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I n  this report, current estimates are presented for U.S. and world nonrenew- 
able energy sources. 
The full paper, available on request from the authors, presents full details of the 
resource estimates. U.S. fossil fuel resources are reported as of December, 1977. 
However, for the summary world resource tables, 1976 U.S. data were used to be con- 
sistmt with the latest estimates available for other world areas. 

U.S. Nonrenewable Energy Sources 

The data are presented in summary form due to space limitations. 

The following tables present estimates for the remaining recoverable U.S. 
fossil-fuel resources. 
the past several years by recognized agencies: the American Gas Association (A.G.A.). 
the Potential Gas Agency, the U.S. Geological Survey (U.S.G.S.), the National Academy 
of Sciences (NAS), IGT, and some oil and gas producing companies. Table 2 summarizes 
recent crude oil estimates made by the American Petroleum Institute (A.P.I.), U.S.G.S., 
NAS, and others. In view of the considerable disagreement among the published data, 
a high degree of accuracy cannot be claimed despite the unquestionable expertise of 
the agencies involved. 

Table 1 summarizes the estimates for natural gas made over 

Remaining recoverable resources as of year-end 1977 are given in Table 3 for the 
various fossil fuels based on the publications of the above agencies, and the U . S .  
Bureau of Mines. A s  in Tables 1 and 2 ,  resources are reported both for the portions 
qualifying as proved reserves and for the estimated total remaining economically 
recoverable resources. In both cases recovery is to be economical with current 
technology. Because of uncertainties, ranges of total remaining recoverable resources 
have been used for most of the fossil fuels. 

U . S .  Life Expectancy 

Table 4 shows the life expectancy of U.S. fossil fuels in the aggregate (in- 
cluding shale oil and bitumens), with consumption based solely on domestic production 
and increasing at various fixed annual rates of growth - 2%, 3%, and 4%. It is also 
based on reducing the resources to a 10-year forward reserve at the annual production 
rate ultimately reached. For example, if the demand for fossil fuels were to grow 
at 3%/year, the listed total remaining recoverable fossil fuels would last another 
85 years under the conditions stipulated. If restricted to the reserves currently 
proved, the life expectancy would drop to 32 years. However, if the total remain- 
i n g  recoverable resources could be augmented to twice the present estimated level 
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Year 
End 
1077 

1976 

- 

1974 

1973 

1 9 7 2  

1 9 7 1  

1 9 7 0  

Table 1. Estimates of Remaining Recoverable U . S .  Natural Gas Resources at Year-End 

Proved 
Potential Supply Res e rve s 

Year Old Fields New Fields A.G.A. ,Total 
End Source -trillion cubic feet -- 
1977 m e r i c a n  G25 AssociELtion -- -- 
1 9 7 6  Potential Gas Committee 215 733 (708-758)  

Exxon 111 (56-321)  287 (127-657)  
U.S. Geological Survey 

1974 National Academy of Sciences 
Moody 
Average, same major oil cos. 

(Miller, Thomsen, et al) 

(Garrett) 

(Moody and Geiger) 

U.S. Geological Survey 
(McKelvey) 

IGT (Linden) 

1 9 7 3  Mobil Oil Corp. 

1 9 7 2  Potential Gas Committee 

U.S. Geological Survey 

IGT (Linden) 
1 9 7 1  (Hubbert) 

201.6  484 (322-655)  

118.6 (calcd) 5 30 
65 485 
100 500 

65 443 

130-250 1000-2000 

266 8 8 0  
634 

(old and new fields) 

1 3 0  (calcd) 361 

575-704 
(old and new fields) 

209 

216 

237 

250 

266 

279 

1164 

635 (420-1215) 
923 (761-1094) 

886 
787 
837 

758 

1396-2516 

1412 
900 

770 

854-983 

Table 2 .  Estimates of Remaining Recoverable U . S .  Crude Oil Resources at Year-End 

Proved 

New Fields Old Fields A.P.I. 
Potential Supply Reserves 

Total 
Source Billion bbl 

d m - r i r i n  P o t r n l o n m  . -- - . T n c t i r c t r o  -- -- 33.7 -- 
American Petroleum Institute -- -- 35.2 -- 
Exxon, rev. 5 9  6 3  4 1  163 
Exxon 57 (36-90)  55 (20-129)  34.25 146 (90-253) 
U . S .  Geological Survey 2 3 . 1  50-127 38.9 112-189 

National Academy of Sciences, 22.7 (calcd) 105-120 45 .3  173-188 
(Miller, Thomsen, et al.) 

Incl. natural gas liquids 

(Moody and Geiger) 

natural gas liquids (McKelvey) 

Mobil Oil Corp. 11 (calc) 8 8  40.4 139 

U.S. Geological Survey, Incl. 24-45 200-400 48 .3  272-493 

U.S. Geological Survey (Hubbert) 18 (calcd) 55 43.0 116 
U.S.  Geological Survey, Incl. natural 450 5 2 . 1  502 

-- -- 339 National Petroleum Council -- gas liquids (Theobald, et al.) (old and new fields) 
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in Some way (i.e., imports), they would last 108 years. Some recent forecasts sug- 
&St that the growth rate of consumption might decrease to 2.5% or less. 
should be adequate lead time to develop synthetic fuels from coal, oil shale,,and 
bitumens, and allow use of the quantities of these materials suggested in Table 3 .  

Hence, there 

Table 3 .  U.S. Fossil Fuel Resources as of December 3 1 ,  1977 

Proved and Estimated 
Currently Recoverable Remaining Recoverable 

Dry Natural Gas 
Trillion CF 
Quintillion Btu 

Billion bbl 
Quintillion Btu 

Billion bbl 
Quintillion Btu 

Billion short tons 
Quintillion Btu 

Billion bbl 
Quintillion Btu 

Natural Gas Liquids 

Crude Oil 

Coal 

Shale Oil 

Bitumens 

209 
0 . 2 1  

6 . 0  
0 . 0 2  

29.5 
0.17 

214 
4 .72  

7 4  
0.43 

Billion bbl 2.5  
Quintillion Btu 0.01 

Total, Quintillion Btu 5.56  

Annual Growth 
Rate, % 

4 
3 
2 

4 .  Life of U.S. Fossil Fuel Resources 

(Based on 1977 Year-End Estimates) 
At Various Demand Growth Rates 

760-1170 
0.78-1.19 

21-33 
0.09-0.13 

144-371 
0.84-2.15 

1036-1788 
20.71-35.75 

1026 
5 .95  

15  
0 .09  

28.46-45.26 

Date When Xemaining Reserve/Consumption Ratio 
Drops tn 10 Years 

A B C 
2004 2046 2063 
2009 
2015 

2062 
2090 

2085 
2123 

A Proved reserves ( 5 . 5 6  X 1OI8 Btu) 
B Total remaining recoverable resources ( 3 6 . 9  X 10l8 Btu). 
C Effective doubling of B resources. 

World Nonrenewable Energy Sources 

Proved recoverable and total remaining recoverable resource data for the world 
are shown in Table 5 in conventional units and in the common energy units Btu and 
metric tons of coal equivalent (tce). 

World totals for proved recoverable and total remaining recoverable resource 
data for the world on a regional basis are shown in Table 2 in conventional units. 
The total remaining recoverable resources include proved reserves. Natural gas and 
crude oil proved reserves f o r  the various regions are based primarily on the annual 
estimates for the component countries published by World Oil and by Oil 6 Gas Journal. 
Natural gas and crude oil remaining recoverable resources over and above proved re- 
sources are based on published estimates by a number of  authorities. 
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Table 

Natural Gas 12 
Trillion (10 ) CF 
Billion (lo9) tce 
Quintillion (1018) 

Natural Gas Liquids 
Billion bbl 
Billion tce 
Quintillion Btu 

Billion bbl 
Billion tce 
Quintillion Btu 

Crude Oil 

5. Nonrenewable World Energy Total Resources 
(December 32, 1976) 

Proved and Estimated Total 
Currently Recoverable Remaining Recoverable 

2118-2450 
79-91 

Btu 2.18-2.52 

56-65 (Est.) 
8.3-9.6 
0.23-0.27 

538-606 
112-127 
3.12-3.52 

Syncrude From Oil Shale and Bitumen 
Billion bbl 270 
Billion tce 56 
Quintillion Btu 1.57 

Billion short tons 662 
Billion tce 492 
Quintillion Btu 13.67 

Coal 

Total Fossil  Fuel Energy 
Trillion tce 0.748-0.776 
Quintillion Btu 20.8-21.5 

Uranium Oxide at <$30/lb 
Thousand short tons 2443 
Burner Reactors 
Trillion tce 0.035 
Quintillion Btu 0.977 

Trillion tce 2.64 
Quintillion Btu 73.28 

Breeder Reactors 

Total Fossil Fissile Energy 
Burner Reactor 
Trillion tce 0.783-0.811 
Quintillion Btu 21 .7-22.5 

Trillion tce 3.386-3.414 
Quintillion Btu 94.0-94.8 

Breeder Reactors 

* See footnote (tt)in Table 6. 

9090-9490 
337-352 
9.36-9.78 

241-251 (Est.) 
36-37 

0.99-1.03 

1500-1840 
313-384 
8.70-10.67 

2415 (17,502)* 
504 (3654) * 

14.01 (101.5) 

5367-6119 
3864-4406 

107.34-122.38 

5.054-5.683 
140.4-157.9 

6624 

0.093 
2.570 

6.94 
192.7 

5.147-5.776 
143.0-160.4 

11.992-12.621 
333.1-350.6 

I 

b . I ~  

4 



I 

3 

I 

3 

Note: 
equivalents are: 

In the conversion from conventional to energy units the assumed energy 

1031 Btu/CF of natural gas 
5.8 x lo6 Btu/bbl of crude oil or syncrude 
4.1 x lo6 Btu/bbl of natural gas liquids 
20 x 106 

400 x lo9 Btu/short ton of U308 in burner reactors 
30 x 1012 Btulshort ton of U308 in breeder reactors 
NO plutonium recycle is assumed for burner reactors. 
1 tce = 27.778 x 106 Btu. 

Btu/short ton of coal (mixture of types), except for U.S. 
proved reserves where 22 x lo6 Btdshort ton was used 

Table 6. Nonrenewable World Energy Resources By Region 
(December 31, 1976) 

United States 
Natural Gas, 1000 CF 
Natural Gas Liquids, bbl 
Crude Oil, bbl 
Shale Oil, bbl 
Bitumens, bbl 
Coal, short tons 
Uranium Oxide* 
short tons at <$15/lb 
short tons at <$30/lb 

Proved and Estimated Total 
Currently Recoverable Remaining Recoverable 

Billion (109) Units 

216 
6.4 
30.9 
74 
2.5 
215 

410 
680 

Western Hemisphere (Incl. U.S.A.) 
Natural Gas, 1000 CF 352-382 
Natural Gas Liquids, bbl 9.3-10.1 
Crude Oil, bbl 
Shale Oil, bbl 
Bitumens, bbl 
Coal, short tons 
Uranium Oxide* 
short tons at <$15/lb 
short tons at <$30/lb 

Europe (Excl. U.S.S.R.) 
Natural Gas, 1000 CF 
Natural Gas Liquids, bbl 
Crude Oil, bbl 
Shale Oil, bbl 
Bitumens, bbl 
Coal, short tons  
Uranium Oxide* 
short tons at <S15/1E 
short tons at <$30/lb 

66-71 
130 
80 
224 

628 
955 

152-173 
4.0-4.6 
19-26 

15 

141 

76 
621 

N.A.' 

790-1160 
21-31 
148-374 
1026 (2000) 

15 
1036-1788 

1675 
3370 

2546-2946 
67-78 
320-420 
500 (5000) 
500 

114-1866 

2345 
4331 

484 
13 

39-79 

N.A. 
356 

129 
914 

150 (1400) 
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Table 6. Nonrenewable World Energy Resources By Region (cont.) 
(December 31.  1976) 

Proved and 
Currently Recoverable 

Billion 
Asia,- Pacific (Incl. European U.S.S.R.) 
Natural Gas, 1000 CF 1415-1672 

Crude Oil, bbl 402-445 

Bitumens, bbl N.A. 
Coal, short tons 280 
Uranium Oxide* 
short tons at  <$15/ lb  322 
short tons at <$30/lb 367 

Natural Gas Liquids, bbl 37.5-44.3 

Shale Oil, bbl 35 

Africa 
Natural Gas, 1000 CF 
Natural Gas Liquids,.bbl 
Crude Oil, bbl 
Shale Oil, bbl 
Bitumens, bbl 
Coal, short tons 
Uranium Oxide" 
short tons at <$15/ lb  
short tons at <$30/1b 

199-223 
5.3-5.9 

50-63 
10 
N.A. 
17 

370 
500 

Estimated Total 
Remaining Recoverable 

(109) Units 

5064 
134 

115 (6500) 
N.A. 

1005-1175 

3865 

427 
501 

996 
26 

136-166 
100 (4100)  

N.A. 
32 

423 
677 

* 
+ Thousands of units 
Not available 4 Values in parenthesis include estimates of undiscovered o r  unappraised resources 
in the 25-100 galjton yield range according to Duncan and Swanson, "Organic-Rich 
Shale of the United States and World Land Areas," U . S .  Geol. Surv. Circ. 523. 

Coal resource data are those of the World Energy Conference 1974 Survey of 
Energy Resources, except for the United States, where U.S. Bureau of Mines data are 
used. Allowance has been made for recent production; a mining loss of 50% is assumed. 

Uranium oxide (U308) resources are expressed in terms of the U3O8 content of ores 
and forward cost rather than the actual market price, which has been rising rapidly. 
No allowance is made in forward cost for amortization of capital, financing cost, o r  
profit. The U.S. data, from ERDA, are as of year-end 1976; a l l  other data, reported 
jointly by the European Nuclear Energy Agency and the International Atomic Energy 
Agency, are as of year-end 1974. The communist countries' resources are excluded due 
to the lack of suitable data. 

Both 1976 production and cumulated production of natural gas, petroleum, coal, 
and uranium oxide are shown in Table 7. Cumulated production data for the United 
States come from the U . S . G . S .  and ERDA and have been updated by the use of recent 
production data. 

Estimates of life expectancy of world fossil resources based on the quantities 
given in Table 1 and on the current production rate increasing at selected fixed 
annual growth rates are shown in Table 8. Fortunately, the life expectancy of 

6 



remaining recoverable world fossil fuel resources, as now estimated, is of the order 
of 100 years at a reasonable growth rate of 2% to 3%/yr. 

Table 7. Nonrenewable Energy Sources Current and Cumulated Production 
* 

Natural Gas Petroleum, Coal, Billion u308, 1000 
Trillion CF Billion bbl short tons short tons 

t World 
1976 54-55 21.1 4.2 [261 
Cumulated 888-913 359-366 154 572 

1976 19.8 2.97 0.671 12.7 
Cumulated 519 112.0 44.2 295 

United States 

* 
+ Gross minus reinjection, 
Estimate. 

Table 8. Life of World Fossil Fuel Resources 
At Various Fixed Demand Growth Rates 
(aased on 1976 Year-End Estimates) 

Annual Growth Year When Remaining Reserve/Consumption 
Rate, % Ratio Drops to 10 Years 

A B C 

4 2005 2050 2067 
3 2010 2067 2090 
2 2017 2097 2130 
1 2029 2164 2226 

A: 

B: Total remaining recoverable resources: 

C: Doubling of estimated B resources. 

Note: Calculations are based on growth at fixed selected annual increases of 1% to 
4% from the 1976 world annual production of 8.695 x 109 tce, as estimated by the U.N. 

Peat Resources 

Proved reserves: 

5.369 x 10l2 tce. 

0.748 to 0.776 x 10l2 tce; mean = 0.762 x lo1’ tce. 

5.054 to 5.683 x 10” tce; mean = 

Although peat has been used as a fuel for centuries, it is not included in 
conventional resource estimates because of the general lack of information on the 
extent of the reserves and the potential contribution to world energy supply. Some 
incomplete data on world peat resources is shown in Table 9. Based on available 
data peat lands occupy an estimated 408.5 million acres of land in the world. These 
data show that the Soviet Union has 228 million acres, about 56% of the total worid 
peat resource area-wise. The Soviet Union annually produces some 205 million ’Ions, 
about 95% of the world’s annual production. Total acreage of peat land in the U.S. 
is 52.6 million acres. Finland ranks third in total extent of peat lands and 
Canada fourth. It is to be noted that the resources listed for Canada exclude the 
Arctic regions. If these were included it is likely that the Canadian resources would 
be much higher than shown, and Canada would probably rank second to Russia in total 
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pea t  r e sources .  

Cur ren t ly ,  o n l y  Russ i a ,  I r e l a n d  and F in land  u s e  l a r g e  q u a n t i t i e s  of  p e a t  
f o r  f u e l ,  most ly  f o r  g e n e r a t i o n  of e l e c t r i c  power. 
p e a t  t o  gaseous and l i q u i d  f u e l s  cou ld  r e s u l t  i n  an a c c e l e r a t e d  development of  
t h i s  somewhzt neg lec t ed  energy s o u r c e .  

Research underway t o  convert  

The bas i c  problem wi th  e s t i m a t i o n  of pea t  r e s o u r c e s  i s  t h a t  wh i l e  t h e  a r e a l  
e x t e n t  of pea t  d e p o s i t s  is f a i r l y  w e l l  known, d a t a  on t h e  t h i c k n e s s  of such depos i t s  
i s  s p a r s e .  The re fo re ,  e s t i m a t e s  i n  t e rms  of energy c o n t e n t  a r e  d i f f i c u l t  t o  make. 

(1) 
Table 9. World Peat  Resources  and Annual P roduc t ion  

Country 

U. S .  S.R.  
U . S . A .  
Finland 
Canada 

E-W Germany 
Great  B r i t a i n  and 

I r e l a n d  
Sweden 
Poland 
Indonesia  
Norway 
All o t h e r s  

TOTALS 

(Excluding A r c t i c )  

Acres 
( m i l l i o n s )  

228.0 
52.6 
35.6 
34.0  

1 3 . 1  
1 3 . 1  

1 2 . 7  
8 .6  
3 .3  
2.6 
5 . 2  

408.8 

General  Conunents on  % s e r v e  Changes and :he 
Fu tu re  Role o f  t'cono-nica!l\..?:arfii::jI fiesources 

Annual P roduc t ion  
( X )  ( m i l l i o n  t o n s )  

95.70 
0.30 
0.36 
0 .25  

1.00 
2.00 

0 .15  _ _  
-_ 
_ _  

0 .4  

100.0 

205.0 
0 . 6  
0.7 
0.5 

2.0 
4.2 

0 . 3  -- 
_ _  
-- 
1 . 2  

214.5 

The crude o i l  r e s e r v e  e s t i m a t e s  shown i n  Table  6 do no t  i n c l u d e  t h e  most recent  
upward r e v i s i o n  i n  Mexico. The proven r e s e r v e s  of January 1976, amounting t o  6 .3  
b i l l i o n  b a r r e l s  have been i n c r e a s e d  t o  20.24 b i l l i o n  b a r r e l s  a s  of J u l y  31, 1978. 
I n  a d d i t i o n ,  p robab le  r e s e r v e s  a r e  e s t i m a t e d  a t  an a d d i t i o n a l  37 b i l l i o n  b a r r e l s  
and p o t e n t i a l  r e s e r v e s ,  i n c l u d i n g  t h e  proven and p robab le  volumes, may be on the 
o r d e r  of 200-300 b i l l i o n  b a r r e l s .  F u r t h e r  e x p l o r a t i o n  and development may place 
Mexico i n  t h e  same rank as Saudia  Arab ia  i n  terms of o i l  r e s o u r c e s .  

The o i l  r e s e r v e s  of mainland China could a l s o  b e  much l a r g e r  than c u r r e n t  
e s t i m a t e s  based on a v a i l a b l e  in fo rma t ion .  One r e c e n t  e s t i m a t e  p l a c e s  proved,  prob- 
a b l e  and p o s s i b l e  r e c o v e r a h l e  r e s e r v e s  a t  100 b i l l i o n  b a r r e l s .  
and development e f f o r t s  ril.1 :-e necessa ry  t o  confirm o r  amend t h i s  f i g u r e .  

Major exp lo ra t ion  

A r e c e n t  assessment  of g i a n t  o i l  f i e l d s  and world o i l  r e s o u r c e s ,  no t  included 
i n  t h e  base  d a t a  used f o r  r e p o r t i n g  world o i l  r e s e r v e s ,  h a s  been made by t h e  Rand 
Corpora t ion2  f o r  t h e  C e n t r a l  I n t e l l i g e n c e  Agency. 
O f  t h e  end of 1975,  proved and p robab le  r e c o v e r a b l e  world crude o i l  r e s e r v e s  were 
676 b i l l i o n  b b l ,  compared wi th  t h e  538-606 b i l l i o n  b b l  shown i n  Table 5 .  
t h e  Rand f i g u r e  i n c l u d e s  some p robab le  r e s e r v e s  i n  a d d i t i o n  t o  t h e  g e n e r a l l y  accepted 
d a t a  f o r  proved and c u r r e n t l y  r e c o v e r a b l e  r e s e r v e s .  
d i f f e r e n c e  between t h e  Rand e s t i m a t e  and t h o s e  made by o t h e r  a u t h o r i t i e s  i s  probably 

The author  concludes t h a t ,  a s  

However, 

It i s  pointed out  t h a t  t h e  
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due t o  a )  t h e  d e f i n i t i o n s  of probable  r e s e r v e s  used i n  v a r i o u s  e s t i m a t e s ,  b)  t h e  
e x t e n t  t o  which r e s e r v e s  and r e c e n t  d i s c o v e r i e s  a r e  inc luded  and c )  t h e  d i f f e r e n c e s  
i n  v a r i o u s  estimates of known t o t a l  recovery  i n  t h e  S o v i e t  Union. 
mate O f  u l t i m a t e  c o n v e n t i o n a l  world c rude  o i l  r e s o u r c e s  i s  i n  t h e  range  Of 1 , 7 0 0  - 
2,300 b i l l i o n  b a r r e l s .  
s u b t r a c t e d ,  
1 ,450  - 1,950 b i l l i o n  b b l ,  which cor responds  v e r y  c l o s e l y  t o  t h e  IGT e s t i m a t e  
of 1 ,500  - 1,840 b i l l i o n  b b l .  

The Rand e s t i -  

I f  t h e  e s t i m a t e d  p r i o r  p r o d u c t i o n  of 335 b i l l i o n  b b l  is 
t h e  t o t a l  remaining r e c o v e r a b l e  r e s e r v e s  would be i n  t h e  range  of 

A major unknown i n  e s t i m a t e s  of o i l  r e s e r v e s  i s  t h e  e x t e n t  of  heavy o i l  re- 
For example, t h e  Orinoco sources  which may become e x p l o i t a b l e  a t  h i g h e r  p r i c e s .  

o i l  sands  i n  Venezuela, w i t h  a r e s o u r c e  b a s e  of 4 t r i l l i o n  b a r r e l s ,  may extend from 
t h e  e a s t e r n  s l o p e s  of t h e  Andes t o  Argent ina ,  B o l i v i a ,  Peru  and B r a z i l .  The 
r e s o u r c e  base f o r  heavy c r u d e s  i n  p l a c e  i n  t h i s  a r e a  may exceed t h o s e  es t imated  
f o r  Venezuela a l o n e .  The e x t e n t  t o  which t h e s e  r e s o u r c e s  a r e  economically r e -  
coverable  w i t h  c u r r e n t  technology i s  n o t  known, b u t  i s  probably  r a t h e r  low. 

The e s t i m a t e s  of  world g a s  r e s e r v e s  p r e s e n t e d  h e r e i n  do n o t  i n c l u d e  t h e  so-ca l led  
"non-conventional" s o u r c e s  of n a t u r a l  gas ,  because such s o u r c e s  cannot be e s t i m a t e d  
w i t h i n  t h e  framework of t h e  c o n v e n t i o n a l  procedures  used f o r  r e s e r v e  e v a l u a t i o n .  
However, they  could become a v e r y  impor tan t  s o u r c e  of f u t u r e  energy s u p p l i e s  a s  
reamining convent iona l  r e s o u r c e s  d e c l i n e .  I n  g e n e r a l ,  such  r e s o u r c e s  a r e  n o t  r e -  
coverable  under c u r r e n t  or near-term economic c o n d i t i o n s .  The s o u r c e s  a r e  s h a l e s  
of t h e  M i s s i s s i p p i a n  and Devonian a g e ,  t i g h t  gas  f o r m a t i o n s ,  c o a l  seams, geopressured  
a q u i f e r s ,  and gas  h y d r a t e s .  
t h e s e  r e s o u r c e s  i s  very  s c a n t y .  However, due t o  t h e  r e c e n t  s h o r t a g e  of conven- 
t i o n a l  gas  s u p p l i e s  i n  t h e  United S t a t e s ,  t h e s e  r e s o u r c e s  a r e  be ing  eva lua ted  by 
t h e  U.S. government a g e n c i e s  f o r  p o t e n t i a l  f u t u r e  g a s  supply .  A s  a r e s u l t ,  most 
of t h e  a v a i l a b l e  d a t a  a r e  a p p l i c a b l e  only  t o  t h e  U.S .  s i t u a t i o n .  

The d a t a  base f o r  even p r e l i m i n a r y  e v a l u a t i o n  of 

The resource  b a s e  of  gas  e x i s t i n g  i n  t h e  Devonian and M i s s i s s i p p i a n  s h a l e s  i n  
t h e  e a s t e r n  U.S. is e s t i m a t e d  t o  be on t h e  o r d e r  of  600 t r i l l i o n  c u b i c  f e e t .  There 
has  been a smal l  amount of product ion  from t h e s e  s h a l e s  i n  t h e  Appalachian a r e a  
f o r  many y e a r s .  Major e f f o r t s  a r e  underway t o  more r i g o r o u s l y  d e f i n e  t h e  r e s o u r c e  
and t o  develop means of s u b s t a n t i a l l y  i n c r e a s i n g  p r o d u c t i o n  r a t e s  from w e l l s .  

gas  flow e x i s t  i n  t h e  wes tern  U.S. (and a l s o  i n  wes tern  Canada). 
b a s e  i n  t h e  U . S .  i s  e s t i n a t e d  a t  600 t r i l l i o n  c u b i c  f e e t .  
f r a c t u r i n g  techniques  could r e s u l t  i n  recovery  of  s u b s t a n t i a l  q u a n t i t i e s  of t h i s  
gas .  

Large a r e a s  of gas-conta in ing  format ions  which a r e  r e l a t i v e l y  impermeable t o  
The resource  

A p p l i c a t i o n  of advanced 

Many c o a l  seams i n  t h e  world c o n t a i n  a p p r e c i a b l e  amounts of n a t u r a l  gas  which 
For t h e  U.S., may be r e c o v e r a b l e  by s p e c i a l i z e d  d r i l l i n g  and d r a i n a g e  techniques .  

t h e  resource  based o f  methane a s s o c i a t e d  wi th  c o a l  i s  e s t i m a t e d  a t  2,500 t r i l l i o n  
c u b i c  f e e t .  

A b e l t  of geopressured  a q u i f e r s  i n  t h e  g u l f  c o a s t  r e g i o r  of t h e  United 
S t a t e s  c o n t a i n s  b r i n e  s a t u r a t e d  w i t h  n a t u r a l  g a s  a t  pressure!  h i g h e r  than  t h e  
h y d r o s t a t i c  head from t h e  s u r f a c e  t o  the  format ion .  The l a c k  of in format ion  
on t h e  e x t e n t  and p r o d u c i b i l i t y  of  t h e  a q u i f e r s  has  r e s u l t e d  i n  a very  wide 
range  f o r  t h e  methane r e s o u r c e  e s t i m a t e  - 3,000 t o  100,000 t r i l l i o n  cubic  
f e e t .  Major exper imenta l  e f f o r t s  a r e  underway t o  more r i g o r o u s l y  d e f i n e  t h e  
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resource base and to devise methods of producing the resource in an economic 
and environmentally acceptable manner. 

Tho ,,...*. ..-,I A - C < - . . >  .,.- LLYUL w 5 ~ ~ - ~ ~ ~ ~ ~ = ~  and iilost sprcuiaiive nacurai gas resource is gas 
hydrates. A gas hydrate is a solid compound of methane and related hydrocarbon 
and water which exists at a relatively low temperature and relatively high pressure. 
Deposits of gas hydrates have been discovered in Siberia and there is indirect 
but rather compelling evidence that gas hydrates exist in the North American Arctic 
regions and in the deep ocean bottom. Some Russian scientists3 have estimated that 
the world resource base of submarine gas hydrates is on the order of 1 x 1018 cubic 
meters. To date, no definitive progress has been made in further assessing the 
extent of this resource o r  the development of methods for recovery. 

Although these unconventional gas resources have been discussed primarily 
in the context of U.S. experience there is every reason to believe that similar 
resources exist on a worldwide basis. Of the various sources, the resource base 
of natural gas associated with coal is probably the most amendable to estimation. 
Insufficient data are available on the remaining sources although tight sands, 
shales comparable to the eastern U.S. sources and high pressure zones encountered 
during oil drilling in other parts of the world lend credence to the belief that 
similar conditions exist outside the U.S. Only a very small fraction of these 
resources is producible under current economic conditions. However, as the 
decline of more conventional supplies of oil and gas forces the price up, the 
unconventional sources may provide an expanding source of future gas supply. 

Another very large potential source of fossil energy is the lower grade oil 
shales. Recent experimental work by the Institute of Gas Technology has demon- 
strated that yields of oil from shales of 10-15 gal. oil per ton (by Fischer 
Assay), using a hydroretorting technique, gives energy recovery equivalent to the 
conventional retort yield from richer western U.S. shales. The estimated resources 
in fou r  U.S.  eastern states recoverable by above-ground hydroretorting are equiv- 
alent to 414 billion bbl oil. A similar resource base is very likely to exist in 
other parts of the world. 

The combined effect of future higher energy prices and advanced technology 
could permit eventual massive exploitation of non-conventional gas supplies, low 
grade oil shale, peat, currently unmineable coal deposits and other currently 
economically marginal or uneconomic fossil energy supplies. In view of the poten- 
tial size of the resource base, the rationale of doubling the current estimated 
remaining recoverable resources (Tables 4 and 8) to estimate U.S. and world 
possible extended fossil fuel resource life seems justified. 

10 



REFERENCES 

Farnham, Rouse s.  (Coordinator) Energy From Peat, Subcommittee 8 Report 
t o  the Minnesota Energy Agency, January, 1978. 

Nehring, Richard, Giant Oil Fields and World Oil Resources Prepared for 
the Central Intelligence Agency, Rand Report No. R-2284-CIA, June, 1978, 
Rand Corporation, Santa Monica, Ca., 90406. 

Trofimuk, A. A . ,  Chersky, N. V. and Tsaryov, V. P., Conference Proceedings; 
The Future Supply of Nature - Made Petroleum and Gas, Schloss Laxemburg, 
Austria, 5-16 July, 1976, Pergamon Press, 1977. 

11 



WORLD ENERGY SUPPLY AS A PRICE DEPENDENT VARIABLE 

D r .  J a y  B. Kopelman 

SRI I n t e r n a t i o n a l ,  333 Ravenswood Avenue, Menlo Park,  Ca. 94025 
* 

In t roduct ion  

In  the a r e a  of energy resource management, more u n c e r t a i n t i e s  have developed 
the l a s t  f i v e  years  than i n  the previous twenty. I n  Figure 1, the  posted pr ice  ( r e a l  
and c u r r e n t )  of world crude o i l  i s  shown from 1960 through 1 9 7 8 .  A f t e r  a long period 
of r e l a t i v e  s t a b i l i t y ,  t h i s  p r i c e  r o s e  from $2.59 per b a r r e l  t o  $11.65 p e r  b a r r e l  i n  
one year  (1973) .  A s t rong  c a r t e l  (OPEC) developed t h a t  now asserts c o n t r o l  over a 
l a r g e  f r a c t i o n  of petroleum traded i n  i n t e r n a t i o n a l  markets. This  development has 
s u b s t a n t i a l l y  a f f e c t e d  the  p r i c e  out look  f o r  o t h e r  f u e l s  a s  w e l l .  I n t e r n a t i o n a l  
energy markets and o t h e r  segments of world economies have been changing rap id ly  i n  
the past  f i v e  y e a r s  i n  a s t i l l  emerging response t o  the  formation of the c a r t e l .  

A common percept ion o f  the  future( l ’ ’2s  t h a t  there  w i l l  be increas ing  d i s p a r i t y  
between growing demand and dwindling non-OPEC s u p p l i e s  and e v e r  r i s i n g  energy prices. 
I n  t h i s  view, the United S t a t e s  and o t h e r  major i n d u s t r i a l  n a t i o n s  a r e  confronted 
wi th  the l ike l ihood of a growing need f o r  o i l  imports  and g r e a t e r  dependence on 
fore ign  suppl ies .  The r e s u l t i n g  p o l i t i c a l  and economic problems i m p e l  government 
and business  planners  t o  cons ider  a l t e r n a t i v e  responses .  

I n  a r e c e n t l y  completed two-year s tudy  of world energy supply and demand a t  S R I  
I n t e r n a t i o n a l ,  a somewhat d i f f e r e n t  p i c t u r e  of the  l i k e l y  developments i n  fu ture  
world energy balances has been obta ined .  

Summary 

The p r i n c i p a l  conclusion of  our  a n a l y s i s  of  world energy supply and demand i s  
t h a t  there  a r e  adequate o p p o r t u n i t i e s  f o r  i n c r e a s i n g  convent iona l  s u p p l i e s  of hydro- 
carbon resources  on a worldwide b a s i s ,  d i v e r s i f y i n g  the sources  of  supply,  and sub- 
s t i t u t i n g  among f u e l s  t o  a l low an o r d e r l y  development of  a l t e r n a t i v e s  through the 
remainder of t h i s  cen tury  and f o r  some time i n t o  t h e  next  wi thout  l a r g e  p r i c e  in- 
creases .  This conclusion i s  based on the  fol lowing series of observa t ions  and 
es t imates :  

* The convent ional  techniques used t o  make e s t i m a t e s  of resource  a v a i l a b i l i t y  
i n  terms of a s i n g l e  number represent ing  r e s e r v e s  a r e  n o t  adequate infor -  
mation t o  determine f u t u r e  supply/demand balances.  Resource a v a i l a b i l i t y  
should be d iscussed  i n  terms of  recovery c o s t s  and market pr ices .  

There i s  no long-term condi t ion  of imbalance i n  supply and demand where 
“gaps“ occur. I n  the absence of a r t i f i c i a l  p r i c e  c o n t r o l l i n g  regula t ions  , 
p r i c e s  respond w e l l  i n  advance of  t h i s  impending s i t u a t i o n  t o  prevent  j u s t  
such a p o s s i b i l i t y .  

I n t e r n a t i o n a l  energy supply and demand price e l a s t i c i t i e s  have been broadly 
underest imated.  

* 

* Current  e s t i m a t e s  of proven o i l  reserves  do n o t  a c c u r a t e l y  r e f l e c t  the  long- 
range impact of h igher  petroleum pr ices .  Higher o i l  p r i c e s  are encouraging 
explora t ion  and the  a p p l i c a t i o n  of  advanced recovery techniques so t h a t  
f u t u r e  a d d i t i c n s  to proven r e s e r v e s  w i l l  he g r e a t e r  than  they would have 
been a t  lower o i l  p r i c e s .  
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' The oppor tuni t ies  f o r  f u e l  s u b s t i t u t i o n  a r e  g r e a t e r  than has  genera l ly  been 
recognized. 

There w i l l  be an expansion of the  c l a s s  of  major o i l  expor t ing  na t ions  t o  
include some new members i n  the  next  few years  (Mexico, the United Kingdom, 
Norway, China, e t c . ) .  The d i s p a r i t y  of n a t i o n a l  i n t e r e s t s  w i l l  cause 
h ighly  var ied  responses  t o  changing supply/demand s i t u a t i o n s  i n  the world 
markets. 
s h i p  and the complexity of  production a l l o c a t i o n  and p r i c i n g  dec is ions  t o  
be s e t t l e d .  

Those who j o i n  OPEC w i l l  increase  the d i v e r s i t y  of  c a r t e l  member- 

This view of world energy a v a i l a b i l i t y  has n o t  been the  consensus. A s  men- 
t ioned e a r l i e r ,  many o t h e r  ana lyses  a n t i c i p a t e  s e r i o u s  supply/demand imbalances in 
the  1980s. These d i f f e r e n t  viewpoints  a r i s e  p r i n c i p a l l y  from c e r t a i n  f e a t u r e s  of 
the  present  ana lys i s  descr ibed  below t h a t  a r e  n o t  u s u a l l y  considered i n  t h i s  kind 
of s tudy.  These f e a t u r e s  do not  e l imina te  the  s u b s t a n t i a l  u n c e r t a i n t i e s  inherent  
i n  t h i s  kind of  a n a l y s i s  from unant ic ipa ted  p o l i t i c a l ,  s o c i a l ,  o r  technologica l  
developments (e.g., wars, embargoes, a major depress ion ,  o r  a breakthrough i n  
photovol ta ic  c e l l  economics, e t c . ) ,  bu t  they do provide a powerful t o o l  f o r  evalu-  
a t i n g  the p o t e n t i a l  s e n s i t i v i t y  of the r e s u l t s  t o  these  changes. 

The Analy t ica l  S t r u c t u r e  

I t  has been customary f o r  energy a n a l y s t s  t o  hypothesize a "scenario"  p r i c e  o r  
s e t  o f  p r i c e s  f o r  some reference  energy source,  u s u a l l y  Middle East  o i l ,  and then 
t r y  t o  determine how the demand f o r  o i l  w i l l  grow and what suppl ies  w i l l  be produced 
a t  t h i s  pr ice .  I n  t h a t  approach, demand i s  growing exponent ia l ly  and suppl ies  a r e  
r e l a t i v e l y  s t a t i c .  It i s  n o t  s u r p r i s i n g  then t h a t  a t  some poin t  demand exceeds the  
supply,  c r e a t i n g  an "energy gap.' ' 

The procedure o u t l i n e d  above s i m p l i f i e s  the a n a l y s i s  by ignor ing  t h e  feedback 
among energy supply, demand,and p r i c e s ,  and t h e  e f f e c t s  of  p r i c e s  on i n t e r f u e l  sub- 
s t i t u t i o n .  That approach i s  n o t  complete, however, because i t  ignores  t h e  dynamics 
of energy pr ic ing  through time. 

Energy p r i c e s  respond not  on ly  to  the  ins tan taneous  supplyfdemand balance but  
a l s o  to  producers' and consumers' percept ion of  the f u t u r e .  
t h a t  h i s  resource is  growing scarce  because of d e p l e t i o n  o f  the reserves ,  he w i l l  
demand h igher  pr ices  now f o r  incremental  production. 
p r i c e  depends upon a v a r i e t y  of time dependent v a r i a b l e s  including:  

I f  a producer perce ives  

How much he can r a i s e  h i s  

The r a t e  a t  which the resource i s  being deple ted  now and what r a t e  might 
be expected i n  the  f u t u r e  

That producer 's  p o t e n t i a l  l o s s  o f  market share  t o  o t h e r  producers of the 
same resource o r  t o  competing s u b s t i t u t e s  o r  to  d e c l i n i n g  demand 

The impact t h a t  h igher  p r i c e s  would have on the  s t imula t ion  of new tech- 
nology t o  rep lace  f u t u r e  demand f o r  the  product 

The ind iv idua l  producer 's  preference f o r  present  income versus  defer red ,  
perhaps higher ,  income a t  some f u t u r e  t i m e .  

Therefore ,  a t  any given time i n  energy markets ,  a v a r i e t y  of ind iv idua l  d e c i -  
s i o n s  a r e  being made by producers and consumers t h a t  rebalances the supply/demand 
equat ions.  

The q u a n t i t a t i v e  a n a l y s i s  here  has  centered  around the  development of a world 
energy model(3) b u i l t  i n  two p a r t s  and c a l l e d  ENDEM and FUELCOM, respec t ive ly .  
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ENDEM (Energy Demand Model) i s  a r e p r e s e n t a t i o n  o f  o u r  a n a l y s i s  of  energy demand de- 
velopment on a reg iona l  b a s i s  f o r  15 d i f f e r e n t  end-use c a t e g o r i e s  (steelmaking, 
chemicals, res ident ia l /commercial  space  h e a t ,  t r a n s p o r t a t i o n ,  e t c . )  a s  a funct ion of 
assumptions about macroeconomic v a r i a b l e s  such as populat ion,  GNP per  c a p i t a ,  and 
t r a d e  balances. FUELCOM ( I n t e r f u e l  Competition Model) represents  our  a n a l y s i s  of 
the  compecition among d i f f e r e n t  f u e i s  ( o i i ,  coa l ,  gas ,  nuc iear ,  hydro, and ochers) 
f o r  each of  the  end-use markets i n  each region.  
p r i c e s  f o r  each f u e l  i n  each region based upon o b t a i n i n g  supply/demand balances a t  
each point  i n  the  energy network from resource  product ion,  through conversion and 
t r a n s p o r t a t i o n  l i n k s ,  t o  end-use consumption i n  each of the  demand markets used by 
ENDEM. 

FUELCOM c a l c u l a t e s  market c lear ing  

The approach used i n  t h i s  s tudy t o  i n t e g r a t e  the demand and supply work i s  an 
i t e r a t i v e  process. A t  f i r s t  a t e n t a t i v e  economic p r o j e c t i o n  (GNP growth r a t e s ,  
t r a d e  flows, i n d u s t r i a l  product ion,  consumption) i s  used t o  c a l c u l a t e  t e n t a t i v e  
energy demand pro jec t ions  by end-use ca tegory  f o r  each region ( a t  the h i g h e s t  l eve l  
of  regional  aggregat ion)  i n  ENDEM. These p r o j e c t i o n s  a r e  used i n  FLIELCOM t o  obtain 
an o v e r a l l  energy demand/supply balance a t  a market c l e a r i n g  p r i c e  f o r  each f u e l  i n  
each region over  the e n t i r e  t i m e  hor izon.  This  t e n t a t i v e  energy balance i s  compared 
by the  a n a l y s t  wi th  the  assumptions on energy p r i c e s  and t r a d e  flows i m p l i c i t  i n  
ENDEM. I f  they a r e  c o n s i s t e n t  and reasonable  i n  the  judgment o f  t h e  a n a l y s t ,  a con- 
verged s o l u t i o n  i s  assumed. I f  t h e y  a r e  n o t  c o n s i s t e n t ,  a somewhat rev ised  economic 
out look i s  made t o  take i n t o  account t h e  new informat ion  on energy p r i c e s  and t rade 
flows, and the  process  is repeated u n t i l  a converged s o l u t i o n  i s  obtained.  When 
t h i s  process i s  completed a t  the  f i r s t  l e v e l  o f  reg iona l  d i saggrega t ion  and a s a t i s -  
fac tory  convergence obta ined ,  a f u r t h e r  reg iona l  d i saggrega t ion  i s  begun us ing  the 
l a r g e r  region r e s u l t s  a s  c o n s t r a i n t s  on the  more d e t a i l e d  a n a l y s i s .  

The p r i n c i p a l  ou tputs  of  the energy model a r e  p r o j e c t i o n s  of the  reg iona l  mar- 
k e t  c l e a r i n g  p r i c e s  f o r  f u e l s  over  t i m e ,  a s s o c i a t e d  product ion q u a n t i t i e s ,  flows 
through t ransmission l i n k s ,  c a p a c i t i e s  of conversion processes ,  and demands f o r  
d i s t r i b u t e d  f u e l s .  
model. 
u n c e r t a i n t y ,  the s e n s i t i v i t y  of  the p r o j e c t i o n s  t o  these  i n p u t s  a r e  determined. 

Results--Demand 

Clear ly ,  the p r o j e c t i o n s  can be s e n s i t i v e  t o  the i n p u t s  t o  the 
By vary ing  the key model i n p u t s  and assumptions over  reasonable  ranges of 

c 

Long-range p r o j e c t i o n s  of  world energy demand have been changing s u b s t a n t i a l l y  
i n  recent  years .  
i s  more than 20 percent  lower than e a r l i e r  estimates.7'5 For example, Exxon's recent  
es t imate  o f  world energy demand f o r  t h e  non-Comunist  world i n  1985 of 125 mi l l ion  
b a r r e l s  o f  o i l  equiva len t  per day i s  down 24 percent  from es t imates  of 165 mi l l ion  
b a r r e l s  of  o i l  equiva len t  per  day made i n  1973 f o r  the  same region.  These d i f f e r -  
ences  a re  r e l a t e d  t o  changing views o f  the f u t u r e  growth of  reg iona l  macroeconomic 
i n d i c a t o r s  such as GDP and populat ion,  as w e l l  a s  t o  changes i n  the r e l a t i o n s h i p  of 
energy consumption t o  these  v a r i a b l e s  and to p r i c e .  The quadrupl ing of world o i l  
p r i c e s  s i n c e  1973 (shown i n  F igure  1)  has  had an important  impact on a l l  of these 
es t imates .  
the  shor t  term, long-term e f f e c t s  of t h e  i n c r e a s e s  shown i n  F igure  1 a r e  making big 
changes i n  year  2000 pro jec t ions .  

Today's e s t i m a t e  f o r  t o t a l  primary rgy demand f o r  the year  2000 

Even i f  demand o f t e n  appears  t o  be somewhat i n e l a s t i c  t o  p r i c e  changes i n  

The reg iona l  v a r i a t i o n  i n  a n t i c i p a t e d  primary energy consumption obtained i n  
t h i s  a n a l y s i s  i s  shown i n  Table 1. Although OECD n a t i o n s  s t i l l  account f o r  near ly  
h a l f  of  world energy consumption i n  y e a r  2000, i n  g e n e r a l ,  developing n a t i o n s  w i l l  
show higher  growth rates of  energy consumption than developed n a t i o n s  because they 
a r e  s t a r t i n g  from much lower absolu te  va lues ,  have h igher  populat ion growth r a t e s ,  
l e s s  room f o r  improvements i n  the  e f f i c i e n c y  of  consumption, and a r e  expected t o  make 
cons iderable  e f f o r t  t o  "narrow t h e  gap" i n  GDP per  c a p i t a .  
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The changing r e l a t i o n s h i p  a n t i c i p a t e d  between energy and GDP is most dramatic  
I n  1970, a b a r r e l  of o i l  equiva len t  energy w a s  used t o  gen- i n  the United S t a t e s .  

e r a t e  about $140 i n  gross  domestic product ( i n  cons tan t  1978 d o l l a r s ) .  BY t h e  year  
2000, it i s  expected t h a t  the same amount of energy w i l l  genera te  about $191 i n  GDP 
o r  a 37 percent  increase  i n  economic e f f i c i e n c y  i n  energy use.  
improvements a r e  achieved d e s p i t e  the f a c t  t h a t  e l e c t r i c i t y  consumption i s  expected 
to  grow f a s t e r  than t o t a l  energy,  and average e l e c t r i c  power e f f i c i e n c i e s  a r e  lower 
than f o r  the d i r e c t  consumption o f  f u e l s .  Such changes a r e  occurr ing  worldwide, 
a l though not  so dramat ica l ly  i n  na t ions  t h a t  have h i s t o r i c a l l y  n o t  had access  t o  
the same abundance o f  r e l a t i v e l y  low-cost energy a s  the  United S t a t e s .  

These e f f i c i e n c y  

Table 1 

PRIMARY ENERGY CONSUMPTION * 
(Mil l ions of  Bar re l s  of O i l  Equivalent  per  Day ) 

1960 1970 - 1980 - 2000 - 
United S t a t e s  20.7 31.7 
Canada 1 .8  3.0 

Japan 1.8 5.6 
Mexico/Sou t h  America 2.2 4.2 
Afr ica  1.0 1.8 
Middle Eas t  0.7 1 . 4  
C e n t r a l l y  Planned Economies 18.2 27.1 

2.2 __ 4.6 Remainder 

To ta l  61.1 101.4 

Western Europe 12.5 22.0 

- 

38.9 
4.5 

27.3 
8.8 
7.5 
3.4 
3.3 

42.9 
7.6 

144.2 
- 

58.6 
7.3 

46.3 
17.9 
20.9 

7.6 
10.5 
87.5 
19.1 
275.7 

* For most of t h i s  paper ,  the u n i t s  of energy demand w i l l  be expressed 
i n  o i l  equiva len t  b a r r e l s  to  e v a l u a t e  how changes i n  f o r e c a s t s  or 
assumptions can a f f e c t  world o i l  t r a d e - - o i l  being the  "swing fue l"  i n  
i n t e r n a t i o n a l  energy forecas t ing .  

The r e s u l t s  of the  FUELCOM i n t e r f u e l  compet i t ion a n a l y s i s  corresponding to  the  
ENDEM reg iona l  energy demand of  Table 1 i s  shown i n  the  h i g h l y  aggregated curves of 
Figure 2. There a r e  no dramatic  s u r p r i s e s  shown i n  t h i s  f igure .  World demand f o r  
a l l  forms of  primary energy i s  expected t o  cont inue t o  grow t o  the  end of the  century  
but  a t  considerably lower r a t e s  than f o r  the  most recent  25-year h i s t o r i c a l  period. 
The average h i s t o r i c a l  growth f o r  1950 t o  1975 was about  5 percent ,  whereas f o r  the  
f o r e c a s t  period the a n a l y s i s  i n d i c a t e s  world average demand growth of  about 3.4 per- 
cen t .  

O i l ,  c o a l ,  n a t u r a l  gas ,  and nuc lear  energy a r e  a l l  expected t o  play major r o l e s  
i n  supplying the increased  energy consumption, while  h y d r o e l e c t r i c  energy s u p p l i e s  
w i l l  become increas ingly  important  i n  some of  the  l e s s  developed a r e a s .  

Worldwide, nuc lear  power genera t ion  growth r a t e s ,  a l though s t i l l  cons iderable ,  
w i l l  be s u b s t a n t i a l l y  lower than most p r o j e c t i o n s  of  the  r e c e n t  p a s t  because of pre- 
v ious ly  unant ic ipa ted  p o l i t i c a l ,  s o c i a l ,  and economic problems. Gas consumption, on 
the o t h e r  hand, w i l l  probably grow more r a p i d l y  than expected. 

Primary Resource Economics 

One of the most d i f f i c u l t  and important  cons idera t ions  i n  analyzing energy sup- 
ply and demand balances i s  t o  q u a n t i f y  the  long-term economics o'f primary resource 
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production. 
s p e c i f i e s  a price-volume r e l a t i o n s h i p  a c r o s s  a 50-year time hor izon  o r  longer  i s  re- 
qui red  f o r  eachresource .  The key i s s u e s  t h a t  must be considered wi th  regard to  
primary resources  a r e :  deple t ion ,  r e s e r v e s ,  l e a s e  c o s t ,  product ion,  development, 
explora t ion ,  technologica l  change such a s  enhanced o i l  recovery o r  advanced mining 
techniques,  and wellhead o r  mine-mouth pr ice .  

In the  c l a s s i c a l  economic sense,  a long- te rn  dynamic supply curve t h a t  

The main shortcoming of  most publ ished resource  estimates i s  t h a t  p r i c e  i s  not  
e x p l i c i t l y  included;  on ly  q u a n t i t y  i f  considered.  Di f fe rences  among es t imates  can 
thus  be due to  d i f f e r e n c e s  among assumptions and d e f i n i t i o n s  as w e l l  as t o  d i f f e r -  
ences  of opinion o r  u n c e r t a i n t y  about the resource base i t s e l f .  To ana lyze  s t r a t e g i c  
energy dec is ions  and t o  e s t i m a t e  resource  a v a i l a b i l i t y ,  cans ider ing  resource  volume 
es t imates  a lone  i s  n o t  s u f f i c i e n t ;  j o i n t  price-volume r e l a t i o n s h i p s  f o r  each resource 
must be est imated and made e x p l i c i t .  

Resource suppl ies  represented i n  FUELCOM on a r e g i o n a l  b a s i s  a r e  crude o i l ,  
n a t u r a l  g a s ,  c o a l ,  n u c l e a r  f u e l ,  h y d r o e l e c t r i c i t y ,  o i l  s h a l e ,  and t a r  sands i n  
s p e c i f i c  regions.  Each of  these  i s  descr ibed  i n  each resource  bas in  by a d i f f e r e n t  
supply curve g iv ing  the marginal  c o s t  of  incremental  product ion of  t h a t  resource a s  
a func t ion  of  t o t a l  cumulat ive product ion i n  t h a t  bas in .  
pas t  discovery and development h i s t o r i e s ,  and expected f u t u r e  f i n d s  a r e  def ined i n  
the ana lys i s .  In e s t i m a t i n g  the c o s t s  of  r e s e r v e s ,  price-dependent c o s t s  such as  
l e a s e  bonus payments, r o y a l t i e s ,  and product ion taxes a r e  d i s t i n g u i s h e d  from ordinary 
e x p l o r a t i o n ,  development, and product ion c o s t s .  

Probable  in-p lace  resources, 

S p e c i f i c a l l y  excluded from the marginal  c o s t  i s  economic r e n t  ( l e a s e  bonus pay- 
ment and a d d i t i o n a l  p r o f i t s  above the  15 percent  r e t u r n  on investment) .  The marginal 
c o s t  of a resource i s  the  minimum acceptab le  p r i c e  a t  which t h e  s u p p l i e r  would be 
w i l l i n g  t o  develop and se l l  t h a t  resource .  Economic r e n t ,  r e f l e c t e d  i n  a p r i c e  higher  
than  the minimum acceptab le  p r i c e ,  is computed by FIJELCOM a s  a f u n c t i o n  of  the  p r i c e s  
of  o t h e r  energy sources  and the  dynamic c h a r a c t e r i s t ' c  of  the  market. For OPEC pro- 
ducers ,  a s p e c i f i c  c a r t e l  p r i c i n g  a lgor i thm i s  used.i3y 

FUELCOM uses  r e g i o n a l  marginal  c o s t  e s t i m a t e s  inc luding  26 o i l  resource  curves, 
26 gas resource curves ,  22  c o a l  curves ,  and 13  miscel laneous resource  curves,  in- 
c luding e s t i m a t e s  of  the  c o s t s  of  hydropower, nuc lear  f u e l ,  s h a l e  o i l ,  and t a r  sands 
i n  d i f f e r e n t  regions.  A s  an example of  t h i s  type of curve,  F igure  3 i l l u s t r a t e s  t h e  
marginal c o s t  curves  f o r  world cumulat ive s u p p l i e s  of crude o i l ,  n a t u r a l  gas ,  and 
coa l .  These world t o t a l  curves  a r e  much too aggregated f o r  use  i n  FUELCOM, but a r e  
va luable  t o  i l l u s t r a t e  s e v e r a l  important  po in ts .  s shown, coal i s  a v a i l a b l e  i n  
v a s t  q u a n t i t i e s  a t  low recovery cos t .  Recently,(5t t h e  es t imated  in-place coal  re-  
source base of  the world was increased  over  18 percent  above t h e  1974 es t imates  a t  
the  1978 World Energy Conference. S i m i l a r  modi f ica t ions  i n  e s t i m a t e s  of t r a d i t i o n a l  
suppl ies  of  o i l  and gas a r e  being made showing i n c r e a s e s  i n  product ion p o t e n t i a l  
from o l d  and new a r e a s ,  e.g., Mexico, China, Canada, t h e  North Sea,  e t c .  

From the  r e s u l t s  shown i n  the curves  of  F igure  2,  the  cumulative world consump- 
t i o n  of o i l  a n t i c i p a t e d  from 1975 to 2000 i s  700 b i l l i o n  b a r r e l s .  For n a t u r a l  gas  
and coa l ,  the  cumulative consumption i s  340 and 460 b i l l i o n  b a r r e l s  of o i l  equiva- 
l e n t ,  respec t ive ly .  
Figure 3 t o  c a l c u l a t e  a year  2000 market c l e a r i n g  p r i c e  f o r  each resource ,  i t  i s  
apparent  t h a t  world s u p p l i e s  of these  resources  a r e  by no means exhausted a t  the 
end of  the  ceniury.  
market p r i c e s  of convent ional  s u p p l i e s  w i l l  even reach the  l e v e l s  requi red  t o  make 
Sources of s y n t h e t i c  hydrocarbons commercially compet i t ive  by t h a t  time. Superim- 
posed on the  marginal  c o s t  resource curves  of  F igure  3 a r e  t h e  minimum c o s t  es t imates  

(SNG), and o i l  from s h a l e .  

Although t h e r e  i s  n o t  s u f f i c i e n t  information i n  the  curves of 

In f a c t ,  there  i s  cons iderable  u n c e r t a i n t y  a s  t o  whether the 

folmd i n  the literature!6! fDr s;T:hctic crL2-c. f ro-  co-1, s y n t h e t i c  n2:zz-l gcs 
The e a r l y  1978 posted p r i c e  o f  OPEC marker crude o i l  i s  
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a l s o  shown f o r  comparison. 
t i o n  from convent ional  s u p p l i e s ,  i t  is n o t  l i k e l y  t h a t  any unconvent ional  s u p p l i e s  
of energy w i l l  become commercially a v a i l a b l e  on a g loba l  s c a l e  before  the  end of 
t h e  century.  However, i n  s p e c i f i c  l o c a t i o n s ,  s h a l e  o i l ,  heavy o i l s ,  and s y n t h e t i c  
f u e l s  from coal  may c o n t r i b u t e  a measurable f r a c t i o n  of  r e g i o n a l  energy suppl ies .  

I n  t h i s  economic environment, because of  p r i c e  competi- 

A s  an example of evolving t rade  p a t t e r n s ,  F igure  4 shows how petroleum produc- 
t ion  p a t t e r n s  have changed s i n c e  1950 and are expected t o  change i n  the fu ture .  In 
1950 there  were four  s i g n i f i c a n t  product ion a r e a s  i n  t h e  world--North America, Cen- 
t r a l  and South America, the  Middle E a s t ,  and t h e  Sovie t  Union. 
cen tury ,  according t o  t h i s  a n a l y s i s ,  t h e r e  w i l l  be s e v e r a l  more. The Middle Eas t ,  
of  course,  remains a major s u p p l i e r  of o i l  t o  the world, a l though i t s  share  of 
world markets w i l l  be smal le r  i n  the  f u t u r e .  An important  r e s u l t  of t h i s  a n a l y s i s  
i s  the  growing r o l e  of producers t h a t  a r e  n o t  p r e s e n t l y  i n  OPEC--Mexico, the  United 
Kingdom, Norway, China, and s e v e r a l  n a t i o n s  i n  A f r i c a  and Asia .  Each i s  faced wi th  
the  need t o  develop suppl ies  and t o  market them t o  provide c a p i t a l  f o r  economic 
development. I n  a d d i t i o n ,  cons iderable  development of c o a l  and nuc lear  resources  
d i s p l a c e s  o i l  and gas  from u t i l i t y  and i n d u s t r i a l  markets .  
t o  func t ion  a s  the marginal  s u p p l i e r  o f  petroleum t o  maintain c o n t r o l  over  i n t e r n a -  
t i o n a l  o i l  p r i c e s ,  a l l  of these  development impact s t r o n g l y  upon cartel production 
growth r a t e s  and toge ther  suggest  t h a t - - f o r  a time--the o r g a n i z a t i o n  w i l l  f i n d  i t -  
s e l f  i n  the passive p o s i t i o n  o f  a t tempt ing  t o  presenre i t s  ga ins .  Future  growth 
i n  world demand f o r  o i l  w i l l  very  l i k e l y  be s i g n i f i c a n t l y  s lower than t h e  pace t h a t  
was seen i n  the years  p r i o r  t o  1974. Non-OPEC o i l  product ion w i l l  cont inue t o  grow, 
probably a t  a r a t e  h igher  than many observers  expect .  I f  the  organiza t ion  i s  t o  
cont inue t o  s e t  and maintain the  world p r i c e  of  o i l ,  i t  must a l s o  support  the  pr ice  
f o r  a l l  producers of  o i l  mwing i n  i n t e r n a t i o n a l  t rade .  Many of  the newer o i l  ex- 
p o r t e r s  such a s  Norway, the  United Kingdom, and China a r e  n o t  l i k e l y  t o  become p a r t  
of  OPEC because of t h e i r  h i s t o r y ,  p o l i t i c s ,  o r  because--for  one reason or another--  
they do n o t  view membership i n  the c a r t e l  as i n  t h e i r  b e s t  i n t e r e s t s .  A s p e c i a l  
problem f o r  the c a r t e l  i s  t h a t  non-OPEC producers can take  advantage of the  c a r t e l  
p r i c e  without  assuming any of the burdens a s s o c i a t e d  wi th  withholding product ion t o  
support  p reva i l ing  p r i c e  l e v e l s .  A s  mentioned previous ly ,  i t  is  expected t h a t  those 
who do j o i n  OPEC w i l l  increase  the  d i v e r s i t y  of c a r t e l  membership and the  complexity 
of Droduction a l l o c a t i o n  and Dricinn d e c i s i o n s  t o  be s e t t l e d .  The combination of  

By t h e  end o f  the 

Since OPEC must cont inue 

these  f a c t o r s  i s  l i k e l y  
the near  term--continue 
make h igher  real p r i c e s  

- 
t o  place pressure  on OPEC's market share  and--at least over  
t o  reduce the  a b i l i t y  and w i l l i n g n e s s  of  c a r t e l  members t o  
s t i c k .  

~ ~~ 

* The au thor  i s  now a t  the  E l e c t r i c  Power Research I n s t i t u t e .  
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S h e l l  I n t e r n a t i o n a l  Petroleum Company Limited,  
S h e l l  Centre ,  

London SEl 7NA. 

In t roduct ion  

Half a decade h a s  passed s i n c e  t h e  world economic system s u f f e r e d  t h e  shock 
of a massive increase  i n  o i l  p r i c e s .  In t h e  in te rvening  years  t h e r e  have been many 
Conf l ic t ing  f o r e c a s t s  o f  f u t u r e  energy developments, ranging  from ”no problem” t o  
a l a r m i s t  warnings o f  another ,  even g r e a t e r ,  shock t o  come - a second energy crunch. 
The l a t t e r  v a r i e t y  have tended t o  predominate. The m u l t i p l i c i t y  of f o r e c a s t s  would 
be COnfUSing enough and undoubtedly c o n t r i b u t e  t o  i n d e c i s i o n  and l a c k  of  a c t i o n  by 
t h e  pol icy  makers, bu t  t h e  p i c t u r e  is still  f u r t h e r  obscured by t h e  c u r r e n t  s i t u a t i o n .  
A t  t h e  time of w r i t i n g  (November 19781, o i l  consumption i s  only  j u s t  back where i t  was 
f i v e  y e a r s  ago, energy supply is i n  p o t e n t i a l  s u r p l u s  and t h e  sense of  urgency seems 
t o  be gone. What is t h e  t r u t h ?  Is t h e  second energy crunch,  s o  widely p r e d i c t e d ,  
r e a l  o r  not?  I f  it is, how can t h e  conius ing  messages be r a t i o n a l i z e d  so  t h a t  t h e  
a c t i o n s  necessary t o  amel iora te  i t  can be set i n  motion? 

A Methodology for Coping with Uncer ta in ty  

”Those who f o r e t e l l  t h e  f u t u r e  l i e ,  even i f  they  t e l l  t h e  t r u t h ”  Arab Proverb 

This quote is a p p r o p r i a t e  a t  t h e  beginning of  a d iscuss ion  on t h e  f u t u r e  of 
world energy supply and demand i n  view of  t h e  important  r o l e  which t h e  Middle Eas t  
has  had, and w i l l  cont inue t o  have, i n  shaping t h e  f u t u r e  world energy scene. This  
p a r t i c u l a r  proverb a l s o  makes another  very important  po in t  - t h e  f u t u r e  cannot be 
pred ic ted .  I n  f a c t  t h e r e  a r e  many p o s s i b l e  f u t u r e s  dependent on how events  and 
dec is ions  ye t  t o  be taken a r e  l i n k e d  and i n t e r a c t .  Asser t ions  about the  f u t u r e  i n  
genera l  and about energy developments i n  p a r t i c u l a r  may o r ,  more l i k e l y ,  may not ,  
t u r n  out  t o  be accura te  but i f  we a r e  t o  avoid confusion,  i n d e c i s i o n  and t o o  many 
mistakes,  we need a methodology t o  cope with t h e  u n c e r t a i n t i e s .  

A scenar io  is l o g i c a l l y  coherent ,  f u t u r e  s ta te  o f  t h e  world. It is not  what 
- w i l l  happen but what can happen - a s u b t l e  but  important d i s t i n c t i o n .  We can 
d i s t i n g u i s h ,  and w i l l  be r e f e r r i n g  t o ,  t h r e e  d i s t i n c t  t y p e s  of s c e n a r i o  - t h e  
a rche type ,  the  phantom and t h e  exploratoryl  scenar io  ( s e e  Box 1). 
form a s t a r t i n g  p o i n t ;  they  provide a l t e r n a t i v e  views of t h e  world or of  s p e c i f i c  
i s s u e s  i n  r a t h e r  s t a r k  terms,  i .e .  t h e  f u t u r e  economic framework, o i l  p r i c e  develop- 
ments e t c .  Phantom s c e n a r i o s  a r e  s i m i l a r ,  bu t  they  cons ider  i s s u e s  which have a 
low p r o b a b i l i t y  of  occur r ing  but  a major impact on t h e  f u t u r e  i f  they  do occur. 
Exploratory scenar ios  a r e  r a t h e r  d i f f e r e n t ;  they  combine t h e  v a r i a b l e s  t h a t  emerge 
a s  important  from t h e  e s s e n t i a l  ana lyses  of t h e  a rche type  and phantom scenar io3  t o  
develop r o u t e s  o r  pathways i n t o  t h e  fu ture .  
how t h e  world w i l l  r e a c t  t o  a given s e t  of condi t ions ,  s o  explora tory  scenar ios  tend  
t o  evolve i n t o  second genera t ion  response scenar ios .  

Archetype s c e n a r i o s  

This  involves  making assumptions about 

The scenar ios  have s e v e r a l  func t ions .  Thei r  c o n s t r u c t i o n  i s  a l e a r n i n g  process  
which h e l p s  us t o  understand t h e  p a s t  and t h e  present  and t o  s t r u c t u r e  i n  a r a t i o n a l  
way t h e  u n c e r t a i n t i e s  of t h e  fu ture .  A s  a p o s s i b l e  instrument  of change, they  have 
an important  r o l e  i n  s t r a t e g i c  planning.  By i d e n t i f y i n g  t h e  f e a t u r e s  common t o  a l l  
s c e n a r i o s  - t h e  pre-determined elements  - we provide a hardcore of in iormat ion ,  
some s o l i d  f a c t s  on which w e  can base ou r  p lans .  

The scenar ios  a l s o  provide a r a t i o n a l  framework f o r  d i scuss ion  with o u t s i d e  
We can t h u s  share  
This  is p a r t i c u l a r l y  

o r g a n i s a t i o n s  such as governments, academic i n s t i t u t i o n s  e t c .  
our view of the  world i n  an unemotional and p r o f e s s i o n a l  way. 
important  i n  t h e  i n t e r n a t i o n a l  energy sphere ,  where a s  w e  have mentioned, t h e  
dialogue has  become confused because of  t h e  concent ra t ion  on c o n f l i c t i n g  s i n g l e - l i n e  
forecas ts .  
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cons is tency  and 
l o g i c  t e s t i n g  

I t e r a t i o n s  f o r  
cons is tency  and 
l o g i c  t e s t i n g  

/PHANTOM SCENARIOS 

I EXPLORATORY SCENARIOS RESPONSE SCENARIOS 

ARCHETYPE SCENARIOS - A pure  o r  pro to type  s c e n a r i o  d e s c r i b i n g  important 
s c e n a r i o  a s p e c t s  i n  s t a r k ,  r a t h e r  b lack  and white 
terms. A u s e f u l  analogy comes from psychology 
where t h e  p e r s o n a l i t y  a rche types  " i n t r o v e r t "  and 
"ext rover t"  descr ibe  very few a c t u a l  human beings. 
However, most of  u s  have elements  of  both types 
i n  our  make-up, so an understanding of  t h e  two 
archetype p e r s o n a l i t i e s  is h e l p f u l  i n  ana lys ing  
and hence understanding i n d i v i d u a l  p e r s o n a l i t i e s .  
I n  t h e  same way, t h e  c o n s t r u c t i o n  and a n a l y s i s  of 
archetype s c e n a r i o s  i s  h e l p f u l  i n  understanding 
and prepar ing  f o r  t h e  f u t u r e ,  even though t h a t  
f u t u r e  is most u n l i k e l y  t o  correspond t o  a s ing le  
archetype.  

PHANTOM SCENARIOS - These a r e  D e v i l ' s  Advocate type of  scenar ios .  
They have a low p r o b a b i l i t y  of  occur r ing  but the 
impact on t h e  f u t u r e  i f  they  do come about is 
very high indeed. Thei r  u l t i m a t e  aim is t o  
r e i n f o r c e  t h e  r e s i l i e n c e  of  s t r a t e g i c  planning. 

MPLORATORY SCENARIOS - Exploratory s c e n a r i o s  combine t h e  v a r i a b l e s  t h a t  
emerge a s  important  from t h e  a n a l y s i s  of  Archetype 
and Phantom s c e n a r i o s  t o  develop r o u t e s  or pathways 
i n t o  t h e  fu ture .  This  involves  making assumptions 
about how t h e  world w i l l  r e a c t  t o  a given s e t  of 
condi t ions ,  so explora tory  s c e n a r i o s  tend  t o  evolve 
i n t o  second genera t ion  response scenar ios .  

Archetype Scenar ios  f o r  EnerFy Planning  

Energy is fundamental t o  v i r t u a l l y  every th ing  we do. We need it t o  b u i l d  and 
then  heat  or cool  and i l l u m i n a t e  our houses,  grow our  food, power our t r a n s p o r t  
systems and t o  make a l l  those  c o u n t l e s s  t h i n g s  which we now cons ider  e s s e n t i a l  t o  
our  way of  l i f e .  I n s o f a r  a s  these  al l -embracing f a c t o r s  can be descr ibed  i n  economic 
terms, archetype s c e n a r i o s  can be expressed i n  macro-economic i n d i c a t o r s  such a s  
GNP growth r a t e s ,  bu t  t h i s  is only  t h e  s t a r t i n g  poin t .  Energy supply and a v a i l -  
a b i l i t y  depends on p o l i t i c a l  f a c t o r s ,  i n t e r n a t i o n a l  t r a d e ,  t h e  f u t u r e  c l imate  f o r  
investment e t c .  Demand is governed, not  on ly  by economics, but  a l s o  by s o c i e t y ' s  
changing a t t i t u d e s  which w i l l  be r e f l e c t e d  i n  changing l i f e  s t y l e s .  

Two archetype s c e n a r i o s  a r e  descr ibed  below ( s e e  Box 2 ) ,  The World of I n t e r n a l  
Cont rad ic t ions  (WIC) and Business  Expands (BE). Growth, i n  t h e  sense o f  increas ing  
added value from man's a c t i v i t y ,  can be seen  as a n a t u r a l  phenomenon i n  human 
soc ie ty .  The WIG and BE s c e n a r i o s  d i f f e r  i n  t h e  e x t e n t  t o  which t h e  b a r r i e r s  t o  
growth are removed or i n s t i t u t i o n a l i s e d .  
no world wars, and assume t h a t  t h e  balance of  power between Eas t  and West is not 
s e r i o u s l y  d is rupted .  

Both s c e n a r i o s  a r e  ca tas t rophe- f ree  i.e. 
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BOX 2 - A WORLD OF INTERNAL CONTRADICTIONS BUSINESS EXPANDS 

- A world which f a i l s  t o  l i b e r a t e  
t h e  forces  making f o r  growth 

- Systems p r o l i f e r a t e  and decay, 
a l i e n a t i o n  is widespread 

- Greater  government i n t e r v e n t i o n  
i n  t h e  market economy 

- Diversion of  resources  t o  non- 
marketed s e c t o r s .  Low commit- 
ment of r i s k  c a p i t a l  

- Low growth o f  i n t e r n a t i o n a l  
t r a d e  ( p r o t e c t  ionism) 

- Strong move towards f u r t h e r  
e g a l i t a r i a n i s m  

- Barriers t o  growth removed 

- Systems performance improved, 
a l i e n a t i o n  mi t iga ted  

- Reached by r e a c t i o n  a g a i n s t  
low growth 

The Condit ion 

- E f f e c t i v e  p o l i t i c a l  l e a d e r s h i p  

- Governments understand and f o s t e r  
t h e  process  o f  wealth c r e a t i o n  

- Strong links i n t o  t h e  i n t e r n a t i o n a l  
t r a d e  system 

- GDP growth 2.6 - 3.0% - GDP growth 4 - 4.5% 

We can g e t  some i d e a  o f  how demand f o r  energy might develop by quant i fy ing  
One way of  doing t h i s  would be simply t o  look how demand t h e  archetype scenar ios .  

has  increased  with economic growth i n  t h e  p a s t  and t o  p r o j e c t  t h i s ,  or a s u b j e c t i v e l y  
modified r e l a t i o n s h i p ,  i n t o  t h e  fu ture .  Such type  of ana lyses  quick ly  i n d i c a t e s  
t h a t  demand f o r  energy,  and f o r  o i l  i n  p a r t i c u l a r ,  w i l l  grow t o  exceed a v a i l a b l e  
supply - t o  r e s u l t  i n  a gap or t h e  next  crunch - any time from t h e  e a r l y  80's 
onwards, depending on t h e  economic growth r a t e s  chosen. But such an a n a l y s i s  is 
f a r  too  s i m p l i s t i c .  
was e s t a b l i s h e d  over  a long  per iod  o f  abundant, low-priced o i l .  The o i l  p r i c e  h ike  
i n  1973/74 was enough t o  begin t o  change our way of  us ing  energy,  our a t t i t u d e s  
towards conservat ion,  s e l f - s u f f i c i e n c y  e t c .  and changes i n  o i l  p r i c e  i n  t h e  f u t u r e  
remain a key element i n  inf luenc ing  f u t u r e  demand. Hence it became c l e a r  t h a t  t h e  
price-dimension had t o  be introduced i n  t h e  energy q u a n t i f i c a t i o n  work as a c r i t i c a l  
s e p a r a t e  var iab le .  

