adipose lipids

18:2�9,12 Linoleic acid CH3(CH2)4C����CCH2C����C(CH2)7COOH Essential fatty acid

18:3�9,12,15 Linolenic acid CH3CH2C����CCH2C����CCH2C����C(CH2)7COOH Essential fatty acid

20:4�5,8,11,14 Arachidonic acid CH3(CH2)3(CH2C����C)4(CH2)3COOH Precursor for eicosanoid synthesis



fatty acids, phospholipids, sphingolipoids, bile salts, steroids and sterols, choles-

terol, eicosanoids, and fat-soluble vitamins. Table 1 and Figure 1 show a more detail-

ed list of these lipids and their properties.

Lipid nutritional supplements have been in use before the term nutraceutical was

coined. Products such as fish oils, shark cartilage, shark liver oil, and vitamins have

been in the market since the beginning of the twentieth century. Some of the health

claims of these products lacked strict scientific documentation in the past, and their

curative properties were mostly anecdotal. However, today there is a better under-

standing of the biological properties of lipids and their application has extended

to combined pharmaceutical and cosmetic fields such as disease prevention and

treatment, excipients and coadjuvants, trans-dermal carriers, and skin emolliency

agents. This has led to the development of bioactive cosmetic and pharmaceutical

products whose name has recently been coined as cosmeceuticals.

2. LIPIDS IN DISEASE PREVENTION AND TREATMENT

There is currently a wide range of vegetable oils and fats with diverse nutritional,

pharmaceutical, and cosmetic properties. The metabolism of triacylglycerol lipids
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Figure 1. Structures of major bioactive lipids.
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start after ingestion, where they are typically hydrolyzed by lipases in the digestive

tract into monoacylglycerols and free fatty acids and then absorbed in the upper

segment of the small intestine. These are then synthesized back into TAGs in the

mucosal epithelial layer and enter the bloodstream as chylomicrons through the

lymphatic system. These chylomicrons are then transported via the bloodstream

to the peripheral tissues and organs to perform diverse functions (3).

2.1. Essential Fatty Acids

It has been widely documented that essential fats, or lack of them, play an essential

role regarding the onset or control of many diseases such as inflammation, arthritis,

and diabetes. Omega-3 fats are commonly used to improve growth and develop-

ment of infants, treatment of disease in adults, and other disease prevention mea-

sures (4–8). Fish oil has been studied for the treatment of inflammation caused by

excessive pro-inflammatory eicosanoids and cytokine production. Fish oil has been

suggested for the prevention and therapy of rheumatoid arthritis and other chronic

diseases (9, 10). The main sources of omega-3 essential fatty acids are marine

oils and oilseeds. Oils of plant origin with a high content of omega-3 fatty acids

include flax and perilla oils that contain over 50% alpha-linolenic acid.

2.2. Fat-soluble Vitamins

Vitamin A, derived from carotenoids and retenoids, is required for eye develop-

ment and prevention of vision disease. Retinol and retinoic acid also play an

important role in the proper function of mucose-secreting cells. Vitamin A influ-

ences the modulation of gene expression related to cell differentiation and cell

adhesion (11). Intake requirements for Vitamin A are approximately 1.4 mg/day,

and the main source of this vitamin is animal products and fats and oils. One

of the primary roles of Vitamin E is to control the peroxidation of polyunsaturated

fatty acids (PUFA). Vitamin E has been reported to inactivate disease-causing

free radicals and control oxygenase activity. Vitamin E and antioxidants in gene-

ral are known to minimize peroxidation at the cellular level and thus help prevent

premature cellular aging and tissue degenaration. The daily recommended intake

of Vitamin E is 200–400 IUs (12). Currently, the main source of Vitamin E or

alpha tocopherol is vegetable oils. Vitamin D is reported to regulate calcium

and phosphorous metabolism as well as to modulate secretion of polypeptides

and hormones. Milk is the most important source of Vitamin D, and it is generally

acknowledged as the main provider of this nutrient for the U.S. population, with

an adequate daily intake of 5–10 mg (13). Vitamin K is a nutrient required for the

biological activity of several coagulation factors in the bloodstream. Vitamin K

has also been reported to play a role in other physiological processes and may

affect other parameters of bone metabolism, such as calcium hemostasis. This

vitamin is commonly found in green vegetables, and its supply does not seem

to present a problem (14).
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2.3. Sterols and Steroids

Phytosterols are found in most common vegetable oils. For example, soybean oil,

one of the most commonly consumed oils, is reported to contain approximately

0.36% sterols and 0.124% tocopherols (15). The effect of phytosterols on the reduc-

tion of serum cholesterol has been attributed to the possible inhibition of intestinal

reabsorption of circulating cholesterol. The saturated version of sterols, stanols, is

reported to be more readily metbolized, and this has led to the development of

nutritional supplements and it is used commercially in food products such as

margarines. The main stanol reported for this application is sitostanol, a saturated

derivative of sitosterol. Sterol and cholesterol are used by the human body to syn-

thesize important hormones such testosterone and progesterone, which are used

also in many pharmaceutical applications.

2.4. Structured Lipids (SLs)

Structured lipids consist of triacylglycerols containing a mixture of short-,

medium-, and long-chain fatty acids produced through chemical or enzymatic

modification. This modification is usually done by interesterification. In application

in the food and medical fields, SLs are normally synthesized through lipase-

catalyzed interesterification reactions (16, 17). An example of a medical applica-

tion of structured lipids products is short- and medium-chain triacylglycerols as a

source of rapid energy for preterm infants and patients with fat malabsorption-

related diseases, as well as for cancer and AIDS patients. The main source of these

SLs is from fats like coconut oil and dairy fats through interestrification and

fractionation (17). Medium-chain triacylglycerols (MCTs) are basically transported

directly via portal circulation instead of being absorbed via the lymphatic system

after micellar transport at the intestinal wall. Another structured lipid suggested as

a treatment to lower serum triacylglycerols is diacylglycerols (18). More recently,

conjugated linoleic acid (CLA) has been introduced into the supplement foods

market either in pure form or as a structured lipid and many medical application

studies have been reported (19–21). CLA is actually a group of double-bond

positional isomers of naturally found linoleic acid. CLA is naturally present in

low concentrations in some animal fats of ruminants. The CLA isomers that have

been found with more bioactive properties are the cis-9, trans-11, and trans-10,

cis-12 linoleic acids. The reported physiological effects of CLA include anticarci-

nogenic, antiatherogenic, reduced fat to lean body mass, improvement of type II

diabetes mellitus, and immunomodulating properties (22). CLA has been found

to exhibit consistent anti-tumor properties at levels as low as 0.25–1.0% of total

fats. CLA currently available commercially at nutritional supplement outlets is

usually in synthetic form (23).

2.5. Phospholipids

Phospholipids are well-known natural emulsifiers, wetting and dispersing agents,

as well as liposome formers. They already have many food and pharmaceutical
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applications and are well known for their synergistic functional and physiologi-

cal properties, which make them very useful in a diverse number of food and

medical formulations. In the digestive system, phospholipids play an important

role in the metabolism of lipids and other digestive fluids. Their emulsifying

properties allow them to play important roles in metabolic systems at the cellular

level, such as membrane structure and cell membrane transport systems. This

makes them very efficient as transport coadjuvants. They in fact ensure miscibility

at liquid–liquid and liquid–solid interfaces in many biological pathways (24). The

most common types of phospholipids are phosphatidylcholine (PC), phosphati-

dylethanolamine (PE), phospahtidilinositol (PI), phosphatidic acid (PA), and phos-

phatidylserine (PS). PS has been shown to enhance neuronal membrane function

and has been prescribed to older persons to improve cognitive function (25). PS

is found at levels of up to 1% in commercial lecithin from vegetable oils and 3%

in commercial lecithin from eggs. The Food and Drug Administration (FDA) autho-

rized two health claims for PS on February 24, 2003. The first claim was ‘‘Phos-

phatidylserine (PS) may reduce the risk of cognitive dysfunction in the elderly,’’

and the second claim was ‘‘Phosphatidylserine (PS) may reduce the risk of dementia

in the elderly.’’ Phosphilpids, as structured phospholipids, are also used to enhance

the biological activity of other functional lipids such as conjugated linoleic acid (26).

3. LIPIDS IN DRUG DELIVERY

The fact that most vegetable oils and fats are nontoxic allows them to be used as

reliable excipients or carriers in many pharmaceutical formulations. Vegetable oils

and fats have been approved as excipients to facilitate delivery of bioactive com-

pounds, to act as fillers, binders, lubricants, solubilizers, emulsifiers, and emollients

in a variety of delivery forms including tablets, capsules, suppositories, emulsions

(enteral/parenteral), ointments, creams, and lotions. Other nondirect applications in-

clude artificial blood, gene delivery, diagnostic imaging, and medical devices (27).

Use of controlled release of drugs and bioactive substances is rapidly growing,

and lipids are playing a major role in the formulation of new pharmaceutical

products. Controlled release delivery systems can allow the pharmacologist to

improve drug efficacy and better determine patient tolerance (28). Applications in-

clude delivery systems for cancer treatments, bacterial and fungal infections, and

respiratory disease. In some cases, SLs, structured or otherwise, are now being

used as both active pharmaceutical ingredients (APIs) and as excipients. Delivery

of drugs is done mainly intravenously, orally, and transdermally. The transdermal

and oral application of drugs is rapidly developing and lipids are playing a very

important role.

3.1. Lipids in Trans-Dermal Applications

Trans-dermal drug delivery has become one of the fastest growing systems for

some disease treatments. It has been demonstrated that the skin can be used as a
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portal of entry for drugs, for both localized and systemic treatment. However, the

outer layer of the skin can be a difficult barrier to penetrate. Therefore, permeation-

enhancing agents are in some cases necessary to allow intake of some drugs. There

are several advantages reported for transdermal drug delivery: (1) bypassing of

gastrointestinal and hepatic metabolism, (2) the potential for enhanced efficacy,

(3) lower side effects through a more controlled delivery rate, and (4) increased

patient compliance through easier application and dosing frequency (27).

Basically, the main purpose of human skin is to serve as a primary defense

against outside contaminants like ultraviolet radiation, toxic agents, and microorga-

nisms. It also serves as sensory and excretory organ and a critical regulator of

body temperature. It is generally recognized that the upper layer of the skin or

stratum corneum has limited permeability, which makes it difficult for drug trans-

port. The human skin is composed of layers of differentiated strata (Stratum

corneum, Stratum lucidum, Stratum lranolosum, Stratum spinosum, Stratum basale).

The upper layer of the skin or stratum corneum is the main barrier to permeation

of outside elements. It basically consists of a structure of proteins and lipids (29).

Even though no comprehensive model explains the structure and function of the

mammalian skin barrier, the lipid composition and distribution in stratum corneum

has been used to elucidate and model some of the behavior of transdermal transport

(30). Modeling of the behavior of the stratum corneum is actively pursued to help

provide a basis for skin disease permeability, treatment, topical drug administration,

cosmetic formulations, and skin protection (31).

The stratum corneum basically contains a mixture of cholesterol, free fatty acids,

and ceramides, placed in multilayers. They mediate both the epidermal perme-

ability barrier and the transdermal delivery of both lipophilic and hydrophilic

molecules. Studies have shown that each of the three key lipid classes is required

for normal barrier function (32). These reports also show the potential of certain

inhibitors of lipid synthesis to enhance the trans-dermal delivery of drugs like lido-

caine or caffeine. Thus, the modulation of stratum corneum lipids is an important

determinant of the barrier permeability to both hydrophobic and hydrophilic com-

pounds transport and drug penetration. It has been reported that an inverse correla-

tion exists between solute penetration and stratum corneum lipid content (33).

Modulation of epidermal lipid biosynthesis has been reported to boost drug

delivery. It has also been suggested that it is both the hydrophobic nature of the

lipids as well as their tortuous, extracellular localization that are responsible for the

restriction in the transport of most molecules across the stratum corneum. The func-

tion of this barrier depends on three key lipids: cholesterol, fatty acid, or ceramides.

Delays of synthesis ceramides in the epidermis have been reported as means of

barrier perturbation. Inhibitors of lipid synthesis were used to enhance the trans-

dermal delivery of lidocaine or caffeine. Alteration of barrier function was produc-

ed by either the fatty acid synthesis inhibitor 5-(tetradecyloxy)-2-furancarboxylic

acid, the cholesterol synthesis inhibitor fluvastatin, or the cholesterol sulfate, which

resulted in a further increase in lidocaine absorption (33).

The major components of sebaceous lipids in the skin are 45–60% triacylgly-

cerols, 25% wax and sterol esters, 12–15% squalene and 10% free fatty acids (34).
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Some fatty acids, especially unsaturated fatty acids, are well-known skin penetra-

tion enhancers. The addition of PC to dermal dosage forms has been reported to

increase percutaneous absorption. Lipid disperse systems (LDSs) containing polar

lipids, such as PC and glycosylceramide, are also useful for increasing the percu-

taneous permeation of drug through rat abdominal skin in both in vitro and in vivo

systems.

Liposomes have widely reported an effective means of trans-dermal transport

system. The use of liposomes has been reported in applications for topical and

intravenous uses (35). Although the mechanism of this effect is not fully explained,

it has been suggested that liposomes pass intact through the lipid-rich outer layer

of the skin to the dermis, where they become localized. The suggestion has been

made that the follicular pathway contributes to the liposomal delivery of drugs

into the deeper skin strata (36).

Liposomal systems also can form an effective drug reservoir in the upper layers

of the skin. This is particularly useful for local skin therapy. Ethosomal carriers

composed of phospholipid vesicular systems with alcohols are also effective at

enhancing trans-dermal delivery of both lipophilic and hydrophilic compounds.

The use of these ethosomes has been used in the delivery of minoxidil to the pilo-

sebaceous section of the skin with better results than conventional liposomes.

Similar results are reported in clinical studies with acyclovir in a topical therapy

treatment of recurrent herpes labialis. Other application reports with ethosomes

are patches containing testosterone (37).

Topical applications in the form of spray also have been reported as vehicles for

enhanced trans-dermal delivery of drugs such as testosterone, estradiol, progesterone,

and norethindrone acetate. More effective drug penetration was reported with

enhancers padimate and octyl salicylate and compared with laurocapram and oleic

acid (38). Other methods reported for enhanced percutaneous drug absorption in-

clude iontophoresis (39), ultrasound or sonophoresis (40), and electroporation (41).

3.2. Lipids in Oral Drug Delivery

Macromolecules are part of a growing group of new drugs with many clinical

applications. They are mostly administered parenterally because oral application

may cause degradation or may have limited absorption in the digestive tract. Other

approaches to promote the noninvasive delivery of these drugs are transmucosal

and oral delivery of macromolecular drugs using lipid-based delivery agents.

Lipids are already used in a wide variety of oral drug delivery applications.

Studies have recently reported the use of lipidic excipients and the functionality

of the apical efflux pump and enterocyte-based metabolism. Basically, some lipo-

philic drugs can be made more bioavailable by traveling though the processes of

the digestive tract (42). It is widely documented that the addition of fatty acids can

improve the bioavailabilty of drugs that are poorly absorbed by the gastrointestinal

tract by increasing their uptake into the lymphatic system (43, 44). The addition of

fatty acyl groups also enhances permeability across intestinal mucosa (45) as well

as other epithelial barriers such as buccal, nasal, and pulmonary mucosae (46). The
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use of triacylglycerol esters for delivery of peptides across the blood-brain barrier

was also reported (47).

One example of this application is Halofantrine hydrochloride, a new phenan-

threnemethanol antimalarial with high activity against drug-resistant strains of

Plasmodium falciparum. It has been documented that the bioavailability of this

drug increased approximately three-fold when co-administered with food. In this

case, the solubilization of the drug with the bile salts was reported as being respon-

sible for the activity increase. The formation of association of the drug with chylo-

microns appreciably contributed to the transport through the lymphatic system (48).

A review on delivery agents for oral absorption of macromolecular drugs, particu-

larly oral delivery, of heparin has also appeared (49).

Self-emulsifying formulations, known as self-emulsifying drug delivery sys-

tems (SEDDS), have been reported to produce stable microemulsions as they

dissolve in a compatible dilution system. A SEDDS formulation normally contains

a lipid, surfactants, and cosolvents. The main objective is to facilitate the subse-

quent assimilation of a drug in the digestive tract without getting inactivated

by the pH environment or in the bile salt micellar structures. Also, it is desired

that the emulsified drug be independent of the ingested food.

Besides emulsifying properties, another useful characteristic of solid fats are

their malleable melting points profiles. Fat crystals have the structure-forming

properties that allow the formation of a matrix for suspension of drug particles.

When used simply as carriers, some lipids can provide a matrix that can keep

the bioactive components uniformly distributed and released in a timely manner.

The properties of the crystals such as melting time can be manipulated by blending

solid fats with different ratios of liquid oils (50).

A lipid system of biosomes composed of phosphatidylcholine from soybean and

medium-chain monoacylglycerol and low-molecular-weight heparin (LMWH),

used in the treatment and prevention of thromboses, was reported (51). Heparin

is known as having poor oral absorption. The system is applicable for oral and

parentral administration as well as for enhancing dermal, rectal, and nasal absorp-

tion of other drugs.

Lipid suspensions in the nanoparticle size range has been reported in parenteral

nutrition. Using high-pressure homogenization, the particle size range between

50 nm and 1000 nm has been reported (52). This technique is reported to allow

long-term stability (over 3 years), a controlled release, and sterilization. To investi-

gate the release and entrapment behavior of prednisolone, a medication used in

eye irritation treatments, was used as the drug carried in the lipid nanaoparticles

with good results.

The behavior of submicron emulsion is now better understood, especially in

relation to the charge of the emulsion. Their therapeutic application has been ex-

panded to intravenous, ocular, and oral administration. It has been reported that

positively charged submicron emulsions interact desirably with biological mem-

branes that are negatively charged. The positive charge of submicron emulsions

results from cationic excipients such as lipids, polymers, and surfactants in formu-

lations. This difference in charge results in an increased drug uptake and can be
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designed for site-specific targeting. Use of this property has been shown in enhanced

drug permeation through cornea and drug targeting of the lung after intravenous

injection (53). This also suggests a new therapy for lung cancer chemotherapy.

Tris, another product, has been used by the pharmaceutical industry in many

applications. This compound is regarded as relatively inexpensive, nontoxic, and

readily available. Tris is favored for having structural similarities to glycerol and

has the advantage of being symmetrical and avoids structural isomerization. Several

drugs can be readily attached to the amine group. It also allows for the synthesis

symmetric tri-fatty acyl esters, which is not possible with glycerol. Initially, the

technology was applied to the delivery of vaccines, but it has since been used to

link various drugs to fatty acids. It has also been used to generate a novel class

of cationic lipid cytofectins (54). The synthesis of fatty acid conjugates of

morphine, indomethacin (a nonsteroidal anti-inflammatory drug), and AZT (an

antiviral drug and methotrexate and chlorambucil (antineoplastics) was reported

(55).

Intraveous administration of microemulsions, oil in water, that are pharmaceu-

tically acceptable have also been reported. An example of this micromeulsion is

composed of MCT, soybean phosphatidylcholine and poly(ethylene glycol)(660)-

12-hydroxystearate (12-HSA- EO15) as amphiphiles, and poly(ethylene glycol)

400 (PEG 400) and ethanol as cosolvents (56). The mean droplet diameter of the

oil-in-water emulsion reported was between 60 nm and 200 nm. It was concluded

that it is possible to administer it without producing any significant effect on acid-

base balance, blood gases, plasma electrolytes, mean arterial blood

pressure (MAP), and heart rate (HR) (concentrations of up to 0.5 mL/kg of the

microemulsion).

4. LIPIDS IN COSMETIC APPLICATIONS

A wide range of vegetable and animal oils and fats are currently being used as bases

and bioactive ingredients in many cosmetic applications. Typical applications

of lipids in cosmetics include emollients and specific ingredients for skin care

and treatment, hair care, and make-up/decorative products. The type of lipids com-

monly used in cosmetics include TAGs, emulsifiers, waxes, and structured lipids.

The cosmetics industry was more than $25 billion in 2000, and new products are

continually introduced in the market.

The typical properties assigned to cosmetic products include skin moisturization,

emolliency and spreadability and coadjuvants to help maintain skin pliability and

softness (57). Moisturization is usually considered to be simply occlusivity and

humectancy. The role of cosmetics, especially lipid cosmetics besides moisturi-

zation, has expanded to multiple effects such as modulation of barrier function, in-

creasing corneodesmolysis and facilitating corneocyte envelope maturation. Specific

examples of lipids of interest are listed in Table 2. Examples of lipids used in cos-

metics include products derived from olive oil, shea butter oil, mango kernel oil,

borage oil, nut oils, and palm and coconut oils.
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The general rational to use certain oils in cosmetics is usually based on the belief

that TAG oils with fatty acids similar in composition to the human skin will have

beneficial properties. This belief is not entirely true; the major components of

sebaceous lipids are 45–60% TAG, 25% wax and sterol esters, 12–15% squalene,

and 10% free fatty acids (34).

However, TAGs and fatty acid are found abundantly in the human skin along

with other components such as cholesterol and ceramides, more specifically in

the human stratum corneum (outer layer of the skin) (58), which has been used to

explain the high emolliency of some oils. Following this same rational, blends of

other oils rich in oleic, linoleic, and palmitic acids such as olive, corn, and palm oils

are also widely used in cosmetics.

Besides the common application in cosmetics such as skin and body care, lipids

have been used as vehicles or carriers for penetration enhancement in dermatologic

delivery systems specifically for applications such as skin repair. In some specia-

lized cases, the use of oils in either cosmetic or pharmaceutical applications

becomes blurred. For example, in addition to emolliency, some products are market-

ed as having anti-wrinkle and skin enhancement effects. Medium-chain monoacyl-

glycerols have been reported as having mild antimicrobial agents and proven to be

effective against micro-organisms found on the skin. Phytosterols are shown to have

positive impact on irritated human skin. The term cosmeceutical has been coined

to define cosmetic products with medical properties.

Oils rich in essential fatty acids have been reported to suppress human granulo-

cyte elastase, a tissue-degenerative enzyme that is released when tissue inflamma-

tion occurs (59). Oils rich in essential fatty acids, especially from animal origin,

have been reported to suppress inflammation as well. Emu oil, for example, has

been reported to have superior moisturizing and cosmetic properties in double-blind

studies (60). It has also been reported that emu oil increases the proliferation of

cells and the growth of hair follicles in laboratory rats (61). As is the case in pharma-

ceutical applications, the cosmetic properties of lipids synergistically increase when

used in combination with phospholipids. Other oils used in cosmetics such as palm,

sesame, safflower, borage, and coconut have been reported to increase the trans-

dermal properties when used in combination with emu oil. The blend of ethyl

TABLE 2. Percent Fatty Acid Composition of Several Vegetable

and Animal Fats and Human Skin.

Fat 14:0 16:0 18:0 18:1 18:2

Human Adipose 3 25 8 46 10

Whale Blubber 8 12 3 35 10

Butter 10 25 10 25 5

Corn Oil 1 8 4 46 42

Olive Oil 1 5 5 83 7

Peanut Oil — 7 5 60 20

Soybean Oil — 7 4 34 53

Lard 1 25 15 50 6
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salicylate, isopropyl salicylate, and oil of eucalytptus was found to have anti-

inflammatory and anti-arthritic activity when tested in laboratory rats with induced

polyarthritis (59).

Some fatty acids, especially unsaturated fatty acids, are well-known skin

penetration enhancers. It is also known that many fatty acids possess antimicrobial

activity. The topical activity of the anti-viral drug acyclovir is hampered by its

inadequate permeability through the skin barrier. Some reports have shown that

fatty acid extract of cod liver oil as well as the extract in the form of an ointment

show effective antiviral properties against herpes simplex virus (HSV-1) (37).

The introduction of cosmetic products with bioactive ingredients is constantly

increasing. For example, cosmetic blends of natural tocopherols with MCT are

also being commercialized. These products are reported to have quick skin penetra-

tion, a high oxidative stability, and solubilization. One of the most common fatty

acids used in cosmetics is oleic acid; it is highly stable to oxidation and is reported

to have high emolliency. The use of structured lipids has also been increasing in

the pharmaceutic and cosmetics industries. The combination of short-chain fatty

acids (caprylic and capric acid) and long-chain polyunsaturated fatty acids (such

as long chain omega-3 fatty acids) allows for the design of synthetic lipids for

specific applications (62).

As mentioned above, the most abundant lipids in the stratum corneum intercellu-

lar space are cholesterol and ceramides. Cholesterol is the most abundant lipid

species in the stratum corneum intercellular space (see Table 3). It has been

TABLE 3. Human Stratum Corneum Lipid Composition from Different Sources (wt% of

Total Extracted Stratum Corneum Lipid), Adapted from Wertz and Norlén, 2003.

Cholest/ FFA FFA FFA Chol.

Ref. N Technique Ceramides TG Cholest. total unsat. sat. Chol. Cer. sulf.

(34) 4 TLC 0.8 25.2 19.3 9.5 9.7 14.0 18.1 1.5

(30) 6 TLC 0.7 0.0 10.0 9.0 0.7 8.3 27.0 41.0 1.9

(76) 6 TLC 1.1 23.0 17.0 11.0 23.0 21.9 4.5

(77) 22 HPLC/LSD 0.5 0.0 18.0 11.0 0.0 11.0 24.0 47.0

(78) 6 TLC 0.6 0.0 12.9 19.4 10.9 8.5 16.1 29.0 3.2

(79) 11 TLC 0.7 13.7 5.0 17.5 11.0 16.0 1.0

(80) 6 TLC 0.9 9.1 3.1 8.0 14.9 16.8 3.2

(81) 20 TLC 0.5 42.7 48.1 9.2

(82) 10 TLC 0.4 64.0 10.0 26.0

(82) 6 TLC 0.9 30.0 33.0 37.0

(83) 5 TLC 0.3 21.6 17.3 61.1 0.9

(84) 10 TLC 0.6 36.8 13.0 23.8 23.7 39.5

Median 0.6 9.1 11.5 19.3 9.5 9.7 17.3 29.0 1.9

(wt./wt)

Range 0.3–0.9 0–25 3–18 8–64 0–13 8–24 10–33 16–61 1–5

(wt./wt)

Max/Min 3.0 6.0 8.0 3.0 3.3 3.8 5.0

N: Number of subjects.

TG: Triacylglycerols.

FFA: free fatty acids.

TLC: thin layer chromatography.

HPLC/LSD: High-performance liquid chromoatography/light scattering detection.
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reported that cholesterol is likely to be a key component that determines the barrier

capacity for stratum corneum. It has also been reported that cholesterol gives

plasticity and increases chain mobility of lipids in the gel and crystalline states

(72, 73). Basically, by stabilizing single and coherent gel phases, cholesterol seems

to promote the desirable effects of protecting the barrier capacity of stratum

corneum against the sudden change in environmental conditions.

Dry skin, for example, has been reported to be caused by disturbances in stratum

corneum biology that need to be corrected. Changes in the fragile corneocyte

envelope and rigid corneocyte envelope levels occur in dry skin, where the fragile

corneocyte envelope predominates. Ceramides are the other most abundant lipid

in the stratum corneum. Insufficient ceramides in the layers of the skin have

also been connected to damaged or dry skin. More specifically, the lowered levels

of ceramides, especially phytosphingosine-containing ceramide and ceramide-1-

linoleate, have been associated with dry skin. Also, changes in the corneocyte

envelope are reported to be related to the reduction in the level of the enzyme, trans-

glutaminase, which normally cross links the corneocyte envelope proteins and

attaches lipids to the corneocyte envelope. Defficient corneodesmolysis is related

to scaling and flaking of the skin (74).

Glycerol is a widely used humectant and moisturizer in cosmetics, and consider-

able research has been done on its effect on the stratum corneum functionality (75).

Glycerol was identified as an effective agent in the formation of lipid crystals under

conditions of low humidity. The use of alpha- and beta-hydroxy acids on skin

desquamation is now well established and widely practiced (76). New lipophilic

variants of salicylic acid are reported to affect corneodesmolysis by acting on the

whole structure of the corneodesmosomes. Alpha-hydroxy acids fractionate the cor-

neodesmosomes only (77).

The better understanding of the metabolic processes in the skin has resulted

in the development of new techniques to enhance and modulate barrier function

of lipid and biosynthesis enhancers. The perturbation of the epidermic barrier has

been used to increase the synthesis of some lipid species. For example, the sterol

regulatory element binding protein 2 (SREBP-2) has been used to increase enzymes

activity responsible for cholesterol and fatty acid biosynthesis (74). It is shown that

when epidermal sterol levels decrease, the precursor of SREBP-2 is proteolytically

cleaved and the resulting N-terminal fragment diffuses into the epidermis to

activate gene transcription of HMGCoA reductase and acetyl-CoA carboxylase.

In the case of aged skin, it has been shown that the contents of all lipid species

decrease. A sharper decrease in the synthesis of cholesterol in the dynamic barrier

is reported and, to a lesser degree, the biosynthesis of ceramides and/or fatty acids.

The use of various lipid blends including cholesterol have been used to help the

recovery of the skin barrier (78). Other alternatives reported to increase ceramide

synthesis and improve barrier function include alpha-hydroxy acids, not so much as

desquamatory agents, but as stimulants of lipid biosynthesis. Lactic acid has also

been reported to increase ceramide biosynthesis and thus improve barrier

functionality. Presumably, lactic acid achieves this increase by acting as a general

lipid precursor (79).

LIPIDS IN COSMETIC APPLICATIONS 403



Another forefront technique to improve the function of the stratum corneum

and enhance barrier repair in dry skin is the use of epidermal differentiation. A

number of hormone receptors for epidermal differentiation have been identified.

This family of receptors includes retinoic acid receptors, the steroid receptors, the

thyroid receptors, the Vitamin D receptors, the peroxisome proliferator-activated

receptors, the farnesol-activated receptors, and the liver-activated receptors. It is re-

ported that these transcription factors bind their respective ligands and regulate

many of the aspects of cellular proliferation and differentiation. Examples of

ligands for the last three transcription factors are fatty acids for the peroxisome

proliferator-activated receptor, farnesol for the farnesol-activated receptor, and

hydroxylated cholesterol derivatives for the liver-activated receptor. The stimula-

tion of epidermal differentiation stimulated the synthesis of involucrin, filaggrin,

and the enzymes of the ceramide synthesis pathway (74).

5. PROCESSING OILS FOR PHARMACEUTICAL
AND COSMETICS APPLICATIONS

As a result of the nature of most cosmetic oils and the required specifications

for finished products, processing techniques of these materials require special

Figure 2. Human epidermis. Medium-magnification transmission electron micrographs of the

cytoplasmic space at the midportion of the viable part of human epidermis. (A) Cryo-electron

micrograph of vitreous sections. (B) Conventional electron micrograph of resin-embedded

sections. In the vitreous cryo-fixed epidermis (A), cellular as well as intercellular space appears

densely packed with organic material, whereas in the conventionally fixed epidermis (B), the

distribution of biomaterial is characteristically inhomogeneous. Loss of biomaterial appears to

have taken place in (B). In (B), the loose tonofilament (TF) networks omnipresent in (A) are

aggregated into distinct bundles. Furthermore, the rich variety of interfilament membrane

structures, organelles (black asterisk), and ‘‘polyribosome-like complexes’’ (open white arrows),

present in (A) are, for the major part, absent in (B). Open white arrows (A): ‘‘polyribosome-like

complexes’’ (strongly folded rough endoplasmatic reticulum (cubic-like?) with a small (�25 nm)

lattice parameter?); black asterisk (A): different ‘‘organelles’’; D: desmosome (A); black asterisk

(B): artefactual ‘‘empty cytoplasmic space’’; white asterisk (B): organelle remnants. Section

thickness �100 nm (A). Scale bars 100 nm (A and B). [Norlén (58)].
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considerations. The contaminants such as free fatty acids, peroxides, and unpleasant

odors and other impurities must be removed before the oil can be acceptable as an

ingredient in cosmetic products. In some cases, the specifications required in cos-

metics may be more stringent than those used in food applications, which makes it

necessary to further process the oil to make it fit for use. For example, the presence

of metals in oils causes rapid development of rancidity in crude or finished oils.

Properly refined crude oils contain less than 0.05% free fatty acids, which is ade-

quate for food applications; however, for some cosmetic applications, values of less

than 0.03% are needed to avoid skin irritation. Figure 3 shows the typical steps

followed in processing of vegetable oils (80).

Oils used in cosmetics are usually light in color or are colorless; therefore, it is

necessary to conduct a bleaching step with adsorbents to remove colored materials

as well as other impurities such as peroxides, metals, soaps, and protein residues.

Once the oil has been properly refined and adsorbent-treated, it can be deodorized

by sparging pure steam under high-vacuum. Physical refining or nonchemical re-

moval of free fatty acids and odors by high vacuum distillation can also be accom-

plished; however, care should be exercised to ensure that contaminants such as

metals, soap, and proteins are effectively removed prior to the distillation step.

The free fatty acids formed further oxidize and produce peroxides that de-

compose into odorous materials. Decomposition of protein-containing materials,

particularly if the bacterial count is high, also generates obnoxious smells. This

decomposition makes it necessary to follow some or all of the following refining

treatments in order to bring the oil to the desired specifications of a final product.

To what extent the oils should be refined will depend on its initial quality and on

its final use, i.e., cosmetics, pharmaceuticals, or food.

CRUDE OIL

FINISHED OIL

REFINING 

DEODORIZING

BLEACHING

Figure 3. Typical processing of vegetable oils.
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The operation of refining is normally carried out to remove free fatty acids from

the crude oil. Free fatty acids are not harmful per se. However, they are precursors

of peroxides and compounds that are responsible for unwanted odors and rancidity

in fats, and their removal is usually the first step in the refining process. This

removal is usually done by neutralizing the free fatty acids with a weak caustic

solution (10–15%) and adding a slight excess to ensure complete neutralization.

The neutralized free fatty acids are then easily removed by centrifugation as saponi-

fied matter. In some cases, the removal free fatty acids is done in the deodorization

step by distillation through heat and high vacuum.

Another method to refine oils using milder silicate refining agent was recently

reported. This process combines neutralization and adsorption and eliminates

the use of centrifuges to remove free fatty acids from crude oils (it involves the

addition of sodium silicate instead of sodium hydroxide, which allows for the

removal of free fatty acids and protein-like materials by adsorption and filtration

and avoids the use of more expensive centrifuges). The combined agglomerating

and adsorptive characteristics of silicates allow for the removal of these impuri-

ties (81).

Bleaching is usually practiced to remove unwanted colored compounds and

other contaminants in vegetable oils. Adsorptive clays normally used for bleaching

also serve as a catalyst to decompose or remove peroxides and metals that may still

be present in the oil. The absorbents used in bleaching effectively remove these

contaminants. The next step is usually deodorization, and if any metals are present

in the oil during deodorization, it may in fact worsen the quality of the final

product.

Deodorizing is generally conducted to remove odors, peroxides, and other com-

pounds from the bleached oil. In some cases, this step is used to remove free fatty

acids as well; in which case, it becomes a physical refining operation. If the starting

oil is of good quality, the neutralization step with caustic solution may be avoided,

and the deodorizer can be used also as a physical refiner. Deodorization is usually

done by injecting pure steam into the heated oil (300–450�F) under high vacuum

(0.002–4 mm Hg).

At the end of the deodorizing step, it is common to add an antioxidant to the

final product such as butylated hydroxytoluene (BHT) or tocopherols, which may

retard spoilage and allow a longer shelf life. Metal scavengers such as citric acid

(0.01%) are also added during the cooling period of the deodorization process.

5.1. Quality of Cosmetics Oils

The ultimate quality of a refined cosmetics oil will depend strongly on the charac-

teristics of the starting material. The quality of a processed oil is usually evaluated

by the following factors:

� Free fatty acids (%)

� Peroxide value
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� Anisidine value

� Color

� Flavor

� Metals (Fe, Ca, Mg, P)

� Water Content

� Results from gas chromatographic analysis

Gas chromatographic analyses are useful not only to determine if an unusual

amount of mono- and diacylglycerol sexists, but also if contaminants or adulterants

are found in the oil.

5.2. Specifications for Oil Quality

As previously mentioned, free fatty acids are precursors for peroxides and carbonyl

compounds such as aldehydes and ketones that give rancid smell to the oil. A

combination of factors accelerate the spoilage of an oil such as the presence of

TABLE 4. Common Lipids Used in Cosmetics.

Product Name Chemical Description Properties and Applications

Olive oil Liquid triacylgycerol oil Emollient, moisturizing, body

care, hair care

Vegetable oils Liquid triacylglycerols Emollient, moisturizing, skin and

body care products

Hydrogenated

vegetable oil

Solid triacyglycerol Emollient, moisturizing, stick

products, skin care

Cacao butter Solid triacylglycerol Emollient, shin and body care

Shea butter Solid triacylglycerol Emollient, absorbs UV light, skin

and body care.

Coconut oil Triacylglycerol semi solid. Emollient, quick meltin on skin,

skin, body and hair care

Palm oil Triacylglycerol solid Emollient, skin, body care

Oil acylglycerols Ethoxilated mono- and

diacylglycerol

Water dispersable, skin

conditioninig and moisturizing,

skin, body and hair care

Medium chain

triacylglycerols

Caprylic, capric triacylglycerol Quick skin penetration,

emollient, sunscreen solvent,

skin, body and hair care

Polyglyceryls

dimers

Polyglycerol esters Nonionic emulsifier, w/o

emulsions

Sodium lactylates Sodium stearoyl lactylate Ionic emulsifiers, o/w emulsions

Acylglycerol citrates Citric acid esters of vegetable oils Ionic emulsifiers, o/w emulsions

Medium chain mono-

and diglycerides

Caprilic, capric acid glycerides Moisturizing, bacteriostatic,

pigment dispersant, skin

and body care.

Hydroxy fatty acids Alpha- and beta-hydroxy fatty acids Skin treatment, desquemation
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metals, water, and high storage temperatures. The following are typical quality and

trading specifications used by the edible oil industry of a final product that will have

a good shelf life (82):

Free fatty acids¼ 0.03–0.05%

Peroxide value¼ 0.0–0.5 meq/kg

Moisture < 0.05%

Fat stability test, AOM hrs > 15

Basically, the quality of oils and fats and other lipids used in both the cosmetics and

pharmaceutical industries has to be equal or superior to that of edible products.

With regard to cosmetics, it is up to the manufacturer to ensure that the cosmetics

products are safe and will not harm consumers, thus making the cosmetic industry

self-regulating. Some exceptions for some cosmetic color and a few prohibited

ingredients exist. Table 5 shows a typical tier of tests used by the cosmetics and

pharmaceutical industries to ensure the safety and good quality of cosmetic

products, and this includes lipid products (83). Special emphasis is placed on the

microbial and allergen safety of packaged products. With regard to allergenicity,

vegetable oils in general are not a concern and in fact are used for prevention of

certain types of dermatitis (84).
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Animal fat-based frying fats 1:195 1:196t 

Animal fat-based shortenings 1:195 1:196t 

Animal fats 1:161 
acylglycerol components 1:162 1:163t 1:166t 
acylglycerol structure-function relationship 1:168 
antioxidants in 1:194 
biodiesel feedstock supply 2:529t 
and bovine spongiform encepthalopathy (BSE) 1:197 
and conjugated linoleic acids (CLAs) 1:203 
consumption in U.S. margarine manufacture, 1980-

2002 4:46t 
disappearance and per capita consumption in U.S. 2:182t 
fatty acid composition 6:106t 
fatty acid composition of feed 4:338t 
fatty acid source 1:3t 
as fuels 1:200 
low temperature behavior in biodiesel 6:250 
most important commercial 1:161 
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Animal fats (Continued) 
obesity from diet high in 3:505 
patterns and trends in production and use 1:179 
quality indicators for edible 1:171 
recent developments 1:197 
regulatory and commercial classifications 1:174 1:175t 1:176t 

 1:177t 1:178t 
from rendering 6:64 
specifications of commercial grades 1:177t 
and trans-fatty acids 1:202 
U.S. supply and utilization for shortening, 1986-

2000 4:85t 
usage in U.S. as margarine and spread source 2:268t 
world trade 1992-2002 6:60t 
worldwide production 1:180t 

Animal feeds 
by-products utilization 4:391 

Animal grease 1:162 1:182 
See also Choice white grease; Yellow grease 
naming conventions for inedible 1:178t 
prices at randomly chosen times in period 2000-

2003 1:180t 
prices between 2000-2003 1:181t 
specifications of commercial grades 1:177t 
trading grades for technical 1:177t 
world production 1984, 1992, and 2000 2:421t 
worldwide production 1:180t 

Animal materials 
oil recovery from 5:99 
rendering 5:102 5:110 6:57 

Animal oils 
as fuels 1:200 
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Anionic emulsifiers 3:471 4:252 

Anionic surfactants 6:43 6:130 

p-Ansidine value 1:368 1:573 

Anthrocyanidin 1:471 

Anthrocyanin 1:471 

Antifloat agents 
for paints 6:311 

Antiflood agents 
for paints 6:311 

Antifoamers 
with shorteners 4:135 

Antimicrobial agents 
in bar soaps 6:129 

Antioxidants 1:19 3:320 5:197 
in animal fats 1:194 
in bar soaps 6:128 
in canola oil 2:104 
citrus peel oils 3:62 
classification 1:436 
commonly used in foods 1:441t 1:455 
estimation and analysis in foods 1:474 
evaluation methods 1:445 1:448t 1:450t 
lecithin applications 3:423 
lecithins 3:383 
in margarines and spreads 4:58t 4:60 
mechanism 1:434 
multiphase systems 1:451 
potential hazards from approved 1:547 
in pourable dressings 4:195 
and quality assurance of fats and oils 1:574 
regulatory status 1:475 1:477t 1:491 
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Antioxidants (Continued) 
safety 1:476 
science, technology, and applications 1:431 
scope of use in food 1:433 
with shorteners 4:136 
in sunflower oil 2:707 
synergism 1:443 
technological considerations in using 1:474 
use with cosmetics 6:406 

Antioxidants: regulatory status 1:491 

Antioxidants: science, technology, and applications 1:431 

Antiredeposition agents 6:147 6:151 

Antisag agents 
for paints 6:311 

Antiskin agents 6:311 

Appearance, of fats and oils 1:571 

Appetize 1:168 

Apple seed oil 3:245 

Apricot oil 1:234 

A primer on oils processing technology 5:1 

Aquatic feed 
lecithin applications 3:423 

Arachidate 
in soybean oil 2:581t 

Arachidic acid 
composition in selected animal fats, greases, and 

vegetable oils 1:163t 
in cottonseed oil 2:190t 2:191t 
in cottonseed oil basestock 2:228t 
in deoiled lecithins 4:340t 
in oleic/linoleic classification vegetable oils 2:206t 
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Arachidic acid (Continued) 
in olive oil 2:317t 
olive oil allowed limits 2:321t 
in peanut oil 2:450t 
percentage in different orange species 3:57t 
in RBD cottonseed oil 2:207t 
in sesame oil 2:546t 
solubility in various solvents 3:598t 

Arachidonic acid 4:345t 6:393 
composition in selected animal fats, greases, and 

vegetable oils 1:163t 
as essential fatty acid 3:67 
essential fatty acid requirements of fish 4:366t 
hydrogen abstraction rate constants (by t-BuO) 1:314t 
metabolic fatty acid 6:392t 
microbial commercial production 3:138 
in oils for cat feed 4:357t 
scission products from room temperature oxidation 1:324t 
in soy and egg lecithins 3:363t 
volatile aldehydes from autoxidation 1:391t 

Arachidonic oil 1:520 

ARASCO 1:520 3:138 3:142t 

Arginine 
in rendering products 6:76t 
in tree nut proteins 3:189t 

Aroma dendrene 
change in Yuzu cold-pressed oil during storage 3:59t 

Ascomycetes 
lipid content and fatty acid profile 3:126t 

Ascorbic acid 
acceptable daily intake (ADI) 1:483t 1:509t 
antioxidant commonly used in food 1:460 
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Ascorbic acid (Continued) 
conventionally permitted in foods 1:508t 
effect on oxidation of soybean oil 1:458t 
regulations governing use 1:477t 
regulatory status 1:505 
secondary antioxidant 1:442t 

D-Ascorbic acid, See Erythorbic acid 

Ascorbic stearate 
regulations governing use 1:477t 

Ascorbyl acid 
effect on oxidation of soybean oil 1:458t 

Ascorbyl palmitate 
acceptable daily intake (ADI) 1:509t 
antioxidant commonly used in foods 1:460 
conventionally permitted in foods 1:508t 
effect on oxidation of soybean oil 1:458t 
regulations governing use 1:477t 
regulatory status 1:498 1:501 
secondary antioxidant 1:442t 
use in salad and cooking oils 4:183 

Ascorbyl stearate 
acceptable daily intake (ADI) 1:509t 
antioxidant commonly used in foods 1:461 
conventionally permitted in foods 1:508t 

Aspartic acid 
in tree nut proteins 3:189t 

Aspergillus terreus 
lipid content and fatty acid profile 3:126t 

Astaxanthin 1:506 

A tallow 
grading standards for 4:325t 
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A tallow (Continued) 
specifications 6:81t 

Atherosclerosis 
lecithin effects 3:417 
γ-linolenic acid effects 3:86 
role of dietary fat 1:589 
sesame oil effect on 2:568 

Atmospheric bleaching 5:322 

Atopic dermatitis 
γ-linolenic acid effects 3:99 

Attapulgite/montmorillonite blend 5:187 
See also Hormite 
bleaching clay characteristics 5:280t 

Attrition mills 5:107 

Autoimmune diseases 
γ-linolenic acid effects 3:93 

Automation 
shortening production systems 4:117 
stretch wrappers 5:256 

Autooxidation 1:432 5:192 
and antioxidant mechanisms 1:434 
fatty acids 1:16 
in frying 4:9 
lipid free radical 1:387 

∆5-Avenasterol 1:473 
Codex Alimentarius standard level 2:453t 
in corn germ and fiber oils 2:159t 2:160 
in flaxseed and other major oils 2:285t 
in olive oil 2:321t 
in perillla, camelina, and chia oils 2:293t 



I:15 
Index terms Links 

 This page has been reformatted by Knovel to provide easier navigation.  

