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Glycerin as a Renewable Feedstock for
Epichlorohydrin Production. The GTE Process

A significant improvement in a process to produce epichlorohydrin through the use
of glycerin as renewable feedstock is presented. The glycerin to epichlorohydrin (GTE)
process proceeds in two chemical steps. In the first step, glycerin is hydrochlorinated
with hydrogen chloride gas at elevated temperature and pressure to a mixture of 1,3-
DCH (1,3-dichlorohydrin, 1,3-dichloropropan-2-ol) and 2,3-DCH (2,3-dichlorohydrin,
2,3-dichloropropan-1-ol), using a carboxylic acid catalyst. In the second step, the mix-

ture of dichlorohydrins is converted to epichlorohydrin with a base. This solventless
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process represents an economically and environmentally advantageous, atom-effi-

cient process to an existing commodity chemical that can employ a renewable
resource for its primary feedstock.
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1 Introduction

Epichlorohydrin is a high volume commodity chemical used largely
in epoxy resins, although smaller quantities have, until recently,
been employed for the manufacture of synthetic glycerin [1].
Although several routes are known for epichlorohydrin manufac-
ture, most is made from propylene and chlorine as primary raw
materials in a multi-step process. Shown in Fig. 1, this requires the
allylic chlorination of propylene to allyl chloride followed by hypo-
chlorination to give a 3:1 mixture of 1,3-DCH and 2,3-DCH, which is
then treated with base to yield epichlorohydrin [1]. Although prac-
ticed on a very large scale, this process suffers from some undesir-
able features, particularly the low chlorine atom efficiency. Only
one of the four chlorine atoms employed in the manufacture of epi-
chlorohydrin by this route is retained in the product molecule, the
remainder emerging as by-product hydrogen chloride or waste
chloride anion. Additionally, inefficiencies in the chlorination and
hypochlorination steps lead to the formation of unwanted chlori-
nated organics that are expensive to dispose of. Such factors have
prompted the search for alternative routes to epichlorohydrin that
are more atom-efficient and environment-friendly. The escalating
cost of petrochemical raw materials such as propylene has also con-
tributed to the accelerated search for processes that employ less
expensive raw materials.

One such route that has been recently examined by us [2] and
others [3, 4] is based on the conversion of glycerin through dichloro-
hydrins to epichlorohydrin. This two-step process, shown in Fig. 2,
appears significantly simpler than the incumbent process, but the
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Figure 1. The dominant commercial route to epichlorohydrin is a multi-
step process comprising the initial allylic chlorination of propylene to allyl
chloride. This is then reacted with hypochlorous acid, made by dissolving
chlorine in water, to yield a 3:1 mixture of 1,3-dichloropropan-2-ol and
2,3-dichloropropan-1-ol in dilute aqueous solution. This mixture is reacted
with base to give epichlorohydrin. Of the four equivalents of chlorine
atoms employed, only one is retained in the desired product, the remain-
ing three equivalents appearing as by-product HCI or waste chloride ion.

historically high cost of glycerin has prevented its development as a
commercial process. Recently, however, glycerin has become
increasingly available as a by-product of the manufacture of biodie-
sel, particularly in Europe. As a result, the available volume of
renewable glycerin has risen, and the price has declined to a point
where its use in the manufacture of commodity chemicals, such as
epichlorohydrin, has become feasible. Several companies have
announced plans to commercialize technology to manufacture epi-
chlorohydrin from glycerin (Dow Chemical, C&E News, August 14,
2006, p.3, Solvay www.solvaypress.com/pressreleases/0,52477-2-
0,00.htm, Spolchemie www.spolchemie.cz/dwn/factsheet12.pdf).
Epichlorohydrin is but one of several new opportunities that have
been recognized as a viable use of increasingly plentiful, low cost
glycerin [5], and exemplifies a more general trend of an expanding
use of natural polyols for the manufacture of commodity chemicals

[6].
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Figure 2. A route to epichlorohydrin that employs renewable glycerin as
feedstock is a two-step process comprising initial hydrochlorination of
glycerin with hydrogen chloride to give a 30—50:1 mixture of 1,3-dichloro-
propan-2-ol and 2,3-dichloropropan-1-ol, followed by reaction with base.
This process produces only one equivalent of waste chloride.