The h i s t o r i c  r e l a t i o n s h i p  between energy and economic growth 

The p r i c e  of  a commodity is normally determined by t h e  supply/demand i n t e r p l a y ,  
i . e .  provided supply is f r e e  t o  i n c r e a s e  i n  pace with demand. I f  t h e r e  is i n t e r -  
ference with t h e  f r e e  supply/demand p l a y ,  a s  t h e r e  has  been i n  t h e  case of  o i l ,  
then  t h e  p r i c e  could be dr iven  up t o  t h e  eventua l  c o s t  o f  a l t e r n a t i v e  f u e l s .  I n  
theory ,  t h i s  upper l e v e l  should provide a new norm f o r  o i l  p r i c e s ,  b u t ,  i n  p r a c t i c e ,  
because of t h e  long lead  times necessary t o  change t h e  p a t t e r n  of energy supply,  
t h e  poin t  a t  which some consumers, o r  more p a r t i c u l a r l y  consuming c o u n t r i e s ,  w i l l  
f i n d  it d i f f i c u l t  t o  pay may well be reached e a r l i e r .  Consider ing t h e  economic 
d i s r u p t i o n  t h a t  h a s  a l ready  been caused by t h e  p r i c e  r i s e s  of  1973/74, it would 
seem t h a t  we a r e  a l ready  c lose  t o  some consumers1 a b i l i t y  t o  pay a t  c u r r e n t  p r i c e s .  
A t  t h i s  s t a g e ,  economics have been completely overtaken by p o l i t i c a l  f o r c e s  and 
t h e r e  is no economic theory t h a t  w i l l  t e l l  you what t h e  o i l  p r i c e  i s  going t o  be. 
It is a ques t ion  o f  " rea lpol i t ik" .  

There a r e  f o r c e s  pushing t h e  p r i c e  i n  both  d i r e c t i o n s  and, a s  a l e v e r  t o  
e x t r a c t  i n s i g h t ,  we can develop t h e s e  i n t o  two o i l  p r i c e  scenar ios .  Upward 
pressure  lead ing  t o  Esca la t ing  P r i c e s  i n  r e a l  terms stems, i n t e r  a l i a ,  from t h e  
i n f l u e n c e s  of those  producing c o u n t r i e s  which have, or f a c e ,  balance of  payments 
d i f f i c u l t i e s .  P a r t i c u l a r l y  those  wi th  l i m i t e d  o i l  r e s e r v e  t o  product ion  r a t i o s  
w i l l  a rgue most s t r o n g l y  t h a t  t h e  p r i c e  should e s c a l a t e  i n  r e a l  terms t o  reach 
t h e  cos t  of a l t e r n a t i v e  means of  ob ta in ing  o i l  o r  gas  (e.g. der ived  by synthes iz ing  
coa l )  a t  a not too d i s t a n t  po in t  i n  t h e  f u t u r e ,  s a y  1990. Higher o i l ,  and hence 
energy, p r i c e s  w i l l  a l s o  render  t h e  e x p l o i t a t i o n  of  t h e  g a s  r e s e r v e s ,  which most 
of  these  producers possess ,  much more a t t r a c t i v e  - such p r o j e c t s  almost invar iab ly  
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requi re  expensive l i q u e f a c t i o n ,  conversion or p i p e l i n e  p r o j e c t s  t o  del i .ver  t h e  gas 
t o  d i s t a n t  consumers. Then t h e r e  is t h e  percept ion  t h a t  most O E D  c o u n t r i e s  a re  
i n  a b e t t e r  p o s i t i o n  t o  pay f o r  o i l ;  t h e r e  i s  a genera l  b e l i e f  t h a t  U.S. imports 
w i l l  continue t o  increase  and of  course  t h e r e  can always be f u r t h e r  a c c i d e n t s  i n  
t h e  Middle Eas te rn  p o l i t i c a l  s i t u a t i o n .  These and o t h e r  f a c t o r s  would tend  t o  
push the  o i l  p r i c e  up i n  r e a l  terms,  i .e. by considerably more than  t h e  r a t e  of 
g loba l  i n f l a t i o n .  

The major f o r c e s  pushing i n  t h e  d i r e c t i o n  of  P r i c e  Moderation inc lude  t h e  
concern, p a r t i c u l a r l y  expressed by t h e  key producing country,  Saudi Arabia ,  with 
t h e  economic s t a b i l i t y  of  t h e  Ycst. Other f a c t o r s  such a s  major new o i l  
d i scover ies  o r  a b e l a t e d  success  f o r  Pres ident  C a r t e r ' s  energy p o l i c y  i n  t h e  USA 
may a l s o  have a p a r t  t o  play.  There h a s  been cons iderable  r e s t r a i n t  on t h e  par t  
of  the  producers  s i n c e  1974 so  t h a t  it would appear  t h a t ,  a t  p r e s e n t ,  we a r e  i n  
a "symbiosis" scenar io  which could keep p r i c e s  roughly a t  today ' s  l e v e l  - although 
i n f l a t i o n  c o r r e c t i o n s  could e i t h e r  over  o r  under conpensate from time t o  time. 
Whether t h i s  p r i c e  moderation s c e n a r i o  w i l l  p r e v a i l  is f a r  from c e r t a i n  and depends 
i n t e r a l i a  on f u t u r e  g e o p o l i t i c a l  developments. Our purpose f o r  developing these 
c o n t r a s t i n g ,  e s s e n t i a l l y  p o l i t i c a l l y  based, archetype p r i c e  s c e n a r i o s  was a s  a 
t o o l  t o  increase  t h e  understanding o f  t h e  i n t e r a c t i o n  with the  o t h e r  scenar io  
parameters  (descr ibed  above) i n  t h e  energy supply and demand f i e l d .  

Exploratory Scenar ios  f o r  E n e r a  - combining t h e  important v a r i a b l e s  from t h e  
archetype scenar ios .  

It is c l e a r  t h a t  t h e  r e l a t i o n s h i p  between economic growth and t h e  amount of 
energy needed t o  f u e l  t h a t  growth can  change i n  t h e  f u t u r e ,  but  t o  g e t  an idea of 
by how much and i n  what ways it may change we need t o  t a k e  a d e t a i l e d  look a t  the  
markets - the  end u s e s  f o r  energy. S i m i l a r l y ,  one can use the  p r i c e  scenar ios  t o  
t e s t  f o r  t h e  p r i c e  s e n s i t i v i t y  of  demand, but  p r i c e  e l a s t i c i t y  i s  an u n r e l i a b l e  
concept and we have not  found any r e a l l y  worthwhile s tudy  t h a t  we could use with 
confidence. Ivo s h o r t  c u t ,  us ing  f o r  example ex-ante assumptions about changing 
income and p r i c e  e l a s t i c i t y  of demand f o r  energy, appeared s a t i s f a c t o r y .  Thus 
we were dr iven  t o  t h e  conclusion t h a t  a d e t a i l e d  market breakdown coupled with 
s u b j e c t i v e  judgement on how each w i l l  be a f f e c t e d  by h igher  p r i c e s  was needed. 
We had t o  a s s e s s  how consumers w i l l  r e a c t  t o  p r i c e s  under t h e  d i f f e r e n t  economic 
scenar ios  and, more impor tan t ly ,  how governments w i l l  r e a c t .  "his is because 
t h e  p r i v a t e  consumer (micro) r e a c t i o n  i s  o f t e n  i n s u f f i c i e n t  i n  view o f  t h e  na t iona l  
(macro) problem c r e a t e d  i n  balance o f  payments terms a s  a r e s u l t  of  an o i l  p r ice  
increase.  For example, an i n c r e a s e  o f  one d o l l a r  i n  t h e  p r i c e  of  a b a r r e l  of 
crude o i l  can be very s e r i o u s  i n  balance o f  payments terms,  y e t  t h e  p r i c e  of 
gaso l ine  a t  t h e  pump, i f  t h e  crude p r i c e  i n c r e a s e  were spread evenly over  t h e  
products ,  would not  go up by more t h a n  about two c e n t s  a gal lon.  

One way i n  which governments have a l ready  reac ted  t o  t h e  e a r l i e r  p r i c e  hikes  
is i n  t h e  encouragement of energy conservat ion.  
i s  u n l i k e l y  t o  use t h e  same c r i t e r i a  f o r  deciding whether or not t o  implement 
energy-saving methods. 
only way t o  manage t h e  assessment o f  j u s t  how much conservat ion and s u b s t i t u t i o n  
may be achieved. 

Again, the  i n d i v i d u a l  consumer 

A d e t a i l e d  market breakdown approach turned  out  t o  be the 

F o s s i l  f u e l  resources ,  a s  shown i n  F igure  1 which looks a b i t  l i k e  p l a n e t s  i n  
t h e  s o l a r  system, appear  more than  adequate  b u t ,  t o  come down t o  e a r t h  aga in ,  there  
a r e  economic, s o c i e t a l  and g e o p o l i t i c a l  problems t o  be overcome i f  shor tages  a re  t o  
be avoided. 
we s h a l l  r e t u r n  t o  t h e s e  below, but  each o f  t h e  "big three"  f o s s i l  f u e l  a l t e r n a t i v e s  
a l s o  has  i t s  problems. There i s  a g r e a t  d e a l  of  gas  around, but  most of  i t  is i n  
t h e  wrong p lace  - a long  way from t h e  market. S i m i l a r l y ,  t h e r e  i s  p l e n t y  of  coal  
but  genera l  avers ion  t o  d i g  it out  and re luc tance  t o  burn it .  The importance of 
t h e  p o t e n t i a l  r o l e  o f  t a r  sand and more p a r t i c u l a r l y ,  s h a l e  o i l ,  i n  t h e  i n t e r -  
na t iona l  energy contex t  has  been exaggerated. 

The warnings of a world r a p i d l y  running out  o f  o i l  a r e  wel l  known and 
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n.b. The size of the circles should be taken as indicative only of the order 
of magnitude of hydrocarbon resources. 
o i l ,  insufficient exploration has been carried out to define the size of 
the resources base accurately and the technologies for exploiting the 
reserves are not yet fully developed. 

With the exception of conventional 
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If one looks ou t s ide  t h e  carbon-based, f o s s i l  f u e l s  spectrum nuclear  energy 
is, of course,  very  important ,  but gene ra l ly  most unpopular. 
where a phantom scena r io  can be use fu l .  
Disappointment i n  1975 t o  ana lyse  the  e f f e c t s  of a major slowdown of such 
magnitude t h a t  at t h e  time it was cons idered  h igh ly  u n l i k e l y ,  bu t  would, of course,  
have a major impact on the  world energy s i t u a t i o n .  
i n t roduc t ion  of nuc lea r  power would have r e s u l t e d  from t h e  l a c k  of consensus over 
t h e  complex s e t  of t e c h n i c a l ,  economic and s o c i o / p o l i t i c a l  i s s u e s  surrounding it. 

Th i s  is an  a r e a  
We developed a scena r io  c a l l e d  Nuclear 

Such slowdown i n  t h e  r a t e  of 

So la r  energy and its d e r i v a t i v e s ,  wind, waves, biomass, e t c .  a r e  s u p e r f i c i a l l y  
a t t r a c t i v e  because of t h e i r  abundance, renewable na tu re  and f a m i l i a r i t y .  The 
problems a r i s e  from t h e i r  i n t e r m i t t e n t ,  d i f f u s e  and sometimes unpredic tab le  
c h a r a c t e r i s t i c s .  It is  t o o  e a r l y  t o  say  which of t h e  many a l t e r n a t i v e s  w i l l  
u l t ima te ly  prove success fu l  and become s i g n i f i c a n t  but  a l l  a r e  l i k e l y  t o  make some 
con t r ibu t ion  depending on l o c a l  condi t ions.  

A t  t h e  1977 World Energy Conference,  a Delphi exe rc i se  put t h e  u l t ima te ly  
recoverable world crude o i l  resource  base a t  about 2 x 1012 b a r r e l s .  About three-  
qua r t e r s  o f  t h i s  t o t a l  is thought t o  be ou t s ide  Communist a r e a s  (WWA) and i f  t h i s  
w a s  developed a t  t h e  f a s t e s t  t e c h n i c a l l y  f e a s i b l e  r a t e ,  p roduct ion  would peak i n  
t h e  90's and then start t o  dec l ine  (Figure 2). 
coun t r i e s  have many o the r  cons ide ra t ions  and they  w i l l  undoubtedly choose t o  develop 
t h e i r  resources  a t  a slower r a t e .  Analys is  of t h e  product ion  p r o f i l e s  f o r  individual  
coun t r i e s  sugges ts  t h a t  t h e  maximum accep tab le  l e v e l  of product ion  w i l l  be consider- 
ab ly  lower than  the  t echn ica l  c e i l i n g  r e s u l t i n g  i n  a f l a t t e r  p r o f i l e  of what we 
c a l l  "The O i l  Mountain". 
so tha t  l i q u i d  f u e l s ,  even from convent iona l  sources ,  w i l l  be wi th  u s  f o r  many 
decades t o  come. The r e a l  p o i n t ,  and t h e  reason  f o r  t h e  debate about t h e  next 
energy crunch, is t h a t  t he  demand f o r  o i l  is l i k e l y  t o  be cons t ra ined  by ava i l ab le  
supply wi th in  t h e  next  20 y e a r s ,  a s  we s h a l l  d i scuss  below. 

We a l s o  know t h a t  t h e  oil-producing 

iyevertheless,  t h e r e  is still  s i g n i f i c a n t  growth ahead, 

There a r e  c r i t i c s  o f  t h e  o i l  i ndus t ry  who t h i n k  t h i s  p i c t u r e  is ove r ly  
pes s imis t i c  and t h a t  t h e r e  may be f a r  more o i l  t o  be found than  has  been assumed. 
It is c e r t a i n l y  t r u e  t h a t  t h e r e  a r e  v a s t  r e s e r v e s  of low-grade o i l  i n  t h e  form of 
tar-sands,  o i l  s h a l e  e t c .  (Figure 1) which a r e  only  now beginning t o  be developed 
and there  w i l l  undoubtedly be f u r t h e r  d i scove r i e s  of convent iona l  o i l  a s  wel l  a s  
improvements i n  recovery techniques  from known re se rves .  The p r o f i l e  i n  Figure 2 
r equ i r e s  approximately h a l f  t h e  o i l  produced i n  t h e  yea r  2000 t o  come from such 
"new" sources .  This  assumes t h a t  t he  huge c a p i t a l  needed can be made a v a i l a b l e  
and tha t  t h e  a s soc ia t ed  t e c h n i c a l  and environmental  problems can be solved. 
However, t h e  ivorth Sea o i l  f i e l d s  have taken  over 10 y e a r s  t o  b r i n g  t o  present  
l e v e l s  and the  next o i l  p rovince  might be i n  even more h o s t i l e  t e r r i t o r i e s  
r equ i r ing  longer  t o  develop. So even i f  t h e r e  is a l o t  more o i l ,  it is not 
going t o  change t h e  e a r l y  p a r t  o f  t h e  product ion  p r o f i l e  very much, but  could 
ex tend  t h e  p l a t eau  i n  F igure  2. 
may be adequate but  money, t echn ica l  s k i l l s  and t ime may not be. 

The Next O i l  Crisis - A Mirage? 

The resource  base ( inc lud ing  unconventional o i l )  

When we compare the  o i l  demand f i g u r e s  obta ined  by quant i fy ing  the  
exp lo ra to ry  s c e n a r i o s  wi th  the  r e source  base (Figure 2) some i n t e r e s t i n g  response 
s i t u a t i o n s  a r e  revealed.  
e s c a l a t i n g  o i l  p r i c e s  i n  a low growth world (WIC) because we found t h a t  t he  
r e s u l t i n g  r educ t ion  i n  o i l  o f f t a k e  was such t h a t  i t  would not seem t o  be i n  OPEC's 
i n t e r e s t  t o  follow t h i s  rou te .  On t h e  o the r  hand, a low growth world coupled with 
p r i c e s  which a r e  approximately cons t an t  o r  r i s i n g  only  slowly i n  r e a l  terms - 
p r i c e  moderation - appears  a t  f i r s t  s i g h t  t o  be a p e r f e c t l y  t enab le  one. O i l  
c o n s t r a i n t s  could,  i n  theory,  be avoided f o r  t h e  r e s t  o f  t h i s  century,  even though 
t h e  t h r e a t  of impending c r i s i s  mignt s t a y  wi th  us. 
c r i s i s  which s t a y s  on t h e  hor izon  but  recedes a s  it is  approached, could r e s u l t  i f  
low economic growth a l lows  t ime fo r  some e f f i c i e n c y  improvements t o  be made and for  
a l t e r n a t i v e s  and new o i l  t o  be brought on stream. 

For example, we can put a low p r o b a b i l i t y  on r ap id ly  

,Tnis mirage eTTeoi,  l .e. B 

A s  an i l l u s t r a t i o n  o f  t he  physical  
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e f f o r t  r equ i r ed  by t h e  yea r  2000, even i n  t h i s  low growth scena r io ,  i t  is 
i n t e r e s t i n g  t o  note  t h a t  one is t a l k i n g  about some a d d i t i o n a l :  

- 700 Nuclear Power S t a t i o n s  

- 650 Coal Mines 
- 
- 

60 L ique f i ed  Natura l  G a s  P r o j e c t s  or  similar developments 

7 O i l  f i e l d s  o f  N i g e r i a ' s  s i z e  p l u s  a roughly equiva len t  amount 
of new supplementary recovery from e x i s t i n g  reserves .  

1% Energy conse rva t ion  r e l a t i v e  t o  1973 consumption pe r  u n i t  - 
of  economic a c t i v i t y  

Natura l ly  t h e  above i s  of a n  i l l u s t r a t i v e  na tu re  only but it is important t o  
r e a l i s e  t h a t  l e a d  t imes a r e  long  ( ranging  from say  5 t o  1 2  years)  and t h a t  a 
cons iderable  e f f o r t  i n  r e l a t e d  i n f r a s t r u c t u r e  w i l l  a l s o  be r equ i r ed  ( c o a l  terminals ,  
u n i t  t r a i n s ,  coa l  burn ing  equipment i n  power s t a t i o n s ,  t o  mention but  a few). 
Figure 3 i l l u s t r a t e s  what would happen i f  no a c t i o n  were taken  i n  t h e  f i e l d  of 
non-oil  energy and t h e  sav ings  assumed i n  t h e  WIC scenario.  Whilst it is  
phys ica l ly  poss ib l e  t o  develop new energy supp l i e s  and t o  achieve the  e f f i c i e n c y  
improvements a prolonged per iod  o f  low growth would not be the  bes t  environment 
from which , the  necessary  investment dec i s ions  could be taken  and might give us  
o t h e r ,  perhaps more s e r i o u s ,  d i f f i c u l t i e s  t o  cope with. 

The Energy Outlook - Some Conclusions 

The q u a n t i f i c a t i o n  o f  t h e  exp lo ra to ry  scena r ios  was c a r r i e d  out  by a de t a i l ed  
The a n a l y s i s  has  shown t h a t ,  end-use a n a l y s i s  of t he  va r ious  energy-using sec to r s .  

under a l l  s cena r ios ,  f u t u r e  demand f o r  energy is l i k e l y  t o  grow more slowly than 
i n  the pas t .  
major reasons  f o r  t h i s :  lower economic growth, s t r u c t u r a l  changes and s a t u r a t i o n  
e f f e c t s  i n  t h e  developed c o u n t r i e s  and improvements i n  end-use e f f i c i ency .  
r e l a t i v e  importance of t h e s e  f a c t o r s  is i l l u s t r a t e d  wi th  the  t o t a l  energy p ro jec t ions  
i n  Figure 4. 

A r e t r o s p e c t i v e  breakdown of t h e  r e s u l t s  shows t h a t  t h e r e  a r e  three 

The 

Whilst the  energy i n t e n s i v e  primary and secondary s e c t o r s  of t h e  indus t r a l i s ed  
coun t r i e s  move towards s a t u r a t i o n ,  r e l a t i v e l y  f a s t e r  growth i n  demand can be 
expected from t h e  developing coun t r i e s .  
t i g h t l y  locked i n t o  an oil-consuming demand p a t t e r n ,  g r e a t e r  oppor tun i t i e s  might 
e x i s t  he re  f o r  e x p l o i t i n g  a l t e r n a t i v e  energy sources ,  p a r t i c u l a r l y  biomass, although 
i t  i s  unreasonable t o  sugges t  t h a t  t hey  w i l l  not r equ i r e  l a r g e  volumes of l i q u i d  
f u e l s ,  p a r t i c u l a r l y  f o r  t r a n s p o r t  and  o the r  p re fe r r ed  uses  f o r  energy l i q u i d s .  

I n  summary, t o  r e t u r n  t o  t h e  ques t ion  posed i n  t h e  in t roduc t ion ,  as we see it 

Since these  coun t r i e s  a r e  not ye t  so  

t h e  next energy crunch is  e i t h e r  go ing  t o  be a mirage o r  it might show i t s e l f  a s  
a s e r i e s  of mini c r i s e s .  The f u t u r e  remains unce r t a in ,  the outcome remains scenario 
dependent, but  t hen ,  a s  we s a i d ,  s cena r ios  c a r r y  t h e  seeds of t h e i r  own d i scon t inu i ty  
and a re  t h e r e f o r e  l i k e l y  t o  p u l l  towards each other .  
r ap id  take-.off i n  demand is l i k e l y  t o  be followed by a r ap id  inc rease  i n  t h e  pr ice  
O f  o i l  which i n  t u r n  would slow down t h e  world economy and means t h a t  t h e  world is 
i n  an economic t r a p  - it could be c a l l e d  t h e  "new economic r ea l i t y" .  

It is a near c e r t a i n t y  tha t  a 

Thus t h e  mirage r e p r e s e n t s  a r e l a t i v e l y  smooth energy f l i g h t  under a r a the r  
d u l l  and gloomy (economic) sky. The mini c r i s e s  seem l i k e  more of a bumpy r i d e ,  
?.e. pe r iods  of sunshine (economic growth) followed by thunderstorms ( o i l  p r i ce  
inc reases  i n  r e a l  terms) .  Na tu ra l ly ,  a p o l i t i c a l  upse t  i n  t h e  Middle East  could 
d i s t u r b  t h e  d e l i c a t e l y  balanced o i l  supply and demand equat ion  a t  any time. 
sudden drop i n  t h e  supply c e i l i n g  as  a r e s u l t  o f  such a g e o p o l i t i c a l  s cena r io  is 
hard  t o  p l an  f o r  but t h e  emergency sha r ing  scheme o f  t h e  I n t e r n a t i o n a l  Energy 
Agency has  been designed t o  cope w i t h  such a contingency. 
t o  i l l u s t r a t e  t hese  scena r io  conclus ions .  

A 

Figure 5 is an a t t e m p t  

To end wi th  A r i s t o t l e  aga in ,  which seems appos i t e ,  "knowledge sp r ings  from 
amazement, and amazement comes from an apprec ia t ion  o f  cont rad ic t ions" .  

November, 1978 28 
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FUTURE WORLD O I L  P R I C E S  

Kenneth L. K ince l  

U.S. Department o f  Energy 
1 2 t h  & Pennsylvania S t . ,  N.W. 

Washington, D.C. 20461 

I n t r o d u c t i o n  

Th is  paper summarizes t h e  major  f i n d i n g s  o f  an a n a l y s i s  prepared f o r  t h e  O f f i ce  o f  
P o l i c y  and Evaluat ion,  U.S. Department o f  Energy. 
a range o f  wor ld  crude o i l  p r i c e s  t h a t  m i g h t  occur  between now and 1990. 

The purpose o f  t he  s t r d y  was t o  d e l i m i t  

U n l i k e  analyses o f  most phys i ca l  systems, analyses o f  t he  i n t e r n a t i o n a l  energy system 
a r e  dominated by unce r ta in t y .  
a r e  t h e  f u t u r e  l e v e l  o f  OPEC p roduc t i on  c a p a c i t y  and f u t u r e  r a t e s  o f  economic growth. 
Both o f  these f a c t o r s  a f f e c t  t he  balance between supply  and demand, hence the  p r i c e ,  i n  
t h e  w o r l d  o i l  market. 
range o f  assumptions f o r  each o f  these f a c t o r s .  

Methodology 

i n v o l v i n g  f o u r  major  a n a l y s i s  systems (see F igu re  1): 

Two major  sources o f  u n c e r t a i n t y  d e a l t  w i t h  i n  t h i s  analys is  

I n  r e c o g n i t i o n  o f  such u n c e r t a i n t i e s ,  t h e  approach taken p o s i t s  a 

The wor ld  o i l  p r i c e  p r o j e c t i o n s ,  presented below, were de r i ved  from s imu la t i ons  

1) The O i l  Market S imu la t i on  model, which p r o j e c t s  w o r l d  crude o i l  supply, demand, 
and p r i c e s  on a r e g i o n a l  bas i s ;  

2)  The Mid-Term Energy Market model ( f o r m e r l y  t h e  P r o j e c t  Independence Evaluat ion 
System, o r  PIES), which s imulates domestic energy supply  and demand and e q u i l i b r i u m  
p r i c e s  f o r  t he  va r ious  types o f  energy; 

o f  t h e  Mid-Term Energy Market model; and, 
3) The I n t e r n a t i o n a l  Energy E v a l u a t i o n  System, which i s  an i n t e r n a t i o n a l  counterpar t  

4) The Data Resources ( D R I )  model o f  t he  U.S. economy. 

The ana lys i s  was i n i t i a t e d  by making p r e l i m i n a r y  est imates o f  f u t u r e  w o r l d  o i l  p r i ces  

These p r e l i m i n a r y  est imates i n d i c a t e d  t h a t  

w i t h  t h e  O i l  Market S imu la t i on  (OMS) model. 
t a t i o n  o f  the wor ld  o i l  market. The model c a l c u l a t e s  a p r i c e  o f  o i l  t h a t  w i l l  balance 
t o t a l  wor ld  supp l i es  w i t h  t o t a l  w o r l d  demands. 
even w i t h  moderate r a t e s  o f  economic growth, w o r l d  o i l  p r i c e s  m igh t  double, o r  even t r i p l e ,  
by 1990. 

The i n i t i a l  est imates were p r e l i m i n a r y  i n  t h e  sense t h a t  t hey  were de r i ved  us ing a 
c a l i b r a t i o n  o f  t h e  OMS model which was c o n s i s t e n t  w i t h  wor ld  o i l  p r i c e  l e v e l s  o f  around 
$15 Per b a r r e l .  I n  o rde r  t o  r e c a l i b r a t e  e l a s t i c i t i e s  i n  the  OMS model t o  be cons is ten t  
w i t h  much h ighe r  wor ld  o i l  p r i c e s ,  i t  was necessary t o  use t h e  o t h e r  t h r e e  models t o  
analyze the  adjustments o f  energy supply  and demand and economic a c t i v i t y  t o  h i g h  o i l  
p r i c e  l e v e l s .  

OMS i s  a reduced form, pa ramet r i c  represen- 

1 The 1;:'e::'s ani i n + n u n r n e s + i  , , , c c , r , c , , u b , ~ n :  s A , , l s ~ ~ c u  n.,.. in ,,, + p i -  L I 1 3  n,.. r'Yrer ar2 those o f  t h e  au tkn r  and de not  
necessa r i l y  r e f l e c t  a p o s i t i o n  o f  t he  Department o f  Energy. 
p resen ta t i on  o f  t h i s  ana lys i s ,  see (1). 

For a more complete 
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1 

I 

TO ga in  f u r t h e r  i n s i g h t  i n t o  t h i s  problem, i t  may be u s e f u l  t o  f o l l o w  the  adjustments 
which Occur i n  the  OMS model if wor ld  o i l  supply and demand are  n o t  i n  e q u i l i b r i u m .  
demand exceeds supply, consumers b i d  up t h e  p r i c e  o f  o i l .  
t h ree  adjustments a re  s e t  i n  mot ion:  

When 
As a r e s u l t ,  t he  f o l l o w i n g  

0 

0 

0 

The 
another.  

An inc rease i n  t h e  p r i c e  o f  o i l  encourages an inc rease i n  the  p r o d u c t i o n  of 
add i t i ona l  o i l  supp l ies ;  

An increase i n  t h e  p r i c e  o f  o i l  causes t h e  q u a n t i t y  o f  o i l  demanded t o  d e c l i n e  
and the demand f o r  a l t e r n a t i v e  energy forms t o  inc rease;  and, 

Increases i n  the  p r i c e  o f  o i l  adverse ly  a f f e c t  t h e  r a t e  o f  i n f l a t i o n  and t rade  
balance i n  c o u n t r i e s  dependent on o i l  impor ts  which reduce t h e i r  r a t e  o f  economic 
growth. Th is  d e c l i n e  i n  economic a c t i v i t y  reduces bo th  t h e i r  t o t a l  demand f o r  
energy and t h e i r  demand f o r  o i l .  

magnitude and n e t  e f f e c t  o f  these adjustments v a r y  no t  o n l y  f rom one reg ion  t o  
. bu t  according t o  the  magnitude and t i m i n g  o f  t h e  p r i c e  inc rease.  Thus, t he  Mid- 

Term Energy Market model and t h e  O R 1  macroeconomic model were used t o  analyze t h e  adjustments 
w i t h i n  t h e  domestic energy system and t h e  domestic economy t o  a l t e r n a t i v e  w o r l d  o i l  p r i c e  
t r a j e c t o r i e s .  
t o  analyze the  adjustment of f o r e i g n  energy systems. 
necessary t o  reca l  i bra te  t h e  OMS model. 

The I n t e r n a t i o n a l  Energy E v a l u a t i o n  System was employed i n  a s i m i l a r  fash ion  
These r e s u l t s  p rov ided t h e  i n fo rma t ion  

Resu l ts  

Two ranges o f  f u t u r e  w o r l d  o i l  p r i c e s  were p r o j e c t e d  w i t h  the  OMS model based on t w o  
Table 1 shows t h e  range o f  economic growth r a t e s  used t o  economic growth scenar ios.  

d e f i n e  t h e  o p t i m i s t i c  and p e s s i m i s t i c  growth scenar ios.  The o p t i m i s t i c  growth r a t e s  a re  
c o n s i s t e n t  w i t h  those r e p o r t e d  i n  the  Energy I n f o r m a t i o n  A d m i n i s t r a t i o n ' s  (E IA ' s )  Annual 
Report  t o  Congress (see 2, page 67). 
t o  be one percentage p o i n t  lower.  

c o n s t r a i n i n g  the  l e v e l  o f  OPEC produc t ion  c a p a c i t y  accord ing  t o  the  o p t i m i s t i c  and pess i -  
m i s t i c  est imates shown i n  Table 2. 
i n  E I A ' s  Annual Report, see (2, page 81),  and suggest t h a t  development o f  Saudi Arab ia 's  
p r o d u c t i o n  p o t e n t i a l  p resents  t h e  major u n c e r t a i n t y  i n  t h i s  area. 

F i g u r e  2 i l l u s t r a t e s  t h e  range o f  w o r l d  o i l  p r i c e s  p r o j e c t e d  f o r  each economic growth 
scenar io.  I n  t h i s  f i g u r e  and throughout t h i s  d iscuss ion ,  o i l  p r i c e s  a re  expressed i n  1978 
d o l l a r s  pe r  b a r r e l  d e l i v e r e d  t o  the  East Coast o f  t h e  U n i t e d  States.  
each p r i c e  range corresponds t o  t h e  p e s s i m i s t i c  es t imate  o f  OPEC capac i ty ,  36.5 m i l l i o n  
b a r r e l s  p e r  day i n  1990, whereas t h e  lower  end corresponds t o  the  more o p t i m i s t i c  est imate 
o f  43.5 m i l l i o n  b a r r e l s  pe r  day. 

As shown i n  Table 3, t he  r e a l  p r i c e  o f  o i l  c o u l d  beg in  t o  r i s e  as e a r l y  as 1982 and 
reach the  $26-37 p e r  b a r r e l  by 1990, if the  o p t i m i s t i c  growth scenar io  becomes a r e a l i t y .  
R e a l i z a t i o n  o f  the  lower economic growth es t imates  c o u l d  d e l a y  any r e a l  p r i c e  increases 
u n t i l  t he  1985-1988 p e r i o d  w i t h  p r i c e s  reach ing  $16-21 pe r  b a r r e l  range by 1990. 

Conclusion 

r e a l  o i l  p r i c e s  w i l l  come t o  an end i n  the  n e x t  decade. 

The p e s s i m i s t i c  growth ra tes  were a r b i t r a r i l y  assumed 

For each economic growth scenar io,  ranges o f  w o r l d  o i l  p r i c e s  were determined by 

These es t imates  are  a l s o  c o n s i s t e n t  w i t h  data repor ted  

The upper end o f  

Based on the  f i n d i n g s  o f  t h i s  a n a l y s i s ,  i t i s  n o t  u n l i k e l y  t h e  r e c e n t  l e v e l i n g  o f f  of 
E x a c t l y  when o i l  p r i c e s  cou ld  
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begin to rise in real terms and to what levels is highly uncertain. 
that although such increases are likely, they are not inevitable. A number of events, 
such as extensive energy conservation, accelerated development of new energy sources, or 
the adoption of aggressive energy policies in the United States and elsewhere could significant] 
delay another round of escalation in world oil prices. The potential effects of these and 
other factors are the subject o f  an ongoing analysis within the Energy Information Admini- 
stration. 

It must also be noted 

, 
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Table 1 

Economic Growth Assumptions 
(Average Annual Rates) 

Country o r  Region 1975-1985 1985-1990 
Opt i m i  s ti c Pess i m i  s t i  c O p t i m i s t i c  P e s s i m i s t i c  

Un i ted  Sta tes  4.2 3.2 
Canada 4.2 3.2 
Japan 5.6 4.6 
OECO Europe 3.6 2.6 
Austral ia/New Zealand 4.1 3.1 
Developing Count r ies  6.6 5.6 
OPEC 5.5 4.5 

Table 2 

Range o f  OPEC Produc t ion  Capac i t ies  
( M i l l i o n s  o f  b a r r e l s  per  day) 

3.1 2.1 
3.1 2.1 
5.6 4.6 
3.8 2.8 
4.5 3.5 
6.2 5.2 
4.4 3.4 

Country 1985 1990 

Saudi Arab ia  12.0 10.0 17.0 12.0 
Kuwait 3.0 3.0 4.3 3.0 
U n i t e d  Arab Emirates 3.0 3.0 3.2 2.5 
Other Arab OPEC 8.0 8.0 8.3 8.3 
Other OPEC 12.8 - 12.8 10.7 10.7 

To ta l  OPEC 38.8 36.8 43.5 36.5 

O p t i m i s t i c  P e s s i m i s t i c  O p t i m i s t i c  P e s s i m i s t i c  

I 

'I 
I 
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Table 3 

Summary o f  World Oil Price Analysis 

Year o f  I n i t i a l  
Optimistic Growth Price Increase 

Optimistic Capacity 1982 
Pessimistic. Capacity 1982 

Pessimistic Growth 

Optimistic Capacity 
Pessimistic Capacity 

1988 
1985 

World Oil Price’ 
1985 1990 - -  
19.00 26.00 
21.00 37.00 

14.50 16.00 
15.00 21.00 

Prices are s ta ted  i n  1978 dol la rs  per bar re l ,  C.I.F.  East Coast o f  the United States.  
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ABSTRACT - FUTURE OF NATURAL GAS, G. J. MacDonald. The MITRE Corporat ion,  1820 
Dolley Madison Boulevard, McLean, V i r g i n i a  22102. 

Some f r a c t i o n  of n a t u r a l  gas  found i n  d e p o s i t s  n o t  a s s o c i a t e d  wi th  petroleum may 
have an abiogenic  o r i g i n  wi th  t h e  gas  produced by igneous a c t i v i t y  o r  as a r e s u l t  of 
t h e  outgass ing  of pr imeval  hydrocarbons accumulated dur ing  t h e  formation of t h e  e a r t h .  
h r idence  f o r  an abiogenic  o r i g i n  inc lude  t h e  r a t i o s  of t h e  s t a b l e  i s o t o p e s  of carbon 
and hydrogen i n  methane, temDeratures deduced from i s o t o p i c  r a t i o s  of  c o e x i s t i n g  methane 
and carbon d ioxide  and methane and water, t h e  bulk  chemical composi t ion of t h e  gas  
d e p o s i t s ,  t h e  age and geologic  s e t t i n g  of  t h e  d e p o s i t s ,  t h e  presence  of methane i n  
volcanic  emissions and hydrothermal  gases  and t h e  accumulat ion of l a r g e  q u a n t i t i e s  of  
methane i n  t h e  cold waters  of r e c e n t  l a k e s  i n  t h e  v o l c a n i c  r e g i o n s  of  t h e  Eas t  Afr ican 
R i f t  Zone. The p o s s i b l e  e x i s t e n c e  o f  ab iogenic  methane could  g r e a t l y  al ter estimates 
of t h e  remaining economically recoverable  n a t u r a l  gas. 
s t r u c t u r a l  f e a t u r e s  t h a t  could  t r a p  gas  of whatever o r i g i n  have probably been discovered 
Powever, d i f f i c u l t  t o  d i s c o v e r ,  s t r a t i g r a p h i c  t r a p s  a r e  known t o  e x i s t  and explora t ion  
f o r  t h e s e  would be a ided  by knowledge of t h e  source  of  t h e  methane. Abiogenir methane 

a c t i v i t y  o r  n e a r  deep f a u l t s  t h a t  p e n e t r a t e  basement rocks  b u t  t h a t  do n o t  reach  t h e  
s u r f a c e .  Such reg ions  have n o t  been favored i n  convent iona l  e x p l o r a t i o n  of hydro- 

' 

1 

1 I n  t h e  United S t a t e s ,  major 

1 
1 could be  expected t o  accumulate ,  f o r  example, i n  t h e  v i c i n i t y  of  r e g i o n s  of igneous 

' 
' carbons. 
J 
\ 
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THE POTENTIAL CONTRIBUTION OF COAL TO WORLD ENERGY FUTURES 

MR. LESLIE GRAINGER 

NCB (IEA SERVICES) LTD., 14/15 LOWER GROSVENOR PLACE, LONDON SW1. 

Introduction - IEA Coal Research 

Since IEA Coal Research exists precisely to examine and develop the subject 
given in the title, this paper will mainly be devoted to describing the activities 
of that body. 

The International Energy Agency was formed in 1974 by O.E.C.D. countries, in 
response to problems arising from discontinuities in the supply and price of oil 
at that time. One objective of the IEA was to encourage alternative to oil, 
especially through Research and Development programmes of a collaborative nature. 
The potential energy alternatives were divided into discrete technical fields; 
the U.K. was nominated the lead country for coal. Certain projects were initally 
proposed in 1975 and were each accepted by a sufficent number of countries to 
make a viable set of programmes. The principles behind these inital proposals 
have proved durable. The early progress of the work has already provided 
substantial new information, both technical and also about the methods by which 
countries can work together. This experience, assisted by the fact that IEA 
Coal Research is detached from immediate responsibilities within the coal industry 
and therefore in a more objective position, is allowing a clearer picture of the 
future world potential for coal to be developed progressively. 

The IEA provide no central funds for the R & D groups and there were initally 
no administravtive procedures of finacial conventions. The only asset at the 
beginning was that most of the countries who had joined IEA through their mutual 
interest in the problems of oil dependance also perceived that coal provided 
a means of alleviating those problems and were willing to send representatives, 
generally without madates however, to the early meetings of a Coal Working Group. 

From the outset it seemed essential that the Working Group should sponsor 
However, it also seemed that several ".,>stions one major "hardware" project. 

needed to be answered if the IEA countries were to be influenced furtt.:r in the 
direction of coal, both for long-term resource planning and for short and medium 
term R & D programming. It was proposed that this should be done by the 
establishment of "Service Projects" or office studies. The service projects and 
the questions they were designed to answer are: 

(a) Resources and Reserves. Is the coal really there? In circumstances 
making economic recovery plausible? Can output be greatly increased 
and the product made more widely available? 

(b) Mining Technology Clearing House. Is the technology for recovering 
coal adequate? Is the technology capable of developing in ways which 
will meet increasing stringencies in human and environmental 

(C) Technical Information Service. Is the coal industry fragmented and 
disunited or is it capable of co-operation in order to maximize the 
impact of developing technology on an international scale? 

(d) Economic Assessemt Service. Will coal be economically competitive? 
How, when and where. 
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The hardware project chosen was Pressurised Fluidised Bed Combustion (PFB) 
at a total programme cost now expected to be in excess of 840m. The annual cost 
of the Service projects described above is of the order of 82m. An organisation, 
referred to here as IEA Coal Research, has been set up to carry out this work, to 
make further proposals and to exploit the achievements for policy guidance. 

Resources and Reserves of Coal 

The World Energy Conference (WEC) is the best current source of information . 
on energy resources, since the different sources are discussed both separately 
in relation to each other and because such a wide spectum of countries participate 
in a Constructive manner. Thus, whatever uncertainties there may be in the data, 
the results and conclusions have a very important political validity. 

The WEC Coal ResourcesStUdy was carried out by Peters and Schilling of 
Bergbau-Forschug, Germany; their results, which were not in any way challenged, 
are summarized in Table 1; Fig. 1 shows the planned coal production. 
"Technically and Economically Recoverable Reserves" are those which could be 
produced using current technology at a cost which would be economic at Current 
prices. These reserves, defined on this stringent basis, represent only 6% of 
the total resource base but would nonetheless last for 250 years at current 
outputs. Only a small shift in prices, technolo& o r  in accuracy of exploration 
would be needed to transform a substantially further proportion of resources into 
the economic reserves category. Furthermore, the resource base itself is still 
expanding, as a result of increasing interest. Fig. 1 is based on output figures 
assessed mainly from plans stated by various countries. Line 1, which shows the 
annual output rising from 2.6b. tones to about 7.0 in 2020, could be achieved 
even if output were restricted to an operationally conservative level based only 
on present reserves. If the reserves were doubled, say by a small change in the 
economic base, line 3 reaching nearly 9.0b. could be achieved and sustained for 
a very long time. Thus, there can be little real doubt about the feasibility 
of a very large increase in coal production, so far as technical reserves are 
concerned. It should be noted that the increase, about 3% per year, follows the 
trend established over many decades. Producing countries expect t o  have about 
10% of their output available for export. At some time, therefore, perhaps 
within two or  three decades, coal will probably re-assume from oil its former 
leadership, both as a source of energy and as a form of traded energy. 

IEA Coal Research, while welcoming these figures and not doubting their 
implications, felt that more information would be needed in support of this 
"second coming" of coal, especially in view of the very important decisions on 
which would be necessary for exploitation. 
Energy Conference is itself becoming more interested in improving coal assessment 
methods and that the United Nations is arranging a meeting early in 1979 to 
produce a common classification system as a prerequisite to a world assessment. 

It is noteworthy that the World 

IEA Coal Research is linked to the data bank of the U.S. Geological Survey. 
Its immediate objectives are, first to compare different assessment systems and 
nomenclatures used in various countries, leading to a common sythesis, and, 
second to provide a preliminary catalogue of all known World coalfields. The 
first of these tasks is virtually complete and the second, covering more than 3000 
deposits, should be completed early in 1979. It is already clear that there is 
no reason to beleive that the WEC estimates are over-stated in total. 

Aggregations compiled from disparate components do not form a suitable basis 
for national and international policy decisions, whether these are for investments 
in mining and utilisation within a single country o r  for multi-national planning 
which depends on trading, implying harmonious developments in the exporting and 
importing countries. 
factors, some of which are interlinked of course: 

The assessment of deposits requires study of the following 
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(i) Existance: how much coal in total exists in the gound; 
c 

(ii) Coal type; what sort of coal exists and what are its potential uses, 

(iii) Extractability: what proportion of the coal in the ground could be 
brought to the surface; 

(iv) Usefulness: 
used ; 

what proportion of coal brought to the surface could be 

(v) Potential Cost: of bringing the coal to the ground; 

(vi) Potential Proceeds: of the coal so recovered; 

(vii) Accessibility: whether the coal is immediately accessible or whether 
some obstacle has to be removed first; 

A proposed classification form based on these factors is given in Appendix 1. 
The definitions of accessibility are: 

accessed by current working, or those for whose development capital 
expenditure has been committed; 

a) accessible to current technology within existing legal and 
environmental restraints and with existing infrastructure; 

and, 

b) coal which remains accessihle in previously worked but abandoned 
areas : 

dependant for their exploitation on the provision of infrastructure 
(transport, housing, etc.7; 

accessible only after some defined change in circumstances such as 

a) removal of environmental prohibitions; 

b) removal of other legal restraints (e.g.licenses); 

c) the development of a new technology (e.g. underground 
gasification) ; 

In the diagram the ratio of costs to proceeds, C/P, is used to provide a 
measure of economic viability and certain boundaries, at ratios of 1, 2, and 4 ,  
are suggested. The setting of these boundaries and the rules for the calculating 
C and P are difficult matters, which affect the categorisation of "reserves". 
These reserves may be thought of as being column A of the diagram, at 
accessibilities 1 down to 3 (including costs of infrastructure). It will be 
apparent that less knowledge is needed for the lower parts of the diagram. 

Some conclusions which may be derived from these early attemps to develop 
assessment and classification system are: 

1. In assessing potential coal recovery it is essential to consider the 
deposit as a whole and to understand the effect of progressive removal 
of zc3mCU. 

There is little point in attempting to assess total coal in country or 2 .  
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I 

in a particular deposit beyond the point of ensuring adequate supplies 
for the next 50 years. 

It is desirable to establish the physical parameters of deposits to 
enable potentially recoverable coal to be related to current 
technology; it is also necessary to ensure that technical research 
and development is appropriate to its future context. 

Any new modified system has to be based on the fact that, for the 
most part, operators generate the information they need and are only 
interested in wider assessments which benefit their activity. These 
wider assessments should help to steer the operator as well as 
national and international policy. 

Coal is a wating asset and continuation of the policy of taking first 
the best of what is left is only valid if the second best can or is 
likely to be recovered later, and if coal to be abandoned is adequately 
identified. 

3.  

4. 

5. 

Minina Technology 

This is not the place to explain detailed mining developments-but it is 
important to emphasize the urgency now attached to this subject throughout the 
world. Substantial success has in fact already been achieved in practice but 
this is often over-looked, possibly due to adverse publicity over industrial 
relations. Coal mining technology is likely to be largely transformed over the 
next couple of decades, probably not through any revolutionary discovery but 
through an evolutionary procedure using information now available o r  well advanced 
in development and, most important, through investment. All this should make 
coal a more reliable energy source with more predictable costs. 

This confidence has been enhanced by the studies so far carried out by the 
IEA Mining Technology Clearing House (MTCH). Mining research and development 
has expanded very rapidly recently - there are several time as many scientists 
and engineers engaged now compared with ten years ago. MTCH has catalogued 
over 2000 R & D projects in the eight co-operating countries alone and from this 
has developed critiques and overviews which should help i n  rationalisation and 
collaboration as well as suggesting lines for future emphasis. MTCH has 
boundaries with other IEA Coal Research work, for obvious being with Resources 
and Reserves. An example is that, since coal is a wasting asset, percentage 
recovery is becoming an increasingly important measure of efficiency. 
Monitoring recovery performance is a key function especially in relating recovery 
to the needs of economy and conservaion now under the impact of changing 
extraction technology. 

Mining technology is closely linked to transport and utilisation. In this 
connection, particular interest has been focussed on hydraulic mining and 
transport. This subject, and several others identified through the surveys are 
currently under consideration as possible co-operative "hardware" projects in 
mining technology. 

Technical Information 

A key function of the Technical Information Service (TIS) is the production 
of Coal Abstracts, a service which was previously greatly missed. A perusal 
of this journal, incidentally, quickly gives a clear impression of the tremendous 
current interest and activity in coal. All information is of course 
computerized, with international links. Besides the standard information 
service, including the preparation of a Coal Thesaurus, TIS provides, for 
organisations in member countries, an Enquiry Service and a Selective 
Dissemination of Information Service. In addition, a series of Special 
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Technical Reviews of key topics is being prepared; these will review all the 
available literature on the topic and provide constructive summaries and 
appraisals, suitable for non-experts but useful also to experts because of the 
comprehensiveness of the sources used. Reviews already issued include: 

a) Underg;ound Transport in Coal Mines. 

b) Carbon Dioxide and the "Greenhouse Effect". 

c) Combustion of Low Grade Coal .  

Topics under preparation or consideration include: 

a) Surface Transport of Coal. I 

b) 

c) Hot Gas Cleanup. 

d) Combustion of coal with control of Particulates and NOx. 

e) Methane Prediction in Coal Mines. 

Loading and off-loading of Coal to/from ShipdRail. 
I 

f) Monitoring of Coal Quality. 

g) Conversion of Oil-fired Plants to Coal firing. 

H) Materials Problems During High Temperture Coal Conversion. J 

i) High Temperature Gas Turbine. 

The Review on Carbon Dioxide has been received with particular interest 1 
and this applies in general to other matters relating to environmental impact. 
It is believed that these questions are now of sufficient importance to merit 
more direct and original investigation than appropriate for TIS and proposals are 
being made for a separate Service to be established; this might benefit from 
association with other organisations. 

Economic Assessment 

This must be the central feature of any organisation studying the future 
contribution of coal. Even environmental factors have economic impact. The 
Economic Assessment Service (EAS) considers the cost and availability of coal, 
its transport and its utilisation. in relation of course to alternatives and 
different timescales, under the following main headings: 

a) Economic and Technical Criteria for Coal Utilisation Plant. 

b) 

c) 

d) Transport of Coal. 

Technical and Economic Factors Associated with Effluent Disposal 

Cost and Availability of Coal. 

e) Coal Conversion Economics. 

f) Costs of Coal Conversion Plant. 

g) Fuel Costs and Demand for Coal. 
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h) 

Although the conversion of coal into gases and liquids, including feedstocks, 
is of great importance, combustion is likely to remain the most important outlet 
for sometime. Accordingly, under (h) above, attention has so far been focussed 
on: 

Relative Costs of Coal Based Energy. 

(i) The competitive position of coal in electricity generation . 
(ii) 

(iii) 

The competitive position of coal in direct heating for industry. 

The competitive merits of gas vs. electricity vs. direct coal heating 
in industry. 

Item (i) is particular importance, especially in view of discussion 
surrounding the future of nuclear power. In economic comparisons between coal 
and nuclear power. there remain substaintial uncertainties and areas reflecting 
judgement o r  policies, In the case of nuclear power, reports of capital cost 
vary considerably and fuel costs are also uncertain partly due to uranium 
resources but also because the fuel cycle has not been closed. In the case of 
coal, flue-gas desulphurisation (FGD), if needed, may.amount to 20% of total 
plant costs. Finally, interst rates and projections of future real costs are 
dominant but subjective items and results also depend crucially on load factor. 
The resulting comparisons are therefore quite complicated and the various nuclear 
and coal cases overlap substantially. In the U.K., however, at present it is 
considered that if a "medium cost" nuclear case is compared with coal based 
generation without FGD (not required at present or  projected) the breakeven price 
of coal would be fl.Z/GJ. 
be f0.81/GJ (current British price f0.95). Another comparison, on British data, 
makes the assumption that nuclear capital costs will stabilise either at present 
levels ("medium") or at 25% higher ("high") and clculates the maximum real annual 
coal cost inflation which could be suffered for coal to remain competitive. The 
results are: 

If 100% FGD were required, the breakeven price would 

100%FGD/medium nuclear Not competitive 

100%FGD/high nuclear 2.2% 

No FGD/medium nuclear 2.5% 

No FGD/high nuclear 5.3% 

In the U.K. such annual rates of coal costs increase do not seem credible, 
in the light of current investment, nor can 100% FGD be regarded as at all likely. 
Each country will have its own attitude to FGD but the effect that this has had 
on the breakeven coal cost - a reduction by one-third, say - should be borne in 
mind when assessing any benefits from sulphur suppression especially to very low 
levels. 

These studies have now also considered the economic impact of the introduction 
of Fast Breeder Reactors. At this stage it is very difficult to see how the FBR 
can be justified even in comparison with thermal reactors without making assumptions 
which are either incredible with regard to the growth of nuclear electricity or 
which make thermal reactors themselves much less attractive. 

Perhaps more directly relevant, at least to IEA Coal Research, a preliminary 
assessment has been made of the comparison between conventional coal generating 
costs (with FGD) and fluidised combustors both atmospheric (AFB) and pressurized 
(PFB). The first results, expected as percentage savings in electricity cost are: 
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PERCENTAGE SAVINGS IN ELECTRICITY COSTS 

High Sulphur Low Sulphur 
Coal Price 

AFB PFB AFB PFB 

13-15% 7-8% (3% 3-4% 

12-14% 9% C3% 4-5% 

11-13% 10% 13% 4-6% 

OVERALL 11-15% 7-10% C3% 3-6% 

The main "hardware" project of IEA Coal Research is an experimental unit 
based on PFB. This project has been described eleswhere. It is expected to 
be commissioned in the early Spring of 1979 and has initially a two year programme 
of work mainly on combustion factors, with particular attention to the quality of 
off-gases for direct use in turbines. Proposals for  adding a gas turbine, which 
would effectively convert the test equipment into a pilot plant, are being 
considered. The earlist that this could be completed is about the end of 1981 
which probably corresponds to the need to complete the basic combustion programme 
first. 

) 

The preliminary economic assessment quoted above, whilst showing reasonable 
potential for fluidised combustion power generation where FGD must be practiced 
on high sulphur coals do not show much saving with low sulphur or any advarikage 
for PFB over AFB. This obviously calls for collaboration between the technical 
and economic studies. Apart from better engineering to reduce capital costs, 
from which the more complex system should benefit most, consideration will have 
to be given to other ways in which the competitiveness of PFB can be increased 
initally as a guide to further experimentation. In the calculations above, PFB, 
is taken as having only 3 percentage points advantage in thermal effeciency over \ 

AFB. Clearly if this can be increased, so will the economic benefit and this 
would be compounded by fuel price increase. 
thermal efficiency, which is most likely to be increased by higher temperatures. 
In addition, the system itself will nedd further examination, including 
continuous reconsideration of the duty of PFB, in conjunction with other 
processes and within the broader study of energy flows. 

I 
I 

Thus, great emphasis must be put on 

Similar studies to those described above on combustion will be required on 
other coal conversion processess and these are in hand by EAS, as are combinations 
of processes (Coalplexes). Coalplexes, intermediates may be transferred and 
more than one product is available. It is likely that hydrogen costs will be a 
key factor in economic studies in the future, not only for coal but for the whole 
family of fossil fuels. This has led to suggestions of a sequential use of 
hydrocarbons and this may result in separation procedures as an initial step 
in coal processing, in order to recover fractions having a higher hydrogen content 
or small molecular size; 
Obviously, the development of more elegant utilisation systems for coal will 
require re-optimisation of quality requirement for mining and preparation of 
transport methods. 

the residues could be gasified and/or combusted. 

Conciusions ana Predictiurls 
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The resources of coal are very large indeed, so large that the rate at which 
the world decides to exploit them is a matter of choice based on economics and 
investment policies, rather than resource constraints. It seems highly probable 
that output will be increased several-fold over the next few decades, without the 
danger of a sharp peak followed by a rapid decline which may occur in the case Of 
oil and gas. Coal is fairly well distributed and is readily transportable and 
storable, so that trading should become much more important in the wake of Oil. 
Practically all countries should therefore seriously consider their policies for 
Coal and most would benefit by doing so through international collaboration. 
Countries possessing ample coal may need capital to make large investments in 
developing these resources; potential importers need to invest in handling and 
utilisation equipment. Coal may be transported as such or converted into Coal 
products in the producing countries and the merits the alternatives need Careful 
consideration on a case-by-case basis. 
should therefore be formed at an early stage and a wide range of options involving 
current and future processes considered. 

Partnerships between producers and users 

The understanding of how to get and how to use coal is developing 
progressively. Within individual countries a new approach to mining and 
distribution is necessary. Hydraulic mining and transport, for example could 
help to separate mining from its traditional environmental impact and might also 
provide flexibility in the location of energy conversion and comsumption centres. 
Utilisation patterns will certainly change sequentially, in timescales which may 
be consistent both with the peaking and run-down of other hydrocarbons and also 
sequence from low to high value uses will be based on adding more hydrogen which 
will increasingly be derived form coal. 

The development and economic progress of new coal conversion processes will 
call for re-optimisation of all the stages in getting, preparing and using coal 
including schemes where the more valuable portions are removed before the residue 
is used for the crude outlets. Envisaging the complex nature of the coal industry 
in the next century is perhaps more difficult than trying to see the modern 
petroleum industry from its origons at Titusville might have been. Still, it 
should be attempted now and progressively updated. 

For the present however the most important outlet for coal is combustion. 
For electricity generation coal is likely to continue to compete successfully 
and will become very important for direct heating. Fluidised Combustion, in 
various forms, will be the main contributing technological factor. 

All countries will be affected by the optimal use of coal will all 
benefit from the extension of collaborative arrangements. IEA Coal Research has 
demonstrated some ways in which this collaboration might progress. 
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Appendix 1 

Access 
Category 

MAIN CLASSIFICATION 

Date of a s ses smen t . . . . . . .  

Coal t y p e . .  .......... Loca t ion  ................. 

1 Economic Category 

Coal r e c o v e r a b l e  at:- 

A B C D 

Assurance 
Bracke t  

Decreasing Decreas ing  
a c c e s s i b i l i t y  economic v i a b i l i t y  > 9 t o n n e s  x 10 

A c c e s s i b l e  

o t h e r  
c o n d i t i o n s  

- Notes:  1. Economic c a t e g o r y  A is inc luded  w i t h i n  B ,  B w i t h i n  C and so on. 
2 .  Access c a t e g o r i e s  1 t o  5 a r e  s e p a r a t e  from one a n o t h e r  and do 

3 .  Yne mosr: u s u a i  view of ' r e s e r v e s '  - c u r r e n t i y  economic a c c e s s i b l e  

4. Coal i n  p l a c e  iColu!lin D) may be l i m i t e d  by e x c l u d i n g  c o a l  below 3 

n o t  i n c l u d e  one  a n o t h e r .  

c o a l  - is r e p r e s e n t e d  i n  Column A ,  l i n e  ( a ) .  

a g iven  t h i c k n e s s  or d e p t h ,  v a r y i n g  from coun t ry  t o  c o u n t r y .  
l i m i t s  w i l l  be  r e c o r d e d .  

Such 
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JAPANESE E N E R G Y  OUTLOOK AND INTERNATIONAL COOPERATION 

Masao Sakisaka 
President 
National In s t i t u t e  f o r  Research Advancement 

1 .  Formation of a High-Energy-Consumption Type Economy 

I*. was a f t e r  the 1960s tha t  the Japanese economy has become 
t h a t  o f  high-energy-consumption type. The volume of energy 
consumed d u r i n g  f i f t een  years u p  t o  1975 f a r  exceeded the 
volume consumed ever since the  beginning of Meiji Era up  
t o  1960. 
during the recent f ive  years was about 4.5 times tha t  in the 
period pr ior  t o  World War 11. The t rans i t ion  of the economy 
t o  tha t  of high-energy-consumption type coincided w i t h  the 
s h i f t  of energy from hydraulic power and coal t o  petroleum. 

Energy consumption grew during the 1960s by an average annual 
ra te  of 13%. In Japan technological innovation bloomed in 
the 1960s. Materials industry such as metals, chemicals, 
and synthetic t e x t i l e  developed modern mass production 
systems. And mass assemblying industry such as automobiles 
and home use e l e c t r i c  appliances developed based on the 
supply of such materials of a good qual i ty  f o r  a low price . 
Consumers durables rapidly saturated homes, and "throwaway" 
became a common place. 
industries,  and public investments such as  roads and highways 
and ports and harbors a l so  increased. 
industries was much developed, a n d  the economy grew rapidly. 
An "affluent society of mass production and mass consumption" 
was formed. 

Average annual per capita energy consumption 

Equipment investments increased in 

Heavy and chemical 

2. Fragili ty of Energy Supply Base 

This "affluent society" i s  a grand house bu i l t  on petroleum. 
Demand f o r  primary energy expanded from the 95 mill ion t o n s  o f  
1960 t o  284 million tons i n  1970, and 87% of this  increase was 
supplied by petroleum--almost a l l  imported. 

When rapid economy g r o w t h  began i n  Japan under technological 
innovation, rapid increase i n  petroleum production beqan i n  
Middle East and Africa. International o i l  companies raced t o  
increase t h e i r  market shares and reduce the pr ice  of petroleum. 
OECD could not stop i t .  The world entered in to  an o i l  age. 
The Japanese economy took fu l l  advantage of low-priced petroleum 
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suply. 
petroleum s i tua t ion  la rge ly  changed. 
expansion i n  petroleum consumption, the demand and supply o f  
petroleum became t i g h t .  The position of OPEC was strengthened, 
and nationalism rose in o i l  producing countries where the 
government in tens i f ied  controls over their petroleum resources. 
The era of abundant supply of low-priced o i l  ended, and the 
world entered the era of high-priced o i l .  

B u t  s ince the beginning of 1970, the  international 
Due t o  Worldwide 

3. Change i n  Growth Pattern and The Decline of Energy Elas t ic i ty  

A t  the  time the  wor ld ' s  o i l  s i tua t ion  changed, the pattern of 
Japanese economic growth a l so  changed. 
the 1970s increase in pr iva te  equipment investments slowed down 
because new technology had been introduced i n t o  a l l  sec tors ,  
environmental destruction had advanced, and the spread of 
consumers durables slowed down. Metals, chemicals, and other 
materials production increase slowed down. Such growth pattern 
change and indus t r ia l  s t ruc tu re  change na tura l ly  affected energy 
consumption. And t h i s  tendency was accelerated by the energy 
price hike and economic stagnation since the  o i l  c r i s i s  of the 
f a l l  of 1973. 

A review of energy consumption in re la t ion  t o  GNP indicates tha t  
consumption i n  the indus t r ia l  purposes had been on the decline 
w h i l e  t h a t  foi. household purposes had cans is ten t ly  i n  creased. 
Energy consumption fo r  transportation purposes remained 1 i t t l e  
changed since the 1960s. The r a t i o  of householdconsumption o f  
energy t o  to ta l  consumption was s t i l l  too small to  cover in fu l l  
the decline in industrial  consumption, and energy e l a s t i c i t y  t o  
GNP had declined. 

Since the beginning o f  

4.; Future Economic Growth and Energy Consumption 

Japanese economv will  need t o  grow by about 6% annually in order 
t o  sustain f u l l  employment, t o  accomplish f u l l e r  social  secur i ty ,  
and t o  develop public f a c i l i t i e s .  
economy would have t h a t  much of po ten t ia l i ty  provided tha t  there 
would be no l imi t  on energy supply. I t  will  be 0.9 in consideration 
of the e l a s t i c i t y  during the period from 1970 through 1976, future 
recovery of equipment investment r a t e ,  and the estimate (0.91) under 
the New Energy Plan of the Government of West Germany, energy demand 
under economic growth of about 6% will  be 660 million KL i n  1985. 
Conservation of energy can depress the  demand t o  less  than the 
indicated. If  5.5% saving i s  achieved, demand will be 625 million 
KL i n  1985. 

And i t  i s  believed tha t  the 

5. Continuously H i g h  Future Reliance on Petroleum 

Policy f o r  s tab le  energy supply i s  conceived of in the direction as 
indicated helow. 
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Domestic resources will be exploited as much as possible. 
Development of nuclear power generation will be 
propelled a t  social  consensus, while making e f fo r t s  
t o  increase i t s  sa fe ty  and r e l i a b i l i t y .  
Of imported energy, the u t i l i za t ion  of natural gas and 
coal will  be expanded. 
While reducing reliance on imported petroleum t h r o u g h  the 
above l i s t ed  measures, petroleum supply source will be 
deversif i ed. 

(3) 

(4) 

The poss ib i l i ty  of Japan's domestic resources exploitation i s  low. 
Also, the development o f  nuclear power generation will  proceed only 
slowly due t o  c i t i zens '  movement against  nuclear power generation. 
The government inevitably will lower the previous development target 
of 49,000 MWe by 1985 t o  26,000 MWe. Even i f  smooth operation of 
these nuclear power plants i s  assumed, the to t a l  volume o f  energy 
supplied from domestic sources, including such plants,  will be only 
about 84 million KL ( i n  terms of petroleum). 

Therefore, an overwhelming portion o f  energy demand will  have t o  
depend on imports. 
potential was estimated under the policy t h a t  the  importation of 
natural gas ( l i qu id i f i ed )  and coal will be increased as much as 
possible. 

The to ta l  potential  supply volume of energies other than petroleum, 
as discussed in the above, i s  only 195 million KL ( in  terms of 
petroleum), and the balance must depend on imported petroleum. Assuming 
tha t  5.5% conservation will be accomplished by 1985, said energy 
demand wi l l  be 625 million KL,  which means tha t  430 million KL (or  
from 7.4 million barrels per day) of petroleum will have t o  be imported. 

I f  economic growth of about 6% i s  t o  be sustained., continuously greater 
amounts of petroleum wi l l  have t o  be imported. 
d ivers i f ied  t o  China and Indonesia, and overwhelmingly large portion of 
import will  have t o  come from Middle East. 
i n s t ab i l i t y  i n  Middle East, t he  energy base of the Japanese economy i s  
extremely f r ag i l e .  

I n  order t o  diversify imported energy, the 

Even i f  the source i s  

I n  view of the po l i t i ca l  

6. World Limit t o  Oil Production 

Petroleum experts believe t h a t  the petroleum production of the world 
(excluding communist countries) will reach i t s  peak i n  the f i r s t  half 
of the 1990s and will  subsequently continue t o  decline. Main reasons 
fo r  t h i s  a re  deterioration of discovery r a t e  (new Petroleum f i e l d s )  
and the preservation policy of o i l  producing country governments. 

Discover ra te  will  drop due t o  the worsening of natural conditions, 
r i s e  in development cos ts ,  decline in investment po ten t ia l s  of i n t e r -  
national o i l  companies and national companies. Gap between increasing 
production volume and discovery r a t e  will  open i n  the shape of sc i ssors ,  
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Long Term P r o j e c t i o n  of Energy Demand and Supply Balance 

F i s c a l  Year 

Demand of Energy 
b e f o r e  Conservat ion 

X of Reduction of Energy 
Demand by Conservat ion 

Energy Demand 
a f t e r  Conservat ion 

Type o f  Primary Energy 

Hydro General  
E l e c t r i c  Pumped s t o r a g e  

Ccothermal 

Domestic Oil N a t u r a l  Gas 

Domestic Coal 

Nuclear  

Imported LNG 

Imported Coal 
(steam c o a l )  

Sub T o t a l  

Imported O i l  

(Uni t )  

M.KL 

x 

M.KL 

M.KW 

M.KW 
M.KN 

M.KW 

M.KL 

M .TON 

M.KW 

M . TON 

M . TON 

M . K L  

M.KL 

Grand T o t a l  M . K L  

F.Y. 1975 
Actual  

F.Y. 1985 
P r o j e c t i o n  

660 

5.5 

390 625 

Actua l  X 

17.80 5.7 
7.10 

0.05 0.0 

3.50 0.9 

18.60 3.4 

6.62 1.7 

5.06 1.8 

104.00 26.7 

286.00 73.3 

Es t ima te  x 

19.50 
19.50 3 * 7  

0.50 0.1 

8.00 1.3 

20.00 2.2 

26.00 6.1 

24.00 5.5 

93.00 
(6.00) l2.O 

195.00 31.2 

430.00 68.8 

390 100 625 100 
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causing reductions in the volume of proven deposits.  
reserve r a t i o  (R/P) declines t o  a cer ta in  level (10-15), production 
increase reaches i t s  l imi t .  T h i s  i s  the physical l imi t  of petroleum 
production increase. 

On the other hand, i t  i s  doubtful i f  a l l  o i l  countries will  continue 
to  produce petroleum a t  the maximum production r a t e .  While countries 
whose economic developmental po ten t ia l s  a re  h i g h  ( I ran ,  Iraq,  Algeria, 
e t c . )  will  need t o  increase t h e i r  revenue by increasing o i l  production, 
o i l  countries of Arabian Penninsula will adopt policy t o  r e s t r i c t  the 
volume of o i l  production due t o  t h e i r  excessive revenue from o i l ,  as 
has already been done by Kuwait and the United Arab Emirates and will 
eventually be done by Saudi Arabia, the country of world’s grea tes t  
petroleum resource. 
production of the world will begin t o  shrink. 
tha t  the t r ans i t i on  from production increase t o  production decline will  
take place often the l a t t e r  half of the 1980s. 

If OECD countries f a i l  to  conserve on energy and t o  develop and t o  
expand the u t i l i za t ion  of a subs t i tu te  energy by the time of this 
t rans i t ion ,  b u t  increase demand fo r  OPEC o i l ,  the world will  suf fe r  
from a n  o i l  shortage. Industrial  nations wi l l  f i gh t  each other fo r  
securing o i l  ( in  which USSR will j o i n ) ,  and the  price of o i l  will  
surely r i s e  and the world p o l i t i c s  and economy will  be hurt substan- 
t i a l l y .  

The lead time f o r  energy conservation and the successful development 
of a subs t i t u t e  energy i s  from ten t o  f i f t een  years.  
countries es tab l i sh  a goal f o r  reduced petroleum consumption i n  the 
future and immediately in tens i fy  t h e i r  policy e f fo r t s  f o r  the energy 
conservation and subs t i tu t ion  of petroleum chronic shortage of 
petroleum will be inevitable.  And i f  t h i s  s i tya t ion  i s  not avoided, 
non-oil producing developing nations will  be hurt seriously.  

When production 

When Saudi Arabia curbs the  production, o i l  
I t  i s  highly possible 

Unless OECD 

, 
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OUTLOOK ON COAL RESOURCES AND COAL M I N I N G  TECHNOLOGY. R. Yamamura. 
Coal Mining Research Cent re ,  Kanda J inbocho 2-10, Chiyoda-ku, Tokyo, Japan 

Since t h e  end of t h e  n i n e t e e n t h  c e n t u r y  Japan has  spent  a g r e a t  e f f o r t  t o  the  
development of i n d u s t r i e s  and made a s p l e n d i d  achievement i n  i t .  During t h i s  period, 
t h e  c o a l  mining i n d u s t r y  had e x p l o i t e d  c o a l  mines i n  a l l  p a r t s  of t h e  count ry ,  and 
produced about  2.5 b i l l i o n  t o n s  of c o a l  f o r  t h e  u s e  a s  t h e  foundat ion  of t h e  development. 

t h e e d g e  of t h e  Continent  of A s i a ,  i t  w a s  s u b j e c t  t o  t h e  i n f l u e n c e  of t h e  orogenic  
movements which r e s u l t e d  i n  t h a t ,  a wide range of c o a l  vary ing  from l i g n i t e  t o  anth- 
r a c e t e  i s  a v a i l a b l e  i n  Japan owing t o  t h e  a c c e l e r a t e d  c o a l i f i c a t i o n ,  w h i l e  t h e  s t a t e  
of mines i s  worse than  many o t h e r  c o u n t r i e s  due t o  t h e  g e o l o g i c a l  deformation.  

e x t e n t  through t h e  accomplishment of t h e  advanced systems of t h e  technologies  f o r  a l l  
mechanized long-wall mining,  h y d r a u l i c  mining, under-sea mining and c e n t e r e d  cont ro l  of 

Japanese c o a l  i s  g e o l o g i c a l l y  of Paleogene per iod  of Cenozoic e r a .  Being l o c a t e d 8 t  

However, t h e  d i f f i c u l t i e s  i n  c o a l  mining have been overcome t o  a cons idera lbe  

-:..,. -..$..+- ^*^  
u 1 1 1 5  c , ’ L L S L J ,  SLC.  

I n  order  t o  meet t h e  f u t u r e  g l o b a l  energy demand. t h e  e x p l o i t a t i o n  of t h e  huge 
amount of c o a l  r e s o u r c e s  i n  t h e  c o u n t r i e s  around t h e  P a c i f i c  i s  becoming important .  
Japan,  a s  a member count ry  w i t h  its energy  being l a r g e l y  dependent on importat ion,  
i s  eager  t o  coopera te  w i t h  them by o f f e r i n g  i t s  mining technologies  as w e l l  as i t s  
mine management knowledge?.. 
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GEOPOLITICAL ASPECTS OF NEW O I L :  
THE SEARCH FOR ADEQUATE AND CONTINUOUS SUPPLY 

Melvin A.  Conant  

CONANT AND ASSOCIATES, I N C .  
9901 Phoenix  Lane 

Great F a l l s ,  V i r g i n i a  22066 

However much e n e r g y  f o r e c a s t s  v a r y ,  d e p e n d i n g  upon a l a r g e  number 
o f  economica l ,  g e o l o g i c a l ,  t e c h n i c a l ,  and p o l i t i c a l  a s s u m p t i o n s ,  t h e r e  
is widespread  agreement  on c e r t a i n  t r e n d s .  These  are 1) i f  t h e  
i n d u s t r i a l  world e x p e r i e n c e s ,  o v e r  t h e  n e x t  d e c a d e ,  a b e t t e r - t h a n -  
r e c e n t  a v e r a g e  economic growth  ra te  of 4 - 4 . 5 %  a n d  2 )  i f  t h e  e n e r g y  con- 
sumpt ion  growth r a t e  i s  n e a r l y  comparable ,  t h e n  t h e  wor ld  community 
o f  n a t i o n s  w i l l  almost a s s u r e d l y  be compet ing  i n t e n s e l y  f o r  o i l  i n  

is i n c l u d e d  among t h e s e  n a t i o n s ,  t h e r e  w i l l  t h e n  be a n  even  g r e a t e r  
i n c r e a s e  i n  o i l  p r i c e s  a s  a r e s u l t  o f  a c h r o n i c  s h o r t a g e  o f  o i l .  
For  many i m p o r t i n g  s t a t e s ,  t h e  g e n e r a l  c o n d i t i o n  w i l l  b e  one  of  a n  
i n a b i l i t y  t o  compete w i t h  a few l a r g e  e n e r g y  consumers  w h i l e  coping  w i t h  
major soc ia l ,  e c o n o m i c a l ,  and p o l i t i c a l  i s s u e s ,  and a l a c k  o f  a v a i l a b l e  
a l t e r n a t i v e  e n e r g y  s o u r c e s .  F i n a l l y ,  u n d e r l y i n g  a l l  t h e s e  c o n c e r n s  
w i l l  be  t h e  i m p o r t a n c e  o f  Middle  East s u p p l y  a s  t h e  major s o u r c e  of 
o i l  i n  world t r a d e .  

1 

I wor ld  t r a d e .  And i f ,  as w e  have  been warned w i l l  o c c u r ,  t h e  U.S.S.R. 

; 

Dependence upon Middle  East  s o u r c e s  f o r  a v e r y  h i g h  p r o p o r t i o n  of 
) o i l  i n  world t r a d e  a p p e a r s  t o  be one o f  t h e  " c o n s t a n t s "  i n  e n e r g y  equa- 

t i o n s .  P o s s e s s i n g  t o d a y  some 60% o f  p r o v e n  and  p r o b a b l e  r e s e r v e s ,  
t h e  Middle  East may w e l l  r emain  t h e  most p r o l i f i c  s o u r c e  o f  i n t e r -  
n a t i o n a l  o i l  t h r o u g h  o u r  l i f e t i m e .  The Middle  Eas t  t o d a y  s u p p l i e s  t h e  
U.S. w i t h  n e a r l y  50% o f  its o i l  i m p o r t s  ( c r u d e  and  p r o d u c t s ) ,  a p p r o x i -  
m a t e l y  80% of  West E u r o p e ' s  impor t  r e q u i r e m e n t s ,  and 77% o f  J a p a n ' s .  
From nowhere e l se  comes s u c h  a p r o f u s i o n  o f  o i l ;  t h e r e  are  no  o t h e r  t r u l y  
g i a n t  c o n v e n t i o n a l  p e t r o l e u m  d e p o s i t s  ( i t  is p o s s i b l e  t h a t  Mexico ' s  
d e p o s i t s  c o u l d  r i v a l  t h o s e  o f  t h e  Mid-East b u t  t h e  i n f o r m a t i o n  is p r e s e n t l y  
too i n c o m p l e t e ) .  