∆5-Avenasterol (Continued) 
in selected vegetable oils 2:70t 2:196t 3:324t 

 3:325t 
in sesame oil 2:547t 
in soybean oil 2:579t 
structure, trivial, and IUPAC name 3:322t 
in sunflower oil 2:670t 

∆7-Avenasterol 

Codex Alimentarius standard level 2:453t 
in corn germ and fiber oils 2:159t 2:160 
in selected vegetable oils 2:70t 2:196t 3:324t 
in sesame oil 2:547t 
in soybean oil 2:579t 
structure, trivial, and IUPAC name 3:322t 
in sunflower oil 2:670t 

Avocado oil 1:234 
phospholipids 3:372t 

Avrami analysis 1:66 

Ayu 
essential fatty acid requirements 4:366t 

Azelaic acid 
in alkyd resins 6:323 

B 
Babassu kernels 

mechanical pretreatment 5:107 
oil yield from commercial processing 5:101t 
proportion hulls/kernels and oil content of seed, 

kernels, and hulls 5:101t 

Babassu oil 1:234 
soap raw material 6:108 

Babcock test 2:2 2:27 
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Bacon 
for cat feed 4:357t 

Bacteria 5:525 

Baked pet food 
lecithin applications 3:422 

Bakery products 
lecithin applications 3:407 

Baking fats 
used in U.S. edible products, 2002-2003 4:128t 

Baking soda 
in bar soaps 6:129 

Balanced spreads 4:37t 4:70 

Barbecuing 
toxic substances produced by 1:545 

Bar huller 5:103 

Barley 
plant sterol source 1:523t 

Barley bran 
composition compared to other brans 2:472t 

Barley oil 3:223 
phospholipids 3:372t 

Bar soaps 
formulation 6:127 
manufacturing 6:121 
uses            6:133 

Basil seed oil 3:238 
fatty acid composition 3:238t 

Basket extractors 5:161 

Batch bleaching 5:322 

Batch deodorization 5:376 

Batch extractors 5:160 
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Batch industrial fryers 4:290 

Batch pressing 5:128 

Bathing 
detersive systems 6:139t 

Baths 6:141 

Beany flavor 1:377t 1:420t 

Bearded seal 
fatty acid composition of blubber 3:263t 

Becel Proactiv 3:327 

Beef 
frying coated 4:301 

Beef cattle 
by-products utilization for feed 4:395 
estimated use in domestic animal feeds 4:325t 
feed energy requirements 4:359 

Beef fat 
influence of diet on fatty acid composition 1:166t 
mono-, di-, and triglycerides content of fully 

hydrogenated 5:467t 
positional distribution of fatty acids in 1:169t 

Beef tallow 1:161 
fatty acid composition 1:163t 
fatty acid composition of feed 4:338t 
for poultry feed 4:362t 
soap raw material 6:108 

Behenate 
in soybean oil 2:581t 

Behenic acid 
composition in selected animal fats, greases, and 

vegetable oils 1:163t 
cosolvent effect of ethanol with 5:406t 
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Behenic acid (Continued) 
in cottonseed oil 2:191t 
in cottonseed oil basestock 2:228t 
in oleic/linoleic classification vegetable oils 2:206t 
in olive oil 2:317t 
olive oil allowed limits 2:321t 
in peanut oil 2:450t 
in RBD cottonseed oil 2:207t 
in sesame oil 2:546t 
solubility in various solvents 3:598t 

Benecol 3:327 

BENEFAT 3:511t 3:512 3:517t 

Bentonite 5:287 5:288 
Freundlich isotherm applicable 5:275 

Benzaldehyde 
in Gulf menhaden oil 1:406t 

Benzene 
critical point 5:399t 
in extraction grade hexanes 5:155t 

Benzo(b)fluoranthene 
in deodorizer distillate 5:360t 

Benzoic acids 1:467 

Benzo(a)pyrene 
in deodorizer distillate 5:360t 

α-Bergamotene 
percentage in 5 different orange species 3:56t 

Bergamot oil 
composition compared to other orange species 3:56t 

Betapol 1:250 

BHA, See Butylated hydroxyanisole 

BHT, See Butylated hydroxytoluene 
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Bicycloger-macrene 
change in Yuzu cold-pressed oil during storage 3:59t 

Bile salts 1:522 

Binary systems 
supercritical carbon dioxide 5:401 

Binder, in paint 6:310 

Biodiesel 1:12 1:200 
canola oil 2:109 
coproduct use 6:251 
corn oil 2:168 
and diesel emissions 6:230 
German Standard DIN V 51606 2:110t 
international standards 6:226t 
low temperature behavior 6:249 
palm oil 2:399 2:406 
production 6:234 
quality 6:224 
from rendered products 6:93 
resources for production 6:233 
safflower oil 2:530 
sunflower oil 2:711 2:712t 
utilization 6:246 
vegetable oils as 6:223 

Biological wastewater treatment 4:437 

Biopass 4:377t 

Bioremediation 
lecithin applications 3:437 

Biotin 
in peanut oil 2:452t 

Birds 
digestion metabolism 4:341 4:350 
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Biscuits 4:219 

Bis(2-ethylhexyl)phthalate 
hazards of 1:549 

Bitter orange oil 
composition compared to other orange species 3:56t 

Black cumin seed oil 3:247 
fatty acid composition 3:247t 

Blackcurrant seed oil 1:234 3:239 3:241 
fatty acid composition 1:234t 3:240t 
fatty acid profile 3:74t 3:80t 3:130t 
γ-linolenic acid source 3:74 

Black press 5:36 

Black raspberry seed oil 3:234 
seed oil high in α-linolenic acid 3:235t 

Bland flavor 1:420t 

Bleachable fancy tallow 1:178t 
grading standards for 4:325t 
specifications 6:81t 
specifications of commercial grades 1:177t 

Bleaching 5:25 5:285 
adsorptive purification agents 5:287 
adsorptive purification process 5:314 
and adsorptive separation 5:267 5:277 5:280 
animal fats 1:184 
canola oil 2:85 2:91 
coconut oil 2:134 2:135 
cottonseed oil 2:219 2:229 
crude soy lecithin 3:388 
with detergents 6:148 
flaxseed oil 2:291 
glycerol 6:121 
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Bleaching (Continued) 
major impurities removed 5:299 
membrane application 5:442t 
palm oil 2:372 2:376 
rendered products 6:73 6:86 
rice bran oil 2:480 2:481 
safflower oil 2:513 
soybean oil 2:607 
storage and handling during 5:205t 
trace constituents in lipid oils and fats 5:297 

Bleaching clays 5:285 6:86 
and Freundlich isotherm 5:273 
and Langmuir isotherm 5:270 
preparation by acid-activation 5:289 5:291t 
properties of commercial 5:292t 
surface interactions 5:303 

Bleaching earth 5:285 
by-products utilization 4:410 
controls 4:428 
spent 5:330 
waste source 4:427 

Blending 1:244 3:558 
cottonseed oil 2:231 
margarines and spreads 4:51 

Blood meal 6:61 
processing 6:66 
protein composition 6:76t 

Blood pressure 
γ-linolenic acid effects 3:83 

Blueberry seed oil 3:237 
seed oil high in α-linolenic acid 3:235t 

Blueing agents 6:148 
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Body washes 6:131 

Bohenin 3:511t 3:512 3:513 
 3:517t 

Boilers 
air emission controls 4:426 
air emissions 4:425 

Bollgard 2:188 

Bond dissociation energy 
lipids 1:281t 

Bone meal 6:61 
processing 6:68 
protein composition 6:76t 

Borage oil 1:234 3:133 
fatty acid composition 1:234t 
fatty acid profile 3:80t 3:130t 
γ-linolenic acid source 3:70 

Borago offcinalis 
γ-linolenic acid rich 3:69t 

Borneo tallow 1:235 1:237 

Bottles 5:258 

Boundary lubrication 6:363 

Bovine spongiform encephalopathy (BSE) 6:95 

Bovine spongiform encepthalopathy (BSE) 1:197 

Boysenberry seed oil 3:236 
seed oil high in α-linolenic acid 3:235t 

Brain phospholipids 3:364 3:365t 

Bran oil 
for cat feed 4:357t 

Brassica seed oil 
biodiesel production from 6:234 
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Brassicasterol 
Codex Alimentarius standard level 2:453t 
in deodorizer distillate 5:359t 
in flaxseed and other major oils 2:285t 
in olive oil 2:321t 
in perillla, camelina, and chia oils 2:293t 
in selected vegetable oils 2:70t 2:196t 
in sesame oil 2:547t 
structure, trivial, and IUPAC name 3:322t 
in sunflower oil 2:670t 

Brazil nut oil 3:186 
amino acid profile 3:189t 
fatty acid composition 3:186t 

Bread 
fats and oils in 4:208 
lecithin applications 3:407 

Bread antistaling 4:261 

Bregott 2:45 2:46 

Broilers 
estimated use in domestic animal feeds 4:325t 
source of rendered animal fats and oils 4:324t 

Brown grease 1:162 
specifications of commercial grades 1:177t 

Browning products 5:434 

Brunnera orientalis 
γ-linolenic acid rich 3:69t 

BT cottons 2:188 

Buckthorn oil 
seed oil high in α-linolenic acid 3:235t 

Buctril 2:189 

Buffalo gourd oil 1:235 
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Builders 6:143 6:144 
and water hardness 6:150 

Bulk filling operation 5:263 

Bulking agents 4:199 

Bulk packaging 5:262 

Burnt flavor 1:420t 

n-Butanal 
in Gulf menhaden oil 1:406t 

Butanoic acid 
odorant in Irish sour cream butter 1:397t 

Butanol 
oleochemicals production using 5:420 
use in biodiesel production 6:237 

2-Butenal 
volatile compound in vegetable oils 1:395t 

cis-2-Butenal 
in Gulf menhaden oil 1:406t 

Butter 2:1 3:504 
See also Milkfat 
analytical methods 2:24 
characteristics and composition of fats 2:4t 
chemical composition 2:2 
composition control 2:22 
disappearance and per capita consumption in U.S. 2:182t 
economics 2:52 2:54t 
fatty acid composition 1:4t 6:401t 
fatty acid source 1:3t 
flavor compounds 1:396t 1:396 1:397t 
grading, standards, and definition 2:23 
lipase activity 2:25 
manufacture 2:26 
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Butter (Continued) 
oxidation 2:25 
packaging 2:43 
physical and organoleptic characteristics 2:36 
physical properties 4:216t 
production and consumption, 1930-2000 4:34t 
quality control 2:21 
reduced fat 2:32 
saponification equivalent, saponification value, 

iodine value, and unsaponifiable matter 1:10t 
storage and transport 2:44 
texturization and spreadability 2:38 
typical solid fat indices 4:47t 
world production 1984, 1992, and 2000 2:421t 
worldwide production 2:54t 

Butter blends 4:37t 

Butter fat 
characteristics compared with other fats 2:9t 
crystal habit of hydrogenated 2:202t 
as ingredient 2:47 
lactones in 2:10t 
typical analysis 4:326t 

Butter fat powders 2:49 

Butter fat products 2:45 

Butterfat spreads 5:512t 

Butter fat-vegetable oil blends 2:45 

Butter oil 
crystal habit 4:49t 4:90t 
hydrogenated oil crystal structure 4:149t 
physical properties 4:91t 
standards for 2:24t 

Buttery flavor 1:377t 1:420t 
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Butylated hydroxyanisole (BHA) 1:20 1:440 
acceptable daily intake (ADI) 1:483t 1:509t 
in animal fats 1:195 
antioxidant commonly used in foods 1:441t 1:457 
conventionally permitted in foods 1:508t 
effect on oxidation of soybean oil 1:458t 
effect on shortening stability 4:136t 
maximum level permitted 1:501t 
physical properties 1:456t 
potential hazards 1:547 
properties, applications, and regulations 1:495t 
regulations governing use 1:477t 
regulatory approval status in different countries 1:502t 
regulatory responsibilities 1:502t 
regulatory status 1:493 
use in salad and cooking oils 4:183 
use in soybean oil 2:633 

Butylated hydroxytoluene (BHT) 1:20 1:440 
acceptable daily intake (ADI) 1:483t 1:509t 
in animal fats 1:195 
antioxidant commonly used in foods 1:441t 1:458 
in bar soaps 6:129 
conventionally permitted in foods 1:508t 
effect on oxidation of soybean oil 1:458t 
effect on shortening stability 4:136t 
maximum level permitted 1:501t 
physical properties 1:456t 
potential hazards 1:547 
properties, applications, and regulations 1:496t 
regulations governing use 1:479t 
regulatory approval status in different countries 1:502t 
regulatory responsibilities 1:502t 
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Butylated hydroxytoluene (BHT) (Continued) 
regulatory status 1:493 
use in salad and cooking oils 4:183 
use in soybean oil 2:633 
use in sunflower oil 2:705 
use with cosmetics 6:406 

2-Butyl-3,6-dimethylpyrazine 
in cocoa butter 1:398t 

2-Butyl-4-ethyl-5-methyloxazole 
in cocoa butter 1:399t 

tert-Butylhydroquinone (TBHQ) 1:440 
acceptable daily intake (ADI) 1:483t 1:509t 
in animal fats 1:195 
antioxidant commonly used in foods 1:441t 1:459 
conventionally permitted in foods 1:508t 
effect on oxidation of soybean oil 1:458t 
effect on shortening stability 4:136t 
maximum level permitted 1:501t 
physical properties 1:456t 
properties, applications, and regulations 1:499t 
regulations governing use 1:482t 
regulatory approval status in different countries 1:502t 
regulatory responsibilities 1:502t 
regulatory status 1:497 
use in salad and cooking oils 4:183 
use in soybean oil 2:633 
use in sunflower oil 2:705 

Butyl lardate 6:90 

2-Butyl-4-methyl-5-ethyloxazole 
in cocoa butter 1:399t 

Butyloxyl radicals 
alkene structure effect 1:317t 
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Butyl stearate 
in fiber spinning finish 6:365 

Butyric acid 
in butter 2:4t 
common name and formula 1:3t 
flavor threshold 4:170 

Butyrospermol 
in selected vegetable oils 3:324t 

BXN cotton 2:189 

By-product utilization 4:391 
oil refining 4:405 
seed processing 4:391 

C 
C. curvatus D 

lipid content and fatty acid profile 3:126t 

C. Microalgae 
lipid content and fatty acid profile 3:127t 

Caclium bentonite 5:287 

d-Cadinene 
in cold-pressed navel orange oil 3:55t 

γ-Cadinene 
change in Yuzu cold-pressed oil during storage 3:59t 

T-Cadinol 
change in Yuzu cold-pressed oil during storage 3:60t 

α-Cadinol 
change in Yuzu cold-pressed oil during storage 3:60t 

Caffeic acid 
in selected tree nut oils 3:178t 

Cake donuts 4:215 
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Cakes 4:212 
emulsifiers for 4:263 
lecithin applications 3:409 
physical properties 4:216t 

Calcium 
in crude, degummed, superdegummed, and 

ultrafiltered soybean oil 5:447t 
in rice bran and other cereal brans 2:472t 
in safflower meal 2:510t 
in safflower seed 2:507t 
and water hardness 6:104 

Calcium ascorbate 1:505 

Calcium chloride 
additive for adduct formation 3:613t 

Calcium montmorillonite 5:287 5:288 

Calcium soaps 6:134 

Calcium stearoyl lactylate 
emulsifier used in shortenings 4:135t 
regulatory status as emulsifier 4:262t 

Calendic acid 
in vegetable oils 1:221t 

Calendula oil 1:222t 1:235 1:253 

Calf feed 
lecithin applications 3:423 

Calories Don’t Count 2:497 

Calves 
gossypol effect/no effect level on preruminant 4:337t 

Camelina oil 1:235 2:294 
composition and properties 2:293t 

Campesterol 1:524 
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Codex Alimentarius standard level 2:453t 
in corn germ and fiber oils 2:158 2:160 
in deodorizer distillate 5:359t 
in flaxseed and other major oils 2:285t 
in olive oil 2:321t 
in palm oil 2:343t 
in perillla, camelina, and chia oils 2:293t 
in selected fats and oils 5:355t 
in selected vegetable oils 2:70t 2:196t 3:324t 

 3:325t 
in sesame oil 2:547t 
in soybean oil 2:579t 
structure, trivial, and IUPAC name 3:322t 
in sunflower oil 2:670t 

Campesteryl fernlate 1:473 

Cancer 
and conjugated linoleic acid oils 3:4 
effect of palm oil on 2:416 
effect of sesame oil on 2:569 
and trans-fatty acids 1:536 
and γ-linolenic acid 3:87 

Candida curvata 3:135 
fatty acid profile 3:134t 

Candida sp. 107 
lipid content and fatty acid profile 3:126t 

Candle making 6:57 

Candlenut oil 1:235 

Cannabaceae 
γ-linolenic acid rich 3:69t 

Cannabis sativa 
γ-linolenic acid rich 3:69t 
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Canola oil 1:222t 2:61 
basestock for lubricants 6:260 6:261t 6:266t 
biodiesel feedstock supply 2:529t 
biodiesel production from 6:231 6:232 6:234 

 6:237t 
by-products utilization 4:394 
chlorophylls in during processing 2:71t 
composition 2:63 2:287t 
constituents 2:63t 
consumption in U.S. as source oil for salad and 

cooking oils, 1960-2000 2:250t 
crystal habit 4:49t 4:90t 
crystal habit of hydrogenated 2:202t 
crystallization 5:465 5:467t 
disappearance and per capita consumption in U.S. 2:182t 
effect of hydrogenation 4:25t 
extraction 2:76 
extrusion-expelling 5:557t 
fatty acid composition 4:26t 
fatty acid composition for cooking and salad oils 4:185t 
fatty acid composition of anhydrous milkfat 

solutions 1:124t 
fatty acid composition of control and genetically-

modified 3:158t 
fatty acid composition of feed 4:338t 
fatty acid composition of regular and modified salad 

oils 4:178t 
flavor compounds 1:402 
food uses 2:99 
genetically engineered laurate 3:163 
high-activity bleaching clays for 5:316 
hydrogenated oil crystal structure 4:149t 
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Canola oil (Continued) 
hydrogenation 2:87 
industrial frying oils and fats 4:15t 
influence of diet on fatty acid composition of pork 

and beef fat 1:166t 
interesterification 2:89 
lipid composition of anhydrous milkfat diluted with 1:124t 
lubricity of esters 6:249 
mineral content 2:72t 
modified fatty acid composition 2:107 
nonfood uses 2:109 
nutritional properties 2:93 
oxidative stability 2:73 
oxidative stability versus other oils 2:204t 
performance as cooking oil 2:253t 
physical properties 2:74 
for poultry feed 4:362t 
pour point 6:271t 
processing 2:82 
production 2:113 
production and disappearance in U.S., 1990-2002 4:130t 
properties compared to diesel 2:111t 
proportion of major sterols in 2:70t 
supply and disappearance in U.S. 1991-2003 2:499t 
tocol content in frying oils 4:16t 
from traditional breeding of oilseed crops 3:159 
typical levels of trace constituents 5:300t 
volatile compounds in 1:395t 
world production 2001/2002 2:185t 

Canola oil margarine 2:102 

Canola oil with γ-linolenic acid 
composition compared to other oils 2:64t 
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Canola seed 
extrusion 5:567 

Canthaxanthin 1:506 

Capelin oil 
fatty acid composition of feed 4:338t 
principal fatty acids 4:339t 

Cappers 5:260t 

Caprenin 1:532 3:510 3:517t 

Capric acid 
in butter 2:4t 
in coconut oil 6:3t 
composition in selected animal fats, greases, and 

vegetable oils 1:163t 
composition of common fats and oils 6:106t 
flavor threshold 4:170 
formula 1:3t 
in palm kernel oil 6:3t 
in paring (testa) oil 2:128t 
range in coconut oil cross regional 2:138t 

Caproic acid 
in butter 2:4t 
in coconut oil 6:3t 
flavor threshold 4:170 
formula 1:3t 
in palm kernel oil 6:3t 
in paring (testa) oil 2:128t 
range in coconut oil cross regional 2:138t 

Caprylic acid 
in butter 2:4t 
in coconut oil 6:3t 
composition of common fats and oils 6:106t 
flavor threshold 4:170 
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Caprylic acid (Continued) 
formula 1:3t 
in palm kernel oil 6:3t 
in paring (testa) oil 2:128t 
range in coconut oil cross regional 2:138t 
stripping parameters for 5:346t 

Captex 3:511t 3:515 3:517t 

Captrin 3:511t 3:515 3:517t 

Carageenan 
as fat substitute 3:529 

Caraway oil 1:235 

Carbohydrate-based fat mimetics 3:528 

Carbohydrate-based surfactants 
from fatty acids 1:30 

Carbohydrate fatty acid polyesters 3:511t 3:516 

Carbohydrates 
in vegetable oils 5:434 

Carbon dioxide. See also Supercritical carbon 
dioxide technology 

critical point 5:399t 
transport properties through packaging plastics 5:245t 

Carbonyl compounds 
from lipid oxidation 1:369 
and quality assurance of fats and oils 1:573 

Carboxymethylcellulose 6:282 

Carboxymethylcellulose edible films 6:378t 
color 6:384t 
thickness and mechanical properties 6:381t 
water vapor barrier properties 6:387t 

Carcinogenesis, See Cancer 

Cardanol 6:285 
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Cardanyl acrylate 6:285 

Cardboard flavor 1:420t 

Cardiac arrhythmia 
γ-linolenic acid effects 3:87 

Cardiovascular disease 
role of dietary fat 1:589 

Cardiovascular system 
conjugated linoleic acid oil effects 3:6 
lecithin effects 3:417 
γ-linolenic acid effects 3:83 

Cardol 6:285 

Carene-3 
in cold-pressed navel orange oil 3:55t 

Carnosic acid 1:20 1:469 

Carnosine 1:469 

Carnosol 1:469 

Carob bean germ seed oil 3:249 
fatty acid composition 3:248t 

Carolac 4:377t 

α-Carotene 1:506 1:507 3:331 
in palm oil 2:342t 
and vitamin A activity 3:342 

β-Carotene 1:507 3:331 
adsorption on bleaching clays 5:303 
adsorption on clays 5:270 
antioxidant commonly used in food 1:463 
antioxidant properties 3:337 
cosolvent effect of ethanol with 5:406t 
ingredient cost in margarine 5:499t 
in margarines and spreads 4:62 
in palm oil 2:342t 
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β-Carotene (Continued) 
in peanut oil 2:452t 
in reduced-fat spreads 5:515t 
regulatory status 1:506 
secondary antioxidant 1:442t 
solubility in supercritical fluids 5:402 5:403 
and vitamin A activity 3:341 

γ-Carotene 
in palm oil 2:342t 

δ-Carotene 
in palm oil 2:342t 

cis-α-Carotene 
in palm oil 2:342t 

cis-β-Carotene 
in palm oil 2:342t 

Carotenoids 1:443 5:434 
antioxidants commonly used in foods 1:441t 1:463 
chemistry 3:330 
in corn oil 2:164 
in crude, degummed, superdegummed, and 

ultrafiltered soybean oil 5:447t 
in margarines and spreads 4:62 
in milkfat globule membrane 2:3t 
and quality assurance of fats and oils 1:571 1:572 
regulatory status 1:506 
secondary antioxidant 1:442t 
typical trace levels 5:300t 
in vegetable oils 1:218 
and vitamin A activity 3:341 

Carp 
essential fatty acid requirements 4:366t 

Carrot 1:235 
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Carrot seed oil 
phosphoplipids 3:372t 

Carthamim 2:528 

cis-Carveol 
in cold-pressed navel orange oil 3:55t 

(Z)-Carveol 
change in Yuzu cold-pressed oil during storage 3:59t 

Carvone 
in cold-pressed navel orange oil 3:55t 
odorant identified in peel oil of clementines 3:54t 

Caryophyllene 
change in Yuzu cold-pressed oil during storage 3:59t 

β-Caryophyllene 
in cold-pressed navel orange oil 3:55t 
percentage in 5 different orange species 3:56t 

(E)-Caryophyllene epoxide 
change in Yuzu cold-pressed oil during storage 3:59t 

(Z)-Caryophyllene epoxide 
change in Yuzu cold-pressed oil during storage 3:59t 

Casein 
edible films from 6:371 

Case packers 5:254 5:260t 

Cashew nut oil 3:188t 
amino acid profile 3:189t 
fatty acid composition 3:188t 

Cashewnut shell liquid 6:284 

Cashew oil 1:235 

Casting 
edible films 6:374 

Castor beans 
oil yield from commercial processing 5:101t 
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Castor beans (Continued) 
proportion hulls/kernels and oil content of seed, 

kernels, and hulls 5:101t 

Castor oil 1:222t 1:224 3:156 
fatty acid composition 1:4t 
fatty acid composition for alkyd resins 6:328t 
genetically engineered 3:165 
interpenetrating polymer network production from 6:300 
oleochemicals from 6:83 
polymer production from 6:287 6:288 6:292 

 6:294 6:300 
pour point 6:271t 
saponification equivalent, saponification value, 

iodine value, and unsaponifiable matter 1:10t 
semi-interpenetrating polymer network production 

from 6:302 
world production 1984, 1992, and 2000 2:421t 

Catalase 1:443 

Catalysts 
for biodiesel production 6:237 
in glycerine production 6:194 
lecithin applications 3:429 
for lipid oxidation initiation 1:273 

Catalytic partial hydrogenation 1:25 

Catfish 
essential fatty acid requirements 4:366t 
gossypol effect/no effect level 4:337t 

Catfish oil 
fatty acid composition of feed 4:338t 

Cationic emulsifiers 3:471 

Cationic surfactants 6:44 
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Cats 
feed energy requirements 4:356 

Cattle 
cull cows and bulls as source of rendered animal 

fats and oils 4:324t 
digestive system 4:347 
estimated use in domestic animal feeds 4:325t 
source of rendered animal fats and oils 4:324t 
soybean extrusion for feed 5:544 
titer and iodine values of fat from 6:78t 

Cattle fats 1:161 1:162 

Caustic refining 5:20 
storage and handling during 5:205t 
wastewater load 4:420t 
wastewater source 4:418 4:423 

Cellulose 6:282 
as fat substitute 3:528 3:529t 

Cellulose acetate 6:282 

Cellulose xanthate 6:282 

Centrifugal partition chromatography 3:589 

Ceramics 
detersive systems 6:138t 

Ceramide dihexoside 
distribution in various milk fractions 3:364t 

Ceramide monohexoside 
distribution in various milk fractions 3:364t 

Ceramides 6:391 
in bovine milk 2:11t 

Cereals 
antioxidants from 1:467 
plant sterol sources 1:523t 
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Cerebrosides 
in bovine milk 2:11t 

Cerinthe minor 
γ-linolenic acid rich 3:69t 

Chakki 2:511 

Channel catfish 
essential fatty acid requirements 4:366t 

Channel catfish oil 
fatty acid composition of feed 4:338t 

Charbroiling 
toxic substances produced by 1:545 

Cheese snacks 
frying coated 4:301 
sales in U.S. 2003 4:288t 

Chelating agents 1:442 
in bar soaps 6:128 

Chemator scraped-surface heat exchanger 4:111 

Chemical interesterification 3:560 

Chemically modified alkyd resins 6:344 

Chemical refining 5:25 
coconut oil 2:132 
and deodorization 5:341 
palm oil 2:375 2:377 

Chemisorption 5:286 5:302 

Chemistry of fatty acids 1:1 

Cherry oil 1:235 

Cherry seed oil 3:249 
fatty acid composition 3:248t 

Chestnut oil 
phenolic acids in 3:178t 



I:41 
Index terms Links 

 This page has been reformatted by Knovel to provide easier navigation.  

Chia oil 1:235 2:298 
composition and properties 2:293t 

Chia seed 2:298 

Chicken fat, See Poultry fat 

Chilling 
margarines and spreads 4:64 
shortenings 4:150 

Chinese vegetable tallow 1:235 

Chitosan 3:529t 

Chlorella minutissima 
lipid content and fatty acid profile 3:127t 

Chlorella vulgaris 
lipid content and fatty acid profile 3:127t 

Chlorendic anhydride 
in alkyd resins 6:323 6:325 

Chlorinated rubber 
blending with alkyd resins 6:344 

Chlorophylls 3:335 
from membrane processing of soybean and 

rapeseed oils 5:446t 
and quality assurance of fats and oils 1:571 1:572 
typical trace levels 5:300t 

Chocolate 4:159 
organic 4:171 

Choice white grease 1:175 1:178t 6:64 
fatty acid composition 6:77t 
fuel energy content 6:94t 
grading standards for 4:325t 
quality standards for feeds 4:326t 
specifications 6:81t 
specifications of commercial grades 1:177t 
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Cholesterol 1:521 1:542t 3:321 
 6:391 

in animal fats 1:168 
and atherosclerosis 1:592 1:596 
canola oil compared to other PUFA sources in 

normal plasma 2:95t 

Codex Alimentarius standard level 2:453t 
in corn oil 2:160 
corn oil’s lowering properties: maize oil aberration 2:166 
and coronary heart disease 1:243 
eat items high in sparingly 3:504 
effect of canola oil on 2:95 
effect of palm oil on 2:413 
effect of rice bran oil on 2:483 2:484t 
and heart disease 2:638 
lecithin effects 3:416 
γ-linolenic acid effects 3:85 
in milkfat globule membrane 2:3t 
in olive oil 2:321t 
in palm oil 2:343t 
in perilla, camelina, and chia oils 2:293t 
reduction in milkfat 2:15 
in selected vegetable oils 2:70t 2:196t 3:324t 
in sesame oil 2:547t 
in sunflower oil 2:670t 

Cholesterol esters 
in milkfat globule membrane 2:3t 

Cholesterol free products 2:23 

Cholesterol oxidation products 1:541 

Choline. See also Lecithins 
from dietary lecithins 3:414 3:415t 
effect on memory 3:418 
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Choline. See also Lecithins (Continued) 
in peanut oil 2:452t 

Choline phospholipids 
in bovine milk 2:11t 

Chroman-quinone 5:434 

Chroman ring stucture 6:319 

Chromium 
in safflower seed 2:507t 
trace metal required to reduce lard AOM by 50% 4:137t 

Chum salmon 
essential fatty acid requirements 4:366t 

Chylomicrons 1:583 3:547 

Cinnamic acids 1:467 

Citric acid 1:442 
acceptable daily intake (ADI) 1:509t 
in bar soaps 6:129 
conventionally permitted in foods 1:508t 
effect on oxidation of soybean oil 1:458t 
ingredient cost in margarine 5:499t 
in margarines and spreads 4:61 
regulations governing use 1:480t 
secondary antioxidant 1:442t 
use in salad and cooking oils 4:184 
use with cosmetics 6:406 

Citronellal 
in cold-pressed navel orange oil 3:55t 
odorant identified in peel oil of clementines 3:54t 

Citron seed oil 
composition compared to other orange species 3:56t 3:57t 
fatty acid composition compared to other citrus seed 

oils 3:57t 
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Citron seed oil (Continued) 
physical properties 3:51t 

Citrostadienol 
in selected vegetable oils 3:324t 
structure, trivial, and IUPAC name 3:322t 

Citrus essences 3:49 
composition 3:57 
extraction 3:51 
uses             3:61 

Citrus fruits 3:49 

Citrus oils and essences 3:49 

Citrus peel oils 3:49 
composition 3:52 3:54t 3:55t 
extraction 3:50 
storage 3:58 
uses                  3:61 

Citrus seed oils 3:49 
composition 3:53 3:55 3:56t 

 3:57t 
extraction 3:50 

Cladosporium herbarum 
lipid content and fatty acid profile 3:127t 

Claviceps purpurea 
lipid content and fatty acid profile 3:127t 

Clavicipitaceae 
lipid content and fatty acid profile 3:127t 

Clays 
as builders 6:146 

Clerosterol 
in olive oil 2:321t 

Closed-wall extrusion 5:122 
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Closures 5:244 

Coating fats 4:208 
physical properties 4:216t 

Coatings 6:309 
lecithin applications 3:435 

Cobalt 
catalyst for lipid oxidation initiation 1:273 

Cocoa beans 
proportion hulls/kernels and oil content of seed, 

kernels, and hulls 5:101t 

Cocoa butter 1:222t 1:225 
as confectionary lipid 4:160 
cosmetics applications 6:407t 
crystal habit 4:49t 4:90t 
crystal habit of hydrogenated 2:202t 
fatty acid composition 1:221t 
fatty acid source 1:3t 
flavor compounds 1:397 1:398t 1:399t 
hydrogenated oil crystal structure 4:149t 
interesterification 1:191 
oxazoles and thiazoles in 1:399t 
physical properties 4:91t 4:216t 
polymorphic forms and their melting temperatures 1:51t 
polymorphism 1:110 
pyrazines in 1:398t 
tocopherol content 5:353t 
triacylglycerol composition 1:8t 

Cocoa butter alternative fats 3:568 

Cocoa butter equivalents 4:170 

Cocoa butter equivalent yeast fat 3:133 

Coconut jam 2:142 
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Coconut kernel 2:126 2:127t 

Coconut oil 1:222 1:222t 1:226 
 2:123 

authentication 3:344t 
by-products utilization 4:401 
for cat feed 4:357t 
chemical and physical tests 2:137 
composition 2:135 2:136t 
crystal habit 4:49t 4:90t 
crystal habit of hydrogenated 2:202t 
disappearance and per capita consumption in U.S. 2:182t 
economics 2:143 2:145t 
extraction 2:129 
fatty acid composition 1:4t 1:221t 6:3t 

 6:4 6:5t 6:106t 
fatty acid composition for alkyd resins 6:328t 
fatty acid composition of feed 4:338t 
fatty acids and derivatives from 6:1 
fatty acid source 1:3t 
free and fatty acyl sterol esters 3:325t 
hydrogenated oil crystal structure 4:149t 
oleochemicals from 6:2 6:6 6:83 
oxidative stability versus other oils 2:204t 
PAH levels in 5:298t 
physical properties 4:91t 
polycyclic aromatic hydrocarbon (PAH) content 5:199t 
for poultry feed 4:363t 
production and disappearance in U.S., 1990-2002 4:130t 
refining 2:132 
saponification equivalent, saponification value, 

iodine value, and unsaponifiable matter 1:10t 
soap raw material 6:108 
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Coconut oil (Continued) 
sterol content 3:324t 5:355t 
storage 2:142 
supply and disappearance in U.S. 1991-2003 2:499t 
temperature recommendations for storage and 

handling 5:219t 
tocopherol content 5:353t 
triacylglycerol composition 1:8t 
unsaponifiable fraction 3:320t 
usage in U.S. as shortening source, 1940-2000 2:266t 
used in U.S. edible products, 2002-2003 4:128t 
uses               2:141 
world production 2001/2002 2:185t 
world production 1984, 1992, and 2000 2:421t 
world production 1995/1996 to date 2:144t 
worldwide production 1:180t 

Coconut palm 2:123 

Coconuts 
oil yield from commercial processing 5:101t 

Coconut water 2:126 

Cod liver oil 
fatty acid composition 1:4t 
fatty acid composition of feed 4:338t 
principal fatty acids 4:339t 
saponification equivalent, saponification value, 

iodine value, and unsaponifiable matter 1:10t 
supercritical fluid processing 5:408 

Coffee creamer 4:265 
designer organic fat 4:172t 

Coho salmon 
essential fatty acid requirements 4:366t 
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Cohune 
proportion hulls/kernels and oil content of seed, 

kernels, and hulls 5:101t 

Collagen 
edible films from 6:371 

Colloidal stabilization 6:159 

Colloid mill 3:475 

Color 
butter 2:38 
coconut 2:141 
cooking and salad oils 4:183 
cottonseed oil 2:201 
edible fats 1:171 
edible films 6:382 
of fats and oils 1:571 
glycerine 6:211 
lipid emulsions 3:492 
peanut oil 2:446 

Colorants 
in bar soaps 6:128 
in margarines and spreads 4:62 
in pourable dressings 4:195 
with shorteners 4:136 

Color fixation 5:202 

Color reversion 5:225 5:287 

Common carp 
essential fatty acid requirements 4:366t 

Confectionary fats 4:165 

Confectionary lipids 4:159 

Conidiobolus nanodes 
lipid content and fatty acid profile 3:126t 
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Conjugable oxidation products (COP) assay 1:364 1:366 

Conjugated acid oils 1:224 

Conjugated dienes 1:364 

Conjugated linoleic acid 1:536 
biological function 1:580 
food fortification with 1:581 
health benefits 5:397 

Conjugated linoleic acid oils 3:1 
analysis 3:21 
commercial production 3:8 
increasing dietary intake 3:8 
metabolism 3:2 
physiological actions 3:3 

Conjugated trienes 1:364 

Containers 5:244 

Contaminants 5:198 
deodorization 5:356 
in food fats and oils 5:349t 

Continuous deodorization 5:377 

Continuous industrial fryers 4:291 

Continuous potato chip frying process 4:296 

Continuous saponification 6:114 

Continuous-screw pressing 5:131 

Continuous tortilla chip frying process 4:298 

Continuous ultrasonic degumming 5:436 

Continuous vacuum bleaching 5:322 

Conveyors-accumulators 5:252 5:260t 

Cookie coating fat 4:218 

Cookie filling fat 4:217 

Cookies 4:216 
lecithin applications 3:409 
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Cooking 5:99 
oilseeds 5:115 

Cooking equipment 5:118 

Cooking oils 3:504 4:176 
additives 4:183 
canola oil 2:99 
corn oil 2:167 
cottonseed oil 2:242 2:250 
defined 2:249 
nutrition-oriented 4:184 
quality evaluation 4:180 
soybean oil 2:616 
stability 4:178 
used in U.S. edible products, 2002-2003 4:128t 

Cooking oils, salad oils, and dressings 4:175 

Cooling roll 4:94 

α-Copane 
change in Yuzu cold-pressed oil during storage 3:59t 
in cold-pressed navel orange oil 3:55t 

Copper 
as alternative hydrogenation catalyst 4:26 
as catalyst for fatty acid hydrogenation 1:26 
as catalyst for hydroperoxide decomposition 1:442 
catalyst for lipid oxidation initiation 1:273 
in safflower seed 2:507t 
trace metal required to reduce lard AOM by 50% 4:137t 

Copra meal 5:539 

Copra oil 2:128 
mechanical pretreatment 5:107 
world production 1995/1996 to date 2:144t 
world protein meal production from 1995/1996 to 

date 2:144t 
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Coriander seed oil 1:236 
phospholipids 3:372t 

Corn bran 
composition compared to other brans 2:472t 

Corn fiber oil 
composition 2:155 
polar/nonpolar lipid classes 2:153t 
tocopherols/tocotrienols in 2:162t 