The carboxylic acid catalyzed hydrochlorination of glycerin to
dichlorohydrins has been known for over a century [7|, and the
mechanism of the reaction was delineated some 50 years ago [8]. An
extensive summary of the early literature up to 1930s can be found
in a series of papers by Gibson [9]. In this paper, we will describe ele-
ments of the glycerin hydrochlorination step of the glycerin to epi-
chlorohydrin (GTE) process, a technology that represents an eco-
nomically and environmentally advantageous route to epichlorohy-
drin from a renewable carbon resource.

2 Experimental

Experiments were performed in a 100 mL, Hastalloy C( Parr auto-
clave equipped with a Magnedrive stirrer, a thermocouple, and
internal cooling coils. Glycerol (Aldrich 99%, or Interwest Corpora-
tion) was added to the reactor, followed by carboxylic acid and
water, and the reactor sealed. The mass of the reactor and contents
were recorded. The reactor was stirred and water at ambient tem-
perature cycled through the cooling coils. Hydrogen chloride gas
(Airgas Corporation) at the desired pressure was admitted to the
reactor, resulting in a 15-25°C exotherm. The reactor was heated to
the desired temperature, and the reaction then allowed to proceed
for the desired length of time, while hydrogen chloride gas was fed
continuously at the set pressure as it was consumed by reaction. The
mass of hydrogen chloride fed to the reactor was determined by the
change in the mass of the cylinder throughout the reaction, or in
some cases using a calibrated mass-flow controller. In some instan-
ces, samples were withdrawn from the reactor through a bottom
valve for analysis. After the desired reaction time had elapsed, the
hydrogen chloride feed was ceased, and the reactor and contents
cooled to room temperature. The reactor was then vented and the
mass of the reactor and contents were recorded.

All other chemicals used were of the highest purity commercially
available and were used without purification.

Samples and standards were analyzed by gas chromatography
(GC). Products for which no GC standard sample was available were
identified by GC/mass spectrometry. The sample and standards
were analyzed using an Agilent 6890 GC system with the following
conditions:

Column: DB-5. 30 m x 0.25 mm x 1.0 pm film, S/N:
9118515

Injection: Split

Injection Volume: 0.2 uL

Detection: FID

Carrier Gas: He

Carrier Pressure: 24 psi

Split: 125 mL/min
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Hydrogen: 30 mL/min
Air: 350 mL/min
Makeup: 25 mL/min
Injector Temperature: 200°C
Detector Temperature: 300°C

Temperature Program:

Initial Temperature: 40°C for 6 min

Ramp Rate: 10°C/min
Final Temperature: 180°C for 0 min
Ramp Rate A: 30°C/min

Final Temperature A:  300°C for 1 min

Response factors were calculated using the following equation:

(Analyte Weight)/(Analyte Area)

RF = Purity (1
(Internal Standard Weight)/(Internal Standard Area) x Purity (1)
ISTD weight
wt% concentration = RF x Area x ﬁ
1
x100% (2)

* Sample Weight

The retention times of the major components (in minutes) are:
1,3-DCH (13.7); TCP (14.2); 2,3-DCH (14.6); 1-monochlorohydrin (1-
MCH) (14.8); 2-monochlorohydrin (2-MCH) (15.5); glycerin (15.6-
16.2).