Obvious ly ,  Middle  Eas t  s u p p l y  b r i n g s  w i t h  it s e r i o u s  and mounting 
c o n c e r n s .  A s  l o n g  a s  it r e m a i n s  s u c h  a n  i m p o r t a n t  s o u r c e  o f  world o i l ,  
we w i l l  have  to  a c c e p t  t h a t  it is a commodity which  is p l a g u e d  by r i s k s  
o f  c o n t i n u i n g  p o l i t i c a l  i n s t a b i l i t y  whose o r i g i n s  are v e r y  d e e p  i n  
h i s t o r y ;  i t  is by no means summed up o n l y  i n  t h e  A r a b - I s r a e l i  d i s p u t e .  
We must u n d e r s t a n d  t h a t  w e  are  d e a l i n g  w i t h  a n c i e n t  r i v a l r i e s  d e r i v e d  
from c u l t u r a l ,  r e l i g i o u s ,  and economic d i f f e r e n c e s  between t h e  p e o p l e s  
o f  t h e  N i l e  and t h e  F e r t i l e  C r e s c e n t  o f  t h e  T i g r i s  and E u p h r a t e s  and 
between t h e  Muslim p e o p l e s  o f  t h e  Arab wor ld  and t h o s e  o f  P e r s i a .  
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The con tempora ry  usage  o f  "Lebanon,"  " S y r i a , "  " I r a q , "  " J o r d a n , "  t h e  
"United Arab R e p u b l i c "  ( E g y p t ) ,  " I r a n "  ( P e r s i a ) ,  " S a u d i  A r a b i a , "  and 

" I s r a e l , "  which i m p l i e s  n a t i o n - s t a t e s  of  a form f a m i l i a r  t o  t h e  Western 
w o r l d ,  m i s l e a d s  u s  a g a i n  and a g a i n .  R e g a r d l e s s  o f  t h e  modern names, we 
are still  w i t n e s s i n g  t h e  b reak -up  o f  one  o f  t h e  g r e a t  i m p e r i a l  sys tems 
-- t h e  Ottoman Empire.  T h i s  f r a g m e n t i n g  p r o c e s s  is  made i n f i n i t e l y  more 
complex by t h e  s t r a t e g i c  i m p o r t a n c e  o f  o i l  t o  t h e  i n d u s t r i a l  wor ld ,  and 
by t h e  i n t e r v e n t i o n  o f  w e s t e r n  powers  i n t o  t h e  a f f a i r s  of t h e  r e g i o n .  

The p o i n t  s h o u l d  be  c lear  t h a t  a c c e s s  t o  Middle E a s t  o i l  w i l l  
a l w a y s  be i n e x t r i c a b l y  bound to  t h e  p r e v a i l i n g  po l i t i ca l  t r e n d s ;  i t  
w i l l  no t  be e x p r e s s e d  i n  r e l a t i v e l y  s i m p l e ,  commercial t e r m s .  The com- 
b i n a t i o n  o f  t h e s e  f a c t o r s  l e n d s  g r e a t  u rgency  to  t h e  t a s k  o f  r e d u c i n g  
dependence upon t h e  r e g i o n ,  by d i v e r s i f y i n g  o u r  sources of  o i l  and 
e n c o u r a g i n g  t h e  r a p i d  deve lopmen t  o f  non-conven t iona l  p e t r o l e u m  d e p o s i t s  
( s h a l e ,  t a r  s a n d s ,  and t h e  s o - c a l l e d  "heavy" o i l s )  and o f  a l t e r n a t i v e s  to 
o i l  i t s e l f .  Of a l l  t h e s e  courses o f  a c t i o n ,  t h e  s e a r c h  and e x p l o i t a t i o n  
o f  new d e p o s i t s  o f  c r u d e  a r e  t a s k s  which c a n  be u n d e r t a k e n  w i t h  minimum 
d e l a y  a s  t h e  t e c h n o l o g y  of  e x p l o r a t i o n  e x i s t s :  w e  can  l a y  t h e  p i p e ,  we 
have  t h e  t a n k e r s  and t h e  r e f i n e r i e s  a l r e a d y .  

I n  o r d e r  t o  min imize  t h e  " g e o p o l i t i c s "  of o i l ,  by d e c r e a s i n g  o n e ' s  
dependence upon a s i n g l e ,  p o l i t i c a l l y  s e n s i t i v e  a r e a ,  one m u s t  t a k e  i n t o  
c o n s i d e r a t i o n  t h e  number o f  f a c t o r s  which would c o n t r i b u t e  t o  e a s y  
a c c e s s  t o  o i l .  These would be s e e k i n g  o u t  r e g i o n s  f o r  e x p l o r a t i o n  
which a r e  1) c o n t r o l l e d  by non-Communist c o u n t r i e s ;  2 )  d i s t a n t  from the  
Middle E a s t ;  3 )  d e p e n d e n t  upon e a r n i n g s  from o i l ;  4 )  w i t h i n  a compara- 
t i v e l y  s h o r t  d i s t a n c e  from t h e  commercial m a r k e t s ;  5) areas whose poli t i-  
c a l  o b j e c t i v e s  a r e  s u c h  a s  t o  f i n d  them n o t  p a r t  o f  any  c o h e s i v e  b loc ;  
and f i n a l l y ,  6 )  r e g i o n s  whose r e s e r v e s  are o f  such  magn i tude  t h a t  they  
would be u s e f u l  a l t e r n a t i v e s  to  a r e a s o n a b l e  p r o p o r t i o n  of  Middle 
E a s t  s u p p l y .  

i n t e r e s t  would c e n t e r  upon t h e  p r o s p e c t i v e  r e g i o n s  o f  o f f s h o r e  Soucn 
E a s t  Asia ,  I n d o n e s i a ,  and t h e  Sou th  China Sea.  O t h e r s  would be China 
( a  f u t u r e  p o s s i b i l i t y ) ,  t h e  S o v i e t  Eas t  S i b e r i a n  and S a k h a l i n  f i e l d s  
( a l s o  a f u t u r e  p o s s i b i l i t y ) ,  A l a s k a ,  t h e  Canad ian  Arctic, and A l b e r t a  
( t h e  l a s t  named Canad ian  sources b e i n g  o f  c o n s i d e r a b l e  i n t e r e s t  a t  
t h e  p r e s e n t  t ime).  Ano the r  J a p a n e s e  s e c u r i t y  zone f o r  a l t e r n a t i v e s  
t o  Middle E a s t  o i l  would a l s o ,  s u r e l y ,  i n c l u d e  some e x p o r t s  from 
Mexico and,  e v e n t u a l l y ,  from t h e  Venezue lan  Or inoco  r e g i o n .  

By how much would J a p a n  have to  r e d u c e  i t s  Middle E a s t  dependence 
t o  g a i n  added s e c u r i t y ?  Today, J a p a n  i m p o r t s  a t o t a l  o f  a b o u t  
5 MMB/D; of t h a t ,  3.5 MMB/D come from t h e  Gulf  p r o p e r .  The v o l u m e t r i c  
f l o w  w i l l  i n c r e a s e ,  a s s u r e d l y ,  w i t h  time. B u t  i f  J a p a n  had i n  e x i s -  
t e n c e  a s u b s t a n t i a l  s t r a t e g i c  p e t r o l e u m  r e s e r v e  ( p e r h a p s  i n  t h e  o r d e r  
Of f o u r  months t o t a l  i m p o r t s ,  o r  600 M M  b a r r e l s )  o v e r  and above a n  
i n c r e a s e d  commercial  i n v e n t o r y  and were a lso f o r t u n a t e  enough to  
o b t a i n  p e r h a p s  1.5-2 MMB/D from o t h e r  z o n e s ,  t h e  problem o f  o i l  
s u p p l y  s e c u r i t y  f o r  J apan  m i g h t  b e  manageable .  

In  t h e  c a s e  o f  J a p a n ,  f o r  example ,  t h e  most o b v i o u s  "zones"  of  



The United S t a t e s  is  i n  a d i f f e r e n t  s i t u a t i o n .  Faced w i t h  t h e  
p r o s p e c t  o f  d e c l i n i n g  o n s h o r e  r e s e r v e s  and a n  u n c e r t a i n  amount of add 
t i o n a l  o f f s h o r e  o i l ,  i t s  p r e s e n t  50% dependence  upon o i l  i m p o r t s  -- 
a p p r o x i m a t e l y  8 MMB/D ( 3  MMB/D t h a n  J a p a n ' s  t o t a l  imports) -- compels  
to  examine o i l  s u p p l y  zones  l e s s  v u l n e r a b l e  t o  d i s r u p t i o n  t h a n  t h e  
Middle East .  
Mexico, and Canada. O t h e r s ,  more g r e a t l y  d i s p e r s e d ,  would b e  N i g e r i a  
t h e  polar l a t i t u d e s ,  and t h e  Fa lk l and-Argen t ine  s h e l f .  

An i n n e r  and p r i m a r y  zone would i n c l u d e  Venezue la ,  

i- 

it 

I 

The Or inoco  V a l l e y  b e l t  i n  v e n e z u e l a  is s t i l l  t h o u g h t  t o  
c o n t a i n  one of t h e  most e x t e n s i v e  s o u r c e s  o f  o i l  w i t h  some 700 b i l -  
l i o n  b a r r e l s  of o i l  ( p e r h a p s  70 b i l l i o n  b a r r e l s  r e c o v e r a b l e  by t h e  
a p p l i c a t i o n  of known t e c h n i q u e s ) .  A c o n s e r v a t i v e  b i l l i o n  b a r r e l  
estimate o f  Mexico 's  o i l  i s  1 2  b i l l i o n  b a r r e l s  "p roven , "  3 0  b i l l i o n  
b a r r e l s  "proven and p r o b a b l e , "  and 60 b i l l i o n  b a r r e l s  " i n  place." 
The Canadian "heavy" o i l  and t a r  s a n d s  a re ,  p o t e n t i a l l y ,  o f  comparable  
s i g n i f i c a n c e :  p o s s i b l y  954 b i l l i o n  b a r r e l s  o f  o i l ,  from which some 
2 1  b i l l i o n  b a r r e l s  c o u l d  b e  p u t  i n  t h e  marke t  u s i n g  p r e s e n t  day  
t e c h n i q u e s .  

n o  conce rn :  t h e  s u c c e s s f u l  development  o f  t h e  g r e a t  u n e x p l o i t e d  
r e g i o n s  of A l b e r t a ,  t h e  Canadian A K C t i C ,  Mexico, and Venezue la  would 
make a v a i l a b l e  t o  t h e  i n d u s t r i a l  wor ld  a n  a d d i t i o n a l  volume of 
s u b s t a n t i a l  s i z e  which would,  i n  time, d i m i n i s h  t h e  s t r a t e g i c  s i g -  
n i f i c a n c e  of Middle Eas t  O i l .  

The o v e r l a p  of J a p a n e s e  and U.S. o i l  s e c u r i t y  zones  need be o f  

These r e s e r v e s  are known to  e x i s t .  We may n o t ,  a t  p r e s e n t ,  be 
f u l l y  c o g n i z a n t  o f  t h e  n e c e s s a r y  t e c h n o l o g y  t o  e x p l o i t  these d i v e r s e  
r e s e r v e s ,  nor  have t h e  r e q u i r e d  f u n d s ,  n o r  be  sure of whe the r  t h e  
v a r i o u s  i n t e r e s t e d  gove rnmen t s  w i l l  use e v e r y  i n c e n t i v e  to  encourage  
t h e i r  e x p l o i t a t i o n .  But  t h e  o i l  is t h e r e  -- i t  d o e s  n o t  have t o  be 
d i s c o v e r e d .  

to which government p o l i c y  may e n c o u r a g e  or i n h i b i t  e x p l o i t a t i o n .  
Fo r  example,  c u r r e n t  Canadian e s t i m a t e s  warn, d e s p i t e  t h e  enormous 
amounts of o i l  i n  t h e  t a r  s a n d s ,  and t h e  e x i s t i n g  heavy o i l ,  t h a t  
Canadian p r o d u c t i o n  is to d e c l i n e  (1978:  565 MMB/D; 1985: 2 8 2  MMB/D; 
and 1990:  2 2 1  MMB/D) w h i l e  demand increases  (1978: 687 MMB/D t o  - 1 9 9 0 3 8 3 6  MMB/Dl. Is t h i s  t o  be t h e  c a s e ?  

P e r h a p s  t h e  g r e a t e s t  unknown is t h e  p o l i t i c a l  a s p e c t ,  t h e  e x t e n t  

Although none of t h e s e  zones ,  from t h e  J a p a n e s e ,  U . S . ,  or 
t h e  rest of t h e  i n d u s t r i a l  w o r l d ' s  p e r s p e c t i v e ,  is go ing  to be  
d e v e l o p e d  soon,  t h e  l a u n c h i n g  of a major e f f o r t  to e x p l o i t  t h e s e  
resources would be  an  i m p o r t a n t  s i g n a l  to OPEC g e n e r a l l y  -- and 
to QAPEC i n  p a r t i c u l a r .  

Th ink ing  i n  t h e s e  terms, one is reminded t h a t  t h e  U.S. p o s s e s s e s  
a t r u l y  e x t r a o r d i n a r y  o i l  resource whose e x t r a c t i o n  may p r o v e  t o  be 
n o t  much more d i f f i c u l t  t h a n  t h a t  o f  t h e  d e p o s i t s  of V e n e z u e l a ' s  
Or inoco .  The t o t a l  o i l  i n  p l a c e  i n  t h e  U . S .  o i l  s h a l e  d e p o s i t s  i s  
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e s t i m a t e d  a t  2 t r i l l i o n  b a r r e l s ,  o f  which 80 b i l l i o n  may be r e c o v e r -  
a b l e  w i t h  c u r r e n t  t e c h n i q u e s .  ( E s t i m a t e d  p r o d u c t i o n  f o r  1980: 
100  MB/D; f o r  1985: 4 0 0  MB/D, a l l  b a s e d  on p r e s e n t  l e v e l s  o f  commit- 
m e n t . )  Apart from cap i t a l  and t e c h n i c a l  problems, however, t h e  
s u c c e s s f u l  e x p l o i t a t i o n  o f  t h e s e  s h a l e  d e p o s i t s  is made more d i f f i -  
c u l t  t h r o u g h  o t h e r  c o n f l i c t i n g  i n t e r e s t s ,  s u c h  as e n v i r o n m e n t a l  
i m p a c t s  o n  t h e  s u r r o u n d i n g  r e g i o n s ,  t h e  d i v e r s i o n  of scarce water 
s u p p l y ,  c o n f l i c t s  o f  j u r i s d i c t i o n  and p u r p o s e  between t h e  F e d e r a l  
government  and s t a t e  governments  and a l s o  between v a r i o u s  a g e n c i e s  
w i t h i n  t h e  F e d e r a l  government  i t s e l f .  

With a l l  t h e s e  c o m p l i c a t i o n s ,  t h e  p r e s e n t  judgment  is t h a t ,  
as  v a s t  a s  t h e  s h a l e  d e p o s i t s  a re ,  w e  are  less l i k e l y  t o  d e v e l o p  
them as  a s s i d u o u s l y  as  w e  would t h e  r e s o u r c e s  o f  o t h e r  c o u n t r i e s  -- 
b a r r i n g  a shock  s i m i l a r  t o  t h e  1973-74 Arab embargo. Y e t  it i s  t h i s  
v a s t  d o m e s t i c  r e s o u r c e  ( p l u s ,  o f  c o u r s e  enormous coal d e p o s i t s )  
which makes t h e  c r u c i a l  d i f f e r e n c e  between t h e  U.S. and J a p a n .  

Another  f a c t o r  which one  must  t a k e  i n t o  a c c o u n t  i n  a t t e m p t i n g  
t o  r e d u c e  dependence 'upon Middle  East o i l  is t h e  s t i l l  l a r g e l y  unknown 
e f f e c t s  o f  enhanced r e c o v e r y  t e c h n i q u e s  -- p r o l o n g i n g  t h e  l i f e  o f  o i l  
f i e l d s ,  t h u s  p e r m i t t i n g  a g r e a t e r  volume of  o i l  t o  be produced .  It is 
t h e  unique  c o n t r i b u t i o n  o f  c h e m i s t s ,  c h e m i c a l  and p e t r o l e u m  e n g i n e e r s ,  
and  g e o l o g i s t s  which h a s  a c c o m p l i s h e d  some o f  t h e  t a s k .  There  is  hope 
t h a t  t h e y  may be a b l e  t o  make e v e n  g r e a t e r  s t r i d e s  i n  t h e  area o f  
enhanced  r e c o v e r y  t e c h n i q u e s .  For example ,  t h e  u s u a l  estimate f o r  t h e  
e x t r a c t i o n  o f  o i l  w i t h o u t  t h e  employment of s u c h  r e c o v e r y  t e c h -  
n i q u e s  is a b o u t  25%. A s  a g e n e r a l  r u l e ,  t h e  employment o f  s e c o n d a r y  
t e c h n i q u e s  ( i n j e c t i o n  o f  water, g a s )  and  t h e  w i d e r  u s e  o f  t e r t i a r y  
t e c h n i q u e s  ( i n j e c t i o n  o f  h e a t  and/or  c h e m i c a l s )  may i n c r e a s e  t h e  
amount of r e c o v e r a b l e  t o  32%.  I t  is p o s s i b l e  t h a t  t h e s e  t e c h n i q u e s  
c o u l d  i n c r e a s e  t h e  volume o f  o i l  from known r e s e r v e s  world-wide by 
a s  much a s  210,000 MMB, t h e r e b y  s i g n i f i c a n t l y  p r o l o n g i n g  t h e i r  
u s e f u l  l i f e .  There  is e v e r y  r e a s o n  to  b e l i e v e  t h a t  s u c h  t e c h n i q u e s ,  
a p p l i e d  u n d e r  s imilar  c o n d i t i o n s ,  would a l so  i n c r e a s e  t h e  o v e r a l l  
y i e l d  of  new o i l  r e s e r v e s .  

Confounding many o f  our h o p e s  f o r  l i m i t i n g  r e l i a n c e  upon t h e  
Middle  East and i n c r e a s i n g  o i l  i n  world t r a d e  from o t h e r  s o u r c e s  is 
t h e  t o o - i n f r e q u e n t l y  d i s c u s s e d  s u b j e c t  of t h e  " f i n d i n g  ra te"  f o r  new 
o i l .  
t h e  Middle E a s t  and t h e  S o v i e t  Union -- w e  d o  n o t  b e l i e v e  t h e r e  h a s  
b e e n  d i s c o v e r e d  a s i n g l e  p r o v e n  or p r o b a b l e  r e s e r v e  o f  more t h a n  
2 5  b i l l i o n  b a r r e l s .  N e i t h e r  L i b y a ,  N i g e r i a ,  A l a s k a ,  t h e  Nor th  Sea ,  
n o r  Mexico q u a l i f y  a s  e x c e e d i n g  t h a t  l e v e l .  Y e t ,  i f  w e  are t o  
p r e s e r v e  a r e s e r v e - p r o d u c t i o n  r a t i o n  o f  1O:l ( a n d  some now a d v o c a t e  
a more c o n s e r v a t i v e  r a t i o  o f  1 5 : l )  a d i s c o v e r y  of such  magni tude  
w i l l  be  r e q u i r e d  a n n u a l l y  -- t h e  d i s c o v e r y  o f  two Nor th  S l o p e s ,  i f  
you p r e f e r .  

The b r u t a l  f a c t  is t h a t  f o r  t h e  l a s t  t h i r t y  y e a r s  -- o u t s i d e  

'See Andrew R. F lower ,  "World O i l  P r o d u c t i o n ,  S c i e n t i f i c  
American,  March 1978,  pp.  42 and 44. 
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O t h e r  views which d i v e r t  u s  from a p r u d e n t  t h i n k i n g - t h r o u g h  o f  
I 

O i l  Supply  problems are t h e  c l a s s i c a l  e c o n o m i s t s '  t h e o r y  o f  s u p p l y  

p r o d u c e  enough o i l  f o r  t h e i r  " c u s t o m e r s , "  or s i m p l y  t h a t  o i l  h a s  
a l w a y s  been found when needed and w i l l  s t i l l  c o n t i n u e  t o  d o  s o .  The 
n a i v e t e  of t h e s e  v i e w s  h a s  y e t  t o  be a p p r e c i a t e d .  

i g n o r e s  some of  t h e  r e a l i t i e s  o f  o u r  c r u c i a l  dependence  on o i l .  I t  
d o e s  n o t  c o n s i d e r  t h a t  i n  time o f  c h r o n i c  s h o r t a g e ,  a number o f  n a t i o n s  
may b o t h  be u n a b l e  t o  pay e s c a l a t i n g  costs f o r  o i l  a n d ,  f o r  r e a s o n s  
of t h e i r  o i l - d e p e n d e n t  economies ,  b e  u n a b l e  t o  g o  b a w  a c e r t a i n  
l e v e l  o f  s u p p l y  w i t h o u t  r i s k i n g  a n  economic d i a s t e r ,  w i t h  s e v e r e s t  
s o c i a l  and p o l i t i c a l  c o n s e q u e n c e s .  Wars have  been  f o u g h t  o v e r  scarce 
r e s o u r c e s .  The "law" o f  t h e  m a r k e t  p l a c e  is  n o t  a lways  o n e ,  when 
a p p l i e d ,  t h a t  is a c c e p t e d  p e a c e f u l l y  by a l l  i n v o l v e d .  

The argument  found i n  so  many f o r e c a s t s  o f  "OPEC Supply  Requi red  
t o  Balance"  s h o u l d  b e  b a n i s h e d  from o u r  m i d s t  u n l e s s  q u a l i f i e d  by t h e  
word " d e s i r e d "  f o r  " r e q u i r e d . "  We b e l i e v e  w e  have  i n  S a u d i  A r a b i a  a n  

1 a l w a y s  meet ing  demand, or t h a t  OPEC s t a t e s  w i l l  a lways  be w i l l i n g  t o  

The assumpt ion  t h a t  s u p p l y  w i l l  meet demand f o r  economic r e a s o n s  

I 
I i n t e r e s t i n g  and i n s t r u c t i v e  example o f  why a n  o i l  e x p o r t e r  may f i n d  i t  
, t o  be i n  i t s  own l o n g  term i n t e r e s t  n o t  t o  p r o d u c e  a t  l e v e l s  d e s i r e d  

o r  e v e n  r e q u i r e d  by o i l  consumers:  it is  w a s t i n g  a n  i r r e p l a c e a b l e  
a s se t ;  o i l  l e f t  i n  t h e  ground is v i r t u a l l y  c e r t a i n  t o  i n c r e a s e  i n  
v a l u e  o v e r  time. I f  e x p o r t e d ,  t h e  r e v e n u e s  from t o d a y ' s  s a l e s  c a n n o t  
b e  f u l l y  employed, so t h e  s u r p l u s  is i n v e s t e d  i n  o v e r s e a s  m a r k e t s  
whose u p s  and downs, combined w i t h  t h e  e r o s i o n  worked by i n f l a t i o n ,  
warn o f  f u r t h e r  losses. 

There  is a p e r n i c i o u s  b e l i e f  t h a t  t h e  p r o d u c i n g  s t a t e s  a re  economic 
I 

> 
a n i m a l s  c e r t a i n  t o  p u r s u e  r a t i o n a l ,  economic g o a l s  ( a s  d e f i n e d  by 
w e s t e r n ,  i n d u s t r i a l  s t a t e s ) .  Hence s e c u r i t y  and  maximum s u p p l y  c a n  b e  

i r r a t i o n a l l y ,  t h e y  soon come t o  t h e i r  s e n s e s .  I t  is a l i n e  o f  r e a s o n i n g  
which s h o u l d  be re-examined.  

I t a k e n  f o r  g r a n t e d :  i f ,  i n  t h e  p a s s i o n  o f  a moment, s ta tes  s h o u l d  a c t  

Most c u r i o u s  o f  a l l  i s  t h e  n e a r - r e l i g i o u s  c o n v i c t i o n  t h a t  undiscovered  
r e s e r v e s  o f  o i l  are  v a s t  and w i l l  be  d i s c o v e r e d  i n  t i m e  to  ease a n y  
f u t u r e  e n e r g y  c r u n c h .  What is  a n  " u n d i s c o v e r e d "  r e s e r v e ?  I t  is 
m e r e l y  s p e c u l a t i o n  based  upon a mix of  some g e o l o g i c a l  e v i d e n c e  and 
s u r m i s e ,  f o r  t h e  most p a r t ,  which may "prove"  t o  be a c c u r a t e .  However, 
t h e r e  is l i t t l e  s c i e n t i f i c  e v i d e n c e  t o  s u p p o r t  t h e s e  s p e c u l a t i o n s  and 
s c a r c e l y  more p r a c t i c a l  a p p l i c a t i o n  o f  d r i l l i n g  t o  f u r t h e r  i n v e s t i g a t e  
s u c h  p r e d i c t i o n s .  

The p r u d e n t  man must  i n q u i r e  more i n t o  t h e  l i k e l i h o o d  t h a t  
enough o i l  w i l l  b e  found t o  g i v e  u s  more time t o  a c c o m p l i s h  a s a f e  
p a s s a g e  through what may someday b e  d e s c r i b e d  a s  t r a n s i t i o n  from o u r  
p r e s e n t  dependence upon o i l  t o  t h e  u s e  o f  a l t e r n a t i v e  e n e r g y  s o u r c e s .  
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The s e a r c h  f o r  more a d e q u a t e  and c o n t i n u o u s  s u p p l y  may w e l l  be 
u n s u c c e s s f u l ;  g e o l o g y ,  economics ,  and p o l i t i c s  may be a g a i n s t  u s .  Time 
i s  n o t  n e c e s s a r i l y  on o u r  s i d e  and w e  c a n n o t  assume u l t i m a t e  v i c t o r y  
i n  terms of o i l .  N o r ,  however ,  c a n  we j u s t , a c c e p t  t h i s  p e s s i m i s t i c  
s c e n a r i o ;  comprehending t h e  s c o p e  of  o u r  p rob lems  may l e a d  t o  a 
c l e a r e r  c o n c e p t  of  our o p p o r t u n i t i e s .  T h i s  i s  a p o i n t  which d o e s  
n o t  a p p e a r  to have been f u l l y  r e a l i z e d  i n  t h e  c a p i t a l  o f  t h e  w o r l d ' s  
e n e r g y  c o l o s s u s  -- t h e  Un i t ed  S t a t e s  whose d o m e s t i c  e n e r g y  o p t i o n s  
a r e  so v a r i e d  a s  to  se t  it a p a r t  from most  o t h e r  i n d u s t r i a l  n a t i o n s  
f o r  whom f o r e i g n  e x p l o r a t i o n  may be t h e  o n l y  a l t e r n a t i v e  t o  c o n t i n u -  
i n g ,  l a r g e  dependence upon i m p o r t e d  o i l .  
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AUSTRALIA'S ENERGY POLICY: A GAS UTILITY VIEW 

R.D. PALMER 

GAS 6 FUEL CORPORATION OF VICTORIA, 171 FLINDERS ST., MnBOURNE. AUSTRALIA. 3000. 

Australia has been called the world's largest island but it is really the world's 
smallest continent. Dry and sparsely inhabited, with only two cities of world 
renown and more sheep than people, the "Great South Land" (as early European 
explorers called it) is nevertheless a highly urbanised industrial country. 
25% of civilian employment is in manufacturing, compared with 26% for Japan and 
23% for the United States. 
per head, compared with 7,120 for the United States and 4,450 for Japan. However, 
the Japanese economy was clocking up an average 7.8% real G.D.P. growth rate from 
1960 to 1975, while Australia only managed 3:1% and the United States 2.5%. 
Three million of Australia's 14 million population live in Sydney, the largest city. 
By contrast, about 9 million of Japan's more than 100 million people live in Tokyo 
and New York is home to about 8 million of the over 200 million United States 
citizens. 
metres for Japan to 9,363,000 for the United States. Australia is a little smaller 
than the United States with 7,682,000 square kilometres. Her population, if evenly 
spread over the land mass, would live and work with a mere two persons per square 
kilometre. The comparable figure for the United States is 23 while Japan has 
300 persons per square kilometre. 
Only about 3% of Japan receives under 800 millimetres of rainfall annually, yet 
fully 88% of Australia is as dry as this. The United States figure is about 55%. 
Yet from Australia's dry northern and western regions comes exportable mineral 
wealth which now eclipses in value the agricultural staples on which the country 
has historically depended for external solvency. 
A glance at the atlas will convey a better impression of Australia's economic 
assets and liabilities. First, as they say, the bad news. The continent is 
isolated from her four major trading partners, namely Japan (32% of exports/l9% of 
imports), the United States (11% of exports/21% of imports), and the Association of 
South East Asian Nations (7% of exports/5% of imports). The distances in kilometres 
(by air) start at 3,347 (Darwin to Singapore), then climb through 7,817 (Sydney to 
Tokyo) and 11,242 (Melbourne to San Francisco), before reaching 14,500 (Perth to 
London). 

Australia has not yet reached industrial maturity and is still a net importer of 
capital. The economic composition of imports reflects this fact, being heavily 
weighted in favour of plant and machinery, transport equipment, industrial inputs 
and fuels and lubricants. Finished consumer goods typically represent less than a 
fifth of total imports. The commodity composition of imports shows that mechanical 
machinery predominates with almost 17% of the total, followed by miscellaneous 
manufactures (13%), petroleum (lo%), motor vehicles (lo%), chemicals (9%) and 
electrical machinery (almost 9%). 
The importance of transport equipment and fuels and lubricants in overcoming what 
one Australian historian has termed "the tyranny of distance" was foreshadowed in 
my remarks about isolation. The east-west distance from Sydney to Perth is 3,400 
kilometres, with the Adelaide to Darwin journey from south to north almost as 
lengthy. TO make matters worse, the bulk of Australia's secondary industry is 
situated within a narrow crescent connecting Sydney to Melbourne. 
issuing forth from Australia's south-eastern factories and workshops must be 
transported vast distances to reach consumers in the other capital cities and the 
country tows which serve the agricultural districts and mining projects to which 
I now turn. 

Some 

Our gross domestic product in 1975 was 5,700 US dollars 

The land areas of these three nations range from 377,000 square kilo- 

The products 
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Now for the good news. Australia's extreme geological age and size means that it 
encompasses most of the world's geological and climatic zones. Every mineral of 
commercial significance (except graphite and sulphur) is in production, along with 
such a quantity and variety of agricultural produce that food, beverages and 
tobacco represent less than 5% of imports. Australia's export income is 
principally generated by coal (12%); wheat, wool and iron ore (8% each); meat 
and alumina (6% each); and sugar ( 4 % ) .  

Australia's primary industries are much less geographically concentrated than its 
secondary ones. Coal from the productive seams around Blackwater fuels Queensland 
power stations and is exported through Gladstone. Wheat from the Wimmera-Mallee 
district around Horsham in Victoria is railed to flour mills in Melbourne and 
exported through Geelong. Wool from Goulburn in the Southern Tablelands of 
New South Wales is sold at auction in Sydney and exported. Iron ore from 
Mt. Tom Price in the Pilbara region of Western Australia is pelletized at Dampier 
and exported or shipped to the Kwinana steelworks. Bauxite is mined at Weipa in 
Queensland and treated to produce alumina, which is shipped to Bell Bay in Tasmania 
for smelting. Sugarcane is grown along the Queensland central coast and crushed 
in mills, with the product being exported through Mackay and other bulk handling 
ports. Uranium reserves are located in the Northern Territory in the far north, 
whilst oil and gas are produced in Bass Strait in the far south. 
Within what kind of legislative restraints do Australian export industries operate? 
Politically, Australia is a federation of six States and two Territories. There is 
a bicameral Parliament in Canberra, the National Capital, consisting of a House of 
Representatives and a Senate on the United States model. However, the United 
Kingdom's Westminster system of government is followed, with an elected Prime 
Minister who appoints a Cabinet of elected politicians rather than calling on 
outside talent, as the American President does. The Senate is only nominally a 
House represencing Scaces' interests, as it almost always divides along party lines 
Party discipline is strong within the current Government (Liberal Party/National 
Country Party) and Opposition (Australian Labor Party), so lobbying by interest 
groups is in general only successful if directed at the top men. Permanent heads 
of Government departments are also influential, as Acts of Parliament typically 
leave room for a lot of "administrative discretion", giving quasi-legislative 
power to the top bureaucrats. In addition, there are the Courts, who often place 
fresh interpretations on the Constitution, the Statutes and the Regulations made 
thereunder by the administrative wing of Government. The various State Parliaments 
operate in similar fashion, although of course confined to matters within their 
boundaries. 

The Australian federation is more centralist than, say, the Canadian one, due to 
Canberra's control over the most lucrative tax bases, particularly personal 
incomes, sales turnover and imports. Power over the mining industry though, is 
much more under the control of the States. Each Government includes a Minister 
of Minerals and Energy (or equivalent), who approves applications for exploration 
leases. All minerals discovered become Crown property, but promising leases are 
almost invariably converted into mining tenements for exploitation by the success- 
ful prospecting company, which pays royalties to the Crown and may have to abide 
by other negotiated terms and conditions. The Australian Government receives a 
40% share of offshore petroleum royalties and levies an excise tax on crude oil, 
although control of other seabed resources remains firmly in State hands. 

Through its Bureau of Mineral Resources, the Australian Government supplies 
geological and economic information to the mining industry. 
export of certain metals, petroleum and petroleum products and all raw and semi- 
processed minerals. 
concessions on canital subscribed to mining ventures and direct subsidies to the 
industry. 
through the Australian Minerals and Energy Council. 

It can control the 

Government assistance is given in the form of income tax 

Commonwealth and State Ministers meet regularly to co-ordinate policies 
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Australia's Fossil Fuel Resources: 

The problem of estimating Australia's energy resources i,s very difficult. 
attempt has been made by the Federal Government's National Energy Advisory 
Committee (1) and most of the information in this note comes from this source. 
The term resources usually refers to that quantity of material that can be 
economically extracted. New technical developments and/or increases in prices 
can make previously identified sub-economic resources, economic. As well as 
identified resources there are usually considerable quantities of undiscovered 
resources (i.e. hypothetical and speculative). The National Energy Advisory 
Committee has used the McKelvey classification, Figure 1. On this basis, 
Australia's fossil fuel resources are shown in Table 1. 

An 

Table 1 

Proven Economically Recoverable Australian Fossil Fuel Reserves - At December 1977. 
(million terajoules) 

State -- Crude Natural Gas - - -  Black Brown Total 
- Oil - Gas Liquids Coal Coal 

Victoria 8.0 7.8 2.3 377* 395 
New South Wales 252 252 
Queensland 0.1 256 256 
South Australia/ 
Northern Territory 0.3 3.5 0.9 9 4 18 

Western Australia ' 0.8 t8.0 3.4 8 31 
Tasmania 2 2 

Australia (approx.) 9.2 30.2 6.6 527** 381 954 

* Based on 38 580 megatonnes of economically recoverable resources. 
** Based on 20 260 megatonnes of economically recoverable resources. 

Sources : 

Crude Oil, Natural Gas and Gas Liquids - The Petroleum Newsletter No. 72 - 
Department of National Development. 
Black Coal and Brown Coal - Australia's Energy Resources - an assessment. 
National Energy Advisory Committee No. 2. 

Note 1 : Total figures are rounded out to the nearest whole numbers. 
Note 2 : Resources which are relatively very small have been omitted. 
Note 3 : Gas liquids are shown separately .from crude oil and natural gas. 

Commonly, they occur together in the ground, but are separated in the 
treatment plant immediately after extraction, and are therefore quoted 
separately. 

Bonaparte Gulf. 
Note 4 : Western Australian Petroleum reserves includes those at Carnarvon and 

Note 5 : Conversion factors - terajoules x 10 = 237 million barrels of 

= 166.3 million barrels of 
crude oil 

= 0.92 tcf. of natural gas 
= 38.4 million tonnes of black 

= 102~5-million tonnes of brown 

6 
(average) gas liquids. 

coal _ _  _ _  . 

coal 
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Although t h e  above Table 1 fol lows t h e  McKelvey c l a s s i f i c a t i o n ,  t h e  f i g u r e s  f o r  
c rude  o i l ,  n a t u r a l  gas  and gas l i q u i d s  inc lude  t h e  reserves  of t h e  North West 
S h e l f .  The North West Shelf f i e l d s  a l though not  c u r r e n t l y  being produced have 
been included a s  they  a r e  p r e s e n t l y  be ing  assessed f o r  f u t u r e  development. 
Table  1 l i s t s  only convent ional  f o s s i l  f u e l s  and ignores  s h a l e  o i l ,  uranium and 
thorium , 

The following comments expand t h e  informat ion  shown i n  Table  1 f o r  the  var ious  
f u e l s .  

Petroleum F u e l s :  

( a )  Crude O i l :  I 

A t  December, 1977 some 9.2 m i l l i o n  t e r a j o u l e s  (TJ) o f  crude o i l  was est imated 
t o  be economically recoverable .  This  i s  a known and demonstrated q u a n t i t y .  
P o t e n t i a l  s t i l l  e x i s t s  f o r  more d i s c o v e r i e s  ( 1 ) .  It i s  es t imated  t h a t  a 90% 
p r o b a b i l i t y  e x i s t s  f o r  f i n d i n g  a n  a d d i t i o n a l  9.3 m i l l i o n  TJ (1,550 x 106 
b a r r e l s ) .  
p r o b a b i l i t y  i s  be l ieved  t o  be  around 10%. 

To f i n d  an a d d i t i o n a l  39.1 m i l l i o n  TJ  (6 ,500 x 106 b a r r e l s )  the  

( b )  Natural Gas: 

The economically recoverable  q u a n t i t y  of  s a l e s  gas i s  put a t  30.2 m i l l i o n  TJ 
( 2 8  t c f . ) .  A s  wi th  c rude  o i l ,  p o t e n t i a l  s t i l l  e x i s t s  f o r  f u t u r e  d i s c o v e r i e s .  
The p r o b a b i l i t y  of  f i n d i n g  an a d d i t i o n a l  32.9 m i l l i o n  TJ (30 t c f . )  i s  es t imated 
a t  80%. This p r o b a b i l i t y  d e c l i n e s  t o  only 20% f o r  a n  a d d i t i o n a l  65.8 m i l l i o n  
T J  (60 t c f . ) .  

( c )  Gas Liquids:  

This i n c l u d e s  condensate  and L . P .  gas .  In  terms of s i z e  they  a r e  a n  important 
resource and t o t a l  6.6 m i l l i o n  TJ (1,560 x 106 b a r r e l s ) .  
s m a l l e r  than c rude  o i l  a t  9.2 m i l l i o n  TJ.  It i s  considered (1)  t h a t  an 80% 
p r o b a b i l i t y  e x i s t s  f o r  f i n d i n g  an a d d i t i o n a l  5 .2  m i l l i o n  TJ (1,240 x 106 
b a r r e l s ) .  To f i n d  16.8 m i l l i o n  T J  (3,980 x 106 b a r r e l s )  t h e  p r o b a b i l i t y  is 
only 20%. 

This  i s  n o t  much 

Black Coal: 1 
The economically recoverable  q u a n t i t y  o f  b l a c k  coa l  shown i s  527 x 106 TJ (20,260 
m i l l i o n  tonnes) .  
i d e n t i f i e d  i n f e r r e d  ca tegory  a s  shown on  Figure  2. 

I d e n t i f i e d  sub-economic resources  of coa l  a r e  very la rge .  For example, t h e  Cooper 
and Pedirka Bas ins  i n  South A u s t r a l i a  c o n t a i n  3 t r i l l i o n  tonnes o f  coa l  
(78,000 x 106 TJ) a t  a depth between 1,400 and 4,000 metres. 
cons iderable  scope exists f o r  f u t u r e  d i s c o v e r i e s .  F igure  2 summarizes t h e  p o s i t i o n  
f o r  black c o a l .  I t  i s  important  t o  n o t e  t h a t  a s  t h e  p r i c e  of b l a c k  coa l  increases  
or a s  new technologies  develop t h e  q u a n t i t y  o f  c o a l  c l a s s i f i e d  a s  an economic 
resource  can  be increased  cons iderably .  

Brown Coal: 

Economically recoverable  brown c o a l  i s  s i t u a t e d  pr imar i ly  i n  V i c t o r i a  and t o t a l s  
381 x lo6 TJ (39,000 m i l l i o n  tonnes) .  I d e n t i f i e d  and demonstrated sub-economic 
resources  t o t a l  an a d d i t i o n a l  265 x 106 T J  (27,128 m i l l i o n  tonnes) .  I d e n t i f i e d  
and i n f e r r e d  sub-economic q u a n t i t i e s  a r e  very  l a r g e  with a t  l e a s t  54,000 m i l l i o n  
tonnes in  V i c t o r i a .  Undiscovered c a t e g o r i e s  a r e  a l s o  l i k e l y  t o  b e  l a r g e .  F igure  3 
summarizes t h e  p o s i t i o n  f o r  brown c o a l .  

A u s t r a l i a ' s  F o s s i l  Fue l  Demand: 

A demand f o r e c a s t  f o r  i n t e r n a l  consumption t o  t h e  year  2000 has  been prepared using 
t h e  Federal  Government's Department o f  Nat ional  Development l a t e s t  p r o j e c t i o n s  (2)  
t o  1986/87 and then ex tending  those  t o  t h e  year  2000. Average growth r a t e s ,  annual 
u s e  and cumulative demand t o  t h e  year  2000 a r e  shown i n  Table  2. 

< 

However, t h e r e  a r e  a t  l e a s t  4.4 times t h i s  q u a n t i t y  i n  t h e  

I n  a d d i t i o n ,  

11 

I 
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Table 2 

19761 Annual Use Cumulative Demand 
2000 

' Growth 
pa 

- Fuel - 
3 TJ x 10 

2000 1976/2000 

Black Coal 4.8 749.9 2 289.7 35 315.5 
Brown Coal 4.0 289.9 753.4 11 980.9 
Oil 2.6 1 255.3 2 331.6 44 250.5 
Natural Gas 5.7 212.8 800.9 14 152.8 

3 TJ x 10 

- 1976 - 

Total 3.8 2 507.9 6 175.6 105 699.7 

Table 3 shows the relationship between the cumulative use of fuels from 1976 to 
the year 2000 and total economic resources of fuels. 

Table 3 

Fuel - 

Black Coal 
Brown Coal 
Oil 
Natural Gas 

Cumulative 
Demand 

3 TJ x 10 

35 315.5 
11 980.9 
44 250.5 
14 152.8 

Economical 1 y 
Recoverable 
Resource 
TJ x 103 

527 000 
381 000 
9 200 
30 200 

% 

Depleted 
- 

6.7 
3.1 

- 381.0 
46.9 

The position for oil and natural gas is not good. The cumulative requirement for 
natural gas will result in the consumption of almost half the economic resource 
by the year 2000. This however, understates the position as 18 x 106 TJ of natural 
gas are located at the North West Shelf and will be used primarily for export. For 
oil the situation is even worse as known reserves are completely inadequate 
representing only 21% of the cumulative demand to the year 2000. 

Australia is well endowed with black and brown coal. Cumulative consumption of 
black coal to the year 2000 of 35 million TJ will only consume 6.7% of current 
economic resources. With 60 x 106 tonnes of black coal exported per annum for 
24 years at an average heating value of 26 gigajoules (GJ) per tonne an additional 
37 million TJ would be consumed. 
the black coal resources would be utilized. However, as noted in the previous 
section it is estimated that there is at least 4.4 times the quantity of black coal 
stated in Table 3 that is suitable for mining. With these resources the percentage 
used by the year 2000 would be close to 3%. 
The position for brown coal is good with only 3% of economically recoverable 
resources being used by the year 2000. Considerable potential exists for 
enlargement of these resources. 

Natural Gas for the Future: 

As explained earlier, the population of Australia and the major concentration of 
its industry is in the south-eastern corner of the continent. 
natural gas not yet committed to customers and the most prospective areas for 
further gas discovery are in the north-western corner. The distance between these 

With exports and domestic consumption 13.8% of 

The resources of 

__ two is 4;OOO kilometres and the cost of a pipeline system to bring this gas to 
Ea s tern Stat e s wag- ei t ima t ed--( 3 ) in -1 97 6 to be 3 176 00- m i  1 1 ion.The1 t erna t i ve of 
liquefaction in the north-west and transport by ship to the Eastern States, 
evaluated over a 20 year period,was less attractive than a pipeline. 

~ 
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Such a p i p e l i n e  must c r o s s  f o u r  S t a t e  boundar ies ,  and i t s  cos t  would be such t h a t  
t h e  gas u t i l i t i e s  could f i n d  d i f f i c u l t y  i n  f inanc ing  such a p r o j e c t .  
t h e r e f o r e  seem a p p r o p r i a t e  f o r  i t  t o  be a Commonwealth Government p r o j e c t  but  so  
f a r  the Government has  n o t  made any commitment. 

Against t h e  background of r e s o u r c e  a v a i l a b i l i t y  descr ibed  e a r l i e r  a l l  gas u t i l i t i e s  
a r e  confronted wi th  p lanning  problems. 
confront ing  the  Gas and Fuel  Corpora t ion  of  V i c t o r i a  i s  given a s  a t y p i c a l  example. 

The Gas and Fuel Corpora t ion  s u p p l i e s  700,000 r e s i d e n t i a l  consumers and i n  addi t ion ,  
suppl ies  indus t ry  i n  t h e  r e t i c u l a t e d  a r e a  with 81% of i t s  secondary energy needs 
(excluding e l e c t r i c i t y ) .  
s t a t i o n a r y  uses  of  l i q u i d  f u e l s  t o  n a t u r a l  gas both  i n  i t s  own i n t e r e s t  and i n  i t s  
percept ion  of the i n t e r e s t  of  t h e  Government t o  minimize dependence on o i l .  The 
n a t u r a l  gas  d i s t r i b u t e d  i n  V i c t o r i a  i s  obta ined  from t h e  Bass S t r a i t  gas and o i l  
f i e l d s  under long term c o n t r a c t s  which a l s o  provide opt ions  over  any f u t u r e  
d iscover ies .  I t  i s  assumed i n  f o r e c a s t s  of  t h e  f u t u r e  t h a t  the  p r i c e  of  gas from 
t h e s e  sources  w i l l  a l low n a t u r a l  gas  i n  t h e  market p lace  t o  main ta in  i t s  
competi t iveness  wi th  o i l . a n d  e l e c t r i c i t y .  Competition does e x i s t  from s o l i d  f u e l s  
b u t  i s  l i m i t e d  t o  very l a r g e  u s e r s  away from urban a r e a s  where c l e a n  a i r  requi re -  
ments make s o l i d  f u e l  uncompeti t ive.  Market growth f o r  n a t u r a l  gas  w i l l  therefore  
be  dependent on such fundamentals a s  populat ion growth, i n d u s t r i a l  development 
and changes i n  l i v i n g  h a b i t s .  On t h e  o t h e r  hand, growth may be n e u t r a l i z e d  by 
community adopt ion of  energy conserva t ion  o b j e c t i v e s ,  such a s  i n s u l a t i o n  of homes, 
re -cyc l ing  of m a t e r i a l s ,  e f f i c i e n t  des igns  of homes and e f f i c i e n t  designs of 
i n d u s t r i a l  equipment. There a r e  g r e a t  unknowns i n  t h i s  a rea  but  t h e  b e s t  es t imates  
t o  da te  i n d i c a t e  t h a t  known r e s e r v e s  of n a t u r a l  gas  i n  Bass S t r a i t  a r e  equal  t o  the 
cumulat ive demand up t o  2005 a t  l e a s t ,  and success  i n  conserva t ion  educat ion could 
extend this  per iod.  

This  does not  however t a k e  account  o f  t h e  d e l i v e r a b i l i t y  of gas from t h e  reserves .  
When a comparison i s  made of  t h e  b e s t  e s t i m a t e  of maximum d e l i v e r a b i l i t y  from t h e  
Bass S t r a i t  f i e l d s  wi th  t h e  maximum d a i l y  demand o f  t h e  market ,  i t  i s  found t h a t  a 
s h o r t f a l l  could e x i s t  from 1990 onwards. There a r e  many s o l u t i o n s  t o  t h i s  
problem, p a r t l y  from t h e  demand and p a r t l y  from t h e  supply s ide .  From t h e  demand 
s i d e  conservat ion should be looked a t  s e r i o u s l y .  

The Corporat ion i s  engaged i n  a major  programme of community educat ion.  
a c t i v e l y  engaged i n  t h e  promotion of  i n s u l a t i o n ,  i t  runs energy management courses  
f o r  indus t ry  and provides  t e c h n i c a l  consul tancy  s e r v i c e s  t o  indus t ry .  It has  
sponsored and b u i l t  demonstrat ion l o w  energy homes. It opera tes  a c e n t r a l  energy 
information c e n t r e  t o  provide  informat ion  t o  t h e  publ ic .  It i s  developing and 
demonstrating g a s / s o l a r  i n s t a l l a t i o n s  f o r  domestic and commercial use.  
programme i s  aimed a t  reducing  t h e  u s e  of  gas by wise u s e ,  no t  by conversion t o  
some o t h e r  form of energy which could  be a g a i n s t  t h e  n a t i o n a l  i n t e r e s t .  Success i n  
t h e  programme could postpone t h e  d e l i v e r a b i l i t y  s h o r t f a l l  i n t o  t h e  l a t e  1990's .  

I t  would 

The fol lowing d e s c r i p t i o n  of  those  

I t  has  main ta ined  a s t r o n g  campaign t o  convert  a l l  

It i s  

This  

From the supply s i d e  we can cons ider  a number o f  s o l u t i o n s :  

Storage:  

The prospec ts  of increased  peak d e l i v e r a b i l i t y  through t h e  use o f  s t o r a g e  i n  
geologica l  s t r u c t u r e s  a r e  d o u b t f u l .  A t  p r e s e n t  an L . N . G .  peak shaving p l a n t  i s  
be ing  b u i l t  and expansion o f  t h i s  concept  i s  a l i k e l y  means of postponing peak 
d e l i v e r a b i l i t y  problems. In a d d i t i o n ,  of course ,  such s t o r a g e  g ives  s e c u r i t y  
a g a i n s t  p l a n t  and p la t form breakdowns and thus  s e r v e s  a double purpose. The 
p r e s e n t  p l a n t  i s  be ing  b u i l t  i n  c o n j s n c t i o n  wLth an a& separa4ion p l a n t  producing 
oxygen aiidTii-and i t  i s  hoped t h a t  t h e  combined p l a n t  w i l l  g ive s i g n i f i c a n t  
energy savings as w e l l  a s  c a p i t a l  c o s t  sav ings .  
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Discovery of Additional Reserves in Victoria: 
Exploration in Victoria to date has been concentrated in the Gippsland Basin . 
offshore. 
Otway Basin has had no success, and active exploration in these areas has ceased. 
Even in offshore Gippsland there have been no additions to gas reserves by new 
discoveries for many years. Nonetheless, it is believed that diligent exploration 
could yield new gas discoveries sufficient to provide the required deliverability 
through the 1990's. To this end, the Corporation has set up an exploration 
subsidiaty which in conjunction with a joint venturer has commenced exploration 
over 2,500 sq. kilometres offshore Gippsland. 
New Long Term Supply Sources: 
Chief amongst these lie the prospective resources of the North West Shelf. 
the problem of transport across the 4,000 kilometres to a market which will be 
small at the start and grow as a result of market growth and reduced deliverability 
from existing sources, is difficult to solve without some form of Government 
involvement in the financing of the lines and explicit Government policy on 
availability of reserves of gas. 

Another alternative long term supply source is S.N.G. from brown coal of which 
there are tremendous reserves in Victoria. Since it does appear that S.N.G. from 
brown coal can be delivered to the market at a price competitive with oil from 
brown coal or electricity from brown coal, this should be a viable alternative by 
the late 1990's and may well be, in the long term, the main source of gaseous fuel 
to the State. * 

As can be seen, the solution to the supply problem in Victoria does not present 
any technical difficulty. All the above alternatives are possible with today's 
technology. The difficulty lies in the choice of the most effective method or 
combination of methods. For example, the lead time for an S.N.G. from a coal plant 
might be ten years and for a trans-continental pipeline 7 years. A lot could 
change during this time so that a decision to take one route as against another 
could be found to be incorrect with disastrous financial consequences. 

The first priority therefore must be to remove the risk of such error being caused. 
' The major change that can take place during a 6-10 year gestation period to secure 
long term supply is new discoveries of gas close to Victoria. For this reason 
exploration throughout Victoria and adjacent areas must be carried out as soon as 
possible. This does not necessarily suit the private enterprise explorer looking 
for immediate-inland sn1es.-Consequently some Government or utility intervention 
either to carry out exploration o r  to compensate the explorer for his holding costs 
seems to be necessary. Assuming that this exploration work has still shown a 
demand for North West Shelf gas in the Eastern States, a prior requirement for 
construction of a pipeline is the dedication of reserves to it to ensure its 
economic viability. At present the Commonwealth attitude to export of L.N.G. is 
uncertain. Permission has been given to export 52% of the present known commercial 
reserves which after allowance for plant fuel and losses is equivalent to almost 
65%. 
seem the minimum dedication. This quantity does not seem available at present. 
Taking our risk minimizing exercise a step further, even with North West Shelf gas, 
a case can be made for the installation of a coal conversion plant in 1990's. 
However, the capital cost of these plants and the risks inherent in such a large 
project makes it unlikely that any utility could afford a plant of the required 
size without Government involvement in the financing and risk sharing. 

What exploration has been carried out onshore and in the offshore 

However, 

For such a project as this pipeline at least 20 year's requirements would 

- All in all this points towards an inevitable Government involvement in ensuring 
the continued smooth supplies to customers in Eastern Australia. 
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Summary : 

From this description of the particular problems of one gas utility, general 
conclusions with regard to a national energy policy can be drawn. If it is 
desirable to minimize Australia's dependence on oil, then widespread replacement 
of oil in stationary applications by gas should be encouraged. To achieve this, 
confidence in long term availability and stability of price must be encouraged 

(a) Government action to ensure a proper level of exploration by all possible 

(b) Explicit Government policy on natural gas export so as to maintain sufficient 

by:- 

means. 

resources dedicated to inland use to justify investment in distribution and 
utilization facilities. 

(c) . Government commitment either to construct or to guarantee the viability for 
private investors of large energy projects such as a trans-continental 
pipeline and coal conversion plants. 
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FIG. 3 AUSTRALIA'S RESOURCES OF BROWN COAL ( I O '  tonnes) 

u 
I 
z 
8 
W 

I IDENTIFIED 1 UNDISCOVERED I 

In situ 
40930 (d 

Reco\crablc 
39 000 

DEMONSTRATE[ -t----- INFERRED HYPOTHETICAL 7 
Small (b) 

Very large (b) 

Very large (c) 
(Only partly 
arscrsed) 

u 
B 
0 V W 

4 INCREASING CERTAINTY OF EXISTENCE 

(a) Total includes SO00 million tonnes in Victoria localrd beneath township planning scheme areas. 
(c)  Includes at least 54 500 million tonnes in Victoria. (b) No quantitative assessment available. . .. 

72 



COAL STRUCTURE AND COAL SCIENCE:  OVERVIEW AND RECOMMENDATIONS 

Richard C. Neavel 

Exxon Research and Engineer ing Co., P.O. Box 4255, Baytown, Texas 77520 

Coal i s  a sedimentary rock accumulated as peat and composed p r i n c i p  1ly 
o f  macerals, subord ina te ly  o f  minerals,  and c o n t a i n i n g  water  and gases i n  submicro- 
scopic pores. Macerals (mas' e r  - a l s )  are o rgan ic  substances d e r i v e d  from p l a n t  
t i s s u e s  and exudates t h a t  have been v a r i a b l y  subjected t o  decay, incorpora ted  i n t o  
sedimentary s t r a t a ,  and then compacted, hardened, and chemica l l y  a l t e r e d  by  n a t u r a l  
( g e o l o g i c a l )  processes. 

Coal i s  no t  a un i fo rm m i x t u r e  o f  carbon, hydrogen, oxygen, s u l f u r ,  and 
minor p r o p o r t i o n s  o f  o t h e r  elements; nor i s  it, as i s  o f t e n  impl ied,  s imp ly  a u n i -  
form, polyaromat ic,  "polymeric"  substance. Rather, i t  i s  an aggregate o f  micro- 
scop ica l  l y  d is t ingu ishab le ,  p h y s i c a l l y  d i s t i n c t i v e ,  and chemica l l y  d i f f e r e n t  macerals 
and minerals.  

Coa l  i s  ana logous t o  a f r u i t c a k e ,  fo rmed i n i t i a l l y  as a m i x t u r e  o f  
d i v e r s e  i n g r e d i e n t s ,  t h e n  "baked" t o  a p r o d u c t  t h a t  i s  v i s i b l y  he terogeneous.  
The heterogeneous na ture  o f  coa l  i s  ev ident  i n  F i g u r e  1, a photomicrograph o f  a 
p o l i s h e d  s u r f a c e  o f  a p i e c e  o f  t y p i c a l  c o a l .  The  d i f f e r e n t  macera l s  r e f l e c t  
d i f f e r e n t  p ropor t ions  o f  i n c i d e n t  l i g h t  and are t h e r e f o r e  d i s t i n g u i s h e d  as d i s c r e t e  
areas e x h i b i t i n g  d i f f e r e n t  shades o f  gray. I t  should be ev ident  t h a t  any at tempt 
t o  c h a r a c t e r i z e  the  chemical s t r u c t u r e  o f  t h i s  coa l  w i t h o u t  recogn iz ing  t h e  organ i -  
z a t i o n  o f  t h e  elements and molecules i n t o  d i s c r e t e  substances would be l i k e  t r y i n g  
t o  descr ibe  t h e  essence o f  a f r u i t c a k e  by  g r i n d i n g  i t  up and ana lyz ing  i t s  elemen- 
t a l  composition. 

The he terogene i ty  o f  coal ,  e x e m p l i f i e d  by F i g u r e  1, i s  i n h e r i t e d  f rom t h e  
d i v e r s i t y  of source m a t e r i a l s  which accumulated i n  a peat swamp. Coals may be 
compared, cont ras ted  and c l a s s i f i e d  on t h e  b a s i s  o f  v a r i a t i o n s  i n  t h e  p r o p o r t i o n s  
o f  t h e s e  m i c r o s c o p i c a l l y  i d e n t i f i a b l e  components. Such a c l a s s i f i c a t i o n  i s  
r e f e r r e d  t o  as a c l a s s i f i c a t i o n  according t o  type. Coals may a l s o  be c l a s s i f i e d  
according t o  how severe ly  geo log ica l  a l t e r a t i o n  processes, r e f e r r e d  t o  c o l l e c t i v e l y  
as metamorphism, have a f f e c t e d  t h e i r  p r o p e r t i e s .  T h i s  i s  c l a s s i f i c a t i o n  according 
t o  rank. These two c l a s s i f i c a t i o n  methods are independent and orthogonal ;  t h e r e -  
fo re ,  w i t h i n  c e r t a i n  l i m i t s ,  any type  o f  coa l  can be found a t  any rank. 

C l a s s i f i c a t i o n  according t o  type  i n v o l v e s  t h e  r e l a t i v e  p r o p o r t i o n s  o f  b o t h  
t h e  inorgan ic  substances and t h e  d i f f e r e n t  organic substances. Because o n l y  t h e  
o r g a n i c  m a t e r i a l  i s  a l t e r e d  b y  metamorph ic  p rocesses ,  r a n k  c l a s s i f i c a t i o n  i s  
independent o f  inorgan ic  content.  I n o r g a n i c  m a t e r i a l  i s  s i g n i f i c a n t  i n  commer- 
c i a l  uses o f  coal ,  and i t s  presence must be accounted f o r  i n  s c i e n t i f i c  s tdd ies .  
The present  discussion, however, concentrates on t h e  p r o p e r t i e s  o f  t h e  o r g a n i c  
substances, because o n l y  t h e  organic macerals make coa l  t h e  va luab le  m a t e r i a l  t h a t  
i t  i s .  

I n  F i g u r e  1, s e l e c t e d  areas  a r e  i d e n t i f i e d  as v i t r i n i t e ,  l i p t i n i t e ,  
and i n e r t i n i t e .  These terms r e f e r  t o  t h e  t h r e e  major c lasses  o f  macerals recog- 
n i z a b l e  i n  a l l  ranks o f  coa l  except those of t h e  h i g h e s t  ranks. A few o f  t h e  more 
s i g n i f i c a n t  fea tures  o f  these major c lasses  o f  macerals and o f  t h e i r  more impor tan t  
subc lasses  a r e  summarized i n  F i g u r e  2. I t  can  be seen f r o m  F i g u r e  2 t h a t  t h e  
d i f f e r e n t i a t i o n  o f  c o a l s  a c c o r d i n g  t o  t ype ,  v i z .  a c c o r d i n g  t o  t h e  c o n t e n t  o f  
m a t e r i a l s  assignable t o  each o f  t h e  maceral classes, i s  r e a l l y  a d i f f e r e n t i a t i o n  
according t o  t h e  i n g r e d i e n t s  which i n i t i a l l y  accumulated as peat t o  fo rm t h a t  c o a l .  
A l t h o u g h  t h e  r a n k  s c a l e  a c c o r d i n g  t o  ASTM has been a r b i t r a r i l y  d i v i d e d ,  and 
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s p e c i f i c  segments .have been i d e n t i f i e d  b y  an e p i t h e t  (i.e., l i g n i t i c ,  bituminous, 
a n t h r a c i t i c  coals) ,  t h e r e  are no such wel l - recognized c lasses o f  coal types. 

I n  t h i s  sense, t h e r e  i s  e s s e n t i a l l y  a c o n t i n u o u s  s e r i e s  o f  c o a l s  o f  
d i f f e r e n t  types, de f i ned  b y  microscopic  q u a n t i f i c a t i o n  o f  t h e i r  maceral (and m ine ra l )  
contents. P a r t i c l e s  o f  crushed coa l ,  when cemented toge the r  as a s o l i d  b lock w i t h  a 
c a t a l y t i c a l l y  s o l i d i f i e d  r e s i n  o r  p l a s t i c ,  can be po l i shed  and examined microscop- 
i c a l l y .  I n d i v i d u a l  p a r t i c l e s  d e r i v e d  f rom d i f f e r e n t  l aye rs  o f  a coal  seam, may 
d i f f e r  s i g n i f i c a n t l y  i n  maceral and m ine ra l  contents. Recogni t ion o f  t h i s  f e a t u r e  
has l e d  t o  t h e  concept of t h e  m i c r o l i t h o t y p e ,  wherein each p a r t i c l e  can be c l a s s i f i e d  
according t o  i t s  maceral content .  I n  t h i s  procedure, a r b i t r a r y  c lasses o f  p a r t i c l e s  
a r e  recognized accord ing t o  s p e c i f i c  maceral p ropor t i ons  as shown i n  Table 1. I t  i s  
i m p o r t a n t  t h a t  t h e  s c i e n t i s t  o r  t e c h n o l o g i s t  r e c o g n i z e  t h a t  p a r t i c l e s  o f  t h e  
d i f f e r e n t  m i c r o l i t h o t y p e s  a re  l i k e l y  t o  pe r fo rm q u i t e  d i s s i m i l a r l y  when analyzed o r  
processed; the re fo re ,  coa ls  must be sampled c a r e f u l l y  t o  prevent  the  s e l e c t i o n  
o f  non-representat ive p a r t i c l e s .  

Each o f  t he  m a t e r i a l s  recognized as belonging t o  a s p e c i f i c  maceral c l a s s  
(acco rd ing  t o  t h e  c r i t e r i a  shown i n  F i g u r e  2 )  has phys i ca l  and chemical p r o p e r t i e s  
t h a t  depend upon i t s  composit ion i n  t h e  peat-swamp and t h e  e f f e c t s  o f  subsequent 
metamorphic a l t e r a t i o n .  Thus, f o r  instance,  i n  a l l  c o a l s  t h e r e  i s  m a t e r i a l  de r i ved  
f r o m  t h e  s t r u c t u r a l  t i s s u e s  ("wood") o f  p lan ts .  These "woody" substances ( l i g n i n ,  
c e l l u l o s e )  a r e  t h e  dominan t  components o f  p l a n t s ,  and hence t h e i r  d e r i v a t i v e s  
dominate i n  t y p i c a l  coals. I n  t h e  peat swamp, some o f  the woody t i s s u e s  may have 
been pyro lyzed b y  f i r e ,  f o rm ing  a carbon r i c h  char recognized as f u s i n i t e  i n  t h e  
coal .  I n  some coa l  layers,  t h i s  may be t h e  dominant maceral, and such layers would 
be r e f e r r e d  t o  as f u s i n i t e - r i c h  t ypes  o f  coal .  

Much more commonly, though, t h e  woody t i s s u e s  accumulated below a water 
cove r ing  where imper fec t l y  understood, l a r g e l y  m i c r o b i o l o g i c a l  processes converted 
them t o  humic substances o f  somewhat v a r i a b l e  composition. These humic substances 
were subsequently a l t e r e d  b y  metamorphic processes (heat, pressure) i n t o  substances 
c l a s s i f i a b l e  as one of t h e  v i t r i n i t e  macerals. Therefore, t h e  phys i ca l  and chemical 
p r o p e r t i e s  o f  t h e  v i t r i n i t i c  m a t e r i a l s  i n  a s p e c i f i c  coa l  were l a r g e l y  cond i t i oned  by 
t h e  magnitude o f  temperature and pressure t o  which they  were subjected a f t e r  b u r i a l .  
Thus, one could say t h a t  t h e  p r o p e r t i e s  o f  t h e  macerals i n  a g i ven  coal  r e f l e c t  t h e  
r a n k  o f  t h e  c o a l ;  o r  more c o r r e c t l y ,  one s h o u l d  say t h a t  t h e  r a n k  o f  t h e  c o a l  
r e f l e c t s  t h e  p r o p e r t i e s  o f  macerals as cond i t i oned  by t h e  s e v e r i t y  o f  t h e  metamorphic 
processes t o  which t h e  coa l  was subjected. 

One o f  t h e  p r o p e r t i e s  o f  macerals t h a t  changes p rog ress i ve l y  w i t h  metamor- 
p h i c  s e v e r i t y  i s  t he  m i c r o s c o p i c a l l y  measurable r e f l e c t a n c e  o f  po l i shed  surfaces. 
Using a s e n s i t i v e  p h o t o m u l t i p l i e r  c e l l  mounted on a microscope, it i s  p o s s i b l e  t o  
measure o b j e c t i v e l y  t h e  absolute percentage o f  i n c i d e n t  l i g h t  r e f l e c t e d  from very 
smal l  areas ( 5pm diameter)  o f  p o l i s h e d  coa l  surfaces. I n  F igu re  3 i s  shown a se r ies  
o f  r e f l e c t a n c e  d i s t r i b u t i o n s ,  each rep resen t ing  a sampling o f  t h e  m a t e r i a l  i n  a coal  
o f  t h e  rank ind icated.  These d i s t r i b u t i o n s  a re  a r b i t r a r i l y  const ructed t o  show what 
would happen t o  a g i ven  peat  i f  i t  were t o  be subjected t o  i n c r e a s i n g l y  more severe 
metamorphism. Recognize, o f  course, t h a t  these are " s l i c e s "  through a continuum, and 
t h a t  no jump from rank t o  rank i s  implied. P roper t i es  such as carbon content, 
oxygen content ,  degree o f  a r o m a t i c i t y ,  and many others, could be s u b s t i t u t e d  f o r  t h e  
r e f l e c t a n c e  scale and a s i m i l a r  s o r t  o f  p i c t u r e  would emerge. I n  Table 2, some 
t y p i c a l  va lues a re  shown f o r  s e l e c t e d  p r o p e r t i e s  o f  v i t r i n i t e  macerals i n  d i f f e r e n t  
rank coals. In  -Table 3, a number o f  t h e  p r o p e r t i e s  o f  n o n - v i t r i n i t e  macerals are 
compared t o  those o f  v i t r i n i t e  f rom coal  o f  t h e  same rank. 

T y p i c a l  U . S .  c o a l s  a r e  r e l a t i v e l y  v i t r i n i t e - r i c h ,  t h e r e f o r e  a n a l y s e s  
o f  whole coals, when a p p r o p r i a t e l y  co r rec ted  f o r  i no rgan ic  content, r e f l e c t ,  t o  a 
f i r s t  approximation, t he  composi t ion and p r o p e r t i e s  o f  t h e  i nc luded  v i t r i n i t e .  For 
t h i s  reason, t h e  parameters employed t o  c l a s s i f y  coa ls  according t o  rank, r e f l e c t  t h e  
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rank (stage o f  metamorphic development) o f  t h e  v i t r i n i t e .  C a l o r i f i c  values o r  
f i x e d  carbon y i e l d s  a re  ca l cu la ted  t o  a so -ca l l ed  m ine ra l -ma t te r - f ree  bas i s  f o r  
use i n  t h e  ASTM c l a s s i f i c a t i o n  o f  coa ls  accord ing t o  rank (1). I t  i s  e s s e n t i a l l y  
impossible t o  o b t a i n  i no rgan ic - f ree  samples; t he re fo re ,  t o  rep resen t  organic  ma t te r  
accu ra te l y  i n  comparative s tud ies o f  any o f  t h e  organic  p r o p e r t i e s  o f  coal ,  ana ly t -  
i c a l  data must be converted t o  an i n o r g a n i c - f r e e  basis. Commonly, a dry, ash-free 
(DAF*) bas i s  i s  employed. I t i s  p re fe rab le ,  however, t o  conver t  t o  a dry, m ine ra l -  
m a t t e r - f r e e  (DMMF) b a s i s ,  as d i s c u s s e d  b y  G i v e n  and Yarzab  ( 2 ) .  I n  f a c t ,  t h e  
most meaningful assessment o f  coa l  rank o r  o f  t h e  p r o p e r t i e s  o f  coa ls  o f  d i f f e r e n t  
ranks should be done w i t h  samples o f  concentrated v i t r i n i t e  o r  on samples where t h e  
v i t r i n i t e  comprises more t h a t  about 80% o f  t h e  o rgan ic  f r a c t i o n .  Because r e f l e c t a n c e  
i s  c l o s e l y  c o r r e l a t i v e  w i t h  many r a n k - s e n s i t i v e  p r o p e r t i e s  and i t s  determinat ion can 
be made on v i t r i n i t e  alone, .it has become a w i d e l y  accepted parameter t o  des ignate 
t h e  rank o f  a coal  (see F igu re  4 ) .  Unfo r tuna te l y ,  even when a r e f l e c t a n c e  value i s  
ava i l ab le ,  i t  may not be repo r ted  i n  s c i e n t i f i c  pub l i ca t i ons .  I s t r o n g l y  recommend 
t h a t  pe t rog raph ic  analyses and v i t r i n i t e  r e f l e c t a n c e  be r e p o r t e d  f o r  samples on which 
s t r u c t u r a l  s tud ies  are conducted. 

A l t h o u g h  many p r o p e r t i e s  o f  v i t r i n i t e s  appear t o  change i n  a more o r  
l e s s  p a r a l l e l  f ash ion  as a r e s u l t  o f  metamorphism, t h e r e  i s  cons iderable s c a t t e r  i n  
t h e i r  c o r r e l a t i o n .  F igu re  5 i s  o f f e r e d  as evidence o f  t h i s  content ion.  The da ta  
p l o t t e d  i n  F igu re  5 are f rom coa ls  c o n t a i n i n g  more than  80% v i t r i n i t e  on a DMMF bas is  
( 3 ) .  It i s  obvious t h a t  t h e  p rog ress ion  f rom h i g h  t o  low H/C and O / C  va lues r e f l e c t s  
t h e  i n f l u e n c e  o f  more severe metamorphic a l t e r a t i o n ;  i n  o the r  words coa ls  toward t h e  
lower H/C and O/C end o f  t h e  band are a re  h ighe r  rank. However, the f a c t  t h a t  t h e  
da ta  do fo rm a band, r a t h e r  t h a n  a l i n e a r  progress ion,  i m p l i e s  t h a t  t h e r e  i s  not  a 
simple sca le  which de f i nes  t h e  rank progress ion.  As Given and h i s  co-workers have so 
e l o q u e n t l y  shown, the  geologica l /geographica l  d i s p o s i t i o n  of U.S. coals  appears t o  
e x e r t  some, as y e t  undefined, i n f l u e n c e  on t h e  i n t e r c o r r e l a t i o n s  o f  coa l  p r o p e r t i e s  

C l e a r l y ,  n e i t h e r  g e o l o g y  n o r  geography  a re  c o a l  p r o p e r t i e s  and hence 
cannot be "measured". D i f f e r e n t  source ma te r ia l s ,  d e p o s i t i o n a l  c o n d i t i o n s  ( i n c l u d i n g  
e s p e c i a l l y  s u l f u r  a v a i l a b i l i t y ) ,  and time/temperature/pressure c o n d i t i o n s  du r ing  
metamorphism, i n t e r a c t e d  so as t o  p r o v i d e  a m u l t i t u d e  o f  p o t e n t i a l  paths which 
d i f f e r e n t  coa ls  ( o r  even v i t r i n i t e s  i n  d i f f e r e n t  coa ls )  f o l l owed  t o  t h e i r  present  
cond i t i on .  I n  o the r  words, t h e  concept o f  a s i n g l e  rank progress ion i s  more f a l l a c y  
than  f a c t .  

As un i f y ing ,  under l y ing  concepts, t y p e  and rank c e r t a i n l y  can be v a l i d l y  
employed t o  env i s ion  why coa ls  have t h e  p r o p e r t i e s  t h a t  t h e y  do. However, it i s  t ime 
f o r  a re -eva lua t i on  o f  coal  c l a s s i f i c a t i o n  concepts. How can we measure rank when we 
analyze c o a l s  o f  d i f f e r e n t  types and when t h e r e  i s  no simple rank progress ion even 
when v i t r i n i t e  o r  v i t r i n i t e - r i c h  coa ls  are compared? And how can we assess t ype  when 
m a c e r a l  i d e n t i f i c a t i o n  c r i t e r i a  a r e  h i g h l y  s u b j e c t i v e ,  e x c e p t  f o r  r e f l e c t a n c e  
measurements t h a t  r o u t i n e l y  are no t  even app l i ed  t o  t h e  l i p t i n i t e  and h i g h l y  v a r i a b l e  
i n e r t i n i t e  macerals? And, f i n a l l y ,  how can coa ls  be c l a s s i f i e d  s c i e n t i f i c a l l y  when 
e m p i r i c a l  and der ived p r o p e r t i e s  l i k e  c a l o r i f i c  va lue and f i x e d  carbon y i e l d  are 
employed as c l a s s i f y i n g  parameters? 