Corn germ 2:150 
oil yield from commercial processing 5:101t 

Corn germ oil 3:207 
composition 2:155 
phytosterols in 2:159t 
polar/nonpolar lipid classes 2:153t 
processing 3:213 
tocopherols/tocotrienols in 2:162t 

Corn kernel 2:149 

Corn kernel oil 2:150 
composition 2:155 
polar/nonpolar lipid classes 2:153t 
tocopherols/tocotrienols in 2:162t 

Corn lecithin 3:367 
commercial 3:373t 

Corn nuts 
sales in U.S. 2003 4:288t 

Corn oil 1:226 2:149 
authentication 3:345t 
basestock for lubricants 6:260 6:261t 6:266t 

 6:268t 6:269t 
biodiesel feedstock supply 2:529t 
biodiesel production from 6:233 
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Corn oil (Continued) 
for cat feed 4:357t 
characteristics compared with butter fat 2:9t 
composition 2:155 
consumption in U.S. as source oil for salad and 

cooking oils, 1960-2000 2:250t 
consumption in U.S. margarine manufacture, 1980-

2002 4:46t 
cosmetics applications 6:407t 
crystal habit 4:49t 4:90t 
crystal habit of hydrogenated 2:202t 
deodorization 5:350t 
disappearance and per capita consumption in U.S. 2:182t 
effect of feeding on fatty acid composition of 

bovine milkfat 2:9t 
extraction 2:151 
trans-fatty acid and dimeric triacylglycerols in 

commercial samples 5:352t 
fatty acid composition 1:4t 1:221t 4:26t 

 6:401t 
fatty acid composition of control and genetically-

modified 3:158t 
fatty acid composition of feed 4:338t 
fatty acid composition of regular and modified salad 

oils 4:178t 
fatty acids in deoiled lecithin 4:340t 
fatty acid source 1:3t 
food uses 2:167 
free and fatty acyl sterol esters 3:325t 
genetically modified 1:257 
glyceride content 3:38t 
hydrogenated oil crystal structure 4:149t 
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Corn oil (Continued) 
industrial frying oils and fats 4:15t 
influence of diet on fatty acid composition of pork 

and beef fat 1:166t 
linoleic and linolenic acid content 3:9t 
nonfood uses 2:168 
nutritional properties 2:166 
oxidative stability versus other oils 2:204t 
performance as cooking oil 2:253t 
physical properties 2:165 4:91t 
plant sterol source 1:523t 
polar lipids in deoiled lecithin 4:340t 
for poultry feed 4:363t 
production and disappearance in U.S., 1990-2002 4:130t 
refining 2:152 
saponification equivalent, saponification value, 

iodine value, and unsaponifiable matter 1:10t 
solubility of synthetic antioxidants in 1:456t 
sterol content 3:324t 5:355t 
supply and disappearance in U.S. 1991-2003 2:499t 
temperature recommendations for storage and 

handling 5:219t 
tocopherol content 5:353t 
tocopherols/tocotrienols in 3:329t 
unsaponifiable fraction 3:320t 
usage in U.S. as margarine and spread source 2:268t 
usage in U.S. as shortening source, 1940-2000 2:266t 
used in U.S. edible products, 2002-2003 4:128t 
volatile compounds in 1:395t 
world production 2001/2002 2:185t 
world production 1984, 1992, and 2000 2:421t 
worldwide production 1:180t 
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Corn oil margarine 2:167 4:37t 

Corn oil spreads 2:167 2:268t 

Corn snacks 
sales in U.S. 2003 4:288t 

Corny flavor 1:421t 

Corn zein 
edible films from 6:371 

Coronary heart disease 1:243 
and trans-fatty acids 1:536 

Cosmeceuticals 6:393 6:401 

Cosmetics 
lecithin applications 3:431 
use of lipids 6:391 

Cosolvent systems 
supercritical carbon dioxide 5:405 

Cotton 2:173 2:186 

Cotton fiber 6:282 

Cottonseed 
edible films from 6:371 
feed using whole 4:377 
handling and storage 2:208 
mechanical pretreatment 5:103 5:107 
oil yield from commercial processing 5:101t 
proportion hulls/kernels and oil content of seed, 

kernels, and hulls 5:101t 
world production 1995/1996 to date 2:144t 

Cottonseed kernel 
gossypol levels in 4:336t 

Cottonseed meal 5:539 
gossypol levels in 4:336t 
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Cottonseed oil 1:222t 1:226 2:173 
adulteration quality assurance 1:574 
analysis 2:207 
authentication 3:344t 
basestock for lubricants 6:261t 6:266t 6:268t 

 6:269t 
biodiesel feedstock supply 2:529t 
boiling points of mixtures with hexane 5:173t 
by-products utilization 4:398 
for cat feed 4:358t 
chemical properties 2:202 
composition 2:189 
consumption in U.S. as source oil for salad and 

cooking oils, 1960-2000 2:250t 
consumption in U.S. margarine manufacture, 1980-

2002 4:46t 
crystal habit 4:49t 4:90t 
crystal habit of hydrogenated 2:202t 
deodorizer distillate composition 3:611t 
disappearance and per capita consumption in U.S. 2:182t 
extraction 2:209 
extraction rate 5:149 
extrusion-expelling 5:557t 5:558t 
fatty acid composition 1:4t 1:221t 4:26t 
fatty acid composition for alkyd resins 6:328t 
fatty acid composition of control and genetically-

modified 3:158t 
fatty acid composition of feed 4:338t 
fatty acid composition of regular and modified salad 

oils 4:178t 
fatty acids in deoiled lecithin 4:340t 
fatty acid source 1:3t 
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Cottonseed oil (Continued) 
finishing treatment 2:242 
glyceride content 3:38t 
hydrogenated oil crystal structure 4:149t 
hydrogenation 2:225 
important dates in evolution of processing and 

utilization 2:175t 
industrial frying oils and fats 4:15t 
influence of diet on fatty acid composition of pork 

and beef fat 1:166t 
interesterification 2:229 
linoleic and linolenic acid content 3:9t 
membrane processing 5:447t 5:450t 
miscella flux rates of flake and extrudate 5:81t 
mono-, di-, and triglycerides content of fully 

hydrogenated 5:467t 
oxidative stability versus other oils 2:204t 
PAH levels in 5:298t 
performance as cooking oil 2:253t 
physical properties 2:197 4:91t 
polar lipids in deoiled lecithin 4:340t 
processing 2:214 
production and disappearance in U.S., 1990-2002 4:130t 
properties 2:186 
regulatory considerations 2:235 
saponification equivalent, saponification value, 

iodine value, and unsaponifiable matter 1:10t 
sterol content 2:196t 3:324t 5:355t 
supply and disappearance in U.S. 1991-2003 2:499t 
tocol content in frying oils 4:16t 
tocopherol content 5:353t 
tocopherols/tocotrienols in 3:329t 
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Cottonseed oil (Continued) 
unsaponifiable fraction 3:320t 
usage in U.S. as margarine and spread source 2:268t 
usage in U.S. as shortening source, 1940-2000 2:266t 
used in U.S. edible products, 2002-2003 4:128t 
uses           2:246 
volatile compounds in 1:395t 
world production 2001/2002 2:185t 
world production 1984, 1992, and 2000 2:421t 
world production 1995/1996 to date 2:144t 
world protein meal production from 1995/1996 to 

date 2:144t 
worldwide production 1:180t 

Cottonseed oil margarine 2:244 2:268 

Coumesterol 1:533 

Countercurrent chromatography 
novel separation methods 3:589 

Countercurrent continuous bleaching 5:324 

Countertop fryers 4:270 

Cows, See Cattle 

Crackers 4:219 
lecithin applications 3:409 

Cracking mill 5:65 

Crambe oil 1:222t 1:236 
polymer production from 6:287 

Cranberry seed oil 3:237 
seed oil high in α-linolenic acid 3:235t 

C-reactive protein 1:597 

Cream 2:22 
heat treatment 2:28 
separation 2:26 
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Cream (Continued) 
specialty 2:50 

Creaming gas 4:151 

Creme icings 4:215 

Creutzfeldt-Jakob disease (CJD) 1:197 1:198 1:200 
 6:98 

Critical micelle concentration (CMC) 4:232 

Critical point 5:398 

Croissants 4:211 

Cross-linking 
soy protein films 6:378 

Crude oil storage 5:205t 

Crude olive-pomace oil 2:309 

Crushing rolls 5:108 

Crypthecodium cohnii 
lipid content and fatty acid profile 3:127t 

Cryptococcus albidus 
lipid content and fatty acid profile 3:126t 

Cryptococcus curvatus 3:135 
fatty acid profile 3:134t 

β-Cryptoxanthin 1:506 3:331 

Crystal growth 1:64 
anhydrous milkfat 1:126 1:146 

Crystalline microstructure 1:68 

Crystallization 
canola oil 2:91 2:92 
lecithins 3:406 
and margarine production 5:460 
margarines and spreads 4:46 
milkfat 2:12 2:27 
novel separation techniques based on 3:594 
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Crystallization (Continued) 
shortenings 4:89 4:102 4:147 
soaps 6:111 

Crystallization of fats and oils 1:45 
controlling 1:68 
fat crystal networks (anhydrous milkfat) 1:126 
kinetics 1:60 1:65 
lipid phase behavior 1:46 

Crystal networks, fat, See Fat crystal networks 

β-Cubebene 
in cold-pressed navel orange oil 3:55t 

Cucumber oil 
linoleic and linolenic acid content 3:9t 

Cucurbit seed oil 
phospholipids 3:372t 

Cull cows and bulls 
source of rendered animal fats and oils 4:324t 

Cull sows and boars 
source of rendered animal fats and oils 4:324t 

Cultured butter 
manufacture 2:32 

Cumyloxyl radicals 
solvent effects on rate of abstraction and B-scission 1:222t 

Cunninghamella japonica 
lipid content and fatty acid profile 3:126t 

Cupcakes 4:214 

Cuphea oil 1:236 1:252 

Curd 6:104 

Cutting-floor fats 1:162 

Cycloartenol 
in selected vegetable oils 3:324t 
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Cycloartenol (Continued) 
structure, trivial, and IUPAC name 3:322t 

Cycloarteryl ferulate 1:473 

Cycloaudenol 
in selected vegetable oils 3:324t 

Cyclobranol 
in selected vegetable oils 3:324t 
structure, trivial, and IUPAC name 3:322t 

β-Cyclodextrin 
for cholesterol reduction in milkfat 2:16 

Cycloeucalenol 
structure, trivial, and IUPAC name 3:322t 

Cyclohexane 
in extraction grade hexanes 5:155t 

Cyclooxygenases (COX) 1:582 
role of n-3 PUFAs in regulating 1:588 

Cyclopropenoid fatty acids 1:532 

p-Cymene 
change in Yuzu cold-pressed oil during storage 3:59t 
in cold-pressed navel orange oil 3:55t 
percentage in 5 different orange species 3:56t 

Cynoglossum amabile 
γ-linolenic acid rich 3:69t 

Cynoglossum lanceolatum 
γ-linolenic acid rich 3:69t 

Cystine 
in rendering products 6:76t 
in tree nut proteins 3:189t 
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D 
DAGs, See Diacylglycerols 

Dairy 80 4:377t 

Dairy cattle 
by-products utilization for feed 4:395 
estimated use in domestic animal feeds 4:325t 
feed energy requirements 4:359 
gossypol effect/no effect level on mature 4:337t 

Dairy fats 
fatty acid source 1:3t 

Dairy-Lo 3:531 3:531t 

Dairy products 3:504 
lecithin applications 3:411 

Danish pastry 4:210 

Date seed oil 3:249 
fatty acid composition 3:248t 

DDT 5:198 

Deacidification 
membrane application 5:442t 
rice bran oil 2:479 

Dead stock 
source of rendered animal fats and oils 4:324t 

De-aeration 5:364 

2,4-Decadienal 
from autooxidation of unsaturated fatty acids 1:390 1:391t 
in Gulf menhaden oil 1:406t 
from isomerization of linoleic acid 1:313t 
in lard 1:400t 
sensory characteristics 1:392t 

(E,E)-Deca-2,4-dienal 
odorant identified in peel oil of clementines 3:54t 
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trans,cis-2,4-Decadienal 
volatile compound in vegetable oils 1:395t 

trans,trans-2,4-Decadienal 
odorant in Irish sour cream butter 1:397t 
in sesame oils 1:407t 
in stored soybean oil 1:401t 
volatile compound in vegetable oils 1:395t 

d-Decalactone 
odorant in Irish sour cream butter 1:397t 

Decanal 
from autooxidation of unsaturated fatty acids 1:391t 
in cold-pressed navel orange oil 3:55t 
odorant identified in peel oil of clementines 3:54t 
sensory characteristics 1:392t 

n-Decanal 
in Gulf menhaden oil 1:406t 

Decanoic acid, See Capric acid 

Decatrienal 
in Gulf menhaden oil 1:406t 

2,4,7-Decatrienal 
from autooxidation of unsaturated fatty acids 1:391t 

(Z)-Dec-4-enal 
odorant identified in peel oil of clementines 3:54t 

2-Decenal 
from autooxidation of unsaturated fatty acids 1:391t 
sensory characteristics 1:392t 

cis-4-Decenal 
in Gulf menhaden oil 1:406t 

trans-2-Decenal 
volatile compound in vegetable oils 1:395t 
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trans-4-Decenal 
in Gulf menhaden oil 1:406t 

Decenoic acid 
in butter 2:4t 

Decenol 
volatile compound in vegetable oils 1:395t 

Decholesterolized milkfat 2:50 

Deep-bed extractors 5:163 

Deep frying fat 
physical properties 4:216t 

Degras 6:357 

Degumming 5:16 5:433 
canola oil 2:82 2:91 
coconut oil 2:135 
corn oil 2:154 
crude soy lecithin 3:384 
flaxseed oil 2:291 
γ-linolenic acid oil 3:79 
major impurities removed 5:299 
with membranes 5:434 5:442t 5:443t 
novel separation techniques 3:607 
olive oil 2:316 
rice bran oil 2:479 
soybean oil 2:604 
storage and handling during 5:205t 
sunflower oil 2:691 

Dehulling 5:102 

Dehydro carveol (iso) 
in cold-pressed navel orange oil 3:55t 

Density 
and quality assurance of fats and oils 1:571 
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Deodorizers 5:363 
commercial systems 5:376 

Deodorization 5:42 5:341 6:73 
air emissions 4:424 
animal fats 1:186 
by-products utilization 4:411 
canola oil 2:90 2:92 
coconut oil 2:134 2:135 
corn oil 2:155 
cottonseed oil 2:232 
flaxseed oil 2:291 
free fatty acids 5:349 5:351 
glycerol 6:121 
major impurities removed 5:299 
oil loss during 5:361 
palm oil 2:374 2:376 
phytosterols 5:355t 5:355 
refined oil quality 5:349 
rice bran oil 2:481 
safflower oil 2:513 
soybean oil 2:609 
sterols 5:355t 5:355 
storage and handling during 5:205t 
sunflower oil 2:699 
theory 5:345 
tocopherols 5:352t 5:352 
typical operating conditions 5:343t 
vacuum systems 5:371 
vapor scrubbing systems 5:370 

wastewater load 4:420t 
wastewater source 4:418 4:422 
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Deodorized oil 
handling and storage 5:362 

Deodorizer distillates 3:608 5:358 5:359t 
by-products utilization 4:411 
composition from various oils 3:611t 

Depalletizers 5:250 5:260t 

Desaturated milkfat 2:50 

Designer feeds 4:384 

Designer organic fats 4:172t 

Desolventizer 5:62 

Desolventizer-toaster 5:177 

Detergency 6:137 
fabric 6:169 
factors influencing 6:149 
hard-surface 6:170 
measurement 6:169 
mechanisms 6:156 
oily-soil 6:164 
solid-soil 6:157 

Detergents 
analysis 6:176 
environmental considerations 6:179 
formulation 6:142 
health and safety factors 6:176t 6:176 
lecithin applications 3:429 
manufacture 6:173 

Detergents and detergency 6:137 
soaps 6:103 

Detersive systems 6:137 6:138t 

Dewaxing 5:29 
canola oil 2:90 2:92 
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Dewaxing (Continued) 
membrane application 5:442t 
pomace oil 2:316 
rice bran oil 2:479 
sunflower oil 2:692 

Dextrins 
as fat substitutes 3:529t 3:530 

DHA, See Docosahexaenoic acid 

DHActive 3:144 

DHAGold 3:144 

DHASCO 3:142t 3:143 

Diabetes 
and conjugated linoleic acid oils 3:5 
and γ-linolenic acid 3:103 

Diacetyl 
odorant in Irish sour cream butter 1:397t 

Diacetyl tartaric ester of monoglyceride 4:249 
hydrophilic-lipophilic balance 4:238t 

Diacetyl tartaric monoglycerides 
emulsifiers used in shortenings 4:135t 
regulatory status as emulsifier 4:262t 

Diacid triacylglycerols 1:78 

Diacylglycerol oil 3:38 3:511t 3:517t 
 3:525 

TAG oil compared 3:39 

Diacylglycerols 1:9 3:37 
biodiesel international standards 6:226t 
content in selected vegetable oils 3:38t 
content of fully hydrogenated oils 5:467t 
cosmetics applications 6:407t 
crystallization 1:46 1:47 
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Diacylglycerols (Continued) 
in deodorizer distillate 5:359t 
digestion end products 3:541 
melting points 5:362t 
in milkfat globule membrane 2:3t 
minor components of fats and oils 3:320 
modification by chemical and enzymatic methods 3:556 
in olive oil 2:318 
production from interesterification 1:250 
quality assurance of fats and oils 1:568 
regulatory status as emulsifier 4:262t 
in rice bran oil 3:220t 
structure effect on nutritional effects 3:549 
in wheat germ oil 3:201t 
in whole bovine milk 2:3t 

Diacyl-1-glyceryl ether 
in fish oils 3:281 

Dialkyl dihexadecylmalonate (DDM) 3:517t 3:522 

Dianhydrohexitols 6:286 

Diasesamin 3:333 

Diasesaminol 3:333 

1,3-Dibehenoyl-2-oleoyl-sn-glycerol (BOB) 
occurrence in TAGs 1:100t 

Dibenz(a,h)anthracene 
in deodorizer distillate 5:360t 

2,5-Dibutyl-4-methyloxazole 
in cocoa butter 1:399t 

4,5-Dibutyloxazole 
in cocoa butter 1:399t 

1,3-Dicaproyl-2-lauroyl-sn-glycerol (CLC) 
occurrence in TAGs 1:100t 
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Diesel emissions 6:230 

Diesel fuel 
properties compared to diesel 2:111t 

Dietary fat and health 1:577 
biochemistry of polyunsaturated fatty acids 1:582 
chronic disease 1:586 
food fortification 1:581 
molecular actions 1:583 
role in cardiovascular disease and atherosclerosis 1:589 

Dietary fats 3:504 3:535 

Dietary fat substitutes 3:503 

Dietary reference intakes (DRIs) 
fats                      1:578 

2,3-Diethyl-5-methylpyrazine 
in sesame oils 1:407t 

2,5-Diethyl-3-methylpyrazine 
in cocoa butter 1:398t 

2,6-Diethyl-3-methylpyrazine 
in cocoa butter 1:398t 

Diet margarine 4:37t 

Diet spread 4:37t 

Differential scanning calorimetry 
for lipid oxidation measurement 1:374 

Digalactosyldiglyceride 
in corn and soy lecithins 3:367t 

Digestion metabolism 4:341 

Digestive rendering 5:113 

Diglycerides, See Diacylglycerols 

Dihomolinoleic acid 
microbial commercial production 3:146 

Dihomo-γ-linolenic acid 4:345t 
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6,7-Dihydro-5H-cyclopentapyrazine 
in cocoa butter 1:398t 

Diisocyanates 6:293 

Diisodecyl adipate 
oxidative degradation tendency 6:273t 
pour point 6:271t 

Diketones 5:434 

Dimer acids 
from fatty acids 1:30 

Dimethyl butanes 
in extraction grade hexanes 5:155t 

2,5-Dimethyl-4-butyloxazole 
in cocoa butter 1:399t 

2,3-Dimethyl-5-butylpyrazine 
in cocoa butter 1:398t 

2,3-Dimethyl-5-ethylpyrazine 
in cocoa butter 1:398t 

2,5-Dimethyl-3-ethylpyrazine 
in cocoa butter 1:398t 

2,5-Dimethyl-5-isobutylpyrazine 
in cocoa butter 1:398t 

4,5-Dimethyloxazole 
in cocoa butter 1:399t 

2,4-Dimethyl pentane 
in extraction grade hexanes 5:155t 

2,3-Dimethylpyrazine 
in cocoa butter 1:398t 

2,5-Dimethylpyrazine 
in cocoa butter 1:398t 

2,6-Dimethylpyrazine 
in cocoa butter 1:398t 
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Dimorphotheca oil 1:236 

Dioctyl sodium sulfosuccinate 
regulatory status as emulsifier 4:262t 

1,3-Dioleoyl-2-palmitoyl-sn-glycerol (OPO) 
in mixtures 1:104 

1,3-Dioleoyl-2-stearoyl-sn-glycerol (OSO) 1:98 
in mixtures 1:104 
occurrence in TAGs 1:100t 

Dioxins 5:199 
deodorization 5:356 5:357 
in food fats and oils 5:349t 
in selected oils 5:199t 
stripping from fish oil 5:358t 

1,2-Dipalmitoyl-3-decanoyl-sn-glycerol (PP10) 
occurrence in TAGs 1:100t 

1,3-Dipalmitoyl-2-elaidoyl-sn-glycerol (PEP) 1:99 

1,2-Dipalmitoyl-3-myristoyl-sn-glycerol (PP14) 
occurrence in TAGs 1:100t 

1,3-Dipalmitoyl-2-oleoyl-sn-glycerol (POP) 
in mixtures 1:104 
occurrence in TAGs 1:100t 

Dipalmitoyl phosphatidylethanolamine 3:383 

α,α-Diphenyl-β-picrylhydrazyl radical 1:453 1:454 

Diphosphatidyl glycerol 
in bovine milk 2:11t 

Directed chemical interesterification 3:565 

Directed interesterification 1:188 

Direct saponification 6:113 

1,3-Disaturated-2-unsaturated mixed acid 
triacylglycerols 1:94 

Disc huller 5:103 
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Dishwashing 
detergents for 6:171 
detersive systems 6:139t 

Dissolved air flotation 4:433 

1,3-Distearoyl-2-elaidoyl-sn-glycerol (SES) 1:99 

1,3-Distearoyl-2-linoleoyl-sn-glycerol (SLS) 1:96 
occurrence in TAGs 1:100t 
thermal properties of polymorphs 1:96t 

1,3-Distearoyl-2-oleoyl-sn-glycerol (SOS) 1:94 
in mixtures 1:104 
occurrence in TAGs 1:100t 
thermal properties of polymorphs 1:96t 

1,3-Distearoyl-2-ricinoleoyl-sn-glycerol (SRS) 1:96 
occurrence in TAGs 1:100t 
thermal properties of polymorphs 1:96t 

Distillation 6:74 
glycerine 6:120 6:204 

1,3-Diunsaturated-2-unsaturated mixed acid 
triacylglycerols 1:98 

DLVO theory, of colloid stability 6:160 

Docosadienoic acid 
Codex range for cottonseed oil 2:191t 

Docosa-13cis-enoic acid 
fatty acid for transgenic plant production 3:167t 

Docosahexaenoic acid (DHA) 4:345t 
autooxidation in micelles 1:17 
discrimination against in lipase reactions 1:15 
distribution in harp seal blubber oil 3:267t 
essential fatty acid 1:578 1:579 
essential fatty acid requirements of fish 4:366t 
food fortification with 1:581 
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Docosahexaenoic acid (DHA) (Continued) 
formula 1:3t 
health benefits 3:273 5:397 
marine mammal oil commercial production 3:299 
microbial commercial production 3:141 
mode of action against chronic disease 1:589 
as n-3 PUFA 1:579 
oxidative stability 3:267 
separation from EPA 3:592 
stripping from fish oil 5:358t 
from transgenic oils 3:165 

Docosapentaenoic acid (DPA) 4:345t 
distribution in harp seal blubber oil 3:267t 
health benefits 3:273 
health benefits from marine mammal oils 3:273 
microbial commercial production 3:147 
oxidative stability 3:267 

3,6-Dodecadienal 
from autooxidation of unsaturated fatty acids 1:391t 

Dodecanal 
in cold-pressed navel orange oil 3:55t 
odorant identified in peel oil of clementines 3:54t 

Dodecanoic acid, See Lauric acid 

3,6,9-Dodecatrienal 
from autooxidation of unsaturated fatty acids 1:391t 

(E)-Dodec-2-enal 
odorant identified in peel oil of clementines 3:54t 

Dodecenoic acid 
in butter 2:4t 

cis-6-Dodeceno-γ-lactone 
odorant in Irish sour cream butter 1:397t 
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Dodecyl gallate 1:440 
antioxidant commonly used in foods 1:459 
physical properties 1:456t 
regulatory status 1:497 

Dogs 
feed energy requirements 4:355 

Donuts 4:303 
lecithin applications 3:409 

Dougherty apple seed oil 
fatty acid composition 3:246t 

Dough strengthening 4:263 

DPA, See Docosapentaenoic acid 

Dressings 4:175 

Drug/nutrient interactions 
γ-linolenic acid 3:108 

Dry cream 2:49 

Dry extruders 5:70 5:534 
soybean processing 5:546 

Dry extrusion 5:126 

Dry fractionation 1:192 1:245 

Drying 5:99 
film drying of oil-based paints 6:314 
of leather 6:354 
in seed prep for extraction 5:66 
storage and handling during 5:205t 

Drying alkyd resins 6:321 

Drying equipment 5:118 

Drying oils 
paints 6:307 

Dry rendering 5:111 

Dry roasting 4:380 
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Dwarf sunflower 2:684 

Dyeing 6:366 

Dyes 
in bar soaps 6:128 

E 
Echium oil 

γ-linolenic acid source 3:75 

Echium rubrum 
γ-linolenic acid rich 3:69t 

Echium vulgare 
γ-linolenic acid rich 3:69t 

Eczema 
γ-linolenic acid effects 3:99 

Edible animal fats 
quality indicators for 1:171 

Edible coatings 6:371 

Edible fats 2:63 
disappearance and per capita consumption in U.S. 2:182t 
supply and disappearance in U.S. 1991-2003 2:499t 

Edible films: physical and mechanical properties 6:371 

Edible lard 
specifications 6:81t 

Edible oils 2:63 
disappearance and per capita consumption in U.S. 2:182t 
membrane processing 5:441 
packaging 5:258 
supercritical technologies for further processing 5:397 
supply and disappearance in U.S. 1991-2003 2:499 2:501t 

Edible tallow 1:174 1:181 1:182 
biodiesel feedstock supply 2:529t 
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Edible tallow (Continued) 
Codex Alimentarius standards 1:175t 1:176t 
grading standards for 4:325t 
prices at randomly chosen times in period 2000-

2003 1:180t 
prices between 2000-2003 1:181t 
processing 6:71 
production and disappearance in U.S., 1990-2002 4:130t 
specifications 6:81t 
specifications of commercial grades 1:177t 
supply and disappearance in U.S. 1991-2003 2:499t 
U.S. production and export 1998-2002 6:65t 
used in U.S. edible products, 2002-2003 4:128t 

Edible vegetable oils 
worldwide production 1:180t 

EDTA, See Ethylenediaminetetraacetic acid 

Egg lecithin 3:363t 
commercial 3:373t 

Egg phospholipids 3:362 

Egg replacers 3:412 

Eggshell paints 6:312 

Eicosadienoic acid 4:345t 
Codex range for cottonseed oil 2:191t 
composition in selected animal fats, greases, and 

vegetable oils 1:163t 

Eicosanoids 1:578 

Eicosapentaenoic acid (EPA) 4:345t 
autooxidation in micelles 1:17 
discrimination against in lipase reactions 1:15 
distribution in harp seal blubber oil 3:267t 
effects with γ-linolenic acid oil 3:84 3:93 
essential fatty acid 1:578 1:579 
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Eicosapentaenoic acid (EPA) (Continued) 
essential fatty acid requirements of fish 4:366t 
food fortification with 1:581 
formula 1:3t 
health benefits 3:273 5:397 
marine mammal oil commercial production 3:299 
microbial commercial production 3:145 
mode of action against chronic disease 1:588 
as n-3 PUFA 1:579 
oxidative stability 3:267 
separation from DHA 3:592 
stripping from fish oil 5:358t 
from transgenic oils 3:165 
volatile aldehydes from autoxidation 1:391t 

Eicosatetraenoic acid 
microbial commercial production 3:146 

Eicosatrienoic acid 4:345t 
microbial commercial production 3:146 

Eicosenoic acid 
in olive oil 2:317t 
olive oil allowed limits 2:321t 
in peanut oil 2:450t 
in sesame oil 2:546t 
solubility in various solvents 3:598t 

Elaidic acid 
ball and stick model 1:6 
melting point compared to other fatty acids 2:76t 
solubility in various solvents 3:598t 

2-Elaidoyl glycerol (OEO) 1:98 

β-Elemene 

change in Yuzu cold-pressed oil during storage 3:59t 
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γ-Elemene 

change in Yuzu cold-pressed oil during storage 3:59t 

d-Elemene 
change in Yuzu cold-pressed oil during storage 3:59t 

Elemol 
change in Yuzu cold-pressed oil during storage 3:60t 

Eleostearic acid 
in vegetable oils 1:221t 

Emersol 315 3:11t 

Emersol 610 3:11t 

Emery 2221 3:11t 

Emulsified plastic fats 4:212 

Emulsifiers 3:459 3:476 
as fat substitutes 3:511t 3:527 
for food industry 4:229 
ingredient cost in margarine 5:499t 
lecithins 3:402 3:438 
in low-fat spreads 5:513t 
in margarines and spreads 4:58t 4:59 
mesophase structures 4:245 
phase diagrams 4:244 
in pourable dressings 4:194 
in reduced-fat spreads 5:515t 
regulatory status 4:262t 
structure and chemistry 3:468 
surface activity 4:231 
used in shortenings 4:135t 

Emulsifiers for the food industry 4:229 

Emulsions 4:231t 
flocculation 4:239 
formation 4:236 
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Emulsions (Continued) 
shortening 4:135 
stabilization and coalescence 4:240 

Enamels 6:312 

Energy booster 4:377t 

Energy requirements 4:352 

Enova 3:511t 

Enterodiol 2:288 

Enterolactone 2:288 

Entomophthora coronata 
lipid content and fatty acid profile 3:126t 

Entrainment separation 
glycerine 6:200 

Environmental impact and waste management 4:417 

Enzymatic interesterification 3:566 5:392 

Enzyme-catalyzed oxidation 5:192 

Enzymes. See also Lipases 
fat splitting 6:10 
for recovery of fats and oils from oilseeds and fatty 

materials 5:156 
use in supercritical fluid extraction 5:418 

EPA, See Eicosapentaenoic acid 

Episesamin 3:333 

6-Episesaminol 3:333 

Epoxidation 
fatty acids 1:21 

Epoxidized linseed oil 6:298 

Epoxidized palm oil 2:399 

Epoxidized soybean oil 6:298 

Epoxy acid oils 1:224 
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trans-4,5-Epoxy-trans-2-decenal 
odorant in Irish sour cream butter 1:397t 
in stored soybean oils 1:401t 1:402t 

trans-4,5-Epoxy-(E)-dec-2-enal 
odorant identified in peel oil of clementines 3:54t 

trans-4,5-Epoxy-trans-2-nonenal 
in stored soybean oils 1:401t 1:402t 

Erucic acid 1:253 
adverse effects 1:530 
Codex range for cottonseed oil 2:191t 
composition in selected animal fats, greases, and 

vegetable oils 1:163t 
food scare related to 3:279 
formula 1:3t 
hydrogenation effect in soy and canola oils 4:25t 
in oleic/linoleic classification vegetable oils 2:206t 
in RBD cottonseed oil 2:207t 
solubility in various solvents 3:598t 
stripping parameters for 5:346t 
in vegetable oils 1:221t 

Erucic acid oils 1:223 

Erythorbic acid 1:460 
conventionally permitted in foods 1:508t 
regulatory status 1:498 1:501 
secondary antioxidant 1:442t 

Eskimo, use of marine mammal oils 3:259 

Essential fatty acids 1:577 6:392t 6:394 
fish requirements 4:366t 
health benefits 5:397 
and γ-linolenic acid 3:67 
mostly found in unsaturated fats 3:504 
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Ester exchange 1:12 3:560 
See also Interesterification 

Esterification 3:569 6:15 
See also Interesterification 
fatty acids 1:11 
lecithin 3:398 

Esterified propoxylated glycerols 3:511t 3:522 

Estolides 
from fatty acids 1:30 1:31 

Ethane 
critical point 5:399t 
volatile compound in vegetable oils 1:395t 

Ethanol 
cosolvent effect in lipid systems 5:406t 
oleochemicals production using 5:420 
for recovery of fats and oils from oilseeds and fatty 

materials 5:157 
use in biodiesel production 6:231 6:237 

6-Ethoxy-1,2-dihydro-2,2,4-trimethylquinoline 1:440 

Ethoxylated monoglycerides 
emulsifiers used in shortenings 4:135t 

Ethoxylation 
fatty acids 1:29 

Ethoxyquin 1:440 1:503 
acceptable daily intake (ADI) 1:509t 
antioxidant commonly used in foods 1:441t 1:459 
conventionally permitted in foods 1:508t 

2-Ethyl-3,5-dimethylpyrazine 
in sesame oils 1:407t 

Ethylene 
critical point 5:399t 
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Ethylene (Continued) 
polymerization 6:279 

Ethylenediaminetetraacetic acid (EDTA) 1:442 
acceptable daily intake (ADI) 1:509t 
in bar soaps 6:129 
conventionally permitted in foods 1:508t 
secondary antioxidant 1:442t 
sequestering agent with detergents 6:149 

Ethylene glycol 
in alkyd resins 6:325 6:326 

Ethylene oxide-propylene oxide copolymers 
in fiber spinning finish 6:365 

Ethylene vinyl alcohol 
barrier properties 5:245t 

24-Ethyl lophenol 
structure, trivial, and IUPAC name 3:322t 

2-Ethyl-5-methylpyrazine 

in sesame oils 1:407t 

2-Ethyl-3,5,6-trimethylpyrazine 
in cocoa butter 1:398t 

α-Eudesmol 
change in Yuzu cold-pressed oil during storage 3:60t 

β-Eudesmol 
change in Yuzu cold-pressed oil during storage 3:60t 

Eukaryota 
lipid content and fatty acid profile 3:127t 

Eutectic mixtures 1:84 

Eutrophication 6:180 

Evaporation 
glycerine 6:197 6:213 
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Evening primrose seed oil 1:236 1:518 3:241 
for cat feed 4:357t 
fatty acid composition 1:234t 3:240t 
fatty acid profile 3:74t 3:80t 3:130t 
γ-linolenic acid source 3:73 

Expander-extruders 5:536 
mechanical crushing with 5:563 
soybean processing 5:551 

Extended-life creams 2:50 

Extender pigments 6:310 

Extraction 5:57 
See also Oil extraction 
air emissions 4:424 
canola oil 2:76 
cholesterol from milkfat 2:19 
citrus essences 3:51 
citrus peel oils 3:50 
citrus seed oils 3:50 
coconut oil 2:129 
corn oil 2:151 
cottonseed oil 2:209 
extrusion of oilseeds before 5:564 
flaxseed oil 2:290 
γ-linolenic acid oil 3:76 
olive oil 2:306 
palm oil 2:356 
peanut oil 2:437 2:441 
pomace oil 2:314 
rice bran oil 2:477 
safflower oil 2:511 
sesame oil 2:559 
soybean oil 2:591 
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Extraction (Continued) 
sunflower oil 2:685 2:719 
wastewater load 4:420t 

Extractors 
recovery of oils and fats from oilseeds and fatty 

materials 5:160 

Extra fancy tallow 
grading standards for 4:325t 
specifications 6:81t 
specifications of commercial grades 1:177t 

Extra virgin olive oil 2:309 
quality parameters 2:326 

Extruded snack products 4:299 

Extruders 5:534 

Extrusion 5:68 5:100 5:533 
full-fat oilseeds 4:379 
heat preparation by 5:122 
high-fat feeds 4:373 
of high oilseeds 5:567 
hot extrusion soapmaking process 6:126 
of oilseeds before extraction 5:564 
reasons for using 5:538 
snack products 4:299 
soybean conversion into full-fat soy 5:546 

Extrusion-expelling 
soybeans 5:554 

Extrusion processing of oilseed meals for food and 
feed production 5:533 

F 
Fabric detergency 6:169 

Fallout 6:90 
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False flax 1:236 1:253 

Fancy tallow 
grading standards for 4:325t 
specifications 6:81t 
specifications of commercial grades 1:177t 

α-Farnesene 
in cold-pressed navel orange oil 3:55t 

β-Farnesene 
in cold-pressed navel orange oil 3:55t 

(E)-β-Farnesene 
change in Yuzu cold-pressed oil during storage 3:59t 

(Z,E)-Farnesol 
change in Yuzu cold-pressed oil during storage 3:60t 

Fat coating 4:371 

Fat crystal networks 1:121 
lipid composition 1:123 1:124t 
mechanical properties 1:122 
mechanical properties at large deformation 1:153 
mechanical properties at small deformation 1:148 
microstructure 1:135 
nucleation and crystal growth 1:126 1:146 
polymorphism 1:131 
processing conditions 1:125 1:157 

Fat digestion metabolism 4:341 

Fat-free dressings 4:198 

Fat liquors 
leather softening with 6:355 

Fat mimetics 4:199 
carbohydrate-based 3:528 
protein-based 3:530 
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Fat mixtures 
polymorphism 1:100 

Fat products 6:64 
feed grade 1:174 
processing 6:71 

Fat replacement 4:198 

Fats. See also Animal fats; Fatty acids 
adverse effects 1:515 
adverse effects of natural constituents of 1:530 
adverse products from overheated 1:543 
in bakery products 4:207 
characteristics 1:571 
chemical reactions in 1:535 
classification by crystal habit 4:49t 4:90t 
composition 1:568 
crystallization 1:45 5:460 
deterioration 5:191 
dietary fat and health 1:577 
dietary fat substitutes 3:503 
fatty acids in commodity 1:3t 
in feedstuff and petfood 4:317 
flavor components 1:387 
leather and textile uses 6:353 
manufacturing hazards in processing 1:550 
membrane processing 5:433 
minor components in food 5:349t 
minor components of 3:319 
modification via chemical and enzymatic methods 3:555 
oxidation and antioxidant mechanisms 1:434 
and paint-coating industry 6:307 
polymorphism in 1:77 
quality assurance of 1:565 
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Fats (Continued) 
quality parameters 1:568t 
recovery of from oilseeds and fatty materials 5:99 
rendering products 6:76 6:77t 
soap raw materials 6:105 
stereospecific effects of digestion 3:537 
storage, handling and transport 5:191 
storage and handling of crude 5:200 
supercritical fluid extraction 5:408 
supercritical fluid fractionation 5:411 5:422 
toxicity and safety 1:513 
toxic substances produced during smoking, 

charbroiling, and barbecuing 1:545 
trace constituents 5:297 
used in U.S. edible products, 2002-2003 4:128t 
volatile compounds in commercial 1:395t 1:395 
world output 6:1 
worldwide production 1:180t 

Fats and oils in bakery products 4:207 

Fats and oils in feedstuff and petfood 4:317 

Fat-soluble vitamins 1:527 3:504 6:394 

Fat splitting 6:8 

Fat substitutes 3:503 4:199 
esters and ethers 3:516 
food labeling 3:507 
rationale for use 3:505 
reduced-calorie structured lipids 3:510 
safety 3:509 

Fatty acid 1:0 
in bovine milk lipids 2:8t 

Fatty acid 2:0 
in bovine milk lipids 2:8t 
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Fatty acid 4:0 
common name and formula 1:3t 
composition of anhydrous milkfat 1:124t 
effect of dietary fat source and level on composition 

in milk 4:385t 
effect of dietary fat supplementation on composition 

in milk 4:383t 
in milk and butter fat 2:5t 
occurrence 1:3t 

Fatty acid 5:0 
in bovine milk lipids 2:8t 

Fatty acid 6:0 
common name and formula 1:3t 
composition of anhydrous milkfat 1:124t 
effect of dietary fat source and level on composition 

in milk 4:385t 
effect of dietary fat supplementation on composition 

in milk 4:383t 
melting points of some fatty acids and glycerides 5:362t 
in milk and butter fat 2:5t 
occurrence 1:3t 

Fatty acid 8:0 
common name and formula 1:3t 
composition of anhydrous milkfat 1:124t 
distribution in butter fat 2:6t 
effect of dietary fat source and level on composition 

in milk 4:385t 
effect of dietary fat supplementation on composition 

in milk 4:383t 
melting points of some fatty acids and glycerides 5:362t 
in milk and butter fat 2:5t 
occurrence 1:3t 
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Fatty acid 8:0 (Continued) 
in rendered products 6:77t 
in vegetable oils 1:221t 

Fatty acid 9:0 
in milk and butter fat 2:5t 

Fatty acid 10:0 
in bovine milk lipids 2:8t 
common name and formula 1:3t 
composition in selected animal fats, greases, and 

vegetable oils 1:163t 
composition of anhydrous milkfat 1:124t 
distribution in butter fat 2:6t 
effect of dietary fat source and level on composition 

in milk 4:385t 
effect of dietary fat supplementation on composition 

in milk 4:383t 
highly hydrogenated canola oil 2:101t 
in hydrogenated canola oil 2:88t 
lightly hydrogenated canola and soybean oils 2:101t 
melting points of some fatty acids and glycerides 5:362t 
in milk and butter fat 2:5t 
occurrence 1:3t 
percentage in selected vegetable oils compared 2:64t 
in rendered products 6:77t 
in vegetable oils 1:221t 