3 Results and Discussion

Treating glycerin containing 2 wt % of a carboxylic acid catalyst
with hydrogen chloride at slightly above atmospheric pressure
(20 psi) and 120°Cin a sealed vessel results in its conversion initially
to mainly 1-MCH (1-MCH, 1-chloropropane-2,3-diol). Much smaller
amounts of 2-MCH (2-MCH, 2-chloropropane-1,3-diol) are formed. In
a much slower, low conversion reaction, the 1-MCH is converted
mainly to 1,3-DCH with much smaller amounts of 2,3-DCH. The evo-
lution of the major products in such a reaction is shown in the first
plot in Fig. 3. The low conversion to DCHs obtained in a glycerin
hydrochlorination process operated at atmospheric pressure
appears to have resulted in a number of approaches to improve this
process. Efforts adopted in the literature have included sparging
hydrogen chloride gas through the reaction solution where upon
water is also removed from the solution [10], employing an azeo-
troping agent to facilitate water removal [11], and employing multi-
ple reaction stages with interstage water removal [4]. Sparging
hydrogen chloride gas through the reaction solution, or the use of
an azeotrope to remove water from the reaction medium is expen-
sive and therefore less desirable on a commercial scale. In the first
case, large excesses of hydrogen chloride gas are employed, and the
hydrogen chloride that is recovered is contaminated with water
and must be separated for reuse in the process, disposed of, or used
for lower value applications. The use of an azeotroping agent to
remove water results in a much more complex process in which the
solvent must be separated from the water and hydrogen chloride
and recovered for reuse. The use of multiple reaction stages results
in increased equipment costs and process complexity.

Because the prior literature suggested that the glycerin hydro-
chlorination reaction exhibited an equilibrium limitation, we were
led to explore the effect of higher hydrogen chloride concentration
on the reaction conversion, rate, and selectivity. This was achieved
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Figure 4. Plots of hydrogen chloride gas absorbed by a mixture of
85 wt % glycerin, 9 wt % water, and 7 wt % acetic acid at 90°C at different
applied constant hydrogen chloride pressures show faster and greater
uptake at higher pressure, suggesting an equilibrium limitation on the
hydrochlorination reaction.

experimentally by employing higher applied pressures of hydrogen
chloride gas. We expected that this would both speed up the hydro-
chlorination, and drive the reaction to higher conversion to the
desired dichlorohydrins while minimizing the stoichiometric
excess of hydrogen chloride required to achieve the desired, high
conversion. Figure 4 shows the effect of hydrogen chloride pressure
on the rate of hydrogen chloride uptake by a glycerin solution con-
taining 2 wt % of acetic acid as catalyst.

Two features of the plots in Fig. 4 are striking. After a very rapid,
initial consumption of hydrogen chloride by each reaction mixture,

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

erin and the formation of 1-MCH is rapid, but the reaction slows dra-
matically, and the formation of 1,3-DCH is limited. As the pressure
is increased to 30 and 50 psi, it can be seen that the conversion of 1-
MCH to 1,3-DCH becomes more significant. These plots confirm that
the reaction is equilibrium limited at low pressure, and that this
limitation can be largely overcome by increasing the applied hydro-
gen chloride pressure.

At even higher pressures, the reaction is fast and the formation of
dichlorohydrins becomes very efficient. At 110 psi and 110°C, the
hydrochlorination of wet glycerin (9 wt % water) in the presence of
5 mol% of acetic acid as catalyst is both rapid and efficient, so that
after 4 h in a sealed vessel to which hydrogen chloride gas is fed on
demand, the reaction product mixture comprises 93 mol% of
dichlorohydrins and their acetate esters, in a ratio of 46:1 of 1,3-
DCH to 2,3-DCH, and 6 mol% monochlorohydrins and their esters
in a ratio of 1:2 of 1-MCH to 2-MCH. 2-MCH attains a higher concen-
tration than 1-MCH at high conversions because, although it is
formed more slowly than 1-MCH, it is also hydrochlorinated much
more slowly than 1-MCH.
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Figure 5. The mechanism of the carboxylic acid catalyzed hydrochlorina-
tion of glycerin to mono and dichlorohydrins, as presented in ref. [7]. Initial
esterification preceeds ring-closure and loss of water to form an acetoxo-
nium cation. Ring-opening of the acetoxonium cation by a chloride gener-
ates 1-MCH. Repetition of the process at the remaining two hydroxyl
groups gives the desired 1,3-DCH product. This mechanism precludes
the formation of 1,2,3-trichloropropane since two hydroxyls are required
to form the acetoxonium cation.