A s c i e n t i f i c  c l a s s i f i c a t i o n  s h o u l d  be based f i r s t  on t h e  fundamenta l  
p r o p e r t i e s  of t h e  v i t r i n i t e  i n  coals. T h i s  means, at t h e  ve ry  l e a s t  t h a t  element 
c o n c e n t r a t i o n s  and m o l e c u l a r  s t r u c t u r e  c o n f  i g u a t i o n s  must  be assessed. The 
s t r u c t u r a l  p r o p e r t i e s  o f  most importance t o  c l a s s i f i c a t i o n  and process responses 

I 

( 4 ) .  

*Not 'MAF', which i s  o f t e n  u n f o r t u n a t e l y  used as an abbrev ia t i on  f o r  moisture-and- 
ash- free. 
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appear t o  be: ( 1 )  t h e  na tu re  o f  hydrogen bonding and phys i ca l  entanglement t h a t  
cohere molecular  moiet ies,  ( 2 )  t h e  na tu re  o f  c y c l i c a l  s t r u c t u r e s  (e.g., r i n g  con- 
densation index, a romat i c i t y ,  heteroatoms ), ( 3 )  amount and d i s t r i b u t i o n  o f  hydro- 
aromatic hydro en, ( 4 )  s c i  s s l e  b r i d g i n g  s t r u c t u r e  (e.g., e ther ,  su l f i des ,  po l y -  
me thy lenes ) ,  q 5 )  f u n c t i o n a l  g r o u p  c h a r a c t e r i s t i c s  (esp. oxygen - and s u l f ? r r -  
con ta in ing ) ,  and (6 )  o rgan ic / i no rgan ic  i n t e r a c t i o n s .  To develop t h e  bas i s  of a 
s c i e n t i f i c  c l a s s i f i c a t i o n ,  t hese  de te rm ina t ions  need t o  be made on a l a rge  number 
o f  v i t r i n i t e - r i c h  coa l  samples spanning a wide range o f  rank. Because coals  a re  
s e n s i t i v e  t o  o x i d a t i o n  and mo is tu re  changes du r ing  handl ing,  these sanples must be 
c a r e f u l l y  co l l ec ted ,  prepared and preserved. 

I t  i s  f a i r l y  e v i d e n t  t h a t  because o f  t h e  complex i n t e r a c t i o n s  o f  
d e p o s i t i o n a l l y - i n f  luenced and me tamorph ica l l y - i n f l uenced  p roper t i es ,  t h e  fundamental 
chemica l / s t ruc tu ra l  p r o p e r t i e s  w i l l  need t o  be r e l a t e d  t o  each o the r  i n  a complex 
s t a t i s t i c a l  fash ion.  A m u l t i v a r i a t e  c o r r e l a t i o n  m a t r i x  such as t h a t  pioneered b y  
Waddell (5) appears t o  be an abso lu te  requirement. However, c h a r a c t e r i z a t i o n  para- 
meters f a r  more soph is t i ca ted  than  those employed by Waddell a re  requi red.  One 
can  hope t h a t ,  as c o r r e l a t i o n s  between p a r a m e t e r s  become e v i d e n t ,  c e r t a i n  k e y  
p r o p e r t i e s  w i l l  be d iscovered which w i l l  a l l o w  coa l  s c i e n t i s t s  and techno log is t s  t o  
i d e n t i f y  and t o  c l a s s i f y  v i t r i n i t e s  uniquely. C e r t a i n  o p t i c a l  p r o p e r t i e s  might  prove 
va luable i n  t h i s  respect .  I t  would then  no t  be necessary f o r  every l abo ra to ry  t o  
have super-sophis t icated a n a l y t i c a l  equipment a t  i t s  d isposal  i n  order  t o  c l a s s i f y  a 
coa l  proper ly .  By ‘p roper l y  i d e n t i f y i n g l c l a s s i f y i n g  t h e  v i t r i n i t e  i n  a coal, one 
cou ld  then  est imate a c c u r a t e l y  the  many o the r  v i t r i n i t e  p r o p e r t i e s  a v a i l a b l e  i n  t h e  
mu It i v a r i  a t  e c o r r e l a t i o n  m a t r i x  . 

O f  cou rse ,  e l u c i d a t i o n  o f  v i t r i n i t e  p r o p e r t i e s  and e s t a b l i s h m e n t  o f  
unique v i t r i n i t e  c l a s s  i d e n t i f i e r s  would n o t  so l ve  a l l  o f  t h e  problems o f  coa l  
c l a s s i f i c a t i o n .  F u r t h e r  work needs t o  be  done t o  c h a r a c t e r i z e  t h e  i n o r g a n i c  
m a t e r i a l s  i n  coa ls ,  e s p e c i a l l y  d e v e l o p i n g  s i m p l e  t e s t s  f o r  q u a n t i f i c a t i o n  o f  
inorganic  speci es . 

Once v i t r i n i t e s  c o u l d  b e  p r o p e r l y  i d e n t i f i e d  and c l a s s i f i e d ,  t h e n  i t  
would be necessary t o  c h a r a c t e r i z e  and t o  i d e n t i f y  un ique ly  t h e  members of t h e  
o the r  maceral classes. I t i s  probable t h a t  l i p t i n i t e  p r o p e r t i e s  change i n  some 
fashion c o r r e l a t i v e  wi th  t h e  changes wrought b y  metamorphism on v i t r i n i t e .  There- 
fore,  c l a s s i f i c a t i o n  o f  v i t r i n i t e  would a u t o m a t i c a l l y  c l a s s i f y  l i p t i n i t e .  Whether 
i n e r t i n i t e  changes w i t h  rank i s  uncer ta in ;  b u t  it i s  c e r t a i n  t h a t  f a r  b e t t e r  d i f -  
f e r e n t i a t i o n  o f  . f u s i n i t e s  needs t o  be employed f o r  i t  i s  ev iden t  t h a t  f u s i n i t e  
r e f l e c t a n c e  va lues span wide ranges i n  a g iven coal. 

A m u l t i v a r i a t e  v i t r i n i t e  c l a s s i f i c a t i o n ,  supplemented b y  i n f o r m a t i o n  
about t h e  i no rgan ic  ma t te r  and t h e  p r o p o r t i o n s  and p r o p e r t i e s  o f  assoc iated macerals, 
would be of l i t t l e  va lue i f  i t  cou ld  no t  be used t o  p r e d i c t  t h e  response o f  a g i ven  
coa l  i n  a process ing system and the reby  p r o v i d e  an es t ima te  of t h e  va lue o f  t h a t  
coal .  Consequently, i t  w i l l  be  necessary t o  r e l a t e  t h e  s c i e n t i f i c  c l a s s i f i c a t i o n  t o  
t h e  responses o f  coals  i n  such processes as p y r o l y s i s ,  l i q u e f a c t i o n ,  g a s i f i c a t i o n ,  
combustion, and coke-making. Th is  can o n l y  be done by r e l a t i n g  t h e  fundmenta l ,  
c l a s s i f y i n g  p r o p e r t i e s  t o  e m p i r i c a l l y  determined process ing responses on a substan- 
t i a l  number of samples. Again, t h e y  should be v i t r i n i t e - r i c h  and cover  a broad range 
o f  ranks. 

O n l y  t h r o u g h  t h e  c o n d u c t  o f  an i n t e g r a t e d  p rog ram more o r  l e s s  a long  
t h e  l i n e s  t h a t  I have o u t l i n e d  i s  Coa l  S c i e n c e  e v e r  g o i n g  t o  move o u t  o f  t h e  
e r a  of t h e  1 9 5 0 ’ s  where i t  i s  now m i r e d .  The s c a t t e r e d  p r o b e s  o f  c o a l  s t r u c -  
t u r a l  p r o p e r t i e s  on a b e w i l d e r i n g  r a n g e  o f  p o o r l y  s e l e c t e d ,  p o o r l y  c o l l e c t e d ,  
p o o r l y  p repared ,  p o o r l y  p r e s e r v e d  and p o o r l y  c h a r a c t e r i z e d  c o a l  samples w i l l  ~- 
lead us o n l y  i n t o  f u r t h e r  confus ion.  Progress i n  Coal Science can o n l y  be made 
when s c i e n t i f i c  and techno log ica l  i n v e s t i g a t i o n s  on coal  r e s u l t  i n  a comprehensive 
i n t e g r a t i o n  and s y n t h e s i s  o f  d a t a  and i n f o r m a t i o n .  The essence o f  s c i e n c e  i s  
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, " t h e  r e d u c t i o n  o f  t h e  b e w i l d e r i n g  d i v e r s i t y  o f  u n i q u e  e v e n t s  t o  manageable 
u n i f o r m i t y  w i t h i n  one of a number o f  symbol systems" (6). Present i n v e s t i g a t i o n s  
o f  coal  s t r u c t u r e  h a r d l y  conform t o  t h a t  d e f i n i t i o n  today, and t h e r e f o r e  h a r d l y  
deserve t h e  e p i t h e t  o f  Coal Science. 
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TABLE 1. CLASSIFICATION OF MICROLITHOTYPES 

M i  c r o l i  thotype 

V i t r i t e  
L i p t  i t e  
I n e r t i  t e  

Monomce ra  1 i c i 
i C1 a r i  t e  

V i t r i n e r t i  t e  
Dur i  t e  

Bimaceral i c  

Mace r a  1 

V i t r i n i t e  (V) 
L i p t i n i t e  (L) 
I n e r t i n i t e  ( I  

V + L  
v +  I 
I + L  

V + I + L  
V + I + L  
V + I + L  

Volume Percent 

> 95% 
> 95% 
> 95% 

> 95% 
> 95% 
> 95% 

, . v > ( I  + L)  
I > (L + V) 
L > ( I  + v )  

Carbomineri t e  V, L,  I and MM > 20%, < 60% 
Hineral  Matter (MM) 

TABLE 2. SELECTED PROPERTIES OF VITRINITES I N  
COALS OF DIFFERENT RANKS 

Moisture Capacity, W t . %  

Carbon, W t . %  DMMF 
Hydrogen, W t . %  DW4F 

Oxygen, W t . %  DMKF 
Vol. Mat., W t . %  DNMF 
Aromatic C/Total C 

Density (He, g/cc) 
Grindabi l  i t y  (tlardgrove) 
Btu/ l  b, DMMF 

B i t .  L ig.  Sub-Bit. 

4: 0 
69 

5.0 

24 

53 
0.7 
1.43 

48 
11,600 

25 
74.6 

5.1 
18.5 
48 
0.78 
1.. 39 

51 
12,700 

10 
83 

5.5 
10 
38 

0.84 
1.30 

61 
14,700 

Anth. 

< 5  
94 

3.0 

2.5 
6 

1 .o 
1.5 
40 

15,200 

DMMF = Dry, Mineral-matter- f ree basis. 
values f o r  rank c l a s s i f i c a t i o n .  
rank-independent and no t  shown. 

These are  t y p i c a l  
Su l fu r  and n i t rogen are  
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TABLE 3. PROPERTIES OF MACERALS COHPARED TO VITPINITE I N  SAME COAL 
(Subbituminous and H igh-Vo la t i le  Bituminous Only) 
Magnitude o f  property greater than (>), l e s s  than ( < I ,  o r  

equal t o  (=) t h a t  o f  associated v i t r i n i t e .  
I n e r t i n i  t e  

Semi - 
Fus in i t e  Fus in i t e  H i c r i n i t e  - -  

Optical  Propert ies 

Reflectance > > >  > 

F1 uorescence 

Chemical Structure 

Basic carbon s t ruc tu re  
Molecular weight 
H/C r a t i o  < 

H h l  iphat ic/H t o t a l  ;-CH2; 
hydroa roma t i c i  t y  
Fract ion aromatic C; r i ngs /un i t  

oxygenOH/oXygenTotal 

Unpaired spins by ESR 

Unpaired spins o f  f u s i n i t e  
w i th  same carbon as v i t r i n i t e  

React iv i t y  

Methane sorpt ion 
Decomposition temperature 
Oxidi  zabi 1 i t y  
Reduction w i th  L i  i n  E tDA 

< <  - 

> > 

< 

> 

> 

> 

< 

E x i n i t e  

< 

> 

- 
> 

> 

> 

< 

< 

< 
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FIGURE 2. PRINCIPAL MACERAL CLASSES 

SOURCE FAT1 I N  METAMORPHIC MACERAL MACERAL MICROSCOPIC IDENT. 
MATERIAL PEAT SWAMP EFFECTS SUBCLASS CLASS C R l l t R I A  IPOLISHEDI - -  - _ _ _  

Protein- Decomposes 
IContribules NI 

Deoxygenated 

Aromalized 
4 Vitr ini te ~ Vi tr ini te - Dominates. gray-while 

Angular. cel lular, bright 

-Fine grained. bright 

Ce,lulore, Charred - ? - Fusinile 

" W d "  
I Lignin, 

Decomposed- ? 

- Liptinile - Thin slr ipr. dark' 

e 
Lxiner -------c Incorporaled--c 

Resins-Incorporated ___) ? ___) Resinile - Spherical, dark' 

* In  Low-VoI Bituminous and Anthracites. Liptinile lndist inguirhable lrom Vitr ini te 

FIGURE 3. REFLECTANCE DISTRIBUTION OF MACERALS I N  TYPICAL COALS 

s 
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FIGURE 4. CORRELATION OF REFLECTANCE OF VlTRlNlTE 
AND CARBON CONTENT OF COALS. DATA FROM REF. 3 

CARBON, WT. PCT. , DRY, MINERAL-FREE 

FIGURE 5. CORRELATION OF ATOMIC H I C  AND O I C  FOR 
COALS OF DIFFERENT RANKS. DATA FROM REF. 3 

I 
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NATURE OF THE FREE RADICALS IN COALS, PYROLYZED COALS, 
AND LIQUEFACTION PRODUCTS 

H. L. Retcofsky, M. R. Hough 

Pittsburgh Energy Technology Center, U. S .  Department of Energy 
4800 Forbes Avenue, Pittsburgh, PA 15213 

R. B. Clarkson 

Varian Associates, Instrument Division 
611 Hansen Way, Palo Alto, CA 94303 

Electron spin resonance (ESR) spectrometry has been the favored instrumental tool 
to probe the nature of the free radicals in coals and materials derived from coal 
(1). Recently, it was shown that these free radicals are also amenable to study by 
- electron nuclear kuble resonance (ENDOR) spectrometry ( 2 , 3 ) .  
is becoming increasingly popular in free radical studies because frequently the 
resulting spectra are much more highly resolved than corresponding ESR spectra of 
the same materials ( 4 ) .  

As a first step toward elucidating the role of free radicals in the liquefaction of 
coal, the stable radicals present in coals, pyrolyzed coals, and liquefaction 
products require characterization. 
applied both the ESR and ENDOR techniques. For many of the samples examined, it 
was found that great care must be taken during sample preparation to ensure relia- 
bility of the spectral data. 

Coals. ESR measurements on non-anthracitic and young anthracitic coals can be made 
with little difficulty. It is best to evacuate the samples since it has been shown 
that the ESR spectra of fusains, petrographic constituents found in nearly all 
coals, are quite sensitive to the presence of absence of air (oxygen) in the sample 
( 5 ) .  Contrary to other evidence in this report (5 ) ,  high rank anthracites and 
meta-anthracites do require dilution of the samples with a non-conducting medium to 
prevent errors in ESR measurements due to microwave skin effects. For example, the 
ESR intensity of a meta-anthracite from Iron County, Michigan increased signifi- 
cantly rather than decreased after the sample was diluted with KBr. 

For non-anthracitic coals, the observed variation of the ESR g value with coal rank 
suggested that the naturally occurring radicals in coals become more "hydrocarbon- 
like" as coalification progresses (6). Evidence supporting this hypothesis is 
depicted in Figure 1. The plot of ESR g values vs oxygen contents of the coals 
suggests that the unpaired electrons in low rank coals interact with oxygen atoms 
in the sample. Statistical treatment of the data revealed that the g values of 
only two of the coals fall outside the area bounded by the dashed lines drawn 5 
twice the standard error of estimate from the linear regression line. 
coals are somewhat unique in that they contain an usually high content of organic 
sulfur (7). In the second plot of Figure 1, the abscissa has been changed to re- 
flect the sum of the oxygen and sulfur contents of the coals, (each element being 
weighted according to its spin-orbit coupling constant). This latter plot exhibits 
much better statistics, suggesting that the unpaired electrons interact with sulfur 
as well as with oxygen. Attempts to extend the statistical treatment to nitrogen 
in the samples were inconclusive. 

Pyrolyzed Coals. 
lyzed coals (1). At least two groups of investigators ( 8 , 9 )  have reported g values 
less than that of the free electron for certain coals heated to commonly used 
liquefaction temperatures. 

The ENDOR technique 

In the present characterization study we have 

These two 

A number of investigators have applied ESR techniques to pyro- 

One group ( 9 )  attributed these low g values to the 
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presence of sigma r a d i c a l s .  
lar  g va lue  dependence w i t h  heat- t reatment  temperature  f o r  hvAb c o a l  from t h e  
Ireland Mine ( P i t t s b u r g h  bed) i n  West V i r g i n i a .  

It had been shown p r e v i o u s l y ( 1 0 ) t h a t  i n c o r r e c t  ESR g v a l u e s  were obta ined  f o r  
hea t - t rea ted  s u c r o s e  i f  proper  d i s p e r s a l  techniques were not  used. 
mind, w e  measured t h e  e f f e c t  of sample d i l u t i o n  on the  apparent  g va lue  of I re land  
Mine coal  hea t - t rea ted  t o  450°C. The r e s u l t s ,  shown i n  F igure  2 ,  show t h a t  t h e  
t r u e  g v a l u e  of t h e  sample i n  ques t ion  i s  a c t u a l l y  h igher  than t h a t  of t h e  f r e e  
e lec t ron .  This  sugges ts  t h a t  g r e a t  c a r e  must be exerc ised  when apply ing  ESR tech-  
niques t o  h e a t - t r e a t e d  c o a l s .  
t o  t h e  i n  s i t u  ESR s t u d i e s  of c o a l  p y r o l y s i s  and c o a l  l i q u e f a c t i o n  planned by many 
l a b o r a t o r i e s .  

L iquefac t ion  Products .  A few ESR s t u d i e s  of l i q u e f a c t i o n  products  from c o a l  have 
been reported (6,11,12). One group of i n v e s t i g a t o r s  (6) concluded from ESR s t u d i e s  
of coal-derived a s p h a l t e n e s  t h a t  charge- t ransfer  i n t e r a c t i o n s  a r e  r e l a t i v e l y  unim- 
por tan t  b inding  f o r c e s  between t h e  a c i d / n e u t r a l  and base  components. 

ESR r e s u l t s  from o u r  on-going e f f o r t s  t o  e l u c i d a t e  the  changes i n  chemical s t r u c -  
t u r e  t h a t  occur  d u r i n g  c o a l  l i q u e f a c t i o n  a r e  given i n  Table  1. The samples exam- 
ined  were obta ined  from a l i q u e f a c t i o n  r u n  i n  t h e  P i t t s b u r g h  Energy Technology 
Center ' s  10 l b  c o a l / h r  process  development u n i t  (13). 
added c a t a l y s t .  The samples included the process  coa l  and its pyr id ine  e x t r a c t ,  
and the preasphal tenes ,  asphal tenes ,  and o i l s  separa ted  from t h e  cent r i fuged  l i q u i d  
product. 
process  c o a l  < preasphal tenes  >> asphal tenes  > o i l s .  The g v a l u e s  suggest  t h e  
presence of "hydrocarbon-like' '  r a d i c a l s  with perhaps some i n t e r a c t i o n  between t h e  
unpaired e l e c t r o n s  and heteroatoms i n  the asphal tene  and o i l  f r a c t i o n s .  The l i n e  
widths  appear  t o  i n c r e a s e  ( a t  least c rude ly)  wi th  i n c r e a s i n g  hydrogen conten ts  of 
t h e  samples. 

ENDOR Studies .  In c o n t r a s t  t o  t h e  ESR s p e c t r a  of  c o a l s ,  which g e n e r a l l y  c o n s i s t  of 
a s i n g l e  l i n e  devoid of any reso lvable  f i n e  s t r u c t u r e  due t o  hyper f ine  i n t e r a c -  
t i o n s ,  the ENDOR s p e c t r a  ( a t  least i n  t h e  p r e s e n t  s tudy)  are r i c h  i n  d e t a i l  (Figure 
3 ) .  These r e s u l t s  are q u i t e  s u r p r i s i n g  i n  l i g h t  o f  s p e c t r a  publ ished several 
months ago which showed only  a s i n g l e  band a t  t h e  so-ca l led  f r e e  proton frequency 
( 2 ) .  
crepancy of r e s u l t s ,  we found a r e v e r s i b l e  e f f e c t  of a i r  (oxygen) on t h e  ENDOR 
spectrum, i .e . ,  t h e  hyper f ine  l i n e s  were observed f o r  evacuated samples, but d i s -  
appeared upon admission of  a i r  t o  t h e  samples. 

The f a c t  that an ENDOR spectrum is observed under t h e  experimental  condi t ions  
employed is unambiguous proof t h a t  t h e  unpaired e l e c t r o n s  i n  t h e  coal  couple with 
nuclear  s p i n s ,  undoubtedly protons,  i n  the sample. This  provides  a d d i t i o n a l  sup- 
p o r t  f o r  t h e  f r e e  r a d i c a l  i n t e r p r e t a t i o n  of t h e  ESR spectrum. The magnitude of t h e  
hyper f ine  i n t e r a c t i o n s ,  i .e . ,  none g r e a t e r  than  1 0  gauss ,  i n d i c a t e s  that none of 
t h e  r a d i c a l s  has  a h igh  unpaired e l e c t r o n  s p i n  d e n s i t y  a t  a p a r t i c u l a r  carbon atom. 

During t h e  p r e s e n t  i n v e s t i g a t i o n ,  w e  observed a s i m i -  

With t h i s  i n  

This problem w i l l  undoubtedly present  some o b s t a c l e s  

The run w a s  made without  

It can b e  seen t h a t  the f r e e  r a d i c a l  c o n t e n t s  change i n  the  order :  

I n  an a t tempt  t o  exper imenta l ly  deduce t h e  reasons  f o r  t h i s  apparent  d i s -  



Table 1. MAF analyses, carbon aromaticities, and electron spin resonance 
data for materials produced from the liquefaction of West Virginia 
(Ireland Mine) hvAb coal in the Pittsburgh Energy Technology 
Center's 10 lb coal/hr process development unit. 

COAL PREASPHALTENES ASPHALTENES 
Solid Pyridine 
Coal - 

MAF Analysis, X 

C 78.5 

H 5.6 

0 9.7 

N 1.2 

S 4.9, 

fa 0.7&' 

ESR Data 

Free Spins/Gram 1. 4 x d 9  

g value 2.00277 

Linewidth, gauss 5.9 

Extract 

81.7 

5.9 

8.0 

1.9 

2.6 

0.73- 1/ 

18 9.OxlO 

2. 00312 

5.7 

86.9 

5.1 

4.8 

2.2 

0.9 

0.84- 1/ 

19 2.0xlO 

2.00279 

6.6 

87.3 

6.3 

3.6 

2.0 

0.9 

0.77- 2/ 

18 2.4~10 

2.003Z9 

7.3 

OILS 

86.6 

8.2 

3.3 

1.2 

0.7 

0.63- 2 /  

9 . 4 ~ 1 0 ~ ~  

2.00307 

8.7 

I/fa determined by cross-polarization I3C NMR. 

2Jfa determined by high-resolution 13C. FT NMR. 
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A T e n a t i v e  Iden t i f i ca t ion  of A v e r a g e  A r o m a t i c  Ring 
Size in  a n  Iowa V i t r a i n  and  a Vi rg in i a  V i t r a i n  

B. C. G e r s t e i n ,  L. M. Ryan, a n d  P. Dubois M u r p h y  

A m e s  L a b o r a t o r y ,  U. S. D e p a r t m e n t  of Ene rgy ,  a n d  

A m e s ,  Iowa 50011 
D e p a r t m e n t  of C h e m i s t r y ,  Iowa S ta t e  Un ive r s i ty  

In t roduc t ion  
A knowledge of t h e  a v e r a g e  a r o m a t i c  r i n g  s i z e  i n  c o a l s  is use fu l  not on ly  in  indi-  

ca t ing  the a p p r o p r i a t e  c h e m i s t r y  o n e  m i g h t  u s e  f o r  c o n v e r s i o n  to  f u e l  o i l ,  bu t  a l s o  
as a n  i n d i c a t o r  of p o s s i b l e  phys io log ica l  e f f ec t s  of c o n t a c t  wi th  c o a l s  and  c o a l  p rod-  
u c t s .  In p r inc ip l e ,  NMR o f f e r s  t h e  capab i l i t y  of a d i r e c t  d e t e r m i n a t i o n  of a v e r a g e  
r i n g  s i z e  v i a  a n  iden t i f i ca t ion  of t h e  f r a c t i o n s  of I3C a n d  'H i n  coa l s .  T h r e e  f a c t o r s  
p r e v e n t  u s e  of conven t iona l  NMR f o r  t h i s  p u r p o s e  i n  so l id  c o a l s .  
e f f ec t  of h o m o n u c l e a r  and  h e t e r o n u c l e a r  d ipo la r  i n t e r a c t i o n s  which  l e a d  to  l inewidths  
of h u n d r e d s  of p p m  f o r  both 1H a n d  13C i n  so l id  coa l s ( l a*b) .  
t h a t  e v e n  in  the  a b s e n c e  of d i p o l a r  b roaden ing ,  c h e m i c a l  sh i f t  a n i s o t r o p i e s  of 'H can 
b e  a s  l a r g e  as 34  ppm(') f o r ,  e .  g. t he  s i n g l e  s p e c i e s  'H i n  HZO(s ) ,  s u c h  t h a t  a r a n -  
d o m l y  o r i e n t e d  so l id  s a m p l e  con ta in ing  m a n y  p r o t o n s  i n  d i f f e ren t  c h e m i c a l  env i ron -  
m e n t s  would exhib i t  a n  NMR s p e c t r u m  i n  which  ind iv idua l  p ro tons  could  not be  e a s i l y  
iden t i f i ed .  A s i m i l a r  s t a t e m e n t  a p p l i e s  to  NMR s p e c t r a  of 13C in s o l i d s .  
f a c t o r  pecu l i a r  to  c o a l s  is  the  p o s s i b i l i t y  of a n  e n o r m o u s  n u m b e r  of c h e m i c a l l y  
sh i f t ed  s p e c i e s  of a g iven  nuc leus ,  l ead ing  t o  NMR s p e c t r a  which a r e  s t i l l  s e v e r e l y  
ove r l app ing  i n  t h e  a b s e n c e  of b r o a d e n i n g  due  t o  d i p o l a r  and chemical s h i f t  i n t e rao t ions .  

o !ar iza t ion  t o  e n h a n c e  s e n s ~ t i v i t y ( ~ )  c o m b i n e d  with 
s t r o n g  h e t e r o n u c l e a r  d e c o ~ p l i n g ( ~ ? a n d  m a g i c  ang le  sp inn ing(5 )  t o  remove heteronuclear 
d i p o l a r  b r o a d e n i n g  a n d  c h e m i c a l  sh i f t  a n i s o t r o p y  b roaden ing  a r e  u s e d  t o  d i s t ingu i sh  
a l i p h a t i c  f r o m  a r o m a t i c  13C i n  P o c a h o n t a s  # 4  v i t r a i n ,  a n d  S t a r  v i t r a i n .  
ro t a t ion  and  mul t ip l e  pu l se  ( N M R )  s p e c t r o s c o p y  ( C R A M P S ) ( 6 )  a r e  s i m i l a r l y  u s e d  to 
n a r r o w  NMR s p e c t r a  of lH in  t h e s e  c o a l s .  
13C thus  i n f e r r e d  a r e  u s e d  to  e s t i m a t e  a n  a v e r a g e  a r o m a t i c  r ing  s i z e  in  the  s a m p l e s  
inves t iga t ed .  

E x p e r i m e n t a l  

T h e  f i r s t  is the 

T h e  s e c o n d  i s  t he  f a c t  

A t h i r d  

In the p r e s e n t  work ,  c r o s s  

Coml)ined 

T h e  r a t i o s  of a l ipha t i c  to  a r o m a t i c  and 

T h e  NMR s p e c t r o m e t e r  u s e d  f o r  d e t e r m i n a t i o n s  of s p e c t r a  of both lH and  13C h a s  
8). p r e v i o u s l y  b e e n  d e s c r i b e d ,  ( l a )  a s  h a v e  t h e  p r o b e s  u s e d  f o r  m a g i c  ang le  

T h e  Vi rg in i a  c o a l  ' P o c a h o n t a s  # 4 " w a s  supp l i ed  by H. L. Re tco f sky  of the  P i t t sbu rgh  
E n e r g y  R e s e a r c h  c e n t e r  of t h e  U. S. D e p a r t m e n t  of E n e r g y .  
I o w a  c?al ' 5 t a r " w a s  supp l i ed  by Dr .  D. L. Biggs of the  Iowa S ta t e  Un ive r s i ty  De-  
p a r t m e n t  of E a r t h  S c i e n c e s  a n d  t h e  A m e s  L a b o r a t o r y  of t h e  U. s. D e p a r t m e n t  of 
E n e r g y .  
p r e v i o u s l y  r e p o r t e d .  (l) R e s u l t s  of t h e s e  a n a l y s e s  a r e  g iven  in  T a b l e  I. 

A v i t r a i n  po r t ion  of the 

T h e  c o a l s  w e r e  a n a l y z e d  f o r  m a j o r  cons t i t uen t s  and  f r e e  r a d i c a l  con ten t  a s  

R e s u l t s  
The high r e s o l u t i o n  so l id  s t a t e  s p e c t r a  of 13C in  both c o a l s  a r e  shown i n  F i g u r e l .  

T h e  h igh  r e so lu t ion  so l id  s t a t e  s p e c t r u m  of lH i n  2 , 6  dimethylbenzoic ac id  is shown in 
F i g u r e  2,  a s  an  ind ica t ion  of t he  r e s o l u t i o n  a v a i l a b l e  with e q u i p m e n t  u s e d  i n  the p r e s -  
e n t  e x p e r i m e n t s .  

90 
T h e  high r e s o l u t i o n  s o l i d  s t a t e  s p e c t r a  of 1H in both c o a l s  a r e  



shown i n  Figures  3 and 4 .  Also ind ica t ed  i n  Figures  2 - 4 are t h e  Lorentzian 
l i n e s  used t o  approximate the  t o t a l  experimental  s p e c t r a ,  i nd ica t ed  by c rosses  
(t), and the  sum of these  l i n e s  ind ica t ed  by the  smooth curve through the 
experimental  po in t s .  

I 
[> 

The mole r a t i o s  o f  aromatic  hydrogen t o  aromatic  carbon implied by the  
, elemental  analyses  given i n  Table I ,  and t h e  f r a c t i o n s  of aromatic  t o  t o t a l  hydrogen 

and carbon ca l cu la t ed  from t h e  r e s u l t s  of e s t ima t ing  the  in t eg ra t ed  a r e a s  
a s soc ia t ed  with these spec ie s  as shown i n  Figures  2 - 4 y i e l d  the  fol lowing 

these 
numbers seem a b i t  s u r p r i s i n g ,  because Pocahontas,  having t h e  h ighe r  carbon con ten t ,  
is  a n  o l d e r  c o a l ,  and one would expect  a l a r g e r  r i n g  s i z e  t o  correspond to  t h e  
more "grapni t ized" ma te r i a l .  A h i t  o f  r e f l e c t i o n ,  a s  i l l u s t r a t e d  by t h e  e n t r i e s  
i n  Table  11, might h e l p  t o  remove the  amhigriity. 

i 

/ values  f o r  (H~~/c , , ) :  Pocahontas 8 4 ,  0.53; S t a r ,  0.40. A t  f i r s t  thought ,  

TARE I 

Elemental  ana lyses ,  W t L  ( m a f ) ,  f r e e  r a d i c a l  concen t r a t ion ,  and f r a c t i o n s  
of aromatic  hydrogen and carbon. 

SAMPLE 

I' 

xs Ce ' J ,  s p i n s  g - 'xlo -19 a 
A r A r  

f C  f H  % C  %H %N - -  - -  - -  
Pocahontas #4 90.3(2) 4 . 4 3 ( 4 )  1.28 0.85 4 
V i t r a i n  

0.86 0.77 

S t a r  V i t r a i n  77.0(1) 6.04(4) 1.17(14) 5 .02  1.6 0.71 0.31 

a 
Determination made o n  unheated sample 

Table  I1 

Average aromatic r i n g  s i z e  as a func t ion  of H A ~ / C A ~  and connec t iv i ty  

0 .83 0.70 a 
0.60 

& 
0 . 4 2  

0.40 +%& 
0.41 

@ 
0 .35  

I 



i 
The p o i n t  t o  be made from Table I1 i s  t h a t  the  average a romat ic  r i n g  

s i z e  i n f e r r e d  from t h e  a r o m a t i c  hydrogen t o  carbon r a t i o s  depends a good 
d e a l  upon the  number of s i d e  c h a i n s ,  o r  f u n c t i o n a l  groups,  i n d i c a t e d  by 
t h e  symbol fv i n  T a b l e  I1 , connected t o  t h e  r i n g  i n  ques t ion .  We s e e  t h a t  
a value of 0.53 f o r  t h i s  r a t i o  is not  i n c o n s i s t e n t  w i t h  an average  r i n g  s i z e  
of  t h r e e ,  w i t h  two connec t ions  p e r  polyaromatic r i n g .  On t h e  o t h e r  hand, a value 
o f  0.40 i s  not i n c o n s i s t e n t  w i t h  an average  r i n g  s i z e  of two, w i t h  f o u r  
connections p e r  po lyaromat ic  r i n g . ( b u t  is a l s o  not  i n  disagreement w i t h  a n  average 
ring s i z e  of  f o u r  t o  s i x ,  as i n d i c a t e d  i n  the  f o u r t h  column o f  Table 11). 
O u r  p resent  p r e j u d i c e  i s  t h a t  t h e  average polyaromatic hydrocarbon r i n g  s i z e  in  
t h e  o l d e r  c o a l  should  b e  g r e a t e r  than  t h a t  i n  t h e  younger. With what we f e e l  a r e  
reasonable  v a l u e s  f o r  c o n n e c t i v i t i e s ,  w e  thus  i n f e r  t h a t  t h e  average  polyaromatic 
hydrocarbon r i n g  s i z e  i n  Pocahontas t 4  i s  no g r e a t e r  than  t h r e e ,  and t h a t  i n  
S t a r  no g r e a t e r  t h a n  t w o ,  t h e  va lues  t h u s  i n f e r r e d  being dependent upon t h e  
assumption t h a t  on  t h e  average .  t h e  younger c o a l  has more a l i p h a t i c  c h a i n s  
a t t a c h e d  t o  t h e  r i n g s .  I n f e r e n c e  from 1% s p e c t r a  a l o n e  y i e l d  similar va lues(9) .  

O n e  source  o f  e r r o r  i n  t h e  above i n f e r e n c e s  is  t h e  f r a c t i o n  a romat ic  carbon, 
s i n c e  it is known t h a t  n o t  a l l  carbon are p o l a r i z e d  i n  c r o s s  p o l a r i z a t i o n  experi-  
ments ( l0) .  A second most obvious source  of  e r r o r  is  t h e  accuracy  of r e s o l v i n g  
t h e  high r e s o l u t i o n  s o l i d  state s p e c t r a  of  protons i n  these  c o a l s .  The former 
e r r o r  would tend  t o  i n c r e a s e  t h e  r i n g  s i z e  on t h e  average ,  s i n c e  i t  is q u i t e  
probable t h a t  the carbons  n o t  s e e n  i n  c r o s s  p o l a r i z a t i o n  experiments a r e  i n  t h e  
neighborhood of s t a b l e  f r e e  r a d i c a l s ,  c h a r a c t e r i z e d  by r e l a t i v e l y  l a r g e  polyaromatic 
hydrocarbon r i n g s .  Re laxa t ion  t i m e s  o f  pro tons  under t h e  s p i n  locking  condi t ions  of 
t h e  c ross  P o l a r i z a t i o n  experiments('') may be s u f f i c i e n t l y  s h o r t  t o  o b v i a t e  
e f f e c t i v e  c r o s s  p o l a r i z a t i o n .  Spin  count ing  of  pro tons  wi th ,  and wi thout  

t h e  p r e s e n t  samples a r e  be ing  d e t e c t e d  under t h e  h igh  r e s o l u t i o n  s o l i d  s t a t e  
techniques used i n  t h e  p r e s e n t  work. 

Strong h o ~ ~ n o c l e ~ r  decnupling indicates t h a t  a t  Least 95'1 of t h e  protons i" 
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Temperature Dependence o f  'H NMR Absorpt ion i n  Coal and P i t c h  

Kunio tliyazawa, Tetsuro Yokono, Yuzo Sanada 

Coal Research I n s t i t u t e ,  Facu l t y  o f  Engineering, 
Hokkaido U n i v e r s i t y ,  Sapporo, 060, Japan 

I n t r o d u c t i o n  
Many k inds  o f  r e a c t i o n s  such as p y r o l y s i s ,  depolymer izat ion,  condensation 

occu r  s imul taneously  i n  comp l i ca ted  way when coa l  and t a r  p i t c h  a re  heated over  
temperature range from 350°C t o  500°C. I n  o rde r  t o  understand the  processes o f  
coa l  l i q u e f a c t i o n  and coal  ca rbon iza t i on ,  i t  i s  impor tan t  t o  c l a r i f y  t he  char- 
a c t e r i s t i c s  o f  r e a c t i o n  behaviors  f o r  coal  and t a r  p i t c h  over  t h e  temperature 
range. 

duce va r ious  k inds o f  mesophase a t  t h e  e a r l y  stages o f  ca rbon iza t i on  [ l -31.  
The mechanisms o f  many chemical r e a c t i o n s  and p h y s i c a l  t rans fo rma t ions  r e l a t i n g  
t o  mesophase fo rma t ion  a r e  s t u d i e d  by quenching techniques. 
n iques  as p o l a r i z e d  l i g h t - m i c r o s c o p y  and so on can be ext remely f r u i t f u l .  
t h e  o t h e r  hand, d i r e c t  obse rva t i on  o f  phenomena a t  r e a c t i o n  temperatures may 
y i e l d  more e a s i l y  i n t e r p r e t a b l e  o r  more r e l e v a n t  r e s u l t s .  L ine  shape o f  NMR c o r -  
responding t o  m o b i l i t y  o f  molecule and/or  segment i n  coal and t a r  p i t c h  have been 
measured a t  the temperature range o f  mesophase format ion.  

a r o m a t i c i t y  ( fHa)  a t  h ighe r  temperature o c c u r r i n g  p y r o l y s i s  and ca rbon iza t i on .  
Th is  paper deals  w i t h  obse rva t i on  o f  reso lved  NMR spec t ra  corresponding t o  aro- 
m a t i c  and a l i p h a t i c  p ro tons  a t  h i g h  temperatures i n  a t a r  p i t c h .  High reso lu -  
t i o n  NMR spec t ra  f o r  t h e r m a l l y  decomposed p o l y v i n y l  c h l o r i d e  were observed by 
S. Shimokawa e t  a l .  [4 ]  ove r  the  temperature range from 350°C t o  450°C u s i n g  t h e  
sazeappar3tu; a t  Hokkaido U n i v e r s i t y .  

I t  i s  w e l l  known t h a t  p i t c h ,  s o l v e n t  r e f i n e d  c o a l  (SRC) and cok ing  coa l  p r o -  

Such research tech-  
On 

No r e p o r t  has been appeared on d i r e c t  measurement o f  change o f  hydrogen 

Exper imenta l  
The experiments were done by us ing  a Bruker  Sxp 4-100 pu lsed  F o u r i e r  t rans -  

fo rm (FT)  spect rometer  w i t h  a h i g h  temperature probe and an improved JEOL 3H 
e lect romagnet  (0.88T) w i t h  a 60 mm gap o p e r a t i n g  a t  36.4 MHz f o r  t h e  1 H  NMR. 
I n  order  t o  improve t h e  r e s o l u t i o n  o f  a spectrum a t  h i g h  temperatures, a home- 
b u i l t  shim system was used [4]. 
i n g  gas system a r e  i l l u s t r a t e d  i n  F ig.  1. The samples as rece ived  were heated 
i n  t h e  h i g h  temperature probe and NMR spec t ra  were ob ta ined  s imul taneously .  
hea t - t rea tmen t  was done b e f o r e  measurements. Kureha p i t c h  was heated a t  10°C min- 
and t h e  o t h e r s  were heated a t  5°C min-1 t o  va r ious  g iven temperatures under n i t r o -  
gen gas f l u s h i n g .  I n  the  case o f  t he  reso lved  NMR spec t ra  f o r  e thy lene  t a r  p i t c h ,  
t h e  hea t ing  r a t e  employed was 2°C min-1. 
s t u d i e d  a r e  shown i n  Table 1. 

O u t l i n e s  o f  t he  h i g h  temperature probe and f l ow-  

NO 

C h a r a c t e r i s t i c s  o f  a l l  samples so f a r  

Resu l t s  and d i s c u s s i o n  
Temperature dependence o f  mo lecu la r  and/or  segmental mo t ion  

ReDresentative o r o t o n  NMR soec t ra  f o r  coa ls  and s o l v e n t  e x t r a c t s  f rom Coal 
a r e  shown i n  F ig .  2.' Apparently; t h e r e  i s  no s t r u c t u r e  i n  t h e  l i n e s .  
i n g  temperature produces changes i n  the  spec t ra .  
en ing behav io r  q u a n t i t a t i v e l y ,  t h e  values o f  t h e  l i n e  w id ths  a t  h a l f - h e i g h t  
( \Hi  2 )  were u t i l i z e d .  Temperature dependence o f  i s  shown i n  F ig .  3. It 
i s  o6vious t h a t  t h e r e  a re  t h r e e  d i f f e r e n t  groups w i t h  respec t  t o  temperature 
dependence o f  1H1/2. The va lue  o f  1H1/2 o f  t he  f i r s t  group t o  which Ta ihe i yo  
coa l  belongs decreases and then  increases r a p i d l y  wi th  i n c r e a s i n g  temperature. 
The behavior  o f  4H1/2 o f  t he  second group, Yubar ish inko coa l  and 6-component 
( p y r i d i n e  so lub le ,  c h l o r o f o r m  i n s o l u b l e  f r a c t i o n  o f  a coal [5]) o f  Yubar ish inko 
coal ,  resembles t h a t  o f  t h e  f i r s t  group, b u t  the curve o f  \Hi12 i s  s h i f t e d  t o  
h i g h e r  temperatures. 
b l e ,  ch lo ro fo rm s o l u b l e  f r a c t i o n  o f  a coa l  [ S I )  o f  Yubar ish inko coa l ,  coal  t a r  
p i t c h  and e thy lene  t a r  p i t c h ,  i n d i c a t e s  t h a t  t he  va lues of 

Increas-  
I n  o r d e r  t o  d i scuss  the  broad- 

The t h i r d  group, which i nc ludes  y-component ( p y r i d i n e  so lu -  

remain sma l l  ove r  
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a wide temperature range. 
them a re  mobile throughout the temperature range. 

of polarized-light microscopy. 
d i f ica t ion  from a l iquid phase proceeds t h r o u g h  the separation of an op t i ca l ly  
anisotropic mesophase. 

Optically anisotropic textures of mesophase from the samples heat-treated 
a t  the ear ly  stages of carbonization a re  classified in to  f ive  types corresponding 
to  isotropic,  f ine  mosaic, coarse mosaic, f ibrous and domain. I t  has been found 
tha t  there i s  a close re la t ion  between the sp in - l a t t i ce  relaxation time, Ti,  ob- 
served w i t h  pulsed FT NMR a t  room temperature and microstructure of mesophase, 
transformed from the parent matrix of coal.  That i s ,  the longer the  relaxation 
time i s ,  the more su f f i c i en t  the growth of mesophase from the matrix occurs as 
shown in Table 1. The parent materials,  which give the fibrous/domain tex ture  
a t  the ear ly  stages of carbonization, have the  longest relaxation time so f a r  as  
being described in the tab le .  There i s  a l so  an excellent re la t ion  between the 
microstructure of mesophase and the temperature dependence of \ H 1 / 2 .  
mum value of the l i ne  width a t  half-height with respect t o  the temperature depen- 
dence of IH1/2 i s  expressed as  lH1/2,min and used fo r  characterization of meso- 
phase texture.  IH1/2,min of i so t ropic  mesophase is  la rger  than t h a t  o f  coarse o r  
fibrous/domain mesophase and the temperature of i so t ropic  mesophase corresponding 
t o  IHl/z,min i s  lower than tha t  of f i ne  mosaic mesophase. The values of IH1/2 
in coarse mosaic o r  fibrous mesophase keep small over a wide temperature range 
(see Fig. 3 ) .  
textures concerning the broadening behavior of N M R .  

Regarding the concentration of f r ee  rad ica ls  and the l i ne  width, these values 
remain almost constant u p  t o  about 400°C f o r  coals of d i f fe ren t  rank [SI .  
fore,  i t  seems tha t  the contribution of f r ee  rad ica ls  on the NMR l i ne  width i s  
n o t  so important as tha t  of the proton dipole-dipole in te rac t ion .  

A t  higher temperatures we estimate the value o f  T1 following 

where t i s  the time a t  the amplitude of the Free Induction Decay (FID) following 
the 90" pulse being equal to  zero. 
experiment. 

Fig. 4 shows the re la t ion  between the Ti of ethylene t a r  pitch and the inverse 
of temperature. 
a ture .  I t  decreases with the increase of temperature, and reaches a m i n i m u m  
value a t  about 15OOC. As i s  shown i n  the f igure ,  TI  has  a maximum value of 190 ms 
a t  34OoC, and decreases rapidly with the increase of temperature. 

I t  is  c lear ly  marked tha t  the aromaticity of e thylene  t a r  pitch increases 
with increase of temperature a t  340'C and the formation of mesophase f o r  the 
sample heat-treated becomes observable by an optical  microscope. Rotational cor- 
re la t ion  time fo r  aromatic lamellae, which a r e  stacking para l le l  each o ther  in 
the mesophase, i s  long due t o  being in r ig id  s t a t e .  Accordingly Ti becomes shor t .  
However, more detailed discussion will  be made w i t h  fu r ther  experiments. 
NMR l i ne  simulation by means of computer 

A proton NMR spectrum from Kureha pitch a t  450°C (15 m i n )  ( a )  and a com- 
parison of the experimentally observed spectrum with a computer simulated spect-  
rum ( b )  are i l l u s t r a t ed  i n  Fig. 5. 
t ens i ty  in the wings o f  the l i ne ,  and the r a t i o  of the width a t  one-eighth height 
t o  t h a t  a t  one-half height, indicated by the symbol R(8/2) ,  i s  6.4 T h e  r a t i o  fo r  
a pure Lorentzian l i ne  i s  2.64 and f o r  a pure Gaussian l i ne  i s  1.73 [7]. 
of computer simulation the N M R  l i ne  f o r  the mesophase in Kurehapitch i s  composed 
of a t  l e a s t  three d i f f e ren t  components, i . e .  one Gaussian component with value of 
proton spin-spin relaxation time T2=7 microseconds and two Lorentzian components 
with those of T2=210 and 636 microseconds a t  36.4 MHz, respectively.  
a re  a l so  estimated as 0.85, 0.05 and 0.10, respectively.  
early stages of carbonization contains 85 percent r i g id  s t ruc tures  from the view 
point of general NMR behavior [8]. 

In some liquid crystal  systems broad pa r t i a l ly  resolved spectra w i t h  l i t t l e  
s t ruc ture  a t t r ibu ted  to  proton dipole-dipole in te rac t ion  have been observed [9-111. 
On the other hand, such spectra were not observed in t h i s  study, so t h a t  the 

This suggests t h a t  the molecules and/or segments in 

The carbonization process a t  low temperatures has been studied by the method 
The formation of low temperature carbons by so l i -  

The mini- 

B u t  no d is t inc t ion  was observed between coarse mosaic and fibrous 

There- 

equation, 
t=T11 n 2  

Pulse sequence used was 180°-r-900 i n  this 

Ti of ethylene tar  pitch has the value o f  400 nis a t  room temper- 

The spectrum ( a )  contains considerable in- 

By means 

The f rac t ions  
Kureha pitch a t  the 
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o r d e r i n g  parameters o f  t h e  samples employed would be expected t o  be v e r y  smal l .  
Th i s  r e s u l t  i s  compat ib le  w i t h  t h a t  o f  ESR s tudy  r e p o r t e d  by Yamada e t  a1.[12]. 
Resolved NMR s e c t r a  a t  thermal decomposi t ion temperature 

system was a t tached w i t h  the  magnet o f  NMR spectrometer.  
f o r  e thy lene t a r  p i t c h  a r e  shown i n  F ig ,  6. 
resonance w i t h  no r e s o l v e d  s t r u c t u r e  becomes observable.  
t h e  NMR spectrum shows two d i s c r e t e  l i n e s  apparent ly ,  200 Hz apar t .  
l i n e s  correspond t o  t h e  resonance due t o  a romat ic  and a l i p h a t i c  protons. 
ment o f  t h e  two peaks was done by  comparing w i t h  the  ones o f  a pure compound, 
acenaphthylene, wh ich  has t h e  va lue  o f  0.75 hydrogen a r o m a t i c i t y  ( fHa).  
208"C, t h e  NMR spectrum becomes narrow and s e p a r a t e l y  due t o  t h e  r a p i d  tumbl ing  
o f  molecule i n  e t h y l e n e  t a r  p i t c h .  T h i s  suggests t h a t  t h e  molecules e x h i b i t  t he  
random mot ion  s i m i l a r  t o  t h a t  i n  i s o t r o p i c  s o l u t i o n  and t h e  va lue  o f  t h e  d i p o l a r  
tensor  over  a l l  o r i e n t a t i o n  i n  them i s  almost zero i n  t h e  v i c i n i t y  o f  t h i s  tem- 
pera ture .  
carbons r e f e r  t o  a r o m a t i c  r i n g s  were n o t  ab le  t o  observe a t  t h e  h i g h e r  tempera- 
tu res ,  because o f  s u p e r p o s i t i o n  o f  p ro tons  hav ing  v a r i o u s  chemical s h i f t s .  

The i n t e n s i t y  o f  a l i p h a t i c  protons i s  h i g h e r  than t h a t  o f  a romat ic  ones up 
t o  208"C, a t  which t h e  i n t e n s i t y  change i s  observable.  
t o  e l u c i d a t e d  f rom t h e  i n t e n s i t y  o f  t h e  s p l i t t e d  spec t ra .  
merge and broaden r a i s i n g  a t  about 430OC. 
pera tures  a c c e l e r a t e s  t h e  degree of broadening o f  t h e  spectrum. 
d i f f i c u l t  t o  observe the  spectrum i n  the  range o f  a usua l  h igh  r e s o l u t i o n  NMR 
sweep w id th .  

The spectrum o b t a i n e d  w i t h  a w ider  sweep w i d t h  (25kHz) a r e  shown i n  F i g .  
7. For t h e  spectrum i n  the  f i g u r e ,  t he  r a t i o  o f  t h e  w i d t h  a t  one-e igh t  h e i g h t  
t o  t h a t  a t  o n e - h a l f  h e i g h t ,  i n d i c a t e d  by the  symbol R(8/2),  i s  7.0. Th is  l i n e  
shape i s  designated as "Super L o r e n t z i a n "  [13] which conta ins  cons iderab le  i n ten -  
s i t y  i n  the  wings of t h e  l i n e .  A f t e r  t h e  measurement o f  t he  NMR spec t ra  a t  470"C, 
the  sample was immedia te ly  quenched t o  room temperature and observed by p o l a r i z e d  
l igh t -mic roscopy .  And i t  was conf i rmed t h a t  t h e  b u l k  mesophase was produced a t  
470°C. 

When a magnet ic f i e l d  i s  app l ied ,  i t  i s  known t h a t  t he  d i r e c t i o n  o f  a l i g n -  
ment of c-axes o f  mesophase spherules i s  a l i g n e d  perpend icu la r  t o  t h a t  o f  the 
magnetic f i e l d  by i n t e r a c t i n g  magnetic a n i s o t r o p y  o f  polycondensed aromat ic  mo- 
l ecu les  w i t h  t h e  magnet ic f i e l d  a p p l i e d  [14]. On h e a t i n g  o f  e thy lene t a r  p i t c h  
beyond 430°C i n  a magnet ic f i e l d ,  a d i p o l a r  t e n s o r  i s  o n l y  p a r t i a l l y  averaged 
due t o  l ess  c h a o t i c  m o l e c u l a r  mot ion i n  a magnetic f i e l d .  
broad b u t  i s  n o t  as b road as s o l i d .  The s t r u c t u r e  o f  t h e  mesophase produced i n  
an NNR magnetic f i e l d  i s  more r i g i d  than t h a t  o f  i s o t r o p i c  l i q u i d .  

resonance frequency. Genera l l y ,  the sweep w i d t h  o f  b road l i n e  NMR i s  t h e  order  
of 1051.106 Hz, w h i l e  t h a t  o f  h i g h  r e s o l u t i o n  NMR i s  about 103Hz a t  36.4 MHz 
f o r  a proton. But  t h e  NMR spectrum o f  t h e  mesophase ob ta ined from e thy lene t a r  
p i t c h  shown i n  F ig .  7 was swept over 2 . 5 ~ 1 0 ~  Hz. 
t h e  NMR spectrum f o r  t h e  carbonaceous mesophase i s  i n t e r m e d i a t e  between those o f  
broad l i n e  NMR and h i g h  r e s o l u t i o n  NMR. 
by t h a t  o b t a i n e d  by  J. J. Fink  e t  a l . [15] .  They have measured t h e  l i n e  w id th  o f  
2 . 3 ~ 1 0 +  t o  3 . 1 ~ 1 0 - ~  T f o r  convent iona l  nemat ic and smect ic l i q u i d  c r y s t a l s .  

I n  o r d e r  !o improve the  r e s o l u t i o n  a t  h i g h e r  temperature,  a home-bui l t  shim 
Typ ica l  ' H  NMR spec t ra  

And then a t  about 123"C, 
On h e a t i n g  a t  about 84"C, a broad 

That i s ,  the 
Assign- 

A t  about 

However, f i n e  s t r u c t u r e s  due t o  the  pro tons  a t tached t o  a, Band y 

The values o f  fHa are ab le  
However, two l i n e s  

Heat ing  o f  t h e  specimen a t  h i g h e r  tem- 
Therefore,  i t  i s  

R e s u l t i n g  l i n e  becomes 

Table 2 summerizes range of sweep w i d t h  f o r  v a r i o u s  NMR t y p e  a t  36.4 MHz o f  

Thus, t he  sweep w i d t h  o f  

I t seems t h a t  t h e  r e s u l t  i s  supported 

Conclusion 
I t  c o u l d  be conc luded from the  above r e s u l t s  t h a t  t h e  m a t e r i a l s  which g i ve  

spher i ca l  mesophase on h e a t i n g  show a nar rowing  o f  t he  NMR w i t h  i n c r e a s i n a  tem- 
p e r a t u r e  which corresponds t o  s o - c a l l e d  s o f t e n i n g  and p l a s t i c  stages. 
t he  degree of mot iona l  nar rowing  o f  t h e  p r o t o n  NMR s p e c t r a  r e f l e c t s  the  degree 
o f  f l u i d i t y  a t  t he  p l a s t i c  stage. 
t i c i t y  would be mon i to red  d i r e c t l y  by u s i n g  the  NMR h i g h  temperature technique. 

Chemical r e a c t i o n s  such as p y r o l y s i s ,  depdymer iza t ion ,  condensat ion cou ld  
be c l a r i f i e d .  Moreover, a p p l i c a t i o n  o f  t h e  technique seems t o  be promis ing  i n  
t h e  mechanism o f  coa l  l i q u e f a c t i o n  as w e l l  as t h a t  o f  mesophase fo rmat ion .  

MoFeover, 

The temperature dependence o f  hydrogen aroma- 
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Table 1 

C h a r a c t e r i s t i c s  o f  samples used 

Sample C XS(d'abf.) f a l )  Tl(ms)') i n  ca rbon ized  coa l  

Tai  he i yo  coa l  77.0 6.0 1.4 0.1 15.5 0.70 1 8  i s o t r o p i c  

Hongei coal  93.1 3.2 1.0 2.7 - 0.70 58 i s o t r o p i c  

M i i k e  coal 83.5 6.2 1.2 1.8 7.3 - 421 f i n e  mosaic 

Yubar ish inko coal 86.6 5.9 2.0 0.3 5.2 0.80 488 f i n e  mosaic 

B-component Yubarishinko o f  coal 82.2 5.7 2.2 - - 0.78 531 f i n e  mosaic 

y-component o f  

Kureha p i t c h  95.2 4.2 0.1 0.2 0.3 0.86 952 f i b r o  us / doma i n 

Ethy lene t a r  94.3 5.5 0 0.1 0.1 0.78 1103 f i brous/domain 

Coal t a r  D i t c h  92.1 4.8 1.3 0.3 1.5 0.83 1560 f i  brous/domai n 

O p t i c a l  t e x t u r e  

coarse mosaic Yubarishinko coal 87.8 7.0 1.5 - - 0.80 719 

~ 

1 )  values obta ined f rom p ro ton  sp in -sp in  r e l a x a t i o n  t ime a t  - l D O ° C  [16] 

2)  p ro ton  s p i n - l a t t i c e  r e l a x a t i o n  t ime  [17] 
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Table 2 

Range o f  sweep w i d t h  f o r  various N M R  a t  36.4 MHz of 
resonance frequency [Ho=0.88T] 

NMR Range of sweep width (Hz) 

High  resolution 103 
I n  terrnedi a t e  i o 4  
Broad l i n e  105-106 

Magnet i c 
eld 
A 

f 

Fig. 1 

Entrance f o r  
flowing gas 
Exit fo r  
flowing gas 

Capillary tube 

Asbestos 
Quartz sample 
t u b e  
Heater 

Quartz tube 
Sarnpl e 

Detector co i l  

Thermocouple 

Outlines o f  the h i g h  temperature probe 
a n d  flowing gas system. 
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1. 3OOOC * 
( a )  Taiheiyo coal 

9 300°C ) \ 

( b )  Yubarishinko ( c )  y-component of 
coal Yubari shin ko coal 

Fig. 2 Proton NMR spectra o f  Taiheiyo coal ( a ) ,  Yubarishinko 
coal ( b )  and y-component o f  Yubarishinko coal ( c )  a t  high 
temperatures. 

0 '  I I 
100 200 300 400 500 

T ( " C )  

l i n e  width a t  half-height (AH112): 
OTaiheiyo coa l ,  0 Yubarishinko coal,  
OB-component o f  Yubarishinko coal,  
my-component o f  Yubarishinko coal,  
+Coal t a r  pitch and x Ethylene tar 
pitch.  

F i g .  3 Temperature dependence o f  the 
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10' I I 

- - 
'O1l.o 2.0 3.0 4.0 

~ / T X ~ O ' ( ~ K " )  

F ig .  4 Temperature dependence o f  s p i n - l a t t i c e  
r e l a x a t i o n  t i m e  ( T i )  o f  e t h y l e n e  t a r  p i t c h .  

Base l i n e  

7.9kHZ 

F ig .  5 A p r o t o n  NMR spectrum o f  Kureha p i t c h  
a t  45OOC ( f o r  15 min)  (a )  and a comparison 
o f  the  e x p e r i m e n t a l l y  obser'ved spectrum 
wi th  a computer s i m u l a t e d  spectrum ( b ) :  
(1) To ta l  s imu la ted  curve, (2 )  Gaussian 
component w i t h  T2=7 us, (3 )  L o r e n t z i a n  
component w i t h  T2=210 ps and (4) Lorentz- 
i a n  component wi th T2=636 vs. 

f 
1 
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208OC 

430°C Fig. 6 Proton  NMR s p e c t r a  
of e t h y l e n e  t a r  p i t c h  A a t  h i g h  temperatures. 

600 Hz 

2.5 kHz 

Fig.  7 A pro ton  NMR spectrum o f  ethy lene t a r  
p i t c h  a t  470°C. 
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MAGNETIC RESONANCE STUDIES OF LABELED GUEST MOLECULES IN COAL 

L .  B. Ebert, R .  8. Long, R .  H .  Schlosberg, and 6 .  G .  Silbernagel 

Corporate Research Laboratories, Exxon Research and Engineering Co. 
P.O. Box 45,  Linden, NJ 07036 

We have used magnetic resonance techniques t o  probe the time sca les  of motion for 
a se r ies  of labeled guest molecules imbibed in subbituminous Wyodak and bituminous 
I l l i no i s  #6 coals.  
of such guests which were e i t h e r  deuterated or f luor ina ted ,  while electron spin 
resonance (ESR) was used t o  examine paramagnetic TEMPOL spin l abe l s .  
labeled guest molecules can be observed d i r ec t ly  with a minimum amount of in te r -  
ference from the nuclei and paramagnetic species na tura l ly  occurring i n  the  coal.  
By choosing a va r i e ty  of d i f f e ren t ly  labeled spec ies ,  a broad range of time scales 
for  molecular motion can be examined. The r a t e  and nature of t he  motion provides 
information about the  environment of the  guests i n  the  coal s t ruc ture .  

Dry coal samples (10-20 mesh) were exposed t o  various solvent vapors while con- 
tained i n  closed j a r s .  
of the sample during the exposure period. 
#6 coal (Figure l ) ,  the uptake pattern depends upon the choice of solvents:  
benzene uptake approaches an asymptotic value in roughly one week while pyridine 
continues t o  be included over a much longer time period. 
labeled molecules i n  the coals used fnr t b  present study, shown i n  Table 1 ,  
range from ~ 0 . 1 - ~ 1 0  m mole of solvent/gm o f  coal.  

In most 1 iquids,  rapid molecular motion causes averaging of the in te rac t ions  
between nuclear and e lec t ronic  spins and t h e i r  environment. 
becomes su f f i c i en t ly  slow, these in te rac t ions  a re  no longer averaged and a change 
i n  the  magnetic resonance s igna l ,  t yp ica l ly  a broadening, i s  observed. This 
averaging process h a s  been studied i n  many l iqu ids  and so l ids  and r e l a t ive ly  
simple theor ies  have been developed which predict  the  cha rac t e r i s t i c  times for 
motion required fo r  the  onset of averaging for  d i f f e ren t  electronic and nuclear 
spins (1 ) .  
in te rac t ions ,  p r inc ipa l ly  w i t h  protons on the  same molecule, and motion on a time 
sca le  shorter than 250 1.1 sec i s  needed t o  average the  in te rac t ion .  
compyents o f  hexafluoropropanediamine, th is  cha rac t e r i s t i c  time i s  ~ 1 0 0  u sec. 
The H nuclei in deuterated labe ls  a r e  broadened by the stronqer nuclear e l ec t r i c  
quadrupolar in te rac t ion  and more rapid nation (45 p SAC) i s  required fo r  
averaging. Interactions of the much la rger  e lec t ronic  moments i n  tne paramagnetic 
TEMPOL spin labe ls  require times on the order of 10-8 sec t o  be averaged. A com- 
bination of  these l abe l s  allows us t o  survey r a t e s  o f  motion which vary by over a 
fac tor  o f  one mi l l ion .  

The derivative of the 1 9 F  NMR absorbtion of 2-flUOrOpyridine in I l l i n o i s  #6 coal 
i s  shown in Figure 2 .  
broad corn onent which would indicate molecules moving more slowly t h a n  250 p sec. 

and narrow components a re  seen in coals with C606 and C5D N guests. 
O f  the 2H N M R  fo r  C6D in I l l i n o i s  #6 i s  shown i n  Figure 3 .  The same data i s  
displayed a t  two leve7s o f  gain t o  show the two s a t e l l i t e s  which occur on e i ther  
s ide  of t he  intense cent ra l  component. Very roughly, comparable numbers of nuclei 
contribute t o  the narrow and broad components. 
t o  the central  absorbtion a r e  moving on time sca les  skor te r  t h a n  5 1.1 sec a n d  the 
*H quadrupole in te rac t ion  i s  completely narrowed. 
the broad C5D5N component i s  twice a s  la rge  as in the  C6D6 case. 

Nuclear magnetic resonance (NMR) was used t o  study a su i t e  

These 

The solvent uptake was monitored by periodic weighing 
As shown for CgH6 a n d  CgHgN i n  I l l i no i s  

The amounts of imbibed 

If  t he  r a t e  of motion 

For example, i n  2-fluoropyridine the l9F NMR i s  broadened by dipolar 

For the -CF3 

A narrow NMR l i ne  i s  seen a t  300K, w i t h  no evidence for the 

No broad $ H NMR l i n e  i s  seen i n  coal samples containing D20. However both broad 
The derivative 

The C D6 molecules contributing 

The s a t e l l i t e  s p l i t t i n g  for 
From the 
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magnitudes o f  these broad spec t ra  (2) we i n f e r  t h a t  t h e  C6D6 molecules a r e  s t i l l  
sp inn ing  about t h e i r  C6 
C5D5N molecules a re  no t .  The r e s t r i c t e d  mo t ion  o f  t h i s  c l a s s  o f  C6D6 molecules 
suggests t h a t  t h e y  may be s t e r i c a l l y  con f ined  by t h e  nearby coal m a t r i x .  
absence o f  r a p i d  mo t ion  f o r  t h i s  c l a s s  o f  C5D N molecules may r e f l e c t  a chemical 
i n t e r a c t i o n  between t h e  molecules and the  coa? m a t r i x .  

ESR s tud ies  o f  t h e  TEMPOL s p i n  l a b e l  a l s o  show t h i s  s low ing  down process i n  t h e  
coa l .  
t r i p l e t  ESR s i g n a l  from t h e  TEMPOL i n  the  l i q u i d  i s  super-imposed on t h e  carbon 
r a d i c a l  s igna l  i n  t h e  coa l  ( F i g u r e  4A). The narrow TEMPOL l i n e s  broaden as t ime  
passes w h i l e  t h e  t o t a l  EPR s i g n a l  does n o t  change, aga in  i m p l y i n g  t h e  l o s s  o f  
averaging due t o  s lower  mot ion o f  t h e  molecules (F igu re  4B). The c h a r a c t e r i s t i c  
t ime  o f  mot ion i s  t h e r e f o r e  l o n g e r  than  2 x 
t r i p l e t  s igna l  i n t e n s i t y  (F igu re  4C) i s  p r o p o r t i o n a l  t o  exp ( -a t1 /2 )  suggest ing 
t h a t  t h i s  s low ing  o f  t h e  mo t ion  r e f l e c t s  d i f f u s i o n  o f  t h e  TEMPOL l a b e l s  i n t o  t h e  
coa l .  

Pulsed NMR s t u d i e s  o f - t h e  narrow component o f  t h e  resonance l i n e  a l s o  show t h e  
change i n  mot ion o f  a mo c u l e  when in t roduced  i n t o  t h e  coa l  s o l i d .  The 
energy exchange between "F n u c l e i  i n  2- f luorophenol  and t h e i r  environment was 
determined i n  t h e  f r e e  l i q u i d  and f o r  molecules i n c l u d e d  i n  coal by u s i n g  s p i n  
l a t t i c e  r e l a x a t i o n  (TI) measurements. 
tems, bu t  t he  r e l a x a t i o n  t ime  i s  much s h o r t e r  f o r  t h e  guest molecules i n  c o a l :  
T - 1 3  + 3 m sec, i n  comparison w i t h  T1 = 1.5 5 0.3 sec f o r  t h e  f r e e  l i q u i d  a t  
tie-same-temperature (300K). 
f o r  t h e  guest spec ies.  A f a c t o r  o f  100 s lower  than f o r  t h e  f r e e  species.  

I n  summary, a combinat ion o f  l a b e l e d  molecular  probes and d i f f e r e n t  obse rva t i on  
techniques p rov ides  i n f o r m a t i o n  on t h e  environment and mo t ion  o f  mo lecu la r  spec ies 
i n  c o a l .  
i n  F igu re  5 .  
o f  t h e  mot ion may a l s o  be deduced i n  some cases. 

symmetry a x i s  a t  t imes  s h o r t e r  t han  5 p sec, w h i l e  the  

The 

Immediately a f t e r  adding a TEMPOL s o l u t i o n  t o  a coal  sample, a narrow 

sec. The r e d u c t i o n  o f  t h e  narrow 

T1 i s  f requency independent f o r  b o t h  sys- 

These data imp1 y c h a r a c t e r i q t i c  t imes o f  mo t ion  

The range o f  c h a r a c t e r i s t i c  t imes o f  mo t ion  i s  i n d i c a t e d  schemat i ca l l y  
As i l l u s t r a t e d  i n  t h e  case o f  t h e  s p i n n i n g  C6D6 molecules, t h e  t ype  

REFERENCES 

1. Th is  averaging phenomenon i s  discussed by A.  Abragam, " P r i n c i p l e s  o f  Nuclear  
Magnetism" (Oxford, 1961), Chapter X .  

2. See R. G. Barnes i n  "Advances i n  Nuclear  Quadrupole Resonance", J .  A .  S .  Smith, 
Ed. (Heydon and Sons, London, 1974), v. 1, p. 235 ff. 

TABLE 1: MOLECULAR UPTAKE DURING THE SWELLING PROCESS 

Coal Type Imb ib inq  Molecule 

Wyoda k : 020 

D2° 

C O N  
CEDE 

;5;5N 

I l l i n o i s  #6: 

2 ~ F f u o r o p h e n o l  
4-Fluorophenol 
2 -F luo ropy r id ine  
c ;  

Hexaf l  uogo6Propane Diamine 

M i l l i m o l e s  Imbibed/Gram o f  Coal 

8.49 
8.93 
1.26 

5.79 
6.21 
2.08 
4.83 
1.88 
6.09 
0.47 
0.29 
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o f  the 
Swell i ng 
Process: 

Figure 2:  The I 9 F  
NMR of  I l l ino i s  #6 
Coal swelled with- 
2-fl uoropyr i d i  ne 
shows only a narrow 
component. 

I 
I 
1 

- J  

I 1 I 

OO 20 40 60 80 100 

EXPOSURE TIME (DAYS) 

Figure 3 :  Both narrow 
and broad 2D NMR 
signals are observed i n  
I l l ino i s  #6 coal 
swelled with C6D6. 

I.. . , , , , . , , I ,  I , ,  , :, , , 1 :  , - I  1 
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Fiqure 4:  Coal 
Swe l l i ng  w i t h  a 
paramagnetic s p i n  
l a b e l  (TEMPOL) 

~- A. Upon i n i t i a l  
' exposure o f  TEMPOL 

t o  coa l ,  the narrow 
s p i n  l a b e l  t r i p l e t  
s igna l  i s  superimposed 
upon t h e  carbon 
r a d i c a l  s i g n a l  
from t h e  coal .  

E. A t  l o n g  t imes,  
cly a t r a c e  o f  t h e  
t r i p l e t  TEMPOL s i g n a l  
rema i ns . 

h 

v) 
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t 
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C. An example o f  the: 
E s s  o f  TEMPOL s i g n a l  
i n t e n s i t y  w i t h  t ime  
f o r  I l l i n o i s  #6 coal  2 
exposed t o  a s o l u t i o n  u 
o f  TEMPOL i n  benzene. i 
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I I9F  NMR: 

I I I I 

2H NMR: 

Some CgD6, CgDgN D20, 
(Slower) 

Some CgD6,  C g D g N  
(Faster)  

I EPR: 
(Slower) 4 I 

Figure 5: A survey  of  c h a r a c t e r i s t i c  t i m e s  of  mot ion  probed by  
t h e  c u r r e n t  l a b e l e d  molecu les .  
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CARBOXYLIC ACIDS AND COAL STRUCTURE. A.  L .  Chaffee, G .  L .  Perr a n d  R .  B .  Johns. 
School o f  Chemistry, University of  Me1 bourne, P a r k v i l d a  3052, Australia.  

i 

Australian Black Coals o f  varying r a n k .  
f a t t y  acids and Lithotype (which i s  believed t o  r e f l e c t  t he  environment by deposit ion 

undergo w i t h  depth o f  bur ia l  wi l l  a l so  be discussed in r e l a t ion  t o  Lithotypes. 

For the  Brown Coal the  re la t ionship  between 

, will  be discussed. The d iagenet ic  changes which f a t t y  acids i n  the coal s t ruc tu re  
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I N T R O D U C T I O N  

Al though l i g n i n s  a r e  major  c o n s t i t u e n t s  o f  v a s c u l a r  p l a n t s  
from which c o a l s  a r e  d e r i v e d ,  t h e i r  r o l e s  i n  t h e  c o a l i f i c a t i o n  
p r o c e s s  and r e s u l t i n g  c o a l  s t r u c t u r e s  have  n o t  been  d e f i n e d .  On 
t h e  b a s i s  of c h e m i c a l  and b i o l o g i c a l  d e g r a d a t i o n s ,  l i g n i n s  are 
c o n s i d e r e d  t o  b e  polymers  of p r o p y l p h e n y l  compounds, c o n i f e r y l  
a l c o h o l  and r e l a t e d  a l c o h o l s  (1-3). Because of t h e i r  g r e a t  abundance, 
h igh  r e s i s t a n c e  t o  b i o l o g i c a l  d e g r a d a t i o n  and c h a r a c t e r i s t i c  occur -  
r e n c e  i n  l a n d  p l a n t s ,  i s o l a t i o n  of c o a l  d e g r a d a t i o n  p r o d u c t s  r e l a t e d  
t o  t h e s e  l i g n i n  compounds s h o u l d  shed  some l i g h t  on t h e  r o l e s ,  i f  
any ,  p l a y e d  by l i g n i n s  d u r i n g  c o a l i f i c a t i o n  and i n  t h e  f i n a l  s t r u c -  
t u r e  of c o a l s .  To d a t e  such  s t u d i e s  have  had on ly  l i m i t e d  s u c c e s s .  

w i th  a l k a l i n e  s o l u t i o n s  t o  p roduce  l i g n i n - r e l a t e d  p h e n o l s  (4-61 ,  
t h i s  method h a s  no t  proved  t o  b e  u s e f u l  for c o a l s .  Reduc t ive  
d e g r a d a t i o n s  o f  s o i l  and c o a l - d e r i v e d  humic a c i d s  w i t h  sodium 
amalgam have been  r e p o r t e d  t o  p roduce  a v a r i e t y  of p h e n o l i c  compounds 
(9-10); however,  s e v e r a l  i n v e s t i g a t o r s  have found t h a t  t h i s  proce-  
du re  g i v e s  o n l y  a few p h e n o l s  i n  ve ry  small amounts ,  b e c a u s e  o f  t h e  
d e g r a d a t i o n  o f  p h e n o l i c  r i n g s  ( 1 1 - 1 2 ) .  