Fatty acid 10:1 
in milk and butter fat 2:5t 

Fatty acid 11:0 
distribution in butter fat 2:6t 
in milk and butter fat 2:5t 
in rendered products 6:77t 
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Fatty acid 12:0 
in barley and oat oils 3:226t 
common name and formula 1:3t 
composition in selected animal fats, greases, and 

vegetable oils 1:163t 
composition of anhydrous milkfat 1:124t 
distribution in butter fat 2:6t 
effect of dietary fat source and level on composition 

in milk 4:385t 
effect of dietary fat supplementation on composition 

in milk 4:383t 
fruit seed oils rich in oleic acid 3:248t 
in maize oil 3:210t 3:211t 
melting points of some fatty acids and glycerides 5:362t 
in microbial oils rich in ARA and DHA 3:142t 
in milk and butter fat 2:5t 
occurrence 1:3t 
in palm oil 2:340t 
in pecan oil 3:182t 
percentage in selected vegetable oils compared 2:64t 
in rendered products 6:77t 
in seal blubber 3:264t 
in sunflower oil 2:665t 
in vegetable oils 1:221t 

Fatty acid 12:1 
in seal blubber 3:264t 

Fatty acid 13:0 
distribution in butter fat 2:6t 
in milk and butter fat 2:5t 
in seal blubber 3:264t 

Fatty acid 13:1 ω9 
in seal blubber 3:264t 
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Fatty acid 14:0 
in barley and oat oils 3:226t 
in cocoa butters 4:161t 
in common feed animal fats, fish oils, and vegetable 

oils 4:338t 
common name and formula 1:3t 
composition effect of corn and peanut oils on 

bovine milkfat 2:9t 
composition in selected animal fats, greases, and 

vegetable oils 1:163t 
composition of anhydrous milkfat 1:124t 
distribution in butter fat 2:6t 
effect of dietary fat source and level on composition 

in milk 4:385t 
effect of dietary fat supplementation on composition 

in milk 4:383t 
effect of diet on composition of pork and beef fat 1:166t 
esterified sterols in canola oil 2:69t 
fruit seed oils rich in oleic acid 3:248t 
in hazelnut oil 3:180t 
in Henkel products 3:11t 
in industrial frying oils and fats 4:15t 
in maize oil 3:210t 3:211t 
in major commercial marine oils 4:339t 
melting points of some fatty acids and glycerides 5:362t 
in menhadel oil 3:290t 
metabolic fatty acid 6:392t 
in microbial oils rich in ARA and DHA 3:142t 
in milk and butter fat 2:5t 
occurrence 1:3t 
in palm oil 2:339t 
in pecan oil 3:182t 
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Fatty acid 14:0 (Continued) 
in pelagic species 3:290t 
percentage in selected vegetable oils compared 2:64t 
positional distribution in animal depot fats 1:169t 
positional distribution in blubber fat 3:266t 
in rendered products 6:77t 
in rice bran oil 2:467t 2:469t 2:483t 

 3:220t 
in rumen inert fat products 4:382t 
in seal blubber 3:263t 3:264t 3:265t 
seed oils rich in oleic acid 3:253t 
selected oleaginous organisms 3:126t 
in selected vegetable and animal fats and human 

skin 6:401t 
in sunflower oil 2:665t 
in vegetable oils 1:221t 

Fatty acid 14:0 br 
in milk and butter fat 2:5t 

Fatty acid 14:1 
composition in selected animal fats, greases, and 

vegetable oils 1:163t 
composition of anhydrous milkfat 1:124t 
effect of dietary fat source and level on composition 

in milk 4:385t 
in pecan oil 3:182t 
in rendered products 6:77t 
in seal blubber 3:264t 

Fatty acid 14:1 15 br 
in milk and butter fat 2:5t 

Fatty acid 14:2 
distribution in butter fat 2:7t 
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Fatty acid 15:0 
composition of anhydrous milkfat 1:124t 
distribution in butter fat 2:6t 
effect of dietary fat source and level on composition 

in milk 4:385t 
in hazelnut oil 3:180t 
in milk and butter fat 2:5t 
in rendered products 6:77t 
in seal blubber 3:264t 

Fatty acid 15:1 ω6 
in seal blubber 3:264t 

Fatty acid 15:1 
composition of anhydrous milkfat 1:124t 
in rendered products 6:77t 

Fatty acid 16:0 
in almond oil 3:177t 
in apple seed oils 3:246t 
average composition in commercial borage crops 3:72t 
in barley and oat oils 3:226t 
in bovine milk lipids 2:8t 
in brazil nut oil 3:186t 
in cashew nut oil 3:188t 
in cocoa butter equivalent yeast fat 3:134t 
in cocoa butters 4:161t 
in common feed animal fats, fish oils, and vegetable 

oils 4:338t 
common name and formula 1:3t 
composition effect of corn and peanut oils on 

bovine milkfat 2:9t 
composition in selected animal fats, greases, and 

vegetable oils 1:163t 
composition of anhydrous milkfat 1:124t 
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Fatty acid 16:0 (Continued) 
in corn germ and corn fiber oils 2:157t 
cucurbita seed oils rich in oleic acid 3:251t 
distribution in butter fat 2:6t 
effect of dietary fat source and level on composition 

in milk 4:385t 
effect of dietary fat supplementation on composition 

in milk 4:383t 
effect of diet on composition of pork and beef fat 1:166t 
esterified sterols in canola oil 2:69t 
in evening primrose, black currant, and hemp oils 3:74t 
in flaxseed and other major oils 2:285t 
fruit seed oils high in linoleic acid 3:243t 
fruit seed oils high in α-linolenic acid 3:235t 
fruit seed oils rich in oleic acid 3:248t 
gac and pomegranate seed oils 3:254t 
in γ-linolenic acid oils 1:234t 
in genetically modified oilseed vegetable oils 

compared to controls 3:158t 
in genetically modified vegetable oils 4:132t 
in GLA-SCOs 3:130t 
in hazelnut oil 3:180t 
in Henkel products 3:11t 
herb seed oils; oils high in α-linolenic acid 3:238t 
herb seed oils high in linoleic acid 3:247t 
highly hydrogenated canola oil 2:101t 
in hydrogenated canola oil 2:88t 
in industrial frying oils and fats 4:15t 
lightly hydrogenated canola and soybean oils 2:101t 
lubricant basestock 6:261t 
in macadamia nut oil 3:188t 
in maize oil 3:210t 3:211t 
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Fatty acid 16:0 (Continued) 
in major commercial marine oils 4:339t 
melting point 1:5t 
melting points of some fatty acids and glycerides 5:362t 
in menhadel oil 3:290t 
metabolic fatty acid 6:392t 
in microbial oils rich in ARA and DHA 3:142t 
in milk and butter fat 2:5t 
occurrence 1:3t 
in palm oil 1:228t 2:339t 
in pecan oil 3:182t 
in pelagic species 3:290t 
percentage in major commodity oils 1:4t 
percentage in selected vegetable oils compared 2:64t 
in perilla, camelina, and chia oils 2:293t 
in pine nut oils 3:187t 
in pistachio oil 3:185t 
positional distribution in animal depot fats 1:169t 
positional distribution in blubber fat 3:266t 
in refined corn oil and corn oil margarines 2:163t 
in rendered products 6:77t 
in rice bran oil 2:467t 2:469t 2:483t 

 3:220t 
in rumen inert fat products 4:382t 
in seal blubber 3:263t 3:264t 3:265t 
seed oils high in γ-linolenic acid 3:240t 
seed oils rich in oleic acid 3:253t 
selected oleaginous organisms 3:126t 
in selected vegetable and animal fats and human 

skin 6:401t 
in sunflower oil 2:664t 2:665t 
in vegetable oils 1:221t 
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Fatty acid 16:0 (Continued) 
in walnut oil 3:183t 
in wheat germ oil 3:200t 

Fatty acid 16 br 
in milk and butter fat 2:5t 

Fatty acid 16:0 DMA 
in seal blubber 3:263t 3:265t 

Fatty acid 16:1 
in almond oil 3:177t 
in apple seed oils 3:246t 
average composition in commercial borage crops 3:72t 
in barley and oat oils 3:226t 
in brazil nut oil 3:186t 
in cashew nut oil 3:188t 
in cocoa butters 4:161t 
in common feed animal fats, fish oils, and vegetable 

oils 4:338t 
composition in selected animal fats, greases, and 

vegetable oils 1:163t 
composition of anhydrous milkfat 1:124t 
effect of dietary fat source and level on composition 

in milk 4:385t 
effect of diet on composition of pork and beef fat 1:166t 
in evening primrose, black currant, and hemp oils 3:74t 
fruit seed oils rich in oleic acid 3:248t 
in genetically modified oilseed vegetable oils 

compared to controls 3:158t 
in GLA-SCOs 3:130t 
in hazelnut oil 3:180t 
in Henkel products 3:11t 
herb seed oils; oils high in α-linolenic acid 3:238t 
in macadamia nut oil 3:188t 
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Fatty acid 16:1 (Continued) 
in maize oil 3:210t 3:211t 
in major commercial marine oils 4:339t 
in menhadel oil 3:290t 
metabolic fatty acid 6:392t 
in microbial oils rich in ARA and DHA 3:142t 
in palm oil 2:339t 
in pecan oil 3:182t 
percentage in selected vegetable oils compared 2:64t 
in pine nut oils 3:187t 
in pistachio oil 3:185t 
positional distribution in animal depot fats 1:169t 
positional distribution in blubber fat 3:266t 
in refined corn oil and corn oil margarines 2:163t 
in rendered products 6:77t 
in rice bran oil 3:220t 
seed oils rich in oleic acid 3:253t 
selected oleaginous organisms 3:126t 
in sunflower oil 2:665t 

Fatty acid 16:1 ω7 
in seal blubber 3:263t 3:264t 3:265t 

Fatty acid 16:1 17 br 
in milk and butter fat 2:5t 

Fatty acid 16:1n-7 
in pelagic species 3:290t 

Fatty acid 16:1n-9 
in pelagic species 3:290t 

Fatty acid 16:2 
distribution in butter fat 2:7t 
in rendered products 6:77t 

Fatty acid 16:2 ω4 
in seal blubber 3:264t 
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Fatty acid 16:3 
in rendered products 6:77t 

Fatty acid 16:3 ω3 
in seal blubber 3:264t 

Fatty acid 16:3 ω6 
in seal blubber 3:264t 

Fatty acid 16:4 
in rendered products 6:77t 

Fatty acid 17:0 
in cocoa butters 4:161t 
composition in selected animal fats, greases, and 

vegetable oils 1:163t 
composition of anhydrous milkfat 1:124t 
distribution in butter fat 2:6t 
effect of dietary fat source and level on composition 

in milk 4:385t 
in hazelnut oil 3:180t 
melting point 1:5t 
in milk and butter fat 2:5t 
in rendered products 6:77t 
in seal blubber 3:264t 
in sunflower oil 2:665t 

Fatty acid 17:1 
composition of anhydrous milkfat 1:124t 
in hazelnut oil 3:180t 
in rendered products 6:77t 
in sunflower oil 2:665t 

Fatty acid 17:1 ω8 
in seal blubber 3:264t 

Fatty acid 17:1 18 br 
in milk and butter fat 2:5t 
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Fatty acid 18:0 
in almond oil 3:177t 
in apple seed oils 3:246t 
average composition in commercial borage crops 3:72t 
in barley and oat oils 3:226t 
in brazil nut oil 3:186t 
in cashew nut oil 3:188t 
in cocoa butter equivalent yeast fat 3:134t 
in cocoa butters 4:161t 
in common feed animal fats, fish oils, and vegetable 

oils 4:338t 
common name and formula 1:3t 
composition effect of corn and peanut oils on 

bovine milkfat 2:9t 
composition in selected animal fats, greases, and 

vegetable oils 1:163t 
composition of anhydrous milkfat 1:124t 
in corn germ and corn fiber oils 2:157t 
cucurbita seed oils rich in oleic acid 3:251t 
distribution in butter fat 2:6t 
effect of dietary fat source and level on composition 

in milk 4:385t 
effect of dietary fat supplementation on composition 

in milk 4:383t 
effect of diet on composition of pork and beef fat 1:166t 
esterified sterols in canola oil 2:69t 
in evening primrose, black currant, and hemp oils 3:74t 
in flaxseed and other major oils 2:285t 
fruit seed oils high in linoleic acid 3:243t 
fruit seed oils high in α-linolenic acid 3:235t 
fruit seed oils rich in oleic acid 3:248t 
gac and pomegranate seed oils 3:254t 
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Fatty acid 18:0 (Continued) 
in γ-linolenic acid oils 1:234t 
in genetically modified oilseed vegetable oils 

compared to controls 3:158t 
in genetically modified vegetable oils 4:132t 
in GLA-SCOs 3:130t 
in hazelnut oil 3:180t 
in Henkel products 3:11t 
herb seed oils; oils high in α-linolenic acid 3:238t 
herb seed oils high in linoleic acid 3:247t 
highly hydrogenated canola oil 2:101t 
in hydrogenated canola oil 2:88t 
in industrial frying oils and fats 4:15t 
lightly hydrogenated canola and soybean oils 2:101t 
lubricant basestock 6:261t 
in macadamia nut oil 3:188t 
in maize oil 3:210t 3:211t 
melting point 1:5t 
melting points of some fatty acids and glycerides 5:362t 
in menhadel oil 3:290t 
metabolic fatty acid 6:392t 
in microbial oils rich in ARA and DHA 3:142t 
in milk and butter fat 2:5t 
occurrence 1:3t 
in palm oil 2:339t 
in pecan oil 3:182t 
in pelagic species 3:290t 
percentage in selected vegetable oils compared 2:64t 
in perilla, camelina, and chia oils 2:293t 
in pine nut oils 3:187t 
in pistachio oil 3:185t 
positional distribution in animal depot fats 1:169t 
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Fatty acid 18:0(Continued) 
 positional distribution in blubber fat 3:266t 
in refined corn oil and corn oil margarines 2:163t 
in rendered products 6:77t 
in rice bran oil 2:467t 2:469t 2:483t 

 3:220t 
in rumen inert fat products 4:382t 
in seal blubber 3:263t 3:264t 3:265t 
seed oils high in γ-linolenic acid 3:240t 
seed oils rich in oleic acid 3:253t 
selected oleaginous organisms 3:126t 
in selected vegetable and animal fats and human 

skin 6:401t 
in sunflower oil 2:65 2:664t 
in vegetable oils 1:221t 
in walnut oil 3:183t 
in wheat germ oil 3:200t 

Fatty acid 18:0 br 
in milk and butter fat 2:5t 

Fatty acid 18:0 DMA 
in seal blubber 3:263t 3:265t 

Fatty acid 18:1 
in apple seed oils 3:246t 
average composition in commercial borage crops 3:72t 
in barley and oat oils 3:226t 
in cocoa butter equivalent yeast fat 3:134t 
in cocoa butters 4:161t 
in common feed animal fats, fish oils, and vegetable 

oils 4:338t 
common name and formula 1:3t 
composition effect of corn and peanut oils on 
bovine milkfat 2:9t 
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Fatty acid 18:1 (Continued) 
composition in selected animal fats, greases, and 

vegetable oils 1:163t 
composition of anhydrous milkfat 1:124t 
in corn germ and corn fiber oils 2:157t 
cucurbita seed oils rich in oleic acid 3:251t 
effect of dietary fat source and level on composition 

in milk 4:385t 
effect of dietary fat supplementation on composition 

in milk 4:383t 
effect of diet on composition of pork and beef fat 1:166t 
esterified sterols in canola oil 2:69t 
in evening primrose, black currant, and hemp oils 3:74t 
in flaxseed and other major oils 2:285t 
fruit seed oils high in linoleic acid 3:243t 
fruit seed oils high in α-linolenic acid 3:235t 
fruit seed oils rich in oleic acid 3:248t 
gac and pomegranate seed oils 3:254t 
in γ-linolenic acid oils 1:234t 
in genetically modified oilseed vegetable oils 

compared to controls 3:158t 
in genetically modified vegetable oils 4:132t 
in GLA-SCOs 3:130t 
in Henkel products 3:11t 
herb seed oils; oils high in α-linolenic acid 3:238t 
herb seed oils high in linoleic acid 3:247t 
highly hydrogenated canola oil 2:101t 
in hydrogenated canola oil 2:88t 
in industrial frying oils and fats 4:15t 
lightly hydrogenated canola and soybean oils 2:101t 
in linseed and linola oils 1:227t 
lubricant basestock 6:261t 
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Fatty acid 18:1 (Continued) 
in maize oil 3:210t 3:211t 
in major commercial marine oils 4:339t 
melting point 1:5t 
melting points of some fatty acids and glycerides 5:362t 
in menhadel oil 3:290t 
metabolic fatty acid 6:392t 
in microbial oils rich in ARA and DHA 3:142t 
in milk and butter fat 2:5t 
occurrence 1:3t 
in palm oil 1:228t 2:339t 
percentage in selected vegetable oils compared 2:64t 

in perilla, camelina, and chia oils 2:293t 
positional distribution in animal depot fats 1:169t 
positional distribution in blubber fat 3:266t 
in refined corn oil and corn oil margarines 2:163t 
in rendered products 6:77t 
in rice bran oil 2:467t 2:469t 2:483t 

 3:220t 
in rumen inert fat products 4:382t 
seed oils high in γ-linolenic acid 3:240t 
in selected vegetable and animal fats and human 

skin 6:401t 
in sunflower oil 2:664t 2:665t 
in tall oil 1:232t 
in vegetable oils 1:221t 

Fatty acid 18:1 ω7 
in seal blubber 3:263t 3:265t 

Fatty acid 18:1 ω7 DMA 
in seal blubber 3:265t 

Fatty acid 18:1 ω9 
in seal blubber 3:263t 3:264t 3:265t 
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Fatty acid 18:1 ω9 DMA 
in seal blubber 3:263t 3:265t 

Fatty acid 18:1n-3 
in hazelnut oil 3:180t 

Fatty acid 18:1n-7 
in pelagic species 3:290t 

Fatty acid 18:1n-9 
in almond oil 3:177t 
in brazil nut oil 3:186t 
in cashew nut oil 3:188t 
in macadamia nut oil 3:188t 
in pecan oil 3:182t 
in pelagic species 3:290t 
in pine nut oils 3:187t 
in pistachio oil 3:185t 
seed oils rich in oleic acid 3:253t 
selected oleaginous organisms 3:126t 
in walnut oil 3:183t 
in wheat germ oil 3:200t 

Fatty acid 18:1 9t 
melting point 1:5t 

Fatty acid 18:2 
in apple seed oils 3:246t 
average composition in commercial borage crops 3:72t 
in barley and oat oils 3:226t 
in cocoa butter equivalent yeast fat 3:134t 
in cocoa butters 4:161t 
composition effect of corn and peanut oils on 

bovine milkfat 2:9t 
composition in selected animal fats, greases, and 

vegetable oils 1:163t 
composition of anhydrous milkfat 1:124t 
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Fatty acid 18:2 (Continued) 
in corn germ and corn fiber oils 2:157t 
distribution in butter fat 2:7t 
effect of dietary fat source and level on composition 

in milk 4:385t 
effect of dietary fat supplementation on composition 

in milk 4:383t 
effect of diet on composition of pork and beef fat 1:166t 
esterified sterols in canola oil 2:69t 
in evening primrose, black currant, and hemp oils 3:74t 
in flaxseed and other major oils 2:285t 
in γ-linolenic acid oils 1:234t 
in genetically modified oilseed vegetable oils 

compared to controls 3:158t 
in genetically modified vegetable oils 4:132t 
in Henkel products 3:11t 
herb seed oils; oils high in α-linolenic acid 3:238t 
highly hydrogenated canola oil 2:101t 
in hydrogenated canola oil 2:88t 
in industrial frying oils and fats 4:15t 
lightly hydrogenated canola and soybean oils 2:101t 
in linseed and linola oils 1:227t 
lubricant basestock 6:261t 
in maize oil 3:210t 3:211t 
metabolic fatty acid 6:392t 
in milk and butter fat 2:5t 
in palm oil 1:228t 2:339t 
percentage in major commodity oils 1:4t 
in perilla, camelina, and chia oils 2:293t 
positional distribution in animal depot fats 1:169t 
positional distribution in blubber fat 3:266t 
in refined corn oil and corn oil margarines 2:163t 
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Fatty acid 18:2 (Continued) 
in rendered products 6:77t 
in rice bran oil 2:467t 2:469t 2:483t 

 3:220t 
in rumen inert fat products 4:382t 
in selected vegetable and animal fats and human 

skin 6:401t 
in sunflower oil 2:664t 2:665t 
in tall oil 1:232t 
in vegetable oils 1:221t 

Fatty acid 18:2 ω4 
in seal blubber 3:264t 

Fatty acid 18:2 ω6 
in seal blubber 3:263t 3:264t 3:265t 

Fatty acid 18:2n-6 
in almond oil 3:177t 
in cashew nut oil 3:188t 
in common feed animal fats, fish oils, and vegetable 

oils 4:338t 
cucurbita seed oils rich in oleic acid 3:251t 
fruit seed oils high in linoleic acid 3:243t 
fruit seed oils high in α-linolenic acid 3:235t 
fruit seed oils rich in oleic acid 3:248t 
gac and pomegranate seed oils 3:254t 
in GLA-SCOs 3:130t 
in hazelnut oil 3:180t 
herb seed oils high in linoleic acid 3:247t 
in macadamia nut oil 3:188t 
in microbial oils rich in ARA and DHA 3:142t 
in pecan oil 3:182t 
in pelagic species 3:290t 
percentage in selected vegetable oils compared 2:64t 
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Fatty acid 18:2n-6 (Continued) 
in pine nut oils 3:187t 
in pistachio oil 3:185t 
seed oils high in γ-linolenic acid 3:240t 
seed oils rich in oleic acid 3:253t 
selected oleaginous organisms 3:126t 
in walnut oil 3:183t 
in wheat germ oil 3:200t 

Fatty acid 18:2 9c12c 
common name and formula 1:3t 
melting point 1:5t 
occurrence 1:3t 

Fatty acid 18:2 9t12t 
melting point 1:5t 

Fatty acid 18:3 
in apple seed oils 3:246t 
in barley and oat oils 3:226t 
in cocoa butters 4:161t 
composition effect of corn and peanut oils on 

bovine milkfat 2:9t 
composition in selected animal fats, greases, and 

vegetable oils 1:163t 
composition of anhydrous milkfat 1:124t 
in corn germ and corn fiber oils 2:157t 
effect of dietary fat source and level on composition 

in milk 4:385t 
effect of dietary fat supplementation on composition 

in milk 4:383t 
effect of diet on composition of pork and beef fat 1:166t 
esterified sterols in canola oil 2:69t 
in flaxseed and other major oils 2:285t 
in γ-linolenic acid oils 1:234t 
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Fatty acid 18:3 (Continued) 
in genetically modified oilseed vegetable oils 

compared to controls 3:158t 
in genetically modified vegetable oils 4:132t 
in Henkel products 3:11t 
highly hydrogenated canola oil 2:101t 
in hydrogenated canola oil 2:88t 
in industrial frying oils and fats 4:15t 
lightly hydrogenated canola and soybean oils 2:101t 
in linseed and linola oils 1:227t 
lubricant basestock 6:261t 
in maize oil 3:210t 3:211t 
metabolic fatty acid 6:392t 
in milk and butter fat 2:5t 
in palm oil 1:228t 2:339t 
percentage in major commodity oils 1:4t 
in perilla, camelina, and chia oils 2:293t 
positional distribution in animal depot fats 1:169t 
in refined corn oil and corn oil margarines 2:163t 
in rendered products 6:77t 
in rice bran oil 2:467t 2:469t 2:483t 

 3:220t 
in rumen inert fat products 4:382t 
in sunflower oil 2:664t 2:665t 
in vegetable oils 1:221t 

Fatty acid 18:3 ω3 
in seal blubber 3:264t 

Fatty acid 18:3 ω6 
in seal blubber 3:264t 

Fatty acid 18:3n-3 
in almond oil 3:177t 
average composition in commercial borage crops 3:72t 
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Fatty acid 18:3n-3 (Continued) 
in cocoa butter equivalent yeast fat 3:134t 
cucurbita seed oils rich in oleic acid 3:251t 
in evening primrose, black currant, and hemp oils 3:74t 
fruit seed oils high in linoleic acid 3:243t 
fruit seed oils high in α-linolenic acid 3:235t 
fruit seed oils rich in oleic acid 3:248t 
gac and pomegranate seed oils 3:254t 
in GLA-SCOs 3:130t 
in hazelnut oil 3:180t 
herb seed oils; oils high in α-linolenic acid 3:238t 
herb seed oils high in linoleic acid 3:247t 
in macadamia nut oil 3:188t 
in microbial oils rich in ARA and DHA 3:142t 
in pecan oil 3:182t 
in pelagic species 3:290t 
percentage in selected vegetable oils compared 2:64t 
in pine nut oils 3:187t 
seed oils high in γ-linolenic acid 3:240t 
seed oils rich in oleic acid 3:253t 
selected oleaginous organisms 3:126t 
in walnut oil 3:183t 
in wheat germ oil 3:200t 

Fatty acid 18:3n-5 
gac and pomegranate seed oils 3:254t 

Fatty acid 18:3n-6 
average composition in commercial borage crops 3:72t 
in brazil nut oil 3:186t 
in evening primrose, black currant, and hemp oils 3:74t 
in GLA-SCOs 3:130t 
herb seed oils; oils high in α-linolenic acid 3:238t 
in microbial oils rich in ARA and DHA 3:142t 
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Fatty acid 18:3n-6 (Continued) 
percentage in selected vegetable oils compared 2:64t 
seed oils high in γ-linolenic acid 3:240t 
selected oleaginous organisms 3:126t 

Fatty acid 18:3 9c12c15c 
common name and formula 1:3t 
occurrence 1:3t 

Fatty acid 18:4 
average composition in commercial borage crops 3:72t 
in evening primrose, black currant, and hemp oils 3:74t 
positional distribution in blubber fat 3:266t 
in rendered products 6:77t 

Fatty acid 18:4 ω3 
in seal blubber 3:264t 

Fatty acid 18:4n-3 
in common feed animal fats, fish oils, and vegetable 

oils 4:338t 
in pelagic species 3:290t 

Fatty acid 18:8 
in milk and butter fat 2:5t 

Fatty acid 19:0 
distribution in butter fat 2:6t 
melting point 1:5t 
in seal blubber 3:264t 

Fatty acid 19:0 br4 
distribution in butter fat 2:7t 

Fatty acid 19:1 
in seal blubber 3:264t 

Fatty acid 20:0 
in apple seed oils 3:246t 
average composition in commercial borage crops 3:72t 
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Fatty acid 20:0 (Continued) 
in barley and oat oils 3:226t 
in brazil nut oil 3:186t 
in cashew nut oil 3:188t 
in cocoa butters 4:161t 
composition in selected animal fats, greases, and 

vegetable oils 1:163t 
composition of anhydrous milkfat 1:124t 
in corn germ and corn fiber oils 2:157t 
distribution in butter fat 2:6t 
esterified sterols in canola oil 2:69t 
in evening primrose, black currant, and hemp oils 3:74t 
fruit seed oils rich in oleic acid 3:248t 
in genetically modified oilseed vegetable oils 

compared to controls 3:158t 
in hazelnut oil 3:180t 
herb seed oils; oils high in α-linolenic acid 3:238t 
in industrial frying oils and fats 4:15t 
in macadamia nut oil 3:188t 
in maize oil 3:210t 3:211t 
melting point 1:5t 
in palm oil 2:339t 
in pecan oil 3:182t 
percentage in selected vegetable oils compared 2:64t 
in pine nut oils 3:187t 
in pistachio oil 3:185t 
in refined corn oil and corn oil margarines 2:163t 
in rendered products 6:77t 
in rice bran oil 2:467t 2:469t 2:483t 

 3:220t 
in seal blubber 3:264t 
seed oils rich in oleic acid 3:253t 
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Fatty acid 20:0 (Continued) 
in sunflower oil 2:665t 
in wheat germ oil 3:200t 

Fatty acid 20:0 br4 
distribution in butter fat 2:7t 

Fatty acid 20:1 
in apple seed oils 3:246t 
average composition in commercial borage crops 3:72t 
in cocoa butters 4:161t 
in common feed animal fats, fish oils, and vegetable 

oils 4:338t 
composition in selected animal fats, greases, and 

vegetable oils 1:163t 
in evening primrose, black currant, and hemp oils 3:74t 
in genetically modified oilseed vegetable oils 

compared to controls 3:158t 
in GLA-SCOs 3:130t 
herb seed oils; oils high in α-linolenic acid 3:238t 
in maize oil 3:211t 
in major commercial marine oils 4:339t 
in menhadel oil 3:290t 
percentage in selected vegetable oils compared 2:64t 
in pine nut oils 3:187t 
positional distribution in blubber fat 3:266t 
in refined corn oil and corn oil margarines 2:163t 
in rendered products 6:77t 
in rice bran oil 3:220t 
in seal blubber 3:264t 
in sunflower oil 2:665t 

Fatty acid 20:1n-5 
in pelagic species 3:290t 



I:112 
Index terms Links 

 This page has been reformatted by Knovel to provide easier navigation.  

Fatty acid 20:1n-7 
in pelagic species 3:290t 

Fatty acid 20:1n-9 
in hazelnut oil 3:180t 
in pelagic species 3:290t 
in wheat germ oil 3:200t 

Fatty acid 20:1n-11 
in pelagic species 3:290t 

Fatty acid 20:1 13c 
occurrence 1:3t 

Fatty acid 20:1 ω9 
in seal blubber 3:263t 3:264t 3:265t 

Fatty acid 20:2 
in apple seed oils 3:246t 
average composition in commercial borage crops 3:72t 
composition in selected animal fats, greases, and 

vegetable oils 1:163t 
distribution in butter fat 2:7t 
in maize oil 3:211t 
in rendered products 6:77t 

Fatty acid 20:2 ω4 
in seal blubber 3:264t 

Fatty acid 20:2 ω6 
in seal blubber 3:264t 

Fatty acid 20:2n-6 
in wheat germ oil 3:200t 

Fatty acid 20:3 
in rendered products 6:77t 

Fatty acid 20:3 ω3 
in seal blubber 3:264t 
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Fatty acid 20:3 ω6 
in seal blubber 3:264t 

Fatty acid 20:3n-6 
in microbial oils rich in ARA and DHA 3:142t 

Fatty acid 20:4 
composition in selected animal fats, greases, and 

vegetable oils 1:163t 
effect of diet on composition of pork and beef fat 1:166t 
metabolic fatty acid 6:392t 
positional distribution in blubber fat 3:266t 
in rendered products 6:77t 

Fatty acid 20:4 ω3 
in seal blubber 3:264t 

Fatty acid 20:4 ω6 
in seal blubber 3:263t 3:264t 3:265t 

Fatty acid 20:4n-6 
in common feed animal fats, fish oils, and vegetable 

oils 4:338t 
in microbial oils rich in ARA and DHA 3:142t 
in pelagic species 3:290t 
selected oleaginous organisms 3:126t 

Fatty acid 20:5 
in major commercial marine oils 4:339t 
in menhadel oil 3:290t 
positional distribution in blubber fat 3:266t 
in rendered products 6:77t 

Fatty acid 20:5 ω3 
in seal blubber 3:263t 3:264t 3:265t 

Fatty acid 20:5n-3 
in common feed animal fats, fish oils, and vegetable 

oils 4:338t 
in pelagic species 3:290t 
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Fatty acid 20:5n-6 
selected oleaginous organisms 3:126t 

Fatty acid 20:5 5c8c11c14c17c 
common name and formula 1:3t 
occurrence 1:3t 

Fatty acid 21:0 
in bovine milk lipids 2:8t 
distribution in butter fat 2:6t 
in seal blubber 3:264t 

Fatty acid 21:0 br4 
distribution in butter fat 2:7t 

Fatty acid 21:1 
highly hydrogenated canola oil 2:101t 
in hydrogenated canola oil 2:88t 
lightly hydrogenated canola and soybean oils 2:101t 

Fatty acid 21:5 
in rendered products 6:77t 

Fatty acid 21:5 ω3 
in seal blubber 3:264t 

Fatty acid 22:0 
in apple seed oils 3:246t 
average composition in commercial borage crops 3:72t 
in cocoa butters 4:161t 
composition in selected animal fats, greases, and 

vegetable oils 1:163t 
composition of anhydrous milkfat 1:124t 
distribution in butter fat 2:6t 
in evening primrose, black currant, and hemp oils 3:74t 
in genetically modified oilseed vegetable oils 

compared to controls 3:158t 
in industrial frying oils and fats 4:15t 
in maize oil 3:210t 3:211t 
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Fatty acid 22:0 (Continued) 
percentage in selected vegetable oils compared 2:64t 
in rendered products 6:77t 
in rice bran oil 2:469t 2:483t 3:220t 
in seal blubber 3:263t 3:264t 3:265t 
in sunflower oil 2:665t 

Fatty acid 22:0 br4 
distribution in butter fat 2:7t 

Fatty acid 22:1 
average composition in commercial borage crops 3:72t 
in common feed animal fats, fish oils, and vegetable 

oils 4:338t 
composition in selected animal fats, greases, and 

vegetable oils 1:163t 
esterified sterols in canola oil 2:69t 
in evening primrose, black currant, and hemp oils 3:74t 
in genetically modified oilseed vegetable oils 
compared to controls 3:158t 
in genetically modified vegetable oils 4:132t 
in GLA-SCOs 3:130t 
in industrial frying oils and fats 4:15t 
in maize oil 3:210t 3:211t 
in major commercial marine oils 4:339t 
percentage in selected vegetable oils compared 2:64t 
positional distribution in blubber fat 3:266t 
in rendered products 6:77t 
in sunflower oil 2:665t 
in vegetable oils 1:221t 

Fatty acid 22:1 ω11 
in seal blubber 3:263t 3:264t 3:265t 

Fatty acid 22:1 13c 
common name and formula 1:3t 
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Fatty acid 22:1n-9 
in pelagic species 3:290t 
in wheat germ oil 3:200t 

Fatty acid 22:1n-11 
in pelagic species 3:290t 

Fatty acid 22:2 
distribution in butter fat 2:7t 
in rendered products 6:77t 
in sunflower oil 2:665t 

Fatty acid 22:2 ω6 
in seal blubber 3:264t 

Fatty acid 22:3 
in rendered products 6:77t 

Fatty acid 22:4 
in rendered products 6:77t 

Fatty acid 22:4 ω3 
in seal blubber 3:264t 

Fatty acid 22:4 ω6 
in seal blubber 3:264t 

Fatty acid 22:5 
in menhadel oil 3:290t 
positional distribution in blubber fat 3:266t 
in rendered products 6:77t 

Fatty acid 22:5 ω3 
in seal blubber 3:263t 3:264t 3:265t 

Fatty acid 22:5n-3 
in common feed animal fats, fish oils, and vegetable 

oils 4:338t 
in pelagic species 3:290t 

Fatty acid 22:5n-6 
in microbial oils rich in ARA and DHA 3:142t 
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Fatty acid 22:6 
effect of diet on composition of pork and beef fat 1:166t 
in major commercial marine oils 4:339t 
in menhadel oil 3:290t 
positional distribution in blubber fat 3:266t 
in rendered products 6:77t 
selected oleaginous organisms 3:126t 

Fatty acid 22:6 ω3 
in seal blubber 3:263t 3:264t 3:265t 

Fatty acid 22:6n-3 
in common feed animal fats, fish oils, and vegetable 

oils 4:338t 
in microbial oils rich in ARA and DHA 3:142t 
in pelagic species 3:290t 

Fatty acid 22:6 4c7c10c13c16c19c 
common name and formula 1:3t 
occurrence 1:3t 

Fatty acid 23:0 
distribution in butter fat 2:6t 
in rice bran oil 2:469t 

Fatty acid 23:0 br4 
distribution in butter fat 2:7t 

Fatty acid 24:0 
in almond oil 3:177t 
in brazil nut oil 3:186t 
in cocoa butter equivalent yeast fat 3:134t 
in cocoa butters 4:161t 
composition in selected animal fats, greases, and 

vegetable oils 1:163t 
distribution in butter fat 2:6t 
in evening primrose, black currant, and hemp oils 3:74t 
in hazelnut oil 3:180t 
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Fatty acid 24:0 (Continued) 
in macadamia nut oil 3:188t 
in maize oil 3:210t 3:211t 
in microbial oils rich in ARA and DHA 3:142t 
in pecan oil 3:182t 
percentage in selected vegetable oils compared 2:64t 
in pistachio oil 3:185t 
in rendered products 6:77t 
in rice bran oil 2:469t 3:220t 
in sunflower oil 2:665t 

Fatty acid 24:0 br4 
distribution in butter fat 2:7t 

Fatty acid 24:1 
average composition in commercial borage crops 3:72t 
composition in selected animal fats, greasesб and 

vegetable oils 1:163t 
in pelagic species 3:290t 
in rendered products 6:77t 
in seal blubber 3:264t 
in sunflower oil 2:665t 

Fatty acid 24:1n-9 
in hazelnut oil 3:180t 
in wheat germ oil 3:200t 

Fatty acid 24:2 
distribution in butter fat 2:7t 

Fatty acid 25:0 
in bovine milk lipids 2:8t 
distribution in butter fat 2:6t 
in rice bran oil 2:469t 

Fatty acid 25:0 br4 
distribution in butter fat 2:7t 
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Fatty acid 25:1 
in bovine milk lipids 2:8t 

Fatty acid 26:0 
distribution in butter fat 2:6t 
in rice bran oil 2:469t 

Fatty acid 26:0 br3 
distribution in butter fat 2:7t 

Fatty acid 26:2 
distribution in butter fat 2:7t 

Fatty acid 26:7 
highly hydrogenated canola oil 2:101t 
in hydrogenated canola oil 2:88t 
lightly hydrogenated canola and soybean oils 2:101t 

Fatty acid 27:0 
in bovine milk lipids 2:8t 
distribution in butter fat 2:6t 
in rice bran oil 2:469t 

Fatty acid 27:0 br4 
distribution in butter fat 2:7t 

Fatty acid 28:0 
distribution in butter fat 2:6t 
in rice bran oil 2:469t 

Fatty acid 28:0 br3 
distribution in butter fat 2:7t 

Fatty acid 28:0 br4 
distribution in butter fat 2:7t 

Fatty acid 28:0 br5 
distribution in butter fat 2:7t 

Fatty acid 29:0 
in rice bran oil 2:469t 
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Fatty acid 30:0 
in rice bran oil 2:469t 

Fatty acid 31:0 
in rice bran oil 2:469t 

Fatty acid 32:0 
in rice bran oil 2:469t 

Fatty acid 33:0 
in rice bran oil 2:469t 

Fatty acid 33:3 
highly hydrogenated canola oil 2:101t 
in hydrogenated canola oil 2:88t 
lightly hydrogenated canola and soybean oils 2:101t 

Fatty acid 34:0 
in rice bran oil 2:469t 

Fatty acid 35:0 
in rice bran oil 2:469t 

Fatty acid 36:0 
in rice bran oil 2:469t 

Fatty acid 37:0 
in rice bran oil 2:469t 

Fatty acid 38:0 
in bovine milk lipids 2:8t 

Fatty acid 40:0 
highly hydrogenated canola oil 2:101t 
in hydrogenated canola oil 2:88t 

Fatty acid 45:0 
in bovine milk lipids 2:8t 

Fatty acid 58:0 
in bovine milk lipids 2:8t 

Fatty acid 60:0 
in bovine milk lipids 2:8t 
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Fatty acid 62:0 
in bovine milk lipids 2:8t 

Fatty acid distillation 6:11 

Fatty acid ester sulfonates 6:143 

Fatty acid fractionation 6:12 

Fatty acid methyl esters 6:13 
oleochemicals 6:13 
solubility in supercritical fluids 5:407 
sulfonation 6:51 

Fatty acid neutralization 6:116 

Fatty acids 5:434 6:7 
in alkyd resins 6:321 
in animal fats 1:164 
and atherosclerosis 1:596 
in biodiesel production 6:235 
biosynthesis 1:213 
bulk properties 1:9 
in butter 2:5t 
in canola oil 2:64t 2:64 
chain shortening and extension 1:33 
chemistry of 1:1 
in coconut oil 2:135 2:138t 
in commodity fats and oils 1:3t 
common in vegetable oils 1:221t 
composition and structure 1:2 
composition of anhydrous milkfat 1:124t 
composition of common fats and oils 6:106t 
composition of major commodity oils 1:4t 
conjugation 1:32 
in corn fiber oil 2:157t 
in corn germ oil 2:157t 
in corn oil 2:156 2:157t 
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Fatty acids (Continued) 
cosolvent effect of ethanol with 5:406t 
in cottonseed oil 2:190 2:191t 2:193 
crystallization 1:47 
and derivatives from coconut oil 6:1 
epoxidation 1:21 
ester exchange reactions 1:12 
esterification 1:11 
ethoxylation 1:29 
fish oils 3:284 
in flaxseed oil 2:285 
free radical addition reactions 1:38 
Friedel Crafts acylation 1:37 
hydrogenation 1:25 
hydrolysis 1:11 
hydroperoxide positional distributions in oxidizing 1:300t 
hydroxylation 1:22 
isomerization 1:32 
lipase catalyzed reactions 1:13 
melting points showing effect of chain length and 

unsaturation 1:5t 
metabolic 6:392t 
in milkfat globule membrane 2:3t 
modification by chemical and enzymatic methods 3:556 
neutralization in soapmaking 6:116 
nomenclature 1:2 1:3t 
novel chemistry for functionalizing alkyl chain 1:36 
novel separation techniques 3:586 
olefin metathesis 1:34 
oleochemicals 6:7 
in olive oil 2:317t 
oxidation 1:16 
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Fatty acids (Continued) 
oxidative cleavage 1:23 
in palm oil 2:339t 
in peanut oil 2:449 2:450t 
quality assurance of fats and oils 1:569 
reduction 1:25 
relative oxidation reaction rates 5:194t 
in saponification 6:105 
in sesame oil 2:546t 2:546 
in shortenings 4:90 
structure modification 1:32 
sulfation 1:29 
α-sulfonates 1:29 
in sunflower oil 2:664t 2:665t 
surface active compounds and oleochemicals 1:27 
synthesis, elongation, and desaturation 4:343 
transgenic oils 3:158 
wheat germ oil 3:200t 
in whole bovine milk 2:3t 

cis-Fatty acids 1:3 1:5 
conversion to trans in hydrogenation 5:387 
in corn oil 2:163t 5:164 