A significant advantage of the GTE process compared with the
incumbent propylene process of Fig. 1 is the improved regiochemis-
try observed in the dichlorohydrin products of the glycerin hydro-
chlorination reaction over that achieved during the hypochlorina-
tion of allyl chloride. This is manifested in the 1,3-DCH/2,3-DCH
ratio, which is 30-50 in the GTE process, but only about 3:1 in the
incumbent process. The value of improved 1,3-regioselectivity is
that 1,3-DCH undergoes cyclization with base to form epichlorohy-
drin about 300 times faster than does 2,3-DCH [12]. This translates
into smaller process equipment and/or shorter residence times.
Shorter residence times can result in fewer reaction by-products,
higher process efficiency, and a purer final product.

A second advantage of the high pressure GTE process is the inten-
tional accumulation of water mitigates the formation of some by-
products, including chlorinated ethers and chloroacetone [13]. This
reduces the processing and waste disposal costs for these materials.
Retaining water in the GTE process, while still achieving high levels
of conversion of MCH to DCH is possible because the increased
hydrogen chloride concentration significantly counteracts the equi-
librium limitations seen at atmospheric pressure.

An important feature of the carboxylic acid catalyzed hydro-
chlorination of glycerin that makes the development of a commer-
cial process viable is that the reaction effectively stops at the
dichlorohydrin stage — there is no exhaustive hydrochlorination to
TCP (1,2,3-trichloropropane). Should a significant rate to TCP occur
in this chemistry, an efficient process to DCH would be very difficult
to operate commercially because it would require the recovery of
the desired DCH at relatively low concentration from the product
mixture. Additionally, the formation of TCP would represent a loss
of glycerin efficiency, and a significant economic loss because of the
need for its disposal.
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Figure 6. Plots of hydrogen chloride gas absorbed by 3 mol% carboxylic
acid in glycerin at 100°C and 110 psi applied HCI pressure. As the carbox-
ylic acid becomes more sterically hindered, the rate of HCI uptake
declines.

The absence of TCP in these hydrochlorination reactions is an
inevitable consequence of the mechanism that is believed to be
operative in this chemistry. A proposed mechanism of the carbox-
ylic acid catalyzed hydrochlorination of polyols has been available
for 50 years, and is shown in Fig. 5. In this mechanism, one hydroxyl
group is esterified by the carboxylic acid catalyst. The cyclization of
this ester with an adjacent hydroxyl group is followed by proton-
assisted loss of water, and results in the formation of an acetoxo-
nium cation. Ring opening of this acetoxonium cation with chlor-
ide ion, regioselectively at the primary position gives the observed
major products. The intermediacy of the acetoxonium cation
requires two available adjacent hydroxyls for this mechanism to be
operative, and thus provides an explanation for why the glycerin
hydrochlorination stops at the dichlorohydrin stage. Further confir-
mation of this mechanism is that under the hydrochlorination con-
ditions either ethylene glycol or propylene glycol is only monohy-
drochlorinated to the chlorohydrin. This is particularly significant
since these chlorohydrins can be employed for the synthesis of the
corresponding epoxides by reaction with base. This makes the
hydrochlorination reaction of a number of polyols, such as those
derived from sugar hydrogenolysis, for example, particularly valua-
ble for the conversion of the polyol into higher valued products
which are currently manufactured using the epoxides.