Many o x i d a t i v e  d e g r a d a t i o n s  have a l s o  been  c a r r i e d  o u t  t o  b reak  
c o a l  down i n t o  s i m p l e r  s p e c i e s ;  h o w e v e r , i s o l a t i o n  and i d e n t i f i c a t i o n  
of p h e n o l s  s u c h  as p-hydroxybenzene d e r i v a t i v e s ,  v a n i l l i c  and 
s y r i n g i c  g r o u p s ,  which a r e  c h a r a c t e r i s t i c  l i g n i n  o x i d a t i o n  p r o d u c t s ,  
have n o t  been  d e f i n i t e l y  conf i rmed  y e t .  I n  g e n e r a l ,  commonly used 
o x i d a n t s  d e s t r o y  p h e n o l i c  r i n g s  o r  g i v e  complex p r o d u c t s  (13-15). 
Some of t h e  o x i d a n t s  such  as n i t r o b e n z e n e  produce  r e a c t i o n  by- 
p r o d u c t s  t h a t  may i n t e r f e r e  w i t h  t h e  a n a l y s i s  of t h e  o x i d a t i o n  
p r o d u c t s  (16 -18) .  To o b t a i n  l i g n i n  o x i d a t i o n  p r o d u c t s  from c o a l s ,  
w e  r e s o r t e d  t o  t h e  a l k a l i n e  c u p r i c  o x i d e  o x i d a t i o n  method which has  
been s u c c e s s f u l l y  a p p l i e d  t o  a n a l y s i s  o f  l i g n i n s  i n  p l a n t s  (161 ,  
f u l v i c  and humic a c i d s  (18 -19) ,  and l a n d - d e r i v e d  mar ine  sed imen t s  
( 1 6 ) .  

Although f u l v i c  and humic a c i d s  have  been  degraded  s u c c e s s f u l l y  

EXPERIMENTAL 

Seven c o a l s  were used  i n  t h i s  s t u d y  ( T a b l e  1) .  To remove t r a p p e d  
o r g a n i c  m a t e r i a l s  (20-Zl), f o u r  c o a l s  ( s amples  1-4)  were e x t r a c t e d  
wi th  benzene-methanol  (3:1, r e f l u x i n g  f o r  48 h o u r s )  and 2 .5% a q . -  
N a O H  (20-35OC f o r  1 6  h o u r s )  b e f o r e  o x i d a t i o n .  S i n c e  t h e  a l k a l i n e  
e x t r a c t a b l e  m a t e r i a l  was found t o  be  n e g l i g i b l e  f o r  samples  5-7 
t h e s e  c o a l s  were o n l y  e x t r a c t e d  w i t h  benzene-methanol .  
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Each c o a l  sample ( 5 9 )  was o x i d i z e d  w i t h  a l k a l i n e  c u p r i c  o x i d e  
(51 .9  g of CuS04.5H20, 37 .3  g of NaOH and 185  m l  o f  H20) a t  2 0 0 ° C  
for 8-10 hour s*  by t h e  method of  Greene e t  a l .  ( 2 2 ) .  A f t e r  t h e  
r e a c t i o n  m i x t u r e  had c o o l e d ,  i t  was c e n t r i f u g e d .  The a l k a l i n e  
s u p e r n a t a n t  was a c i d i f i e d  w i t h  H C 1  t o  pH 2 .  A f t e r  c o n c e n t r a t i o n  o f  
t h e  a c i d i c  s o l u t i o n ,  t h e  s l u s h y  r e s i d u e  was r e p e a t e d l y  e x t r a c t e d  
w i t h  benzene -e the r  ( 1 : 3 ) .  The r e s i d u e  was f u r t h e r  e x t r a c t e d  w i t h  
me thano l .  M a t e r i a l s  s o l u b l e  i n  a l k a l i  o n l y  were  a l s o  i s o l a t e d  f rom 
a l l  samples .  To r e c o v e r  non-oxid ized  c o a l ,  t h e  a l k a l i n e  i n s o l u b l e  
r e s i d u e  was t r e a t e d  s e v e r a l  t i m e s  w i t h  c o n c e n t r a t e d  H C 1 ,  and  f i n a l l y  
washed w i t h  water. A summary of t h e  o x i d a t i o n  p r o d u c t s  i s  shown i n  
Tab le  2 .  

S o l i d  p robe  mass s p e c t r o m e t r i c  a n a l y s i s  ( 2 0 )  showed t h a t  
t h e  benzene -e the r  e x t r a c t s  c o n s i s t  main ly  o f  o r g a n i c  a c i d s .  There-  
f o r e ,  t h e s e  e x t r a c t s  were d e r i v a t i z e d  w i t h  d 6 - d i m e t h y l s u l f a t e  t o  
y i e l d  d3-methyl  l a b e l l e d  d e r i v a t i v e s .  The d e r i v a t i v e s  were a n a l y z e d  
by  GC-TOFMS and h i g h  r e s o l u t i o n  MS u s i n g  t e c h n i q u e s  which have  been  
p r e v i o u s l y  d e s c r i b e d  ( 2 0 ) .  A u t h e n t i c  samples  o f  p h e n o l i c  a c i d s  
d e r i v a t i z e d  w i t h  d 6 - d i m e t h y l s u l f a t e  o r  d iazomethane  were a l s o  ana- 
l y z e d  by GCMS for r e f e r e n c e .  

and 2 a r e  shown i n  F i g .  l a  and i n  F i g .  l b  w i t h  numbered p e a k s  iden -  
t i f i e d  i n  Table  3 .  The methanol  e x t r a c t s  and f r a c t i o n s  s o l u b l e  i n  
a l k a l i  o n l y  were found t o  c o n s i s t  e s s e n t i a l l y  o f  humic a c i d - l i k e  
m a t e r i a l s  by s o l i d  p robe  M S .  

To o b t a i n  d e t a i l e d  i n f o r m a t i o n  o f  t h e  CuO-NaOH o x i d a t i o n ,  con- 
t r o l  expe r imen t s  w i t h  15  model compounds and a polymer  were c a r r i e d  
o u t  u s i n g  t h e  p r o c e d u r e  employed for t h e  c o a l s .  The r e s u l t s  a r e  
shown i n  Tab le  4 .  

RESULTS AND D I S C U S S I O N  

Gas chromatograms of t h e  d e r i v a t i v e s  o b t a i n e d  f rom samples  1 

A s  shown i n  Tab le  2 and  i n  Tab le  3 ,  most i n f o r m a t i v e  i s  t h e  
i d e n t i f i c a t i o n  of l a r g e  amounts o f  p-hydroxy and  3 ,4 -d ihydroxybenzo ic  
a c i d s  i n  t h e  o x i d a t i o n  p r o d u c t s  o f  s amples  1 and 2 .  These  are 
r e g a r d e d  as l i g n i n  o x i d a t i o n  p r o d u c t s .  It i s  i n t e r e s t i n g  t o  n o t e  
t h a t ,  w h i l e  no 0- and m-hydroxybenzoic a c i d s  were found i n  t h e  o x i d a -  
t i o n  p r o d u c t s  of samples  1 and 2 ,  a l l  t h r e e  i s o m e r s  were i d e n t i -  
f i e d  i n  small amounts  i n  o t h e r  r a n k  b i tuminous  c o a l s  ( s a m p l e s  3 ,  5 ,  6 ) .  
From sample  3, 3 ,4-d ihydroxybenzoic  a c i d  was a l s o  i s o l a t e d  i n  small 
amount,  however t h i s  compound was n o t  d e t e c t e d  i n  t h e  o x i d a t i o n  
p r o d u c t s  of o t h e r  b i tuminous  c o a l s  ( s amples  4 - 6 ) .  

q u a l i t a t i v e l y  s imi l a r  t o  t h o s e  of l i g n i t e  c o a l  ( s e e  T a b l e  2 ) .  
It i s  i n t e r e s t i n g  t h a t  b i tuminous  ( sample  4 )  gave  o r g a n i c  a c i d s  

3 
I n  g e n e r a l ,  l i g n i n ,  p l a n t  m a t e r i a l s ,  f u l v i c  and humic a c i d s  and 
mar ine  s e d i m e n t s  a r e  o x i d i z e d  a t  1 7 0 ° C  f o r  3-4 h o u r s ,  however  
t h i s  c o n d i t i o n  has been found t o  be n o t  s t r o n g  enough t o  o x i d i z e  
c o a l s .  
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i d e n t i f i e d  compounds were p-hydroxybenzoic  a c i d ,  4-hydroxy-1,3- 
b e n z e n e d i c a r b o x y l i c  a c i d ,  b e n z e n e  d i  and  t r i c a r b o x y l i c  a c i d s .  N o  
0- or m- i s o m e r  o f  hydroxybenzoic  a c i d  was d e t e c t e d .  We have  
found t h a t  s o l v e n t  e x t r a c t a b l e  h y d r o c a r b o n s  o b t a i n e d  f rom t h i s  
c o a l  c o n s i s t  m a i n l y  of  n-a lkane  ( C 1 1  t o  C31) .  T h i s  i s  q u i t e  d i f -  
f e r e n t  f rom o t h e r  r e s u l t s  which showed t h a t  a r o m a t i c  h y d r o c a r b o n s  
were t h e  major s o l v e n t  e x t r a c t a b l e  material  o f  s e v e r a l  b i t u m i n o u s  
and a n t h r a c i t e  c o a l s  ( 2 0 , 2 3 ) .  I n d e e d ,  p e t r o g r a p h i c  a n a l y s i s  shows 
t h a t  t h i s  c o a l  has a h i g h  c o n t e n t  o f  s p o r i n i t e  ( 1 4 . 3  w t  % )  and low 
c o n t e n t  o f  v i t r i n i t e  (30 .2  w t  % )  ( 2 4 ) .  A n t h r a c i t e  c o a l  ( sample  7 )  
d i d  n o t  y i e l d  a n y  o r g a n i c  s o l v e n t  e x t r a c t a b l e  o x i d a t i o n  p r o d u c t s .  

Some a c i d s  n o t  found i n  o x i d a t i o n  p r o d u c t s  o f  l i g n i n s ,  l a n d  
p l a n t s  and  marine s e d i m e n t s  were found i n  t h e  o x i d a t i o n  p r o d u c t s  o f  
c o a l s .  Among these were p h e n o l i c  d i  and t r i c a r b o x y l i c  a c i d s  and  
hydroxynaphthalenecarboxylic a c i d s .  From some s o i l  f u l v i c  and humic 
a c i d s ,  p h e n o l i c  p o l y c a r b o x y l i c  a c i d s  have  been  found i n  t h e  o x i d a -  
t i o n  p r o d u c t s  t o g e t h e r  w i t h  c o n s i d e r a b l e  amounts  of  f a t t y  a c i d s .  
T h e r e f o r e ,  p h e n o l i c  es te rs  o f  f a t t y  acids  are  c o n s i d e r e d  t o  b e  
p r e s e n t  i n  t h e s e  s o i l  a c i d s  ( 5 , 1 8 ) .  However, l i t t l e  o r  no f a t t y  
a c i d s  were o b s e r v e d  i n  t h e  c o a l  o x i d a t i o n  p r o d u c t s .  

T r i h y d r o x y b e n z o i c  a c i d  or i t s  methoxy d e r i v a t i v e s  ( s y r i n g i c  
group)  which are o b t a i n e d  f r o m  t h e  o x i d a t i o n  o f  l i g n i n s ,  f u l v i c  and 
humic a c i d s  a n d  mar ine  s e d i m e n t s  were n o t  found i n  any  o f  o u r  oxida-  
t i o n  p r o d u c t s .  We have  found t h a t  t h e  a u t h e n t i c  s y r i n g a l d e h y d e  
and 2 ,6-d imethoxyphenol  were l a r g e l y  d e g r a d e d  by t h e  o x i d a t i o n  
( T a b l e  l ! ) .  T h i s  may a c c o u n t  for t h e  f a c t  t h a t  w e  d i d  n o t  o b s e r v e  
them, however t h e  s y r i n g i c  g r o u p s  may have  been  degraded  d u r i n g  
c o a l i f i c a t i o n .  

A l l  p h e n o l i c  ac ids  i d e n t i f i e d  were found as OCD3-derivat ives .  
The mass s p e c t r a  showed the c o m p l e t e  a b s e n c e  o f  OCH3-group. It i s  
c o n f i r m e d  t h a t  no i s o t o p e  exchange  o f  t h e  H i n  OCH3 w i t h  D o c c u r r e d  
under  o u r  p r o c e d u r e s .  Although p a r t i a l  d e m e t h y l a t i o n  r e a c t i o n  d u r i n g  
t h e  o x i d a t i o n  c a n n o t  b e  e x c l u d e d  f rom t h e  c o n t r o l  e x p e r i m e n t  ( s e e  
Table  41 ,  i t  i s  p r o b a b l e  t h a t  t h e  p h e n o l i c  a c i d s  found were d e r i v e d  
main ly  from t h e  f i s s i o n  o f  e t h e r  l i n k e d  a r o m a t i c  s y s t e m s  as shown i n  
t h e  example be low r a t h e r  t h a n  from a r y l  methoxy u n i t s .  

H 
\ / H  

0 
I1 

R = a l k y l  ( C  2 1 ,  a r y l  
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I n d e e d ,  i t  i s  known t h a t  v e r y  l i t t l e  or no methoxy g r o u p s  are 
p r e s e n t  i n  b i t u m i n o u s  c o a l s  (25-26) .  I n  t h e  l i g n i t e  c o a l  ( sample  
1) a r y l  methoxy g r o u p s  are n o t  p r e s e n t  i n  s i g n i f i c a n t  amounts  ( 2 6 ) .  

Nonhydroxy b e n z e n e ,  n a p h t h a l e n e ,  p y r i d i n e  and t h i o p h e n e  c a r -  
b o x y l i c  a c i d s  and  humic a c i d - l i k e  mater ia ls  found i n  t h e  o x i d a t i o n  
p r o d u c t s  might  be d e r i v e d  from n o n - l i g n i n  or e x t e n s i v e l y  t r a n s -  
formed l i g n i n  p o l y m e r s .  

The o x i d a t i o n  of m e t h y l  g r o u p s  of a r o m a t i c  compounds has been  
found t o  be i n e f f e c t i v e .  T h e r e f o r e ,  r e l a t i v e l y  l a r g e  amounts  of  
m e t h y l - s u b s t i t u t e d  p h e n o l i c  and benzene  c a r b o x y l i c  a c i d s  were i s o -  
l a t e d  from the  c o a l  o x i d a t i o n .  O u r  c o n t r o l  e x p e r i m e n t s  a l s o  i n d i -  
c a t e d  t h a t ,  w h i l e  t h e  CuO-NaOH o x i d a t i o n  of a l c o h o l ,  a l d e h y d e ,  
k e t o n e ,  qu inone  and e t h e r  i s  e f f e c t i v e ,  m e t h y l  g r o u p s  and  m e t h y l e n e  
b r i d g e s  a r e  n o t  o x i d i z e d  s i g n i f i c a n t l y .  

CONCLUSIONS 

', 

1. Although one c a n n o t  r u l e  o u t  t h e  p o s s i b i l i t y  t h a t  p l a n t  
p o l y p h e n o l s  ( 2 7 )  c o u l d  be  one o f  t h e  i m p o r t a n t  p r e c u r s o r s  f o r  c o a l  
f o r m a t i o n ,  t h e  p r e s e n t  work shows t h a t  l i g n i n - l i k e  p o l y m e r s  have  
been  i n c o r p o r a t e d  i n t o  t h e  macromolecules  of c o a l s ,  and are s t i l l  
i d e n t i f i a b l e  i n  l o w e r  r a n k  c o a l s .  Evidence  f o r  t h i s  i s  t h e  i d e n t i -  
f i c a t i o n  of p-hydroxy- and 3 ,4-d ihydroxy-benzoic  a c i d s  which a r e  
known l i g n i n  o x i d a t i o n  p r o d u c t s .  

s t r u c t u r e s  i n c r e a s e d  i n  a r o m a t i c i t y  compared w i t h  t h e  o r i g i n a l  
l i g n i n s .  P h e n o l i c  p o l y c a r b o x y l i c  a c i d s  and  h y d r o x y n a p h t h a l e n e -  
c a r b o x y l i c  a c i d s  which were i d e n t i f i e d  are  n o t  found i n  t h e  CuO-NaOH 
o x i d a t i o n  p r o d u c t s  of l i g n i n s  and p l a n t  mater ia ls .  

polymers  o c c u r r e d  p e r h a p s  t h r o u g h  r e a c t i o n s  (28-29)  s u c h  as demethyla-  
t i o n ,  d e m e t h o x y l a t i o n ,  d e h y d r o g e n a t i o n ,  o x i d a t i o n ,  c l e a v a g e  of r i n g  
s t r u c t u r e s , r e - c o n d e n s a t i o n ,  e t c .  d u r i n g  c o a l i f i c a t i o n  from l i g n i t e  
t o  b i t u m i n o u s  and a n t h r a c i t e  c o a l s .  T h i s  i s  shown b y  t h e  f a c t  t h a t  
( a )  lower  r a n k  c o a l s  gave  h i g h e r  y i e l d s  of t h e  CuO-NaOH o x i d a t i o n  
p r o d u c t s ;  ( b )  h i g h e r  p h e n o l i c  a c i d / b e n z e n e c a r b o x y l i c  a c i d  r a t i o  i s  
shown f o r  t h e  lower r a n k  of c o a l s ;  ( c )  v e r y  l i t t l e  or n o  d i h y d r o x y -  
b e n z o i c  a c i d  was i d e n t i f i e d  i n  t h e  o x i d a t i o n  p r o d u c t s  of h i g h e r  r a n k  
c o a l s  ( samples  3-6); ( d )  more n a p h t h a l e n e -  and h e t e r o -  
c a r b o x y l i c  a c i d s  are found i n  t h e  o x i d a t i o n  p r o d u c t s  of h i g h e r  r a n k  
c o a l s .  F i n a l l y ,  major  p a r t s  of l i g n i n - l i k e  polymers  are t r a n s f o r m e d  
i n t o  n o n - l i g n i n  t y p e  polymers  a t  l a te r  s t a g e  of c o a l i f i c a t i o n .  
I n d e e d ,  t h e  l a t e r  c o a l i f i c a t i o n  p r o d u c t ,  a n t h r a c i t e  c o a l  ( sample  7 )  
d i d  n o t  y i e l d  any p h e n o l i c  a c i d  by t k e  o x i d a t i o n .  

t r a p p e d  i n  l i g n i t e  c o a l ,  and  have  found t h a t  t h e s e  a c i d s  are  q u a l i -  
t a t i v e l y  q u i t e  s i m i l a r  t o  t h o s e  o b t a i n e d  f r o m  t h e  p r e s e n t  o x i d a t i o n  
of t h e  same p r e t r e a t e d  c o a l .  This  i n d i c a t e s  t ha t  t h e  t r a p p e d  a c i d s  
were d e r i v e d  main ly  f rom t h e  o x i d a t i v e  d e g r a d a t i o n  of l i g n i n - l i k e  
polymers  d u r i n g  t h e  c o a l i f i c a t i o n .  We have  a l s o  o b s e r v e d  t h a t  no 
t r a p p e d  o r g a n i c  a c i d  i s  i s o l a t e d  f rom t h e  a n t h r a c i t e  c o a l  which  n o  
l o n g e r  c o n t a i n s  l i g n i n - l i k e  polymers .  
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Tab le  1 

Elemen ta l  A n a l y s i s  o f  Samples  (maf I )  
* 

No. Sample C H N S 0 H/C 
(by  d i f f )  

1 L i g n i t e  ( S h e r i d a n  Wyoming) 66.4 4.8 1.5 1.1 26.2 0.87 I 
2 Bituminous ( I L .  #2) 73.9 5.2 1.4 3.4 16.1 0.84 

3 Bituminous  ( I L  #6) 77.7 5.4 1.4 4.1 11.4 0.83 

4 Bituminous  (Ohio  PSOC#297) 80.5 5.6 1.6 2.9 9.4 0.83 

5 Bituminous ( P i t t .  #8) 82.0 5.5 1.4 3.7 7.4 0.70 

6 Bituminous  (Penn.  PsOc#258) 86.5 4.8 1.3 2.6 4.8 0.67 

7 A n t h r a c i t e  (Penn.  PSOC#85) 91.0 3.8 0 . 7  1.2 3.3 0 .50  

* 
A l l  samples  were p r e t r e a t e d  t o  remove s o l v e n t  e x t r a c t a b l e  t r a p p e d  
o r g a n i c  m a t e r i a l s  and  were d r i e d  a t  11O-12O0C f o r  16-18 h o u r s  unde r  
vacuum b e f o r e  o x i d a t i o n .  
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Table 2 

Surrnrary of CuC-NaOH Oxidation Products 

1 2 3 4 5 6 7 

Organic acid 35.3 19.6 17.1 7.0 14.7 1.3 - 
(Benzene-ether extract)  

(Methanol ex t r ac t )  
Humic acid B - < 1 . 0  5 1.5 16 .1  51.0 20.2 2.0 7.5 
(only aq. a l k a l i  soluble) 
Non-oxidized coalC 11.0 21.0 22.2 30.4 26.5 32.0 95.0 

W t  % of ident i f ied acids 

Humic acid A 54.3 61.0 46.2 9.3 39.5 69.5 - 

________________________I_______________---------------- 

d 

Phenolic 66.6 54.1 14.6 41.0 8.3 5.8 - 
Benzene carboxylic 26.0 36.2 69.4 50.2 62.7 76.7 - 
Naphthalene carboxylic 2.0 3.3 6.2 5.5 22.9 10.6 - 
Heterocyclice - 1 . 6  3.5 2.0 2.0 3.2 - 

2.6 1.0 1.4 - < 1.0 5 1 . 0  - Aliphatic dibasic - 
Others 2.8 3.8 4.9 1.3 3.5 3.0 - 

Ratio of Phenolbenzene Acid 2.56 1.49 0.21 0.82 0.13 0.07 - 

aSee Table 1 for in formt ion .  
b W t  % was obtained from coal sample on a dry, ash free basis. 

cSmll m u n t  of insoluble Cu-salts a re  present. 
dwt % w a s  obtained from each benzene-ether extract .  
from the gas chromtogram of t h e i r  E t h y l  e s t e r s .  

eThiophene- and pyridine carboxylic acids for samples 2-6, and pyridine 
tr icarboxylic ac ids  fo r  sample 1. 

Determination was made 

- 
Not found. 
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Table 3 

Organic Acids Identified as Their d -methyl Esters by GC-MS and 
High Resolution MS 

3 

- __- I 
Peak No. Compound 7 

I 

1 I 2 
I 3 4 

5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 

1 6  
1 7  
18 
1 9  
20 
21 
22 
23 
211 
2 5  
26 
27 
28 
29 
30 

Succinic acid 
C3-dibasic acid 
Benzoic acid 
Methylbenzoic acid 
p-Hydroxybenzoic acid 
Hydroxytoluic acid 
1,2-Benzenedicarboxylic acid 
1,4-Benzenedicarboxylic acid 
1,3-Benzenedicarboxylic acid 
Methylbenzenedicarboxylic acid 
Dihydroxybenzoic acid 
Pyridinedicarboxylic acid 
3,4-Dihydroxybenzoic acid 
Dimethylbenzenedicarboxylic acid (naphthoic acid, minor) 
Hydroxybenzenedicarboxylic acid (4zhydroxy-1,3- 
benzenedicarboxylic acid, largest peak) 
Methylhydroxybenzenedicarboxylic acid 
1,2,4-Benzenetricarboxylic acid 
1,2,3-Benzenetricarboxylic acid 
1,3,5-Benzenetricarboxylic acid 
Methylbenzenetricarboxylic acid 
Pyridinetricarboxylic acid 
Naphthalenedicarboxylic acid 
Hydroxybenzenetricarboxylic acid 
1,2,4,5-Benzenetetracarboxylic acid 
1,2,3,4-Benzenetetracarboxylic acid 
1,2,3,5-Benzenetetracarboxylic acid 
Methylbenzenetetracarboxylic acid 
Dihydroxy-diphenyldicarboxylic acid ( T )  
Hydroxynaphthalenedicarboxylic acid 
Benzenepentacarboxylic acid 

T indicates that identification is tentative 
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Table 4 

CuC-NaOH Oxidation of Model Conpound at  2OO0C for 8-10 H o u r s  

Yield 
ml % Compound Type of Reaction Major Producta 

4-Methylbenzyl alcohol 
&Naphthyl methylcarbinol 

Benzaldehyde 
4-Methoxybenzaldehyde 
2,6-Dirrethoxyphenol 
Syringaldehyde 

Dibenzoylmthane 
1, 4-Naphthoquinone 
Phenylacetic ac id  
Diphenyl e t h e r  
Dibenzyl e ther  

Diphenyl mthane 
Poly-( 4-mthoxystyrene ) 
1-Me thylnaphthalene 
2,4-Dimethoxytoluene 
3,4-Dimethoxytoluene 

-CH20H -+ -COOH 4-Methylbenzoic acid 
-CH20H + -COOH 6-Naphthoic acid 

-CHO + - O H  Benzoic acid 

-CHO + -COOH 4-Hydroxybenzoic acid 
-OCH3 + -OH b 

-CHO -+ -COOH 3,4,5-Trihydroxybenzoic acid 
-CC-CH2- + - O H  Benzoic acid 

- C G C  -+ -COOH Phthalic acid 
-CH2-CO- -+ -COOH Benzoic acid 

-G + -OH Phenol 
-%C-GCH2- -+ -CWH Benzoic acid 

-C-C- -+ -GOOH Benzoic acid 

-C-C -+ -COOH 4-Hydroxybenzoic acid 
-C-C- + -COOH 1-Naphthoic acid 
-C-C- + -COOH 2,4-Dihydroxybenzoic acid 
-C-C- -+ - O H  3,4-Dihydroxybenzoic acid 

93 
77 
95 
09(45) 
- 

4.5c 
76 
9 1  
68 
67 
81 
11 

bd 
3 
5(58) 
7(52) 

a A l l  products were der ivat ized with d g - d h t h y l s u l f a t e  or  diazomthane, and 

bAbout 16.9 w t  % of the oxidation product was obtained under the same conditiom 

analyzed by GCMS. 

( 1 7 O O C  for 4 hours) employed for  plant  mterials, humic acids and m i n e  sedimw’is. 
The product consisted m i n l y  of polymerized material. 
hydroxy compounds (2-3%) was detected by EMS. 

Very  small amount of tri- 

‘Most of syringaldehyde was degraded. 

d ~ o w n  as w t  %. 
eNumber in parenthesis shows % of demthylat ion from -OCH3 group. 
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FIGURE C A P T I O N  

F i g .  l a .  Gas chromatogram of me thy l  e s t e r s  of t h e  o r g a n i c  a c i d  
f r a c t i o n  from l i g n i t e ;  F i g .  lb, from b i tuminous  c o a l .  The a n a l y s i s  
was c a r r i e d  ou t  on a Perkin-Elmer 3920B g a s  chromatograph  i n t e r -  
f a c e d  t o  a mod i f i ed  Bendix model 1 2  t i m e - o f - f l i g h t  mass s p e c t r o m e t e r  
w i t h  a v a r i a b l e  s p l i t  between a f l ame  i o n i z a t i o n  d e t e c t o r  and  t h e  
s o u r c e  o f  t h e  mass s p e c t r o m e t e r .  The s e p a r a t i o n  was made on a 
15 .2  m x 0 .51  nun SCOT column c o a t e d  w i t h  OV 1 7  and t e m p e r a t u r e  
programmed from 10O-25O0C a t  4 O C  min-1. 

\ 
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SHORT TIME REACTION PRODUCTS OF COAL LIQUEFACTION 
AND THEIR RELEVANCE TO THE STRUCTURE OF COAL 

Malvina F a r c a s i u  

Mobil Research and Development C o r p o r a t i o n  
C e n t r a l  Research D i v i s i o n  

P. 0. Box 1025 
P r i n c e t o n ,  New J e r s e y  08540 

INTRODUCTION 

The subject of  t h e  chemical s t r u c t u r e  of  coal i s  a m o s t  as con- 
t r o v e r s i a l  as it i s  complex. The complexi ty  o f  t h i s  problem i s  par -  
t i a l l y  due t o  t h e  l a c k  of homogeneity and s o l u b i l i t y  of  coals, as w e l l  
as  t o  t h e  l a r g e  v a r i e t y  of  o r g a n i c  r o c k s  l a b e l e d  as coals. 

A fundamental  q u e s t i o n  i s  whether w e  can even c o n s i d e r  a chemica l  
s t r u c t u r e  f o r  a s p e c i f i c  c o a l .  Exper imenta l  d a t a  i n d i c a t e s  t h a t  t h e r e  
are  s imi la r i t i es  i n  t h e  p h y s i c a l  p r o p e r t i e s  of  some groups  of c o a l  and 
i n  t h e i r  behavior  toward d i f f e r e n t  chemica l  r e a c t i o n s :  t h i s  a t  leas t  
a l l o w s  us  t o  speak of  e lements  o f  s t r u c t u r e  i n  coal. 

T r a d i t i o n a l l y ,  b o t h  p h y s i c a l  and chemica l  d a t a  have  been used  t o  
s t u d y  coals. Both k i n d s  o f  methods r e q u i r e  a l a r g e  amount of  e x p e r i -  
mental work and h i g h l y  s p e c i a l i z e d  competence i n  t h e  unders tanding  
and a p p l i c a t i o n  o f  t h e  method i t s e l f .  T h i s  makes it q u i t e  d i f f i c u l t  
f o r  any i n d i v i d u a l  t o  master a l l  t h e  a s p e c t s  o f  t h i s  k ind  of r e s e a r c h .  
F u l l y  aware o f  t h i s  r e a l i t y ,  I w i l l  t r y  t o  p r e s e n t  some o f  o u r  p r e s e n t  
c o n c e p t s  on coal s t r u c t u r e .  These c o n c e p t s  are b a s e d  on d a t a  a v a i l a b l e  
i n  t h e  l i t e r a t u r e  as  w e l l  as from our  own experiments .  The main i d e a  
i s  t o  use  as much informat ion  as p o s s i b l e ,  which h a s  been o b t a i n e d  by 
methods as d i f f e r e n t  as p o s s i b l e ,  and to  q u e s t i o n  a l l  the d a t a ,  
e x p e c i a l l y  t h o s e  which can be proven by  a s i n g l e  method only.  One 
should  mention t h a t  p r e v i o u s  work by  Given [ l ]  and W i s e r  [ 2 ]  was b a s e d  
on a s i m i l a r  approach.  I n  t h i s  paper  w e  w i l l  d i s c u s s  some new d a t a ,  
which w a s  n o t  a v a i l a b l e  to  them when t h e y  proposed s e v e r a l  r e p r e s e n -  
t a t i v e  c o a l  average  s t r u c t u r e s .  

RESULTS AND DISCUSSION 

The f i r s t  s t e p  i n  t h e  chemica l  a n a l y s i s  o f  a coal is  t h e  de te rmin-  
a t ion of  i t s  mois ture-ash- f ree  e l e m e n t a l  composi t ion.  For  example, f o r  
t w o  c o a l s  which have been e x t e n s i v e l y  s t u d i e d  f o r  l i q u e f a c t i o n  b e h a v i o r  
t h e  e l e m e n t a l  composi t ion ,  c a l c u l a t e d  f o r  100 atoms is: 
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Coal 

I l l i n o i s  #6 
(Monter ey) 

Elementa l  Composition 

C50.8H4304.8S0.8N0.6 i 
Wyodak ‘48. 4H42. 4’8.6’0. 07N0. 5 

A look a t  t h e  above  d a t a  g i v e s  s e v e r a l  h i n t s  about  c o a l  s t r u c t u r e :  

1 1. For  each 100 atoms i n  c o a l  o v e r  90 are atoms o f  carbon and 
hydrogen. S t o i c h i o m e t r y  d i c t a t e s  t h a t  t h e  m a j o r i t y  of  t h e  
chemica l  bonds i n  c o a l  w i l l  be carbon-carbon and carbon-  
hydrogen. I 

2 .  Oxygen i s  t h e  main he te roa tom and unders tanding  i t s  chemis t ry  I 
d u r i n g  any coal t r a n s f o r m a t i o n  i s  e s s e n t i a l .  For each r e a c t i o n  
performed f o r  t h e  u s u a l  purpose  o f  removing s u l f u r  and n i t r o g e n .  
u n d e r s t a n d i n g  what happens t o  oxygen i s  very i m p o r t a n t ,  as w e l l  
as how i t s  r e a c t i v i t y  a f f e c t s  t h o s e  o f  N and S f u n c t i o n s .  

Looking a t  p o s s i b l e  coal s t r u c t u r e s ,  t w o  a s p e c t s  are r e l e v a n t :  

a) t h e  chemica l  f u n c t i o n s  i n  which t h e  heteroatoms appear ,  

b) t h e  carbon s k e l e t o n  of  t h e  rest. 

The m o s t  i m p o r t a n t  chemica l  f u n c t i o n a l i t i e s  i n  c o a l  are [ 3 ] :  f o r  
oxygen: phenols ,  e t h e r s ,  c a r b o x y l i c  a c i d s ,  qu inones ;  f o r  n i t r o g e n :  
p y r r o l e  and p y r i d i n e  d e r i v a t i v e s .  

These f u n c t i o n a l i t i e s  can b e  p r e s e n t  i n  l a r g e r  or  smaller r e l a t i v e  
amounts i n  a g i v e n  coal, b u t ,  q u a l i t a t i v e l y , a l l  t h e  coals c o n t a i n  t h e  
same kind of  chemica l  f u n c t i o n s .  

The carbon s k e l e t o n  o f  c o a l  i s  perhaps  t h e  most c o n t r o v e r s i a l  
a s p e c t  o f  t h e  r e s e a r c h  on c o a l  s t r u c t u r e .  Three  major q u e s t i o n s  are 
of  i n t e r e s t  i n  t h i s  f i e l d :  

1. What i s  t h e  p e r c e n t a g e  of  a r o m a t i c  carbons?  

2 .  How condensed are t h e  a r o m a t i c  r i n g  s t r u c t u r e s ?  

3 .  What i s  t h e  c a r b o n  s k e l e t o n  of t h e  a l i p h a t i c  p o r t i o n  of t h e  
c o a l ?  

The p e r c e n t a g e  o f  aromatic carbon can now be determined by s o l i d -  
s t a t e  13C-NMR. 
Berkeley made t h e  q u a n t i t a t i v e  measurements f o r  t h e  coals d i s c u s s e d  i n  
t h i s  paper. 

A l e x  P i n e s  from t h e  U n i v e r s i t y  o f  C a l i f o r n i a  a t  

T o  answer t he  o t h e r  two q u e s t i o n s  r e l a t e d  t o  t h e  carbon s k e l e t o n ,  
s e v e r a l  approaches  c a n  be taken.  
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One of  them i s  a c a r e f u l  s t r u c t u r e  d e t e r m i n a t i o n  o f  t h e  s h o r t  
t ime r e a c t i o n  p r o d u c t s  o f  t h e  thermal  l i q u e f a c t i o n  o f  coal [41. 
During t h e  l as t  f o u r  y e a r s  w e  worked on a r e s e a r c h  p r o j e c t  s u p p o r t e d  
i n  p a r t  b y  t h e  E l e c t r i c  Power Research I n s t i t u t e .  One of t h e  purposes  
of t h i s  p r o j e c t  was t o  e s t a b l i s h  t h e  chemica l  composi t ion of Short  
c o n t a c t  t i m e  thermal  l i q u e f a c t i o n  p r o d u c t s  ( i n c l u d i n g  S t r u c t u r e ) .  W e  
w i l l  now d i s c u s s  how t h i s  d a t a  c a n  be used  t o  o b t a i n  i n f o r m a t i o n  a b o u t  
c o a l  s t r u c t u r e .  

I n  t h e  s h o r t  t i m e  of  2+5 minutes ,  coal d i s s o l v e s  i n  t h e  p r e s e n c e  
o f  an H-donor: i n  t h e  absence o f  a n  added c a t a l y s t  o n l y  a few bonds are  
a c t u a l l y  broken. Work a t  Mobil [4], Exxon [5] and Oakridge N a t i o n a l  
Labora tory  [6] i n d i c a t e s  tha t  o f  t h e  f o l l o w i n g  r e a c t i o n s  t a k e  
p l a c e  : 

0 

o D e s t r u c t i o n  or format ion  o f  p o l y c y c l i c  s a t u r a t e d  s t r u c t u r e s .  

Hydrogenat ion o f  a r o m a t i c  p o l y c y c l i c  hydrocarbons,  

A c o r o l l a r y  o f  t h i s  i s :  i f  t h e s e  polyaromat ic  or p o l y c y c l i c  s a t u r a t e d  
s t r u c t u r e s  are p r e s e n t  i n  c o a 1 , t h e y  should  be i d e n t i f i e d  i n  t h e  thermal 
l i q u e f a c t i o n  products .  

Many o f  t h e  chemica l  f u n c t i o n a l i t i e s  are also stable i n  t h e s e  
c o n d i t i o n s ,  e s p e c i a l l y  the O . S , N  h e t e r o c y c l i c  s t r u c t u r e s .  Water 
f o r m a t i o n  by phenol  dehydrogenat ion i s  also minimal. W e  found t h a t  
i n  coal convers ions  even a t  long r e a c t i o n  t i m e s  ( u p  t o  90 minutes)  
i n  t h e  absence  o f  an added c a t a l y s t ,  t h e  -OH bonded t o  a monoaromatic 
r i n g  i s  stable. I n  t h e  same c o n d i t i o n s ,  dehydroxyla t ion  o f  n a p h t h e n i c  
phenols  does  occur  [ 71 . 

The degree  o f  r i n g  condensa t ion  o f  t h e  aromatic p a r t  c a n  be s e m i -  
q u a n t i t a t i v e l y  determined i n  c o a l  l i q u i d s  [4]. I t  h a s  been found t h a t  
i n  t h e  s h o r t  t ime l i q u e f a c t i o n  p r o d u c t s ,  t h e  m a j o r i t y  o f  t h e  aromatic ' 

r i n g s  are as i n  benzene and  naphtha lene .  
w i t h  t h e  d a t a  o b t a i n e d  by  Hayatsu,  S c o t t ,  Moore and S t u d i e r  [9], u s i n g  
a n  o x i d a t i v e  method and w i t h  t h e  u v - v i s i b l e  s p e c t r o s c o p y  d a t a  r e p o r t e d  
by F r i e d e l  and Q u e i s e r  [lo]. I conclude  t h e n  t h a t  i n  t h e  subbi tuminous 
and b i tuminous  c o a l s  s t u d i e d  by  u s  and o t h e r s ,  t h e  aromatic carbons are 
n o t  p r e s e n t  i n  s i g n i f i c a n t  amounts as h i g h l y  condensed r i n g s .  

Concerning t h e  carbon s k e l e t o n  o f  t h e  a l i p h a t i c  p o r t i o n ,  t h e r e  
are no methods f o r  d i r e c t  i d e n t i f i c a t i o n .  However, f o r  a g i v e n  formula 
i f  t h e  t o t a l  number o f  C and H i s  known, as w e l l  as t h e  p e r c e n t a g e s  of 
a r o m a t i c  and a l i p h a t i c  carbon and hydrogen a p o s s i b l e  s t r u c t u r e  f o r  
t h e  a l i p h a t i c  p a r t  may be i n f e r r e d .  

These d a t a  are c o n s i s t e n t  

Possible a v e r a g e  chemical  s t r u c t u r e s  p r e s e n t  i n  s h o r t  t i m e  r e a c t i o n  
p r o d u c t s  have been  determined by a methodology w e  have a l r e a d y  r e p o r t e d  
[4,8]. F r a c t i o n s  w i t h  average  molecular  s t r u c t u r e s  as i n  F i g u r e s  1-4 
are c o n s i s t e n t  wi th  t h e  e x p e r i m e n t a l  d a t a .  

A s  shown i n  F i g u r e  1 f o r  a g i v e n  molecular  formula ,  there is  a 
r e l a t i o n s h i p  between t h e  degree  o f  aromatic r i n g  c o n d e n s a t i o n  and t h e  
d e g r e e  o f  a l i p h a t i c  r i n g  condensa t ion .  
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The re la t ive number o f  a l i p h a t i c  hydrogens and carbons  i s  con- 
s i s t e n t  w i t h  the p r e s e n c e  o f  some polycondensed a l i p h a t i c  s t r u c t u r e s .  
The number o f  t h e  polycondensed a l i p h a t i c  r i n g s  seems q u i t e  h i g h  i n  
c e r t a i n  Wyodak coal  l i q u i d s  o b t a i n e d  i n  a thermal p r o c e s s  a t  s h o r t  
r e a c t i o n  t i m e  ( F i g u r e  4 ) .  I t  is  l i k e l y  t h a t  such s t r u c t u r e s  are also 
p r e s e n t  i n  Wyodak c o a l .  Other  e x p e r i m e n t a l  d a t a  are  a l s o  i n  f a v o r  of  
t h i s  e x p l a n a t i o n .  For  example, t h e  o x i d a t i v e  method used by Den0 

polycondensed a l i p h a t i c  r i n g s  are n o t  p r e s e n t .  The r e s u l t s  o b t a i n e d  
by  t h i s  method f o r  Wyodak c o a l  are  nonreproducib le  and t h e  o x i d a t i o n  
products  a r e  d i f f i c u l t  t o  ana lyze .  

o f  t h e  a l i p h a t i c  r i n g s .  The c a l c u l a t i o n  i s  based  on t h e  elemental 
a n a l y s i s  o f  t h e  c o a l  and t h e  p e r c e n t  o f  aromatic carbon o b t a i n e d  by 
13C-NMR i n  s o l i d  s ta te  [ 4 ] .  Based on t h i s  method, t h e  Wyodak coal 
used  i n  t h e  l i q u e f a c t i o n  s t u d y  t o  obtain d a t a  as i n  F i g u r e  2 con- 
t a i n e d  44-50% aromatic carbon.  T h i s  would be c o n s i s t e n t  w i t h  2 t o  
8 a l i p h a t i c  r i n g s  f o r  100 atoms o f  carbon. W e  should  note  t h a t  some 
o t h e r  samples  o f  Wyodak coal f o r  which w e  measured t h e  a romat ic  con- 
t e n t  were somewhat more aromatic (SO-70% aromatic carbon). 

1 

e t  a l .  [ l l ] ,  g i v e s  s e l e c t i v e  o x i d a t i o n  o f  aromatic s t r u c t u r e s  o n l y  i f  l 

Another approach is a d i r e c t  c a l c u l a t i o n  o f  t h e  p o s s i b l e  number 

The d a t a  w e  p r e s e n t e d  are based  on t h e  s i m i l a r i t y  of  t h e  e lements  
o f  s t r u c t u r e  i n  coal and i n  t h e  s h o r t  c o n t a c t  t i m e ,  n o n c a t a l y t i c  
l i q u e f a c t i o n  products .  These e lements  o f  s t r u c t u r e  could  be bound 
t o g e t h e r  w i t h  low energy  t h e r m a l l y  labile bonds. A s  d e s c r i b e d  i n  t h e  
l i t e r a t u r e  [ 4 , 6 ] ,  t h e s e  weak bonds could  be: 

ArCH2-XAr bonds (X = O,S,C-Ar). 

An i m p o r t a n t  p r a c t i c a l  consequence o f  knowing t h e  coal s t r u c t u r e  
and t h e  s t r u c t u r e  o f  i t s  s h o r t  t i m e  l i q u e f a c t i o n  p r o d u c t s  i s  t h e  
unders tanding  of  t h e  p o s s i b l e  l i m i t s  of  r e d u c t i o n  o f  H-consumption 
f o r  t h e  l i q u e f a c t i o n  o f  a p a r t i c u l a r  coal. I n  F i g u r e  5 w e  make such 
c o r r e l a t i o n s .  T h i s  a s p e c t  w i l l  be d i s c u s s e d  more f u l l y  i n  the f u t u r e .  

I 
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G e n e r a l  F o r m u l a  C31H2702 

A r o m a t i c  Moiety C18H10-ll (‘H-NMR, 13C-NMR) 

VARIANT 1 
( u n l i k e l y )  

A r o m a t i c  S t r u c t u r e s  C o n s i d e r e d  

VARIANT 2 VARIANT 3 
( u n l i k e l y )  

- 
P o s s i b l e  A v e r a g e  S t r u c t u r e s  

s t r u c t u r e )  

4 

! 

, 

F i g u r e  1: P o s s i b l e  A v e r a g e  S t r u c t u r e  for a S h o r t  C o n t a c t  T i m e  
F rac t ion  SESC-3 of Monterey C o a l .  

126 



G e n e r a l  Formula C43H3802 

A r o m a t i c  Moiety C26H18 ('H-NMR, I3C-NMFt) 

A r o m a t i c  Structures C o n s i d e r e d :  

VARIANT 1 VARIANT 2 

a +a 
P o s s i b l e  A v e r a g e  Structures:  

$ 0 0 

0 q p p  

F i g u r e  2:  P o s s i b l e  A v e r a g e  Structures for Wyodak S E S C - 3  
Short  C o n t a c t  T i m e  SRC 
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F i g u r e  3: F r a c t i o n  SESC-4  Monterey C o a l  Shor t  
C o n t a c t  T i m e  SRC 

'3 4H3 3'2.5 5H0. 3'0.4 

% A r o m a t i c  C = 59 

% A r o m a t i c  H = 43 

A r o m a t i c  Par t  C20H14 

HO & 
A l i p h a t i c  P a r t  CL4Hl9 

1 A l i p h a t i c  E t h e r  + 4 S u b s t i t u t e n t s  
C14H19 + 2 + 4 = C H 14 25 

C14H26 -- 3 C o n d e n s e d  A l i p h a t i c  R i n g s  
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C a l c u l a t e d  B a s e d  on E x p e r i m e n t a l  D a t a :  

Av.  MW = 600 C43H36N02 

A r o m a  t i c  C 2  7H18 -19 ( 'H-NMR, I3C-NMR) I n  f o r m u l a :  

C 2 6 H 1 8  ( 6 2 %  A r o m a t i c  C ,  52% A r o m a t i c  H )  

H1O H3 

H7 

B e n z y l i c  ( 2 - 3  ppm) 

A l i p h a t i c  16 H? H18 

Figure  4: A v e r a  e C a r b o n  S k e l e t o n  F o r m u l a  for 
Wyodaz SRC 
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UI~UCTION OF THE STRUCTURE OF BROWN COAL 
BY REACTION WITH PHENOL 

R . J .  Hooper* and D.G. Evans' 

* D.S.1 .R. Indus t r ia l  Processing Division, P r i v a t e  Bag. Petone, New Zealand 
+ Centre f o r  Envimnmental Studies ,  Universi ty  o f  Melbourne, Parkvi l le ,  Vic tor ia  

3052, Austral ia .  

INTRODUCTION 

To make any r e a l  progress i n  t h e  a b i l i t y  t o  pred ic t  and control  t h e  l i q u i f a c t i o n  of 
coal  by hydrogenation it is  necessary t o  know what chemical react ions a r e  occurring. 
Modern preparat ive and a n a l y t i c a l  techniques such as e lu t ion  chromatography, m a s s  
spectroscopy and proton nmr have made t h e  task of character iz ing t h e  products of 
l iquefac t ion  react ions much e a s i e r  than h i t h e r t o ,  bu t  t h e  task of  charac te r iz ing  t h e  
coal  before  reac t ion  remains almost as i n t r a c t i b l e  as ever, because these  new 
methods depend on t h e  ana lys i s  samples being i n  t h e  l i q u i d  form (or i n  the  case of 
m a s s  spectroscopy, able  t o  be completely vaporized). 

This i s  not a new problem, of course. 
niques have been suggested as tools  f o r  deducing coal s t ruc ture ,  e .g .  oxidation, 
hydrogenation, a l k a l i n e  hydrolysis ,  pyrolysis  and ex t rac t ion  with powerful solvents  
( e i t h e r  alone or i n  conjunction with o t h e r  methods such as  thermal pre-treatment. 
use of  u l t rasonics ,  e tc . )  . These s u f f e r  from one of two disadvantages: with the  
r e l a t i v e l y  mild physical methods i n s u f f i c i e n t  coa l  is got i n t o  s o l u t i o n  t o  be useful  
( l e s s  than 20% is t y p i c a l ) ;  but with chemical methods, including pyro lys i s ,  t h e  
treatment is so harsh t h a t  i n t e r p r e t a t i o n  of the  s t r u c t u r e  of t h e  o r i g i n a l  coal  i n  
terms o f  t h a t  of t h e  products i s  of dubious v a l i d i t y .  
a ted temperatures, as i n  pyrolysis  or other  thermal treatments, i s  t o  be, avoided, as 
f r e e  rad ica ls  formed by cleaving fragments o f f  t h e  main body of  t h e  coa l  molecule 
may polymerize t o  form s t r u c t u r e s  which were not  present  in  t h e  o r i g i n a l  coal .  

Over t h e  years  many s o l u b i l i z a t i o n  tech- 

In  p a r t i c u l a r ,  use of e lev-  

I f  it is  accepted t h a t  coal cannot be got  i n t o  so lu t ion  without a l t e r i n g  i t s  s t r u c -  
t u r e  t o  some exten t ,  w e  should look f o r  methods i n  which these changes are  not  large 
enough t o  prohib i t  the  drawing of adequate deductions about t h e  s t r u c t u r e  of the  
o r i g i n a l  coal ,  while a t  t h e  same time present ing the  reac ted  coal i n  a form s u i t a b l e  
for s t r u c t u r a l  examination. This would requi re  a t  l e a s t  80% of  the coal  t o  be 
so lubi l ized ,  with t h e  so luble  mater ia l  low enough i n  molecular weight t o  ensure t h a t  
it i n  turn  i s  soluble  i n  mild organic so lvents ,  as required f o r  preparat ive tech- 
niques such as solvent  f rac t iona t ion  or chromatography. 

The methods w e  considered were Friedel-Craf ts  react ions of var ious kinds (a lkyla t ion  
and acylat ion)  and depolymerization of t h e  coal  by using it t o  a lkyla te  phenol, as 
f i r s t  proposed by Heredy and co-workers ( l ) ,  and extensively inves t iga ted  by them 
(1-5) and by Ouchi and co-workers (6-11). From the  recent  review o f  these methods 
by Larsen and Kuemerrle (12) i t  appears t h a t  molecular weights of t h e  coal  fragments 
produced a r e  higher  for a lkyla t ion  and acyla t ion  methods ( typ ica l ly  severa l  thou- 
sand, even a f t e r  allowing f o r  t h e  added acyl o r  a lkyl  groups) than f o r  the  mater ia l  
depolymerized i n  phenol ( l e s s  than a thousand). The only disadvantage of phenol 
depolymerization, compared with t h e  o ther  methods. was i t s  r e l a t i v e l y  weak act ion on 
very high rank coals  (< 9O%C, daf) .  This d id  not  concern us. as we were i n t e r e s t e d  
i n  examining brown coals from t h e  Latrobe Valley, Victor ia ,  Aus t ra l ia ,  with very low 
rank (65-70%C, daf). We therefore  chose t h i s  method, which had already been shown 
by Ouchi and Brooks (9) t o  be very e f f e c t i v e  f o r  t h i s  type of  coal .  We perhaps 
underestimated the  d i f f i c u l t i e s  t h a t  chemically combined phenol would cause us, as 
w i l l  be discussed l a t e r .  
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I n  our plan of a t tack  we first depolymerized the  
Imuta and Ouchi ( I l ) ,  then divided it i n t o  f i v e  f rac t ions  of  progressively increas-  
ing polar i ty ,  using so lvent  f rac t iona t ion ,  then analysed these f rac t ions  separately 
by elemental and func t iona l  group ana lys i s ,  and f u r t h e r  character ized the  f rac t ions  
by running inf ra red  and proton nmr s p e c t r a  on them. 
of combined phenol these d a t a  were put toge ther  t o  bui ld  up a composite p i c t u r e  of 
the  s t ruc ture  of t h e  o r i g i n a l  coal .  Heredy et  a l .  (5) have c a r r i e d  out a similar 
invest igat ion 0n.a s e r i e s  of coals of d i f f e r e n t  ranks. The present  work d i f f e r s  
from t h e i r s  i n  t h a t  it used a more powerful c a t a l y s t  f o r  t h e  phenolation, a more 
dec is ive  solvent  f r a c t i o n a t i o n  scheme, and inf ra red  as 'wel l  as nmr ana lys i s  f o r  
character iz ing t h e  f r a c t i o n s .  Also our coal was lower i n  rank than any o f  those 
they tes ted .  

coal using condi t ions suggested by 

Af ter  allowing f o r  t h e  e f f e c t s  

EXPERIMENTAL 

Coal used 

The coal tes ted  w a s  Morwell brown coa l  from Vic tor ia ,  Aus t ra l ia .  
on a dry basis i s  shown i n  Table 1. This coal contains  over 60% moisture as mined. 
I t  was ground wet t o  80% < 25 mesh, and used i n  t h e  wet s t a t e  (60% moisture). 

Phenolat ion reac t ion  

179 g of wet ground coal ,  75 g o f  p- toluenesulfonic  ac id  c a t a l y s t  and 1300 g of lab- 
oratory grade phenol w e r e  heated under ni t rogen,  and the  water w a s  removed from t h e  
coal by boi l ing a t  183OC ( t h e  b o i l i n g  point  of phenol i s  181.8°C). 
mixture w a s  refluxed a t  183OC f o r  4h, a f t e r  which t h e  phenol was removed by steam 
d i s t i l l a t i o n ,  leaving a s o l i d ,  black, t a r r y  mater ia l  of low melting poin t ,  which 
w a s  separated by decantat ion,  and ex t rac ted  by re f lux ing  f o r  2h with 1200 m l  of  
e thanolbenzene azeotrope (65% benzene, 35% e thanol ) .  The inso luble  mater ia l  w a s  
f i l t e r e d  of f  and dr ied i n  a vacuum oven f o r  12h a t  50°C and 16kPa pressure ( these 
conditions were l a t e r u s e d  t o  remove excess solvent  from a l l  the  f r a c t i o n s  - see 
Figure 1 below). 

Solvent f rac t iona t ion  

To f a c i l i t a t e  l a t e r  s t r u c t u r a l  ana lys i s  the  coal was separated i n t o  s t r u c t u r a l  types 
using t h e  solvent  f r a c t i o n a t i o n  scheme shown i n  Figure 1. 

Analysis 

Its composi.tion 

The remaining 

The or ig ina l  coal and t h e  various f r a c t i o n s  were analysed f o r  carbon, hydrogen and 
oxygen by t h e  C.S.I.R.O. Microanalyt ical  se rv ice .  Ash contents were determined i n  
a standard ashing furnace (13). Phenolic, carboxylic and carbonyl oxygen contents 
were determined by the  S t a t e  E l e c t r i c i t y  Commission of Vic tor ia ,  using methods de- 
veloped by them f o r  brown coals  (14). 

Inf ra red  spec t ra  of t h e  o r i g i n a l  coal and the  f r a c t i o n s  were measured on a Perkin 
Elmer 457 Grating I n f r a r e d  Spectrophotometer. 
were analysed as a t h i n  f i l m  or smear. S o l i d  samples (C, D and or ig ina l  coal) were 
analysed i n  KBr d i scs  containing 0.3% by mass of  sample. 
gr inding the KBr mixture for 2 minutes i n  a tungsten carbide TEMA grinding b a r r e l  , 
drying for  24h i n  a vacuum des icca tor  over phosphorus pentoxide, then pressing i n t o  
d i s c s  a t  10 tons force,  a t  room temperature but under vacuum. 
w a s  dominated by phenol a sample of  it w a s  f u r t h e r  separated by e lu t ion  chromato- 
graphy i n  an attempt t o  separa te  from it mater ia l  l e s s  dominated by phenol. 
Elut ion w a s  c a r r i e d  out  i n  a s i l i c a  column, using e l u t a n t s  i n  t h e  following order: 

Liquid samples ( f rac t ions  A and B) 

These were prepared by 

Because f r a c t i o n  A 
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hexane, chloroform, methanol. 

Proton nmr spec t ra  were recorded on a Varian HA 100 nmr spectrometer a t  room tem- 
perature ,  with te t ramethyls i lane (TMS) as i n t e r n a l  standard, with a sweep width of 
0 t o  1000 Hz from TMS. For f r a c t i o n  A a so lu t ion  of deuterated chloroform w a s  
used; f rac t ions  B and C were not  so luble  i n  CDC1, and pyridene -d, had t o  be used; 
f rac t ions  D and the whole coa l  were barely soluble  even i n  pyridene -d5, b u t  enough 
dissolved t o  ge t  spec t ra .  
whole mater ia l .  

These w i l l  not ,  of course, be representa t ive  of t h e  

RESULTS 

Yields and compositions 

Table 1 shows the y i e l d s  o f  t h e  f i v e  f rac t ions  per  100 g of o r i g i n a l  dry coal  and 
t h e i r  cbmpositions, including a breakdown of t h e  oxygen i n t o  carboxylic, phenol ic  
and other  oxygen. Note t h a t  p a r t  of  t h e  ash-forming mater ia l  has been removed by 
t h e  so lubi l iz ing  process (much of t h e  non-organic mater ia l  i n  Monrell coa l  is ion- 
exchangeable, and would have been replaced by hydrogen ions from t h e  p-toluene- 
su l fonic  acid; t h i s  w a s  confirmed by ash analysis :  e.g. ash from the o r i g i n a l  coal  
contained 50% SiO, and 10% MgQ, whereas f r a c t i o n  D ash contained 80% SiOz and only 
1% M@). 
must have been added. This cons is t s  of  combined phenol and unseparated so lvents ,  
as w i l l  be discussed later. This  d i l u t i o n  r e s u l t s  i n  the  f rac t ions  having higher  
carbon contents and lower oxygen contents than the o r i g i n a l  coal .  
content decreases from A t o  D as t h e  f rac t ions  become l e s s  a l i p h a t i c  and more aro- 
matic and polar .  

Infrared spec t ra  

The inf ra red  spec t ra  of t h e  f rac t ions  and t h e  or ig ina l  coal a r e  shown i n  Figure 2. 
The spectra  of the  e l u t e d  sub-fract ions of f rac t ion  A a r e  not  given here. 

A s  already mentioned f rac t ion  A i s  dominated by phenol; nevertheless  s t rong  aLi- 
phat ic  absorptions can be seen a t  2920. 2850, 1460 and 1380 cm-l. 
subfract ions A 1  (e luted by hexane, a very small par t  of A) and A2 (e luted by chloro- 
form, about a quar te r  o f  A) showed these a l i p h a t i c  absorptions very s t rongly.  The 
spectrum f o r  A 1  showed l i t t l e  e l s e ,  and t h i s  sub-fract ion is probably v i r t u a l l y  pure 
paraf f ins .  The spectrum f o r  A2  resembled the spec t ra  f o r  phenol e t h e r  and phenetole 
(C,H50C,H5). Absorption due t o  hydrogen - bonded hydrogen i s  negl ig ib le ,  showing 
t h a t  a l l  the  phenol i n  t h i s  sub-fract ion has been converted t o  e thers .  The spectrum 
for  subfract ion A3 (which c o n s t i t u t e s  about three quar te rs  of A) was dominated by 
phenol, but  some a l i p h a t i c  absorptions s t i l l  showed, and t h i s  sub-fract ion may w e l l  
consis t  of phenol bonded t o  small-coal fragments by methylene br idges.  
t ions  f o r  A, A2 and A3 a t  1250 cm a r e  probably due t o  e t h e r  oxygen. 

Fraction B i s  i n  many ways s imi la r  t o  f r a c t i o n  A ,  but with much weaker a l i p h a t i c  ab- 
s o q t i o n .  
cm , a weak aromatic absorption a t  3030 cm and many o ther  absorptions character-  
i s t i c  of phenol. 
cm-1, and e t h e r  oxygen absorption at 1250 cm l .  

Fractions C,  D and E have s p e c t r a  s i m i l a r  t o  those of the o r i g i n a l  coal. 
longer dominates, although t h e  hydrogen bonded -OH absorption a t  3400 cm-l is s t i l l  
s t rong.  
a t  1700 cm-I due t o  carboxylic oxygen, which was qui te  s t rong f o r  the  whole coal ,  is 
a l s o  qui te  pronounced f o r  f r a c t i o n s  C and D. 

A s  t h e  t o t a l  y i e l d  of f rac t ions  was 202 g/lOO g of o r i g i n a l  coal  102 g 

The hydrogen 

The s p e c t r a  of  

The absorp- 

I t  has a s t rong absorption due f o  hydrogen - bonded hydrogen a t  3400 

I t  a l s o  shows weak a l i p h a f i c  absorptions a t  2920, 1460 and 1380 

Phenol no 

The shoulder Aliphat ic  absorption is  weak i n  C and E and negl ig ib le  i n  D. 

( I t  w a s  absent from f r a c t i o n s  A and 
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B) . 
broad absorption from 1200-1000 cm present  i n  t h e  whole coal i s  a l s o  present i n  
f rac t ions  C and D although absent from A, B and E. Doubtless oxygen groups con- 
t r i b u t e  to  t h i s ,  but  we be l ieve  it i s  mainly due t o  s i l i c a ,  which is  a major con- 
s t i t u e n t  of  t h e  ash. 
s t rong  acids or by f loa t / s ink  separa t ions ,  

N m r  spec t ra  

Figure 3 shows nmr s p e c t r a  f o r  f r a c t i o n s  A, B, C and E .  

Table 2 shows the forms t h e  protons a re  present i n ,  as determined from these  spec t ra .  
The da ta  for f r a c t i o n  D and the  whole coa l  a r e  shown i n  brackets ,  as these samples 
were v i r t u a l l y  inso luble  i n  pyr id ine ,  and t h e  s p e c t r a  represent  only the  small s o l -  
uble portions. This t a b l e  demonstrates t h e  d i f f i c u l t i e s  the  coa l  chemist faces i n  
t r y i n g  to  use proton nmr on physical  so lu t ions  o f  coal: 
t h e  whole c o a l  shows no hydrogen-bonded protons despi te  t h e  evidence of t a b l e  1; it 
shows no t r ia romat ic  o r  methylene br idge protons, desp i te  the  presence of appreciable 
amounts of these i n  t h e  f rac t ions ;  on t h e  other  hand it shows f a r  more methylene a 
and methyl 13 than do t h e  f r a c t i o n s .  

The nmr data  confirm and amplify t h e  i n f r a r e d  da ta :  
present  from phenol ic  and carboxylic groups i n  t h e  coal and phenol groups added i n t o  
t h e  chemically combined phenol. The monoaromatic content (of f rac t ions  A and B 
especial ly)  i s  high, a l s o  because of  added phenol, bu t  d i - r ing  aromatic mater ia l  i s  
a l s o  present i n  a l l  f r a c t i o n s  (even t r ia romat ic  i n  C ) ,  which m u s t  have come from the 
o r i g i n a l  coal .  The a l i p h a t i c  mater ia l  observed i n  t h e  i n f r a r e d  spec t ra  of A, B 
and C i s  now seen t o  cons is t  p r i n c i p a l l y  of methylene br idges and s h o r t ,  branched 
a l i p h a t i c  chains (a and f3 - methyl predominate). 

This checks wel l  with t h e  dara  i n  Table 1 obtained by chemical analysis .  The 

I t  could be v i r t u a l l y  removed by deashing t h e  coal with 

e .g .  t h e  soluble  p a r t  of 

hydrogen bonded protons a r e  

DISCUSSION 

Combined phenol 

The t o t a l  combined phenol w a s  estimated as  follows: 

Using the y i e l d  and composition d a t a  of Table 1 elemental balances were drawn up, as 
i n  Table 3. The t h i r d  last l i n e  gives the  masses o f  t h e  various cons t i tuents  o f  
t h e  added mater ia l .  The second last l i n e  gives the  amount of phenol t h i s  would 
account f o r ,  assuming a l l  t h e  added oxygen w a s  from phenol (none from ethanol  o r  
methanol). The last l i n e  gives t h e  remainder, which is  close i n  composition t o  
benzene (which could be p r e s e n t a s  a contaminant i n  f r a c t i o n s  B and C). 
f rac t iona t ion  scheme shown i n  Figure 1 ethanol  contamination of any f rac t ion  i s  un- 
l i k e l y ,  but pentane contamination of  f rac t ion  A and methanol contamination of  D and 
E a re  possible .  We r e j e c t e d  these because pentane w a s  no t  picked up f r o m  f rac t ion  
A by hexane e l u t r i a t i o n  while preparing subfract ion A 1  ( t h i s  w a s  neg l ig ib le  i n  mass), 
and D w a s  too  d e f i c i e n t  i n  hydrogen and oxygen t o  contain any appreciable amaunt of 
methanol. 
so small t h a t  any such e f f e c t  would be negl ig ib le .  

Distr ibut ion o f  hydrogen on a phenol - and solvent-free b a s i s  

We can now determine t h e  d i s t r i b u t i o n  of  hydrogen i n  t h e  o r i g i n a l  coal ,  but  f i r s t  we 
have t o  estimate the hydrogen d i s t r i b u t i o n  i n  f r a c t i o n  D, which could not be deter-  
mined by nmr ana lys i s .  
r e s u l t s  of  t h e  hydrogenation of f r a c t i o n s  A t o  D i n  t e t r a l i n .  
low-hydrogen residue,  which still could not  be analysed by nmr, and a high-hydrogen 

' 

I n  the 

Methanol could have been present  i n  E ,  but  t h e  m a s s  of t h i s  f rac t ion  was 

In another paper presented t o  t h i s  Congress (15) we reported 
Fract ion D yielded a 
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l i q u i d  product separated by b o i l i n g  of f  excess t e t r a l i n .  From i t s  nmr analysis  and 
t h e  known amount o f  funct ional  group hydrogen i n  the  o r i g i n a l  f rac t ion  (0.05 g/100 g 
o r i g i n a l  coal)  we concluded t h a t  t h e  a l i p h a t i c  hydrogen i n  the o r i g i n a l  f rac t ion  w a s  
about 0.3 g/lOO g, and t h e  remaining 0.8 g of hydrogen/100 g was aromatic hydrogen 
of various kinds. 

In Table 4 t h e  r e s u l t s  of the  nmr analyses (Table Z), the  est imates  of combined 
phenol and contaminant benzene (Table 3), and t h e  above est imates  o f  the d i s t r i -  
but ion of hydrogen i n  f rac t ion  D a r e  manipulated t o  give a composite es t imate  of 
hydrogen i n  various forms i n  t h e  o r i g i n a l  coal  ( the  aromatic hydrogen i n  f r a c t i o n  D 
is assumed t o  follow t h e  same p a t t e r n  as i n  A,  B and C ,  and t h e  a l i p h a t i c  hydrogen 
is  a l s o  assumed t o  be d i s t r i b u t e d  as i n  A, B and C ) .  
by difference the hydrogen present  i n  various forms i n  t h e  or ig ina l  coal (second 
last l i n e  o f  Table 4 ) .  

Dis t r ibu t ion  of s t r u c t u r a l  types 

The d i s t r i b u t i o n  of  hydrogen ca lcu la ted  above, together  with the d i s t r i b u t i o n  of 
funct ional  group oxygen (Table l ) ,  between them define a s t a t i s t i c a l l y  probable 
s t r u c t u r e  f o r  Moxwell brown coal .  
i n  Table 5 estimates of the  numbers of carbon atoms associated with each type of 
hydrogen atom t h a t  not only pred ic t  approximately the  correct  mass o f  carbon p e r  
100 g of coal but  a l s o  allow f o r  approximately the  required number of s u b s t i t u e n t s  
i n  t h e  aromatic groups, and f o r  t h e  br idges connecting the  groups. There may, of 
course, a l so  be some carbon not associated with hydrogen, such as acyl br idges and 
t e r t i a r y  carbons i n  s i d e  chains ( see  l a t e r ) .  We note i n  passing t h a t  t h e  g r e a t e s t  
d i f f i c u l t y  i n  meeting the  above requirements i s  i n  accommodating t h e  oxygen not  ac- 
counted f o r  i n  funct ional  groups. 

We w i l l  conclude with a b r i c f  discussion o f  the  forms taken by t h e  three  main s t r u c -  
t u r a l  groups : oxygen groups, aromatic groups and a l i p h a t i c  groups. 

Oxygen groups: A s  seen from Table 1. 25% of the dry coal w a s  oxygen, 5% i n  t h e  form 
of phenolic groups, 5% carboxylic, and 3% carbonyl. The present  work throws l i t t l e  
l i g h t  on t h e  remaining 12%. 
confirm t h i s :  
reac t ion .  
i n f r a r e d  spec t ra  of res idues l e f t  a f t e r  the  reac t ion  of f rac t ions  C and D with 
t e t r a l i n  (15). 

Aromatics: 
t u r e s  (diphenyl, naphthalene and polynuclear) i s  noteworthy, and unexpected from 
previous s tud ies  on brown coal (16, 17). The t o t a l  aromatic content may have been 
overestimated s l i g h t l y  by the procedure used t o  es t imate  the  hydrogen d i s t r i b u t i o n  
of f rac t ion  D. but t h i s  would make l i t t l e  difference t o  t h e  contents  o f  the  higher  
aromatics. 

Aliphat ics :  
content (more than 25% of a l l  hydrogen), which again was not  expected from e a r l i e r  
models (16). 
similar t o  t h e  present one 12% of t h e  hydrogen in a l i g n i t e  was found t o  be i n  t h e  
form o f  methylene bridges. 
phenolation react ion (indeed Heredy's favored mechanism requires  t h e  p r i o r  presence 
of such br idges,  and the  large content found i n  t h i s  work appears t o  confirm h i s  
mechanism as  being the most important one i n  t h e  phenolation reac t ion) .  I f  t h e  
q u a n t i t i e s  i n  Table 5 are  ca lcu la ted  out i n  t e r n  of  the  numbers o f  s t r u c t u r e s  r a t h e r  
than t h e i r  masses, w e  ge t  0.45 mole of  aromatic groups per  100 g o f  coal  and 0.65 
mole of methylene bridges per  100 g. 
p e r  aromatic group, i . e .  a high degree of  crossl inking must be present ,  probably i n  

From t h i s  we can c a l c u l a t e  

Rather than attempt t o  draw a s t r u c t u r e  w e  give 

Some e thers  are thought t o  be present ,  but we cannot 
e thers  noted i n  f rac t ions  A and B could have come from the  phenolation 

There was some indica t ion  of  t h e  presence of benzofuran groups from the 

No doubt o ther  he te rocycl ic  oxygen i s  present  a l so .  

The presence of r e l a t i v e l y  large proport ions of higher  aromatic s t m c -  

The most  surpr i s ing  r e s u l t  o f  t h i s  work is the  high methylene br idge 

However it should be noted t h a t  i n  t h e  study by Heredy et  a l .  (5) 

I t  seems unl ikely t h a t  these bridges were formed by the 

This means t h a t  there  i s  more than one br idge 
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a three-dimensional network. 
present .  

Another s u r p r i s i n g  r e s u l t  is t h e  high number of  6-methyl and 8-methylene groups 
(0.23 mole/100 g coal) without corresponding a-methylenes (only 0.02 mole/100 g ) .  
This could be explained only by t h e  presence of tertiary butyl  groups (note  t h a t  
Swann e t  a l .  (18) recovered 2,6-di-t-butyl-4-methylphenol from a s i m i l a r  brown coal 
by evacuation a t  35OC). The mater ia l  reported here  as B-methyl occurred a t  6 = 1.2  
(Figure 3) ,  which Heredy e t  al .  (5) i n t e r p r e t  as 6-methylene groups i n  naphthenic 
r ings .  If they a r e  r i g h t  t h i s  would put  q u i t e  a d i f f e r e n t  complexion on t h i s  find- 
ing;  however t h e i r  i n t e r p r e t a t i o n  d i f f e r s  from those of o ther  a u t h o r i t i e s  (e.g. Ref. 
(19)) ,  and would r e q u i r e  a simultaneous occurrence of a-methylene groups, which i s  
n o t  borne out  by our Figure 3. 

Possibly dihydroanthracene s t r u c t u r e s  may a l s o  be 
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Solubi l ize  coal with phenol + e x t r a c t  with ethanol/benzene 

’ Soluble Inso lub 1 e 

p r e c i p i t a t e  

Figure l: 
and ?n insoluble  residue. 

The f rac t iona t ion  scheme used t o  separate  coal  i n t o  four  so luble  f rac t ions  

h- 
yield, g/lOOg 
o r i g i n a l  coal 

composi ti on, 
m a s s  % 

C 
H 
0 phenolic 
0 carboxyl ic  
0 carbonyl 
0 t o t a l  
ash 
unaccounted 

28 

76 
7 

4 
0 
ND 

17 
ND 
1 

f r a c t i o n  

7:l 69 

4 3 
1 

ND I Ni 
2 1  
2 
3 

i% 1 
4 

D 

28 

71  
4 

6 
2 

ND 
18 
3 
4 

E 

2 

56 
6 

ND 
ND 
ND 

24 
ND 
14 

Composite 

202 

72 
5 

(4) 
(2) 
ND 

18 

4 
(1) 

Whole 
Coal 

100 

6 3  
5 

5 
5 
3 

25 
4 
3 

Table 1: Yields and compositions o f  t h e  f r a c t i o n s .  NO means not determined. A s h  
contents  were not  determined on f rac t ions  A, B and E. which were l iqu ids .  
t i o n a l  group oxygen w a s  not  determined on f rac t ion  E because i n s u f f i c i e n t  of i t  w a s  
ava i lab le .  The f igures  i n  brackets  for t h e  composition o f  t h e  composite should be  
l i t t l e  affected.  

Fmc- 
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1 A 

D w 

Whole Coal 

4000 3000 2000 1600 1200 800 400 

Wavenumber, cm-l 

Figure 2 :  
by the fractionation scheme shown i n  Figure 1 .  
and whole coal ,  KBr d i s c .  