ω3-Fatty acids 
health benefits 5:397 
role in disease prevention and treatment 6:394 

trans-Fatty acids 1:3 1:5 
alternatives to 4:25 
in animal fats 1:164 1:202 
and cancer 1:536 
conversion of cis into by hydrogenation 5:387 
in corn oil 2:163t 2:164 
and coronary heart disease 1:536 
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trans-Fatty acids (Continued) 
and deodorization 5:351 
in food fats and oils 5:349t 
and frying oil hydrogenation 4:23 
and heart disease 2:640 
and neonatal growth 1:537 
reduction in hydrogenation 5:390 

n-3 Fatty acids 
essential fatty acids 3:67 3:504 
fruit seed oils high in α-linolenic acid 3:235t 
herb seed oils; oils high in α-linolenic acid 3:238t 
seed oils high in γ-linolenic acid 3:240t 

n-6 Fatty acids 
essential fatty acids 3:67 3:504 
fruit seed oils high in α-linolenic acid 3:235t 
herb seed oils; oils high in α-linolenic acid 3:238t 
seed oils high in γ-linolenic acid 3:240t 

Fatty acid salts 1:5 

Fatty acids and derivatives from coconut oil 6:1 

Fatty acid synthase 1:215 

Fatty alcohols 1:27 
oleochemicals 6:21 

Fatty materials 
recovery of oil from 5:99 

Feather meal 
processing 6:66 
protein composition 6:76t 

Feed 
extrusion processing of oilseed meals for 5:533 

Feed grade fats 
typical analysis 4:326t 
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Feedstuff 
fats and oils 4:317 

Ferulic acid 
in selected tree nut oils 3:178t 

Fibers 6:282 

Fiber spinning 6:360 6:365 

Filled milk 2:395 

Fillers 4:208 

Fillers-sealer 5:247 5:260t 

Fillings 
lecithin applications 3:409 

Films 
edible films: physical and mechanical properties 6:371 

Filtration 5:268 
bleaching clay removal 5:285 5:325 
flaxseed oil 2:290 
storage and handling during 5:205t 
using membranes 5:437 
wastewater 4:435 

Filtration equipment 5:328 

Fine virgin olive oil 2:309 
quality parameters 2:326 

Finished oil storage 5:204 5:205t 

Finished products 
factors contributing to deterioration 5:216 
storage and handling 5:207 

Firmness 6:113 

Fish               3:504 
digestion metabolism 4:351 
digestive system 4:347 
essential fatty acid requirements 4:366t 
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Fish (Continued) 
feed energy requirements 4:365 
frying coated 4:300 

Fisher-Turnbull analysis 1:67 

Fish fats 
fatty acid source 1:3t 

Fish meal 6:62 
processing 6:71 

Fish oils 3:259 3:279 
See also Marine mammal oils 
for cat feed 4:357t 
Codex Alimentarius 3:311t 
dioxin level 5:199t 
estimated use in domestic animal feeds 4:325t 
fatty acid composition 1:4t 
fatty acid composition of feed 4:338t 
fatty acids 3:284 
flavor compounds 1:404 1:406t 
fuel energy content 6:94t 
marine mammal oil compared 3:274 
ω-3 concentrates 3:303 
PAH levels in 5:298t 
paints from 6:308 
PCB and dioxin stripping 5:358t 
for poultry feed 4:363t 
processing 6:75 
production and quality 3:296 
saponification equivalent, saponification value, 

iodine value, and unsaponifiable matter 1:10t 
temperature recommendations for storage and 

handling 5:219t 
world production 1984, 1992, and 2000 2:421t 
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Fish oils (Continued) 
world protein meal production from 1995/1996 to 

date 2:144t 

Fishy flavor 1:377t 1:421t 

Flaking 5:68 5:99 5:106 

Flaking mill 5:69 

Flash desolventizing 5:177 

Flat paints 6:312 

Flavan-3-ols 1:471 

Flavanonol 1:471 

Flavone 1:471 

Flavonoids 
antioxidant commonly used in foods 1:441t 
from green tea 1:467 1:470 

Flavonol 1:471 

Flavonone 1:471 

Flavor 
butter 2:37 2:49 
cottonseed oil 2:201 
fat-free dressings 4:199 
lecithins 3:419 
lipid emulsions 3:494 
shortenings 4:133 
soybean oil 2:629 

Flavor and sensory aspects 1:413 

Flavor components of fats and oils 1:387 

Flavor partitioning 3:496 

Flavor release 3:495 

Flavors 
in low-fat spreads 5:513t 
in margarine and spread formulations 4:58t 
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Flavors (Continued) 
in margarines and spreads 4:62 
in pourable dressings 4:195 
in reduced-fat spreads 5:515t 
with shorteners 4:137 

Flavor stability 5:197 

Flax                   2:282 

Flax oil and high linolenic oils 2:281 

Flaxseed 2:282 
dry extrusion 5:535 
mechanical pretreatment 5:105 
oil yield from commercial processing 5:101t 
processing 2:289 
proportion hulls/kernels and oil content of seed, 

kernels, and hulls 5:101t 

Flaxseed oil 1:227 2:281 
See also Linseed oil 
biodiesel feedstock supply 2:529t 
biodiesel production from 6:234 
by-products utilization 4:405 
for cat feed 4:357t 
composition 2:284 2:288t 
extraction rate 5:149 
fatty acid composition of regular and modified salad 

oils 4:178t 
physical properties 2:284t 
processing 2:289 
world production 1984, 1992, and 2000 2:421t 

Flocculation 3:482 4:239 

Floor-model fryers 4:272 4:278 

Fluorescence assay 
for lipid oxidation measurement 1:371 
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Fluorescent whitening agents 6:148 

Fluted pumpkin seed oil 3:249 
fatty acid composition 3:248t 

Foams 4:231t 4:242 
and detergency 6:155 

Fog                4:231t 

Folic acid 
in peanut oil 2:452t 

Food 
antioxidants commonly used in 1:441t 1:455 
antioxidant scope of use in 1:433 
emulsifiers for 4:229 
extrusion processing of oilseed meals for 5:533 
fats and oils in feedstuff and petfood 4:317 
fortification for nutrition 1:581 
minor components in fats and oils 5:349t 
surface activity 4:231 

Food emulsions 3:480 

Food lipids 3:535 

Food processor high stability oils 2:255 

Food processor liquid oils 2:254 

Food release agents 
lecithin applications 3:411 

Foodservice liquid oils 2:252 

Form/fill/seal type machines 5:261 

Fourier transform infrared spectroscopy (FTIR) 
for lipid oxidation measurement 1:362 

Fractal dimension, fat crystal networks 1:137 

Fractionation 3:557 5:39 
animal fats 1:192 
cottonseed oil 2:221 
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Fractionation (Continued) 
frying oils 4:27 
lecithin 3:399 
major impurities removed 5:299 
membrane application 5:442t 
palm oil 2:378 
shortenings 4:92 
soybean oil 2:611 
vegetable oils 1:245 

Fragrance 
in bar soaps 6:128 

Framed bar soapmaking process 6:122 

Free fatty acids 1:573 2:138 3:335 
 5:434 

See also Deodorization 
in animal fats 1:172 
in bar soaps 6:127 
in crude, degummed, superdegummed, and 

ultrafiltered soybean oil 5:447t 
from DAG oil 3:38 
deodorization 5:349 5:351 
interaction with bleaching clays 5:285 
in maize oil 3:211t 
membrane application to recovery of 5:442t 
from membrane processing of soybean and 

rapeseed oils 5:446t 
membrane separation 5:443 
metabolism compared to esterified 3:543 
in rice bran oil 3:220t 
stripping from fish oil 5:358t 
typical trace levels 5:300t 
use in pharmaceuticals and cosmetics 6:391 
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Free fatty acids (Continued) 
in wheat germ oil 3:201t 

Free-flowing fats 4:375 

Free radical lipid oxidation initiation 1:296 

Free sterols 
in whole bovine milk 2:3t 

French dressing 4:192 

French fries 4:301 

Fresh frozen milkfat for recombining 2:47 

Freundlich adsorption isotherm 5:272 

Friedel Crafts acylation 1:37 

Fried food flavor 1:421t 

Fried foods 
sensory evaluation 1:426 

Fried nuts 4:303 

Frozen doughs 4:210 

Fruit seeds, oils from 3:233 

Fruity flavor 1:421t 

Frying 
chemical reactions occuring in oil during 4:7 4:12 
evolution of industry 4:304 
fines generation and removal 4:305 
process 4:5 
purpose 4:288 
sanitation 4:314 

Frying coated products 4:300 

Frying fats 
animal fat-based 1:195 1:196t 
canola oil 2:100 
hydrogenated canola oil 2:88t 
measurement of deterioration 1:377 
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Frying fats (Continued) 
palm oil 2:393 
soybean oil 2:619 
used in U.S. edible products, 2002-2003 4:128t 

Frying of foods and snack food production 4:269 
See also Industrial fryers; Restaurant fryers 

Frying oils 4:1 
analysis of fresh 4:14 4:15t 
applications 4:3 
trans-fatty acid and dimeric triacylglycerols in 

commercial used deep-frying 5:352t 
frying shortenings compared 4:27 
hydrogenation 4:23 
performance enhancement 4:21 
polymerization 4:11 
quality factors 4:17 
rice bran oil 2:485t 2:486t 
selection 4:4 
sensory evaluation 1:426 
soybean oil 2:619 
storage and transportation 4:22 
sunflower oil 2:709 

Frying shortenings 
frying oils compared 4:27 
industrial frying oils and fats 4:15t 
interesterification 4:27 

Fuels 
animal fats and oils as 1:200 

Full gloss paints 6:312 

Full press extraction 5:72 

Fumaric acid 
in alkyd resins 6:323 6:324 
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Fungi 
lipid content and fatty acid profile 3:126t 

Furan 
from hydroperoxide decomposition 1:393 

Furans 
deodorization 5:356 3:357 
in food fats and oils 5:349t 

2-Furfurylthiol 
in sesame oils 1:407t 

Fusarium oxysporum 
lipid content and fatty acid profile 3:126t 

G 
Gac seed oil 3:254 

fatty acid composition 3:254t 

Gadoleic acid 

Codex range for cottonseed oil 2:191t 
composition in selected animal fats, greases, and 

vegetable oils 1:163t 
hydrogenation effect in soy and canola oils 4:25t 
in oleic/linoleic classification vegetable oils 2:206t 
in RBD cottonseed oil 2:207t 

Galactolipids 
minor components of fats and oils 3:320 

Gallates 1:440 
See also Dodecyl gallate; Octyl gallate; Propyl 

gallate 
antioxidants commonly used in foods 1:459 
regulatory approval status in different countries 1:502t 
regulatory responsibilities 1:502t 
regulatory status 1:497 
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Gallic acid 
in selected tree nut oils 3:178t 

Gamma (γ) irradiation 
soy protein films 6:378 

Gamma linolenic acid, See γ-Linolenic acid 

Gas chromatography (GC) 
conjugated linoleic acid oils 3:24 
novel separation methods 3:588 

Gas chromatography-olfactometry (GC-O) 1:427 

Gastric fat digestion 3:538 

Gastrocatyle hispida 
γ-linolenic acid rich 3:69t 

Gelatin 
edible films from 6:371 
in margarine and spread formulations 4:58t 
in reduced-fat spreads 5:515t 

Gelation 6:329 6:330t 

Genetically modified seed oils 1:255 

Genistein 1:533 

Geranial 
in cold-pressed navel orange oil 3:55t 
percentage in 5 different orange species 3:56t 

Geraniol 
change in Yuzu cold-pressed oil during storage 3:59t 

Geranyl acetate 
in cold-pressed navel orange oil 3:55t 
percentage in 5 different orange species 3:56t 

Germacrene-D 
change in Yuzu cold-pressed oil during storage 3:59t 
in cold-pressed navel orange oil 3:55t 

Germ oils from different sources 3:195 
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Gerstenberg & Agger margarine/shortening systems 4:112 

Ghani 2:511 

Ghee 2:47 

Giant sea perch 
essential fatty acid requirements 4:366t 

GLA, See γ-Linolenic acid 

Glassware 
detergents for 6:171 
detersive systems 6:138t 

Glassy phosphates 6:145 

Glioma 
γ-linolenic acid effects 3:90 

Globulol 
change in Yuzu cold-pressed oil during storage 3:60t 

Gloss paints 6:312 

β-Glucan 
as fat substitute 3:529t 

Glucose oxidase 1:443 

Glutamic acid 
in tree nut proteins 3:189t 

Glutathione peroxidase 1:443 

Glycerin 6:191 

Glycerine 6:29 6:191 
economics 6:193 
physical properties 6:216t 
processing plants 6:212 
production 6:194 
quality and testing 6:216 6:217t 
refining 6:120 6:204 6:214 
uses               6:219 
waste management 6:219 
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Glycerol 1:1 1:216 6:191 
in alkyd resins 6:325 6:326 
in bar soaps 6:128 
recovery in soapmaking 6:119 
solubility of synthetic antioxidants in 1:456t 
in soy protein films 6:378t 
triacylglycerol formation 1:6 
use in cosmetics 6:403 

Glycerol monostearate 4:249 
hydrophilic-lipophilic balance 4:238t 

Glycerolysis 1:12 3:559 

Glyceryl monostearate 6:92 

Glycine 
in rendering products 6:76t 
in tree nut proteins 3:189t 

Glycolipids 3:320 
in crude, degummed, superdegummed, and 

ultrafiltered soybean oil 5:447t 
in maize oil 3:211t 
in rapeseed lecithin 3:370t 
in rice bran oil 3:220t 
in soy and egg lecithins 3:363t 

Goldenberry seed oil 3:244 
high in linoleic acid 3:243t 

Golden delicious apple seed oil 
fatty acid composition 3:246t 

Gold of pleasure oil 1:236 1:253 

Gondoate 
in soybean oil 2:581t 

Gossypol 2:194 5:434 
in deoiled lecithins 4:340t 
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Gossypol (Continued) 
effect/no effect levels in livestock 4:337t 
levels in cottonseed products 4:336t 
and oilseed cooking 5:117 

Gourmet oils 3:335 

Grainy margarines 5:461 

Gramisterol 
in selected vegetable oils 3:324t 
structure, trivial, and IUPAC name 3:322t 

Granny Smith apple seed oil 
fatty acid composition 3:246t 

Grapefruit seed oil 
fatty acid composition compared to other citrus seed 

oils 3:57t 

Grapefruit peel oil 3:50 
physical properties 3:51t 

Grapeseed oil 1:237 3:244 
high in linoleic acid 3:243t 
linoleic and linolenic acid content 3:9t 
membrane processing 5:447t 

Grassy flavor 1:377t 1:421t 

Gravitational separation 3:480 

Gravity oil separation 4:432 

Grease 6:64 
See also Animal grease 
grading standards for 4:325t 
processing 6:71 
quality standards for feeds 4:326t 

Green flavor 1:421t 

Green tea flavonoids 1:467 1:470 
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Grey seal 
fatty acid composition of blubber 3:263t 

Grinders 5:107 

Grinding 5:99 

Grindsted MCT 3:511t 

Grindsted PGE 3:511t 

Groundnut oil 1:222t 1:228 
See also Peanut oil 
by-products utilization 4:403 
trans-fatty acid and dimeric triacylglycerols in 

commercial samples 5:352t 
fatty acid composition 1:4t 1:221t 
saponification equivalent, saponification value, 

iodine value, and unsaponifiable matter 1:10t 
world production 1984, 1992, and 2000 2:421t 

Guaiacol 
in sesame oils 1:407t 

Guar gum 
as fat substitute 3:529 

Gulf menhaden oil 
volatile aldehydes 1:406t 

Gum arabic 
as fat substitute 3:529 

Gum guaiac 
acceptable daily intake (ADI) 1:509t 

Gums 
as fat substitutes 3:529t 3:529 
in pourable dressings 4:194 
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H 
Hammer mills 5:107 

Handling 5:200 
crude fats and oils 5:200 
deodorized oil 5:362 
finished products 5:207 
industrial use sector 5:210 

Handling equipment 
bulk                   5:211 
crude fats and oils 5:202 

Hand press extraction 5:57 

Harbor seal 
fatty acid composition of blubber 3:263t 

Hard butter 4:168 

Hardness of water 6:104 6:150 

Hard-surface detergency 6:170 

Harp seal 
fatty acid composition of blubber 3:263t 

Hay flavor 1:421t 

Hazard analysis and critical control points (HACCP) 2:21 

Hazardous wastes 
controls 4:428 
sources 4:427 

Hazelnut oil 1:237 3:179 
fatty acid composition 3:180t 
phenolic acids in 3:178t 

Haze point 6:90 

HEAR, See High erucic acid rapeseed oil 

Heart disease 
and cholesterol 2:638 
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Heating 
in seed prep for extraction 5:66 

Heat of fusion 5:467 

Heat pretreatment 5:109 

Heat-stable dressings 4:200 

Heat treatment 5:99 

Heat wave fryers 4:303 

Heifers 
source of rendered animal fats and oils 4:324t 

Hélianthe 2:682 

Heme proteins 
lipid oxidation initiation 1:289 

Hemp fiber 6:282 

Hempseed 
oil yield from commercial processing 5:101t 
proportion hulls/kernels and oil content of seed, 

kernels, and hulls 5:101t 

Hempseed oil 1:237 3:239 
fatty acid composition 3:238t 
fatty acid profile 3:74t 
γ-linolenic acid source 3:74 

Hen 
digestive system 4:347 

Heptadecanoic acid. See also Margaric acid 
in olive oil 2:317t 
olive oil allowed limits 2:321t 
in sesame oil 2:546t 

Heptadecenoic acid 
in olive oil 2:317t 
olive oil allowed limits 2:321t 
in sesame oil 2:546t 
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2,4-Heptadienal 
from autooxidation of unsaturated fatty acids 1:391t 
in Gulf menhaden oil 1:406t 
sensory characteristics 1:392t 
in stored soybean oil 1:401t 

trans,cis-2,4-Heptadienal 
volatile compound in vegetable oils 1:395t 

trans,trans-2,4-Heptadienal 
volatile compound in vegetable oils 1:395t 

Heptanal 
sensory characteristics 1:392t 
volatile compound in vegetable oils 1:395t 

n-Heptanal 
in Gulf menhaden oil 1:406t 

Heptane 
volatile compound in vegetable oils 1:395t 

2-Heptenal 
sensory characteristics 1:392t 

cis-2-Heptenal 
volatile compound in vegetable oils 1:395t 

trans-2-Heptenal 
in Gulf menhaden oil 1:406t 
in lard 1:400t 
in stored soybean oil 1:401t 
volatile compound in vegetable oils 1:395t 

trans-4-Heptenal 
in Gulf menhaden oil 1:406t 

Herbicides 
contaminants in fats and oils 1:574 

Herbs, oils from 3:233 
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Herring oil 
crystal habit 4:49t 4:90t 
fatty acid composition of feed 4:338t 
hydrogenated oil crystal structure 4:149t 
physical properties 4:91t 
principal fatty acids 4:339t 

Heterocyclic amines 1:537 

Heterogeneous nucleation 1:58 
fat crystal networks (anhydrous milkfat) 1:126 1:127 

2,4,7,10,13-Hexadecapentaenal 
from autooxidation of unsaturated fatty acids 1:391t 

2,4,7,10-Hexadecatetraenal 
from autooxidation of unsaturated fatty acids 1:391t 

Hexadecenoic acid. See also Palmitoleic acid 
in butter 2:4t 

2,4-Hexadienal 
in Gulf menhaden oil 1:406t 

Hexanal 
from autooxidation of unsaturated fatty acids 1:390 1:391t 
from isomerization of linoleic acid 1:313t 
odorant in Irish sour cream butter 1:397t 
sensory characteristics 1:392t 
in stored soybean oil 1:401t 
volatile compound in vegetable oils 1:395t 

n-Hexanal 
in Gulf menhaden oil 1:406t 
in lard 1:400t 

Hexane. See also Miscellas 
air emissions 4:431 
boiling points of mixtures with cottonseed oil 5:173t 
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Hexane (Continued) 
equilibrium vapor composition of mixtures with air 

and water vapor 5:95 
for recovery of fats and oils from oilseeds and fatty 

materials 5:154 
specifications for extraction grades 5:155t 
vapor pressure curves 5:174 5:175 
volatile compound in vegetable oils 1:395t 

n-Hexane 
in extraction grade hexanes 5:155t 

Hexanoic acid 
odorant in Irish sour cream butter 1:397t 

(Z)-Hex-3-enal 
odorant identified in peel oil of clementines 3:54t 

2-Hexenal 
sensory characteristics 1:392t 

3-Hexenal 
from autooxidation of unsaturated fatty acids 1:391t 

cis-3-Hexenal 
in stored soybean oil 1:401t 

trans-2-Hexenal 
in Gulf menhaden oil 1:406t 
volatile compound in vegetable oils 1:395t 

Hiding power 6:310 

High density lipoproteins (HDL) 1:593 
corn oil effect 2:166 
effect of canola oil 2:95 
effect of palm oil on 2:413 
and heart disease 2:638 
γ-linolenic acid effects 3:85 
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High density polyethylene 
barrier properties 5:245t 

High erucic acid rapeseed oil (HEAR) 2:61 2:108 
biodiesel production from 6:237t 
composition compared to other oils 2:64t 
crystal habit 4:49t 4:90t 
crystal habit of hydrogenated 2:202t 
fatty acid composition 1:221t 
fatty acid source 1:3t 
nonfood uses 2:113 
physical properties 2:74t 
proportion of major sterols in 2:70t 
tocopherol content 2:68t 

High gloss paints 6:312 

High-intensity ultrasonicator 3:476 

High lauric acid canola oil 
composition compared to other oils 2:64t 

High linoleic acid safflower oil 
basestock for lubricants 6:261t 6:266t 6:268t 

 6:269t 
cold storage stability of lubricant basestocks 6:275t 
response of diluents and additives on lubricant 

basestock 6:275t 

High linolenic oils 2:281 

High oleate oils 
applications 3:160 

High oleic acid canola oil 
composition compared to other oils 2:64t 
fatty acid composition 4:26t 
proportion of major sterols in 2:70t 
tocopherol content 2:68t 
triglyceride composition 2:66t 
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High oleic acid safflower oil 1:255 
basestock for lubricants 6:261t 6:266t 6:268t 

 6:269t 
cold storage stability of lubricant basestocks 6:275t 
fatty acid composition 1:221t 
response of diluents and additives on lubricant 

basestock 6:275t 

High oleic acid soybean oil 
basestock for lubricants 6:261t 

High oleic acid sunflower oil 1:255 2:677 2:710 
 3:164 

basestock for lubricants 6:261t 6:266t 6:268t 
 6:269t 

fatty acid composition 4:26t 
fatty acid composition of regular and modified salad 

oils 4:178t 
from mutagenesis of oilseed crops 3:160 
oxidative degradation tendency 6:273t 
pour point 6:271t 

High oleic low linolenic canola oil 
proportion of major sterols in 2:70t 

High oleic oils 1:223 

High-performance liquid chromatography (HPLC) 
conjugated linoleic acid oils 3:25 

High-pressure feed pumps 
for margarine production 5:469 

High-pressure hydrogenation 6:24 

High-pressure scraped-surface heat exchanger 
for margarine production 5:470 

High-pressure valve homogenizers 3:475 

High solids alkyds 6:347 

High-speed blenders 3:474 
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High stability oils 2:249 

High-stability shortenings 4:86 

High stearic acid soybean oil 
for margarine oils 5:393 

Highsun 1:232 

Histidine 
in rendering products 6:76t 
in tree nut proteins 3:189t 

Hogs, See Pigs 

Homocysteine 1:597 

Homogeneous nucleation 1:57 
fat crystal networks (anhydrous milkfat) 1:126 1:127 

Homogenization 3:459 3:471 

Homogenizers 3:459 3:474 

Honesty seed oil 1:237 1:254 

Hormite 5:287 
properties of commercial 5:292t 
response to acid-activation 5:291t 

Horses 
digestive system 4:347 
feed energy requirements 4:361 
gossypol effect/no effect level on weanling and 

yearling 4:337t 
lecithin applications for feed 3:425 
titer and iodine values of fat from 6:78t 

Hot extrusion soapmaking process 6:126 

Hull-like flavor 1:421t 

Hulloosenator 5:105 

Hull removal 5:65 

Hull separation 5:65 5:102 
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Human adipose tissue 
fatty acid composition 6:401t 
lipids in cosmetic applications 6:400 

Human epidermis 6:405 

α-Humulene 
change in Yuzu cold-pressed oil during storage 3:59t 

Hydrolysis 5:191 

Hydraulic fluids 
vegetable oils as 6:259 

Hydraulic press extraction 5:58 

Hydrocarbons 
composition in whole bovine milk 2:3t 
from lipid oxidation 1:371 
minor components of fats and oils 3:330 
in vegetable oils 1:218 

Hydrogen 
in hydrogenation 5:385 5:388 
supply for hydrogenation 5:394 

Hydrogenated fats 
crystal habit 2:202t 

Hydrogenated oils 1:377t 1:421t 
crystal habit 2:202t 

Hydrogenation 1:535 3:556 5:33 
 5:385 6:22 

animal fats 1:185 
canola oil 2:87 2:92 
cottonseed oil 2:225 
effect on melting point of fatty acids 5:386t 
trans-fatty acid reduction 5:390 
fatty acids 1:25 
frying oils 4:23 
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Hydrogenation (Continued) 
hydrogen supply 5:394 
lecithin 3:398 
milkfat 2:12 
mono-, di-, and triglyceride contents of fully 

hydrogenated vegetable oils 5:467t 
processing technologies 5:385 
rendered products 6:75 6:87 
rice bran oil 2:481 
shortenings 4:92 
soybean oil 2:608 
storage and handling during 5:205t 
sunflower oil 2:700 
vegetable oils 1:246 

Hydrogenation converter 5:387 

Hydrogenation processing technologies 5:385 

Hydrolysis 3:569 
in frying 4:7 
glycerine production 6:192 
in soapmaking 6:116 
wastewater 4:435 

Hydrolyzed animal fat 1:174 

Hydrolyzed fat 6:64 

Hydrolyzed lecithin 3:398 

Hydrolyzed poultry feathers 6:61 

Hydroperoxides 1:387 1:388 

decomposition 1:18 1:389 

of fatty acids and their esters 1:388 

formation by photooxidation 1:436 

positional distributions in oxidizing fatty acids 1:300t 

11-Hydroperoxylinoleate 1:539 
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Hydroxy acid oils 1:224 

p-Hydroxybenzoic acid 
in selected tree nut oils 3:178t 

Hydroxybenzoic acid derivatives 3:332 

Hydroxycinnamic acid derivatives 3:332 

Hydroxyethylcellulose 6:282 

Hydroxylated lecithin 3:397 
regulatory status as emulsifier 4:262t 

Hydroxylation 
fatty acids 1:22 

Hydroxyl radical 1:455 

Hydroxypropylcellulose 6:282 

Hyperfiltration 5:437 

Hyphomycetes 
lipid content and fatty acid profile 3:127t 

Hypoallergenic butter 2:49 

I 
Ice cream 

as dairy emulsion 4:265 

Ice cream coating fat 
designer organic fat 4:172t 

Icings 4:208 3:215 
emulsifiers for 4:264 
physical properties 4:216t 

Idometric titration method 1:361 

Illipe butter 1:235 1:237 

Immune system 
and conjugated linoleic acid oils 3:7 
and γ-linolenic acid 3:93 
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Industrial fryers 
components 4:295 
extruded products 4:299 
selection 4:294 
types 4:290 

Industrial frying 4:285 
fines generation and removal 4:305 
heat load requirement 4:310 

Industrial margarine 
packaging equipment 5:494 

Inedible beef tallow 1:178t 

Inedible grease 1:178t 

Inedible tallow 
biodiesel feedstock supply 2:529t 
prices between 2000-2003 1:181t 
processing 6:71 
U.S. production and export 1998-2002 6:65t 

Infant nutrition and development 
and γ-linolenic acid 3:107 

Infrared spectroscopy 
conjugated linoleic acid oils 3:23 

Initiation 
lipid oxidation 1:270 1:273 

Injection molding 
packaging material 5:246 

Inks 
lecithin applications 3:429 
vegetable oils as 6:259 

Innus, use of marine mammal oils 3:259 

Inositol 
in peanut oil 2:452t 
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Insecticides 
citrus peel oils 3:62 

Instant foods 
lecithin applications 3:411 

Insulin resistance 
and conjugated linoleic acid oils 3:5 

Interesterification 1:13 3:558 5:37 
animal fats 1:187 
canola oil 2:89 
cottonseed oil 2:229 
enzymatic 5:392 
frying shortenings 4:27 
milkfat 2:14 
shortenings 4:93 
vegetable oils 1:248 

Interpenetrating polymer networks 6:299 

Interrupted flight extruders 5:536 
mechanical crushing with 5:563 
soybean processing 5:551 

Inulin 
as fat substitute 3:529t 

Iodine value 1:9 1:172 
selected oils 1:10t 

Ionic repulsion 
in emulsions 4:240 

Ionomer 
barrier properties 5:245t 

Irish sour cream butter 
odorants in 1:397t 

Iron 
catalyst for lipid oxidation initiation 1:273 
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Iron (Continued) 
in crude, degummed, superdegummed, and 

ultrafiltered soybean oil 5:447t 
in safflower seed 2:507t 
trace metal required to reduce lard AOM by 50% 4:137t 

Isochrysis galbana 
lipid content and fatty acid profile 3:127t 

Isocitrate dehydrogenase 3:129 

Isoleucine 
in rendering products 6:76t 
in tree nut proteins 3:189t 

Isomerization 1:535 
fatty acids 1:32 

Iso-pentane 
in extraction grade hexanes 5:155t 

Isophthalic acid 
in alkyd resins 6:323 6:324 

Isopropanol 
use in biodiesel production 6:237 

Isopropenylpyrazine 
in cocoa butter 1:398t 

2-Isopropyl-4,5-dimethyloxazole 
in cocoa butter 1:399t 

2-Isopropyl-4,5-dimethylthiazole 
in cocoa butter 1:399t 

2-Isopropyl-4-ethyl-5-methyloxazole 
in cocoa butter 1:399t 

2-Isopropyl-3-methylpyrazine 
in cocoa butter 1:398t 

2-Isopropyl-4-methylthiazole 
in cocoa butter 1:399t 
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J 
Jangli badam seed oil 

phospholipids 3:372t 

Japanese eel 
essential fatty acid requirements 4:366t 

Japanese sardine oil 3:291t 

Jojoba oil 1:253 
as fat substitute 3:517t 3:527 

K 
Kapok 

proportion hulls/kernels and oil content of seed, 
kernels, and hulls 5:101t 

Kapok oil 1:237 

Kapok seed 
oil yield from commercial processing 5:101t 

Keratin 
edible films from 6:371 

7-Ketocholesterol 1:541 

Ketones 
from hydroperoxide decomposition 1:391 

Kettle boiled batch saponification 6:114 

Khaya senegalensis seed oil 3:253 
fatty acid composition 3:253t 

Kidney phospholipids 3:365 

Killer whale 3:261t 

Killing-floor fats 1:162 

Knitting 6:361 

Kokum oil 1:238 
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L 
Labelers 5:253 

Labiatae herb antioxidants 1:469 

Lactic acid 6:284 
in margarine and spread formulations 4:58t 

γ-Lactones 
in butter fat 2:10t 

s-Lactones 
in butter fat 2:10t 

Lactylated monoglyceride 4:249 
emulsifier used in shortenings 4:135t 
regulatory status as emulsifier 4:262t 

Lactylated propylene glycol monoester 
regulatory status as emulsifier 4:262t 

Lamb 
for cat feed 4:357t 
gossypol effect/no effect level on young 4:337t 

Lampant virgin olive oil 
quality parameters 2:326 

Langmuir adsorption isotherm 5:269 

Lanolin 
in bar soaps 6:129 

Lanostane 1:542t 

Lard 1:174 6:64 
antioxidant addition 1:195 
biodiesel feedstock supply 2:529t 
for cat feed 4:357t 
characteristics of meat-fat and meat-vegetable fat 1:196t 
Codex Alimentarius standards 1:175t 1:176t 
crystal habit 4:49t 4:90t 
crystal habit of hydrogenated 2:202t 
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Lard (Continued) 
disappearance and per capita consumption in U.S. 2:182t 
fatty acid composition 1:4t 1:163t 6:106t 

 6:401t 
flavor compounds 1:399 1:400t 
glyceride content 3:38t 
grading standards for 4:325t 
hydrogenated oil crystal structure 4:149t 
interesterification 1:188 1:189 
palmitate in 1:170 
physical properties 4:91t 
for poultry feed 4:362t 
prices at randomly chosen times in period 2000-

2003 1:180t 
prices between 2000-2003 1:181t 
production and disappearance in U.S., 1990-2002 4:130t 
saponification equivalent, saponification value, 

iodine value, and unsaponifiable matter 1:10t 
soap raw material 6:108 
solubility of synthetic antioxidants in 1:456t 
specifications of commercial grades 1:177t 
supply and disappearance in U.S. 1991-2003 2:499t 
triacylglycerol composition 1:8t 
U.S. production and export 1998-2002 6:65t 
usage in U.S. as shortening source, 1940-2000 2:266t 
used in U.S. edible products, 2002-2003 4:128t 
volatile flavors from different treatments 1:400t 
world production 1984, 1992, and 2000 2:421t 
worldwide production 1:180t 

Lard compound 2:176 

Large deformation rheology 
anhydrous milkfat 1:153 
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Lathering 6:113 

Laundering 6:169 
detersive systems 6:138t 

Laurate canola oil 3:163 

Lauric acid 
in butter 2:4t 
in coconut oil 6:3t 
Codex range for cottonseed oil 2:191t 
composition in selected animal fats, greases, and 

vegetable oils 1:163t 
composition of common fats and oils 6:106t 
flavor threshold 4:170 
formula 1:3t 
oleochemicals from 5:420 
in palm kernel oil 6:3t 
in paring (testa) oil 2:128t 
percentage in different orange species 3:57t 
range in coconut oil cross regional 2:138t 
stripping parameters for 5:346t 
in vegetable oils 1:221t 

Lauric cocoa butter 4:168 

Lauric oils 1:222 
deodorization 5:350t 
fatty acid composition 1:221t 

Layered doughs 4:210 

LEAR, See Low erucic acid rapeseed oil 

Leather 
softening 6:354 
uses of fats and oils 6:89 6:353 

Leather and textile uses of fats and oils 6:353 

Lecithin liposomes 3:419 3:433 
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Lecithins 2:612 3:335 3:361 
acceptable daily intake (ADI) 1:509t 
animal feed uses 3:420 
application in relation to method of preparation 3:609t 
economics 3:438 
emulsifiers for food applications 4:255 
emulsifiers used in shortenings 4:135t 
in extruded-expelled soybean meal 5:556t 
food grade uses 3:400 
ingredient cost in margarine 5:499t 
in low-fat spreads 5:513t 
manufacture of crude 3:384 
manufacture of refined-grade 3:393 
nomenclature, classification, structure, composition, 

and properties 3:371 
nonfood and industrial uses 3:427 
novel separation techniques 3:607 
processing 5:16 
in reduced-fat spreads 5:515t 
refining by-products utilization 4:405 
regulatory aspects 3:439 
regulatory status as emulsifier 4:262t 
sources 3:362 
typical trace levels 5:300t 

Lemon peel oil 3:50 

Lemon seed oil 
early use of 3:49 
fatty acid composition compared to other citrus seed 

oils 3:57t 

Lentils 
dry extrusion 5:535 
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Lesquerella oil 1:238 1:254 
epichlorohydrin modification 6:297 
polymer production from 6:287 6:292 6:293 

 6:295 

Lesquerolic acid 6:293 

Leucine 
in rendering products 6:76t 
in tree nut proteins 3:189t 

Level control filler 5:247 

Light 
for lipid oxidation initiation 1:280 

Light Butter 2:33 

Lightly hydrogenated oil 
physical properties 4:216t 

Light-struck oil 1:377t 

Lignans 1:467 1:468 
flaxseed oil 2:286 

Lignocerate 
in soybean oil 2:581t 

Lignoceric acid 
Codex range for cottonseed oil 2:191t 
composition in selected animal fats, greases, and 

vegetable oils 1:163t 
in oleic/linoleic classification vegetable oils 2:206t 
in olive oil 2:317t 
olive oil allowed limits 2:321t 
in peanut oil 2:450t 
in RBD cottonseed oil 2:207t 
in sesame oil 2:546t 

Lime 3:49 

Lime peel oil 3:50 



I:159 
Index terms Links 

 This page has been reformatted by Knovel to provide easier navigation.  

Lime seed oil 
fatty acid composition compared to other citrus seed 

oils 3:57t 

Limonene 
change in Yuzu cold-pressed oil during storage 3:59t 
in cold-pressed navel orange oil 3:55t 
odorant identified in peel oil of clementines 3:54t 
percentage in 5 different orange species 3:56t 

d-Limonene 1:534 

cis-Limonene oxide 
in cold-pressed navel orange oil 3:55t 

(E)-Limonene oxide 
change in Yuzu cold-pressed oil during storage 3:59t 

trans-Limonene oxide 
in cold-pressed navel orange oil 3:55t 

(Z)-Limonene oxide 
change in Yuzu cold-pressed oil during storage 3:59t 

Linalool 
change in Yuzu cold-pressed oil during storage 3:59t 
in cold-pressed navel orange oil 3:55t 
odorant identified in peel oil of clementines 3:54t 
percentage in 5 different orange species 3:56t 

Linalyl acetate 
percentage in 5 different orange species 3:56t 

Linear alkylbenzene sulfonates 6:143 6:179 

Linola 2:289 
composition 2:288t 
linoleic and linolenic acid content 3:9t 
physical properties 2:284t 

Linola oil 1:227 
fatty acid composition 1:227t 



I:160 
Index terms Links 

 This page has been reformatted by Knovel to provide easier navigation.  