Itis known from the prior art that a variety of carboxylic acids are
effective catalysts for the hydrochlorination reaction, although the
vast majority of studies have employed acetic acid [6 - 8]. While ace-
tic acid performs well in laboratory-scale batch reactions, and can
be used in appropriately configured commercial processes, its vola-
tility is too high for some recycle process configurations. Among
the major products from the hydrochlorination of glycerin, the
desired dichlorohydrins, 1,3-DCH and 2,3-DCH are the most volatile.
This makes a recycle process, in which the DCHs are stripped from
the product stream after reaction, and recycle of any unreacted glyc-
erin or MCHs and catalyst back to reaction, particularly attractive.
For this option to be viable, it is preferred that the catalyst, and its
esters with the products or intermediates, should be less volatile
than the DCHs, so that they remain in the stripper bottoms for easy
recycle. Carboxylic acid catalysts containing six or more carbon
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atoms meet this requirement. We have examined the structural fea-
tures of a number of such carboxylic acids to delineate those struc-
tural features that lead to satisfactory catalytic performance in the
hydrochlorination reaction.

Figure 6 shows the rate of hydrogen chloride uptake versus time
in glycerin hydrochlorination reactions employing four different
carboxylic acids, along with the corresponding plots for acetic acid
and a reaction with no added catalyst. Of these five reactions, the
acetic acid catalyzed reaction is fastest and total consumption of
hydrogen chloride is greatest after 4 h. n-Hexanoic acid is initially
slower, but after 4 h has consumed about the same amount of
hydrogen chloride. Gas chromatographic analysis of the reaction
products after these reactions confirms that the conversion to
dichlorohydrins is essentially the same in these two cases. The plot
of HCl uptake for the n-hexanoic catalyzed reaction appears to show
an induction period which we attribute to mass-transfer limited
esterification of the glycerin by the n-hexanoic acid catalyst, which
is immiscible with the glycerin initially. The rate of hydrogen chlor-
ide uptake is slower for 3-methylvaleric acid and almost at the unca-
talyzed rate in the case of 3,3-dimethylbutanoic acid. These rates
appear to correlate with the steric bulk [14] of the carboxylic acids,
with the less sterically hindered acids giving faster reactions. How-
ever, the pK,s for these acids also correlate with this steric parame-
ter. To break this correlation, we also examined the performance of
trimethylammonium acetic acid chloride (pK, = 1.76) as a catalyst.
The rate of HCl uptake in a reaction using this material as a catalyst
is very slow, and quite similar to that observed with 3,3-trimethylbu-
tanoic acid, even though its pK, indicates it is by far the most acidic
carboxylic acid catalyst of those acids shown in Fig. 6. This leads us
to propose that it is the steric bulk of the catalyst that largely deter-
mines the catalyzed rate of hydrochlorination of glycerin.

4 Conclusions

The interest in the commercialization of a GTE process demon-
strates the ascendancy of renewable feedstocks in the manufacture
of commodity chemicals. The increasing availability of cheaper glyc-
erin, as a result of the rapidly growing biodiesel industry, makes it a
viable feedstock in this application. As recently as 2006, synthetic
glycerin was manufactured from epichlorohydrin, but this has now
completely ceased. Further development of technology for utiliza-
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tion of alternative, low-cost, renewable feedstocks, for example,
sugar or cellulose, will likely result in the emergence of additional
feedstock switches for existing commodity petrochemicals.

The GTE process is an economically advantaged route to epichlor-
ohydrin that additionally features a number of environmentally
desirable attributes compared to the incumbent process. These
include a switch of chloride feedstock from elemental chlorine to
hydrogen chloride, which can be obtained as the by-product from a
number of commercial processes, including the incumbent epi-
chlorohydrin process. Additionally, the GTE process exhibits
improved atom efficiency, less waste water, and lower levels of
chlorinated organic by-products, and, of course, the use of competi-
tively priced, renewable glycerin feedstock.
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