Infrared spectra  f o r  the o r i g i n a l  coal  and t h e  fract ions A t o  D separated 
Fractions A and B ,  thin f i l m ;  C ,  D 
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B 

C 

7 . 
1 ppm 7 5 3 6 =  9 

Figure  3: Nmr spectra for fractions A, B, C and E. 
A is dissnlvpd i n  rnrl, .  R r anrl c in ...-- :>--- J 
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~ 

6 
PPm 

> 8.0 
8.7-8.0 
8.0-7.2 
7.2-6.2 
5.8-4.3 
4.3-3.4 
3.4-3.2 
3.2-2.4 
2.4-2.0 

1.4-1.0 
1.0-0.6 

2.0-1.4 

f 
Composite 

proton type  

7 17 19 (0) 
0 0 6 (10) 
6 10 8 (48) 

63 58 44 (35) 
1 0 0 (0) 

0 0 0 (0) 
0 0 (0) 

3 1 0 (0) 

1 0 0 0 (0) 

4 9 17 &race) 

13 4 1 (4) 

hydrogen bonded 
t r ia romat ic  (5) 
two-ring aromatic (5) 
monoaromatic 
o l e f i n i c  
methylene b r i d g e  
a c e t y l i n i c  
methin, methylene a 
methyl a 
methylene B 
methyl 5 
a l i p h a t i c  y 

f rac t ion  un- t o t a l  
C H 0 ash accounted 

i 

___-- ~~ ~~~ 

added mater ia l  
added phenol 
remainder 

~ 

a2 6 12  - 2  4 102 
54 4 12  0 0 70 
28 2 0 -2 4 32 

27 
0 

13 
37 
0 
9 

t r a c e  
0 

15 
0 
0 
0 

Table 2: Dis t r ibu t ion  o f  protons by type i n  t h e  various f r a c t i o n s  as measured from 
nmr spectra .  Figures a r e  % of  the t o t a l  protons i n  t h e  p a r t i c u l a r  f rac t ion .  A l -  
lowance has been made for res idua l  protons i n  the deuterated so lvents  (CDC13 f o r  A, 
pyridene-d5 f o r  o thers ) .  The f igures  for  f rac t ion  D and t h e  whole coal a re  p u t  i n  
brackets t o  ind ica te  t h a t  these samples were barely soluble  and the  s p e c t r a  do not 
represent  the whole m a t e r i a l ,  only t h e  small soluble  p a r t .  a, 5, y r e f e r  t o  the  
pos i t ions  o f  these protons w i t h  respect  t o  aromatic r ings .  

21 2 5 0  0 28 
49 4 11 0 2 66 
54 4 16 1 3 78 
20 1 5 1  1 28 
1 0 0 0  1 2 

100 202 I 145 11 37 2 7 
o r ig ina l  coa l  63 5 25 4 3 
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t o t a l  

aromatic 
tri d i  mono 

phenol 
benzene 
coal  

a l i p h a t i c  
meth. a a B 5  
bridge CH, CH3 CH, CH3 

t o t a l  

0.12 1 . 2 3  
0.40 2.30 
0.31 1.72 
0.10 0.65) 
0.02 0.04 

0.95 5.94 

- 3.01 
- 2.46 

0.95 0.47 

0.95 5.94 

--- 
--- 

--- 

hydrogel 
bonded 

0.08 
0.36 
0.66 

(0.16 
0.01 

1.27 

- 
- 

1.27 

1.27 

0.14 
0.67 
0.74 

0.03 

1.63 

(0.05) 