Linoleate 
in soybean oil 2:581t 

Linoleic acid 1:215 4:345t 
in coconut oil 6:3t 
composition in selected animal fats, greases, and 

vegetable oils 1:163t 
composition of common fats and oils 6:106t 
content of selected vegetable oils 3:9t 
in corn and soy lecithins 3:368t 
in cottonseed lecithin 3:369t 
in cottonseed oil 2:190t 2:191t 
in cottonseed oil basestock 2:228t 
in cottonseed salad oil stearin 2:224t 
in deoiled lecithins 4:340t 
effect of hydrogenation on melting point 5:386t 
enrichment 3:10 
essential fatty acid 1:215 1:577 
essential fatty acid requirements of fish 4:366t 
in evening primrose, black currant, and borage oils 3:80t 
in extruded-expelled soybean meal 5:556t 
in fats and oils used in alkyd resins 6:328t 
formula 1:3t 
hydrogen abstraction rate constants (by t-BuO) 1:314t 
hydrogenation effect in soy and canola oils 4:25t 
isomerization during heating 1:313t 
melting point compared to other fatty acids 2:76t 
metabolic fatty acid 6:392t 
metabolic pathway 3:68 
in oils for cat feed 4:357t 
oils from herbs, spices, and fruit seeds rich in 3:241 
in oleic/linoleic classification vegetable oils 2:206t 
in olive oil 2:317t 
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Linoleic acid (Continued) 
olive oil allowed limits 2:321t 
oxidation propagation mechanism with different 

solvents 1:316t 
oxidation rate 4:133 
in palm kernel oil 6:3t 
in paring (testa) oil 2:128t 
in peanut oil 2:450t 
percentage in different orange species 3:57t 
range in coconut oil cross regional 2:138t 
in RBD cottonseed oil 2:207t 
in regular and modified salad oils 4:178t 
relative oxidation reaction rate 5:194t 
in rice 2:467t 
in safflower oil 2:502t 2:509t 
scission products from room temperature oxidation 1:324t 
in sesame oil 2:546t 
solubility in various solvents 3:598t 
in soy and egg lecithins 3:363t 
in tall oil fatty acids 6:329t 
in vegetable oils 1:221t 
volatile aldehydes from autoxidation 1:391t 
in winterized cottonseed oil 2:221t 

Linoleic acid oils 1:222 

Linoleic acid paradox 1:593 

Linoleic safflower 2:502 

Linolenate 
in soybean oil 2:581t 

Linolenic acid 1:215 4:345t 
composition in selected animal fats, greases, and 

vegetable oils 1:163t 
composition of common fats and oils 6:106t 
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Linolenic acid (Continued) 
content of selected vegetable oils 3:9t 
in corn and soy lecithins 3:368t 
in cottonseed oil 2:190t 2:191t 
in cottonseed oil basestock 2:228t 
in deoiled lecithins 4:340t 
effect of hydrogenation on melting point 5:386t 
essential fatty acid requirements of fish 4:366t 
in extruded-expelled soybean meal 5:556t 
in fats and oils used in alkyd resins 6:328t 
high linolenic oils 2:281 
hydrogen abstraction rate constants (by t-BuO) 1:314t 
hydrogenation effect in soy and canola oils 4:25t 
trans-isomerization 5:351 
melting point compared to other fatty acids 2:76t 
metabolic fatty acid 6:392t 
in oils for cat feed 4:357t 
in oleic/linoleic classification vegetable oils 2:206t 
in olive oil 2:317t 
olive oil allowed limits 2:321t 
percentage in different orange species 3:57t 
in RBD cottonseed oil 2:207t 
in regular and modified salad oils 4:178t 
relative oxidation reaction rate 5:194t 
in safflower oil 2:509t 
scission products from room temperature 
oxidation 1:324t 
in sesame oil 2:546t 
in soy and egg lecithins 3:363t 
in tall oil fatty acids 6:329t 
in vegetable oils 1:221t 
volatile aldehydes from autoxidation 1:391t 
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α-Linolenic acid 4:345t 
essential fatty acid 1:215 1:577 1:579 

 3:67 
in evening primrose, black currant, and borage oils 3:80t 
formula 1:3t 
health benefits 5:397 
as n-3 PUFA 1:579 
oils from herbs, spices, and fruit seeds rich in 3:224 

γ-Linolenic acid 1:518 4:345t 
and acute respiratory distress syndrome (ARDS) 3:97 
and cancer 3:87 
canola oil with 2:64t 
cardiovascular effects 3:83 
and diabetes 3:103 
discrimination against in lipase reactions 1:15 
drug/nutrient interactions 3:108 
effect of TAG structure on bioavailability 3:82 
as essential fatty acid 3:67 
in evening primrose, black currant, and borage oils 3:80t 
fatty acid composition of oils based on 1:234t 
fungal oils rich in 3:130 
health benefits 5:397 
and immune system 3:93 
and infant nutrition and development 3:107 
metabolism 3:80 
oil extraction 3:76 
oils from herbs, spices, and fruit seeds rich in 3:239 
and premenstrual syndrome (PMS) 3:106 
and rheumatoid arthritis 3:96 
safety of oils containing 3:109 
and skin conditions 3:99 
sources 3:68 
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Linolenic acid oils 1:223 

γ-Linolenic acid oils 3:67 
extraction 3:76 
safety 3:109 

Linseed 2:282 
See also Flaxseed 
dry extrusion 5:535 

Linseed meal 5:539 

Linseed oil 1:222t 1:227 
See also Flaxseed oil 
authentication 3:344t 
biodiesel production from 6:234 
by-products utilization 4:405 
for cat feed 4:357t 
drying 6:318 
fatty acid composition 1:4t 1:221t 1:227t 
fatty acid composition for alkyd resins 6:328t 
fatty acid composition of feed 4:338t 
fatty acid source 1:3t 
lubricity of esters 6:249 
modified by conventional seed breeding 1:255 
oleochemicals from 6:83 
paints from 6:308 
polymer production from 6:287 6:289 6:294 
saponification equivalent, saponification value, 

iodine value, and unsaponifiable matter 1:10t 
sterol content 3:324t 
tocopherols/tocotrienols in 3:329t 
transgenic 3:161 
unsaponifiable fraction 3:320t 
world production 1984, 1992, and 2000 2:421t 

Lipase-catalyzed esterification 3:602 
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Lipase-catalyzed hydrolysis 3:601 

Lipase OF 5:421 

Lipases 3:571 
activity in butter 2:25 
applications 3:578 
for biodiesel production 1:201 
fatty acid reactions 1:13 
for interesterification 1:189 1:249 
use in supercritical fluid extraction 5:416 5:418 

Lipid component solubility 
supercritical carbon dioxide 5:400 

Lipid emulsions 3:457 
nucleation 1:63 
preparation 3:468 
rheology 3:488 
stability 3:480 

Lipid hydrolysis (fat splitting) 
animal fats 1:193 

Lipid oxidation 5:192 
See also Antioxidants 
free radical autooxidation 1:387 
initiation 1:270 1:273 
integrated reaction scheme 1:341 
lifetimes and hydrogen abstraction rates of various 

radicals 1:288 
measurement methods 1:357 
propagation 1:270 1:304 
radical chain reaction scheme overview 1:269 
singlet oxygen 1:393 
as target of antioxidants 1:432 
termination 1:270 1:333 
theoretical aspects 1:269 
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Lipid oxidation: measurement methods 1:357 

Lipid oxidation: theoretical aspects 1:269 

Lipid oxidation products 1:539 

Lipids 
analysis of minor components 3:346 
in animal fats 1:161 
bioactive lipid-soluble constituents 1:533 
biological functions 1:577 1:578 
bond energies of hydrogens in acyl chains 1:297t 
composition of anhydrous milkfat 1:123 1:124t 
confectionery 4:159 
cosmetic use 6:391 6:400 
and dietary fat substitutes 3:503 
drug delivery applications 6:396 
and endothelial cell dysfunction 1:595 1:599 
energies of light at various wavelengths vs. typical 

energies of bonds 1:281t 
interaction with xenobiotics and chronic disease 1:516 
modification 1:244 
pharmaceutical use 6:391 
phase behavior in crystallization 1:46 
reactions in supercritical fluid media 5:415 
role in disease prevention and treatment 6:393 
structural effects on absorption, metabolism, 
and health effects of 3:535 

Lipid structure 3:536 

Lipofrac 1:192 

Lipolase 100T 5:421 

Lipomyces starkey 
lipid content and fatty acid profile 3:126t 

Lipoprotein metabolism 1:593 
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Liposomes 
drug delivery systems 6:398 
lecithin applications 3:419 3:433 

Lipoxygenases 
for lipid oxidation initiation 1:285 

Lipozyme 5:421 

Liquid margarine 4:37t 
manufacture 4:68 

Liquid oils 2:248 

Liquid opaque shortenings 4:86 4:153 

Liquid shortenings 4:86 4:143 

Liquid soaps 6:131 6:133 

Liquid soils 6:152 

Liquid spread 
typical solid fat indices 4:47t 

Lithospermum arvense 
γ-linolenic acid rich 3:69t 

Lithospermum purpureocaeruleum 
γ-linolenic acid rich 3:69t 

Liver cancer 
γ-linolenic acid effects 3:91 

Liver phospholipids 3:365 

LNA, See α-Linolenic acid 

Locust bean 
as fat substitute 3:529 

Long-chain fatty acids 1:4 

Long-chain polyunsaturated fatty acids 1:578 3:259 

Low-calorie spreads 4:68 

Low cholesterol products 2:23 
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Low density lipoproteins (LDL) 1:593 
canola oil compared to other PUFA sources in 

normal plasma 2:95t 
corn oil effect 2:166 
effect of canola oil 2:95 
effect of palm oil on 2:413 
and trans-fatty acids 5:392 
and heart disease 2:638 
γ-linolenic acid effects 3:85 

Low density polyethylene 
barrier properties 5:245t 

Lower fat spreads 4:37t 

Low erucic acid rapeseed oil (LEAR) 2:62 2:63 3:160 
biodiesel production from 6:233 6:237t 
fatty acid composition 1:221t 

Low-fat milk 3:506t 

Low-fat spreads 
margarine processing plants 5:512 5:513t 5:514 

Low gloss paints 6:312 

Low linolenic acid canola oil 
composition compared to other oils 2:64t 
fatty acid composition 4:26t 
proportion of major sterols in 2:70t 
tocopherol content 2:68t 
triglyceride composition 2:66t 

Low linolenic acid flaxseed oil 2:289 
composition compared to other oils 2:64t 
tocopherol content 2:68t 

Low oil snacks 4:304 

Lubricants 
biodiesel applications 6:246 
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Lubricants (Continued) 
canola oil 2:112 
lecithin applications 3:436 
sunflower oil 2:713 
vegetable oils as 6:259 

Lubrication 
of textile fibers 6:362 

Lunaria oil 
polymer production from 6:287 

Lutein 1:463 1:507 3:331 
secondary antioxidant 1:442t 
and vitamin A activity 3:342 

Lycopene 1:463 1:507 3:331 
in palm oil 2:342t 
secondary antioxidant 1:442t 
and vitamin A activity 3:342 

Lyon Diet Heart Study 2:98 

Lysine 
in rendering products 6:76t 
in tree nut proteins 3:189t 

Lysophosphatidic acid 
distribution in various milk fractions 3:366t 

Lysophosphatidylcholine 
in bovine milk 2:11t 
in corn and soy lecithins 3:367t 
in cottonseed lecithin 3:369t 
in rapeseed lecithin 3:370t 
in rice 2:467t 
in soy lecithin 2:612t 3:366t 

Lysophosphatidylethanolamine 
in bovine milk 2:11t 
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Lysophosphatidylethanolamine (Continued) 
in corn and soy lecithins 3:367t 
in cottonseed lecithin 3:369t 
in rapeseed lecithin 3:370t 
in rice 2:467t 
in soy lecithin 2:612t 

Lysophosphatidylinositol 
in soy lecithin 3:366t 

Lysophosphatidylserine 
in cottonseed lecithin 3:369t 
in soy lecithin 3:366t 

M 
Macadamia nut oil 3:187 

amino acid profile 3:189t 
fatty acid composition 3:188t 

Macadamia oil 1:238 

Mackerel oil 
principal fatty acids 4:339t 

Mad cow disease 1:197 6:95 

Magnesium 
in crude, degummed, superdegummed, and 

ultrafiltered soybean oil 5:447t 
in rice bran and other cereal brans 2:472t 
in safflower seed 2:507t 
and water hardness 6:104 

Magnesium silicate 
in bar soaps 6:129 

Magnesium soaps 6:134 

Magnesium stearate 6:134 
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Magnetic recording media 
lecithin applications 3:435 

MAGs, See Monoacylglycerols 

Mahua oil 1:239 

Maize oil, See Corn oil 

Maize oil aberration 2:166 

Makapuno 2:126 

Maleic anhydride 
in alkyd resins 6:323 6:324 

Malic acid 
secondary antioxidant 1:442t 

Maltodextrin 
as fat substitute 3:529t 3:530 

Maltrin 3:530 

Malvalic acid 
in cottonseed oil 2:193t 

Mandarin orange oil 
composition compared to other orange species 3:56t 3:57t 
fatty acid composition compared to other citrus seed 

oils 3:57t 

Mandarin seed oil 
physical properties 3:51t 

Manganese 
catalyst for lipid oxidation initiation 1:273 
in safflower seed 2:507t 
trace metal required to reduce lard AOM by 50% 4:137t 

Mango oil 1:239 

Mango seed kernel oil 3:248 
fatty acid composition 3:248t 

Maragarines and spreads 4:33 
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Margaric acid 
composition in selected animal fats, greases, and 

vegetable oils 1:163t 
composition of common fats and oils 6:106t 

Margarine processing plants and equipment 5:459 
high-pressure feed pumps 5:469 
high-pressure scraped-surface heat exchanger 5:470 
low-fat spreads 5:512 5:513t 5:514 
packaging equipment 5:488 
plant layout and process flowsheet 5:499 
production control, quality control, and 
sanitation 5:523 
puff pastry butter 5:522 5:523t 
puff pastry margarine 5:519 
refrigeration plants 5:496 

Margarines 1:171 2:267 3:504 
 3:566 

canola oil 2:102 
for cat feed 4:357t 
corn oil 2:167 2:268t 
cottonseed oil 2:244 2:268t 2:268 
crystallization 5:460 
as dairy emulsion 4:264 
history of 4:35 
hydrogenated canola oil 2:88t 
ingredient cost 5:499t 
lecithin applications 3:406 
manufacture 5:48 
oil blending 4:51 
packaging 5:260 
packing of institutional 5:213 
palm oil 2:390 
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Margarines (Continued) 
physical properties 4:42 4:216t 
processing 4:63 
processing plants and equipment 5:459 
product characteristics 5:460 
production and consumption, 1930-2000 4:34t 
production as wastewater source 4:418 
regulatory status in U.S. 4:37 
safflower oil 2:268t 2:513 
shelf-life 4:71 
source oils 4:45 
soybean oil 2:268t 2:622 
sunflower oil 2:708 
used in U.S. edible products, 2002-2003 4:128t 
wastewater load in manufacture 4:420t 
worldwide production 2:54t 

Marigold oil 1:239 

Marine mammal oils 3:259 
See also Fish oils 
applications 3:271 
fatty acid composition 3:262 3:263t 3:264t 
fish oil compared 3:274 
health benefits 3:272 
lipids 3:260 3:261t 
ω-3 concentrates 3:269 
oxidative stability 3:267 
processing 3:268 

Marine oils 
flavor compounds 1:404 1:406t 

Marionberry seed oil 3:236 
seed oil high in α-linolenic acid 3:235t 
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Market pigs 
source of rendered animal fats and oils 4:324t 

Mass rotation 5:479 

Mass spectrometry (MS) 
conjugated linoleic acid oils 3:26 

Matairesinol 2:288 

Matter organic nonglycerol (MONG) 6:192 6:212 

Mayonnaise 
canola oil 2:99 
composition 4:186 4:187t 
emulsifiers for 4:265 
manufacture 4:189 
packaging 5:260 
production as wastewater source 4:418 
safflower oil 2:513 
soybean oil 2:621 
wastewater load 4:420t 

Meadowfoam oil 1:239 1:253 
pour point 6:271t 

Meal desolventizer toaster 5:84 

Meal dryer cooler 5:89 

Meat fats 1:161 

Meat-fat shortenings 1:196t 

Meat meal 6:59t 6:61 
processing 6:68 
protein composition 6:76t 

Meat meal and tankage 6:61 

Meat snacks 
sales in U.S. 2003 4:288t 

Meat-vegetable fat shortenings 1:196t 

Mechanical expression, of oil 5:128 
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Mechanical extraction 5:9 5:71 
development of 5:57 

Mechanical pretreatment 5:102 

Medium-chain fatty acids 1:4 

Medium-chain triacylglycerols 
fat substitutes 3:511t 3:514 

Megalac 4:377t 
fatty acid profile 4:382t 

Mellorine 
as dairy emulsion 4:265 

Melon flavor 1:421t 

Melon oil 1:239 

Melon seed oil 3:242 3:244 
high in linoleic acid 3:243t 

Melting point 
and quality assurance of fats and oils 1:571 

Melting point/range 2:140 

Membrane degumming 5:437 

Membrane processing of fats and oils 5:433 
applications 5:442t 
module configurations 5:440t 

Memory 
choline supplementation effects 3:418 

Menhaden 
titer and iodine values of fat from 6:78t 

Menhaden meal 
protein composition 6:76t 

Menhaden oil 
for cat feed 4:357t 
crystal habit 4:49t 4:90t 
crystal habit of hydrogenated 2:202t 
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Menhaden oil (Continued) 
fatty acid composition 6:77t 
fatty acid composition for alkyd resins 6:328t 
fatty acid composition of feed 4:338t 
fatty acid composition of stearin and olein fractions 3:303t 
hydrogenated oil crystal structure 4:149t 
physical properties 4:91t 
for poultry feed 4:363t 
principal fatty acids 4:339t 
ω3-PUFA enrichment 3:602t 

p-Mentha-1,8-dien-10-ol 
change in Yuzu cold-pressed oil during storage 3:59t 

Metabolism 
conjugated linoleic acid oils 3:2 
γ-linolenic acid 3:80 
of lipids, structural effects 3:535 

Metal inactivators 1:442 
with shorteners 4:136 

Metallic flavor 1:421t 

Metals 
detergents for 6:172 
detersive systems 6:138t 

Metal soaps 6:134 

Methanol 
biodiesel international standards 6:226t 
biodiesel production using 6:237 
critical point 5:399t 
in glycerine production 6:194 

Methionine 
in rendering products 6:76t 
in tree nut proteins 3:189t 
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6-Methylcardol 6:285 

Methylcellulose 6:282 

4-Methyl-cholestane 1:542t 

Methyl cyclopentane 
in extraction grade hexanes 5:155t 

2-Methyl-4,5-dibutyloxazole 
in cocoa butter 1:399t 

2-Methyl-6,7-dihydro-5H-cyclopentapyrazine 
in cocoa butter 1:398t 

24-Methylenecycloartenol 
content in selected vegetable oils 2:196t 
in selected vegetable oils 3:324t 
structure, trivial, and IUPAC name 3:322t 

Methyl ester sulfonates 6:143 

2-Methyl-4-ethyl-5-butyloxazole 
in cocoa butter 1:399t 

2-Methyl-4-ethyl-5-propyloxazole 
in cocoa butter 1:399t 

Methyl linoleate 
solubility in supercritical fluids 5:407 

Methyl linolenate 
product distribution of autooxidized at 40°C 1:309t 
solubility of synthetic antioxidants in 1:456t 

3-Methyl-2,4-nonanedione 
in stored soybean oil 1:401t 

Methyl octanoate 
from isomerization of linoleic acid 1:313t 

Methyl oleate 
solubility in supercritical fluids 5:407 

Methyl oxononanoate 
from isomerization of linoleic acid 1:313t 
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Methyl palmitate 
solubility in supercritical fluids 5:407 

Methyl pentane 
in extraction grade hexanes 5:155t 

2-Methyl pentane 
in extraction grade hexanes 5:155t 

3-Methyl pentane 
in extraction grade hexanes 5:155t 

2-Methyl-3-pentylpyrazine 
in cocoa butter 1:398t 

Methylpyrazine 
in cocoa butter 1:398t 

Methyltrioxorhenium (MTO) catalyts 1:21 

2-Methyl-5-vinylpyrazine 
in cocoa butter 1:398t 

2-Methyl-6-vinylpyrazine 
in cocoa butter 1:398t 

Microbial lipid production systems 3:125 

Microbial oils 3:122 
commercial 3:130 
in current production 3:137 
future developments 3:147 

Microfiltration 5:437 5:438 

Microgel formation 6:331 

Microorganisms 
control in margarine processing plants 5:525 
oils from 3:121 

Microstructure 
fat crystal networks 1:135 

Microwave popcorn 
sales in U.S. 2003 4:288t 
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Mid oleic sunflower oil 2:682 2:707 2:711 

Miglyol 3:511t 3:516 

Mildewcides 6:311 

Milk 
ingredient cost in margarine 5:499t 
lipid composition in whole bovine 2:3t 
in margarines and spreads 4:58t 4:58 
positional and geometric isomers of bovine milk 

lipid fatty acids 2:6t 
separation 2:26 

Milkfat. See also Anhydrous milkfat 
crystal habit 4:49t 4:90t 
crystallization 2:12 2:27 
hydrogenation 2:12 
interesterification 2:14 
mechanical properties 1:122 
modification 2:12 3:568 
polymorphism 1:108 1:131 
specialty products 2:50 
storage and transportation 2:44 
supercritical fluid fractionation 5:415 

Milkfat globule cream 
thermal and structural behavior compared to 

anhydrous milkfat 1:110t 

Milkfat substitutes 3:568 

Milk phospholipids 3:363 

Milk replacer fat emulsion 3:421 

Milled bar soapmaking process 6:123 

Millet bran 
composition compared to other brans 2:472t 
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Milling 
wastewater load 4:420t 
wastewater source 4:418 

Mineral oil 
in bar soaps 6:129 
oxidative degradation tendency 6:273t 

Mineral oil scrubber 5:179 

Mink 
digestive system 4:347 

Minor components of fats and oils 3:319 

Miscella distillation systems 5:91 

Miscellas. See also Hexane; Oil extraction; Solvent 
recovery 

cottonseed oil 2:218 
flux rate in oil extraction 5:80 
and Freundlich adsorption isotherm 5:273 
and Langmuir adsorption isotherm 5:270 
membrane application 5:442t 
membrane processing 5:450 
stages in oil extraction 5:82 

Mixed-acid triacylglycerols 
defined 1:78 
polymorphism in 1:90 

Modification of fats and oils via chemical and 
enzymatic methods 3:555 

Modified food starch 3:529t 3:530 

Modified whey protein concentrate 
as fat substitute 3:531t 3:532 

Moellons 6:357 

Molds 5:525 
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Molecular weight distribution 
alkyd resins 6:331 

Moltkia aurea 
γ-linolenic acid rich 3:69t 

Moltkia coerules 
γ-linolenic acid rich 3:69t 

Molybdenum 
in safflower seed 2:507t 

Monene acids 1:215 

Monoacid triacylglycerols 
defined 1:78 
polymorphism 1:85 
polymorphism in 1:85 

Monoacylglycerol citrate 
regulations governing use 1:480t 

Monoacylglycerols 1:9 
biodiesel international standards 6:226t 
content in selected vegetable oils 3:38t 
content of fully hydrogenated oils 5:467t 
cosmetics applications 6:407t 
crystallization 1:46 1:47 
from DAG oil 3:38 
in deodorizer distillate 5:359t 
digestion end products 3:541 
emulsifiers 4:248 
intestinal handling 3:544 
melting points 5:362t 
in milkfat globule membrane 2:3t 
modification by chemical and enzymatic methods 3:556 
in olive oil 2:318 
quality assurance of fats and oils 1:568 
regulatory status as emulsifier 4:262t 
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Monoacylglycerols (Continued) 
in rice bran oil 3:220t 
structure effect on nutritional effects 3:549 
in wheat germ oil 3:201t 
in whole bovine milk 2:3t 

Monoalkyl phosphates 6:36 

Monodus subterraneus 
lipid content and fatty acid profile 3:127t 

Monogalactosyldiglyceride 
in corn and soy lecithins 3:367t 

Monoglyceride citrate 
regulatory status as emulsifier 4:262t 

Monoglyceride phosphate 
regulatory status as emulsifier 4:262t 

Monoglycerides, See Monoacylglycerols 

Monoisopropyl citrate 
regulations governing use 1:480t 

Monola 1:230 

Monoterpenes 1:534 

Monounsaturated fatty acids 1:243 1:517 
adverse effects 1:517 
novel from genetic engineering 3:166 
preferable to polyunsaturated fats 3:503 

Montmorillonite 5:287 
bleaching clay characteristics 5:280t 
Freundlich isotherm applicable 5:275 
properties of commercial 5:292t 
response to acid-activation 5:291t 

Montmorillonite/attapulgite blend 5:288 
bleaching clay characteristics 5:280t 
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Moringa oleifera seed oil 3:253 
fatty acid composition 3:253t 

Mortierella isabellina 
fatty acid profile 3:130t 
lipid content and fatty acid profile 3:126t 

Mortierella ramanniana 
fatty acid profile 3:130t 

Mowrah oil 1:239 

Mucor alpine-peyron 
lipid content and fatty acid profile 3:126t 

Mucor circinelloides 3:131 
fatty acid profile 3:130t 

Mucor hiemalis 
fatty acid profile 3:130t 

Muffins 4:214 

Multicomponent systems 
supercritical carbon dioxide 5:406 

Multizone fryers 4:293 

Murumuru 
proportion hulls/kernels and oil content of seed, 

kernels, and hulls 5:101t 

Muscle phospholipids 3:365 

Mustard oil 1:239 

Mustard seed 
proportion hulls/kernels and oil content of seed, 

kernels, and hulls 5:101t 

Musty flavor 1:421t 

Mutton fat 
positional distribution of fatty acids in 1:169t 

Mutton tallow 1:162 
fatty acid composition 1:163t 
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Mutton tallow (Continued) 
soap raw material 6:108 

α-Muurolene 
change in Yuzu cold-pressed oil during storage 3:59t 

d-Muurolene 
change in Yuzu cold-pressed oil during storage 3:59t 

Myrcene 
change in Yuzu cold-pressed oil during storage 3:59t 
odorant identified in peel oil of clementines 3:54t 
percentage in 5 different orange species 3:56t 

β-Myrcene 1:535 
in cold-pressed navel orange oil 3:55t 

Myristate 
in soybean oil 2:581t 

Myristic acid 
in butter 2:4t 
in coconut oil 6:3t 
composition in selected animal fats, greases, and 

vegetable oils 1:163t 
composition of common fats and oils 6:106t 
in cottonseed lecithin 3:369t 
in cottonseed oil 2:190t 2:191t 
in cottonseed oil basestock 2:228t 
in cottonseed salad oil stearin 2:224t 
in deoiled lecithins 4:340t 
formula 1:3t 
metabolic fatty acid 6:392t 
in oleic/linoleic classification vegetable oils 2:206t 
oleochemicals from 5:420 
olive oil allowed limits 2:321t 
in palm kernel oil 6:3t 
in paring (testa) oil 2:128t 
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Myristic acid (Continued) 
percentage in different orange species 3:57t 
range in coconut oil cross regional 2:138t 
in RBD cottonseed oil 2:207t 
in sesame oil 2:546t 
solubility in supercritical fluids 5:403 
stripping parameters for 5:346t 
in vegetable oils 1:221t 
in winterized cottonseed oil 2:221t 

Myristoleic acid 
composition in selected animal fats, greases, and 

vegetable oils 1:163t 
composition of common fats and oils 6:106t 

N 
Naked seed squash seed oil 3:252 

fatty acid composition 3:251t 

Nannochloropsis oculata 
lipid content and fatty acid profile 3:127t 

Nanofiltration 5:437 5:438 

Naphtha 
solvent for alkyd resins 6:340 

Naphthalene 
in deodorizer distillate 5:360t 

Narrow plastic range shortenings 4:144 

Natural antioxidants 1:20 1:456t 1:460 
regulatory status 1:503 

Natural fats 
crystallization 1:46 
polymorphism 1:78 1:108 
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Natural oils 
polymorphism 1:78 1:113 

Neem oil 1:240 

Neobee 3:511t 3:515 3:517t 

Neopentyl glycol 
in alkyd resins 6:325 6:326 

Neral 
in cold-pressed navel orange oil 3:55t 
percentage in 5 different orange species 3:56t 

Nerol 
change in Yuzu cold-pressed oil during storage 3:59t 

Nervonic acid 
composition in selected animal fats, greases, and 

vegetable oils 1:163t 

Neryl acetate 
in cold-pressed navel orange oil 3:55t 

Net weight filler 5:250 5:251 

Networks, fat crystal 1:121 

Neurosporene 
in palm oil 2:342t 

Neutralization 
fatty acids 6:116 
palm oil 2:376 
soybean oil 2:606 

Niacin 
in peanut oil 2:452t 
in rice bran and other cereal brans 2:472t 

Nickel 
trace metal required to reduce lard AOM by 50% 4:137t 

Nickel catalyst 
alternatives to 4:26 
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Nickel catalyst (Continued) 
by-products utilization 4:412 
for fatty acid hydrogenation 1:26 
hydrogenation processing technologies 5:385 
solid waste source 4:428 

Nigella oil 1:240 

Niger oil 1:240 

Nile tilapia 
essential fatty acid requirements 4:366t 

Nitrilotriacetic acid 6:149 
as builder 6:146 

Nitrogen 
membrane application for packaging production 5:442t 5:443t 

Nitrogen blanketing 5:208 

Nitroglycerine 6:192 

No. 2 fuel oil 
fuel energy content 6:94t 

No. 2 tallow 
grading standards for 4:325t 
specifications 6:81t 

N-oil 3:530 

(E,E)-Nona-2,4-dienal 
odorant identified in peel oil of clementines 3:54t 

(E,Z)-Nona-2,4-dienal 
odorant identified in peel oil of clementines 3:54t 

2,4-Nonadienal 
in Gulf menhaden oil 1:406t 
in stored soybean oil 1:401t 

2,6-Nonadienal 
in Gulf menhaden oil 1:406t 
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3,6-Nonadienal 
from autooxidation of unsaturated fatty acids 1:391t 

cis,cis-3,6-Nonadienal 
odorant in Irish sour cream butter 1:397t 

trans,cis-2,4-Nonadienal 
in stored soybean oil 1:401t 

trans,trans-2,4-Nonadienal 
odorant in Irish sour cream butter 1:397t 
in stored soybean oil 1:401t 

Nonanal 
from autooxidation of unsaturated fatty acids 1:391t 
odorant identified in peel oil of clementines 3:54t 
sensory characteristics 1:392t 
volatile compound in vegetable oils 1:395t 

n-Nonanal 
in cold-pressed navel orange oil 3:55t 
in Gulf menhaden oil 1:406t 
in lard 1:400t 

Nonatrienal 
in Gulf menhaden oil 1:406t 

Nondirected interesterification 1:188 

Nondrying alkyd resins 6:321 

Nonea macrosperma 
γ-linolenic acid rich 3:69t 

Nonedible tallow 1:181 

prices at randomly chosen times in period 2000-
2003 1:180t 

(E)-Non-2-enal 
odorant identified in peel oil of clementines 3:54t 

(Z)-Non-6-enal 
odorant identified in peel oil of clementines 3:54t 
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2-Nonenal 
sensory characteristics 1:392t 

3-Nonenal 
from autooxidation of unsaturated fatty acids 1:391t 

cis-2-Nonenal 
odorant in Irish sour cream butter 1:397t 
in stored soybean oil 1:401t 

cis-3-Nonenal 
in stored soybean oil 1:401t 

trans-2-Nonenal 
in Gulf menhaden oil 1:406t 
in lard 1:400t 
odorant in Irish sour cream butter 1:397t 
in stored soybean oil 1:401t 

Nonfat spread 4:37t 

Nonionic emulsifiers 3:470 

Nonionic surfactants 6:44 6:130 

Nonruminants 
digestion metabolism 4:343 4:346 
digestive system 4:347 
gossypol effect/no effect level 4:337t 

Norway pout oil 
principal fatty acids 4:339t 

Novel separation techniques for isolation and 
purification of fatty acids and oil by-products 3:585 

Novozyme 435 5:421 

Nuclear magnetic resonance (NMR) 
conjugated linoleic acid oils 3:27 

Nuclear magnetic resonance (NMR) spectroscopy 
for lipid oxidation measurement 1:375 
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Nucleation 1:47 1:57 
anhydrous milkfat 1:126 1:146 

NuSun 1:232 
fatty acid composition 1:221t 4:26t 
fatty acid composition of regular and modified salad 

oils 4:178t 

Nutmeg oil 1:240 

Nutriceuticals 6:393 
butter and milkfat 2:51 

Nutrition Facts label 3:508 

Nutrition Labeling and Education Act (NLEA) 3:508 

Nutty flavor 1:377t 1:421t 

Nylon 6 
barrier properties 5:245t 

O 
Oat bran 

composition compared to other brans 2:472t 

Oat oil 1:240 3:223 

Oats 
plant sterol source 1:523t 

Obtusiofoliol 
in selected vegetable oils 3:324t 
structure, trivial, and IUPAC name 3:322t 

Ocimene 
in cold-pressed navel orange oil 3:55t 

Octadecadienoic acid 4:345t 
See also Linoleic acid 
in butter 2:4t 

Octadeca-6cis-enoic acid 
fatty acid for transgenic plant production 3:167t 
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Octadeca-9cis,12,13-O-enoic acid 
fatty acid for transgenic plant production 3:167t 

Octadeca-9cis,12-OH-enoic acid 
fatty acid for transgenic plant production 3:167t 

Octadeca-9cis-enoic acid 
fatty acid for transgenic plant production 3:167t 

Octadecanoic acid, See Stearic acid 

Octadecatrienoic acid, See Linolenic acid 

Octadeca-6cis,9cis,12cis-trienoic acid 
fatty acid for transgenic plant production 3:167t 

Octadeca-9cis,11trans,13trans-trienoic acid 
fatty acid for transgenic plant production 3:167t 

Octadecenoic acid. See also Oleic acid 
in butter 2:4t 
melting point compared to other fatty acids 2:76t 

2,4-Octadienal 
in Gulf menhaden oil 1:406t 

cis-1,5-Octadien-3-hydroperoxide 
in stored soybean oils 1:401t 1:402t 

cis-1,5-Octadien-3-one 
in stored soybean oils 1:401t 1:402t 

(Z)-Octa-1,5-dien-3-one 
odorant identified in peel oil of clementines 3:54t 

γ-Octalactone 
in lard 1:400t 
odorant in Irish sour cream butter 1:397t 

Octanal 
from autooxidation of unsaturated fatty acids 1:391t 
odorant identified in peel oil of clementines 3:54t 
percentage in 5 different orange species 3:56t 
sensory characteristics 1:392t 
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Octanal (Continued) 
in stored soybean oil 1:401t 
volatile compound in vegetable oils 1:395t 

n-Octanal 
in cold-pressed navel orange oil 3:55t 
in Gulf menhaden oil 1:406t 
in lard 1:400t 

Octane 
volatile compound in vegetable oils 1:395t 

Octanoic acid, See Caprylic acid 

Octan-1-ol 

odorant identified in peel oil of clementines 3:54t 

n-Octanol 
in cold-pressed navel orange oil 3:55t 

Octenal 
volatile compound in vegetable oils 1:395t 

2-Octenal 
sensory characteristics 1:392t 

cis-2-Octenal 
in Gulf menhaden oil 1:406t 
in stored soybean oil 1:401t 

trans-2-Octenal 
in Gulf menhaden oil 1:406t 
in lard 1:400t 
in stored soybean oil 1:401t 

Octene 
volatile compound in vegetable oils 1:395t 

1-Octen-3-hydroperoxide 
in stored soybean oils 1:401t 1:402t 

1-Octen-3-ol 1:393 
in lard 1:400t 
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1-Octen-3-ol (Continued) 
volatile compound in vegetable oils 1:395t 

Oct-1-en-3-one 
odorant identified in peel oil of clementines 3:54t 

1-Octen-3-one 1:391 
odorant in Irish sour cream butter 1:397t 
in stored soybean oils 1:401t 1:402t 

Octyl gallate 1:440 
antioxidant commonly used in foods 1:459 
regulatory status 1:497 

Odor 
controls 4:425 
glycerine 6:211 

Odor stability 5:197 

Oenothera biennis 
γ-linolenic acid rich 3:69t 

Oenothera biennis linn oil 1:518 

Oenothera grandifolia 
γ-linolenic acid rich 3:69t 

Oil-based dressings 4:185 

Oil-based paints 
film drying process of 6:314 

Oil blending 
margarines and spreads 4:51 

Oil-containing foods 
sensory evaluation 1:426 

Oil extraction 5:57 
mechanical 5:71 
seed preparation 5:63 
solvent 5:75 

Oil-in-water spreads 2:32 
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Oil of Javanicus 3:132 

Oil palm 1:255 2:334 2:351 
by-products 2:368 

Oils. See also Vegetable oils 
adsorptive separation 5:267 
adverse effects of natural constituents of 1:530 
adverse products from overheated 1:543 
in bakery products 4:207 
characteristics 1:571 
classification by crystal habit 4:49t 4:90t 
composition 1:568 
crystallization 1:45 5:460 
deterioration 5:191 
extrusion processing of oilseed meals for food and 

feed production 5:533 
fatty acid composition of major commodity 1:4t 
fatty acids in commodity 1:3t 
in feedstuff and petfood 4:317 
flavor components 1:387 
from herbs, spices, and fruit seeds 3:233 
leather uses 6:353 
manufacturing hazards in processing 1:550 
mechanical expression 5:128 
membrane processing 5:433 
from microorganisms 3:121 
minor components in food 5:349t 
minor components of 3:319 
modification via chemical and enzymatic methods 3:555 
novel separation techniques for isolation and 

purification of 3:585 
oxidation and antioxidant mechanisms 1:434 
and paint-coating industry 6:307 
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Oils (Continued) 
plant sterol sources 1:523t 
polymorphism in 1:77 
quality assurance of 1:565 
quality parameters 1:568t 
recovery of from oilseeds and fatty materials 5:99 
saponification equivalent, saponification value, 

iodine value, and unsaponifiable matter of 
major commodity 1:10t 

sensory evaluation 1:423 
soap raw materials 6:105 
storage, handling and transport 5:191 
storage and handling of crude 5:200 
supercritical fluid extraction 5:408 
supercritical fluid fractionation 5:411 5:422 
supercritical technologies for further processing of 

edible 5:397 
textile uses 6:359 
  toxicity and safety 1:513 
toxic substances produced during smoking, 

charbroiling, and barbecuing 1:545 
trace constituents 5:297 
used in U.S. edible products, 2002-2003 4:128t 
volatile compounds in commercial 1:395 
world output 6:1 
worldwide production 1:180t 

Oilseed meals 
extrusion processing for food and feed production 5:533 

Oilseeds 
antioxidants from 1:467 
production 2:113 
recovery of oil from 5:99 
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Oilseeds (Continued) 
sales in U.S. 2003 4:288t 

Oils from herbs, spices, and fruit seeds 3:233 
rich in linoleic acid 3:241 
rich in γ-linolenic acid 3:239 
rich in α-linolenic acid 3:224 
rich in oleic acid 3:248 

Oils from microorganisms 3:121 

Oil spills 5:220 

Oils processing technology 5:1 

Oil stability index 1:370 

Oily-soil detergency 6:164 

Oiticica kernels 
oil yield from commercial processing 5:101t 

Oiticica oil 1:240 
fatty acid composition for alkyd resins 6:328t 
paints from 6:308 

Oleaginous species 3:123 

Olean 3:511t 

Oleate 
in soybean oil 2:581t 

Olefin metathesis 1:34 

Oleic acid 4:345t 
ball and stick model 1:6 
in coconut oil 6:3t 
composition in selected animal fats, greases, and 

vegetable oils 1:163t 
composition of common fats and oils 6:106t 
in corn and soy lecithins 3:368t 
in cottonseed lecithin 3:369t 
in cottonseed oil 2:190t 2:191t 
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Oleic acid (Continued) 
in cottonseed oil basestock 2:228t 
in cottonseed salad oil stearin 2:224t 
in deoiled lecithins 4:340t 
effect of hydrogenation on melting point 5:386t 
in evening primrose, black currant, and borage oils 3:80t 
in fats and oils used in alkyd resins 6:328t 
fatty acid for transgenic plant production 3:167t 
in fiber spinning finish 6:365 
formula 1:3t 
hydrogen abstraction rate constants (by t-BuO) 1:314t 
hydrogenation effect in soy and canola oils 4:25t 
melting point compared to other fatty acids 2:76t 
metabolic fatty acid 6:392t 
oils from herbs, spices, and fruit seeds rich in 3:248 
in oleic/linoleic classification vegetable oils 2:206t 
oleochemicals from 5:420 
in olive oil 2:317t 
olive oil allowed limits 2:321t 
oxidation rate 4:133 
in palm kernel oil 6:3t 
in paring (testa) oil 2:128t 
in peanut oil 2:450t 
percentage in different orange species 3:57t 
range in coconut oil cross regional 2:138t 
in RBD cottonseed oil 2:207t 
in regular and modified salad oils 4:178t 
relative oxidation reaction rate 5:194t 
in rice 2:467t 
in safflower oil 2:502t 2:509t 
scission products from room temperature oxidation 1:324t 
in sesame oil 2:546t 
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Oleic acid (Continued) 
solubility in supercritical fluids 5:402 5:404 
solubility in various solvents 3:598t 
in soy and egg lecithins 3:363t 
stripping parameters for 5:346t 
in vegetable oils 1:221t 
volatile aldehydes from autoxidation 1:391t 
in winterized cottonseed oil 2:221t 

Oleic acid oils 1:222 

Oleic oils 1:252 

Oleic safflower 2:502 
plantings and production in U.S. 2:521t 

Olein 3:586 

Oleins 1:245 

Oleochemicals 1:27 6:82 
enzymes in supercritical fluid extraction 5:420 
fatty acid methyl esters 6:13 
fatty acids 6:7 
fatty alcohols 6:21 
from palm oil 2:401 
production 6:84 

Oleochemistry 6:82 

Oleoresinous varnishes 6:310 6:318 

Oleostearine 6:89 

Olestra 1:532 3:511t 3:517t 
 3:518 

Oleyl alcohol 
oleochemicals production using 5:420 

Olive oil 1:222t 1:227 2:303 
analysis 2:320 
authentication 3:344t 
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Olive oil (Continued) 
by-products utilization 4:404 
composition 2:317 
consumption 1997-2004 2:398t 
consumption in U.S. as source oil for salad and 

cooking oils, 1960-2000 2:250t 
cosmetics applications 6:407t 
crystal habit 4:49t 4:90t 
crystal habit of hydrogenated 2:202t 
definitions 2:306 
disappearance and per capita consumption in U.S. 2:182t 
extraction 2:306 
fatty acid composition 1:4t 1:221t 6:401t 
fatty acid source 1:3t 
flavor compounds 1:404 
free and fatty acyl sterol esters 3:325t 
glyceride content 3:38t 
hydrogenated oil crystal structure 4:149t 
obtaining oil from fruit pulp 5:180 
oxidative stability versus other oils 2:204t 
phospholipids 3:372t 
physical properties 4:91t 
production and disappearance in U.S., 1990-2002 4:130t 
refining 2:314 
saponification equivalent, saponification value, 

iodine value, and unsaponifiable matter 1:10t 
sterol content 3:324t 5:355t 
tocopherol content 5:353t 
tocopherols/tocotrienols in 3:329t 
triacylglycerol composition 1:8t 
unsaponifiable fraction 3:320t 
volatile compounds in 1:395t 
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Olive oil (Continued) 
world production 1997-2004 2:307t 
world production 2001/2002 2:185t 
world production 1984, 1992, and 2000 2:421t 
world production 1995/1996 to date 2:144t 
worldwide production 1:180t 

Olive-pomace oil 2:309 2:323 

Olives 2:303 

Omega-3 fatty acid concentrates 
fish oils 3:303 
marine mammal oils 3:269 

Omega-3 fatty acids 
health benefits 5:397 
role in disease prevention and treatment 6:394 

Onagraceae seed oil 3:247 
fatty acid composition 3:247t 
γ-linolenic acid rich 3:69t 

Onion seed oil 3:247 
fatty acid composition 3:247t 

Onosma sericeum 
γ-linolenic acid rich 3:69t 

Onosmodium molle 
γ-linolenic acid rich 3:69t 

Onosmodium occidentale 
γ-linolenic acid rich 3:69t 

Open sesame 2:540 

Oral drug delivery 6:398 

Orange 3:49 

Orange peel oil 3:50 

Orange seed oil 
composition compared to other orange species 3:56t 3:57t 
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Orange seed oil (Continued) 
early use of 3:49 
fatty acid composition compared to other citrus seed 

oils 3:57t 
physical properties 3:51t 

Organic chocolate 4:171 

Organic surfaces 
detergents for 6:173 
detersive systems 6:139t 

Oryzanol 
in food fats and oils 5:349t 

γ-Oryzanol 1:469 1:531 

Ostwald ripening 3:485 

Oven storage test 1:451 

Overheated oil 1:421t 

Oxidation 5:192 
See also Antioxidants; Autooxidation; Lipid 

oxidation 
and antioxidant mechanism 1:434 
butter 2:25 
fatty acids 1:16 
in frying 4:9 
during long-term storage 5:220 
soybean oil 2:629 

Oxidative cleavage 
fatty acids 1:23 

Oxidative quality/stability tests 1:572 

Oxidative stability 
lubricant basestocks 6:261 6:266t 6:272 

Oxidized oil 1:377t 1:421t 

Oxidograph 1:360 
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Oxygen 
transport properties through packaging plastics 5:245t 

Oxygen scavengers 1:443 

Oxyl radical 
ease of abstraction with various double bond 

configurations 1:329t 

Ozone 
fatty acid oxidative cleavage 1:23 
for lipid oxidation initiation 1:286 

P 
Packages 5:244 

Packaging 5:231 
bulk operations 5:262 
butter 2:43 
canola oil 2:91 2:92 
design of systems 5:231 
edible oil operations 5:258 
flaxseed oil 2:290 2:291 
line efficiencies 5:257 
system components 5:244 

Packaging equipment 
for margarine production 5:488 

Packaging materials 
potential hazards of 1:549 

Paint-coating industry 6:307 

Paints 6:307 
alkyd resin blending 6:343 
alkyd resins 6:319 
detersive systems 6:139t 
economics 6:348 
film drying process of oil-based 6:314 
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Paints (Continued) 
lecithin applications 3:433 
oleoresinous varnishes 6:310 6:318 
safety issues 6:343 

Paints, varnishes, and related products 6:307 

Painty flavor 1:377t 1:421t 

Palladium 
as alternative hydrogenation catalyst 4:26 4:27 

Palletizers 5:255 5:260t 

Palm 
oil yield from commercial processing 5:101t 

Palm fatty acid distillate 
temperature recommendations for storage and 

handling 5:219t 

Palmioleate 
in soybean oil 2:581t 

Palmitate 
in soybean oil 2:581t 

Palmitic acid 
in butter 2:4t 
in coconut oil 6:3t 
composition in selected animal fats, greases, and 

vegetable oils 1:163t 
composition of common fats and oils 6:106t 
in corn and soy lecithins 3:368t 
cosolvent effect of ethanol with 5:406t 
in cottonseed lecithin 3:369t 
in cottonseed oil 2:190t 2:191t 
in cottonseed oil basestock 2:228t 
in cottonseed salad oil stearin 2:224t 
in deoiled lecithins 4:340t 
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Palmitic acid (Continued) 
formula 1:3t 
hydrogenation effect in soy and canola oils 4:25t 
melting point compared to other fatty acids 2:76t 
metabolic fatty acid 6:392t 
in oleic/linoleic classification vegetable oils 2:206t 
in olive oil 2:317t 
olive oil allowed limits 2:321t 
in palm kernel oil 6:3t 
in paring (testa) oil 2:128t 
in peanut oil 2:450t 
percentage in different orange species 3:57t 
range in coconut oil cross regional 2:138t 
in RBD cottonseed oil 2:207t 
in regular and modified salad oils 4:178t 
in rice 2:467t 
in safflower oil 2:502t 2:509t 
in sesame oil 2:546t 
solubility in supercritical fluids 5:403 
solubility in various solvents 3:598t 
in soy and egg lecithins 3:363t 
stripping parameters for 5:346t 
in vegetable oils 1:221t 
in winterized cottonseed oil 2:221t 

Palmitic acid oils 1:222 

Palmitoleic acid 4:345t 
composition in selected animal fats, greases, and 

vegetable oils 1:163t 
composition of common fats and oils 6:106t 
in cottonseed lecithin 3:369t 
in cottonseed oil 2:190t 2:191t 
in cottonseed oil basestock 2:228t 
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Palmitoleic acid (Continued) 
in cottonseed salad oil stearin 2:224t 
in deoiled lecithins 4:340t 
in fats and oils used in alkyd resins 6:328t 
metabolic fatty acid 6:392t 
in oleic/linoleic classification vegetable oils 2:206t 
in olive oil 2:317t 
olive oil allowed limits 2:321t 
percentage in different orange species 3:57t 
in RBD cottonseed oil 2:207t 
in sesame oil 2:546t 
in winterized cottonseed oil 2:221t 

1,3-Palmitoyl-2-oleoyl-sn-glycerol (POP) 1:96 1:96t 

Palm kernel meal 5:539 

Palm kernel oil 1:222 1:222t 1:229 
 2:352 

authentication 3:344t 
characteristics compared with butter fat 2:9t 
crystal habit 4:49t 4:90t 
crystal habit of hydrogenated 2:202t 
disappearance and per capita consumption in U.S. 2:182t 
extraction 2:356 
fatty acid composition 1:4t 1:221t 6:3t 

 6:106t 
fatty acid source 1:3t 
fractionation 1:246 
hydrogenated oil crystal structure 4:149t 
oleochemicals from 6:83 
oxidative stability versus other oils 2:204t 
PAH levels in 5:298t 
physical properties 4:91t 
polycyclic aromatic hydrocarbon (PAH) content 5:199t 
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Palm kernel oil (Continued) 
production and disappearance in U.S., 1990-2002 4:130t 
saponification equivalent, saponification value, 

iodine value, and unsaponifiable matter 1:10t 
soap raw material 6:108 
sterol content 3:324t 
supply and disappearance in U.S. 1991-2003 2:499t 
world production 2001/2002 2:185t 
world production 1984, 1992, and 2000 2:421t 
world production 1995/1996 to date 2:144t 
world protein meal production from 1995/1996 to 

date 2:144t 
worldwide production 1:180t 

Palm kernel olein 2:397 

Palm kernels 
mechanical pretreatment 5:105 
oil yield from commercial processing 5:101t 
proportion hulls/kernels and oil content of seed 

kernels, and hulls 5:101t 

Palm oil 1:222t 1:228 2:333 
biodiesel production from 6:237t 
by-products utilization 4:400 
composition 2:339 
cosmetics applications 6:407t 
cosolvent effect of ethanol with 5:406t 
crystal habit 4:49t 4:90t 
crystal habit of hydrogenated 2:202t 
crystallization 5:463 
deodorization 5:350t 
disappearance and per capita consumption in U.S. 2:182t 
extraction 2:356 
fatty acid composition 1:4t 1:221t 1:228t 
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Palm oil (Continued) 
fatty acid composition of feed 4:338t 
fatty acid composition of regular and modified salad 

oils 4:178t 
fatty acid source 1:3t 
fractionation 1:246 
free and fatty acyl sterol esters 3:325t 
fruit extraction 5:71 
as frying oil 4:20 
future prospects 2:417 
glyceride content 3:38t 
hydrogenated oil crystal structure 4:149t 
mono-, di-, and triglycerides content of fully 

hydrogenated 5:467t 
nutritional properties 2:411 
obtaining oil from fruit pulp 5:181 
oleochemicals from 6:83 
oxidative stability versus other oils 2:204t 
PAH levels in 5:298t 
physical properties 2:344t 2:344 4:91t 
polycyclic aromatic hydrocarbon (PAH) content 5:199t 
polymorphism 1:113 
potential developments 2:410 
for poultry feed 4:363t 
prices at randomly chosen times in period 2000-

2003 1:180t 
prices between 2000-2003 1:181t 
production 2:334t 2:334 2:351 
production and disappearance in U.S., 1990-2002 4:130t 
properties compared to diesel 2:111t 
recent developments 2:410 
refining 2:371 
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Palm oil (Continued) 
saponification equivalent, saponification value, 

iodine value, and unsaponifiable matter 1:10t 
soap raw material 6:108 
sterol content 3:324t 5:355t 
supply and disappearance in U.S. 1991-2003 2:499t 
temperature recommendations for storage and 

handling 5:219t 
test methods 2:348 
test methods and analysis 2:348 
tocol content in frying oils 4:16t 
tocopherol content 5:353t 
tocopherols/tocotrienols in 3:329t 
trade 2:335t 2:335 
typical analysis 4:326t 
typical levels of trace constituents 5:300t 
unsaponifiable fraction 3:320t 
usage in U.S. as shortening source, 1940-2000 2:266t 
used in U.S. edible products, 2002-2003 4:128t 
uses                     2:388 
world production 2001/2002 2:185t 
world production 1984, 1992, and 2000 2:421t 
world production 1995/1996 to date 2:144t 
worldwide production 1:180t 

Palm oil margarine 2:390 

Palm oil mill effluent 2:359 2:370 
treatment 2:383 

Palm oil mills 2:359 

Palm olein 
fatty acid composition 1:221t 1:228t 4:26t 
industrial frying oils and fats 4:15t 
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Palm olein (Continued) 
temperature recommendations for storage and 

handling 5:219t 

Palm shortening 
designer organic fat 4:172t 

Palm stearin 2:397 2:418 
fatty acid composition 1:221t 1:228t 
temperature recommendations for storage and 

handling 5:219t 

Palm Vitee 2:415 

Pancakes 
lecithin applications 3:409 

Pan release agents 
lecithin applications 3:411 

Pantothenic acid 
in peanut oil 2:452t 

Papaya seed oil 
phospholipids 3:372t 

Paper 
lecithin applications 3:429 
packaging material 5:245 

Paprika seed oil 3:245 
high in linoleic acid 3:243t 

Paracarvum caelestinum 
γ-linolenic acid rich 3:69t 

Par frying 4:302 

Parsley oil 1:240 

Partially hydrogenated canola oil 
industrial frying oils and fats 4:15t 

Partially hydrogenated soybean oil 
industrial frying oils and fats 4:15t 
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Partially hydrogenated sunflower oil 
industrial frying oils and fats 4:15t 

Particulate emissions 4:424 4:431 
controls 4:425 

Paselli SA2 3:530 

Passionfruit oil 1:240 

Peanut meal 5:539 
world production and utilization 1972-2002 2:442t 

Peanut oil 1:222t 1:228 1:229 
 2:431 

allergenicity 2:455 
authentication 3:344t 
biodiesel feedstock supply 2:529t 
by-products utilization 4:403 
characteristics 2:448t 
composition 2:447 
consumption in U.S. as source oil for salad and 

cooking oils, 1960-2000 2:250t 
crystal habit 4:49t 4:90t 
crystal habit of hydrogenated 2:202t 
disappearance and per capita consumption in U.S. 2:182t 
effect of feeding on fatty acid composition of 

bovine milkfat 2:9t 
extraction 2:437 2:441 
trans-fatty acid and dimeric triacylglycerols in 

commercial samples 5:352t 
fatty acid composition 1:4t 1:221t 6:401t 
fatty acid composition for alkyd resins 6:328t 
fatty acid composition for cooking and salad oils 4:185t 
fatty acid composition of feed 4:338t 
fatty acid composition of regular and modified salad 

oils 4:178t 
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Peanut oil (Continued) 
fatty acids in deoiled lecithin 4:340t 
hydrogenated oil crystal structure 4:149t 
modification of characteristics through breeding 2:445 
nutritional properties 2:454 
oxidative stability versus other oils 2:204t 
performance as cooking oil 2:253t 
phospholipids 3:372t 
physical properties 4:91t 
polar lipids in deoiled lecithin 4:340t 
production and disappearance in U.S., 1990-2002 4:130t 
saponification equivalent, saponification value, 

iodine value, and unsaponifiable matter 1:10t 
sterol content 3:324t 
supply and disappearance in U.S. 1991-2003 2:499t 
temperature recommendations for storage and 
handling 5:219t 
tocopherol content 5:353t 
tocopherols/tocotrienols in 3:329t 
unsaponifiable fraction 3:320t 
usage in U.S. as shortening source, 1940-2000 2:266t 
used in U.S. edible products, 2002-2003 4:128t 
uses 2:453 
volatile compounds after 8 days at 60°C 1:395t 
world production 2001/2002 2:185t 
world production 1984, 1992, and 2000 2:421t 
world production and utilization 1972-2002 2:438t 
world production 1995/1996 to date 2:144t 
world protein meal production from 1995/1996 to 

date 2:144t 
worldwide production 1:180t 
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Peanuts 2:431 
dry extrusion 5:535 
edible films from 6:371 
environmental and genotype effects on composition 2:445 
extrusion 5:567 
oil yield from commercial processing 5:101t 
proportion hulls/kernels and oil content of seed, 

kernels, and hulls 5:101t 
world production and utilization 1972-2002 2:432 2:433t 
world production 1995/1996 to date 2:144t 

Peas 
dry extrusion 5:535 

Pecan oil 3:182 
amino acid profile 3:189t 
fatty acid composition 3:182t 

Pectin 
as fat substitute 3:529t 3:530 

Pectocarva platycarpa 
γ-linolenic acid rich 3:69t 

Pellicularia practicolo 
lipid content and fatty acid profile 3:126t 

3,6,9,12-Pentadecatetraenal 
from autooxidation of unsaturated fatty acids 1:391t 

3,6,9-Pentadecatrienal 
from autooxidation of unsaturated fatty acids 1:391t 

Pentaerythritol 
in alkyd resins 6:325 

Pentanal 
sensory characteristics 1:392t 
volatile compound in vegetable oils 1:395t 
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n-Pentanal 
in Gulf menhaden oil 1:406t 

Pentane 
volatile compound in vegetable oils 1:395t 

n-Pentane 
in extraction grade hexanes 5:155t 

Pentanoic acid 
in stored soybean oil 1:401t 

Pentanol 
use in biodiesel production 6:237 
volatile compound in vegetable oils 1:395t 

Pentasodium tripolyphosphate 6:143 6:144 

Pentenal 
volatile compound in vegetable oils 1:395t 

cis-2-Pentenal 
in Gulf menhaden oil 1:406t 

Pentene 
volatile compound in vegetable oils 1:395t 

1-Penten-3-ol 
volatile compound in vegetable oils 1:395t 

1-Penten-3-one 
odorant in Irish sour cream butter 1:397t 

2-Pentylfuran 1:393 
in lard 1:400t 
volatile compound in vegetable oils 1:395t 

2-Pentylthiazole 
in cocoa butter 1:399t 

Perch 
essential fatty acid requirements 4:366t 

Percolation extractors 5:161 

Perforated belt extractors 5:166 
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Perillaldehyde 
in cold-pressed navel orange oil 3:55t 

Perilla oil 1:240 2:292 
composition and properties 2:293t 2:293 
paints from 6:308 

Perilla seed 2:293 
mechanical pretreatment 5:105 
oil yield from commercial processing 5:101t 
proportion hulls/kernels and oil content of seed, 

kernels, and hulls 5:101t 

Perillyl alcohol 
change in Yuzu cold-pressed oil during storage 3:59t 

Peroxides 5:193 
interaction with bleaching clays 5:285 
typical trace levels 5:300t 

Peroxide value 1:172 1:361 2:140 
and quality assurance of fats and oils 1:572 

Peroxisome proliferator-activated receptors 
(PPARs) 1:579 1:584 1:598 

Peroxyl radical 1:272 1:297 1:434 

Personal care items 
lecithin applications 3:431 

Pervaporation 5:437 

Pesticides 5:198 
contaminants in fats and oils 1:574 
in cottonseed oil 2:196 
deodorization 5:356 
in food fats and oils 5:349t 

Pet foods 4:355 
estimated use in domestic animal feeds 4:325t 
fats and oils 4:317 
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Petroleum 
properties compared to diesel 2:111t 

Petroselinic acid 
in vegetable oils 1:221t 

Petroselinic acid oils 1:252 

Phaeodactylum tricornutum 3:291t 
lipid content and fatty acid profile 3:127t 

Pharmaceutical and cosmetic use of lipids 6:391 

Pharmaceuticals 
lecithin applications 3:432 
use of lipids 6:391 

Phase inversion, emulsions 3:486 

α-Phellandrene 
in cold-pressed navel orange oil 3:55t 

Phenanthrene 
in deodorizer distillate 5:360t 

Phenolic acids 1:467 
antioxidant commonly used in foods 1:441t 

Phenolic compounds 3:333 

Phenoxy radical 1:439 

Phenyl acetic acid 
in selected tree nut oils 3:178t 

Phenylalanine 
in rendering products 6:76t 
in tree nut proteins 3:189t 

(3-N-Phenylamino)-1,2-propanediol (PAP) 1:551 

Phosphates 
acceptable daily intake (ADI) 1:509t 
secondary antioxidant 1:442t 

Phosphatidic acid 3:335 
in commercial lecithins 3:373t 
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Phosphatidic acid (Continued) 
in corn lecithins 3:367t 
in cottonseed lecithins 3:369t 
in deoiled lecithins 4:340t 
distribution in various milk fractions 3:366t 
in egg lecithins 3:363t 
normal soy oil, Alcon process, and membrane-

separated soybean oil 5:448t 
in soy lecithins 2:612t 3:363t 3:367t 
typical trace levels 5:300t 

Phosphatidyl choline 3:335 3:361 5:434 
See also Lecithins 
in bovine milk 2:11t 
in commercial lecithins 3:373t 
in corn lecithins 3:367t 
in cottonseed lecithin 3:369t 
in deoiled lecithins 4:340t 
distribution in egg yolk 3:364t 
distribution in various milk fractions 3:364t 
in egg lecithins 3:363t 
fatty acid composition 2:67t 
in fish oils 3:281 
normal soy oil, Alcon process, and membrane-

separated soybean oil 5:448t 
in rapeseed lecithin 3:370t 
in rice 2:467t 
in selected vegetable oils 3:372t 
in soybean oil 2:582t 
in soy lecithins 2:612t 3:363t 3:366t 

 3:367t 

Phosphatidyl ethanolamine 3:335 5:434 
in bovine milk 2:11t 
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Phosphatidyl ethanolamine (Continued) 
in commercial lecithins 3:373t 
in corn lecithins 3:367t 
in cottonseed lecithin 3:369t 
in deoiled lecithins 4:340t 
distribution in egg yolk 3:364t 
distribution in various milk fractions 3:364t 
in egg lecithins 3:363t 
fatty acid composition 2:67t 
normal soy oil, Alcon process, and membrane-

separated soybean oil 5:448t 
in rapeseed lecithin 3:370t 
in rice 2:467t 
in selected vegetable oils 3:372t 
in soybean oil 2:582t 
in soy lecithins 2:612t 3:363t 3:366t 

 3:367t 

Phosphatidyl glycerol 
in corn lecithins 3:367t 
in cottonseed lecithins 3:369t 
in soy lecithins 3:367t 

Phosphatidyl inositol 3:335 5:434 
in bovine milk 2:11t 
in commercial lecithins 3:373t 
in corn lecithins 3:367t 
in cottonseed lecithins 3:369t 
in deoiled lecithins 4:340t 
distribution in various milk fractions 3:364t 
in egg lecithins 3:363t 
fatty acid composition 2:67t 
normal soy oil, Alcon process, and membrane-

separated soybean oil 5:448t 
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Phosphatidyl inositol (Continued) 
in rapeseed lecithin 3:370t 
in selected vegetable oils 3:372t 
in soybean oil 2:582t 
in soy lecithins 2:612t 3:363t 3:366t 

 3:367t 

Phosphatidyl serine 3:335 5:434 
in bovine milk 2:11t 
in commercial lecithins 3:373t 
in corn lecithins 3:367t 
in cottonseed lecithin 3:369t 
in deoiled lecithins 4:340t 
distribution in egg yolk 3:364t 
distribution in various milk fractions 3:364t 
role in disease prevention and treatment 6:396 
in soy lecithins 2:612t 3:366t 3:367t 

Phospholipids 1:570 3:320 3:361 
 5:434 6:391 

in biodiesel production 6:235 
in bovine milk 2:11t 
in canola oil 2:67t 2:67 
in cottonseed oil 2:195 
in crude, degummed, superdegummed, and 

ultrafiltered soybean oil 5:447t 
crystallization 1:46 1:47 
defined 1:9 
in deoiled lecithins 4:340t 
fatty acid composition 2:67t 
glycerol ethers from bovine colostrum and milk 2:10t 
interaction with bleaching clays 5:285 
in maize oil 3:211t 
marine mammal oils 3:260 
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Phospholipids (Continued) 
from membrane processing of soybean and 

rapeseed oils 5:446t 
membrane separation 5:443 
in milkfat globule membrane 2:3t 
minor components of fats and oils 3:320 
normal soy oil, Alcon process, and membrane-

separated soybean oil 5:448t 
novel separation techniques 3:607 
in peanut oil 2:451 
in perilla, camelina, and chia oils 2:293t 
in rice bran oil 3:220t 
role in disease prevention and treatment 6:395 
sources 3:362 
structure effect on nutritional effects 3:549 
in vegetable oils 1:217 
in whole bovine milk 2:3t 

Phosphorus 
in rice bran and other cereal brans 2:472t 
in safflower meal 2:510t 
in safflower seed 2:507t 

Photooxidation 1:435 5:192 
fatty acids 1:17 

Phthalic anhydride 
in alkyd resins 6:321 6:323 

Physical refining 5:16 
canola oil 2:85 2:92 
coconut oil 2:135 
corn oil 2:154 
and deodorization 5:42 5:341 
olive oil 2:315 2:316 
palm oil 2:372 2:377 
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Physical refining (Continued) 
sunflower oil 2:698 

Physisorption 5:286 5:302 

Phytic acid 1:442 

Phytoene 
in palm oil 2:342t 

Phytoestrogens 1:533 

Phytofluene 
in palm oil 2:342t 

Phytoglycolipids 
in deoiled lecithins 4:340t 
distribution in various milk fractions 3:366t 
in soy lecithin 2:612t 

Phytosterines 

in soy lecithin 2:612t 

Phytosterols (plant sterols; sterols) 1:213 1:468 1:521 
 1:522 3:319 3:550 
 5:434 

in canola oil 2:69 2:70t 
chemistry 3:321 
classification 1:542t 
in corn oil 2:157t 2:158 
in cottonseed oil 2:196 2:197 
deodorization 5:355t 5:355 
in deodorizer distillate 5:359t 
in flaxseed and other major oils 2:285t 
in flaxseed oil 2:286 
in food fats and oils 5:349t 
health benefits 5:397 
novel separation techniques 3:611 
in palm oil 2:343t 
in peanut oil 2:453 2:453t 
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Phytosterols (plant sterols; sterols) (Continued) 
and quality assurance of fats and oils 1:570 
in rice bran oil 3:221t 
in sesame oil 2:547t 2:547 
sources in oils and cereals 1:523t 
typical trace levels 5:300t 
use in cosmetics 6:401 
use in pharmaceuticals 6:395 
in vegetable oils 1:217 
in wheat germ oil 3:202t 

Pie crust 4:219 
physical properties 4:216t 

Pig fats 1:161 

Piglet feed 
lecithin applications 3:423 

Pigments 5:434 
See also β-Carotene 
in bar soaps 6:128 
in canola oil 2:70 2:71t 
ingredient cost in margarine 5:499t 
in low-fat spreads 5:513t 
membrane separation 5:443 
in paint 6:310 
typical trace levels 5:300t 

Pigment volume concentration 6:312 

Pigs 
by-products utilization for feed 4:395 
digestive system 4:347 
estimated use in domestic animal feeds 4:325t 
feed energy requirements 4:361 4:364 
source of rendered animal fats and oils 4:324t 
soybean extrusion for feed 5:542 
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Pigs (Continued) 
titer and iodine values of fat from 6:78t 

Pilchard oil 
principal fatty acids 4:339t 

Pilot whale 3:261t 

Pine flavor 1:421t 

α-Pinene 
change in Yuzu cold-pressed oil during storage 3:59t 
in cold-pressed navel orange oil 3:55t 
odorant identified in peel oil of clementines 3:54t 
percentage in 5 different orange species 3:56t 

β-Pinene 
change in Yuzu cold-pressed oil during storage 3:59t 
in cold-pressed navel orange oil 3:55t 
percentage in 5 different orange species 3:56t 

Pine nut oil 3:186 
amino acid profile 3:189t 
fatty acid composition 3:187t 
phenolic acids in 3:178t 

Pinoresinol 2:552 3:334 

Pinoresinol glucosides 2:554 

Pistachio oil 1:241 3:185 
amino acid profile 3:189t 
cosolvent effect of ethanol with 5:406t 
fatty acid composition 3:185t 

Plant germ 3:195 

Plant lipids 1:165 

Plant sterols, See Phytosterols 

Plasma lipids 
γ-linolenic acid effects 3:85 
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Plasmalogens 
in bovine milk 2:11t 
distribution in various milk fractions 3:364t 

Plasticizers 
in edible films 6:374 

Plastics 6:279 
lecithin applications 3:437 
potential hazards of packaging materials 1:549 
production from vegetable oils 6:279 

Plastochromanol-8 
in flaxseed and other major oils 2:285t 

Platelets 
γ-linolenic acid effects 3:85 

Platinum 
as alternative hydrogenation catalyst 4:26 4:27 

Polarized microscopy 
fractal dimension of fat crystal networks 1:142 

Polar lipids 1:570 

Polenske value 2:139 

Polishing filtration 
storage and handling during 5:205t 

Pollutants 
contaminants in fats and oils 1:574 

Polyacrylonitrile membranes 5:445 

Polyamide membranes 5:450t 5:451t 

Poly(є-caprolactone) (PCL) 6:280 

Polycarbonate 
barrier properties 5:245t 

Polycarboxylic acid esters/ethers 3:523 

Polychlorinated biphenyls (PCBs) 1:515 5:199 
adverse health effects 1:550 
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Polychlorinated biphenyls (PCBs) (Continued) 
deodorization 5:356 5:357 
in fats and oils 1:574 
in food fats and oils 5:349t 

Polycyclic aromatic hydrocarbons (PAHs) 1:514 5:199 
bioaccumulation 5:298 
deodorization 5:356 5:357 
deodorizer distillate 5:360t 
in food fats and oils 5:349t 
levels in selected crude oils 5:298t 
from smoking, charbroiling, and barbecuing 1:545 
in vegetable oils 1:218 

Polydextrose 3:529t 3:530 

Polyene acids 1:215 

Polyesters 
production from renewable resources 6:286 

Polyethylene 6:279 
barrier properties 5:245t 
packaging material 5:245 

Polyethylene terephthalate 
barrier properties 5:245t 
semi-interpenetrating polymer network production 

from 6:302 

Polyglycerol esters 3:511t 3:524 4:253 
emulsifiers used in shortenings 4:135t 
regulatory status as emulsifier 4:262t 

Polyhydric emulsifiers 4:253 

Polyhydroxyamides 6:144 

Polyimide membranes 5:451t 

Polylactic acid 6:284 

Polylactide 6:280 
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Polymers 6:279 
exploitation of functional groups of triacylglycerols 6:289 
naturally functionalized triacylglycerol oil in 

interpenetrating polymer networks 6:299 
production from vegetable oils 6:279 
and quality assurance of fats and oils 1:573 
from renewable resources 6:280 

Poly(β-methyl-δ-valerolactone) 6:280 

Polymorphism (genetic) 1:585 

Polymorphism in fats and oils 1:77 5:460 
canola oil 2:76 
and crystallization 1:48 
fat crystal networks (anhydrous milkfat) 1:131 
fat mixtures 1:100 
mixed-acid triacylglycerols 1:90 
monoacid triacylglycerols 1:85 
natural fats 1:108 
palm oil 2:379 
triacylglycerols (TAGs) 1:78 

Polyoxyethylene monoglyceride 4:249 
regulatory status as emulsifier 4:262t 

Polyphosphates 1:442 

Polypropylene 6:279 
barrier properties 5:245t 
packaging material 5:245 

Polysorbate 60 4:251 
emulsifier used in shortenings 4:135t 
hydrophilic-lipophilic balance 4:238t 
regulatory status as emulsifier 4:262t 

Polysorbate 65 4:251 
hydrophilic-lipophilic balance 4:238t 
regulatory status as emulsifier 4:262t 
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Polysorbate 80 
hydrophilic-lipophilic balance 4:238t 
regulatory status as emulsifier 4:262t 

Polystyrene 6:280 
barrier properties 5:245t 
packaging material 5:245 

Polyunsaturated fatty acids 1:243 1:244 4:344 
adverse effects 1:518 
altered content through mutagenesis 3:162 
biochemistry 1:582 
effect of source type on cholesterol and LDL in 

normal plasma 2:95t 
essential fatty acids used for production 1:578 
hydrogen abstraction rate constants (by t-BuO) 1:314t 
and microbial oils 3:124 
new components from genetic engineering 3:165 
in summer and winter milkfat 2:12t 

ω3 Polyunsaturated fatty acids 3:272 3:280 

n-3 Polyunsaturated fatty acids (n-3 PUFAs) 1:518 1:578 1:579 
biochemistry 1:582 
food fortification with 1:581 
mode of action against atherosclerosis 1:592 
mode of action against chronic disease 1:587 

n-6 Polyunsaturated fatty acids (n-6 PUFAs) 1:518 1:577 
mode of action against atherosclerosis 1:593 

Polyurethanes 
production from renewable resources 6:286 

Poly(vinyl chloride) 6:280 
barrier properties 5:245t 
packaging material 5:245 

Poly(vinyl dichloride) 
barrier properties 5:245t 
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Polyvinylfluoride membranes 5:450t 

Polyvinylidene difluoride membranes 5:452 

Pomace oil 2:307 
extraction 2:314 
refining 2:316 

Pomegranate seed oil 3:255 
fatty acid composition 3:254t 

Poppy oil 1:241 
linoleic and linolenic acid content 3:9t 

Poppyseed 
oil yield from commercial processing 5:101t 

Pork fat 
fatty acid composition of feed 4:338t 
influence of diet on fatty acid composition 1:166t 
positional distribution of fatty acids in 1:169t 

Pork rinds 
sales in U.S. 2003 4:288t 

Porphyridium cruentum 
lipid content and fatty acid profile 3:127t 

Porphyrins 
lipid oxidation initiation 1:289 

Postprandial effects 3:545 

Potassium phosphates 6:145 

Potassium sorbate 
ingredient cost in margarine 5:499t 
in low-fat spreads 5:513t 
in margarine and spread formulations 4:58t 
in reduced-fat spreads 5:515t 

Potato chips 
sales in U.S. 2003 4:288t 
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Poultry 3:504 
by-products utilization for feed 4:395 
digestive system 4:347 
feed energy requirements 4:364 
frying coated 4:301 
soybean extrusion for feed 5:541 
titer and iodine values of fat from 6:78t 

Poultry byproduct meal 6:61 
processing 6:68 
protein composition 6:76t 

Poultry fat 1:161 1:178 
for cat feed 4:357t 
fatty acid composition 1:163t 6:77t 
fatty acid composition of feed 4:338t 
fuel energy content 6:94t 
positional distribution of fatty acids in 1:169t 
for poultry feed 4:363t 
specifications of commercial grades 1:177t 

Poultry feed 
lecithin applications 3:426 

Poultry grease 6:86 

Pourable dressings 4:191 

Pourable shortenings 4:26 4:87 

Pour point depressants 6:270 6:271t 

Powdered activated carbon 5:293 5:295t 

Powdered shortenings 4:146 

Premeasured volume filler 5:248 

Premenstrual syndrome (PMS) 
and γ-linolenic acid 3:106 

Premier Jus 1:174 
Codex Alimentarius standards 1:175t 1:176t 
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Preparation 5:5 

Pre-press extraction 5:73 

Prepressing 5:141 

Preservatives. See also Antioxidants 
ingredient cost in margarine 5:499t 
in low-fat spreads 5:513t 
in margarines and spreads 4:58t 4:60 
in pourable dressings 4:195 

Press bleaching effect 5:273 5:274 5:329 

Pressure fryers 4:274 
safety 4:277 

Pretzels 

sales in U.S. 2003 4:288t 

Primary antioxidants 1:436 

Prime pigments 6:310 

Primer on oils processing technology 5:1 

Primers 6:313 

Prime steam lard 1:183 

Prime tallow 
grading standards for 4:325t 
specifications 6:81t 
specifications of commercial grades 1:177t 

Printing 
lecithin applications 3:429 

Prions 1:197 

Processing technology, primer on oil 5:1 

Prokaryota 
lipid content and fatty acid profile 3:127t 

Proline 
in tree nut proteins 3:189t 
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Propagation 
lipid oxidation 1:270 1:304 

Propanal 
from autooxidation of unsaturated fatty acids 1:391t 
volatile compound in vegetable oils 1:395t 

Propane 
critical point 5:399t 
volatile compound in vegetable oils 1:395t 

n-Propanol 
use in biodiesel production 6:237 

Propenal 
volatile compound in vegetable oils 1:395t 

Propylene 
critical point 5:399t 
polymerization 6:279 

Propylene glycol 
in alkyd resins 6:326 
solubility of synthetic antioxidants in 1:456t 

Propylene glycol monoesters 4:249 
emulsifiers used in shortenings 4:135t 
regulatory status as emulsifier 4:262t 

Propylene glycol monostearate 
hydrophilic-lipophilic balance 4:238t 

Propyl gallate 1:20 1:440 
acceptable daily intake (ADI) 1:509t 
antioxidant commonly used in foods 1:441t 1:459 
effect on oxidation of soybean oil 1:458t 
effect on shortening stability 4:136t 
maximum level permitted 1:501t 
physical properties 1:456t 
properties, applications, and regulations 1:500t 
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Propyl gallate (Continued) 
regulations governing use 1:481t 
regulatory status 1:497 
use in salad and cooking oils 4:183 
use in soybean oil 2:633 
use in sunflower oil 2:705 

Prostanoids 1:582 

Prostate cancer 
 γ-linolenic acid effects 3:90 

Protective coatings 6:309 

Protein-based fat mimetics 3:530 

Protein films 6:373 

Protein meal 6:60 
processing 6:66 
world production 1995/1996 to date 2:144t 

Proteins 
effect of extrusion on soybean 5:544 
interaction with emulsifiers 4:259 
in margarines and spreads 4:58t 4:58 
rendering products 6:75 6:76t 
in sesame oil 2:548t 
in soybeans 2:578t 
in vegetable oils 5:434 

Proto-catechuric acid 
in selected tree nut oils 3:178t 

Pro-vitamins 1:506 

PUFAs, See Polyunsaturated fatty acids 

Puffing agents 
for paints 6:311 

Puff pastry 4:211 
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Puff pastry butter 
margarine processing plants 5:522 5:523t 

Puff pastry margarine 
margarine processing plants 5:519 
physical properties 4:216t 

Pumpkin seed oil 3:250 
fatty acid composition 3:251t 
linoleic and linolenic acid content 3:9t 

Purslane oil 1:241 

Pyrene 
in deodorizer distillate 5:360t 

Q 
Quality assurance of fats and oils 1:565 

Quality control 
butter 2:21 
canola seed, oil, and meal 2:81 2:91 
cooking and salad oils 4:180 
fish oils 3:296 
frying oils 4:17 
γ-linolenic acid oil 3:79 
margarine processing plants 5:523 
olive oil 2:326 
palm oil 2:380 
safflower meal 2:525 
safflower oil 2:524 
safflower seed 2:522 
shortenings 4:114 4:152 

Quality standards 
frying oils 4:19 4:20t 
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R 
Rabbit 

for cat feed 4:357t 

Rainbow trout 
essential fatty acid requirements 4:366t 
gossypol effect/no effect level 4:337t 

Rancid flavor 1:421t 

Rancidity 5:525 

Rancid oil 1:377t 

Rancimat 3:338 

Random chemical interesterification 3:565 

Rapeseed 2:62 
dry extrusion 5:535 
extrusion 5:567 
mechanical pretreatment 5:105 
oil yield from commercial processing 5:101t 
proportion hulls/kernels and oil content of seed, 

kernels, and hulls 5:101t 
world production 1995/1996 to date 2:144t 

Rapeseed lecithin 3:373t 

Rapeseed meal 5:539 

Rapeseed oil 1:229 
See also High erucic acid rapeseed oil (HEAR); 

Low erucic rapeseed oil (LEAR) 
authentication 3:345t 
basestock for lubricants 6:261t 
biodiesel feedstock supply 2:529t 
by-products utilization 4:394 
for cat feed 4:358t 
constituents 2:63t 
deodorization 5:350t 
deodorizer distillate composition 3:611t 
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Rapeseed oil (Continued) 
trans-fatty acid and dimeric triacylglycerols in 

commercial samples 5:352t 
fatty acid composition 1:4t 1:163t 
fatty acid composition for alkyd resins 6:328t 
fatty acid composition of regular and modified salad 

oils 4:178t 
fatty acids in deoiled lecithin 4:340t 
fatty acid source 1:3t 
free and fatty acyl sterol esters 3:325t 
in fully refined soft oils and hard fats 5:350t 
genetically modified 1:257 
genetically modified types 4:132t 
glyceride content 3:38t 
hydrogenated oil crystal structure 4:149t 
influence of diet on fatty acid composition of pork 

and beef fat 1:166t 
lubricity of esters 6:249 
membrane processing 5:446t 5:448t 
miscella flux rate of cake 5:81t 
modified by conventional seed breeding 1:254 
mono-, di-, and triglycerides content of fully 

hydrogenated 5:467t 
PAH levels in 5:298t 
phospholipids 3:372t 
physical properties 4:91t 
plant sterol source 1:523t 
polar lipids in deoiled lecithin 4:340t 
polycyclic aromatic hydrocarbon (PAH) content 5:199t 
saponification equivalent, saponification value, 

iodine value, and unsaponifiable matter 1:10t 
sterol content 3:324t 5:355t 
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Rapeseed oil (Continued) 
temperature recommendations for storage and 

handling 5:219t 
tocopherol content 5:353t 
tocopherols/tocotrienols in 3:329t 
unsaponifiable fraction 3:320t 
used in U.S. edible products, 2002-2003 4:128t 
world production 1984, 1992, and 2000 2:421t 
world production 1995/1996 to date 2:144t 
world protein meal production from 1995/1996 to 

date 2:144t 
worldwide production 1:180t 

Raspberry oil 3:234 3:235t 3:236 

Raw oil 1:421t 

Reactive nitrogen species 1:492 

Reactive oxygen species 1:491 

Ready to eat popcorn 
sales in U.S. 2003 4:288t 

Recaser 5:260t 

Recovered cooking oil 1:178t 

Recovery of oils and fats from oilseeds and fatty 
materials 5:99 

extractors 5:160 
heat pretreatment 5:109 
mechanical expression of oil 5:128 
mechanical pretreatment 5:102 
oil from fruit pulps 5:180 
solvent extraction 5:142 
solvent recovery 5:172 

Rectangular loop extractors 5:169 

Redfish oil 
fatty acid composition of feed 4:338t 
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Red meat 3:504 

Red pepper seed oil 3:246 
fatty acid composition 3:247t 

Red raspberry seed oil 3:234 3:236 
seed oil high in α-linolenic acid 3:235t 

Red sea bream 
essential fatty acid requirements 4:366t 

Reduced-calorie dressings 4:196 

Reduced-calorie structured lipid fat substitutes 3:510 

Reduced cholesterol products 2:23 

Reduced-fat baked goods 
lecithin applications 3:410 

Reduced-fat cheese/dairy products 3:506t 

Reduced-fat chips/snack foods 3:506t 

Reduced-fat margarine 3:506t 

Reduced-fat salad dressings/sauces/mayonnaise 3:506t 

Reducing agents 1:443 

Reducol 1:526 

Reduction 
fatty acids 1:25 

Reduction potential 1:439t 

Refined and bleached color 1:172 

Refined olive oil 2:309 2:324 

Refined olive-pomace oil 2:309 
quality parameters 2:327 

Refining 5:434 
by-product utilization 4:405 
caustic 5:20 
corn oil 2:152 
cottonseed oil 2:216 
and deodorization 5:341 
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Refining (Continued) 
flaxseed oil 2:291 
glycerine 6:120 6:204 6:214 
major impurities removed 5:299 
olive oil 2:314 
palm oil 2:371 2:371 
physical 5:16 5:42 
rendered products 6:73 6:85 
rice bran oil 2:478 
safflower oil 2:513 
sesame oil 2:560 
storage and handling during 5:205t 
wastewater sources 4:418 4:421 

Reflex Extractor 5:63 

Refractive index 2:140 
and quality assurance of fats and oils 1:571 

Refrigerants 5:498 

Refrigerated dressings 4:200 

Refrigeration systems 
for margarine production 5:496 
for scraped-surface heat exchanger 5:483 

Reichert-Meisel value 2:139 

Rendered pork fat 1:161 1:174 
Codex Alimentarius standards 1:175t 1:176t 

Rendered tallow 1:178t 

Rendering 1:182 5:102 5:110 
 6:57 

byproducts 6:60 
environmental issues 6:98 
product composition 6:75 
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Renewable fuels 6:223 
See also Biodiesel 

Resins 
production from renewable resources 6:285 

Restaurant fryers 
filtration and treatment of oil 4:284 
oil quality measurement 4:279 
operation improvement 4:278 
safety 4:277 
testing devices 4:280 
types 4:270 

Restaurant grease 
source of rendered animal fats and oils 4:324t 

Resting tubes, for margarine production 5:486 

Retinal 3:342 

Retinol 3:342 

Reverse osmosis 5:437 

Reverted oil 1:377t 1:421t 

Rheumatoid arthritis 
and γ-linolenic acid 3:96 

Rhizopus arrhizus 
lipid content and fatty acid profile 3:126t 

Rhodosporidium toruloides 
lipid content and fatty acid profile 3:126t 

Rhodotorula glutinis 
lipid content and fatty acid profile 3:126t 

Ribes alpinum 
γ-linolenic acid rich 3:69t 

Ribes nigrum 
γ-linolenic acid rich 3:69t 
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Ribes rubrum 
γ-linolenic acid rich 3:69t 

Ribes uva-crispa 
γ-linolenic acid rich 3:69t 

Riboflavin 
in rice bran and other cereal brans 2:472t 

Rice bran 2:465 
enzymes in 2:473 
oil yield from commercial processing 5:101t 
plant sterol source 1:523t 
stabilization 2:475 

Rice bran oil 1:230 1:531 2:465 
 3:215 3:215 

authentication 3:345t 
for cat feed 4:357t 
composition 2:466 2:482 2:483t 
crystal habit of hydrogenated 2:202t 
extraction 2:477 
fatty acid composition 1:221t 
fatty acids in deoiled lecithin 4:340t 
hydrogenation 2:481 
membrane processing 5:447t 
nutritional properties 2:483 
phospholipids 3:372t 
polar lipids in deoiled lecithin 4:340t 
production 2:486 2:487t 3:222 
refining 2:478 
soap raw material 6:108 
sterol content 5:355t 
tocopherols/tocotrienols in 3:329t 
unsaponifiable fraction 3:320t 
uses                       2:485 
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Rice milling 2:470 

Rice oil 2:465 

Ricinoleic acid 1:531 6:293 
dehydration 3:16 
in vegetable oils 1:221t 

Ricolenic acid 1:4 

Ringed seal 
fatty acid composition of blubber 3:263t 

Roasting 
sesame seeds 2:557 

Robotic palletizers 5:256 

Rolls 
fats and oils in 4:208 

Roll-up 6:154 

Room odor, sensory evaluation 1:426 

Rose fruit seed oil 3:245 

Rosemarinic acid 1:469 

Rose seed oil 
high in linoleic acid 3:243t 

Rotary extractors 5:163 

Rotocel extractor 5:62 

Roundup Ready cottons 2:189 

Rubber seed oil 1:531 
biodiesel production from 6:234 

Rubbery flavor 1:421t 

Rumen inert fat products 4:377t 

Rumen-mediated fatty acid modification 1:165 

Rumen-protected fats 4:376 

Ruminants 
digestion metabolism 4:343 4:348 
digestive system 4:347 
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Ruminants (Continued) 
gossypol effect/no effect level 4:337t 
soybean extrusion for feed 5:543 

Ruthenium oxide 
fatty acid oxidative cleavage catalysis 1:24 

Rye 
plant sterol source 1:523t 

Rye bran 
composition compared to other brans 2:472t 

S 
Sabinene 

change in Yuzu cold-pressed oil during storage 3:59t 
in cold-pressed navel orange oil 3:55t 

Safety 
detergents 6:176t 6:176 6:178t 
fat substitutes 3:509 
γ-linolenic acid oils 3:109 
paints 6:343 
restaurant fryers 4:277 
soaps 6:133 

Safflower 2:491 
proportion hulls/kernels and oil content of seed, 

kernels, and hulls 5:101t 

Safflower hull 2:507t 

Safflower kernel 2:507t 

Safflower meal 
economics 2:521 
properties 2:510t 2:510 2:511t 
quality assessment 2:525 
storage and transportation 2:527 
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Safflower oil 1:222t 1:230 2:491 
basestock for lubricants 6:260 6:261t 6:266t 

 6:268t 6:269t 
by-products utilization 4:398 
for cat feed 4:357t 
cold storage stability 6:275t 
consumption in U.S. as source oil for salad and 

cooking oils, 1960-2000 2:250t 
crystal habit 4:49t 4:90t 
crystal habit of hydrogenated 2:202t 
disappearance and per capita consumption in U.S. 2:182t 
economics 2:519 2:521t 
effect on cholesterol and LDL in normal plasma 2:95t 
extraction 2:511 
fatty acid composition 1:221t 
fatty acid composition for alkyd resins 6:328t 
fatty acid composition of feed 4:338t 
fatty acid composition of regular and modified salad 

oils 4:178t 
glyceride content 3:38t 
high-oleic 1:255 
hydrogenated oil crystal structure 4:149t 
linoleic and linolenic acid content 3:9t 
oxidative stability versus other oils 2:204t 
physical properties 4:91t 
polymer production from 6:294 
production 2:492 2:504t 
production and disappearance in U.S., 1990-2002 4:130t 
properties 2:507 2:509t 
quality assessment 2:524 
refining 2:513 



I:243 
Index terms Links 

 This page has been reformatted by Knovel to provide easier navigation.  