0.74 

0.89 

1.63 

0.00 
0 .oo 
0.23 

(0.03 
0.00 

0.26 
- 
- 

0.26 

0.26 

(0.02 
0.00 
0.00 
0.00 
O . O b  

0.04) 
0.04 
0.16 
0.04 
0.02 

0.02 - 

0.02 

0.02 
- 

0.30 - 

0.30 

0.30 
- 

0.06 
0.04 
0.00 
0.02 
0.00 

0.12 
- 
- 
- 
- 

0.12 

0.12 
- 

0.25 
0.16 
0.04 
0.07) 
0.00 

0 . 5 2  
- 

- 
0.52 

0.52 

- 
t o t a l  

- 
1.94 
3.97 
3.86 
1.12 
0.12 

11.01 

3.75 
2.46 
4.80 

- 
- 

11.01 - 
Table 4: Hydrogen present  i n  var ious forms i n  f r a c t i o n s ,  o r i g i n a l  coal, combined 
phenol and benzene contaminant, g/100 g o r i g i n a l  dry coa l  ( f igures  i n  brackets  have 
involved making some assumptions about t h e  d i s t r i b u t i o n .  

~~~~~~~~ ~~ ~ 

hydrogen atomic mass H (Table 4) c .  
type I C/H C /H g/100 g coa l  g/100 g coa l  

monoaromatic 
two r ing  aromatic 
t r ia romat ic  
a methylene 
6 methylene 
methylene br idge 
a methyl 
5 methyl 
carboxyl 

36 
30 
39 
6 
6 
6 
4 
4 

1 2  

0.47 
0.95 
0.26 
0.02 
0.12 
1.27 
0.30 
0.52 

17 
28 
10 
0 
1 
8 
1 
2 
2 

t o t a l  I 69 

Table 5:  Calculat ion of carbon i n  various s t r u c t u r a l  forms, g/100 g dry coal. 
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THE CHEMISTRY OF ACID-CATALYZED 
COAL DEPOLYMERIZATION 

Lasz lo  A. Heredy 
Rockwell I n t e r n a t i o n a l ,  Energy Systems Group 

8900 De Soto Avenue, Canoga Park, C a l i f o r n i a  91304 

Since i t s  i n t r o d u c t i o n  i n  t h e  e a r l y  1960's, ac id -ca ta l yzed  depolymer izat ion has become 
a w i d e l y  used method t o  c o n v e r t  coa l  i n t o  
It was f i r s t  shown by Heredy and Neuworth( j7  t h a t  coa l  c o u l d  be depolymerized by r e a c t i n g  i t  
w i t h  phenol-BF3 a t  temperatures as l ow  as 100°C. 
t h a t  coa l  con ta ins  a romat i c  s t r u c t u r e s  l i n k e d  by a l i p h a t i c  br idges,  such as methylene 
br idges,  which a r e  s u f f i c i e n t l y  r e a c t i v e  t o  p a r t i c i p a t e  i n  an ac id -ca ta l yzed  t r a n s a r y l -  
a l k y l a t i o n  reac t i on .  
e x p l a i n  the chemis t r y  o f  low-temperature p y r o l y s i s  o f  coa l .  
proposed s t r u c t u r e  wi th  phenol-BF3 i s  i l l u s t r a t e d  i n  F igu re  1. 
t h e  depolymer izat ion i s  dihydroxy-diphenylmethane. I 

The depolymer izat ion r e a c t i o n  was m o d i f i e d  by Ouchi, Imuta, and Y a m a ~ h i t a ( ~ )  who 
s u b s t i t u t e d  p - t o l u e n e s u l f o n i c  a c i d  (PTSA) f o r  BF3 as t h e  c a t a l y s t  and increased the  r e a c t i o n  
temperature t o  180-185%. 
product  y i e l d s  over  90%, was achieved under these c o n d i t i o n s .  Darlage and Ba i l ey t41  inves-  
t i g a t e d  the e f f e c t s  o f  r e a c t i o n  temperature, va r ious  so l ven ts  and coa l  p reox ida t i on  on 
depolymer izat ion p roduc t  y i e l d s  u s i n g  a number o f  a c i d  c a t a l y s t s .  
s u b s t i t u t e d  phenols were more e f f e c t i v e  aromat ic  subs t ra tes  f o r  t h e  depolymer izat ion 
r e a c t i o n  than phenol. The p r e o x i d a t i o n  o f  coal ,  p a r t i c u l a r l y  o f  some s u l f u r - r i c h  bituminous 
coals ,  w i  h d i l u t e  aqueous n i t r i c  a c i d  cons ide rab ly  increased t h e  y i e l d  o f  depolymer izat ion 
products  .!5) 

A general rev iew  o f  t he  ac id-c  t a l y z e d  coa l  depo lymer i za t i on  method has been publ ished 
r e c e n t l y  by Larsen and Kuemmerle.(6(r The o b j e c t i v e  o f  t h i s  paper i s  t o  d iscuss some 
s p e c i f i c  aspects o f  t h e  chemis t r y  o f  coa l  depolymer izat ion.  

l u b l e  p roduc ts  f o r  s t r u c t u r a l  i n v e s t i g a t i o n s .  

The method was based on t h e  assumption 

T h i s  genera l  t ype  o f  s t r u c t u r e  was proposed by Neuworth, e t  a1.,(2) t o  

One o f  t h e  f i n a l  products  o f  
The o v e r a l l  r e a c t i o n  o f  t h i s  

A ve ry  h i g h  degree o f  depolymer izat ion,  w i t h  p y r i d i n e  o ub le  

They found t h a t  meta- 

I .  THE RELATIVE REACTIVITIES OF VARIOUS BRIDGE STRUCTURES TOWARD 
PHENOL-BF3 

Although no sys temat i c  s t u d i e s  have y e t  been r e p o r t e d  rega rd ing  t h e  r e l a t i v e  r e a c t i v i -  
t i e s  o f  a l i p h a t i c  b r i d g e  s t ruc tu res ,  o r  more genera l l y ,  a l i p h a t i c - a r o m a t i c  carbon-carbon 
bonds, which may be p resen t  i n  va r ious  coals ,  t war phenol-BF3, some impor tant  trends have 
been es tab l i shed  i n  model compound experiments.?ls7f The r e s u l t s  o f  these experiments a r e  
summarized i n  Tables 1 and 2 and i n  F igu re  2. 

The data on  i s o p r o p y l  group t r a n s f e r  i n  Table 1 show t h a t  t h e  secondary a l i p h a t i c -  
a romat i c  carbon-carbon bond i s  much more r e a c t i v e  when i t  i s  l o c a t e d  on e i t h e r  a phenol ic  
r i n g  o r  on a phenanthrene r i n g  than on a nonac t i va ted  benzene r i n g ,  
t i e s  o f  the secondary carbon bond i n  t h e  f i r s t  two s t r u c t u r e s  cou ld  n o t  be evaluated because 
t h e  i sop ropy l  group t r a n s f e r  went t o  complet ion bo th  i n  t h e  case o f  or tho- isopropylphenol  
and of retene. 
bond between a p r imary  a l i p h a t i c  carbon and an aromat ic  carbon i s  l e s s  r e a c t i v e  than a 
secondary carbon-aromatic carbon bond under o the rw ise  s i m i l a r  cond i t i ons .  

carbon-carbon l i nkages .  
which i n v o l v e  p r imary  a l i p h a t i c  carbon atoms, c l e a r l y  show enhanced r e a c t i v i t y  a t  bond a '  
due t o  the a c t i v a t i n g  e f f e c t  o f  t h e  pheno l i c  hydroxy l  group. A comparison o f  t he  r e a c t r v i t y  
of l i nkage  a '  w i t h  t h a t  o f  t h e  corresponding bond i n  para-n-propylphenol (Table 2) i n d i c a t e s  
t h a t  t h e  r e a c t i v i t i e s  o f  (-CH2-CH2-) s u b s t i t u t e d  aromat ics a r e  s i m i l a r  whether the  s u b s t l t u -  
t i o n  i s  i n  a b r i d g e  o r  i n  a c h a i n  s t r u c t u r e .  

The r e l a t i v e  r e a c t i v i -  

The da ta  on n-propy l  group t r a n s f e r  i n  Tab le  2 show, as expected, t h a t  a 

F igure 2 shows t h e  comparison o f  t h e  r e l a t i v e  r e a c t i v i t i e s  o f  f o u r  aromatic-al iph:t ic 
A comparison o f  t h e  r e a c t i v i t i e s  o f  t h e  two l i nkages  5' and , 

The r e l a t i v e  r e a c t i v i t i e s  found w i t h  model 
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I 

1 

I 

i 

\ 

1.  

h 

compound B i n d i c a t e  t h a t  -CH2- b r i dges  can p l a y  a spec ia l  r o l e  i n  coa l  depo lymer i za t i on  
because i n  t h i s  case bonds on,both s ides  o f  t h e  b r i d g e  s t r u c t u r e  a r e  a c t i v a t e d  (compare t h e  
r e a c t i v i t i e s  o f  bonds and , r e s p e c t i v e l y ) .  

It i s  probable t h a t  cleavage o f  a l i p h a t i c  e t h e r  bonds c o n t r i b u t e s  t o  coa l  depolymer i -  
za t i on ,  p a r t i c u l a r l y  i n  t h e  case o f  l i g n i t e s  and subbituminous coa ls .  
r e a c t i v i t y  o f  va r ious  e the rs  w i t h  phenol-BF3 has n o t  been inves t i ga ted ,  seve ra l  s t  d i e s  on 
t h e  BFj -cata lyzed cleavage o f  va r ious  a1 i p h a t i c  e t h e r  l i nkages  have been reported.?8,9) 
was shown t h a t  t h e  r e a c t i o n  o f  e t h e r s  w i t h  benzene g i ves  alkylbenzenes. The r e l a t i v e  ease 
of  r e a c t i o n  v a r i e d  considerably  w i t h  d i f f e r e n t  e the rs .  
reac ted  v i g o r o u s l y  w i t h  benzene upon s a t u r a t i o n  w i t h  BF3. 
e t h y l  e t h e r s  reac ted  v i o l e n t l y .  On the  o t h e r  hand, e t h y l ,  isoamyl, and n-amyl e t h e r s  
reac ted  o n l y  a t  h ighe r  temperatures and e leva ted  pressures (150OC and 10-20 atm). 

A l though t h e  

It 

D i i sop ropy l  e t h e r  and d ibenzy l  e t h e r  
I sop ropy l ,  phenyl, and benzyl 

11. INVESTIGATION OF THE KINETICS OF BF3-CATALYZED BENZYL GROUP TRANSFER 

K i n e t i c  i n v e s t i g a t i o n s  o f  BF3-catalyzed benzyl group t r a n s f e r  i n  benzylphenol systems 
were repo r ted  by Heredy.(lO) These systems were chosen f o r  i n v e s t i g a t i o n  because of t h e  
p a r t i c u l a r  i n t e r e s t  i n  t h e  r o l e  t h a t  -CH2- b r i dges  may p l a y  i n  coal depolymer izat ion.  

One o f  t h e  i n v e s t i g a t i o n s  was made w i t h  para-benzylphenol. 
w i t h  t h e  para-benzylphenol/phenol (1-14C)/BF3 system t o  s tudy t h e  r a t e  of benzy l  group 
t r a n s f e r  from benzylphenol t o  phenol ( l-14C). It was found, however, t h a t  t h e  r a t e  o f  
benzyl group t r a n s f e r  t o  para-benzylphenol was much f a s t e r  t han  t o  phenol ( l m ) ,  and 
the re fo re ,  no meaningful k i n e t i c  measurements cou ld  be made on the  l a t t e r  system. I n  
another experiment, t he  k i n e t i c s  o f  benzyl group t r a n s f e r  was s tud ied  i n  t h e  para-benzy l -  
phenol-BF3 system. The k i n e t i c  measurements were made i n  sealed g lass  tubes a t  l O O O C  us ing  
a para-benzylphenol t o  BF3 mole r a t i o  o f  6.25/1.0. The two p r i n c i p a l  r e a c t i o n s  which take  
p lace  i n  t h i s  system a re  shown i n  F i g u r e  3. I n  agreement w i t h  the  r e a c t i o n  scheme shown i n  
F igu re  3, t h e  r a t e  o f  disappearance o f  t h e  sum o f  para- and o r tho -c reso ls  f o l l o w e d  a second 
o rde r  r a t e  equat ion.  The r a t i o  o f  t h e  i n i t i a l  r e a c t i o n  r a t e s  o f  r e a c t i o n  l a  t o  l b  was found 
t o  be approx imate ly  4.0. 
methane and some para-cresol  were formed d u r i n g  t h e  l a t t e r  p a r t  o f  t h e  r e a c t i o n .  
i somer i za t i on  t o  ortho-benzylphenol took p lace  as a r e s u l t  o f  t h e  reve rse  r e a c t i o n s  o f  
and B. 

2,6-dimethylph6nol/BF3 system. 
reasons: (a )  I n  t h e  benzylphenollBF3 system two p a r a l l e l  major  r e a c t i o n s  have taken p l a c e  
g i v i n g  d i  benzylphenol and phenol i n  one reac t i on ,  and hydroxybenzylphenols and benzene i n  
the  o the r .  It was expected t h a t  t h e  a d d i t i o n a l  a c t i v a t i n g  e f f e c t  o f  t h e  two methy l  groups 
on t h e  pheno l i c  r i n g  w i l l  s u f f i c i e n t l y  enhance t h e  r e a c t i v i t y  o f  t h e  methylene-aromatic 
carbon-carbon bond on the  s i d e  o f  t h e  pheno l i c  r i n g  t o  make t h e  cleavage of t h a t  bond t h e  
predominant r e a c t i o n ;  (b)  The chemical s h i f t s  o f  t h e  benzyl protons and of t h e  2-methyl 
protons o f  t h e  s t a r t i n g  m a t e r i a l  and o f  t h e  main products  were s u f f i c i e n t l y  d i f f e r e n t  t o  
p e r m i t  t h e  q u a n t i t a t i v e  a n a l y s i s  o f  t h e  r e a c t i o n  m i x t u r e  by p r o t o n  NMR spectrometry. The 
chemical s h i f t s  o f  t h e  benzyl -CH2- groups and o f  t h e  methyl groups i n  t h e  s t a r t i n g  m a t e r i a l  
and i n  t h e  products  are shown i n  Table 3. 

The r e a c t i o n  which was s tud ied  i s  shown i n  t h e  f o l l o w i n g  equat ion:  

Experiments were made f i r s t  

I n  a d d i t i o n  t o  phenol and benzene, s i g n i f i c a n t  a K u n t s T f  d ipheny l -  
Also, 

A more d e t a i l e d  k i n e t i c  s tudy o f  benzy l  group t r a n s f e r  was made u s i n g  t h e  4-benzyl- 
T h i s  system was se lec ted  f o r  i n v e s t i g a t i o n  f o r  t h e  f o l l o w i n g  

(CH3)? (HO)C6H3 
2.6-dimethyl phenol 

2 (CH3)2( HO)C6H2-CH2-C6H5 - 
k-l 

+ 

4-benzyl -2.6-dimethyl phenol (CH3)2 (HO)C6H (CH2-CgHg 12 
3,4-dibenzyl-2,6 d imethy lphenol  
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The k i n e t i c  measurements were made i n  CS2 s o l u t i o n  a t  70OC us ing  sealed NMR sample 
tubes as the r e a c t o r s .  A f t e r  t h e  complet ion of  t h e  p resc r ibed  r e a c t i o n  p e r i o d  each sample 
tube was q u i c k l y  cooled t o  room temperature and t r a n s f e r r e d  t o  t h e  NMR spectrometer f o r  
reco rd ing  t h e  spect ra.  When a s o l u t i o n  o f  4-benzyl -2,6-dimethylphenol and BF3 (mole r a t i o  
4.5 t o  1.0) was used, t h e  abso rp t i on  under t h e  methylene peak (3) and the  methyl peak ( 2 )  
increased f rom an i n i t i a l  va lue of  zero as t h e  r e a c t i o n  advanced, showing t h e  format ion o f  
3,4-dibenzyl-2,6-dimethylphenol. 
f o rma t ion  o f  an e q u i v a l e n t  amount o f  2,6-dimethylphenol. 
determined f o r  b o t h  t h e  fo rward  ( k l )  and t h e  reve rse  (k-1)  r e a c t i o n s  f o r  t h r e e  d i f f e r e n t  BF3 
concen t ra t i ons .  

Independent gas chromatographic a n a l y s i s  showed the 
React ion r a t e  constants were 

The f o l l o w i n g  c o r r e l a t i o n s  were determined: 

Rate ( fo rward  r e a c t i o n )  = kl[BF3] [(CH3),(H0)C6H2-CH2-C6H5] 2 

Rate ( reve rse  r e a c t i o n )  = k- 1[BF3] [( CH3 l 2  (HO)C6H (CH2-C6H5)2]ECH3) (HO)C6H3] 

A t  7OoC and a t  a concen t ra t i on  o f  BF3 = 1.0 moles per  l i t r e  k l  = 2.6 20.3 x 
min-1 l it. moles-1 and k - 1  = 16.0 f 1.8 x 10-4 m i n - l  l it. moles-1. The benzyl group t rans -  
f e r  i n  t h i s  system i s  c l e a r l y  a b imo lecu la r  s u b s t i t u t i o n  r e a c t i o n  where t h e  r a t e  determin ing 
s tep i nvo l ves  a r e a c t i o n  between a p ro tona ted  benzyl compound (benzenium i o n )  and a pheno l i c  
compound o r  i t s  BF3- complex. There i s  no i n d i c a t i o n  o f  t h e  fo rma t ion  o f  t h e  benzyl c a t i o n  
i n  t h i s  p a r t i c u l a r  system. I t  should be noted here t h a t  t h e  data ob ta ined  on the t r a n s f e r  
o f  n-propyl groups (Tab le  2 )  i n d i c a t e  t h a t ,  s i m i l a r l y ,  t h e  main r e a c t i o n  i n  t h a t  t r a n s f e r  
does n o t  i n v o l v e  the  f o r m a t i o n  o f  t h e  1-propenium c a t i o n .  I f  t h a t  were t h e  case, i somer i -  
z a t i o n  t o  the  2-propenium c a t i o n  would take  p lace  w i t h  t h e  predominant fo rma t ion  o f  i s o -  
propylphenols. On t h e  o t h e r  hand, t h e  fo rma t ion  o f  d i  ryl-methenium c a t i o n s  was i n d i c a t e d  
i n  model compound s t u d i e s  r e p o r t e d  b y  Franz e t  a l . , ( l l T  who s tud ied  t h e  behavior o f  t r i a r y l -  
methanes under depo lymer i za t i on  c o n d i t i o n s  u s i n g  b o t h  PTSA and phenol-BF3 as the  c a t a l y s t .  

111. COMMENTS ON THE CHEMISTRY OF COAL DEPOLYMERIZATION 

A f t e r  rev iew ing  t h e  i n f o r m a t i o n  on t h e  r e a c t i v i t i e s  o f  va r ious  b r i d g e  s t r u c t u r e s  which 
may be present  i n  coal ,  i t  w i l l  be i n s t r u c t i v e  t o  summarize a v a i l a b l e  data on coal depoly- 
m e r i z a t i o n  y i e l d s  as a f u n c t i o n  o f  coa l  rank. 
y i e l d s  obta ined by depo lymer i za t i on  wi th  va r ious  s t r u c t u r a l  f ea tu res  o f  coa ls  over the 
c o a l i f i c a t i o n  range wh ich  has been i n v e s t i g a t e d .  

4,(12 an 
F igu re  4 . f 3 j  I n  t h e  case o f  t he  phenol-BFg c a t a l y s t ,  t h e  pheno l - so lub le  product  y i e l d  was 
the  h ighes t  (75%) f o r  t h e  l i g n i t e .  
bituminous coal ,  a l t hough  t h e  l ow  p roduc t  y i e l d  ob ta ined  w i t h  subbituminous coa l  does n o t  
f i t  t h i s  c o r r e l a t i o n .  
s o l u b l e  product  y i e l d  was over  90% f o r  c o a l s  o f  70-84% C content ;  f o r  coa ls  w i t h  h ighe r  C 
content ,  the y i e l d  dropped s h a r p l y  and i t  reached about 10% f o r  a coa l  w i t h  93% C. Benzene- 
ethanol  was a more s e l e c t i v e  so l ven t  than p y r i d i n e  f o r  f r a c t i o n a t i n g  t h e  depolymer izat ion 
products  obta ined w i t h  PTSA c a t a l y s t :  
s o l u b l e  e x t r a c t  and t h e  carbon con ten t  o f  t h e  s t a r t i n g  coal  was observed. 

m e r i z a t i o n  p roduc t  y i e l d s  w i t h  t h e  r e l a t i v e  r e a c t i v i t e s  o f  a l i p h a t i c  carbon and oxygen 
b r i d g e  s t r u c t u r e s  i n  c o a l :  

One can a t tempt  then t o  c o r r e l a t e  t h e  product  

p p o l y m e r i z a t i o n  y i e l d s  determined w i t h  phenol-BFg a t  100°C a r e  summarized i n  Table 
he y i e l d s  o b t a i n e d  w i t h  phenol-PTSA depo lymer i za t i on  a t  185OC a r e  shown i n  

It g r a d u a l l y  decreased t o  about  10% f o r  t h e  l o w - v o l a t i l e  

I n  t h e  case o f  depo lymer i za t i on  w i t h  phenol-PTSA. t h e  p y r i d i n e -  

a l i n e a r  r e l a t i o n s h i p  between t h e  y i e l d  o f  t h e  

The f o l l o w i n g  comments can be made w i t h  rega rd  t o  a c o r r e l a t i o n  o f  t h e  coal depoly- 

(1)  I n  low-rank c o a l s ,  p a r t i c u l a r l y  i n  l i g n i t e s ,  t h e  cleavage o f  a l i p h a t i c  e t h e r  and 
benzyl e t h e r  oxygen bonds may c o n t r i b u t e  s i g n i f i c a n t l y  t o  depolymer izat ion.  Many 
of t h e  a l i p h a t i c  br idges,  which p a r t i c i p a t e  i n  depolymer izat ion,  may be l i n k e d  t o  
s i n g l e  p h e n o l i c  r i n g s .  The r e a c t i v i t y  o f  an a l i p h a t i c  s t r u c t u r e  l i n k e d  t o  a 
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1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 

11. 

phenolic ring i s  su f f i c i en t  t o  permit i t s  par t ic ipa t ion  in  

do not contain s ign i f icant  amounts o f  su f f i c i en t ly  reac t ive  condensed aromatic 
s t ruc tures  which could par t ic ipa te  i n  depolymerization. 

In high-volati le bituminous coals ( C  = 80-84%), the breaking of a l ipha t i c  bridges 
i s  seen as  the major means of depolymerization. 
linked t o  phenolic rings,  others t o  condensed aromatic rings such a s  phenanthrene. 
Ether oxygen bonds play a l ess  important ro l e  because most of these bonds a re  in 
aromatic e thers  which do not react w i t h  BF3. 

In higher rank bituminous coals (C>84%), the depolymerization product y ie ld  
decreases sharply w i t h  increasing rank. 
re la ted  t o  the nature of the  a l ipha t ic  bridge s t ruc tures .  
i n  lower rank coals a su f f i c i en t  number of the bridge s t ruc tures  a r e  short a l i -  
phatic chains ( N c  = 1 t o  4 ) .  On the other hand, i n  higher rank coa ls ,  nearly a l l  
of the bridge s t ruc tures  a re  condensed hydroaromatic rings; w i t h  s t ruc tures  of 
this  type, several bonds must be broken between two aromatic groups t o  e f f e c t  
depolymerization. 

Among the a l ipha t i c  bridge s t ruc tures ,  -CH2- bridges may play a pa r t i cu la r ly  
important ro l e  i n  coal depolymerization. 
r e l a t ive ly  small ,  the probabili ty of t h e i r  cleavage i s  high because, i n  general, 
both carbon-carbon bonds of the bridge a re  ac t iva ted  under the reaction conditions 
used i n  coal depolymerization. 
obtained i n  depolymerization studies made with phenol-BF3 where the y ie ld  of 
soluble depolymerized products was propor i o  a1 t o  the amount of -CH2-  bridge 
s t ruc tures  found in  the soluble products.fi27 

depolymerization 
reaction. On the  o ther  hand, spectrometic s tud ies  ind ica te  8 5  1 t h a t  these coals 

Many of these bridges may be 

I t  i s  probable t h a t  this decrease i s  
I t  i s  postulated tha t  

Even i f  the number of such bridges i s  

T h i s  view is supported by experimental data 
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COMPOUND 

TABLE 3 

CHEMICAL SHIFT VALUES OF METHYLENE AND METHYL 
PROTONS OF BENZYL DERIVATIVES OF 2,6-OIMETHYLPHENOL 

CHEMICAL SHIFT (ppm)* 
METHYLENE METHYL 
E-- lQ (2)- 

2,6-DIMETHYLPHENOL --- --_ 2-08 2.08 

4-BENZYL- 
2,6-OIMETHYLPHENOL 

3.4-DIBENZYL- 
2,6-DIMETHYLPHENOL 

*TETRAMETHYLSILANE = 0.00 ppm 

--- 3.70 2.03 2.03 

3.80 3.70 1.95 2.10 

TABLE 4 

DEPOLYMERIZATION OF COALS OF DIFFERENT RANKS WITH PHENOL-BF3 AT 100°C 

Combined Phenol 

Coal Type C, % dmmf Y ie ld ,  % F rac t i on ,  % 
T o t a l  So lub le (a )  Content o f  Solub le 

L i g n i t e  70.6 75.2 41.2 

SubB 76.7 23.4 32.8 

hvab 82.4 47.4 16.3 

hva b 85.1 28.8 12.4 

hvab 85.8 25.0 13.0 

l v b  90.7 9.8 15.5 

7a)Coal -der ived p a r t  of  phenol s o l u b l e  m a t e r i a l  
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FIGUHE 3. 

BF3-CATALYZED BENZYL GROUP TRANSFER IN BENZYLPHENOLS 
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FIGURE 3. 

BF3CATALYZED BENZYL GROUP TRANSFER IN EENZYLPHENOLS 
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COAL ALKYLATION REACTION. THE CHARACTERISTICS 
OF THE ALKYLATION REACTIONS AND PRODUCTS 

Lawrence B. Alemany, C.  I n d h i r a  Handy and 
Leon M. Stock 

Department of  Chemistry 
The Univers i ty  of Chicago 

Chicago, I l l i n o i s  60637 

INTRODUCTION 

Sternberg  and h i s  a s s o c i a t e s  found t h a t  t h e  t rea tment  of many c o a l s  with 
a l k a l i  metals i n  t h e  presence  of e l e c t r o n  t r a n s f e r  agents  formed polyanions 
which could be a l k y l a t e d  t o  form compounds which were s o l u b l e  i n  common or- 
ganic s o l v e n t s  i n c l u d i n g  heptane and benzene (1). More r e c e n t l y ,  w e  d i scussed  
t h e  proton and carbon nmr s p e c t r a  of t y p i c a l  gpc f r a c t i o n s  of po lybuty la ted  
I l l i n o i s  No. 6 c o a l  ( 2 ) .  This  work revea led  t h a t  t h e r e  w e r e  s i g n i f i c a n t  d i f -  
fe rences  i n  t h e s e  f r a c t i o n s  with v a r i a t i o n s  i n  t h e  degree  of a r o m a t i c i t y ,  t h e  
r a t i o  of C-butylat ion t o  0-butylat ion,  the e x t e n t  of b u t y l a t i o n  on a l i p h a t i c  
and aromatic  carbon atoms, and t h e  amount of carbonyl  and v i n y l  d e r i v a t i v e s .  
I n  addi t ion ,  t h e  low molecular  weight f r a c t i o n s  contained p a r a f f i n i c  hydro- 
carbons which presumably were l i b e r a t e d  as t h e  c o a l  m a t r i x  co l lapsed .  
r e s u l t s  ob ta ined  i n  t h i s  work a r e  compatible  wi th  t h e  e s s e n t i a l  f e a t u r e s  of 
t h e  r e a c t i o n  p r o c e s s  proposed by Sternberg  and h i s  a s s o c i a t e s  ( 1 , Z ) .  
gested t h a t  t h e  e l e c t r o n  t r a n s f e r  agent ,  naphthalene,  t r a n s f e r s  e l e c t r o n s  
from t h e  meta l  t o  molecular  fragments i n  t h e  coa l .  Under t h e s e  condi t ions ,  

The 

H e  sug- 

Coal + nC10H8- + Coaln- + nC10H8 

t h e  a romat ic  molecules  of t h e  c o a l  a r e  reduced, and t h e  b a s i c  anions produced 
under t h e  exper imenta l  condi t ions  r e a c t  wi th  a c i d i c  hydrogen atoms t o  y i e l d  
a ry loxides  and s t a b l e  carbanions.  Ether  c leavage and e l i m i n a t i o n  r e a c t i o n s  
a l s o  occur  under t h e s e  experimental  condi t ions .  I n  a d d i t i o n ,  carbon-carbon 
bond cleavage r e a c t i o n s  t a k e  p lace .  Also,  carbonyl  compounds are reduced t o  
semiquinone5 o r  k e t y l s .  
b l e  e l e c t r o n  t r a n s f e r  r e a g e n t s ,  an equi l ibr ium mixture  of s o l u b l e  and insolu-  
b l e  polyanions c o n t a i n i n g  carbanions,  a r y l o x i d e s ,  mercapt ides ,  k e t y l s ,  n i t r o -  
geneous bases  and s o  f o r t h  i s  generated.  Because few rearrangement  r e a c t i o n s  
occur under  b a s i c  condi t ions  t h e  s t r u c t u r e s  of t h e  a n i o n i c  products  are q u i t e  
c l o s e l y  r e l a t e d  t o  t h e  s t r u c t u r e s  of t h e  molecular  f ragments  i n  c o a l .  These 
an ionic  compounds a r e  r e a d i l y  a l k y l a t e d  by primary i o d i d e s .  However, t h e  
a l k y l a t i o n  r e a c t i o n  is complicated by compet i t ive  e l e c t r o n  t r a n s f e r  r e a c t i o n s  
which y i e l d  b u t y l  r a d i c a l s .  Thus, t h e  c o a l  a l k y l a t i o n  r e a c t i o n s  occur  by the  
reac t ions  of t h e  n u c l e o p h i l i c  an ionic  compounds wi th  t h e  a l k y l  i o d i d e  and by 
t h e  r e a c t i o n s  of t h e  a romat ic  hydrocarbon compounds wi th  the  b u t y l  r a d i c a l .  

In t h e  presence of s u f f i c i e n t  concent ra t ions  of solu- 
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The r i c h  chemistry of t h e  c o a l  polyanion and the  presumably c l o s e  re- 
l a t i o n s h i p  between t h e  s t r u c t u r e s  of t h e  c o a l  polyanion and t h e  i n i t i a l  c o a l  
molecules prompted us  t o  s tudy  t h e  r e a c t i o n  condi t ions  and t h e  r e a c t i o n  pro- 
d u c t s  c a r e f u l l y  and then t o  examine the  r e a c t i o n  of the  c o a l  polyanion wi th  
90%-enriched b u t y l  iodide-1-C-13. 

EXPERIMENTAL PART 

Materials.--Successful a l k y l a t i o n s  r e q u i r e  t h e  use of thoroughly pur i -  
f i e d  reagents  i n  an a i r  and moisture-free environment. The reagents  used 
i n  t h i s  work w e r e  a l l  c a r e f u l l y  p u r i f i e d  by d i s t i l l a t i o n  o r  r e c r y s t a l l i z a t i o n  
s h o r t l y  before  use.  The I l l i n o i s  No. 6 c o a l  samples (Anal.: C ,  70.19; H ,  
5.18; N ,  0.62; C 1 ,  0.14; S ( p y r i t i c ) ,  0 .82;  S ( s u l f a t e ) ,  0; Scorganic) ,  2.71; 
O(by d i f f . )  11.43; Ash, 8.19) were d r i e d  a t  100' i n  vacuo f o r  16 h r s .  Tetra-  
hydrofuran was re f luxed  i n  a n i t r o g e n  atmosphere over  l i t h i u m  aluminum hydr ide  
f o r  4 h r s  p r i o r  t o  d i s t i l l a t i o n  from the  hydr ide .  The d i s t i l l a t e  was s t o r e d  
under argon. 
t i o n  from potassium. W e  found t h a t  the  resonances of v i n y l ,  carboxyl  and 
o t h e r  u n i d e n t i f i e d  groups were p r e s e n t  i n  t h e  nmr s p e c t r a  of concent ra ted  
samples of t h e  d i s t i l l a t e  when potassium w a s  used as t h e  p u r i f i c a t i o n  rea-  
gent .  

Tetrahydrofuran could not  be p u r i f i e d  a s  r e a d i l y  by d i s t i l l a -  

Prel iminary Experiments . - - Ini t ia l  work centered  on t h e  s tudy of t h e  re- 
a c t i o n  of potassium with te t rahydrofuran  and wi th  naphthalene i n  te t rahydro-  
furan .  

Potassium (20 m o l )  was added t o  te t rahydrofuran  (50 ml) under argon. 
Aliquots  f r e e  of potassium were withdrawn p e r i o d i c a l l y .  These a l i q u o t s  were 
hydrolyzed and t i t r a t e d  t o  determine t h e  e x t e n t  of t h e  reduct ion  of t h e  s o l -  
v e n t .  This  r e a c t i o n  was n e g l i g i b l e  even a f t e r  5 days,  Figure lA. 

In t h e  next  experiment , potassium (20.1 m o l )  was added t o  a s t i r r e d  
s o l u t i o n  of naphthalene (3.10 m o l )  i n  te t rahydrofuran  (50 ml) under argon. 
The c h a r a c t e r i s t i c  dark  green s o l u t i o n  of naphthalene r a d i c a l  an ion  and d i -  
an ion  formed w i t h i n  4 m i n .  Al iquots  f r e e  of potassium w e r e  withdrawn from 
t h e  r e a c t i o n  mixture .  
termine t h e  e x t e n t  of conversion of naphthalene t o  t h e  r a d i c a l  an ion  and d i -  
anion.  A f t e r  about 4.5 h r s ,  t h e  titrimetric procedure revea led  t h a t  t h e  
naphthalene w a s  converted t o  a mixture  e q u a l  i n  reducing  power t o  80% di-  
anions.  The r e a c t i o n  w a s  followed f o r  5 days. The r e s u l t s  are shown i n  
Figure 1B. 

These a l i q u o t s  were hydrolyzed and t i t r a t e d  t o  de- 

In t h e  t h i r d  experiment of t h i s  s e r i e s ,  potassium ( 2 0 . 1 m o l )  and naphtha- 
l e n e  (3.10 m o l )  i n  te t rahydrofuran  (50 ml) w e r e  allowed t o  r e a c t  f o r  4.5 h r s .  
Coal (0.86Og) w a s  then  added. The r e a c t i o n  mixture  immediately became brown. 
During t h e  next  s e v e r a l  days t h e  r e a c t i o n  mixture  changed c o l o r  a s  t h e  reac- 
t i o n s  proceeded. Al iquots  f r e e  of potassium b u t  conta in ing  s o l i d  c o a l  p a r t i -  
c l e s  were withdrawn from t h i s  mixture  and t i t r a t e d  t o  determine t h e  e x t e n t  of 
conversion of t h e  c o a l  t o  t h e  c o a l  polyanion.  I n  c e r t a i n  i n s t a n c e s ,  a l i q u o t s  
f r e e  of potassium and s o l i d  c o a l  p a r t i c l e s  were withdrawn from t h e  r e a c t i o n  
mixture  and t i t r a t e d  t o  determine t h e  e x t e n t  of conversion of t h e  s o l i d  c o a l  
t o  s o l u b l e  an ionic  subs tances .  
a t  ambient temperature  under argon. An a l i q u o t  of t h e  mixture  w a s  then with- 
drawn t o  e s t a b l i s h  t h e  e x t e n t  of t h e  r e a c t i o n .  The r e s u l t s  are shown in Fig- 
u r e  1 C .  

The r e a c t i o n  w a s  allowed t o  proceed f o r  5 days 
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The r e s u l t s  ob ta ined  i n  s e v e r a l  experiments  revea led  t h a t  2 1 %  1 negat ive  
charges per  100 carbon atoms were in t roduced  i n t o  the  coa l .  

Coal A l k y l a t i o n  w i t h  Butyl  Iodide-l-C-l3.--Potassium (26.1 m o l )  w a s  added 
t o  a s t i r r e d  s o l u t i o n  of naphthalene (3.14 m o l e )  i n  te t rahydrofuran  (45 ml) 
under argon.  A f t e r  45 min, -325 mesh c o a l  (1.008) and an a d d i t i o n a l  wash quan- 
t i t y  of t e t r a h y d r o f u r a n  (10 ml) were added. The mixture  w a s  s t i r r e d  f o r  5 days. 
The excess  potassium (2.98 mol)  w a s  removed. 
c o a l  (0.041g) w a s  unavoidably l o s t  i n  t h e  removal of t h e  m e t a l .  A s o l u t i o n  of 
90%-enriched b u t y l  iodide-1-C-13 (6.88g) i n  te t rahydrofuran  (10 ml) w a s  added 
t o  the  s t i r r e d  s o l u t i o n  i n  1 5  min. This  q u a n t i t y  corresponds t o  a 2-fold excess 
of t h e  amount of reagent  needed f o r  t h e  a l k y l a t i o n  of a c o a l  polyanion with 2 1  
nega t ive  charges  p e r  100 carbon atoms and naphthalene d ian ion .  Potassium iodide  
began t o  p r e c i p i t a t e  from t h e  r e a c t i o n  mixture  almost immediately. 
t i o n  r e a c t i o n  w a s  allowed t o  proceed f o r  2 days.  
s e t t l e d  from t h e  r e a c t i o n  mixture  when s t i r r i n g  was i n t e r r u p t e d .  

A s m a l l  q u a n t i t y  of i n s o l u b l e  

The alkyla-  
Potassium i o d i d e  r a p i d l y  

The r e a c t i o n  mixture  w a s  then exposed t o  t h e  atmosphere and t h e  c o a l  pro- 
duc t  w a s  i s o l a t e d .  The mixture  w a s  c e n t r i f u g e d  and t h e  very  dark  brown, t e t r a -  
hydrofuran-soluble  m a t e r i a l  was removed by p i p e t .  Fresh s o l v e n t  w a s  added t o  
t h e  r e s i d u e  and t h e  mixture  was s t i r r e d .  The mixture  was then  cent r i fuged  and 
t h e  s o l u b l e  mater ia l  w a s  removed by p i p e t .  This  procedure was repea ted  s e v e r a l  
times. The f i n a l  e x t r a c t s  were c l e a r ,  p a l e  yel low s o l u t i o n s .  The combined ex- 
t r a c t s  were f i l t e r e d  through a 1 . 4 ~  f r i t .  The f i l t r a t e  w a s  concent ra ted  i n  vacuo 
a t  50°C t o  y i e l d  a f r e e l y  flowing, d a r k  brown material (2.252g). Residual  vola- 
t i l e  m a t e r i a l s  w e r e  removed i n  s e v e r a l  s t a g e s  i n  vacuo. The amounts o f  mater ia l  
p resent  a f t e r  2 h r s  were 1.9568; a f t e r  16 h r s ,  1.678g; a f t e r  4 1  h r s ,  1.581g; 
and a f t e r  68 h r s ,  1.521g. This  product  i s  d a r k  brown and does n o t  flow. 

Water w a s  added t o  d i s s o l v e  t h e  potassium i o d i d e  p r e s e n t  i n  the  te t rahydro-  
furan- inso luble  material. The mixture  w a s  then  s t i r r e d  and subsequent ly  CM- 

t r i f u g e d  to y i e l d  a c l e a r , y e l l o w  superna tan t  s o l u t i o n  and a smal l  res idue .  This 
res idue  w a s  t r e a t e d  i n  t h e  same way s e v e r a l  t i m e s  t o  extract a l l  t h e  water  solu-  
b l e  m a t e r i a l s .  The f i n a l  e x t r a c t s  were c o l o r l e s s  and d i d  n o t  y i e l d  a p r e c i p i t a t e  
when t r e a t e d  w i t h  sodium te t raphenylbora te .  The r e s i d u e  obta ined  i n  t h i s  way was 
d r i e d  i n  a stream of d r y  n i t rogen  t o  c o n s t a n t  weight (0.686g). 

The water -so luble  m a t e r i a l  was f i l t e r e d  through a 1 . 4 ~  f r i t .  An a l i q u o t  
of t h e  s o l u t i o n  w a s  t r e a t e d  wi th  excess  sodium te t raphenylbora te .  The potassium 
t e t r a p h e n y l b o r a t e  which p r e c i p i t a t e d  w a s  c o l l e c t e d  and dr ied .  This  a n a l y s i s  in- 
d i c a t e s  t h a t  18.1 meq of potassium i o n  were formed i n  t h e  r e a c t i o n .  

The te t rahydrofuran-so luble  p o r t i o n  of t h e  b u t y l a t e d ,  carbon-13 l a b e l l e d  
I l l i n o i s  No. 6 c o a l  (1.5208g) was chromatographed on s i l i c a  g e l  (Baker, 60-200 
mesh, 24g) t o  remove materials such a s  t h e  e l e c t r o n  t r a n s f e r  agent  and t h e  re- 
l a t e d  r e d u c t i o n  and a l k y l a t i o n  products .  
hexane (about  250 ml) and 5:95 te t rahydrofuran:  hexane (about  250 ml). The dr ied  
e luent  weighed 0.9967g. The coa l  products  were then  e l u t e d  wi th  pure te t rahydro-  
furan  (about  250 ml) fol lowed by 50:SO te t rahydrofuran:  methanol (about 250 ml) 
and pure methanol  (about  250 ml) .  The d r i e d  e l u e n t  weighed 0.5350g. The re- 
covery w a s  v i r t u a l l y  q u a n t i t a t i v e .  

These m a t e r i a l s  were e l u t e d  wi th  pure 

A p o r t i o n  of  t h e  c o a l  product  (168.1 mg) was d isso lved  i n  pure  te t rahydro-  
furan  ( 2  ml) and chromatographed on Styrage l (R)  gpc columns (Waters Assoc ia tes ) .  
Columns wi th  a molecular  weight exc lus ion  l i m i t  of 10,000 (2  x 61 cm.) and 2,000 
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(2  x 61  cm.) were connected i n  series. 
phase (0.36 5 0.01 m l  min-l). 
i n  each experiment. The te t rahydrofuran  was removed i n  vacuo and a stream o f  
f i l t e r e d ,  d ry  n i t rogen  w a s  used t o  remove t h e  f i n a l  t r a c e s  of t h e  s o l v e n t .  The 
c o a l  product  obtained with C-13 l a b e l l e d  b u t y l  i o d i d e  w a s  p a r t i t i o n e d  i n t o  1 7  
f r a c t i o n s  ( t o t a l  weight 178.4 mg). Samples t o  b e  used f o r  nmr spectroscopy w e r e  
d r i e d  thoroughly a t  25' a t  about 5 t o r r  f o r  40-45 h r s  t o  remove t h e  remaining 
t r a c e s  of te t rahydrofuran .  

Tetrahydrofuran w a s  used as t h e  mobile  
About 30 f r a c t i o n s  (3.7 t o  3.8 ml) w e r e  c o l l e c t e d  

The spec t roscopic  methods used i n  t h i s  s tudy  have been descr ibed  previous-  
l y  (2) .  

Other Alkyla t ion  Experiments.--In o t h e r  experiments ,  l i t h i u m  and sodium 
were used i n  p lace  of potassium. 1,2-Dimethoxyethane w a s  used i n  p l a c e  of 
te t rahydrofuran .  Butyl  c h l o r i d e ,  b u t y l  bromide, b u t y l  mesylate ,  b u t y l  t r i f l a t e ,  
and methyl iod ide  were used i n  p lace  of b u t y l  iod ide .  The condi t ions  used i n  
these  experiments were very  similar t o  t h e  c o n d i t i o n s  used i n  t h e  procedures  
descr ibed  i n  t h e  previous paragraphs.  The i s o l a t i o n  procedure w a s  modif ied i n  
those  cases  where t h e  i o n i c  sa l t ,  e.g. sodium i o d i d e ,  w a s  s o l u b l e  i n  te t rahy-  
drofuran.  I n  these  i n s t a n c e s ,  t h e  te t rahydrofuran-so luble  product  w a s  washed 
wi th  water  t o  remove t h e  sa l t  p r i o r  t o  f u r t h e r  s tudy .  

R e p e t i t i v e  Alkyla t ion  Reaction.--The te t rahydrofuran- inso luble  materials 
were, i n  c e r t a i n  i n s t a n c e s ,  subjec ted  to a second a l k y l a t i o n  r e a c t i o n .  I n  t h e s e  
cases, t h e r e  were t h r e e  n o t a b l e  d i f f e r e n c e s  i n  t h e  exper imenta l  r e s u l t s .  F i r s t ,  
t h e  green co lor  of t h e  naphthalene d ian ion  p e r s i s t e d  f o r  a s i g n i f i c a n t l y  l o n g e r  
time fol lowing the  a d d i t i o n  of t h e  c o a l  res idue .  Second, gas  e v o l u t i o n ,  pre-  
sumably butene-1, was d e t e c t a b l e  during t h e  a d d i t i o n  of b u t y l  i o d i d e  o r  b u t y l  
mesylate  b u t ,  s i g n i f i c a n t l y ,  no t  during t h e  a d d i t i o n  of methyl iod ide .  Thi rd ,  
t h e  rate of formation of potassium i o d i d e  was much more r a p i d  such t h a t  t h e  
rate d i f f e r e n c e  between b u t y l  i o d i d e  and methyl i o d i d e  w a s  n o t  ev ident .  

The r e a c t i o n  products  were separa ted  i n t o  te t rahydrofuran-so luble  and t e t r a -  
The chromatographic separa-  hydrofuran-insoluble  f r a c t i o n s  as a l r e a d y  descr ibed .  

t i o n s  and spec t roscopic  i n v e s t i g a t i o n s  w e r e  a l s o  performed as descr ibed .  

RESULTS AND DISCUSSION 

The rates of reduct ion  of te t rahydrofuran  (A), naphthalene (B), and Illi- 
n o i s  No. 6 c o a l  (C) are shown i n  F igure  1. These pre l iminary  experiments  es- 
t a b l i s h e d  t h a t  potassium r e a c t e d  only  very s lowly wi th  te t rahydrofuran  under 
t h e  experimental  condi t ions  used f o r  t h e  formation of t h e  c o a l  polyanion.  
Naphthalene was r a p i d l y  converted t o  a mixture  of anion r a d i c a l s  and d i a n i o n s  
under t h e  same condi t ions .  The i n i t i a l  r e a c t i o n  between the  e l e c t r o n  t r a n s f e r  
reagent  and t h e  I l l i n o i s  No. 6 c o a l  was q u i t e  r a p i d .  However, t h e  r e a c t i o n  
slowed t o  near ly  cons tan t  r a t e  a f t e r  about 1 2  hours .  During t h e  l as t  f o u r  
days of r e a c t i o n  t h e  c o a l  molecules  acqui red  about 0 . 1  n e g a t i v e  charges  per  
100 carbon atoms per  hour. 

The t i t r i m e t r i c  d a t a  i n d i c a t e d  t h a t  t h e  c o a l  polyanions d e r i v e d  from t h i s  

The evidence obta ined  i n  t h e  magne- 
c o a l  q u i t e  reproducibly had 2 1 2  1 n e g a t i v e  charges per  100 carbon atoms when 
potassium w a s  used as t h e  reducing agent .  
t i c  resonance work on t h e  r e a c t i o n  products  sugges ts  t h a t  t h e s e  n e g a t i v e  charges  
r e s i d e  l a r g e l y  on t h e  oxygen atoms of t h e  phenoxide and a lkoxide  r e s i d u e s  and on 
t h e  carbon ske le tons  of t h e  a romat ic  fragments of t h e  c o a l  s t r u c t u r e .  

159 



Potassium is  a much more e f f e c t i v e  reducing agent  than e i t h e r  sodium o r  
l i th ium.  T h i s  f e a t u r e  of t h e  r e a c t i o n  is i l l u s t r a t e d  by t h e  e x t e n t  of reduc- 
t i o n  (measured by t h e  number of n e g a t i v e  charges per  100 carbon atoms) and t h e  
e x t e n t  of a l k y l a t i o n  (measured by t h e  number of a l k y l  groups introduced and 
t h e  weight of t h e  r e a c t i o n  products ) .  The r e s u l t s  are summarized i n  Table I. 

TABLE I 

THE REDUCTION AND ALKYLATION OF ILLINOIS NO. 6 COAL W I T H  
LITHIUM, SODIUM, AND POTASSIUM 

b 
Reagent P a i r  Reductiona Alkyla t ion  

Lithium, Buty l  i o d i d e  12.0 12.2 (0.78g) 

Sodium, Butyl  i o d i d e  12.9 13.2 (1.17g) 

Potassium, Buty l  i o d i d e  19 .3  20.1 (1.52g) 

% e g a t i v e  charges  acqui red  per  100 carbon atoms. 

bButyl  groups in t roduced  p e r  100 carbon atoms. The weight of te t rahydro-  
furan-so luble  product  ob ta ined  from 1.OOg of c o a l .  

The r e a c t i o n s  of t h e  c o a l  polyanion w i t h  methyl iod ide  and b u t y l  iod ide  
w e r e  compared i n  te t rahydrofuran .  The r e a c t i o n  could be monitored q u i t e  r e a d i l y  
by the  rate a t  which potassium i o d i d e  p r e c i p i t a t e d  from s o l u t i o n .  
t h a t  methyl i o d i d e  i s  about 10-fold more r e a c t i v e  than b u t y l  i o d i d e  under these  
condi t ions .  This  r e s u l t ,  of course,  sugges ts  t h a t  t h e  SN2 r e a c t i o n s  of t h e  c o a l  
polyanion are more s i g n i f i c a n t  than t h e  e l e c t r o n  t r a n s f e r  r e a c t i o n s .  Although 
t h e r e  i s  a c l e a r  d i s t i n c t i o n  i n  t h e  r e a c t i o n  rate, t h e  e x t e n t  of t h e  a l k y l a t i o n  
r e a c t i o n  is t h e  same f o r  methylat ion and b u t y l a t i o n  wi th  about 2 1  a l k y l  groups 
introduced p e r  100 carbon atoms. The amount of te t rahydrofuran-so luble  a lkyla-  
t i o n  product  i s  a l s o  similar f o r  methyla t ion  and b u t y l a t i o n  under comparable 
condi t ions .  

W e  estimate 

The o b s e r v a t i o n s  concerning t h e  b u t y l  h a l i d e s  and s u l f o n a t e s  are summarized 
i n  Table 11. 

TABLE I1 

ALKYLATION REACTIONS WITH BUTYL DERIVATIVES 

Reagent, F i r s t  React ion Second React ion Tota l  
equiva len tsa  S o l u b i l i t y , b  Residue,c  S o l u b i l i t y ,  Residue,c % 

% g % g 

__  _- BuC1, 2.0 23 1.00 -- 
BuBr, 2.0 51  0.64 -- 
BuI, 2 - 0  6 2  0.49 7 4  0.18 79 
BuOS02CH3, 2.0 64 0.51  po 1 yme r 

__  _- 
-- -- 

B u O S O ~ C F ~ ,  2 .0  polymer -- -- -_ _- 
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aBased on the  number of nega t ive  charges acqui red  by t h e  c o a l .  

bThe percentage of t h e  o r i g i n a l  c o a l  which has  been converted t o  s o l u b l e  pro- 
The va lues  r e p o r t e d  h e r e  have been cor rec ted  f o r  t h e  e x t e n t  of t h e  a lkyla-  duct .  

t i o n  r e a c t i o n .  

'The weight of the  te t rahydrofuran- inso luble  res idue .  No c o r r e c t i o n  has  
been appl ied  f o r  e i t h e r  a l k y l a t i o n  o r  minera l  matter. 

The r e a c t i o n s  of t h e  potassium c o a l  polyanion wi th  t h e  b u t y l a t i o n  r e a g e n t s  
d i f f e r e d  markedly. Both t h e  percentage of s o l u b l e  product  and the  weight  of 
r e s i d u e  i n d i c a t e  t h a t  t h e  r e a c t i o n s  of t h e  c h l o r i d e  and t h e  bromide are d i s t i n c t -  
l y  less e f f e c t i v e  than  t h e  r e a c t i o n s  of t h e  iod ide .  The b u t y l  s u l f o n a t e  esters 
were much more r e a c t i v e .  I n  one case, t h e  mere a d d i t i o n  of f r e s h l y  d i s t i l l e d  
b u t y l  t r i f l a t e  t o  te t rahydrofuran  at room temperature  caused t h e  polymer iza t ion  
of t h e  so lvent .  I n  t h e  o t h e r  case ,  the  a d d i t i o n  of b u t y l  mesylate  t o  t h e  reac- 
t i o n  mixture  w a s  e f f e c t i v e  f o r  t h e  product ion of s o l u b l e  products  i n  64% con- 
vers ion .  However, when t h e  r e a c t i o n  was repea ted  wi th  t h e  r e s i d u e ,  a polymeriza- 
t i o n  r e a c t i o n  ensued and a gas ,  1-butene, was evolved from t h e  r e a c t i o n  mixture .  

These observa t ions  i n d i c a t e  t h a t  b u t y l  i o d i d e  i s  adequately r e a c t i v e  f o r  
This r e a g e n t  e f f e c t i v e l y  conver t s  more than the  a l k y l a t i o n  of t h e  polyanion.  

90% of t h e  o r i g i n a l  carbonaceous m a t t e r  i n  the  c o a l  t o  s o l u b l e  a l k y l a t i o n  pro- 
duc ts .  The f a c t  t h a t  t h e  r e a c t i o n s  of b u t y l  c h l o r i d e  and b u t y l  bromide do n o t  
g ive  similar r e s u l t s  sugges ts  very  s t r o n g l y  t h a t  SN2 r e a c t i o n s  r a t h e r  than  e l e c -  
t r o n  t r a n s f e r  r e a c t i o n s  a r e  pr imar i ly  r e s p o n s i b l e  f o r  t h e  product ion  of s o l u b l e  
materials. This i n t e r p r e t a t i o n  is based on t h e  f a c t  t h a t  t h e  r e a c t i v i t i e s  of 
nuc leophi les  with b u t y l  iod ide ,  bromide, and c h l o r i d e  are i n  t h e  approximate 
order  100:60:1 and t h a t  these  s u b s t i t u t i o n  r e a c t i o n s  are a l l  slow r e l a t i v e  t o  
the  e l e c t r o n  t r a n s f e r  r e a c t i o n s  of t h e  b u t y l  h a l i d e s  wi th  anion r a d i c a l s .  To 
i l l u s t r a t e ,  t h e  rate cons tan ts  f o r  the  r e a c t i o n s  of primary a l k y l  i o d i d e s  w i t h  
anion r a  i c a l s  of t h e  kind formed under t h e  condi t ions  of these  experiments  a r e  
about 104'&/mole sec ( 3 ) .  The r a t e  c o n s t a n t s  f o r  t h e  r e a c t i o n s  of primary a l k y l  
iod ides  wi th  nuc leophi les  a r e  much smaller, on ly  about  10 &/mole sec i n  t h e  
f a s t e s t  processes  ( 4 ) .  Thus, w e  i n f e r  t h a t  t h e  b u t y l  h a l i d e s  a l l  undergo r a p i d  
e l e c t r o n  t r a n s f e r  r e a c t i o n s  t o  produce b u t y l  r a d i c a l s  dur ing  the  i n i t i a l  s t a g e s  
of t h e  a l k y l a t i o n  process .  We a l s o  i n f e r  t h a t  t h i s  process  i s  less impor tan t  

BuX + ArH- + A r H  + Bu- + X- 

Bu. + Coaln- + Bu-Coal-" 

f o r  t h e  formation of s o l u b l e  products  than  t h e  a l k y l a t i o n  r e a c t i o n s  

BuI + Coal-ArO- + Coal-ArOBu + I- 
2BuI + Coal-Ar= + Coal-Ar(Bu)2 + 21- 

which proceed much more s lowly.  Indeed,  w e  observed t h a t  t h e  p r e c i p i t a t i o n  of  
potassium i o d i d e  from t h e  r e a c t i o n  of b u t y l  i o d i d e  wi th  t h e  c o a l  polyanion ap- 
peared t o  be  complete only  a f t e r  about 24 h r s .  
of t h e  polyanion wi th  t h e  o t h e r  h a l i d e s  would n o t  be complete i n  48 hrs .  

Thus, t h e  much slower r e a c t i o n s  
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In another  experiment ,  w e  t e s t e d  t h e  u t i l i t y  of 1,2-dimethoxyethane as a 
so lvent  f o r  t h e  r e a c t i o n .  The r e s u l t s  ob ta ined  i n  t h i s  experiment revea led  
t h a t  the  c o a l  polyanion was formed t o  t h e  same e x t e n t  as i n  te t rahydrofuran .  
I n  a d d i t i o n ,  t h e  a l k y l a t i o n  of t h e  polyanion wi th  b u t y l  mesylate  proceeded t o  
g i v e  65% s o l u b l e  product .  
t i o n  in t e t r a h y d r o f u r a n ,  64%. Hence both s o l v e n t s  are equal ly  u s e f u l  f o r  the  
a l k y l a t i o n  r e a c t i o n .  

This  datum is  comparable wi th  t h e  r e s u l t  f o r  butyla-  

When w e  were s a t i s f i e d  t h a t  t h e  a l k y l a t i o n  r e a c t i o n  could be  accomplished 
both  e f f e c t i v e l y  and reproducib ly ,  w e  undertook t h e  s y n t h e s i s  of C-13-enriched 
b u t y l  i o d i d e .  Convent ional  procedures  w e r e  used t o  produce the  d e s i r e d  com- 
pound i n  90% i s o l a t e d  y i e l d  us ing  concentrated hydro iodic  a c i d .  

CH3CH2CH2C(13)H20H + H I  ~ ~ f ~ ~ ~ :  CH3CH2CH2C(13)H21 + H20 

The c o a l  a l k y l a t i o n  r e a c t i o n  w a s  c a r r i e d  o u t  using t h e  enr iched  compound 
and the products  w e r e  separa ted  using t h e  procedures  descr ibed  i n  t h e  Experi- 
mental P a r t .  The pro ton  and carbon nmr s p e c t r a  of  one f r a c t i o n  (comparable t o  
f r a c t i o n  9 i n  t h e  prev ious  r e p o r t  (2) )  a r e  presented  in Figures  2 and 3. 

The proton nmr s p e c t r a  of t h e  c o a l  products  ob ta ined  i n  t h i s  work a r e  q u i t e  
s i m i l a r  t o  t h e  s p e c t r a  of the products  ob ta ined  by Sun and Burk and discussed 
previous ly  (2). No a d d i t i o n a l  comments on t h i s  a s p e c t  of t h e  work a r e  necessary.  

The carbon nmr s p e c t r a ,  on t h e  o t h e r  hand, provide  much new information 
concerning t h e  a l k y l a t i o n  r e a c t i o n .  To i l l u s t r a t e ,  t h e  resonances a t  667.7, 
72.9, and 64.2 i n d i c a t e  t h a t  0 -buty la t ion  has  occurred  dominantly on ary loxides  
wi th  concomit tant  b u t y l a t i o n  on a lkoxide  and p o s s i b l y  carboxyla te  fragments. 
The broad band of resonances a t  635 i n d i c a t e  t h a t  C-butylation i s  a l s o  important  
and t h a t  bucyl  groups are bonded t o  qua ternary  and t e r t i a r y  sp3 carbon atoms and 
poss ib ly  t o  a romat ic  carbon atoms. 
d a t a  f o r  o t h e r  f r a c t i o n s  enr iched  i n  carbon-13 w i l l  be d iscussed .  

These r e s u l t s  and t h e  o t h e r  spec t roscopic  
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1 . 0  In t rodi rc t ion  ~ _ _  

(:oals co i i ta in  i n o r g a n i c  s u l f u r  compounds, l i k e  i r o n  p y r i t e  and gypsum and 
orgairic s u l f u r ,  which is Iiound t o  t h e  o r g a n i c  m a t r i x .  D e t a i l c d  rev iews  o f  s u l -  
Cui- f u n c t i o n a l  groups  i n  con1 wcre r e c e n t l y  publ iShed  by  At ta r  (1977)(1) and At ta r  
and Corcoran (1977) ( 2 ) .  
r c a c t i o n s  o f  t h e  s u l f u r  were d c s c r i b e d  by Attar (1978) and t h e r e f o r e  w i l l  no t  
hc revicwcd h c r e  i n  d e t a i l .  

Thc chemis t ry ,  t h e  k i n e t i c s  and t h e  thermodynamics of  

T h i s  work had two o b j e c t i v e s :  

I .  t o  i d e n t i f y  and  q u a n t i f y  t h e  o r g a n i c  s u l f u r  group f u n c t i o n a l i t i c s  

2 .  t o  examinc t h e  imp1 i c a t i o n s  of t h e s e  f u n c t i o n a l i t i e s  on p o t c n t i a l  
i ; r  d i . f f e r c n t  c o a l s ,  and 

d e s u l f u r i z a t i o n  p r o c e s s e s .  

'Ihc main r e s u l t s .  a r e :  

1 .  The m a j o r i t y  of  t h e  o r g a n i c  s u l f u r  i n  h i g h  ranked c o a l s ,  i . e . ,  LVB is 
t h i o p h c n i c  whi le  i n   OW ranked c o a l s ,  i . e .  l i g n i t e s ,  most o f  t h e  
o r g a n i c  sulfccr  i s  t h i o l i c  o r  s u l f i d i c .  

2 .  18-25% o f  t h e  o r g a n i c  s u l f u r  i s  i n  t h e  form o f  a l i p h a t i c  s u l f i d e s  i n  
a l l  c o a l s .  

3 .  P a r t  o f  t h e  o r g a n i c  t h i o l s  a r e  p r e s e n t  i n  t h e  form o f  i o n i c  t h i o l a t e s ,  
p i ~ s ~ i i n a l ~  I y of  cn 1 c i  mi. 

I .  Co;ils c o n t a i n i n g  inairily t h i o l i c  groiips c a n  be e a s i l y  d e s u l f u r i z e d .  

2 .0  I ' r inci j i lc  of t h e  Method of  Analys is  

I k t a i l c d  d e s c r i p t i o n  of t h c  p r i n c i p l e  o f  t h e  method of  a n a l y s i s  was pub- 
Therefore  o n l y  t h e  main p o i n t s  w l l l  be l i s l i c d  by Attar and  Dupuis ( 1 9 7 8 ) ( 4 ) .  

J c s c r i b c d  h c r c .  

1. 

2 .  

3 .  

A l l  t h e  o r g a n i c  s u l f u r  fu i ic t jona l  groups can b e  reduced t o  H,S i f  a 
s u f f i c i e n t l y  s t r o n g  rcducing  a g e n t  i s  uscd.  
Cach s u l f u r  group is  rcduced a t  a r a t e  which c a n  be c h a r a c t e r i z e d  by 
a unique a c t i v a t i o n  cncrgy and a frequency c o n s t a n t .  
I f  ii sample wl;ich c o n t a i n s  mary s u l f u r  groups is reduced and t h e  tem- 
p c r a t u r e  i s  g r a d u a l l y  i n c r e a s e d ,  each s u l f u r  group w i l l  r e l e a s e  11,s 
a t  a d i f f e r e n t  tcmpcra ture  g iven  by:  

whcrc llni is t h c  tcmpcra ture  o f  t h e  maximum E i  and Ai a r c  t h e  a c t i v a t i o n  
cncrgy  and  t h e  f rcqucncy  f a c t o r ,  and ci i s  t h e  l i n c a r  r a t e  o f  tempera ture  
i t i c r e a s c .  
group c a n  be d c s c r i b c d  by: 

l h e  r a t e  o f  e v o l u t i o n  o f  11,s from t h e  r c d u c t i o n  o f  t h c  i - t h  

E 
E .  A , I U  - d[ll,S]i Ai RT -[II,s). exp[- -L - 1 RT E i  e 

-= 
d t  10 
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where [II,S]io i s  t h e  t o t a l  amount o f  H,S t h a t  r e d u c t i o n  o f  t h e  i - t h  
group would r e l e a s e .  The d e t a i l e d  d e r i v a t i o n  o f  t h e  p r e v i o u s  e q u a t i o n s  
was done by Juntgen  ( 1 9 6 4 ) ( 5 ) ,  and Juntgen  and Van Heck (1968)(6). 
The v a l u e  o f  7',i i s  a c h a r a c t e r i s t i c  un ique  t o  t h e  s u l f u r  f u n c t i o n a l i t y  
reduced and t h e  a r e a  of each peak i s  p r o p o r t i o n a l  t o  t h e  q u a l i t y  o f  s u l -  
f u r  p r e s e n t  i n  t h e  forin o f  t h e  group reduced .  

4 .  

The i m p l i c a t i o n  o f  t h e s e  d i s c u s s i o n s  i s  t h a t  t h e  a r e a  o f  t h e  peak whose maxi- 
nium i s  a t  Tmi i s  p r o p o r t i o n a l  t o  t h e  c o n c e n t r a t i o n , o f  s u l f u r  p r e s e n t  i n  t h e  sample 
i n  t h e  'forin of  t h e  i - t h  group. Therefore ,  q u a n t i t a t i v e  d e t e r m i n a t i o n s  o f  t h e  i - t h  
s u l f u r  group c a n  b e  a,ccomplished by d e t e r m i n i n g  t h e  area o f  each  peak. 

3 . 0  Experimental  

l h c  c ; i~~er i i i i cn ta l  system c o n s i s t s  o f  six p a r t s :  

1. a r e d u c t i o n  c e l l ,  
2 .  a gas feed and moni tor ing  sys tem,  
3 .  a hydrogen s u l f i d e  d e t e c t o r ,  
4 .  a r e c o r d e r ,  
5 .  an i n t e g r a t o r ,  and 
6 .  a tempera ture  programmer. 

F igure  1 i s  a schemat ic  d iagram o f  t h e  exper imenta l  system. The c o a l  sample i s  
p laced  i n  t h e  r e d u c t i o n  c e l l  w i t h  a mixture  o f  s o l v e n t s  c a t a l y s t  and a .reduci.nR 
a g e n t .  The gas  flow rate  i s  t h e n  a d j u s t e d  and t h e  t e m p e r a t u r e  i s  programmed up.  
'I'lic r a t e  O F  c v o l u t i o n  o f  H,S i s  recorclcd vs .  t h e  c e l l  t empera ture  and t h e  s i g n a l  
o f  c:icIi peak i s  i n t c g r n t e d  i is ing t h e  i n t e g r a t o r .  A more d e t a i l e d  d e s c r i p t i o n  of  
t h i s  systein was r c c c n t l y  publ i shcd  by A t t a r  and l)upuis (1978) ( 4 ) .  

'l'hc d a t a  d e s c r i b e d  i n  th i . s  paper were d e r i v e d  u s i n g  an improved v e r s i o n  o f  
t h e  same experi inental  sys tem.  The f o l l o w i n g  m o d i f i c a t i o n s  were made: 

1 .  

2 .  t h e  s e n s i t i v i t y  of  t h e  d e t e c t o r  was improved, and 
3 .  

s t r o n g e r  reducing  c o n d i t i o n s  were used i n  o r d e r  t o  o b t a i n  more comple te  
r e d u c t i o n s  of  t h e  o r g a n i c  s u l f u r ,  

t h e  c e l l  d e s i g n  was changed and now i t  i s  p o s s i b l e  t o  o b t a i n  d e t a i l e d  
a n a l y s i s  on a r o u t i n e  b a s i s .  

F igure  2 shows a t y p i c a l  kinetogram. 

4 .O R e s u l t s  and Discuss ion  - 

'l'iic d i s t r i b u t i o n s  o f  s u l f u r  f u n c t i o n a l  groups (USI:G) i n  f o u r  t y p e s  o f  solids 
a r c  d e s c r i b e d :  

I .  s u l f u r  c o n t a i n i n g  polymcrs w i t h  wel l  c h a r a c t e r i z e d  s u l f u r  f u n c t i o n a l  
groups ,  

2 .  raw c o a l s ,  
3 .  t .rc:itcd c o a l s ,  and 
4 .  i r o n  p y r i t e .  
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'The a n a l y s i s  of  t h e  USIX  c o n s i s t s  o f  two p a r t s :  

1. t h c  q u a l i t a t i v e  assignment o f  a peak o f  a kinetogram t o  a g iven  chemical 

2 .  t h e  d e t e r m i n a t i o n  o f  t h e  q u a n t i t y  o f  each  s u l f u r  group i n  t h e  (coa l )  
s t r u c t i i r c ,  and 

saniple .  

4 . 1  Q u a l i t a t i v e  l d e n t i f i c a t i o n  o f  t h e  S u l f u r  Groups 

'Tests o f  polymers i i . t h  a known s t r u c t u r e  were used t o  i d e n t i f y  t h e  tempera- 
t u r c  a t  which each  s u l f u r  group r e l e a s c s  i t s  s u l f u r .  Four polymers were t e s t e d :  

1 .  po lyphcnelenc  s u l f i d e  (7) as  a r e p r e s e n t a t i v e  o f  a r o m a t i c  s u l f i d e s ,  
2 .  p o l y t h i o p h e n c  as a r e p r e s e n t a t i v e  of  t h i o p h e n i c  s u l f u r ,  
3 .  a copolymer produccd from cyclohexene  and 1 , 2  e t h y l e n e  d i t h i o l  (z), as 

a r e p r e s e n t a t i v e  o f  a l i p h a t i c  and a l i c y c l i c  s u l f i d e s ,  and 
4 .  v o l c a n i z e d  n a t u r a l  rubber  as a r e p r e s e n t a t i v e  o f  a l i p h a t i c  s u l f i d e s  and 

d i s u l f i d e s .  

All  t h e  polymers c o n t a i n e d  somc t h i o l i c  s u l f u r .  

The use o f  s u l f u r  c o n t a i n i n g  polymers can be used t o  i d c n t i f y  t h e  tcmpera ture  
rcgi  on where each  s u l f u r  group i s  reduced o n l y  i f  two c o n d i t i o n s  a r e  f u l f i l l e d :  

I. 

2 .  the r ; i tc  o f  t h e  r e d u c t i o n  o f  each  s u l f u r  f u n c t i o n a l  group drpends only 

t h e  r a t e  o f  t h c  chcmi.ca1 r e a c t i o n  c o n t r o l s  t h e  r a t e  of  r e l e a s q  o f  I:,S 
whcn b o t h  co;iI samples and polynicr samples a r e  examined, 

on tlic Iiydroc:irl~on s t r u c t u r e  i n  i t s  immediate v j . c i n i t y .  

Tahlc 1 shows t h c  r e s u l t s  o f  tests o f  t h e  v a r i o u s  polymers and t h e  maximum tem?crLl- 
t u r c  f o r  each group. 

4.2 - Q u a n t i t a t i v e  A n a l y s i s  o f  t h e  C o n c e n t r a t i o n s  of  S u l f u r  Groups 

4 . 2 . 1  Ikcovery  o f  Organic S u l f u r  

Q u a n t i t n t  i v c  a n a l y s i s  can h e  accomplished provided  t h a t  a11  t h c  s u l f u r  p r e s e n t  
I t  i s  a l s o  assumcd t h a t  t h e  d i s t r i h u -  i n  t h e  form o f  cnch group i s  reduced t o  H2S. 

t i o n  does n o t  change d u r i n g  t h e  a n a l y s i s  and t h a t  a l l  t h e  11,s r e l e a s e d  i s  d e t e c t e d  
and d e t e r m i n e d .  

liach inole of s u l f u r ,  when reduced ,  produces one mole o f  H2S. Therefore ,  t h e  
t~~~iiiI>i:r o f  iiiolcs o f  11,s foriiicd d u r i n g  t h e  r e d u c t i o n  o f  cnch group i s  p r o p o r t i o n a l  
o r  equal t o  t h e  nunit)er of  i i ioIcs s u l f u r  p r e s e n t  i n  t h e  sample i n  t h a t  form. 

'Ihc r c c o v c r y  o f  S U I  f u r  from model compounds c o n t a i n i n g  a l i p h a t i c  t h i o l s ,  
th iophenes  and a r y l  s u l f i d c s  was 34-39%. 

'Table 2 shows t h e  r c s u l t s  o f  t h e ,  quant i t ; i t i .on o f  t h c  kinetogram o f  t h r e e  
s:implcs o f  I l l i n o i s  116 coal w i t h  d i f f e r e n t  p a r t i c l e  s i z e s .  The two most important 
c o n c l u s i o n s  from t h e s e  t es t s  a r e  t h a t  t h e  recovery o f  t h i o p h c n e s  and aromat ic  SUI- 
fidcs dcpeiids on t h e  c o a l  p a r t i c l e  s i z e  used and t h a t  to a f i r s t  o r d e r  approxima- 
t i o i i ,  t h e  recovery  o f  o t h c r  groups i s  indcpcndcnt  o f  t h e  coa l  p a r t i c l e  s i z c .  I t  
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is concc ivab lc  t h a t  d u r i n g  t h e  a n a l y s i s ,  i n  t h e  i n t e r i o r  o f  l a r g e  coa l  p a r t i c l e s ,  
t h e  s u l f u r  groups can condense and form ( g r a p h i t i z e d )  compounds which a r e  l e s s  
aincnablr t o  r educ t ion .  
coa l  p a r t i c l c s  and i n h i b i t  t h e  r a t e  o f  condensa t ion .  While a l i p h a t i c  t h i o l s  and 
s u l f i d c s  a r e  rcduced a t  low t cmpera tu re ,  b e f o r e  condensa t ion  commences, t h e  r educ -  
t i o n  o f  t h iophenes  occur  s imul t eneous ly  wi th  t h e  condensa t ion  and t h e r e f o r e  i n  a 
l a r g c  p a r t i c l e  t h iophen ic  group could form condensed th iophenes  which a r e  l e s s  
amcnable t o  r c d u c t i o n .  

The  s t r o n g  r educ ing  a g c n t  used can p c n c t r a t e  i n t o  s m a l l e r  

\ 
f 

4 . 2 . 2  Recovery o f  P y r i t i c  S u l f u r  

Tab le  3 shows t h a t  a ve ry  sinal1 f r a c t i o n  o f  t h e  p y r i t i c  s u l f u r  i s  r e c o v e r -  
a b l e  when pure , c r y s t a l l i n e  i r o n  p y r i t e  i s  t e s t e d .  I n  a l l  t h e  c a s e s  t e s t e d ,  t h e  
r ecove ry  never  exceeded 1-2%.  Somewhat l a r g e r  r ecove ry  i s  o b t a i n e d  when slow 
h e a t i n g  rates o r  r educ ing  a g e n t s  with s m a l l e r  r educ ing  p o t e n t i a l  a r e  used .  
s t r o n g  r educ ing  a g e n t s  a r c  uscd,  a l a y e r  o f  m e t a l l i c  i r o n  i s  b e l i e v e d  t o  b e  r’oroed 
on t h e  s u r f a c e  o f  t h e  i r o n  s u l f i d e  which p r e v e n t s  d i f f u s i o n  o f  t h e  r e d u c i n g  s p e c i e s .  

When 

Small i r o n  p y r i t c  p a r t i c l c s ,  o f  t h e  o r d e r  o f  1-10 microns are  o f t e n  reduced 
more e f f e c t i v c l y  than  l a r g e r  p a r t i c l e s  because t h e y  a r e  l e s s  c r y s t a l l i n e  and 
o f t e n  c o n t a i n  more i m p u r i t i e s  than l a r g e r  p a r t i c l e s .  

\ 4 . 3  Kcsolut ion 

The e v o l u t i o n  o f  t12S from a l i p h a t i c  s u l f i d c s  and from i r o n  p y r i t s  ‘ c o i n c i d e s  
t o  t l i c  cstcrit t h a t  i t  is aliilvst imposs ib l e  t o  r e s o l v e  the two peaks.  However, 
s i i i ( -c  i r o n  p y r i t e  can I)c dctcrmincd indcpendcn t ly  us ing  ASTM D3131, i t  was pos- 
s i b l c  t o  es t i ina tc  t h c  r e l a t i v c  c o n t r i b u t i o n  o f  p y r i t i c  s u l f u r  and s u l f i d i c  s u l f u r  
t o  t h e  unresolved peaks .  Somcwhat b c t t c r  r e s o l u t i o n  was o h t a i n a b l c  a t  slow r a t e s  
o f  h c a t i n g ,  however i n  t h e s e  c a s e s  t h e  o v e r a l l  r ccove ry  and t h c  s i g n a l  t o  n o i s e  
r a t i o  were rcduced.  

4 . 4  The S u l f u r  D i s t r i b u t i o n  i n  Raw Coals  

‘Table 4 shows t h e  d i s t r i b u t i o n  o f  t h e  v a r i o u s  c l a s s e s  o f  s u l f u r  i n  f i v e  c o a l s  
and  t a b l e  5 shows t h e  d i s t r i b u t i o n  o f  t h e  o r g a n i c  s u l f u r  groups i n  t h e  .same f i v e  
c o a l s .  Thc r e s u l t s  shows t h a t  t h e  c o n t e n t  o f  t h i o l s  is s u b s t a n t i a l l y  l a r g e r  i n  
l i g n i t c s  and l l V H  c o a l s  than i n  LVU c o a l s .  The f r a c t i o n  o f  a l i p h a t i c  s u l f i d e s  i s  
apliroximntcly t h c  samc in c o a l s  w i t h  d i f f c r e n t  r anks  and vary around 20% o f  t h e  
o rgan ic  s u l f u r .  I f  i t  i s  accci i ted t h a t  a11 t h e  unrecovered o rgan ic  s u l f u r  i s  duc  
t o  thiophcncs (and a romat i c  s u l f i d e s ) ,  t hen  t h c  d a t a  i n d i c a t e  c l e a r l y  t h a t  l a r g e r  
f rc ic t ions  of t h c  o r g a n i c  s u l f u r  i s  p r c s e n t  as t h i o p h c n i c  s u l f u r  i n  h i g h c r  rankzd 
c o a l s  t h a n  i n  lowcr ranked c o a l s .  The accep tcd  thco ry  on t h e  hydrocarbon structure 
of  coal i s  t h a t  h ighe r  ranked c o a l s  a r c  more condensed than  lower rankcd c o a l s .  I t  
should n o t ,  t h c r e f o r c ,  Iic s u r p r i s i n g  t h a t  t h e  s u l f u r  groups a r e  a l s o  more condcnsed, 
iiiorc th iopl icn ic ,  i n  I i igher  ranked c o a l s  than i n  lowcr ranked c o a l s .  

‘rhc d a t a  on t h c  r c l : i t i v c  ainollnts o f  -SII, R-S-I? and t h i o p h e n i c  s u l f u r  can be 
cxp la incd  a s  fo l lows :  
tr:tppcd by t h e  o r g a n i c  matr ix  i n  t h e  form o f  t h i o l i c  s u l f u r .  
r c a c t  ions“ a rc :  

suppose t h a t  Imst o f  t h c  o rgan ic  s u l f u r  i s  i n i t i a l l y  
Typical  “ t r a p p i n g  
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)I ROH + 11,s -t l1SH + H,O 

and 

i 
RIIC = CtlII' + 11,s -+ IW,C - CH(SH)R' 

Ihtriirg t h c  c o a l i f i c a t i o n ,  t h i o l s  can condense t o  form s u l f i d e s  and e v e n t u a l l y  
aroitiatic s u l f i d e s  and t h i o p h e n e s :  

I KSH + 11'11 + RS-11' + H ,  
I 

The scquenze  o f  t h e  condensa t ion  r e a c t i o n s  i s  t h e r e f o r e :  

11,s + RH -+ RSH -+ I1SR+ 

In o t h e r  words,  t h e  s u l f i d e s  a r e  an i n t e r m e d i a t e  form w h i c h , t h c  s u l f u r  may have 
before  it i s  c.onverted t o  t h e  t h i o p h e n i c  form. Thus,  it should no t  be s u r p r i s i n ? ,  
t h a t  t l ic  f r a c t i o n s  o f  s u l f i d i c  s u l f u r  i s  approximate ly  c o n s t a n t  s i n c e  d u r i n g  t h e  
c o a l i f i c a t i o n ,  s u l f i d i c  groups a r e  formed from t h i o l i c  groups and a r e  consumed 
t o  produce t l r iophencs .  These p r o c e s s e s  a r e  condensa t ion  p r o c e s s e s  which a r e  
b e l i c v c d  t o  o c c u r  i n  t h e  s t r u c t u r e  o f  c o a l  d u r i n g  c o a l i f i c a t i o n .  I 

4 . 5  % S u l f u r  I ? i s t r i b u t i o t t  i n  Trea ted  Coals  

Var ious  tre:itmcnt.s arc known t o  be s c l c c t i v c  t o  s p e c i f i c  s u l f u r  groups .  I t  
was t h c r c f o r e  i n t e r e s t i n g  t o  cxainine t h e  kinetograitr o f  t r e a t e d  c o a l s .  Three 
t rea t rncnts  are d e s c r i b e d :  

1 .  
2 .  removal of  the a l k a l i n e  m i n e r a l s  w i t h  IICI, and 
3 .  m e t h y l a t i o n  o f  t h e  c o a l  with methyl i o d i d e .  

o x i d a t i o n  wi th  11,O o r  HNO,, 

4 . 5 . 1  O x i d a t  ioit 

N i l d  o x i d a t i o n  o f  c o a l  with a c i d i c  s o l u t i o n s  o f  hydrogen peroxide  o r  n i t r i c  
a c i d  d i s s o l v c s  t h c  iroi: p y r i t e  and c o n v c r t s  t h e  t h i o l s  t o  s u l f o n i c  a c i d s .  Some 
o r g a n i c  f u n c t i o n a l  groups o x i d i z e  t o  t h e  cor responding  s u l f i d e s  and s u l f o n c s  (E). 
Ilowcvcr, i n  g e n e r a l ,  t h e  l a t t e r  p r o c e s s  r e q u i r c s  s t r o n g  o x i d i z i n g  c o n d i t i o n s .  
From t h c  a n a l y t i c a l  p o i n t  o f  view one might t h i n k  t h a t  it is not  impor tan t  whr thcr  
the o r g a n i c  s u l f u r  groups are o x i d i z e d  or  n o t ,  s i n c e  t h e  r e d u c i n g  agent  uscd con- 
v e r t s  thcm hack v c r y  r a p i d l y  t o  t h e  non-oxidized form. T h e r e f o r e ,  t h e  r e s u l t s  o f  
t h e  a i i a l y s i s  w i l l  no t  d i f f e r e n t i a t e  between t h e  reduced and t h e  o x i d i z e d  f o r n  of  
:I s u l f u r  groul,. In  o t h e r  words, o x i d a t i o n  could  have bcen used t o  remove t h e  i n t c r -  
fercr tcc  from p y r i t e  wi thout  much e f f e c t  on t h e  d e t e r m i n a t i o n  of  t h e  o t h e r  s u l f u r  
groups .  However, o x i d a t i o n  appcars  t o  i n c r e a s e  t h e  r e s i s t a n c e  t o  mass t r a n s p o r t  
and t h u s  t o  reduce  t h e  r e s o l u t i o n .  F i g u r e  3 shows t h e  k ine tograms o f  two coa l  
saniples ana lyzed  f o r  t h e  U.S. Ikpar tmcnt  o f  Energy. The f irst  i s  t h e  o r i g i n a l  
c o a l ,  t h c  second i s  an o x i d i z e d  sample.  The r e s u l t s  show t h a t  t h e  o x i d a t i o n  d i d  
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not  rcinovc any o rgan ic  s u l f u r  a l though  t h c  p y r i t i c  s u l f u r  was removcd. Thc s i g -  
n a l s  a re  howcvcr much l c s s  r c so lvcd  i n  t h e  o x i d i z e d  samplc than  i n  t h e  raw c o a l .  
Si.ncc t h e  o x i d a t i o n  was conducted i n  an a c i d i c  ino rgan ic  s o l u t i o n ,  and hccausc it 
is known t h a t  s u l f o n i c  a c i d s  can he hydrolyzed t o  hydrocarbons and s u l f u r i c  a c i d ,  
somc o f  t h e  t h i o l s  seem t o  d i s a p p e a r  a s  a r e s u l t  of t h e  o x i d a t i o n .  

4 .5 .2  llCl l 'rcatnicnt 

I)i,l .ute HC1 d i s s o l v c s  t h e  o r g a n i c  and ca rbona te  s a l t s  o f  ca l c ium,  magnesium 
and i.ron. S incc  somr, 1-1,s can r e a c t  w i t h  h a s i c  calcium and i r o n  salts ,  it was 
d e s j r c d  t o  examine t h e  e f f e c t  o f  H C 1  t r ea tmen t  on t h e  .kinetogram. 'Figure 4 
shows the kinctogranis of raw c o a l  and l l C l  e x t r a c t e d  c o a l .  The most impor t an t  
d i  f f c r c n c c  hetwccn t h e  kinetograms i s  t h a t  t h e  second peak due t o  th iopheno l s  
d i sappca red  and t h e  t h i o l s  peak i s  i n c r c a s e d .  1.t i s  p l a u s i b l e  t h a t  some o f  t i i L  
s u l f u r  w h i c h  is deterinincd as t h i o p h c n o l i c  i s  indeed t h i o l i c .  T h i o l s  can r c a c t  
w i th  cnlciuiii t o  form ca lc ium t h i o l a t c s ,  r e d u c t i o n  o f  which inay r e q u i r c  l a r g e r  
a c t i v a t i o n  ciicrgy than  t h i o l s .  
gcn and c o n v e r t s  t h e  t h i o l a t e s  i n t o  t h i o l s :  

tIC1 t r ca tmcn t  r c p l a c e s  t h c  ca l c ium w i t h  hydro- 

4 . 5 . 3  Trcatmcnt  w i th  Plcthyl Iod ide  

Ssmplcs o f  I l l i n o i s  If6 were t r c a t e d  w i t h  methyl i o d i d e ,  CH,I, and t h e  
p roduc t s  were nnalyzcd u s i n g  two methods: 
I ; ~ i ~ i ~ ~ o v i c h  ( 9 )  f o r  t h i o l s  and a l i p h a t i c  s u l f i d e s ,  and u s i n g  ou r  thc rmok ine t i c  
iiicxtIw,l. 'l'lic rcsults of t h e  a n i ~ l y s i s  are d e s c r i b e d  i n  t a b l e  6 .  l'hc ~ e s u l t s  show 
t h a t  on ty  a ve ry  sinal1 f r a c t i o n  of t h e  o r g a n i c  s u l f u r  is indeed accoLnted f o r  by 
thc (:1131 method and t h c r c f o r e  t h e  va luc  o f  this method as an a n a l y t i c a l  t o o l  i s  
qiicst ionable .  

The method of Pos tovsk i  and Har- 

'l'he kinetograins o f  an u n t r e a t c d  but  demine ra l i zed  sample and t h a t  o f  a 
clemincr;ilizrd samplc t r e a t e d  wi th  CH31 a re  shown i n  f i g u r e  5 .  The d a t a  show 
t h a t  t h e  methyl i o d i d e  t r ca tmen t  r e s u l t s  i n  lower r ecove ry  o f  o r g a n i c  s u l f u r  
and in a changc i n  i t s  d i s t r i b u t i o n .  In  p a r t i c u l a r ,  some o f  t h e  s u l f u r  which 
i s  o r i g i n a l l y  d c t c c t e d  as a romat i c  t h i o l  i s  a p p a r e n t l y  a l k y l a t e d  and becomes 
aronrutic s u l f i d e .  Howcvcr, t h c  a l k y l a t i o n  must a l so  r educe  t h e  r a t e  of  mass 
t r ; inspor t  s i n c c  t h c  th iophenes  and a romat i c  s u l f i d e s  are no t  v i s i b l e  i n  t h e  
kinctogrnm o f  t h e  t r e a t e d  c o a l .  

5 .0  In ip l ica t ions  t o  Coal 1 ) c s u l f u r i z a t i o n  

It is  widcly r ccogn izcd  today t h a t  c o a l  d c s u l f u r i  z s t i o n  c f f i c i c n c y  depcnds 
on tlic d i s t r i b u t i o n  o f  s u l f u r  in  t l ic o r i g i n a l  coa l  t o  p y r i t i c  and o rgan ic  s u l f u r .  
Pyr i t ic .  s u l f u r  c a n  be removed r e l a t i v e l y  e a s i l y  wh i l e  it is  more d i f f i c u l t  t o  re- 
move o r g a n i c  S U I  f u r .  

I ' rc l i ininary d a t a  show t h a t  p a r t  o f  t h e  o r g a n i c  s u l f u r  can  hc c a s i l y  
des i r l fur ized .  I I I  p a r t i c u l a r ,  i t  secms t h a t  t h e  t h i o l i c  s u l f u r  and p a r t  o f  t h e  
s u l  f i d i c  s u l f u r  can be c: is i ly  rcmoved. The re fo re ,  t h e  a u t h o r s  sugges t  c o a l s  
may Ijc c l a s s i f i e d  i n t o  two groups: c o a l s  which can he e a s i l y  d e s u l f u r i z c d ,  (most 
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A o f  t h e i r  o r g a n i c  s u l f u r  i s  t h i o l i c )  and c o a l s  which can  not  be e a s i l y  d e s u l f u r i z e d  
(most s u l f u r  is n o r i - t h i o l i c )  . 'l'hus, thcrn iokine t ic  t e s t s  can be uscd t o  s c r e e n  
coals and t o  i n f e r  which a r c  b e s t  used a s  f e e d s  f o r  precombustion d e s u l f u r i z a t i o n .  
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Chemical S t r u c t u r e  o f  Heavy O i l s  Der ived f r o m  Coal Hydrogenation 
by Mass Spectroscopy 

S. Yokoyama, N .  Tsuzuki, T. Katoh, Y.  Sanada, 
D. M. Bod i l y *  and W. H. Wiser* 

Coal Research I n s t i t u t e ,  Facu l t y  o f  Engineering, 
Hokkaido Un ive rs i t y ,  Sapporo, 060, Japan 

*Department o f  Mining, Fuels Engineering, U n i v e r s i t y  o f  Utah, 
S a l t  Lake City, Utah 84112, U. S. A. 

I n t r o d u c t i o n  

Coal hydrogenat ion heavy o i l  cons i s t s  o f  numerous compl icated hydrocarbons 
and nonhydrocarbon compounds, consequently the  e l u c i d a t i o n  o f  t he  chemical 
s t r u c t u r e  i s  ext remely compl icated and t ime  consuming. Thus, the chemical s t ruc -  
t u r e  o f  coa l  l i q u i d s  have been i n v e s t i g a t e d  main ly  t o  the present  by means o f  
'H- and I 3 C - N M R  techniques o r  a combination thereof .  I n  o t h e r  words the techn i -  
que o f  mass spect rometry  f o r  s t r u c t u r a l  analyses i s  advantageous t o  ga in  i n f o r -  
mation o f  t h e  i n d i v i d u a l  compounds rega rd ing  molecular  weight  and compound types 
[1,2]. A combinat ion o f  dual-packed adso rp t i on  l i q u i d  chromatography (LC) and 
gel  permeation chromatography (GPC) developed by the  Bureau o f  Mines A P I  p r o j e c t  
60 [3] f o r  separa t i on  i n t o  compound types and f u r t h e r  i n t o  t h e i r  molecular  s i z e  
a r e  approp r ia te  t o  the sample p repara t i on  procedure f o r  mass analyses, because 
molecular ion coeff icient were assumed t o  be approximately the  same f o r  LC-GPC sub- 
f r a c t i o n  inasmuch as they have c h a r a c t e r i s t i c  compound types and narrow molecular  
weight  d i s t r i b u t i o n .  On t h e  o t h e r  hand, r e s u l t s  o f  GPC technique which i s  a 
very u s e f u l  method t o  c l a r i f y  complicated mixtures o f  heavy o i l  de r i ved  from 
coal ,  was compared t o  t h e  mass r e s u l t s .  I t  can be concluded t h a t  bo th  r e s u l t s  
from mass and GPC analyses should be used independently t o  e l u c i d a t e  the  chemical 
s t r u c t u r e  o f  coal  l i q u i d s .  

Experimental 

Sample p r e p a r a t i o n  o f  heavy o i l  
Hydrogenation r e a c t i o n  o f  Hiawatha, Utah coal  (C: 72.0, H: 5.6, N :  1.7, S: 

0.90, 0: 19.8, d .a. f .%) was performed w i t h  the  c o n d i t i o n  o f  950'F o f  r e a c t i o n  
temperature and 1800 p s i  o f  hydrogen pressure w i t h  ZnC12 impregnated t o  coal as 
c a t a l y s t  by an en t ra ined - f l ow  t u b u l a r  c o i l  r e a c t o r  o f  t h e  U n i v e r s i t y  o f  Utah 
process [4]. The r e a c t i o n  products were t rapped i n  th ree  r e s e r v o i r s  connected 
t o  the r e a c t o r  i n  s e r i e s  and was separated accord ing t o  t h e i r  condensab i l i t y .  
Heavy o i l  products  c o l l e c t e d  i n  the  f i r s t  r e s e r v o i r  nea res t  t o  the r e a c t e r  was 
subjected t o  i n v e s t i g a t i o n  i n  t h i s  work. Separat ion procedures t o  c h a r a c t e r i s t i c  
ma te r ia l s  p r i o r  t o  ga in ing  acid-base-less n e u t r a l  compounds were descr ibed i n  our  
prev ious r e p o r t s  [SI and a l s o  shown i n  F ig.  1. Neu t ra l  heavy o i l  obta ined was 
separated subsequently i n t o  compound types o f  sa tu ra ted  hydrocarbons (Fr-P), mono- 
aromatic (Fr-M), d ia romat i c  (Fr-D), t h ree  and more l a r g e  aromat ic  r i n g s  (Fr-T)  
and po lya romat i c -po la r  compounds by means o f  dual-packed s i l i c a  alumina adsorp- 
t i o n  l i q u i d  chromatography mod i f i ed  p a r t i a l l y  the Bureau o f  Mines API-63 method, 
w i t h  an a d d i t i o n a l  s o l v e n t  o f  70% benzene-30% cyclohexane system t o  o b t a i n  sepa- 
r a t e l y  a narrow c u t  o f  concentrate o f  3 and 4 aromatic r i n g  compounds. E l u t i o n  
curve o f  l i q u i d  chromatography are shown i n  F ig .  2. 
Fr-M, D and T were separated f u r t h e r  by GPC packed Bio-beads 3 4 4  and 8 according 
t o  t h e i r  r e s p e c t i v e  molecular  s i z e  i n t o  7 f r a c t i o n s .  
f o r  Fr-M, D and T were shown. 

of each s e r i e s  o f  GPC s u b f r a c t i o n  f o r  Fr-M, D and T were analyzed w i t h  t h e  low 
r e s o l u t i o n  and low i o n i z a t i o n  vo l tage  method by GC-MS technique f o r  Fr-M-3 t o  7 
and Fr-8-3 t o  7 and by d i r e c t  i n s e r t  technique f o r  h igh  mo lecu la r  f r a c t i o n  o f  

Respective t ype  compounds 

I n  F ig.  3, GPC e l u t i o n  curves 

Mass spec t ra  were meas'ured by H i  t a c h i  M-52 GC-MS spectrometer. Mass spect ra 
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Fr-14-1, 2, Fr-D-1, 2 and Fr-T-1 t o  7, r e s p e c t i v e l y .  

Mass spectrometry was scanned r e p e a t l y  w i t h  6 o r  10 sec. i n t e r v a l  t imes du r -  
i n g  the pe r iod  o f  e l u t i o n  from GC column o r  v o l a t i l i z a t i o n  o f  samples i n t roduced  
i n t o  the  i o n i z a t i o n  chamber and m u l t i p l e  mass spec t ra  o f  about 50 t o  BOO f o r  
respec t i ve  LC-GPC s u b f r a c t i o n  were measured t o  o b t a i n  the rep resen ta t i ve  gross 
mass spec t ra l  data f o r  compl icated mixtures.  Numerous mass spec t ra  were t r e a t e d  
by computer (H i tach i ,  HITAC 10 11) f o r  t h e  summing up o f  these spec t ra  t o  ca lcu-  
l a t e  them as an i n t e g r a t e d  mass spect ra.  

Resul ts  and Discuss ion 

Each s e r i e s  o f  LC-GPC sub f rac t i ons  were i n v e s t i g a t e d  p rev ious l y  f o r  chemical 
c h a r a c t e r i z a t i o n  by 'H- and 13C-NMR method [6,7] and were e l u c i d a t e d  t o  have 
approx imat ly  mono-, d i -  and tri- and/or  te t raa romat i c  d e r i v a t i v e s  f o r  Fr-M,  D and 
T, respec t i ve l y ,  as the  average s t r u c t u r a l  u n i t .  I t  was a l s o  conf i rmed t h a t  
values o f  a r o m a t i c i t y  f o r  GPC sub f rac t i ons  o f  i n d i v i d u a l  compound types i nc rease  
g radua l l y  w i t h  the i nc reas ing  GPC f r a c t i o n  number from 1 t o  7 and have a l s o  t h e  
l a r g e s t  f a  values f o r  F r - T  and t h e  smb l les t  one f o r  Fr-M a t  t h e  same e l u t i o n  volume 
c f  GPC. From t h e  r e s u l t s  descr ibed above, t he  separa t i on  e f fec ts  o f  LC and GPC 
accord ing t o  compound types and molecular  s i z e  were assumed t o  be e x c e l l e n t .  
Consider ing these c h a r a c t e r i s t i c s  f o r  chemical s t r u c t u r e ,  LC-GPC s u b f r a c t i o n  a r e  
found t o  be s u i t a b l e  as samples f o r  mass analyses because t h e  molecular  i o n  coe f -  
f i c i e n t  i s  n o t  so l a r g e  i n  d i f f e r e n c e  among r e s p e c t i v e  compounds i n  the  same 
f r a c t i o n .  

I n t e g r a l  mass spect ra o f  LC-GPC s u b f r a c t i o n  
On the  measurement o f  mass spect ra by means o f  t h e  low energy i o n i z a t i o n  

method, species o f  i o n  peaks observed were most ly  pa ren t  i o n  and i s o t o p i c  i o n  
(P+l )  and were minor f o r  fragment peaks l i k e  ( P - l ) ,  i n d i c a t i n g  t h a t  t he  cleavege 
o f  molecules a r e  minor. Although, Fr-D-1 and Fr-T-1 which a re  t h e  h i g h e s t  mo- 
l e c u l a r  weight  i n  t h a t  they have l a r g e  a l i p h a t i c  s u b s t i t u t i o n ,  were observed i n  
the  predominant fragment peak o f  odd mass number a t  l ower  mass range, t h e r e f o r e  
the  data o f  these f r a c t i o n s  were n o t  inc luded i n  t h i s  r e p o r t .  On the  i n t e g r a l  
mass spect ra o f  se r ies  o f  LC-GPC sub f rac t i on ,  the average number molecular  we igh t  
were c a l c u l a t e d  from the  mass t o  charge r a t i o s  (M/e) f o r  respec t i ve  pa ren t  peaks 
and those i n t e n s i t i e s ,  and a r e  shown i n  F ig .  4. 
o f  GPC f o r  each compound type se r ies ,  the molecular  we igh t  d imin ishes progress ive-  
l y  from about 400 o r  500 t o  230 i n  p rov ing  the  s a t i s f a c t o r y  f r a c t i o n a t i o n  o f  GPC. 
I n  Fig. 4, molecular  weight  r e s u l t s  de r i ved  f rom vapor pressure osmometry were 
compared w i t h  the  r e s u l t s  o f  mass analyses t o  ensure t h e  accuracy o f  convent ional  
methods. 
f rom the t h e o r e t i c a l  l i n e  w i t h  t h e  increase i n  molecular  weight .  

Compound types o f  LC-GPC s u b f r a c t i o n  

t ype  o f  compound by ass ign ing  t h e  va lue of z number. 
c o e f f i c i e n t s  a re  approx imate ly  s i m i l a r ,  t h e  contents  o f  respec t i ve  t ype  compound 
f o r  GPC f r a c t i o n  1 o r  2 t o  7 o f  Fr-M, D and T were est imated s e m i q u a n t i t a t i v e l y .  
Consequently, hydrocarbon tyeps f o r  Fr-M-1 t o  7 were assigned ma in l y  t o  a l k y l -  
benzenes (2=-6) ,  a1 kylmononaphthenobenzenes (Z=-B) and a1 k y l  dinaphthenobenzenes 
(Z=-lO) and f o r  Fr-D-2 t o  7 t o  a1 kylnaphthalenes (2=-12), a1 kylmonomaphthenonaphth- 
lenes (Z=-14) and alkyldinaphthenonaphthalenes (Z=-16) and f o r  Fr-T-2 t o  7 t o  a l k y l -  
phenanthrene o r  a1 ky lanthracene (Z=-18), a l ky lpy rene  (Z=-22), a l ky l c rysene  (Z=-24) 
and these naphthenologs (2=-20, -26). D i s t r i b u t i o n  o f  var ious compound types f o r  
Fr-M, D and T i n  summing the  contents  o f  respec t i ve  GPC sub f rac t i on  1 t o  7 were 
shown i n  F ig .  5. 

A l k y l  carbon d i s t r i b u t i o n  

f r a c t i o n  were se lec ted  t o  o b t a i n  the d i s t r i b u t i o n  o f  a l k y l  carbon i n  r e s p e c t i v e  
hydrocarbon types. I n  F ig .  6, t h e  con ten t  d i s t r i b u t i o n  o f  mo lecu la r  we igh t  o r  
a l k y l  carbon number on the  same Z values were p l o t t e d  f o r  Fr-M, D and T se r ies .  

By i nc reas ing  t h e  f r a c t i o n  numbers 

The c o r r e l a t i o n  between both a r e  e x c e l l e n t  except f o r  a s l i g h t  d e v i a t i o n  

De f i c iency  o f  hydrogen number f o r  M/e o f  pa ren t  peak can be p red ic ted  t h e  
Assuming t h a t  molecular  i o n  

The same 2 values i n  the  i n t e g r a t e d  mass spect ra f o r  i n d i v i d u a l  LC-GPC sub- 



These ranges of a lkyl  carbon numbers move progressively from low to  higher ones 
w i t h  5 t o  10 carbon extents i n  proceeding to GPC f rac t ion  7 t o  1 fo r  respective 
hydrocarbon types. Therefore, separabi l i ty  of GPC f o r  various hydrocarbon types 

be seen tha t  Fr-M cons is t s  of la rger  alkyl carbon subs t i tu t ion  which reaches 35 
carbons fo r  Z=-6 s e r i e s ,  indicating a lower aromaticity and decreasing of Z values 
which indicates an increase of naphthene r ing ,  d i s t r ibu t ion  of alkyl carbon de- 
crease. On the o the r  hand, alkyl carbon number of Fr-T have a range of 0 t o  10 
indicating a lower aromaticity which i s  i n  agreement w i t h  the r e su l t s  from ' H - N M R  
s t ruc tura l  analyses. 

GPC correlation f o r  molecular weight vs e lu t ion  volume 
To predict  the molecular weight d i s t r ibu t ion  and chemical s t ruc ture  from 

the GPC elution curve, the GPC correlation curve between molecular weight and 
elution volume fo r  corresponding s t ruc tura l  compounds a re  necessary. However, 
i t  was very d i f f i c u l t  t o  gain information of these re la t ions  because the supply 
of reference sample were l imited.  I f  the coal l iqu id  i t s e l f  can be used a s  a 
reference compound fo r  ca l ibra t ion ,  useful GPC cor re la t ion  of various compound type 
can be obtained. 
carbon number fo r  each GPC f rac t ion  on respective Z s e r i e s  shown in F i g .  6 were 
compared with e lu t ion  volume f o r  corresponding f rac t ion .  
the two were shown in Fig. 7 .  The re la t ionship  between the two fo r  respective 
Z values on Fr-M, D and T a r e  in f a i r  as GPC correlations.  

I 
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was confirmed fur ther  by mass analyses as to be divided sa t i s f ac to r i ly  according 
to  molecular sized espec ia l ly  by alkyl carbon number on these samples. I t  can 

/ 

Molecular weight a t  maximum dis t r ibu t ion  by difference of alkyl 

The cor re la t ion  between 

Molecular weight d i s t r ibu t ion  f o r  whole samples of Fr-M, D and T were con- 
structed by summation of peak in t ens i t i e s  fo r  parent peak belonging t o  the same 
Z se r ies  corresponding t o  a l l  GPC f rac t ions ,  and were shown with the so l id  l ines  
in Fig. 8.  On the o ther  hand, GPC e lu t ion  curves fo r  Fr-M, D and T were c i ted  
again in the same f igure  fo r  comparison. T h e  resu l t s  from mass analyses fo r  Fr- 
D and T do not include the data of Fr-D-1 and Fr-T-1 because of uncertain resu l t s  
of mass analyses f o r  these as described previously, therefor a s l i g h t  discrepancy 
were recJgnized i n  the v i c in i ty  of high molecular range. Although, considerable 
agreement between both derived from d i f f e ren t  methods a re  sa t i s fac tory .  
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Fig.  3 GPC chromatogram o f  Fr-M, 
Fr-D, Fr-T and Fr-PP 

Fig. 4 Molecular  weight  r e s u l t s  from 
VPO and Mass spect rometry  
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Fig .  5 D i s t r i b u t i o n  o f  hydrocarbon type compounds for 
LC-GPC s u b f r a c t i o n s  
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F i g .  7 Relationship between molecular 
weight and elution volume f o r  
various type o f  compound 

Fig. 8 Comparison w i t h  molecular 
weight d i s t r ibu t ion  and 
GPC e lu t ion  curves 
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STRUCTURAL ANALYSIS OF QUINOLINE EXTRACTS AND HYDROLYSIS 
PRODUCTS OF COALS 

Koji Ouchi, Kazuyuki Iwata, Masataka Makabe, Hironori Itoh 

Faculty of Engineering, Hokkaido University, Kita 13, Nishi 8, 
Sapporo,Japn.060. 

The mean structure of coals has been extensively investigated 
by X-ray,magnetic susceptibility,gases evolved during carboniza- 
tion,IR spectra etc.,and the structural analysis was first deve- 
loped by van Krevelen(1)using density and refractive index. Among 
these the method which gives the most precise image appears to be 
NMR method. However this method is limited in that it can be app- 
lied only to soluble material by special solvents. Usually coals 
can be dissolved only in part,therefore the results do not repre- 
sent the wholecoal. 

Thus in the present work we tried to increase the solubility 
of coals using chemical reaction or strong solvent(quinoline), 
which would have the smallest change in the unit structure(c1us- 
ter unit). The results of structural analysis of the products 
with these two methods are in good agreement,although both methods 
and their yield are quite different. This means that the structu- 
ral image obtained here represents the true mean structure of 
coals. 

Experiments 

1)Coal sample. Vitrinits of 1 2  coal samples were concentrated 
using the sink and float method. Their analytical values are 
shown in Table 1. 

2)Quinoline extraction. 5g of crushed coal under 100 Tyler mesh 
and lOOg of purified quinoline were placed in a 500ml autoclave 
with a magnetic stirrer and after replacing the atmosphere by 
nitrogen this was heated at 350-380'C for 1-4hours. After cooling 
the products were centrifuged and filtered. The residue was 
washed with fresh quinoline and methanol. The filtrate was conce- 
ntrated under vacuum and poured into 500ml of 2 N  HCl,filtered, 
washed with hot and cold water and dried. 

3)NaOH-alcohol reaction(2). 5g of coa1,Sg of sodium hydroxide 
and 50g of ethyl alcohol were placed in an autoclave of 230ml 
with a magnetic stirrer and,after replacing the atmosphere by 
nitrogen,this was heated at 3OOOC or 35OoC for 1 hour. After 
neutralizing with HC1 the precipitate was centrifuged,filtered 
and dried. The product was then extracted with pyridine by shak- 
ing for 10 hours at room temperature. 

4)'H-NMR. 'H-NMR was recorded in d-quinoline for quinoline extrac- 
ts and in d-pyridine for pyridine extractsof NaOH-alcohol reaction 
products,using TMS as an internal standard. The concentration was 
5 %  for d-quinoline and 2 %  for d-pyridine. 

Results and Discussion 

First the extraction conditions were examined using Indian 
Ridge coal and Balmer coal. The results are shown in Table 2 .  
The effect of temperature from 350 to 375'C,of time from 1 hour 



t o  6 hours  and o f  n i t r o g e n  p r e s s u r e  from 0 . 1  MPa t o  1 0  MPa were 
examined. The r e s u l t s  were i n  an e r r o r  range  and we adopted a 
r a t h e r  h i g h e r  tempera ture  f o r  o l d e r  c o a l s .  

The e x t r a c t i o n  o r  r e a c t i o n  c o n d i t i o n , e x t r a c t i o n  y i e l d , u l t i m a t e  
a n a l y s i s  o f  e x t r a c t s  and t h e i r  molecular  weight  a r e  shown i n  Table 
3 .  Quinol ine  e x t r a c t i o n  y i e l d  a t t a i n s  maxima i n  a range  o f  81-87 
%C,but t h e r e  i s  some s c a t t e r i n g  of  r e s u l t s  even w i t h  t h e  same c a -  
rbon p e r c e n t .  I f  we p l o t  t h e  e x t r a c t i o n  y i e l d  v s % o f  raw c o a l s  
a l i n e a r  r e l a t i o n s h i p  was seen  i n  a range of  91.5-81.2%C(Fig 1 ) .  
In  younger c o a l s  i t  d e c r e a s e s  l i n e a r l y .  Teshio  c o a l  has  an e x t r a -  
c t i o n  y i e l d  of 2 0 . 4 % , b u t  a f t e r  h y d r o l y s i s  w i t h  NaOH s o l u t i o n  (5N) 
a t  250°C f o r  6 h o u r s , t h e  e x t r a c t i o n  y i e l d  i n c r e a s e ;  t o  35 .9%.  
Therefore  t h e  e t h e r . l i n k a g e s  appear  t o  be a c a u s e  of  t h e  decrease  
of e x t r a c t i o n  y i e l d  i n  t h e  younger c o a l  r a n g e .  I n  t h e  h y d r o l y s i s  
r e a c t i o n  a s s o c i a t e d  w i t h  p a r t i a l  hydrogenat ion  u s i n g  NaOH-alcohol 
t h e  younger t h e  c o a l s  a r e , t h e  e a s i e r  t h e  p r o d u c t s  d i s s o l v e  i n  
a l c o h o l .  This  a l s o  means t h a t  t h e  younger c o a l s  have an abundance 
of  e t h e r  l i n k a g e s .  

The carbon p e r c e n t  o f  e x t r a c t s  i n  t h e  younger c o a l  range  i n c -  
r e a s e s  i n  comparison w i t h  t h a t  o f  raw c o a l s .  The q u i n o l i n e  e x t r a c -  
t i o n  o f  NaOH-alcohol r e a c t i o n  c o n d i t i o n s  a r e  somewhat s e v e r e  f o r  
t h e  younger c o a l s  and some oxygen c o n t a i n i n g  f u n c t i o n a l  groups 
such a s  carboxyl  o r  hydroxyl  groups decompose a t  t h o s e  temperatu-  
res ,which  r e s u l t s  i n  a r e d u c t i o n  o f  oxygen c o n t e n t .  I n  t h e  h igher  
coa l  rank t h e  a n a l y t i c a l  v a l u e s  of  e x t r a c t s  a r e n e a r l y t h e  same a s  
t h o s e  of  t h e  raw c o a l s , a l t h o u g h  t h e  e x t r a c t i o n  y i e l d  i s  h i g h e r ,  
which means t h a t  t h e r e  i s  no change i n  t h i e r  s t r u c t u r e  except  f o r  
some s p l i t t i n g s  of  e t h e r  l i n k a g e s  and a s l i g h t  s a t u r a t i o n  of a r o -  
mat ic  r i n g s  which took  p l a c e  i n  t h e  r e a c t i o n  of NaOH-alcohol(3). 
In  s h o r t , t h e  u n i t  s t r u c t u r e ( o r  s t r u c t u r e  of  c l u s t e r  u n i t ) i n  t h e  
raw c o a l s  may be p r e s e r v e d  w i t h o u t  change i n  t h e  q u i n o l i n e  e x t r a -  
c ts  o r  i n  t h e  p y r i d i n e  e x t r a c t s  of  NaOH-alcohol except  f o r  some 