Safflower oil (Continued) 
response of diluents and additives on lubricant 

basestock 6:275t 
sterol content 3:324t 
storage and transportation 2:526 
supply and disappearance in U.S. 1991-2003 2:499t 
temperature recommendations for storage and 

handling 5:219t 
tocopherols/tocotrienols in 3:329t 
usage in U.S. as margarine and spread source 2:268t 
used in U.S. edible products, 2002-2003 4:128t 
uses               2:527 
volatile compounds after 8 days at 60°C 1:395t 

Safflower oil margarine 2:513 

Safflower seed 2:493 2:497 
economics 2:514 
extrusion 5:567 
oil yield from commercial processing 5:101t 
properties 2:505t 2:505 
quality assessment 2:522 
storage and transportation 2:525 

Safflower yellow pigment 2:528 

Saffola 1:230 2:513 

Salad dressings 
canola oil 2:99 
emulsifiers for 4:265 
production as wastewater source 4:418 
soybean oil 2:621 
wastewater load 4:420t 

Salad oils 3:504 4:175 4:176 
additives 4:183 
canola oil 2:99 
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Salad oils (Continued) 
corn oil 2:167 
cottonseed oil 2:242 2:250 
defined 2:249 
nutrition-oriented 4:184 
quality evaluation 4:180 
soybean oil 2:616 
stability 4:178 
used in U.S. edible products, 2002-2003 4:128t 

Salatrim (BENEFAT) 1:532 3:511t 3:512 
 3:517t 

Sal fat oil 1:241 

Salmon 
essential fatty acid requirements 4:366t 

Salmon oil 
fatty acid composition of feed 4:338t 

Salt 
as builder 6:147 
ingredient cost in margarine 5:499t 
in low-fat spreads 5:513t 
in margarine and spread formulations 4:58t 
in pourable dressings 4:193 
in reduced-fat spreads 5:515t 

Samin 2:552 

Sand eel oil 
principal fatty acids 4:339t 

Sanding sealer 6:313 

Sandwich cookie filler 
physical properties 4:216t 

Sandy margarines 5:461 
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Saponification 
direct 6:113 
glycerine production 6:191 6:194 6:203 

Saponification equivalent 
selected oils 1:10t 

Saponification value 1:9 1:173 
selected oils 1:10t 

Saran 
packaging material 5:245 

Sardine oil 
flavor compounds 1:404 

Saturated fats 3:503 
eat items high in sparingly 3:504 
and heart disease 2:639 

Saturated fatty acids 
adverse effects 1:243 1:515 
in animal fats 1:165 
de novo synthesis 1:214 
in summer and winter milkfat 2:12t 

Saturated mixed acid triacylglycerols 
polymorphism 1:90 

Saturated monoacid triacylglycerols 
polymorphism 1:85 

Saturated-unsaturated mixed acid triacylglycerols 
polymorphism 1:94 

Saxifragaceae 
γ-linolenic acid rich 3:69t 

Schizochytrium sp. 
lipid content and fatty acid profile 3:127t 

Schneckens 5:176 

Scouring 6:366 
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Scraped-surface heat exchanger 
hot extrusion soapmaking process 6:126 
for margarine production 5:470 

Scrapie 1:197 

Screw press extraction 5:59 

Scrophularia marilandica 
γ-linolenic acid rich 3:69t 

Sea buckthorn seed oil 1:241 3:237 

Sea Gold 3:144 

Seal blubber oil 3:259 
fatty acid composition 3:263t 3:264t 3:265t 

 3:266t 3:267t 
lipid content of selected tissues 3:260t 
ω3-PUFA enrichment 3:602t 
PUFA fractionation 3:599t 

Sealers 6:313 

Sebacic acid 
in alkyd resins 6:323 

Secoisolariciresinol diglycoside (SDG) 1:468 2:288 

Secondary antioxidants 1:437 1:441 

Secondary nucleation 1:58 
fat crystal networks (anhydrous milkfat) 1:126 1:127 

Seed cleaning 5:63 5:102 

Seed drying 5:64 

Seeding 1:70 

Seed preparation 
for oil extraction 5:63 
for recovery of fats and oils from oilseeds and fatty 

materials 5:100 

Seed processing 
by-product utilization 4:391 
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Seed processing (Continued) 
wastewater sources 4:418 

Seeds, See Oilseeds 

Seed size reduction 5:65 5:106 

Segmented single-screw extruders 5:538 
soybean processing 5:550 

Selective hydrogenation 5:387 

Self-emulsifying drug delivery systems 6:399 

Semicontinuous deodorization 5:376 

Semi-dwarf sunflower 2:684 

Semifine virgin olive oil 2:309 
quality parameters 2:326 

Semigloss paints 6:312 

Semi-interpenetrating polymer networks 6:302 

Sensory evaluation 1:413 
fried foods 1:426 
frying oils 1:426 
lipid oxidation measurement 1:376 
oil-containing foods 1:426 
oils                   1:423 

Sensory evaluation test facility 1:416 

Sepiolite 
Freundlich isotherm applicable 5:275 

Sequestering agents 1:442 

Serine 
in rendering products 6:76t 
in tree nut proteins 3:189t 

Sesame 2:537 

Sesame lignans 2:549 2:566 

Sesame oil 1:222t 1:231 2:537 
adulteration quality assurance 1:574 
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Sesame oil (Continued) 
authentication 3:345t 
by-products utilization 4:404 
composition 2:545 
crystal habit 4:49t 4:90t 
crystal habit of hydrogenated 2:202t 
effect of seed roasting time on odorants 1:407t 
extraction 2:559 
fatty acid composition 1:4t 1:221t 
fatty acid source 1:3t 
flavor compounds 1:407t 1:407 
hydrogenated oil crystal structure 4:149t 
nutritional properties 2:564 
physical properties 4:91t 
processing 2:555 
refining 2:560 
saponification equivalent, saponification value, 

iodine value, and unsaponifiable matter 1:10t 
sterol content 3:324t 
tocopherols/tocotrienols in 3:329t 
unsaponifiable fraction 3:320t 
world production 2:544 
world production 1984, 1992, and 2000 2:421t 

Sesame oil lignans 3:333 3:343 

Sesame seed 2:537 
composition 2:544 
mechanical pretreatment 5:105 
oil yield from commercial processing 5:101t 
world production 2:541 2:542t 

Sesamin 1:468 2:550t 2:551 
 3:333 3:343 
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Sesaminol 1:468 2:550t 2:551 
 3:333 

Sesaminol glucosides 2:554 

Sesamol 1:468 2:550t 2:551 
 3:333 

Sesamolin 1:468 2:550t 2:551 
 3:333 

Sesamolinol 2:550t 2:551 

Sesamolinol glucosides 2:554 

Sesquiphell-andrene 
change in Yuzu cold-pressed oil during storage 3:59t 

Shampooing 
detersive systems 6:139t 

Shea butter oil 1:241 3:339 
cosmetics applications 6:407t 
sterol content 3:324t 

Sheep 
titer and iodine values of fat from 6:78t 

Sheep fats 1:161 1:162 
See also Mutton tallow 

Shelf storage test 1:450 

Short-chain fatty acids 1:4 

Shortening chips 4:145 4:155 

Shortening flakes 4:145 
crystallization 4:155 

Shortenings 3:504 3:567 4:207 
 5:48 

animal fat-based 1:195 1:196t 
automated production 4:117 
base stock system 4:137 
characteristics 4:83 
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Shortenings (Continued) 
characteristics of meat-fat and meat-vegetable fat 1:196t 
cottonseed oil 2:243 2:256 
crystallization 4:89 4:102 4:147 
hydrogenated canola oil 2:88t 
hydrogenation 4:92 
interesterification 4:93 
lecithin applications 3:406 
liquid 4:86 4:143 
liquid opaque 4:153 
manufacture 4:94 
narrow plastic range 4:144 
packaging 5:260 
packaging and storage 4:116 
packing of institutional 5:213 
palm oil 2:388 
physical properties 4:133 
plastic theory 4:88 
production systems 4:106 
quality control 4:114 4:152 
science and technology 4:83 
source oils 4:127 4:128t 
soybean oil 2:626 
specifications for bakery 4:219 
storage effect on properties 5:215 
types and formulations 4:89 4:125 
U.S. supply and utilization, 1986-2000 4:85t 
wide plastic range 4:140 

Shortenings: science and technology 4:83 

Shortenings: types and formulations 4:125 

Short-life creams 2:50 
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Shrimp 
gossypol effect/no effect level 4:337t 

Signal transduction 
role of fats in 1:583 

Silica 
in rice bran and other cereal brans 2:472t 

Silicates 
as builders 6:145 

Silicone alkyds 6:345 

Silicone resins 
blending with alkyd resins 6:344 

Simplesse 3:531t 3:531 

α-Sinensal 
in cold-pressed navel orange oil 3:55t 
odorant identified in peel oil of clementines 3:54t 

β-Sinensal 
in cold-pressed navel orange oil 3:55t 
odorant identified in peel oil of clementines 3:54t 

Single cell oils 3:123 
See also Microbial oils 

Single cell proteins 3:123 

Single nucleotide polymorphism (SNP) 1:585 

Single-screw extruder 5:538 

Sisal fiber 6:282 

β-Sitostanol 
in corn oil 2:160 
in olive oil 2:321t 

β-Sitosterol 1:473 1:524 
Codex Alimentarius standard level 2:453t 
in corn germ and fiber oils 2:159t 2:160 
in deodorizer distillate 5:359t 
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β-Sitosterol (Continued) 
in flaxseed and other major oils 2:285t 
in olive oil 2:321t 
in palm oil 2:343t 
in perilla, camelina, and chia oils 2:293t 
in selected fats and oils 5:355t 
in selected vegetable oils 2:70t 2:196t 3:324t 

 3:325t 
in sesame oil 2:547t 
solubility in supercritical fluids 5:404 
in soybean oil 2:579t 
structure, trivial, and IUPAC name 3:322t 
in sunflower oil 2:670t 

Size reduction 5:106 

Skatole 
odorant in Irish sour cream butter 1:397t 

Skim milk 3:506t 

Skin conditions 
and γ-linolenic acid 3:99 

Sliding-bed extractors 5:168 

Sliding-plate extractors 5:163 

Slotted-wall expander 5:567 

Slotted-wall extrusion 5:125 

Sludge disposal 4:430 

Slurry rendering 5:112 

Small deformation rheology 
anhydrous milkfat 1:148 
fractal dimension of fat crystal networks 1:137 

Small deformation rheometry 1:148 

Small intestine fat digestion 3:539 

Smear 6:113 
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Smoke point 
and quality assurance of fats and oils 1:571 

Smokey flavor 1:421t 

Smoking 
toxic substances produced by 1:545 

Snack food production 4:269 

Snack nuts 
sales in U.S. 2003 4:288t 

Soaps 2:386 3:614 6:103 
See also Surfactants 
analysis 6:132 
bar manufacturing 6:121 
detergents and detergency 6:137 
direct saponification 6:113 
economics 6:132 
fatty acid neutralization 6:116 
formulation 6:126 6:132t 
glycerine production 6:191 
glycerol recovery 6:119 
health and safety aspects 6:133 
interaction with bleaching clays 5:285 
raw materials and their processing 6:105 
and rendering 6:57 
solid-phase properties 6:111 
solution-phase properties 6:108 
typical trace levels 5:300t 

Soapstock 
novel separation techniques 3:613 
for poultry feed 4:362t 4:363t 
refining by-products utilization 4:409 

Soap-water system 
binary 6:108 
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Soap-water system (Continued) 
ternary 6:110 

Sodium ascorbate 1:505 

Sodium benzoate 
in margarine and spread formulations 4:58t 

Sodium carbonate 
as builder 6:145 

Sodium carboxymethylcellulose 6:147 6:151 

Sodium caseinate 
in reduced-fat spreads 5:515t 

Sodium erythorbate 
secondary antioxidant 1:442t 

Sodium hydroxide 
as builder 6:147 
in glycerine production 6:191 
in low-fat spreads 5:513t 

Sodium lauryl sulfate 4:252 
regulatory status as emulsifier 4:262t 

Sodium palmitate 6:109 
crystallization 6:111 
ternary phase diagram 6:110 

Sodium stearoyl fumarate 4:252 
emulsifier used in shortenings 4:135t 
regulatory status as emulsifier 4:262t 

Sodium stearoyl lactylate 4:252 
emulsifier used in shortenings 4:135t 
hydrophilic-lipophilic balance 4:238t 
regulatory status as emulsifier 4:262t 

Sodium sulfate 
as builder 6:147 
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Softening 
leather 6:354 
textiles 6:367 

Soft margarine 4:37t 
manufacture 4:67 

Soft stick spread 
typical solid fat indices 4:47t 

Soft tub margarine 
packaging equipment 5:492 

Soft tub spread 
typical solid fat indices 4:47t 

Soils 6:141 

Solid fat content 2:141 
fat crystal networks (anhydrous milkfat) 1:127 

Solid margarine 
packaging equipment 5:490 

Solid-soil detergency 6:157 

Solid-solution mixtures 1:82 

Solid wastes 
controls 4:428 
current issues 4:430 
sources 4:427 

Sols                  4:231t 

Solvent extraction 5:11 5:75 
development of 5:60 
oils and fats from oilseeds and fatty materials 5:142 

Solvent extractors 5:75 5:100 

Solvent recovery 
membrane application 5:442t 5:443t 
oils and fats from oilseeds and fatty materials 5:172 

Solvent recovery system 5:93 
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Solvents 
air emissions 4:424 
critical points of selected 5:399t 
for paints 6:311 

Sorbestrin 3:511t 3:517t 3:521 

Sorbic acid 
in low-fat spreads 5:513t 

Sorbitan monostearate 4:251 
emulsifier used in shortenings 4:135t 
hydrophilic-lipophilic balance 4:238t 
regulatory status as emulsifier 4:262t 

Sorghum bran 
composition compared to other brans 2:472t 

Sotolone 
odorant identified in peel oil of clementines 3:54t 

Sour flavor 1:421t 

Sows and boars, cull 
source of rendered animal fats and oils 4:324t 

Soybean meal 5:539 

Soybean oil 1:222t 1:231 2:577 
aroma extract analysis of stored 1:401t 
authentication 3:345t 
basestock for lubricants 6:260 6:261t 6:266t 

 6:268t 
base stock for shortenings 4:139 
biodiesel feedstock supply 2:529t 
biodiesel production from 6:233 
bleaching clays response to acid-activation 5:291t 
in blends with butter fat 2:46 
by-products utilization 4:391 
for cat feed 4:358t 
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Soybean oil (Continued) 
characteristics compared with butter fat 2:9t 
color reversion 5:225 
composition 2:288t 2:579t 2:579 
constituents 2:63t 
consumption in U.S. as source oil for salad and 

cooking oils, 1960-2000 2:250t 
consumption in U.S. margarine manufacture, 1980-

2002 4:46t 
crystal habit 4:49t 4:90t 
crystal habit of hydrogenated 2:202t 
deodorization 5:350t 
deodorizer distillate composition 3:611t 
disappearance and per capita consumption in U.S. 2:182t 
effect of antioxidants 1:458t 
effect of hydrogenation 4:25t 
effect on cholesterol and LDL in normal plasma 2:95t 
extraction 2:591 
extraction rate 5:149 
extrusion-expelling 5:554 5:556t 5:557t 
trans-fatty acid and dimeric triacylglycerols in 

commercial samples 5:352t 
fatty acid composition 1:4t 1:163t 1:221t 

 6:106t 6:401t 
fatty acid composition for alkyd resins 6:328t 
fatty acid composition for cooking and salad oils 4:185t 
fatty acid composition of control and 
genetically-modified 3:158t 
fatty acid composition of feed 4:338t 
fatty acid composition of regular and modified salad 

oils 4:178t 
fatty acids in deoiled lecithin 4:340t 
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Soybean oil (Continued) 
fatty acid source 1:3t 
flavor compounds 1:400 1:401t 1:402t 
genetically modified 1:257 
genetically modified types 4:132t 
glyceride content 3:38t 
high-activity bleaching clays for 5:317 
high stearic acid for margarine oils 5:393 
hydrogenated oil crystal structure 4:149t 
hydrogenation 2:608 
hydrogenation for salad oil 5:385 5:386 
hydroperoxides and epoxides in stored 1:402t 
industrial frying oils and fats 4:15t 
influence of diet on fatty acid composition of pork 

and beef fat 1:166t 
ingredient cost in margarine 5:499t 
linoleic and linolenic acid content 3:9t 
membrane processing 5:445 5:446t 5:447t 

 5:448t 5:454t 
miscella flux rates of flakes and extrudate 5:81t 
mono-, di-, and triglycerides content of fully 
hydrogenated 5:467t 
nutritional properties 2:638 
oxidation 2:629 
oxidative degradation tendency 6:273t 
oxidative stability versus other oils 2:204t 
PAH levels in 5:298t 
performance as cooking oil 2:253t 
physical properties 2:584 4:91t 
polar lipids in deoiled lecithin 4:340t 
polycyclic aromatic hydrocarbon (PAH) content 5:199t 
polymer production from 6:288 6:292 6:294 



I:259 
Index terms Links 

 This page has been reformatted by Knovel to provide easier navigation.  

Soybean oil (Continued) 
for poultry feed 4:363t 
pour point 6:271t 
prices at randomly chosen times in period 2000-

2003 1:180t 
prices between 2000-2003 1:181t 
production and disappearance in U.S., 1990-2002 4:130t 
properties compared to diesel 2:111t 
proportion of major sterols in 2:70t 
saponification equivalent, saponification value, 

iodine value, and unsaponifiable matter 1:10t 
soap raw material 6:108 
sterol content 2:196t 3:324t 5:355t 
storage and handling 2:637 
supply and disappearance in U.S. 1991-2003 2:499t 
temperature recommendations for storage and 

handling 5:219t 
tocol content in frying oils 4:16t 
tocopherol content 2:195t 5:353t 
tocopherols/tocotrienols in 3:329t 
transgenic 3:162 
triacylglycerol composition 1:8t 
typical levels of trace constituents 5:300t 
unsaponifiable fraction 3:320t 
usage in U.S. as margarine and spread source 2:268t 
usage in U.S. as shortening source, 1940-2000 2:266t 
used in U.S. edible products, 2002-2003 4:128t 
uses                              2:614 
volatile compounds after 8 days at 60°C 1:395t 
world production 2001/2002 2:185t 
world production 1984, 1992, and 2000 2:421t 
world production 1995/1996 to date 2:144t 
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Soybean oil (Continued) 
world protein meal production from 1995/1996 to 

date 2:144t 
worldwide production 1:180t 

Soybean oil margarine 2:622 

Soybeans 2:577 
cellular structure 5:76 
composition 2:578 
edible films from 6:371 6:378t 
extrusion 5:535 5:539 
extrusion before extraction 5:564 
extrusion conversion into full-fat soy 5:546 
extrusion effects 5:543 
extrusion-expelling 5:554 5:556t 5:557t 
fatty acid profile 4:382t 
grading 2:589 
mechanical pretreatment 5:104 5:108 
oil recovery from 2:591 
oil yield from commercial processing 5:101t 
proportion hulls/kernels and oil content of seed, 

kernels, and hulls 5:101t 
world production 1995/1996 to date 2:144t 

Soybean salad oil 
by hydrogenation 5:385 5:386 

Soy lecithin 2:612 3:363t 3:366 
commercial 3:373t 3:373 
in margarine and spread formulations 4:58t 

Soy protein 2:603 

Soy protein edible films 6:374 6:378t 
color 6:384t 
thickness and mechanical properties 6:381t 
water vapor barrier properties 6:387t 
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Sparging 5:212 

Spathulenol 
change in Yuzu cold-pressed oil during storage 3:59t 

Special tallow 
grading standards for 4:325t 
specifications 6:81t 
specifications of commercial grades 1:177t 

Specialty shortenings 4:87 

Specialty soaps 6:130 

Specialty vegetable oils 1:232 

Specific heat 5:467 

Spent lye 6:119 6:192 6:195 

Spermaceti wax 6:21 

Sperm whale 3:261t 

Sphingolipids 1:570 

Sphingomyelin 
in bovine milk 2:11t 
in commercial lecithins 3:373t 
distribution in egg yolk 3:364t 
distribution in various milk fractions 3:364t 
in soy and egg lecithins 3:363t 
in soy lecithin 2:612t 

Sphingosine 6:391 

Spices 
oils from 3:233 
in pourable dressings 4:194 

Spirulina maxima 
lipid content and fatty acid profile 3:127t 

Spirulina platensis 
lipid content and fatty acid profile 3:127t 
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Spoonable dressings 4:185 
See also Mayonnaise 

Sprat oil 
principal fatty acids 4:339t 

Spray-dried whey 
in margarine and spread formulations 4:58t 

Spreadable stick margarine 4:37t 

Spreads 2:271 3:566 4:33 
See also Margarines 
balanced 4:70 
corn oil 2:167 
low-calorie 4:68 
low-fat spread production 5:512 5:513t 5:514 
oil blending 4:51 
oil-in-water 2:32 
processing 4:63 
shelf-life 4:71 
source oils 4:45 
sources 2:268t 
worldwide production 2:54t 

Squalene 3:338 
chemistry 3:330 
cosolvent effect of ethanol with 5:406t 
in deodorizer distillate 5:359t 
in food fats and oils 5:349t 
in marine mammal oils 3:309 
in milkfat globule membrane 2:3t 
solubility in supercritical fluids 5:403 

Squash oil 
linoleic and linolenic acid content 3:9t 

Stability test 2:140 
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Stabilizers 
in low-fat spreads 5:513t 
in pourable dressings 4:194 

Stale flavor 1:421t 

Stanol esters 3:550 

Starch 6:280 
interaction with emulsifiers 4:256 

Steam refining 5:347 
canola oil 2:85 
corn oil 2:154 
and deodorization 5:342 5:366 

Steam rendering 5:111 

Steam stripping 
coconut oil 2:135 

Stearate 
in soybean oil 2:581t 

Stearic acid 
ball and stick model 1:6 
in butter 2:4t 
in coconut oil 6:3t 
composition in selected animal fats, greases, and 

vegetable oils 1:163t 
composition of common fats and oils 6:106t 
in corn and soy lecithins 3:368t 
cosolvent effect of ethanol with 5:406t 
in cottonseed lecithin 3:369t 
in cottonseed oil 2:190t 2:191t 
in cottonseed oil basestock 2:228t 
in cottonseed salad oil stearin 2:224t 
in deoiled lecithins 4:340t 
effect of hydrogenation on melting point 5:386t 
flavor threshold 4:170 
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Stearic acid (Continued) 
formula 1:3t 
hydrogenation effect in soy and canola oils 4:25t 
melting point compared to other fatty acids 2:76t 
metabolic fatty acid 6:392t 
in oleic/linoleic classification vegetable oils 2:206t 
oleochemicals from 5:420 
in olive oil 2:317t 
olive oil allowed limits 2:321t 
in palm kernel oil 6:3t 
in paring (testa) oil 2:128t 
in peanut oil 2:450t 
percentage in different orange species 3:57t 
range in coconut oil cross regional 2:138t 
in RBD cottonseed oil 2:207t 
in regular and modified salad oils 4:178t 
in safflower oil 2:502t 2:509t 
in sesame oil 2:546t 
solubility in supercritical fluids 5:403 5:404 
solubility in various solvents 3:598t 
in soy and egg lecithins 3:363t 
stripping parameters for 5:346t 
in vegetable oils 1:221t 
in winterized cottonseed oil 2:221t 

Stearidonic acid 
essential fatty acid 1:578 1:579 
in evening primrose, black currant, and borage oils 3:80t 
microbial commercial production 3:146 

Stearin 1:245 3:586 

Stearoyl lactylate 
emulsifier used in shortenings 4:135t 
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Stearoyl lactylic acid 
regulatory status as emulsifier 4:262t 

Stearyl monoglyceride citrate 
regulatory status as emulsifier 4:262t 

Stearyl tartrate 
regulatory status as emulsifier 4:262t 

Steers 
source of rendered animal fats and oils 4:324t 

Stellar 3:530 

Sterculic acid 
in cottonseed oil 2:193 

Stereospecifc effects on absorption, metabolism, and 
health effects of lipids 3:535 

Sterol esters 
in whole bovine milk 2:3t 

Sterol regulatory element binding protein 2 6:403 

Sterols, See Phytosterols 

Stick margarine 4:47t 
packaging equipment 5:490 

Stick spread 
typical solid fat indices 4:47t 

∆5,23-Stigmastadienol 
in olive oil 2:321t 

∆5,24-Stigmastadienol 
in olive oil 2:321t 

Stigmastanol 
in corn oil 2:160 

Stigmastenol 
structure, trivial, and IUPAC name 3:322t 

∆7-Stigmastenol 
Codex Alimentarius standard level 2:453t 
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∆7-Stigmastenol (Continued) 
in olive oil 2:321t 
in selected vegetable oils 3:324t 

Stigmasterol 1:524 
Codex Alimentarius standard level 2:453t 
in corn germ and fiber oils 2:159t 2:160 
cosolvent effect of ethanol with 5:406t 
in deodorizer distillate 5:359t 
in flaxseed and other major oils 2:285t 
in olive oil 2:321t 
in palm oil 2:343t 
in perilla, camelina, and chia oils 2:293t 
in selected fats and oils 5:355t 
in selected vegetable oils 2:70t 2:196t 3:324t 

 3:325t 
in sesame oil 2:547t 
solubility in supercritical fluids 5:404 
in soybean oil 2:579t 
structure, trivial, and IUPAC name 3:322t 
in sunflower oil 2:670t 

∆7-Stigmasterol 
in corn germ and fiber oils 2:159t 2:160 
in selected vegetable oils 2:70t 2:196t 
in sesame oil 2:547t 
in soybean oil 2:579t 
in sunflower oil 2:670t 

Stigmasteryl ferulate 1:473 

Stillingia oil 1:235 

Storage 5:2 5:200 
cold storage stability of lubricant basestocks 6:275t 
crude fats and oils 5:200 
deodorized oil 5:362 
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Storage (Continued) 
effect on shortening properties 5:215 
of finished margarine 5:510 
finished oil 5:204 5:205t 
glycerine 6:211 
industrial use sector 5:210 
nitrogen blanketing 5:208 
oxidation during long-term 5:220 
quality deterioration during 5:201 

Storage, handling and transport of oils and fats 5:191 

Storage equipment 
bulk                   5:211 
crude fats and oils 5:202 

Storage tanks 
crude fats and oils 5:202 
finished products 5:207 

Stretch wrappers 5:256 5:260t 

Striped bass 
essential fatty acid requirements 4:366t 

Striped jack 
essential fatty acid requirements 4:366t 

Stripping 5:345 

Structural effects on absorption, metabolism, and 
health effects of lipids 3:535 

Structured lipid fat substitutes 3:510 

Structured lipids 1:191 3:579 6:395 

Structured triacylglycerols 1:532 

Sturmer apple seed oil 
fatty acid composition 3:246t 

Styrene 
polymerization 6:279 
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Succinic acid 
secondary antioxidant 1:442t 

Succinylated monoglycerides 
emulsifiers used in shortenings 4:135t 
hydrophilic-lipophilic balance 4:238t 

Succinyl monoglyceride 
regulatory status as emulsifier 4:262t 

Succinyl monostearate 4:249 

Sucrose distearate 
hydrophilic-lipophilic balance 4:238t 

Sucrose esters 4:254 
emulsifiers used in shortenings 4:135t 
regulatory status as emulsifier 4:262t 

Sucrose glycerides 
regulatory status as emulsifier 4:262t 

Sucrose monostearate 
hydrophilic-lipophilic balance 4:238t 

Sucrose polyesters 3:550 

Sulfated alcohol ethoxylates 
rat oral LD50 6:176t 

Sulfation 
fatty acids 1:29 

Sulfites 
acceptable daily intake (ADI) 1:509t 
secondary antioxidant 1:442t 

Sulfolipids 
minor components of fats and oils 3:320 

α-Sulfonates 1:29 

Sulfur flavor 1:421t 

Sunflower 2:655 

Sunflower hulls 2:723 
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Sunflower lecithin 2:720 3:373t 

Sunflower meal 2:721 

Sunflower oil 1:222t 1:231 2:655 
authentication 3:345t 
basestock for lubricants 6:260 6:261t 6:266t 

 6:268t 6:269t 
biodiesel feedstock supply 2:529t 
biodiesel production from 6:233 
by-products utilization 4:396 
for cat feed 4:358t 
composition 2:288t 2:664 
composition compared to other oils 2:64t 
consumption in U.S. as source oil for salad and 

cooking oils, 1960-2000 2:250t 
crystal habit 4:49t 4:90t 
crystal habit of hydrogenated 2:202t 
crystallization 5:465 5:467t 
deodorization 5:350t 
deodorizer distillate composition 3:611t 
disappearance and per capita consumption in U.S. 2:182t 
effect on cholesterol and LDL in normal plasma 2:95t 
extraction 2:685 2:719 
extrusion-expelling 5:557t 
trans-fatty acid and dimeric triacylglycerols in 

commercial samples 5:352t 
fatty acid composition 1:4t 1:221t 4:26t 
fatty acid composition for alkyd resins 6:328t 
fatty acid composition of feed 4:338t 
fatty acid composition of regular and modified salad 

oils 4:178t 
fatty acids in deoiled lecithin 4:340t 
fatty acid source 1:3t 
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Sunflower oil (Continued) 
genetically modified 1:257 
genetically modified types 4:132t 
high-oleic 1:255 
hydrogenated oil crystal structure 4:149t 
hydrogenation 2:700 
industrial frying oils and fats 4:15t 
influence of ambient factors on 2:661 
linoleic and linolenic acid content 3:9t 
lubricity of esters 6:249 
miscella flux rate of cake 5:81t 
oxidative stability versus other oils 2:204t 
PAH levels in 5:298t 
performance as cooking oil 2:253t 
phospholipids 3:372t 
physical properties 2:671 4:91t 
polar lipids in deoiled lecithin 4:340t 
polycyclic aromatic hydrocarbon (PAH) content 5:199t 
for poultry feed 4:363t 
production 2:713 
production and disappearance in U.S., 1990-2002 4:130t 
proportion of major sterols in 2:70t 
refining 2:698 
saponification equivalent, saponification value, 

iodine value, and unsaponifiable matter 1:10t 
sterol content 2:196t 3:324t 5:355t 
storage and deterioration 2:703 
supply and disappearance in U.S. 1991-2003 2:499t 
temperature recommendations for storage and 

handling 5:219t 
tocol content in frying oils 4:16t 
tocopherol content 2:195t 5:353t 
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Sunflower oil (Continued) 
tocopherols/tocotrienols in 3:329t 
unsaponifiable fraction 3:320t 
used in U.S. edible products, 2002-2003 4:128t 
uses           2:707 
volatile compounds after 8 days at 60°C 1:395t 
world production 2001/2002 2:185t 
world production 1984, 1992, and 2000 2:421t 
world production 1995/1996 to date 2:144t 
world protein meal production from 1995/1996 to 

date 2:144t 
worldwide production 1:180t 

Sunflower oil margarine 2:708 

Sunflower oil waxes 2:724 

Sunflower seed 2:660 
extrusion 5:567 
fatty acid modification 2:674 
oil yield from commercial processing 5:101t 
proportion hulls/kernels and oil content of seed, 

kernels, and hulls 5:101t 
world production 1995/1996 to date 2:144t 

Sunflower seed meal 5:539 

Sunola 1:232 2:678 
fatty acid composition 1:221t 

Supercritical carbon dioxide degumming 5:437 

Supercritical carbon dioxide technology 5:397 
binary systems 5:401 
cosolvent systems 5:405 
lipid component solubility 5:400 
multicomponent systems 5:406 
for recovery of fats and oils from oilseeds and fatty 

materials 5:159 
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Supercritical fluid extraction 5:408 
γ-linolenic acid oil 3:78 
novel separation techniques based on 3:603 

Supercritical fluid fractionation 5:411 5:422 

Supercritical fluid media 5:398 
lipid reactions in 5:415 

Supercritical fluids 5:398 
for recovery of fats and oils from oilseeds and fatty 

materials 5:159 

Supercritical technologies for further processing of 
edible oils 5:397 

Superdegumming 5:436 

Superoxide dismutase 1:443 

Superoxide radical 1:455 

Surface active agents 4:229 
fatty acid based 1:27 

Surface activity 4:231 

Surface free energy 4:231 

Surface tension 4:231 

Surfactants 4:229 6:43 4:103 
detergency 6:142 
physical properties 6:104 
synthetic 6:130 

Sweet orange oil 
composition compared to other orange species 3:56t 

Sweet rolls 
lecithin applications 3:409 

Swine, See Pigs 

Symphaticum officinale 
γ-linolenic acid rich 3:69t 
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Synthetic antioxidants 1:20 1:456t 1:457 
physical properties 1:456t 
regulations governing in Canada and U.S. 1:477t 
regulatory status 1:492 

Synthetic surfactants 6:130 

Syringic acid 
in selected tree nut oils 3:178t 

T 
Tacum 

proportion hulls/kernels and oil content of seed, 
kernels, and hulls 5:101t 

TAG acylhydrolases 3:571 

TAGs, See Triacylglycerols 

Tall oil 1:231 
fatty acid composition 1:232t 
low temperature behavior in biodiesel 6:250 

Tall oil fatty acids 
in alkyd resins 6:327 
properties 6:329t 

Tall oil pitch 1:232 

Tallow 1:161 1:181 6:64 
antioxidant addition 1:195 
for cat feed 4:358t 
characteristics of meat-fat and meat-vegetable fat 1:196t 
crystal habit 4:49t 4:90t 
crystal habit of hydrogenated 2:202t 
disappearance and per capita consumption in U.S. 2:182t 
fatty acid composition 1:163t 6:77t 6:106t 
fatty acid source 1:3t 
fuel energy content 6:94t 
grading standards for 4:325t 
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Tallow (Continued) 
hydrogenated oil crystal structure 4:149t 
influence of diet on fatty acid composition of pork 

and beef fat 1:166t 
interesterified with sunflower oil 2:708 
naming conventions for inedible 1:178t 
oleochemicals from 6:83 
physical properties 4:91t 
for poultry feed 4:362t 
prices at randomly chosen times in period 2000-

2003 1:180t 
prices between 2000-2003 1:181t 
processing 6:71 
production and disappearance in U.S., 1990-2002 4:130t 
and rendering 6:57 
saponification equivalent, saponification value, 

iodine value, and unsaponifiable matter 1:10t 
soap raw material 6:108 
specifications 6:81t 
specifications of commercial grades 1:177t 
trading grades for technical 1:177t 
usage in U.S. as shortening source, 1940-2000 2:266t 
used in U.S. edible products, 2002-2003 4:128t 
world production 1984, 1992, and 2000 2:421t 
worldwide production 1:180t 

Tallow fatty acid composition 1:4t 

Tangerine oil 
composition compared to other orange species 3:56t 

Tangerine peel oil 3:50 

Tank car washing 
wastewater load 4:420t 
wastewater source 4:418 
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Tanks 
crude fats and oils 5:202 
finished products 5:207 

Tartaric acid 
acceptable daily intake (ADI) 1:509t 
secondary antioxidant 1:442t 

TBHQ, See tert-Butylhydroquinone 

Tea seed 
oil yield from commercial processing 5:101t 

Tempering 
canola oil 2:91 2:92 
flaxseed oil 2:290 2:291 
shortenings 4:151 

α-Tending emulsifiers 4:213 

Terephthalic acid 
in alkyd resins 6:324 

Termination 
lipid oxidation 1:270 1:333 

α-Terpene 
in cold-pressed navel orange oil 3:55t 

Terpenes 1:213 

α-Terpinene 1:534 
change in Yuzu cold-pressed oil during storage 3:59t 

γ-Terpinene 1:534 
change in Yuzu cold-pressed oil during storage 3:59t 
in cold-pressed navel orange oil 3:55t 
percentage in 5 different orange species 3:56t 

α-Terpineol 
change in Yuzu cold-pressed oil during storage 3:59t 
in cold-pressed navel orange oil 3:55t 
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Terpinolene 1:534 
change in Yuzu cold-pressed oil during storage 3:59t 
in cold-pressed navel orange oil 3:55t 
percentage in 5 different orange species 3:56t 

Tertiary amines 6:52 

Testa 2:126 2:128t 

Testosterone 6:391 

Tetracetyl ethylenediamine 6:148 

Tetradecanoic acid, See Myristic acid 

Tetradecenoic acid. See also Myristoleic acid 
in butter 2:4t 

3α,4,5,7α-Tetrahydro-3,6-dimethylbenzofuran-
2(3H)-one 

odorant identified in peel oil of clementines 3:54t 

5,6,7,8-Tetrahydroquinoxaline 
in cocoa butter 1:398t 

Tetramethylpyrazine 
in cocoa butter 1:398t 

Tetrasodium pyrophosphate 6:145 

Textile fibers 6:282 6:360 
oil and fat effects 6:362 

Textile processing 
oil and fat applications 6:365 

Textiles 
detergents for 6:154 6:170 
detersive systems 6:138t 
uses of fats and oils 6:359 

Texturing 6:361 

Thermal oxidation 1:435 

Thermoxidized palm oil (TPO) 1:543 
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Thiamine 
in rice bran and other cereal brans 2:472t 

Thickening agents 3:459 

Thin layer chromatography (TLC) 
conjugated linoleic acid oils 3:24 

Thinners 
for paints 6:311 

Thiobarbituric acid reactive substances 3:338 

Thiobarbituric acid test 1:366 

Thiobarbituric acid value 1:573 

Thraustochytrids 
lipid content and fatty acid profile 3:127t 

Thraustochytrium aureum 
lipid content and fatty acid profile 3:127t 

Threonine 
in rendering products 6:76t 
in tree nut proteins 3:189t 

Thrombogenesis 
effect of canola oil 2:96 

α-Thujene 
in cold-pressed navel orange oil 3:55t 
percentage in 5 different orange species 3:56t 

Thymol 
change in Yuzu cold-pressed oil during storage 3:59t 

Tierkupper 1:178t 

Tilapia 
essential fatty acid requirements 4:366t 
gossypol effect/no effect level 4:337t 

Titanium dioxide 
in bar soaps 6:128 
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Titer 1:173 2:141 
and quality assurance of fats and oils 1:571 

Tobacco seed oil 1:241 

α-Tocopherol 1:20 1:464 1:465t 
 1:504 

antioxidant properties 3:337 
in cocoa butters 4:164t 
in corn germ, kernel, and fiber oils 2:162t 
in deodorizer distillate 5:359t 
effect on oxidation of soybean oil 1:458t 
in flaxseed and other major oils 2:285t 
levels in selected vegetable oils 3:329t 
mechanism 1:466 
in palm oil 2:343t 
in peanut oil 2:452t 
in perilla, camelina, and chia oils 2:293t 
in RBD cottonseed oil 2:207t 
in refined seed oils 4:20t 
regulations governing use 1:482t 
in rice bran oil 2:469t 
in selected fats and oils 5:353t 
in selected vegetable oils 2:195t 
in sesame oil 2:548t 
solubility in supercritical fluids 5:403 5:404 
in soybean oil 2:579t 
structure, trivial, and IUPAC name 3:328t 
structure and nomenclature 5:352 
in sunflower oil 2:668t 
in typical frying oils 4:16t 
and vitamin E activity 3:339 
in wheat germ oil 3:203t 
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β-Tocopherol 1:464 1:465t 1:504 
in cocoa butters 4:164t 
in corn germ, kernel, and fiber oils 2:162t 
in deodorizer distillate 5:359t 
levels in selected vegetable oils 3:329t 
in palm oil 2:343t 
in peanut oil 2:452t 
in refined seed oils 4:20t 
in rice bran oil 2:469t 
in selected fats and oils 5:353t 
in selected vegetable oils 2:195t 
in sesame oil 2:548t 
in soybean oil 2:579t 
structure, trivial, and IUPAC name 3:328t 
in sunflower oil 2:668t 
in typical frying oils 4:16t 
in wheat germ oil 3:203t 

γ-Tocopherol 1:464 1:465t 1:504 
antioxidant properties 3:337 
in cocoa butters 4:164t 
in corn germ, kernel, and fiber oils 2:162t 
in deodorizer distillate 5:359t 
in flaxseed and other major oils 2:285t 
levels in selected vegetable oils 3:329t 
in palm oil 2:343t 
in perilla, camelina, and chia oils 2:293t 
in RBD cottonseed oil 2:207t 
in refined seed oils 4:20t 
in rice bran oil 2:469t 
in selected fats and oils 5:353t 
in selected vegetable oils 2:195t 
in sesame oil 2:548t 
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γ-Tocopherol (Continued) 
in soybean oil 2:579t 
structure, trivial, and IUPAC name 3:328t 
structure and nomenclature 5:352 
in sunflower oil 2:668t 
in typical frying oils 4:16t 
and vitamin E activity 3:340 
in wheat germ oil 3:203t 

δ-Tocopherol 1:464 1:465t 1:504 
in cocoa butters 4:164t 
in corn germ, kernel, and fiber oils 2:162t 
in deodorizer distillate 5:359t 
in flaxseed and other major oils 2:285t 
levels in selected vegetable oils 3:329t 
in palm oil 2:343t 
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