changes of f u n c t i o n a l  groups i n  t h e  younger rank  c o a l s .  

The r e s u l t s  o f  t h e  s t r u c t u r a l  a n a l y s i s  a r e  shown i n  Table  4 .  
I n  bi tuminous c o a l s  i n  which t h e  e x t r a c t i o n  y i e l d  of  both methods 
i s  n e a r l y  1 0 0 $ , t h e  r e s u l t s  show an amazing c o i n c i d e n c e  i n  both 
methods except  f o r  s l i g h t l y  h i g h e r  v a l u e s  f o r  f a , b a l , C a l u s , a l t h -  
ough t h e  methods a r e  comple te ly  d i f f e r e n t .  The h i g h e r  v a l u e s  f o r  
t h e s e  i n d i c e s  come from a s l i g h t  hydrogenat ion  i n  t h e  NaOH-alcohol 
r e a c t i o n .  In  t h e  younger rank o f  c o a l  t h e  d i f f e r e n c e  is somewhat 
h i g h e r , b u t  i n  s p i t e  of  t h i s  t h e  co inc idence  i s  s u f f i c i e n t  t o  d i s -  
cuss  t h e  rough u n i t  s t r u c t u r e , a l t h o u g h  t h e  e x t r a c t i o n  y i e l d  and 
method a r e  q u i t e  d i f f e r e n t .  T h i s  smal l  d i f f e r e n c e  comes p a r t l y  
from t h e  d i f f e r e n c e  of e x t r a c t i o n  y i e l d  and p a r t l y  from t h e  s l i -  
ght  hydrogenat ion  o f  c o a l  i n  NaOH-alcohol react ion.When we pursue 
t h e  change of s t r u c t u r a l  i n d i c e s  w i t h  t ime a t  26OoC f o r  Taiheiyo 
c o a l  i n  NaOH-alcohol r e a c t i o n  f a  changes from 0 . 7  a t  1 hour t o  
0 . 5  a t  22hours. The e x t r a p o l a t e d  v a l u e  of  f a  f o r  0 hour  a lmost  
corresponds t o  t h a t  of t h e  q u i n o l i n e  e x t r a c t .  The e x t r a p o l a t e d  
va lue  o f  Ra i s  1 . 4  which a l s o  c o i n c i d e s  w e l l  wi th  1 . 5  o f  quino-  
l i n e  e x t r a c t .  A l l  o t h e r  i n d i c e s  show t h e  same c o i n c i d e n c e .  We have 
shown t h e s e  e x t r a p o l a t e d  v a l u e s  i n  Table  4 .  

The r e s u l t s  show t h a t  t h e  a r o m a t i c  r i n g  number of  t h e  younger 
c o a l s  i s  1-2  wi thU.5naphthenic  r i n g , t h a t  of  80-85%C c o a l  2-3 with 
0 . 5  naphthene r i n g  and t h a t  o f  9O%C coal .  5 w i t h  l n a p h t h e n e  
r i n g .  The molecular  weight  p e r  u n i t  s t r u c t u r e  of younger c o a l s  i s  
160-180, that  o f  80-85%C c o a l  200-300 and t h a t  of 9 O % C  c o a l  320- 
340.0xygen c o n t e n t  p e r  u n i t  s t r u c t u r e  d e c r e a s e s  from younger c o a l s  
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to the older coals,but as described before those values in young- 
er coals do not represent the true ones. If we take the analytical 
values of raw coals,we can obtain the corrected oxygen number per 
unit structure,as shown in Table 4. 

Refering to the fact that the ether linkages are rich in young- 
er coals,we can say that the unit structures consisting of ben- 
zene or naphthalene rings with 0.5 naphthenic ring are linked 
mainly by the ether linkages and methylene bonds in younger coals. 
In bituminous coals the unit structure consisting of 2-5 aromatic 
rings and about 1 naphthene rings are linked with each other most- 
ly by the methylene bonds. The youngest coal has 2.5-2.8 oxygen 
atoms per unit structure.The bituminous coals have about 1 oxygen 
atom per unit structure and the highest rank of coal has 0.3. 

Append i x 

Structural analysis. 
types.Aromatic hydrogen Ha:6-9ppm,hydrogen attachingdcarbon HCL: 
L-Sppm,hydrogen attaching overp carbon except for terminal methyl 
t$e:l.l-2ppm,hydrogen in terminal methyl,Ha:0.3-1.lppm. First 60% 
oxygen is assumed to be the hydroxyl group and the hydrogen in 
this hydroxyl group was subtracted from the total hydrogen. The 
residual hydrogen was distributed in the above four types. 

tions when the molecular weight was not known. 

Hydrogen was divided into the following four. 

The structural indices was calculated from the following equa- 

C/M- 1/ 2 . (lHo~+ IHn ) / IH - 1/ 3. (IHr / IH ) 
C/IH aromaticity,fa= 

M/C ratio in hypothetical unsubstituted aromatics, 

1 / 2 . ( M o c / M ) + 0 . 6 ( D / M + 2 . ( 0 . 4 ( 1 3 + ~ ) / M  degree of substitution,b= IHa IH+l 2. Ma +0.6(DIH+ 2. (0.40+N) /M 

(314) 

(4) 5)  

number of aromatic carbon per unit structure,Caus= lHaus cCaus ) -1 /2 

degree of aliphatic substitution, 
1/2. (MOL/ M 1 

Ha/ IH + 1/ 2 (IH&/ IH ) + 0.60/IH+ 2 . ( 0.40+ N ) / IH V a l = ,  

3 

(6)(5)6) 
number of total carbon per unit structure Cus=Caus/fa 

number of aliphatic carbon per unit structure,Calus=Cus-Caus (7) 

number of hydrogen per unit structure,lHus=12Cus-H%/C% ( 8 )  

! total ring number per unit structure,Rtus=Cus-IHus/Z-Caus/2 (9) 
I 

aromatic ring number per unit structure,Raus=l/Z-(Caus-Maus)+l, 
(IHaus= (IHaus/Caus) 4aus) (10) 7, 
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naphthenic ring number per unit structure,Rnus=Rtus-Raus (11) 

molecular weight per unit structure,Mol.WT.us=lZtus/C% (12) 

(5),is only valid for cata condensed aromatic nuclei. (9) is app- 
roximately valid when the degree of polymerization is large. 

used when the molecular weight was known. In this case (9) was 
calculated as follows. 

degree of polymerization n=(C/(Cus((C is the total number of carbon 

The absolute values of  the number of each type of atoms were 

per molecule) (13 )  

total number of  aromatic carbon per molecule,Ca=(Caus-n (14) 

total ring number per m o l e c u l e , R t = ( C - I H / 2 + 1 - ( C a / 2 , ( M i s  total number 
of hydrogen per molecule) 

(15)1) 
total ring number per unit structure,Rtus=Rt/n. (16) 

(Reference) 
l)J.Schuyer,D.W.van Krevelen,"Coal Science",Elsevier Pub.Co., 

Z)M.Makabe,Y.Hirano,K.Ouchi,Fue1,57,289(1978) 
3)M.Makabe,K.Ouchi,Fuel Proc.Techzn press. 
4)Modification of equation o f  J.K.Brown,W.R.Ladner,Fue1,2,87 

5)Modification of equation o f  Y.Maekawa,K.Shimokawa,T.Ishii, 
G.Takeya,Nenryo Kyokaishi(J.Fue1 Soc.Japan),46,927(1967) 

6) S ,  Yokoyama, N. Onishi, G . Takeya , J . Chem, SOC . Jpanxhem. andInd. Chem. 
10,1963(1975) 

7)~R.Clutter,L.Petrakis,R.L.Stenger,R.K.Jensen,Anal, Chem.%,1395 
(1972). 

Amsterdam(l957) 

(1960) 

Fig 1. Relation o f  quinoline extraction 
yield vs. ! i / C  of raw coals. 
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VO 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

- 

I_?. 

7.0 71.5 

*s+o Table 1. Analysis of sample coals. 

5.3 
3.9 
2.8 
8.9 
2.4 

Name 

77.9 
81.2 
83.6 
83.9 
84.0 

Teshio 
Taiheiyo 
Akabira 
Basewater 
Miike 
Daiyon 
New Yubari 
Indian Ridge 
Goonyella 
Balmer 
Beatrice 
Hongei 

Coal 
Temperature OC 

Time hrs 
Pressure MPa 
Extraction yield % 

Indian Ridge Balmer 
350 360 370 375 380 380 
4 6 1 1 4 4 
5 0.1 10 0.1 1 10 

63.0 64.0 61.5 68.0 51.9 50.0 

87.9 
89.4 

93.4 

6.3 1.1 
6.0 1.7 
5.6 I 1.7 
6.3 1.2 
5.8 1 2.0 
6.2 1.1 

5.4 1.9 
5.3 I 0.9 

5.0 t 1.4 

% 

S 

0.2 

0.7 
2.1 
0.8 

0.6 
0.4 
0.6 
0.3 

Odiff 

11.1" 

6.0* 
6.4* 

1.9 
1.5 

Table 3. Extraction o r  reaction condition, yield,ultimate 
analysis and molecular weight of extracts. 

t ion1 

N 

N 

'emp e r a 
:ure°C 
350 
300 
350 
300 
350 
300 
350 
350 
350 
350 
350 
375 
350 
350 
380 
370 
350 

- 
Time 
hr 

4 
1 
4 
1 
1 
1 
4 
4 
4 
4 
1 
1 
1 
4 
4 
4 
4 - 

Yield 

35.92 
97.83 
44.9 
98. l3 
93.8 
96.g3 
69.0 
100.0 
81.0 
97.8 
91.13 
68.0 
52.43 
93.0 
51.9 
41.6 
1.3 

ult: 
c 

83.0 
78.4 
82.9 
80.8 
81.8 
82.6 
83.6 
84.5 
82.7 
85.8 
86.8 
87.2 
86.9 
86.7 
88.1 
88.8 

ate t 
H 

6.2 
7.8 
7.0 
8.1 
5.7 
7.2 
5.5 
6.2 
5.8 
5.7 
6.4 
5.2 
6.5 
5.2 
5.0 
4.9 

- 
alysl 
N 

3.6 
1.6 
2.1 
1.3 
2.4 
1.9 
2.2 
1.4 
2.9 
1.4 
1.7 
1.4 
1.3 
3.8 
2.4 
1.7 

- 
% 

Odiff 
7.2 
12.2 
8.0 
9.8 
10.1 
8.3 
8.7 
7.9 
8.6 
7.1 
5.1 
6.2 
5.3 
4.3 
4.5 
4.6 

1)Q:quinoline extraction, N:NaOH-alcohol reaction,pyridine 

iGGGF- 
ar ieiezht 

7 5.5 

870 

890 

1160 

905 

extracts. 
2)Hydrolysis product with NaOH solution at 20O0C,6hrs. 
3)Pyridine extraction yield of NaOH-alcohol reaction products, 

189 



T a b l e  4 .  Results of s t r u c t u r a l  a n a l y s i s  
- 

5 

0 . 3 7  
0 . 3 2  
0 . 2 5  
0 . 0 6  
0 . 7 5  
0 . 7 5  
0 . 4 6  
0 . 2 3  
1 6 . 0  
1 2 . 0  

4 . 0  
3 .1  
2 . 5  
0 . 6  
227  
1.1 

Q React ion * 
0 . 0 6  
0 . 7 1  
0 . 8 8  

Hb% 0 . 2 7  
HT% 1 0 . 7 5  0 . 0 6  
f a  

Haus / (Caus  0 . 8 2  

0 . 1 0  
0 . 5 2  
0 . 9 7  

0- 
p a l  
cus 
t aus  
t a l u s  
Rtus 
Raus 
Rnus  

Mol.Wtus3 
O U S ~  
Ous '4)  

No 
Reaction 

H a %  
HD( % 

H 8  % 
H/3 % 

f a  
Haus/ (Caus 

v- 
cr a1 

Cus 
Caus 
C a l u s  
Rtus 
Raus 
Rnus  

uo 1. Wtus 2: 
oUs3) 
o U s ' 4 )  

0 . 4 7  
0 . 2 0  
1 2 . 5  

9 . 4  
3 .1  
2 . 3  
1 . 8  
0 . 5  
1 8 1  
0 . 8  
2 . 8  

- 
6 
0 
0 . 3 9  
0 . 2 9  
0 . 2 5  
0 . 0 6  
0 . 7 7  
0 . 7 6  
0 . 4 8  
0 . 2 0  
1 5 . 0  
1 1 . 5  

3 . 5  
5 . 0  
2 . 4  
0 . 6  
2 1 8  
1 . 2  

0 . 2 0  
11.1 

7 . 9  

- 
- 

N 
0 . 1 1  
0 . 3 6  
0 . 4 1  
0 . 1 2  
0 . 5 3  
1 . 0 0  
0 . 7 7  
0 . 3 9  
1 1 . 5  

6 . 0  
5 . 5  
1 . 9  
1.1 
0 . 9  
1 7 6  
1 . 4  
2 . 5  

- 

- 
- 

0 . 4 0  
1 2 . 3  

6 . 4  

0 
0 . 3 9  
0 . 2 8  
0 . 2 5  
0 . 0 8  
0 . 8 0  
0 . 6 6  
0 . 4 3  
0 . 2 0  
2 3 . 4  
18 .8  

4 . 6  
4 . 8  
4 . 2  
0 . 6  
3 2 8  
1 . 5  
- 

0 . 3 4  
1 2 . 4  

7 . 7  
4 . 6  
2 . 3  
1 . 4  
0 . 8  

0 . 3 2 1  0 . 4 1  

0 . 1 7  
1 3 . 1  
1 0 . 7  

2 . 4  
2 . 5  
2 . 2  
0 . 4  

0 . 2 6  
0 . 2 9  
0 . 2 7  

0 . 4 3 1  0 . 6 5  

0 . 5 2  
0 . 2 6  
0 . 1 6  

0 . 6 7  
0 . 5 3  
0 . 3 3  
2 5 . 7  
1 7 . 6  

7 . 7  
5 . 7  
4 . 0  
1 . 8  

3 5 6  

3 . 2 1  5 . 9  

0 . 6 5  
0 . 3 5  
0 . 1 6  
2 3 . 8  
2 0 . 0  

3 . 8  
5 . 3  
4 . 5  
0 . 8  

3 2 8  

;::I ::; 
0 . 1  0 . 8  

3 . 7  
0 . 9  

2 7 9  

1 6 1 1  1 8 3  

4 1 9  
1 . 0  
3 4 0  

I 

- N'5: 

0 . 7 0  
0 . 9 0  
0 . 4 5  
0 . 1 7  
1 1 . 5  

8 . 0  
3 . 4  
1 . 8  
1 . 4  
0 . 4  
181 
2 . 0  

- 

0 .11  0 . 0 5  
0 . 7 0  I 0 . 8 4  

- 
N 

1 . 2 8  
1 . 3 6  
1 . 2 7  
I .  09  
1 . 7 0  
1 .69  
1 . 4 5  
1 . 3 2  
! 2 . 2  
1 5 . 8  
6 . 6  
4 . 9  
3 . 4  
1 . 5  
3 0 7  
1 . 0  

- 

- 

1 
0 . 4 3  
0 . 3 4  
0 .16  
0 . 0 8  
0 . 7 9  
0 . 8 1  
0 . 4 8  
0 . 2 0  
1 2 . 3  

9 . 7  
2 . 6  
2 . 3  
1 . 9  
0 . 4  
1 8 0  
1.1 

0 . 1  0 . 4  - I  - 

- 
11 

0 . 6 3  
0 . 2 4  
0 . 0 9  
0 . 0 4  
0 . 8 9  
0 . 6 4  
0 . 2 9  
0 . 1 4  
2 4 . 1  
2 1 . 4  

2 . 7  
5 . 4  
4 , 9  
0 . 5  
326 
0 . 3  

- 
0 

1 ) Q : q u i n o l i n e  e x t r a c t i o n  

2 ) M o l e c u l a r  w e i g h t  p e r  u n i t  s t r u c t u r e  
3)Number  o f  ( o x y g e n  a t o m )  d i f f .  p e r  u n i t  s t r u c t u r e  
4 ) C o r r e c t e d  number o f  ( o x y g e n  a t o m ) d i f f .  per u n i t  s t r u c t u r e  
5 ) E x t r a p o l a t e d  va lues  t o  0 h o u r  i n  t h e  time v a r i a t i o n  

N : N a O H - a l c o h o l  r e a c t i o n  

r e a c t i o n  a t  260°C.  

J 
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Chemical Structures and Reactivit ies of Coal 

as  an Organic Natural Product 

Clair  J. Collins, Hans-Peter Hombach, Ben M .  Benjamin 

W .  H. Roark, Brian Maxwell, and Vernon F. Raaen (1)  

Contribution from the Chemistry Division 
Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830 

A. The Role of Tetralin i n  the  Pott-Broche Process 

n i t e s  a re  be t te r  hydrogen donors than t e t r a l i n ,  a donor which has Fee, employe!, 
since i ts  use in the Pott-Broche process ( 3 ) ,  as the coal chemists The 
be t t e r  hydro en donating a b i l i t i e s  of these various coals were tested toward several 
reactions (43, b u t  t h a t  used a s  the  model was the  reduction, i n  a closed tube a t  
400°, of benzophenone t o  diphenylmethane: 

I t  has recently been demonstrated ( 2 )  tha t  several bituminous coals and l i g -  

"standard. 

400° Ph2C=0 + coal __f Ph2CH2 + H z O  

These resu l t s  naturally r a i s e  the question of the  ro le  of t e t r a l i n ,  o r  of the  recycle 
o i l  used in i t s  place, during many o f  the  solvent-refined coal processes - particu- 
l a r l y  since the so l id  product o f  such processes often contains no more hydrogen than 
the original coal (5) .  Neavel ( 6 )  examined the l iquefaction of coal i n  t e t r a l i n  and 
other solvents, u s i n g  kinetic techniques, and found tha t  donor and nondonor solvents 
appear t o  be equally capable i n  dispersing the coal a f t e r  5 minutes a t  temperatures 
of 400-570°C. Upon prolonged heating i n  nondonor solvents,  the f ree  rad ica ls  which 
form i n  the coal a r e  thought t o  polymerize t o  higher molecular weight materials,  
whereas i n  the presence of t e t r a l i n ,  these rad ica ls  can be trapped by t r ans fe r  of 
hydrogen. 

In order t o  t e s t  some of these concepts we carried out several experiments w i t h  
carbon-14-labeled compounds. 
a t  400" f o r  one hour. 
of toluene and other products, b u t  t he  re i so la ted  bibenzyl had undergone ( t o  a small 
ex ten t )  an 
bibenzyl contained carbon-14: 

In one of these  bibenzyl and toluene-"C were heated 
There was intermolecular t r ans fe r  of hydrogen with formation 

exchange reaction with toluene as  shown by the f a c t  t ha t  the re i so la ted  

PhCHzCHzPh + P h e H 3  e PhCHZeH2Ph + PhCH3 

This exchange reaction must take place through a free-radical mechanism, possibly as  
follows: 

PhCHZCHzPh - 2 PhCHz. 
* * 

PhCHz. + PhCH3 __f PhCHzCHzPh + H e  

When the two components - bibenzyl and t o l ~ e n e - ' ~ C  - were heated i n  the presence of 
t e t r a l i n ,  however, there was no exchange between the two as shown by the f a c t  t h a t  
the  re i so la ted  bibenzyl was completely devoid of carbon-14. 
the ready a b i l i t y  of t e t r a l i n  t o  trap the benzyl rad ica ls  before they can reac t  w i t h  
toluene: 

The reason must l i e  i n  

PhCHz. + - PhCH3 + a 
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,I In several other reactions car r ied  o u t  with I l l i n o i s  No. 6 coal and labeled sub- 
s t r a t e  (e.g.  a-naphthol-a-'"C), the  mixtures were heated fo r  up  t o  one hour in 
closed tubes a t  400", and benzene was used a s  a vehicle t o  ease material t ransfer .  
To our surpr i se ,  s ign i f i can t  quant i t ies  of unlabeled biphenyl were discernible upon 
subsequent work-up. A1 though the  y ie lds  were not determined, su f f i c i en t  biphenyl 
was formed i n  one case t o  allow i t s  i so la t ion  and ident i f ica t ion  by nmr. Through 
some as ye t  unexplained mechanism, a phenyl radical must have been produced, which 
then reacted w i t h  another benzene molecule t o  form biphenyl: 

1 
1 

The presence of t e t r a l i n ,  however, i nh ib i t s  biphenyl formation. 

In an e f f o r t  t o  determine whether t e t r a l i n  does more than a c t  as a radical 
scavenger during Pott-Broche-1 i ke processes, we prepared tetralin-1- '"C (7 )  and 
heated i t  (1.933 g ,  15.82 Ci per mole) fo r  one hour w i t h  3.06 g of v i t r a in  (from 
I l l i no i s  No. 6 coa l ) .  The product was extracted with pyridine, and the residue was 
treated with THF, plus a mixture of nonradioactive t e t r a l i n  and naphthalene. 
residue s t i l l  contained carbon-14 which, on a t e t r a l i n  basis represents 2.6-2.8% by 
weight of the residue. 
representing 1.6% by weight of t h a t  f rac t ion  (on a t e t r a l i n  bas i s ) .  
tetralin- '"C appears t o  have undergone a chemical reaction w i t h  the  coal. 
previously reported (4 )  t ha t  t e t r a l i n  and I l l i n o i s  No. 6 coal when heated a t  400" 
y i e ld  a- and B-methylnaphthalenes, in which the  methyl groups undoubtedly have 
t h e i r  origin in the coal.  

The ro l e  of t e t r a l i n  during coal conversion, therefore,  i s  1 )  t o  ac t  as  a dis-  
persion vehicle;  2 )  t o  supply hydrogen rad ica ls ,  when needed, t o  t r ap  coal radicals,  
and 3)  in a very minor way t o  undergo intermolecular reaction w i t h  the coal through 
making and breaking of C-C (and possibly o ther )  bonds. 

The 

The pyridine soluble f rac t ion  a l so  contained carbon-14 
Thus the 

We have 

B.  Reductions of Coal 

Two chemical reactions f o r  so lubi l iz ing  coals have received much a t ten t ion  i n  
recent years,  these a re  1 )  the Friedel Crafts reaction (8-19) and 2 )  reductions, 
e i t h e r  with l i t h i u m  i n  su i tab le  solvents (20-26), or e l ec t ro ly t i ca l ly  with lithium 
s a l t s  in ethylenediamine (27-32). Part of the in t e re s t  in these reactions is  
undoubtedly due t o  the f a c t  t h a t  they can be car r ied  out a t  low temperatures. 

The chemical changes a f fec ted  during coal reductions a re  usually considered t o  
be breakage of e ther  and th ioe ther  linkages, a s  well as  reduction of aromatic 
nuclei .  Alkyl groups a re  not a f fec ted  (33).  
aromatic rings t o  cyc l i c  o le f ins  i s  well known. I t  was recently reported (35) tha t  
the use of NaK in mixed ethers a s  a coal reductant cleaves the alkyl l i n k i n g  groups 
(e.g. -CH*-CH2-) between aromatic moieties, and r e su l t s  in an increase in the number 
of methyl groups in the reduced product. Oxidation s tudies  (36, 37) have indicated 
a high frequency of ethylene connecting l inks i n  some b i t u m i n o u s  coa ls ,  a s  shown by 
the i so la t ion  of l a rge  quant i t ies  of succinic acid.  
reduction of three model compounds under the conditions reported (37) by Hombach and 
Niemann, u s i n g  glycol ethers as  the  solvent.  
methane, bi benzyl, and 1,3-diphenylpropane. Of the three compounds, diphenylmethane 
exhibited some, and bibenzyl exhibited considerable C-C s p l i t t i n g  in only 20 minutes, 
whereas 1,3-diphenylpropane was s t ab le  except f o r  t races  o f  toluene and ethylbenzene 
(when quenched w i t h  propanol-2). The r e su l t s  can be i l l u s t r a t ed  f o r  bibenzyl, which 
was added t o  the solution (37) of "solvated electrons." The mixture was s t i r r e d  f o r  
20 minutes ,  t h e n  '"CH31 was added t o  the reaction mixture, followed by water and 
then pentane. 
analyses w i t h  an apparatus f i t t e d  with a carbon-14 rad ioac t iv i ty  monitor (38). 

The Birch-Htickel reaction (34) of 

We therefore carried out the 

The compounds chosen were diphenyl- 

The pentane solution was washed, dried,  and subjected t o  g.c. 
The 
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r e su l t s  a r e  shown i n  Fig. 1 .  
column ( 3 9 )  and ident i f ied  through t h e i r  nmr spectra.  

and thereby lowering t h e i r  molecular weights, must now be added the  use of 
"solvated-electrons" f o r  breaking - C H z - C H z -  l inkages. 
of bibenzyl must be approximately as follows 

The products were separated on a preparative g.c. 

T h u s ,  t o  the methods previously employed fo r  breaking bonds in coal molecules 

The mechanism f o r  cleavage 

Toluene resu l t s  by donation of a proton t o  a benzyl carbanion from the  solvent: 
8 

PhCHz:  + H + --+ PhCH3 

The carbon-14-labeled ethylbenzene i s  formed by reaction of the benzyl carbanion 
with 14CH31: 

Q 
P h C H Z :  + 14CH31 - PhCHzl 'CH3 + I 

The other product, 1,2-diphenylpropane i s  formed in the conventional manner: 
e -H PhCH2CHzPh - PhCHZCHPh 

I 4 C H 3  

8 I 
PhCH2CHPh + l4CHJI ---+ PhCH2CHPh + I 
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The Effect of Reagent Access in Coal Reactivity 
John W. Larsenla’b, P. Choudhuryla, Tom Greene la 

and E.W. Kuemmerlela 

Department of Chemistry, University of Tennessee 
Knoxville, Tennessee 37916 

and Oak Ridge National Laboratory, P.O. Box X 
Oak Ridge, Tennessee 37830 

Hypothesis: The reactivity of bituminous coals under mild conditions is 
dominated by the accessibility of the reacting groups in the coal to reagents and 
not by the intrinsic reactivity of those groups. 
will be presented. 
further exploration of this idea. 

networks. 
coal is swollen by solvents (1). 
exhaustively extracted with pyridine are shown in Table 1. 
swollen to about twice their original volume by absorbing solvent. 
coal interactions responsible for this inhibition are strong enough so that if the 
coal ”molecules” were not covalently linked together, they would dissolve. 
observed behavior is characteristic of a cross linked macromolecular network (2,3,4). 

A n  attacking reagent has access 
to those parts of the surface of the coal which form the walls of the pores into 
which it can diffuse. Any solvent which expands the pore structure will enhance a 
coal’s reactivity by increasing the surface area accessable to the reagents. 
limitation on coal reactivity is the ahility of reagents to penetrate the pore 
structure. 

of the coal. For complete reaction, the reagent must diffuse into the coal network 
and penetrate to the bonds or groups with which it will react. 
this diffusion process is likely to be very slow, and indeed may limit not only the 
rate of reaction but also the number of groups which ultimately react. 
exmles of access limited reactions follow. 

Evidence for this hypothesis 
It is not conclusive evidence, but it is sufficient to warrent 

Bituminous coals contain cross linked, three dimensional macromolecular 

The weight increase in several coals which have been 
Perhaps the best evidence for this comes from experiments in which the 

These coals can be 
The solvent- 

The 

Coal is a highly porous, insoluble material. 

One 

However, even ready penetration of the pores only gives access to the surface 

It would seem that 

Some 

‘Analysis for Phenolic Hydroxyl. lrlaher and O’Shea (5) measured the phenolic 
hydro-ezof Greta c m  82.4%C, 6.2%H, 1.7%N, l.O%S) by titration in 
ethylenediamine solvent. They also extracted the coal with various solvents and 
measured the OH content of the extract and the residue. The data are shown in 
Table 2 and it is obvious that the results with the extracted coals are greater 
than that obtained with the whole coal. Precautions were taken to prevent oxida- 
tion and the generation of new phenolic OH groups by depolymerization seems 
unlikely. An increase in the accessability of OH groups is the most reasonable 
explanat ion. 

whose”solubi1ity” increases with the size of the acyl group (6). 
are of very high (105-106) molecular weight ( 7 ) .  
octanaylated 
tons are absent from the proton nmr. 
carbonyl group are broadened, while the methylene peaks at the terminal end of the 
chain show normal line widths. These data can be explained if acylation occurred 
at the coal surface and the resulting substance was solubilized, micelle like, by 
the interactions of the long chain with the solvent. 
still be in a solid environment, and their absorption would be too broad to detect. 
The motion of the portion of the acyl chain close to the coal surface would be 
hindered by close packing, giving rise to broad lines. 
free motion and normal line widths as observed. 

Friedel-Crafts Acylation. The Friedel-Crafts acylation of coals give products 

Peaks due to aromatic pro- 
The peaks due to the methylene a and B to the 

These products 
The proton nmr and 13C nmr of 

Bruceton coal are shown in Figs. 1 and 2 .  

The aromatic protons would 

The other end would have 
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Heredy-Neuworth Depolymerization. 
uminous coal, it is clear that any reaction which cleaves the bonds between aroma- 
tic carbons and methylene groups should result in destruction of the coal and the 
products of low molecular weight products. 
is one such reaction (8,9). 
weight products, 80% greater than 3000. 
zation can be further depolymerized if reacted again. 
in model compounds is not a slow reaction. 
postulating limited access of the necessary reagents to the interior of the coal. 

There are reactions which produce low molecular weight products from coals. 
Heat has ready access to the interior of coal, so pyrolysis would be expected to, 
and does, rapidly destroy the network and produce low molecular weight products. 
Vigorous reactions, such as oxidation, can chew their way into the coal by cutting 
small molecules off of the surface. This requires vigorous, unselective reactions. 
The attempts to use mild, selective reactions to solubilize coal lead to high 
molecular weight products. 

If the hypothesis stated here is correct, its consequences for coal chemistry 
and processing will be enormous. 
interim of the coal network should be sought. 
allow rapid, mild processing of coals. If rapid access cannot be obtained, pyroly- 
sis may be the necessary first step of any process rapid enough to be comercially 
attracted. 

Using currently accepted models for bit- 

The Heredy-Neuworth depolymerization 
When applied to coal it gives mostly high molecular 

The colloidal material from a depolymeri- 
The cleavage of these bonds 

These results can be explained by 

Methods for gaining ready, rapid access to the 
The discovery of such methods will 

Acknowledgement. We are grateful to the Department of Energy for support of 
this work and to EPRI for support of the acylation studies. 
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Figure 2 .  13C nmr Spectrum of Octanolyated Bruceton Coal (CECl3 solvent).  
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THE PHYSICAL STRUCTLJRL Or RROh'N COAL 

R . J  Camier. S.R. Siemon, H . A . J .  Bat taerd and B.R. Stanmore 
0 

Department of  Chemical Engineer ing,  
Univers i ty  of Melbourne, 
Parkvi l le .  Vic. 3052. 

1, In t roduct ion  

The behaviour of c o a l  dur ing  processing i s  determined by its physicochemical 
composition and s t r u c t u r e .  The examination of t h e  c o a l  "molecule" has  been hampered 
by t h e  i n a b i l i t y  t o  f i n d  techniques which measure any meaningful p r o p e r t i e s  of such 
l a r g e  complex s t r u c t u r e s .  Most a t t a c k s  on t h e  problem have been by means of breakinp, 
down t h e  s t r u c t u r e  i n t o  smal le r ,  more t r a c t a b l e  p ieces ,  examining t h e s e  and i n f e r r i n e  
t h e  o r i g i n a l  s t r u c t u r e .  
t o  r u p t u r e  t h e  molecules r a i s e s  doubts as t o  t h e  v a l i d i t y  of t h e  method. 
u n c e r t a i n t y  even with brown c o a l s  which a r e  g e o l o g i c a l l y  younger and bear  more 
resemblance to t h e  molecules of  c l a s s i c a l  organic  chemistry.  
for  ins tance ,  i n  t h e  d i v e r s i t y  of models proposed for bas ic  molecular arrangement 
(1-5). 

=' 
'( 

I With bituminous c o a l s  t h e  s e v e r i t y  of  t h e  t reatment  needed . 
.' 
1 

There is 

This  is r e f l e c t e d ,  

Brown c o a l s  have t h e  advantage t h a t  t h e y  can be broken down by t h e  comparat ively 
g e n t l e  t reatment  of a l k a l i  d i g e s t i o n  ( 6 )  i n to  fragments  i n  t h e  micron and submicron 
range.  This  r e s u l t s  i n  a s o l u b l e  f r a c t i o n  of  humic a c i d s  and a n  inso luble  r e s i d u e ,  

, humins. With Vic tor ian  c o a l s  it has been found t h a t  maximum d i g e s t i o n  occurs  a t  pH 
> 13 t o  g ive  humic a c i d  y i e l d s  ranging from 1 5  t o  40% of t h e  dry  c o a l  mass (7). 

This paper r e p o r t s  on a s tudy  of d iges ted  c o a l  f r a c t i o n s  which were subjec ted  
t o  p a r t i c l e  s i z e  a n a l y s i s  using sedimentat ion techniques.  
a g r a v i t a t i o n a l  sedimentation technique w a s  adopted while  t h e  more f i n e l y  d iv ided  
humic a c i d s  requi red  an u l t r a c e n t r i f u g e  t o  genera te  a s u f f i c i e n t l y  l a r g e  f o r c e  f i e l d .  
The n a t u r e  of t h e  fragments generated by t h i s  technique has  r e s u l t e d  i n  a modified 
hypothesis  of c o a l  genes is .  

Experimental 

For t h e  humins f r a c t i o n s  

The c o a l  examined was a sample of medium-light ear thy  c o a l  from t h e  Yal lourn 
mine i n  t h e  Latrobe Val ley,  Vic tor ia .  Its u l t i m a t e  a n a l y s i s  on a d . a . f .  b a s i s  w a s  
C 6 5 . 6 % ,  H 5.18% and oxygen by d i f f e r n e c e  27.95%. 
b a l l  m i l l i n g ,  followed by f u r t h e r  s i z e  reduct ion  i n  a domestic food pulper  and was 
t h e n  s t o r e d  under water i n  a c losed  v e s s e l .  

A s tock  sample was prepared by wet 

For each t e s t  a 15 m l  q u a n t i t y  of  s l u r r y  was mixed with 500 m l  q u a n t i t y  of  0 .1  
M NaOH s o l u t i o n  t o  maintain pH a t  13. 
screened on a B.S. 350 mesh screen t o  remove t43 pm overs ize  p a r t i c l e s .  The under- 
f l o w  was then passed through a micropore f i l t e r  of nominal pore s i z e  1.2 u m .  
t h u s  been f r a c t i o n a t e d  by p a r t i c l e  s i z e  i n t o  humins ( t h e  t43 um and t h e  -43 um t 1.2 u m  
f r a c t i o n s )  and humic a c i d s  (-1.2 pm . f r a c t i o n ) .  

After  d i g e s t i n g  overnight  t h e  slurry w a s  wet- 

The c o a l  

Some of  each of  t h e  f r a c t i o n s  w a s  ac id  washed t o  remove sodium and 
r e p r e c i p i t a t e  t h e  humic ac ids .  
o f  t h e  humic a c i d s ,  due t o  small q u a n t i t i e s  of f u l v i c  a c i d .  
was then  c a r r i e d  out  on t h e  d r i e d  s o l i d s  of each f r a c t i o n .  

A yellow supernatant  l i q u i d  remained a f t e r  p r e c i p i t a t i o n  
An elemental  a n a l y s i s  

Other samples of  a l k a l i n e  s l u r r y  were subjec ted  t o  p a r t i c l e  s i z e  a n a l y s i s  by 
With t h e  -43 pm + 1.2 Um f r a c t i o n  t h i s  was done i n  a 50 mm d iameter  

t h e  mass of 
The da ta  was analysed by t h e  method of Od8n ( 8 )  and t h e  p a r t i c l e  

Sedimentation. 
s e t t l i n g  column with a t a r e d  pan a t  t h e  base t o  cont inuously r e c o r d  
sedimented s o l i d .  
s i z e  d i s t r i b u t i o n  (Stokesian d iameter )  expressed on a mass % b a s i s  was c a l c u l a t e d .  

The humic a c i d  f r a c t i o n  (-1.2 urn) which was a dark  brown suspension containinR 
4.7 mg/l of c o a l  d id  not s e t t l e  even a f t e r  s tanding  f o r  s i x  months. This  slurry was 
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spun i n  a Beckmann u l t r a c e n t r i f u g e  with s p e c i a l  long tubes  t o  genera te  high g values .  
A l k a l i - r e s i s t a n t  polyallomer tubes  were used so t h a t  t h e  s o l i d s  which c o l l e c t e d  i n  
t h e  base could b e  removed i n  a s p e c i a l  g u i l l o t i n e ,  t h e n  d r i e d  and weiehed. The 
h e i g h t s  of  suspension charged varied,from 10  t o  80 mm and r o t a t i o n a l  speeds up t o  
40 000 rpm were used. 
accord ing  t o  k o w n  (9) .  

R e s u l t s  

I 

The d a t a  was a g a i n  analysed by Oden's method, modified 

A t y p i c a l  ou tput  f r o m  t h e  sedimentat ion balance f o r  -23 urn t1.2 urn mater ia l  1 
shown i n  Fig. 1. The occurence of d i s t i n c t  peaks i n d i c a t e s  t h a t  groups of 

c lose ly-s ized  p a r t i c l e s  a r e  present ,  t h e  smal les t  being about  6 um i n  e f f e c t i v e  
(S tokes ian)  diameter .  
at d i f f e r e n t  pH and with d i f f e r e n t  c o a l  t y p e s  s u g g e s t e d ' t h a t  some fundamental u n i t  
was p r e s e n t .  
rods about  0.9 um i n  diameter  and 6-8 pm long were common. 
c o e f f i c i e n t  f o r  such p a r t i c l e s  was c a l c u l a t e d  from Lamb's formula f o r  c y l i n d e r s  a t  
low Reynolds '  number ( s e e  F'randtl ( l o ) ) ,  t h e  terminal s e t t i n g  v e l o c i t y  w a s  t h e  same 
as for a s p h e r i c a l  p a r t i c l e  of about 6 um diameter .  

The l a r g e r  p a r t i c l e  s i z e s  could t h u s  be a c c r e t i o n s  of t h e s e  bas ic  u n i t s  and 

The p e r s i s t a n t  appearance of  t h e  same s i z e  groups i n  a l l  t e s t s  

A microscopic examination of t h e  m a t e r i a l  revea led  t h a t  c y l i n d r i c a l  
When t h e  drag 

a number is such agglomerations were noted. The r o d s  were arranged s i d e  by s i d e ,  
c l o s e  packed i n  bundles. 
mass and  t h e y  subsequent ly  agglomerate i n  s o l u t i o n ,  doubl ing i n  volume a t  each 
coa lescence .  

It  appears  t h a t  t h e  alkali p e e l s  t h e s e  rods  from t h e  c o a l  

Elemental  ana lyses  of  t h e  f r a c t i o n s  showed t h e  'rod' f r a c t i o n  (-43 urn t 1.2 
p m ) i s  r i c h  i n  both  hydrogen and carbon compared wi th  t h e  o r i g i n a l  c o a l ,  Fig. 2 
a l though t h e  e f f e c t  i s  p a r t l y  obscured by t h e  o x i d a t i o n  which t a k e s  p lace  i n  a l k a l i n e  
s o l u t i o n .  The same t r e n d s  appeared i n  a l l  c o a l  samples t e s t e d .  

The p a r t i c l e  s i z e  d i s t r i b u t i o n  f o r  t h e  humic ac id  f r a c t i o n  is depicted i n  
Fig. 3. No material sedimented out u n t i l  t h e  most extreme condi t ions  were appl ied  
( 4 0  000 rpm f o r  24 h ) ,  when some l i g h t e n i n g  of co lour  a t  t h e  t o p  of t h e  so lu t ion  was 
observed.  The sedimented p a r t i c l e s  had a Stokesian diameter of around 2 run, which 
means t h a t  a p a r t i c l e  s i z e  gap of t h r e e  o r d e r s  of magnitude e x i s t s  between these  and 
t h e  n e x t  l a r g e s t  p a r t i c l e s  de tec ted  ( 5  u m ) .  
t o  be 1.43 g/cm3, a s o l i d  sphere of diameter  2 nm would have a molecular mass of  
4 , 0 0 0 .  If t h e  molecules  were rod-shaped, even smal le r  molecular masses would be 
p r e d i c t e d .  
between 800 and 20 000 with t h e  va lues  c l u s t e r i n g  around 1,000 and 10,000 (11,12,13). 

Taking t h e  d e n s i t y  of c o a l  substance 

L i t e r a t u r e  va lues  of  t h e  molecular mass of regenerated humic a c i d s  range 

S ince  t h e  humic a c i d  f r a c t i o n  c o n s t i t u t e s  30% of t h e  d r y  coa l  mass, about 
one t h i r d  o f  t h e  c o a l  is i n  t h e  form of small  macromolecules, and bound t o  t h e  coal  
s t r u c t u r e  wi th  bonds weak enough t o  be d i s r u p t e d  by d i l u t e  a l k a l i .  

It is  o f  i n t e r e s t  t o  note  t h a t  t h e  p a r t i c l e  s i z e  gap suppl ies  a r a t i o n a l  basis 
t o  t h e  t r a d i t i o n a l  German c l a s s i f i c a t i o n  scheme of def in ing  humic a c i d  and humins on 
t h e  basis of a p a r t i c l e  s i z e  separa t ion  ( f i l t r a t i o n ) .  

Discuss  i o n  

The presence of  geometr ica l ly  uniform r o d s  and t h e  absence of p a r t i c l e s  over  
such a wide p a r t i c l e  s i z e  range have impl ica t ions  f o r  our  understanding of c o a l  
chemis t ry  and g e n e s i s .  
observa t ions .  

The fol lowing d i s c u s s i o n  a t t e m p t s  to  harmonise these  

Three explana t ions  have been considered t o  expla in  t h e  rods  found during t h i s  
These a r e  t h a t  they  a r e : -  

i )  b a c t e r i a l  remains 
i i )  p l a n t  c e l l  remains 

work. 

i i i )  art ifacts formed dur ing  phase s e p a r a t i o n  i n  t h e  c o a l i f i c a t i o n  process .  
Since b a c t e r i a ,  inc luding  r o d - l i k e  b a c i l l i  a r e  a c t i v e  during t h e  b io logica l  d i g e s t i o n  
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s t a g e  of c o a l i f i c a t i o n ,  remnants of t h e i r  protoplasm m y  have been incorporated 
i n t o  t h e  c o a l  matrix. 
high n i t rogen  conten t  and t h e  r e s u l t s  are l i s t e d  i n  Table  1. 

If t h i s  were so, t h e i r  p r o t e i n  conten t  should r e s u l t  i n  a 

TABLE 1. 
Nitrogen conten t  (d .a . f .1  of Coal S ize  F r a c t i o n  

Mater ia l  ~ o r i g i n a l  c o a l  t43 um -43umt1.2pm -1.2 vrn 
I 

Nitrogen conten t  (% d a f )  0.75  0.63 0.78 0.70 - 
Although t h e  n i t rogen  conten t  of t h e  rod f r a c t i o n  is higher  t h a n  t h e  o t h e r s ,  

Since t h e i r  concent ra t ion  appears  t o  be much 
it can only be s i g n i f i c a n t  i f  t h e  rods c o n s t i t u t e  less than  about 2% of t h e  t o t a l  
mass of t h e  -43 pm t 1.2 pm f r a c t i o n ,  
g r e a t e r  than t h i s ,  t h e  hypothesis  i s  u n a t t r a c t i v e .  

The abundance of i d e n t i f i a b l e  cell  fragments  observed under t h e  microscope 
l e n d s  weight t o  t h e  second hypothesis .  
and remains of  coni fe rous  t r a c h e i d s  o r  o t h e r  ce l l s  would be of t h e  c o r r e c t  s i z e .  
The composition of t h e  rod f r a c t i o n  is c l o s e  t o  t h a t  of l i g n i n  and t h e  rods have 
been observed pee l ing  off l a r g e r  woody fragments. 
must t h e r e f o r e  be considered a s  a p o s s i b i l i t y  i n  t h e  absence of o t h e r  information.  

C e l l  s i z e s  vary with l o c a t i o n  i n  t h e  plant 

The ce l l  r e m i n s  explana t ion  

The t h i r d  hypothesis  is more s p e c u l a t i v e  and fa r - reaching  i n  i t s  impl ica t ions .  
It  is genera l ly  accepted ( 1 4 )  t h a t  t h e  f i r s t  s t e p  i n  t h e  genes is  of  c o a l  i s  t h e  
d e s t r u c t i o n  of  c e l l u l o s e  and t h e  degrada t ion  of  l i g n i n  t o  monomer which e i t h e r  is a 
humic a c i d  or polymerises t o  g ive  humic a c i d s .  
t a k e s  place by condensat ion a s  ind ica ted  by t h e  decrease i n  a c i d i t y  with i n c r e a s e  i n  
molecular  mass. A s  t h e  concent ra t ion  of monomer decreases ,  a g e l  po in t  is reached 
and a g i a n t  network is formed, swollen by t h e  so lvent  water. 
proceeds f u r t h e r ,  t h e  network w i l l  become cross- l inked ,  r e s u l t i n g  i n  shr inka2e and 
water exclusion.  

The polymerisat ion of these  a c i d s  

A s  t h e  polymegisation 

Considering macromolecules i n  s u r f a c e  energy terms,  t h e  s o l u b i l i t y  parameter 
has  been def ined as .”.% 

6 = 
1 1  

where E is t h e  molar cohesive energy and V is t h e  molar volume. 
A and B, t h e  m a t e r i a l s  a r e  compatible i f  (15), 

For two polymers 

(6, - < 4.2 kJ/1 

If t h i s  inequal i ty  does not  hold phase separa t ion  of  polymers w i l l  occur. The 
s o l u b i l i t y  parameter of  c o a l  over  a wide range  of  c o a l  ranks  has been measured 
(15,17,18) and is p l o t t e d  i n  Fig.  4 .  
to  23 as t h e  carbon content  r i s e s  from 7 0 - t o  89% and r i s e s  s lowlv t h e r e a f t e r .  
89% carbon,  po lar  groups a r e  l a r g e l y  absent  and aromat i sa t ion  has  commenced. 
e x t r a p o l a t i o n  back t o  t h e  65 -70% carbon range occupied by brown c o a l s ,  t h e  l i n e  is 
s t e e p  enough such t h a t  a d i f f e r e n c e  of only  1% i n  carbon content  is s u f f i c i e n t  t o  
c r e a t e  incompat ib i l i ty  between c o a l  molecules. 

The value of  6 f a l l s  n e a r l y  l i n e a r l y  from 32 
A t  

By 

A l a r g e  polymer molecule is a b l e  t o  e x i s t  with d i f f e r e n t  p a r t s  of t h e  c h a i n  
i n  d i f f e r e n t  phases and an i n c r e a s e  i n  t h e  concent ra t ion  of  t h e  s p e c i e s  w i l l  
concent ra te  so lva ted  p a r t s  toge ther  as  wel l  a s  concent ra t ing  t h e  p r e c i p i t a t e d  p a r t s .  
With two d i f f e r e n t  polymers e .g .  po lys tyrene  and polybutadiene b locks  of one w i l l  
form wi th in  a cont inuous phase of t h e  o t h e r ,  with domain s i z e s  between 10 and 100 nm 
u s u a l .  
remaining polymer. 

This  segregat ion i n t o  phases w i l l  be  enhanced by t h e  swel l ing e f f e c t  of t h e  

In t h e  case  of c o a l  formation, woody r e s i d u e s  intermingle  with condensat ion 
polymers which a r e  swollen by t h e  water-soluble  products  f r o m  t h e  degradat ion of 
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high concent ra t ion  of A 

I 
low concent ra t ion  o f  A 

The r e v i s e d  model of c o a l  s t r u c t u r e  which emerges from t h i s  study envisages 
a g e l  o f  humic a c i d  molecules swollen by water  and incorpora t ing  p a r t i c u l a t e s .  
These include r o d s  and d e t r i t a l  mat ter  l i k e  p o l l e n ,  cell  remains, e x i n i t e  m a t e r i a l  
e t c .  which a r e  he ld  t o g e t h e r  by t h e  humic a c i d  "glue". 
toge ther  must be of a homopolar non-regenerable type  as r h e o l o g i c a l  s t u d i e s  of 
Vic tor ian  c o a l s  have shown that t h e  bonds a r e  broken by s h e a r  a c t i o n  during 
mechanical working and d o  not remake on s tanding  (19). 
bond commonly regarded  as t h e  major bond type  for brown c o a l  g e l s ,  as hydrogen 
bonds a r e  known to remake after rupture .  
may hold t h e  s t r u c t u r e  toge ther .  On r u p t u r e  t h e  water  which i s  l i b e r a t e d  on shear ing  
would be a b l e  t o  a t t a c h  a t  t h e  vacant si tes and t h u s  prevent  t h e  remaking of t h e  
o r i g i n a l  s t r o n g e r  bonds. 

Conclusions 

1. 

2. 

The bonds l ink ing  t h i s  mass 

This  excludes t h e  hydrogen 

It appears  t h a t  van d e r  .Waals t y p e  bonds 

P a r t i c l e  s i z e  a n a l y s i s  of  a l k a l i - d i g e s t e d  brown coal provides  a u s e f u l  
ins ight  i n t o  coal s t r u c t u r e .  
Victor ian c o a l s  c o n t a i n  s i g n i f i c a n t  q u a n t i t i e s  of c y l i n d r i c a l  rod-shaped 
p a r t i c l e s ,  1 vm i n  diameter  and 6-8 um long,  which a r e  high i n  carbon 
and hydrogen. 
No p a r t i c l e s  e x i s t  i n  a lka l i -d iges ted  c o a l  s o l u t i o n s  between 6 v m  and 2nm 
Stokesian d i a m e t e r ,  

p a r t i c l e s  bound by non-regenerable bonds. 

3. 

4. Brown c o a l  can be regarded a s  a g e l  of humic a c i d s  which incorporates  l a r g e r  

spheres  of  B d i s p e r s e d  i n  A 
rods  " " 

a l t e r n a t e  l a y e r s  of A and B 
rods of A d i speresed  i n  B 
spheres  " 

I, 1, 11 

11 , I  
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THE ULTRAFINE STRUCTURE OF COAL DETERMINED BY ELECTRON MICROSCOPY 

L. A .  Ha r r i s  and C .  S. Yust 

Metals and Ceramics Divis ion 
Oak Ridge National Laboratory 

Oak Ridge, Tennessee 37830 USA 

INTRODUCTION 

The t echno log ica l  u t i l i z a t i o n  of coal  is dependent upon its physical  charac- 
t e r i s t i c s  a s  well  as i t s  chemistry.  The size and s p a t i a l  d i s t r i b u t i o n  of pores;  
and the  s i z e ,  d i s t r i b u t i o n ,  and i d e n t i t y  of  t h e  submicron s i z e  minerals  a r e  physical  
a t t r i b u t e s  of p a r t i c u l a r  i n t e r e s t  because of t h e i r  inf luence i n  coal  conversion 
processes such a s  l i q u e f a c t i o n  and g a s i f i c a t i o n .  

The p r e s e n t  pape r  is one of a s e r i e s  i n  which e l ec t ron  microscope analyses  in -  
including t r ansmiss ion ,  scanning t ransmission,  and scanning r e f l e c t i o n  methods have 
been employed i n  examining bituminous coa l s  (1,  2 ) .  These techniques have t h e  ad- 
vantage of r e v e a l i n g  t h e  mic ros t ruc tu res  of coal  a t  magnif icat ions s u b s t a n t i a l l y  
g rea t e r  than t h a t  a v a i l a b l e  with l i g h t  microscopy. 
d i r e c t  observat ion o f  t h e  po res  and submicron mine ra l s  w i th in  t h e  coa l  may be 
obtained. 

Consequently, a more d e t a i l e d  

EXPERIMENTAL 

Sample S e l e c t i o n  and Preparat ion 

Samples were s e l e c t e d  from two high v o l a t i l e  bituminous c o a l s ,  namely, I l l i n o i s  
No. 6 and Eas t e rn  Kentucky s p l i n t  coal  from Perry County. The s e l e c t i o n  of t h e  
above coals  w a s  based on t h e  f a c t  t h a t  both a r e  o f  equal rank b u t  of d i f f e r e n t  
l i t ho types  ( i . e .  maceral  con ten t s ) ,  mic ros t rucu tu res ,  and geographical ly  separated.  
Consequently some eva lua t ion  could be made of  t h e  v a r i a t i o n  i n  microscale  f ea tu res  
which could be s i g n i f i c a n t  i n  coa l  u t i l i z a t i o n  o r  d i agenes i s ,  

Specimens were prepared from the  above samples by s l i c i n g  s e c t i o n s  normal t o  
t h e  bedding and subsequent ly  gr inding them i n t o  o p t i c a l  t h i n  s e c t i o n s  approximately 
10-15 vm t h i c k .  The o p t i c a l  s ec t ions  were removed from t h e  g l a s s  s l i d e  by acetone 
and thinned t o  e l e c t r o n  t ransparency by i o n  bombardment ( ion  mi l l ed ) .  
mi l l i ng  process  was performed on fragments approximately 3 mm on edge using argon 
gas and a l i q u i d  n i t rogen  cold s t age  i n  o rde r  t o  ensure a sample f r e e  from thermal 
damage. 
conductive p a i n t .  

The ion 

The i o n  mi l l ed  samples were f ixed  t o  e l e c t r o n  microscope g r i d s  using s i l v e r  

Analyt ical  Methods 

Both a high v o l t a g e  t ransmission e l e c t r o n  microscope (TEM) (1 Mv) and a scanning 
t ransmission e l e c t r o n  microscope (STEM) (120 Kv) were used i n  t h i s  study. The STEM 
was f i t t e d  wi th  an energy d i spe r s ion  system u t i l i z i n g  a S i ( L i )  d e t e c t o r .  
chemical ana lyses  of p a r t i c l e s  a s  small a s  20 nm f o r  elements of  atomic number 11 or  
g r e a t e r  could be a t t a i n e d  by use of  t h e  STEM and EDX. 

Micro- 

* 
Research sponsored by t h e  Division of Basic Energy Science,  U.S. Department Of 

Energy under c o n t r a c t  W-7405-eng-26 with t h e  Union Carbide Corporat ion,  

210 



RESULTS AND DISCUSSION 

Figures  1 and 2 a r e  TEM photomicrographs of specimens from t h e  s p l i n t  coa l  
and t h e  I l l i n o i s  No. 6, r e s p e c t i v e l y .  The photomicrographs serve t o  i l l u s t r a t e  
t h e  d i f f e r e n c e s  i n  micros t ruc tures  between c o a l s  of  t h e  same rank. I n  genera l ,  
t h e  s p l i n t  coa l  contains  fragments of e x i n i t e ,  i n e r t i n i t e ,  and v i t r i n i t e  c l o s e l y  
compacted toge ther ,  with t h e  former two macerals making up over 70 volume percent  
of  t h e  t o t a l  mater ia l .  On t h e  o t h e r  hand, t h e  I l l i n o i s  No. 6 coal  conta ins  l a r g e  
bands of  v i t r n i t e  interbedded with i n e r t i n i t e  and e x i n i t e ,  where t h e  l a t te r  two 
macerals combined comprise between 10 and 20 volume percent  of t h e  t o t a l  macerals .  

EASTERN KENTUCKY SPLINT COAL 

Examination of t h e  micros t ruc ture  i n  Figure 1 r e v e a l s  t h a t  t h e  e x i n i t i c  
m a t e r i a l  (E) is e s s e n t i a l l y  f e a t u r e l e s s  i n  e l e c t r o n  t ransmiss ion .  This  mater ia l  
however, f requent ly  conta ins  r e l a t i v e l y  l a r g e  and i r r e g u l a r l y  shaped pores  (P) .  
Immediately adjacent  t o  t h e  e x i n i t e  i s  a region of  v i t r i n i t e  ( V ) ,  conta in ing  
a n e a r l y  uniform d i s t r i b u t i o n  of f i n e  p o r o s i t y .  The boundary between t h e  e x i n i t e  
and t h e  v i t r i n i t e  conta ins  opaque fragments of mineral  bear ing i n e r t i n i t e  a s  well 
a s  more f i n e l y  divided i n e r t i n i t i c  m a t t e r ,  
t h e  granular  i n e r t i n i t e  at t h e  boundary i s  seen by d e t a i l e d  study t o  be cont inuous 
with t h e  f i n e r  poros i ty  t h a t  i s  observed i n  t h e  v i t r i n i t e .  
p o r o s i t y  from t h e  i n e r t i n i t e  t o  t h e  v i t r i n i t e  may be i n d i c a t i v e  of a t r a n s i t i o n a l  
zone between t h e  two macerals .  The v i t r i n i t e  bands observed i n  t h i s  f i e l d  a r e  
r e l a t i v e l y  porous and as would be expected i n  a low d e n s i t y  body, t h e  p o r o s i t y  i s  
h ighly  interconnected.  

The coarse  p o r o s i t y  assoc ia ted  with 

This  grada t ion  of 

The poros i ty  assoc ia ted  with t h e  e x i n i t i c  maceral of t h e  s p l i n t  coal  can be 
seen more c l e a r l y  i n  Figure 3. 
d i s t i n c t  tubular  channels which extend from t h e  apparent  c e n t e r  of  t h e  spore ex ine  
t o  t h e  boundary between t h e  spore  and t h e  surrounding i n e r t i n i t e .  Commonly, t h e  
channels conta in  spher ica l  mineral  p a r t i c l e s ,  which appear t o  be a s s o c i a t e d  with 
t h e  formation of t h e  channels .  Other s t u d i e s  ( 3 )  on t h e  i n t e r a c t i o n  of f i n e  
metal p a r t i c l e s  on g r a p h i t e  sur faces  have demonstrated t h a t  p a r t i c u l a t e s  can c a t a l y z e  
s u r f a c e  r e a c t i o n  and lead t o  genera t ion  of e longated pores  of t h e  type  shown here .  
The p a r t i c l e s  i n  t h e  e x i n i t e  were i d e n t i f i e d  by means of  EDX ana lyses  and s e l e c t e d  
a r e a  d i f f r a c t i o n  (see i n s e r t s  i n  Figure 3) a s  the  mineral  a ragoni te  (calcium c a r -  
bonate) which presumably e n t e r s  t h e  e x i n i t e  from t h e  granular  i n e r t i n i t e  t h a t  
t y p i c a l l y  surrounds t h e  spore ex ines .  Usual ly ,  t h e  granular  i n e r t i n i t e  conta ins  an 
apprec iab le  amount of mineral  m a t t e r ,  p r i m a r i l y  a s  c l a y s .  

The l a r g e ,  i r r e g u l a r l y  shaped pores  o f t e n  form 

Previous p o r o s i t y  s t u d i e s  of coa l  by gas  absorp t ion  methods (4) revea l  a 
d i r e c t  r e l a t i o n s h i p  between t h e  f i n e  p o r o s i t y  and t h e  v i t r i n i t e  conten t  of a coa l .  
These observat ions a r e  confirmed by t h i s  s tudy f o r  both t h e  s p l i n t  and I l l i n o i s  No. 6 
c o a l s  i n  as  much a s  a l l  t h e  v i t r i n i t e  observed by TEM was found t o  conta in  l a r g e  
reg ions  of f i n e  poros i ty .  In  Figure 4 ,  a TEM photomicrograph of a v i t r i n i t e  
fragment i n  t h e  s p l i n t  c o a l ,  t h e  pore  sizes range from approximately 2 nm, t o  g r e a t e r  
than 20 nm. 
be r e l a t e d  t o  connecting channels o r  i r r e g u l a r l y  shaped pores  t h a t  cannot be descr ibed 
a s  s p h e r i c a l .  S te reo  p a i r s  of t h e s e  v i t r i n i t e  fragments i n d i c a t e  a connect ing network 
of pores  suggest ing high permeabi l i ty .  

The smal les t  pores ,  some of  which may even be l e s s  than 2 nm, appear t o  

ILLINOIS NO. 6 COAL 

The granular  c o n s t i t u t e n t  shown i n  t h e  I l l i n o i s  No. 6 micros t ruc ture  (Fig.  2)  
conta ins  a broad range Of in te rconnec t ing  pores  (%4C-S0 nm i n  d i a . )  which may be 
c l a s s i f i e d  as predominantly macropores (<50 vm). 
c o n s t i t u e n t  i s  not c l e a r ,  however, it i s  thought t o  be a mixture  of  i n e r t i n i t e  and 
e x i n i t e .  

The exac t  i d e n t i t y  of t h i s  

The micros t ruc ture  of  t h i s  coal  i s  dominated by l a r g e  v i t r i n i t e  bands 
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(V)  which are separa ted  by t h e  h ighly  porous reg ions ,  
interconnected f i n e  p o r o s i t y  can be observed i n  both  v i t r i n i t e  bands ( see  arrows) ,  
Also noteworthy i n  t h i s  micros t ruc ture  a r e  t h e  opaque (OP) fragments t h a t  have 
been found t o  conta in  minera ls .  The opac i ty  of t h e  mineral  regions may be due t o  
a grea te r  th ickness  of t h e  face caused by t h e  g r e a t e r  r e s i s t a n c e  minerals  have t o  
ion  mi l l ing .  

Areas of apparent ly  

Figure 5 i s  a TEN photomicrograph o f  a region o f  v i t r i n i t e  i n  t h e  I l l i n o i s  
No. 6 coa l  obtained a t  h igher  magni f ica t ion  (50K) i n  order  t o  perform a more 
d e t a i l e d  a n a l y s i s  of t h e  p o r o s i t y  assoc ia ted  with t h i s  maceral. Pore dimensions 
range from approximately 1 t o  10 nm which c l a s s i f i e s  them as a mixture  of  micro- 
pores  ( < 2  urn) and mesopores (2-50 u m ) .  The d e t e c t i o n  of p o r o s i t y  i n  the  2 
dimensional image becomes more d i f f i c u l t  as t h e  specimen th ickens .  
when viewed i n  3 dimensions v i a  a s t e r e o  p a i r ,  t h e  p o r o s i t y  i n  t h e  t h i c k e r  regions 
remains c l e a r .  Three dimensional viewing a l s o  r e v e a l s  t h a t  t h e  p o r o s i t y  i s  ir- 
regular ly  shaped, and i s  o f t e n  p r e s e n t  as volumes of h ighly  in te rconnec t ing  pores .  
I n  regions of l o c a l l y  high p o r o s i t y  as i s  observed i n  t h e  c e n t e r  of  Fig.  5, t h e  
degree of i n t e r c o n n e c t i v i t y  i s  r e l a t i v e l y  g r e a t  whereas i n  t h e  surrounding region 
t h e  pore volumes are l a r g e l y  i s o l a t e d .  

However, 

Several  v i t r i n i t e  f ragments  were found t o  conta in  bands of minera ls ,  a l igned 
p a r a l l e l  t o  t h e  bedding p lane  of the  coa l  (Fig.  6 ) .  Many of t h e  minerals  e x h i b i t  
well developed growth h a b i t s .  
ment from the  TEM photomicrographs r e v e a l s  t h a t  t h e  major i ty  of minerals  were 
under 30 nm i n  diameter  with t h e  average diameter  being approximately 10 nm. Larger 
mineral fragments up t o  300 nm on an edge were recorded but  comprised only a 
small f r a c t i o n  of t h e  t o t a l  observable  mineral  matter. Subsequent analyses  of  small 
angle  x-ray s c a t t e r i n g  (6) (SAXS) from a s i m i l a r  sample of I l l i n o i s  No. 6 c o a l  
showed a multimodal s i z e  d i s t r i b u t i o n  (F ig .  7 )  which e s s e n t i a l l y  confirms t h e  TEM 
observat ions.  For example, the  peak a t  3 nm r e l a t e s  t o  t h e  f i n e  pores  observed 
i n  the v i t r i n i t e  component 
diameter ,  and f i n a l l y  t h e  peak a t  25 nm accounts  f o r  t h e  l a r g e r  mineral fragment 
p l u s  t h e  l a r g e r  p o r e s  observed i n  t h e  granular  c o n s t i t u e n t .  

A s i z e  a n a l y s i s  of t h e  minerals  (5) by d i r e c t  measure- 

whereas t h e  peak a t  1 0  nm f i t s  t h e  average mineral 

In  addi t ion  t o  t h e  micros t ruc tura l  s t u d i e s  of these  two bituminous coa ls  an  
e f f o r t  was a l s o  made t o  do EDX analyses  v i a  STEM on microareas  of t h e  macerals 
i n  order  t o  o b t a i n  d a t a  r e l a t e d  t o  t h e  composition of t h e  coal  macromolecule. 
However, t y p i c a l l y ,  t h e  observa t ion  of d e t e c t a b l e  elements ( i . e . ,  of atomic number 
1 1 ,  Na or g r e a t e r )  always c o r r e l a t e d  with t h e  presence of minerals .  except f o r  
s u l f u r .  These observa t ions ,  though l i m i t e d ,  do suggest  t h a t  chemical analyses  
of coal which r e p o r t  t h e  e x i s t e n c e  o f  heavy meta ls  (>Na) i n  coa l  macerals a s  p a r t  
of the organic  c o n s t i t u e n t  may be suspec t .  As witnessed i n  Fig.  6 ,  t h e  size 
range f o r  minerals  can be exceedingly smal1,e.g. l e s s  than 2 nm i n  diameter  
thus  t h e i r  d e t e c t i o n  by s tandard  techniques very  improbable. 

CONCLUSIONS 

The shape and s i z e  of  pores  i n  two high v o l a t i l e  bituminous coals  of d i f f e r i n g  
l i tho types  have been d i r e c t l y  observed by means o f  t ransmission e l e c t r o n  microscope 
(TEM). The d i s t r i b u t i o n  of t h e  p o r o s i t y  wi th  r e s p e c t  t o  t h e i r  maceral assoc ia t ions  
were ascer ta ined as were t h e  sizes and d i s t r i b u t i o n s  of the  micro minerals .  
u s e  of S te reo  p a i r s  r e v e a l s  t h e  i n t e r c o n n e c t i v i t y  of t h e  pores i n  micro volumes 
of t h e  macerals i 6 d i c a t i n g  a high degree of permeabi l i ty  within those  reg ions .  

The f i n e s t  p o r o s i t y  was observed i n  v i t r i n i t e  fragments of both c o a l s  and 
ranged i n  s i z e  from under  2 nm t o  20 nm i n  diameter ,  with t h e  major i ty  i n  t h e  smal le r  
end of t h e  s i z e  range .  
maceral and t y p i c a l l y  conta ins  a broad range of pores  from 5 through 50 nm. 

The 

On t h e  o t h e r  hand, i n e r t i n l t e  appears t o  be the  most porous 
h c h  
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of t h e  i n e r t i n i t e  i s  granular  ma te r i a l  varying from f i n e  t o  coarse  grained p a r t i c l e s  
with t h e  former corresponding t o  mic r in i t e .  

F ina l ly ,  t he  l e a s t  porous maceral i s  e x i n i t e  which gene ra l ly  appears as a 
f e a t u r e l e s s  ma te r i a l  except f o r  t h e  presence of i r r e g u l a r  and tubu la r  pores thought 
t o  be i n i t i a t e d  by t h e  c a t a l y t i c  ac t ion  of minera ls .  
between e x i n i t e  and i n e r t i n i t e  such a s  e x i s t s  i n  du ra ins ,  where t h e  i n e r t i n i t e  
conta ins  l a rge  amounts of  f i n e  mineral  ma t t e r ,  may t h e r f o r e  promote t h e  genera t ion  
of po ros i ty  i n  e x i n i t e s .  

The in t ima te  r e l a t i o n s h i p  
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Fig. 3 .  TEM o f  Tubular and I r regular  Pores in Exinite Showing the Location 
(See Arrows) and Ident i ty  (See Inse ts )  o f  Spherical Par t ic les .  

Fig. 4. Fine Porosity Observed in Vi t r in i t e  Fragment i n  S p l i n t  Coal by TEM. 
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Fig.  5. F ine P o r o s i t y  Observed i n  V i t r i n i t e  Fragment o f  I l l i n o i s  No. 6 Coal by TEM. 

F ig .  6 .  TEM o f  V i t r i n i t e  o f  I l l i n o i s  No. 6 Showing Bands o f  M i n e r i a l s .  
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CHARACTERIZATION OF IRON BEARING MINERALS I N  COAL 

Pedro A. Hontano 
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In t roduc t ion  

Due t o  t h e  importance of  c o a l  as a major sou rce  of energy and t h e  environmen’tal 
hazards  involved i n  i t s  u s e ,  cons ide rab le  r e s e a r c h  has  become necessa ry  i n  o rde r  t o  
a )  f u l l y  understand t h e  d i f f e r e n t  compounds appea r ing  i n  t h e  c o a l  and t h e i r  t r ans -  
formation d u r i n g  p rocess ing ;  and b) know how t h o s e  compounds c o n t r i b u t e  t o  t h e  
p o l l u t i o n  of t h e  environment ,  i . e . ,  a c i d i t y  of water  s t reams nea r  t h e  c o a l  mines 
and p o l l u t i o n  by power p l a n t s .  
mineral  m a t t e r  i n  c o a l .  For example, r e c e n t l y  s e v e r a l  r e s e a r c h e r s  have shown t h a t  
t h e  mine ra l  matter i n  t h e  c o a l  may p lay  an important  role i n  t h e  l i q u e f a c e i o n  process  
(1). Of a l l  t h e  m i n e r a l s  i n  t h e  c o a l ,  t h e  i r o n  bea r ing  mine ra l s  seem t o  h e  t h e  
most important .  I n  most c o a l  u t i l i z a t i o n  t echn iques  t h e  c o a l  is used as r a w  mate- 
r i a l ,  and a s  a r e s u l t  both t h e  o rgan ic  and ino rgan ic  components may be c r i t i c a l  i n  
t h e  acceptance o r  r e j e c t i o n  of a c o a l  f o r  a p a r t i c u l a r  p rocess .  Owjng t o  t h e  g r e a t  
importance of i r o n  a s  n major c o n s t i t u e n t  of  th’e mine ra l  matter i n  many c o a l s  t h e  
Moessbauer e f f e c t  becomes a powerful t o o l  i n  t h e  c h a r a c t e r i z a t i o n  of t h e  i r o n  bear- 
i ng  mine ra l s .  

Some p o s i t i v e  p r o p e r t i e s  can be a s s o c i a t e d  wi th  t h e  

The most common u s e  of t h e  Moessbauer e f f e c t  i n  mineralogy and geology has  been 
t h e  de t e rmina t ion  of  t h e  o x i d a t i o n  s ta tes  of  i r o n  i n  v a r i o u s  mine ra l s  ( 2 ) .  The 
s tudy  of  t h e  Moessbauer s p e c t r a l  a r e a  a l s o  g i v e s  v a l u a b l e  in fo rma t ion  on t h e  concen- 
t r a t i o n  of t h e  d i f f e r e n t  mine ra l s  i n  rocks  ( 2 ) .  Recent ly  t h e  Moessbauer e f f e c t  w a s  
app l i ed  t o  t h e  s tudy  of i r o n  bea r ing  mine ra l s  i n  c o a l  and t o  determine t h e  amount 
n f  p y r i t i c  sill f u r  ( 3 , 4 , 5 ) .  

I n  what Lollows t h e  a p p l i c a t i o n  of  Moessbauer spectroscopy (57Fe) t o  determine 
t h e  i ron  bea r ing  m i n e r a l s  w i l l  be  desc r ibed  and a c r i t i c a l  view of  t h e  advantages 
and d i sadvan tages  of t h e  t echn ique  w i l l  be p re sen ted .  I n  t h i s  s t u d y  more than 200 
c o a l  samples were i n v e s t i g a t e d  and more than  2000 Moessbauer runs  were c a r r i e d  ou t  
on those  samples.  Be fo re  going i n t o  t h e  expe r imen ta l  r e s u l t s ,  a b r i e f  d e s c r i p t i o n  
of t h e  Moessbauer pa rame te r s  which g i v e  t h e  necessa ry  in fo rma t ion  t o  determine t h e  
compounds seems a p p r o p r i a t e .  

Moessbauer Pa rame te r s  

Isomer S h i f t  ( I S ) :  The s h i f t  observed i n  t h e  Moessbauer l i n e s  wi th  r e s p e c t  t o  
z e r o  v e l o c i t y  i s  produced by t h e  e l e c t r o s t a t i c  i n t e r a c t i o n  of t h e  nuc lea r  and s- 
e l e c t r o n s  cha rge  d i s t r i b u t i o n s .  I t  is g iven  i n  t h e  n o n - r e l a t i v i s t i c  approximation 
by (6)  

The I S  g i v e s  v a l u a b l e  and unique in fo rma t ion  on t h e  va l ence  s t a t e s  of i r o n ,  i n  
s p e c i a l  f o r  h igh  s p i n  Fe2+ and Fe3+. / 

Besides  t h e  I S  t h e r e  e x i s t s  a s h i f t  of t h e  Moessbauer l i n e s  due t o  t h e  second 
o r d e r  Doppler e f f e c t  ( 7 ) .  T h i s  s h i f t  is given by 
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where i s  t h e  thermal  average  of t h e  squa re  of t h e  v e l o c i t y  of t h e  Moessbauer 
atom i n  t h e  s o l i d .  It is a parameter t h a t  s t r o n g l y  depends on t h e  l a t t i c e  dynamical 
p r o p e r t i e s  of t h e  s o l i d .  

The hype r f ine  i n t e r a c t i o n s  a f f e c t i n g  the  Moessbauer e f f e c t  a r e  t h e  quadrupole  
and magnetic i n t e r a c t i o n s  ( 2 ) .  The quadrupole i n t e r a c t i o n  e x i s t s  when t h e  e l e c t r o n s  
and/or t h e  ne ighbor ing  atoms produce an inhomogeneous e l e c t r i c  f i e l d  a t  t h e  nuc leus ,  
and when t h e  nuc leus  posses ses  a quadrupole moment, Q. 
a s p l i t t i n g  of t h e  Moessbauer l i n e s  f o r  57Fe given by ( 2 )  

This  i n t e r a c t i o n  produces 

AE = #e?qQ (1 + n 2 / 3 ) '  3 )  Q 

where q is t h e  e l e c t r i c  f i e l d  g r a d i e n t ,  and 0 t h e  asymmetry parameter.  When q a r i s e s  
from t h e  e l e c t r o n s  of t h e  Moessbauer a om, the  tempera ture  dependence of t h e  QS i s  

.very  pronounced, l i k e  i n  h igh  s p i n  Fez compounds. Th i s  tempera ture  dependence i s  
ve ry  u s e f u l  i n  t h e  i d e n t i f i c a t i o n  of t h e  e l e c t r o n i c  ground s t a t e  of t h e  ion .  

5 

The hype r f ine  magnetic i n t e r a c t i o n  a r i s e s  from t h e  i n t e r a c t i o n  of t h e  n u c l e a r  
magnetic d i p o l e  moment wi th  a magnetic f i e l d  due t o  t h e  atom's own e l e c t r o n s .  I n  
many c a s e s  Noessbauer s t u d i e s  a t  low tempera tures  a r e  necessary  t o  f u l l y  c h a r a c t e r i z e  
a compound. In such c a s e s  one u s u a l l y  a p p l i e s  an e x t e r n a l  magnetic f i e l d .  Th i s  
technique  i s  p a r t i c u l a r l y  u s e f u l  f o r  t h e  s tudy  of t h e  e l e c t r o n i c  ground s ta te  of 
i r o n  ions  i n  minera ls  ( 8 , 9 ) .  

A very  important Moessbauer parameter is t h e  Debye-Waller f a c t o r  (DWF). The DWF 
depends on t h e  tempra ture  and i s  given in t h e  harmonic approximation by ( 2 )  

DWF = exp (-k2<x2> ) 4 )  
Y T  

where i s  t h e  mean squa re  d isp lacement  of t h e  atom a long  t h e  d i r e c t i o n  of t h e  
y-ray emission. The DWF is f r e q u e n t l y  eva lua ted  i n  Moessbauer spec t roscopy us ing  
an  e f f e c t i v e  Debye model. The DWF can be d i f f e r e n t  f o r  t h e  same compound i f  t h e  
p a r t i c l e  s i z e  is ve ry  sma l l .  One has  t o  be aware of t h i s  problem when us ing  t h e  
Moessbauer e f f e c t  a s  a q u a n t i t a t i v e  a n a l y t i c a l  t o o l .  

The Moessbauer e f f e c t  can be used no t  on ly  f o r  t h e  i d e n t i f i c a t i o n  of mine ra l  
s p e c i e s ,  b u t  a l s o  f o r  a q u a n t i t a t i v e  a n a l y s i s  of  t h e  mine ra l  c o n t e n t s .  The Moess- 
bauer s p e c t r a l  a r e a  i s  g iven  f o r  a s i n g l e  l i n e  sou rce  and absorber  by (10) 

t=n  a f a o a  P=~-B/N( - )  

where B = background (non-Moessbauer r a d i a t i o n ) ;  N(m)  = count ing  r a t e  a t  i n f i n i t y  
v e l o c i t y ;  r 
abso rbe r  an8 source ;  a = abso rp t ion  c ros s - sec t ion  a t  resonance ;  n = number 
of Moessbauer atoms pe8 squa re  cen t ime te r .  
f o r  l i n e s  s p l i t t e d  by hype r f ine  i n t e r a c t i o n s  (11). 
as a q u a n t i t a t i v e  a n a l y t i c a l  t o o l ,  c a r e  must be taken t h a t  B, f and f a r e  known. 
A d i s c u s s i o n  on t h e  q u a n t i t a t i v e  method of a n a l y s i s  w i l l  be g ivzn  a t  t g e  end of 
t h e  paper.  

= f u l l  wid th  of ha l f -he igh t  of t h e  abso rp t ion  l i n e ;  f a f s  = DIJF of 

The above formula has  t o  bg c o r r e c t e d  
When us ing  t h e  Moessbauer e f f e c t  
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Experimental  Procedures  i 
I 

The c o a l  samples used i n  t h i s  work were c o l l e c t e d  fo l lowing  s t r i c t l y  ASTM pro- 
cedure  D2013-72. The samples were mounted i n  l u c i t e  c o n t a i n e r s  t h a t  were hermet ica l -  
l y  s ea l ed .  Pressed  p e l l e t s  of t h e  gr inded  c o a l  were a l s o  used a s  samples.  The 
average s u r f a c e  d e n s i t i e s  of t h e  samples used were between 150 t o  300 mg/cm2. 
Severa l  samples from t h e  same s e a m  were analyzed i n  o rde r  t o  check f o r  cons i s t ency  
of t h e  r e s u l t s .  Some runs  were c a r r i e d  ou t  on raw c o a l s  (not gr inded)  a s  w e l l ,  f o r  
t e s t i n g  purposes .  The bulk  of t h e  samples used i n  t h i s  s tudy  w e r e  from West Vi rg in i a  
c o a l s .  The Moessbauer spec t rometer  used i n  t h i s  work was a convent iona l  cons t an t  
a c c e l e r a t i o n  spec t romete r .  
were analyzed us ing  a non- l inear  l ea s t - squa re  f i t  program and assuming Lorentz ian  
l ineshapes .  The measurements covered a wide tempera ture  range. Many r u n s  were I 

c a r r i e d  ou t  a t  low tempera tures  (4.2 K) and i n  t h e  p resence  of an e x t e r n a l  magnetic 
f i e l d  (40  kOe). The v e l o c i t y  c a l i b r a t i o n  i s  given wi th  r e s p e c t  t o  a-Fe a t  room 
temperature (RT). 

j 

A 50mC 57Co:Pd source  was used. The Moessbauer s p e c t r a  

Experimental  R e s u l t s  and Discuss ion  

The d i f f e r e n t  i r o n  bea r ing  mine ra l s  d e t e c t e d  i n  c o a l  u s ing  Moessbauer spec t ros -  
copy a r e  c l a s s i f i e d  below accord ing  t o  t h e i r  major groups,  i .e . ,  s u l f i d e s ,  c l a y s ,  
carbonates ,  and s u l f a t e s .  

Su l f ides :  I r o n  d i s u l f i d e  ( p y r i t e )  is t h e  most important of t h e  i r o n  bea r ing  minera ls  
i n  coa l .  

The s i x  d - e l e c t r o n s  a r e  occupying t h e  T ground s ta te  and no magnetic moment is  
p resen t  a t  t h e  i r o n  s i t e  (8) .  
o rd ina t ion  of  s i x  n e a r e s t  ne ighbors  s u l f u r ,  t h e  oc tahedron  be ing  s l i g h t l y  compressed 
a long  one of  t h e  a x i s .  Consequently,  t h e  c r y s t a l l i n e  f i e l d  a t  t h e  i r o n  s i t e  i s  low- 
e r  than cub ic  and a n  e l e c t r i c  f i e l d  g r a d i e n t  e x i s t s  a t  t h e  57Fe nuc leus ,  producing 
a c h a r a c t e r i s t i c  QS i n  t h e  Moessbauer spectrum. 

I n  p y r i t e  t h e  i r o n  ion  is  i n  t h e  low sp in  c o n f i g u r a t i o n ,  Fe". 

I n  pyritZgeach c a t i o n  has  a d i s t o r t e d  o c t a h e d r a l  co- 

There i s  a m e t a s t a b l e  phase of FeS2, marcas i t e ,  which i s  t h e  orthorhombic d i -  
morph of p y r i t e  and appears  a l s o  i n  s e v e r a l  coa l s .  Marcas i te  has  s l i g h t l y  d i f f e r e n t  
I S  and QS (Table  1). When t h e  amount of marcas i t e  i n  c o a l  i s  more than  20% of t h e  
t o t a l  i r o n  d i s u l f i d e  con ten t  i t s  d e t e c t i o n  us ing  Moessbauer spec t roscopy i s  pos- 
s i b l e .  I n  g e n e r a l ,  pe t rog raph ica l  techniques  seem t o  be more a p p r o p r i a t e  f o r  
i d e n t i f i c a t i o n  of m a r c a s i t e  ( a t  l e a s t  f o r  q u a l i t a t i v e  measurements).  I n  t a b l e  1 
a l i s t  o f  t h e  d i f f e r e n t  i r o n  s u l f i d e s  and t h e i r  r e s p e c t i v e  Moessbauer parameters  
is given. 

A t y p i c a l  spectrum of a c o a l  i s  g iven  i n  f i g u r e  1. The sample has  been t r e a t e d  
wi th  H C 1  ( fo l lowing  ASTM s tanda rd  D-2492) t o  g e t  r i d  of t h e  non-pyr i t i c  i r o n  ( s u l -  
f a t e s ) .  The spec t rum i s  t y p i c a l  of p y r i t e .  A l l  t h e  ca. 2000 s p e c t r a  run i n  t h i s  
work show t h e  p re sence  of p y r i t e  ( con ten t s  ranging between 7 t o  0 .1%) .  While 
s tudying  s e v e r a l  c o a l  macera ls  a new Moessbauer spectrum a s s o c i a t e d  wi th  p y r i t e  w a s  
observed i n  t h r e e  d i f f e r e n t  samples (9) r i c h  i n  f ramboida l  p y r i t e .  The e x t r a  Moess- 
bauer  double t  showed t h e  same magnetic behavior  a s  p y r i t e  (low s p i n ) .  However, i t s  
Moessbauer pa rame te r s  a r e  d i f f e r e n t  and t h e  I S  sugges t s  a sma l l e r  e l e c t r o n i c  den- 
s i t y  a t  t h e  nuc leus  than f o r  FeS2. The low tempera ture  measurements i n d i c a t e  t h a t  
t h e  spectrum cannot  be a s s o c i a t e d  wi th  any of t h e  o t h e r  mine ra l s .  I t  i s  poss ib l e  
t h a t  t h i s  phase i s  h i g h l y  d i so rde red  (or "amorphous") FeS2. 

O t h e r  i r o n  s u l f i d e s  are produced du r ing  c o a l  p rocess ing .  They a r e  mainly 
p y r r h o t i t e s .  For composi t ions  vary ing  between FeS ( t r o i l i t e )  and Fe7Sg(monoclinic 
p y r r h o t i t e ) ,  t h e  compounds are r e f e r r e d  t o  g e n e r a l l y  a s  p y r r h o t i t e s  (12).  The 
Moessbauer spectrum of i r o n  p y r r h o t i t e s  can be observed i n  t h e  c o a l  l i q u e f a c t i o n  
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minera l  res idue .  The s tudy  of t h e s e  p y r r h o t i t e s  i s  of cons ide rab le  importance due  
t o  t h e i r  p o t e n t i a l  u se  a s  d i sposab le  c a t a l y s t s  i n  c o a l  l i q u e f a c t i o n  (1). It i s  t o  
be noted  t h a t  t h e  presence  of p y r r h o t i t e s  was observed i n  some s e v e r e l y  "weathered" 
coa l .  In s t u d i e s  c a r r i e d  ou t  under a reducing  hydrogen atmosphere (between RT and 
40OoC) t h e  conversion of a l l  t h e  p y r i t e  t o  p y r r h o t i t e s  was observed. 

Clay mine ra l s :  

c l a y  mine ra l s  p re sen t  i n  c o a l .  The c r y s t a l  s t r u c t u r e s  of t h e  c l a y  mine ra l s  a r e  
b a s i c a l l y  der ived  from two types  of s h e e t s .  
Si04 u n i t s ,  and an oc tahedra l  shee t  t y p i c q l l y  qade  of A l ( 0 ,  OH)6 u n i t s  (13 ) .  
i d e a l  formula,  i . e . ,  f o r  k a o l i n i t e  is A l z 3  S i z 4  052-(OH)4, bu t  a s  i n  a l l  c l a y  
mine ra l s ,  a c e r t a i n  maount of c a t i o n  s u b s t i t u t i o n  i s  poss ib l e .  I n  mic and i ts  
der ived  c l a y  mine ra l s ,  i l l i t e s ,  t h e  o c t a h e d r a l  shee t  con ta in  only  A13', b u t  i n  t h e  
t e t r a h e d r a l  s i t e s  one q u a r t e r  of t h e  S i 4 +  is rep laced  by Ai3'. The n e t  n e g a t i v e  
charge  of t h e  l a y e r  is balanced by i n t e r l a y e r  a l k a l i  c a t i o n s  which a l so  bond t h e  
l a y e r s  toge ther .  The i n t e r l a y e r  i n  montmor i l lon i te  o r  v e r m i c u l i t e  is occupied by 
H 2 0  and/or  c a t i o n s ,  whereas i n  c h l o r i t e  t h e r e  i s  a complete s h e e t  of aluminum (mag- 
nesium) hydroxide,  t h e  b r u c i t e  shee t .  Continuous ranges  of chemical composition are 
o f t e n  p o s s i b l e  between t h e  d i f f e r e n t  c l a y s  and t h e r e  i s  a g r e a t  v a r i e t y  of mixed 
l a y e r  s t r u c t u r e s .  I r o n  can be s u b s t i t u t e d  i n  t h e  o c t a h e d r a l  l a y e r  i n  i t s  h igh-sp in  
f e r r o u s  and f e r r i c  forms, and occas iona l ly  i n  t h e  t e t r a h e d r a l  l a y e r .  However, t h e  
i r o n  concen t r a t ion  i n  c l a y s  is r e l a t i v e l y  sma l l  ( a  few % by weight) f o r  k a o l i n i t e  
and i l l i t e ,  t he  most f r e q u e n t l y  found c l a y s  i n  c o a l  ( 1 4 ) .  

Clay mine ra l s  r e p r e s e n t  a l a r g e  percentage  of t h e  i n o r g a n i c  mine ra l  
con ten t  i n  c o a l .  I l l i t e ,  k a o l i n i t e  and mixed c l ays  are t h e  major 

A t e t r a h e d r a l  shee t  t y p i c a l l y  made of 
The 

I n  gene ra l  t h e  c l a y s  appear ing  i n  t h e  c o a l  show s l i g h t l y  d i f f e r e n t  Moessbauer 
parameters  than pure  c l a y s .  The u s u a l  method u t i l i z e d  t o  i d e n t i f y  t h e  c l a y  mine ra l s  
i n  c o a l  i s  X-ray d i f f r a c t i o n  of t h e  LTA, bu t  due t o  t h e  poor c r y s t a l l i n i t y  of t h e  
c l a y s  i n  t h e  c o a l  t h e  technique  cannot  be used f o r  q u a n t i t a t i v e  measurements. The 
Moessbauer e f f e c t  is n o t  much of an  improvement d u e  t o  t h e  smal l  i r o n  con ten t  of 
t h e  c l a y s .  A coa l  r i c h  i n  c l a y s  i s  shown i n  f i g u r e  2 (about 10% mine ra l  m a t t e r ) .  
The appearance of two peaks a t  h ighe r  v e l o c i t y  i s  n o t  due t o  t h e  presence  of two 
s i t e s  i n  t h e  c l a y  o r  t o  two d i f f e r e n t  c l a y s ,  i t  i s  produced by szomolnoki te .  By 
t r e a t i n g  t h e  sample wi th  H C 1 ,  t h e  s u l f a t e  w a s  washed away and t h e  c l a y  (poss ib ly  
i l l i t e )  could be c l e a r l y  seen  (F igure  3 ) .  T rea t ing  t h e  c o a l  w i th  HN03 d i s s o l v e s  
t h e  p y r i t i c  i ron  and the  spectrum of t h e  c l a y s  can be de t ec t ed  more c l e a r l y .  
F igure  4 shows t h e  P i t t s b u r g h  c o a l  (230 mesh) shown i n  F ig .  1 a f t e r  t r ea tmen t  w i t h  
HNO3. The spectrum ( n o t i c e  t h e  sma l l e r  e f f e c t )  is i d e n t i f i e d  a s  t h a t  of k a o l i n i t e  
(a smal l  QS is d e t e c t a b l e ) .  

In gene ra l ,  t o  s tudy  t h e  c l a y s  i n  c o a l  one should t r e a t  t he  samples a s  desc r ib -  
ed above, o r  run t h e  experiments a t  low tempera tures  i n  o rde r  t o  r e s o l v e  t h e  over- 
l app ing  l i n e s  (measurements i n  an e x t e r n a l  magnetic f i e l d  become necessa ry )  ( 8 , 9 ) .  
Moessbauer parameters f o r  t h e  p r i n c i p a l  c l a y  mine ra l s ,  pu re  and as they  appear  i n  
c o a l ,  a r e  given i n  t a b l e  1. 

S u l f a t e s :  The i ron  s u l f a t e s  were de t ec t ed  i n  more than  90% of t h e  c o a l  samples 

t h e  c o a l .  The amounts d e t e c t e d  i n  t h i s  s tudy  ranged from 0 .2  t o  0.005% of t o t a l  
weight.  

s tud ied .  The s u l f a t e s  a r e  cons idered  t o  be produced by "weathering" of 

The s tandard  technique  used f o r  d e t e c t i o n  of s u l f a t e s  is X-ray d i f f r a c t i o n  of 
t h e  LTA. Neve r the l e s s ,  we have observed t h a t  i n  some c a s e s  s u l f a t e s  a r e  p r e s e n t  i n  
t h e  c o a l  and the  X-ray does  not  show any l i n e  a t t r i b u t a b l e  t o  them (15) .  The most 
abundant d i v a l e n t  i r o n  s u l f a t e  observed i n  t h e  c o a l s  s tud ied  i s  FeS04'H20 (szomol- 
n o k i t e ) ,  a monoclinic c r y s t a l  w i th  a t e t r amolecu la r  u n i t  c e l l  (16) .  This  compound 
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o r d e r s  a n t i f e r r o m a g n e t i c a l l y  around 10K wi th  an e f f e c t i v e  i n t e r v a l  f i e l d  of 359 kOe i 

i 

(9 ) .  
FeS04'7Hp0 ( m e l a n t e r i t e ) ;  anhydrous f e r r o u s  s u l f a t e  was de t ec t ed  when the  coa l  was 
s t o r e d  under vacuum. The f e r r i c  s u l f a t e s  commonly observed i n  s e v e r a l  coa l s  are 1 

coquimbite and j a r o s i t e s .  

Other s u l f a t e  m i n e r a l s  found less f r equen t ly  a r e  FeS04'4H20 ( r o z e n i t e ) ,  and 

A word of cau t ion  concern ing  t h e  presence  of t r i v a l e n t  s u l f a t e s  i n  t h e  c o a l  i s  
appropr i a t e  he re .  
bauer p y r i t e  l i n e s .  The r e s u l t  i s  t h e  d e t e c t i o n  of a s l i g h t l y  asymmetric p y r i t e  
spectrum. 
has  d i s so lved  i n  HCL, b u t  t h i s  i s  of cour se  n o t  t r u e ,  and i s  t h e  r e s u l t  of t h e  pre- 
sence  of t h e  i r o n  s u l f a t e s .  The f e r r i c  s u l f a t e s  a r e  e a s i l y  d i s t i n g u i s h a b l e  from 
p y r i t e .  When Moessbauer measurements a r e  c a r r i e d  o u t  a t  4.2K i n  t h e  presence  of a 
l a r g e  e x t e r n a l  f i e l d ,  t h e  c h a r a c t e r i s t i c  h y p e r f i n e  f i e l d  of  Fe3+ i s  de tec t ed  (about 
500 kOe). It w a s  observed a l s o  t h a t  many of t h e  f e r r i c  s u l f a t e s  a r e  formed dur ing  
LTA ( 3 ) .  

These  s u l f a t e s  have i n  gene ra l  l i n e s  which ove r l ap  wi th  t h e  Moess- 

I f  one t r e a t s  t h e  samples w i t h  H C 1  i t  w i l l  appear  as i f  some of t h e  p y r i t e  

I n  f i g u r e  5 a Moessbauer spectrum f o r  a mixture  of szomolnokite (A) and r o z e n i t e  
( B )  i s  shown. The sample w a s  c h a r a c t e r i z e d  by X-ray d i f f r a c t i o n  a s  w e l l  as Moess- 
bauer spec t roscopy.  A f t e r  LTA (17) t h e  Moessbauer spectrum shows t h e  presence of 
szomolnokite (no r o z e n i t e )  and f e r r i c  s u l f a t e .  This  was observed f o r  a l l  t he  runs  
c a r r i e d  on t h e  coa l  samples s t u d i e d .  I n  t a b l e  1 a l i s t  of t h e  i r o n  s u l f a t e s  and 
t h e i r  r e s p e c t i v e  Moessbauer parameters  is g iven .  

Carbonates:  The Moessbauer s p e c t r a  of some of t h e  c o a l  samples show t h e  presence  of 
FeC03 ( s i d e r i t e ) .  S i d e r i t e  has  a rhombohedral s t r u c t u r e  wi th  an octahedron of 
oxygens around t h e  i r o n  w i t h  a smal l  t r i g o n a l  d i s t o r t i o n  a long  t h e  c -ax is .  S i d e r i t e  
is magne t i ca l ly  ordered  a t  low tempera tures  (TN = 38K)  w i th  a very  d i s t i n c t i v e  
Moessbauer spectrum (18). During t h e  s tudy  i t  was observed on s e v e r a l  occas ions  
t h a t  a Moessbauer spec t rum appeared t o  b e  t h a t  of FeC03; however, by ca r ry ing  ou t  
low tempera ture  measurements t h e  presence of e i t h e r  c l a y  o r  a n k e r i t e  was i n f e r r e d .  
Anker i te  [Ca(FeMg) i s  ano the r  carbonate  t h a t  appears  i n  some c o a l s .  I t  i s  
n e a r l y  imposs ib le  t o  d i s t i n g u i s h  a n k e r i t e  from s i d e r i t e  u s ing  Moessbauer spec t ros -  
copy a t  room tempera ture  (RT) .  One has  t o  c a r r y  ou t  low tempera ture  measurements. 
I n  t a b l e  1 t h e  r e l e v a n t  Moessbauer parameters  a r e  g iven  f o r  t h e  i r o n  carbonates  
observed i n  c o a l .  I n  a l l  t h e  measurements no more than  0.1% s i d e r i t e  by weight 
was de tec t ed .  

Other minera ls :  In  t h i s  work no o t h e r  mine ra l s  were de t ec t ed  us ing  Moessbauer spec- 
t ro scopy ,  except  t h e  ones mentioned above. However, i n  heav i ly  

weathered c o a l s  and c o a l  r e f u s e  t h e  presence  of i r o n  ox ides (hemat i t e  and t o  a lesser 
e x t e n t  magnet i te )  were observed .  
heav i ly  weathered c o a l s .  Other mine ra l s  l i k e  s p h a r e l i t e ,  c h a l c o p y r i t e  and arseno-  
p y r i t e  were no t  d e t e c t a b l e  in t h e s e  experiments.  Some of t h e  l a t t e r  minera ls  hove 
been i d e n t i f i e d  us ing  scanning  e l e c t r o n  microscopy, bu t  t h e i r  p resence  i n  t h e  coa l  
is t o o  smal l  t o  make t h e i r  c o n t r i b u t i o n  t o  the  Moessbauer spectrum s i g n i f i c a n t .  
O t h e r  s u l f i d e s  l i k e  Fe3S4 o r  F q S g  (19) were n o t  d e t e c t a b l e  i n  any of t h e  samples 
a t  RT or 4.2K. 
s tud ied  samples (20) .  

P y r r h o t i t e  w a s  a l s o  d e t e c t a b l e  i n  some of t h e  

No ev idence  of o r g a n i c a l l y  bound i r o n  i n  c o a l  was found f o r  a l l  t h e  

Moessbauer Spec t roscopy a s  a Tool f o r  Q u a n t i t a t i v e  Determina t ion  of P y r i t i c  Su l fu r  

The use of Moessbauer spec t roscopy to de te rmine  t h e  amount of i r o n  i n  a sample 

The DWF of 
p re sen t s  s e v e r a l  s e r i o u s  problems t o  the  e x p e r i m e n t a l i s t .  One has  t o  know t h e  
Debye-Ualler f a c t o r  o f  p y r i t e  and t h e  background r a d i a t i o n  a c c u r a t e l y .  
FeS2 can be de te rmined  from t h e  tempera ture  dependence of t h e  s p e c t r a l  a r ea  f o r  pure 
c r y s t a l s  of known t h i c k n e s s e s .  However, i n  many c o a l s  p y r i t e  is h i g h l y  d i spe r sed  
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and form v e r y  s m a l l  p a r t i c l e s  which have low c r y s t a l l i n i t y ;  consequent ly ,  t h e  DWF 
might d i f f e r  c o n s i d e r a b l y  from t h a t  of l a r g e  FeS2 c r y s t a l s .  Also,  a v e r y  impor tan t  
s o u r c e  of e r r o r  i s  t h e  de te rmina t ion  of t h e  non-resonant r a d i a t i o n  background. In 
a l l  t h e  r u n s  c a r r i e d  o u t  i n  t h i s  s tudy  it w a s  observed t h a t  v a r i a t i o n s  of 10 t o  
30% occur  i n  background count ing  r a t e s  f o r  samples of c o a l s  w i t h  t h e  same weight  per  
u n i t  a r e a .  The d i f f e r e n c e s  are due t o  t h e  h e t e r o g e n e i t y  of t h e  m i n e r a l  comuosi t ion  
of t h e  c o a l s .  Both p h o t o e l e c t r i c  s c a t t e r i n g  (mainly by t h e  14.4 keV) and Compton 
s c a t t e r i n g  of t h e  h i g h  energy y-rays c o n t r i b u t e  t o  t h e  background r a d i a t i o n .  T h i s ,  
of course ,  i n d i c a t e s  t h a t  a f u l l  a n a l y s i s  of t h e  y-ray spectrum f o r  each sample is 
necessary .  Any u s e  o f  s t a n d a r d s  t o  de te rmine  t h e  amount of p y r i t i c  s u l f u r  w i l l  have 
t o  t a k e  i n t o  c o n s i d e r a t i o n  t h e  problems mentioned above (5) .  
spec t roscopy for  q u a n t i t a t i v e  a n a l y s i s  has  t o  go hand in  hand w i t h  t h e  s t a n d a r d  
chemical procedures (ASTM D 2492-68), a s  a complementary technique  and  n o t  as a 
s u b s t i t u t e .  I n  g e n e r a l ,  t h e  most a c c u r a t e  Moessbauer q u a n t i t a t i v e  measurement w i l l  
g ive  a n  e r r o r  of about  10%. 

The u s e  of Moessbauer 

Conclusions 

The Moessbauer e f f e c t  h a s  been used as an a n a l y t i c a l  t o o l  t o  c h a r a c t e r i z e  t h e  d i f -  
f e r e n t  i r o n  bear ing  m i n e r a l s  i n  c o a l .  I t  has  been poin ted  o u t  t h a t  by t h e  use  of 
low tempera ture  measurements ( i n  t h e  presence  of a l a r g e  e x t e r n a l  magnetic f i e l d )  
and t r e a t m e n t  of t h e  c o a l  samples a l l  t h e  i r o n  b e a r i n g  m i n e r a l s  can b e  c o r r e c t l y  
i d e n t i f i e d .  The use  of Moessbauer spec t roscopy a s  a q u a n t i t a t i v e  a n a l y t i c a l  t o o l  
p r e s e n t s  s e v e r a l  exper imenta l  d i f f i c u l t i e s .  It is recommended t h a t  t h i s  s p e c t r o s -  
copy be  used a s  a complement t o  and n o t  as a s u b s t i t u t e  f o r  t h e  s t a n d a r d  techniques .  
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FIGURE 1. Moessbauer spectrum of a P i t t s b u r g h  c o a l  (RT) a f t e r  t rea tment  with 
HC1. 
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FIGURE 3 .  Waynesburg coal after treatment with H C 1  (RT). 
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FIGURE 5. Moessbauer spectrum of szomolnokite and rozenite (RT). 
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FIGURE 6. Moessbauer spectrum after LTA. 
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Geologic c o n t r o l s  on element concent ra t ions  
i n  

t h e  Upper Freeport  c o a l  bed 

C.  B .  C e c i l ,  R. W .  S t a n t o n ,  S .  D .  Al lshouse,  R .  B. Finkelman, 
and L. P .  Greenland 

U.S. Geologica l  Survey, Nat ional  Center ,  Reston, VA 22092 

In t roduct ion  

The primary o b j e c t i v e  of  t h i s  i n v e s t i g a t i o n  w a s  t o  determine t h e  geologic  
c o n t r o l s  on v a r i a t i o n s  of minera l  mat te r  i n  t h e  Upper Freepor t  c o a l  bed near  Homer 
C i t y ,  Pa. ( f i g .  1). Mineral matter c o n s i s t s  of  t h e  inorganic  c o n s t i t u e n t s  of c o a l ,  
inc luding  minera l  phases  and elements  o ther  than  o r g a n i c a l l y  bound hydrogen, 
oxygen, n i t r o g e n ,  and s u l f u r  111. By t h i s  d e f i n i t i o n ,  o r g a n i c  s u l f u r  i s  not  p a r t  
of  t h e  minera l  matter; however, v a r i a t i o n s  of a l l  s u l f u r  forms inc luding  organic  
s u l f u r  were cons idered  i n  t h i s  s tudy .  

The c o n c e n t r a t i o n s  of  70 elements  were determined on 75 bench-channel and 2 1  
complete bed-channel samples from two deep mines in t h e  s tudy  a r e a  ( f i g .  2 ) .  
Ultimate ,  proximate,  s u l f u r  forms, maceral ,  and p y r i t e  morphological  ana lyses  were 
a l s o  conducted on these samples. 
microprobe [ 3 ]  analyses  were conducted on s e l e c t e d  channel  and column samples t o  
determine element-mineral  and maceral a s s o c i a t i o n s .  

Resul t s  

Scanning e l e c t r o n  microscope [ 2 ]  and e l e c t r o n  

The Upper Freepor t  c o a l  bed of  t h e  Homer Ci ty  s tudy  a r e a  i s  d i v i s i b l e  i n  the  
f i e l d  i n t o  f i v e  zones ( f i g .  3 ) .  I n  t h e  nor thern  p a r t  of t h e  area where a l l  f i v e  
zones a r e  p r e s e n t ,  t h e  c o a l  bed averages 83 inches  ( 2 1 1  cm) i n  t h i c k n e s s ;  i n  t h e  
southern p a r t  where only t h r e e  zones a r e  p r e s e n t ,  t h e  c o a l  bed averages 48 inches 
( 1 2 2  cm) i n  t h i c k n e s s .  Laboratory ana lyses  show t h a t  each of t h e  f i v e  zones con- 
sists of d i s t i n c t  mineral matter-maceral a s s o c i a t i o n s .  Elements t h a t  tend to  be 
concentrated i n  t h e  upper and/or  b a s a l  zones of  t h e  bed i n c l u d e  A s ,  Cd, C1, Fe, 
Hg, Mn, Pb, S e ,  S ,  and Zn. 

Linear  r e g r e s s i o n  a n a l y s i s  w a s  used t o  determine r e l a t i o n s h i p s  among ele- 
ments ,  s u l f u r  ( t o t a l ,  p y r i t i c ,  and o r g a n i c ) ,  ash ,  and maceral  concent ra t ions  on 
t h e  75 bench-channel samples. On the  b a s i s  of t h i s  s ta t i s t ica l  a n a l y s i s ,  element 
concent ra t ions  i n  the c o a l  can be r e l a t e d  t o  t h r e e  v a r i a b l e s :  a s h ,  p y r i t i c  s u l f u r ,  
and calcium ( r e p o r t e d  as CaO). 
ox ides)  t h a t  p o s i t i v e l y  c o r r e l a t e  wi th  each of t h e  t h r e e  v a r i a b l e s  are shown i n  
f i g u r e  4 .  Only manganese i s  p o s i t i v e l y  c o r r e l a t e d  w i t h  a l l  t h r e e  v a r i a b l e s .  
f u s i n i t e - s e m i f u s i n i t e  maceral concent ra t ions  c o r r e l a t e  w i t h  t h e  a s h  conten t .  

Discussion 

The elements  (some of  which are r e p o r t e d  as 

The 

The mineral-matter  conten t  of the  Upper Freepor t  c o a l  bed of  t h e  Homer Ci ty  
area was c o n t r o l l e d  by i n t e r r e l a t e d  geologic ,  geochemical, and pa leobotanica l  
v a r i a b l e s .  
accumulated contemporaneously wi th  t h e  p e a t .  P o s s i b l e  s o u r c e s  inc lude :  1) mineral  
matter incorpora ted  by p l a n t s ,  o r  2)  d e t r i t a l  minera ls  and d i s s o l v e d  elements incor- 
porated dur ing  t h e  p e a t  s t a g e  of  coa l  formation.  
from mixed sources  such  as depos i t ion  of d e t r i t a l  minera ls ,  s o r p t i o n  of  d i sso lved  
i o n i c  s p e c i e s ,  and minera l  matter o f  p l a n t  o r i g i n  would n o t  l e a d  t o  a s t r o n g l y  
i n t e r r e l a t e d  assemblage.  
t h e  c o a l i f i e d  products  of  p a r t i a l l y  oxid ized  p e a t  and p l a n t  material .  
r e s u l t s  i n  a l o s s  o f  organic  matter and a concent ra t ion  of  r e s i d u a l  mineral  m a t t e r ;  

The elements  t h a t  p o s i t i v e l y  c o r r e l a t e  w i t h  t h e  a s h  ( f i g .  4 )  probably 

Element concent ra t ions  r e s u l t i n g  

F u s i n i t e  and s e m i f u s i n i t e  a r e  g e n e r a l l y  be l ieved  t o  be 
Oxidation 
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t h e r e f o r e ,  as t h e  f u s i n i t e - s e m i f u s i n i t e  conten t  of  t h e  c o a l  i n c r e a s e s ,  t h e  a s h  
and s t a t i s t i c a l l y  r e l a t e d  element conten ts  a l s o  i n c r e a s e .  P l a n t  inorganic  
matter must be t h e  major source  of  t h e  ash- re la ted  elements .  
is c o n s i s t e n t  wi th  1) t h e  moderate a s h  conten t  (8-15%). 2) t h e  p o s i t i v e  c o r r e l a t i o n  
between a s h  and f u s i n i t e - s e m i f u s i n i t e  c o n t e n t ,  and 3) t h e  element-ash c o r r e l a t i o n s  
i l l u s t r a t e d  i n  f i g u r e  4. 

t h e  calcium in t h e  p e a t  by ion exchange and/or  as calcium salts of humic a c i d s  
wi th  subsequent  l i b e r a t i o n  of CO2 and o r g a n i c a l l y  bound calcium dur ing  c o a l i f i -  
c a t i o n  may have r e s u l t e d  i n  t h e  formation of  c a l c i t e  i n  macerals and c l e a t s .  
The b u f f e r i n g  e f f e c t  of  calcium carbonate  s p e c i e s  suppl ied  t o  t h e  a n c e s t r a l  pea t  
p a r t i a l l y  c o n t r o l l e d  t h e  pH. Sulfate-reducing b a c t e r i a l  a c t i v i t y  is g r e a t e s t  a t  
n e u t r a l  pH and minimal or nonexis ten t  a t  pH 4.0 or less [ 4 ] .  Therefore ,  pH va lues  
n e a r  n e u t r a l  favor  l ) . b a c t e r i a l  genera t ion  of s u l f i d e  s p e c i e s  i f  s u l f a t e  i o n s  are 
p r e s e n t ,  2) b a c t e r i a l  degrada t ion  of p e a t  t h a t  could r e s u l t  i n  t h e  concent ra t ion  
of minera l  m a t t e r ,  and 3) r e t e n t i o n  of minera l  m a t t e r  because of decreas ing  solu-  
b i l i t i e s  a s  pH i n c r e a s e s .  

Low pH (<4.0)  would favor  a low-ash ( < 8 % ) ,  low-sulfur  (<1%) c o a l .  P a r t i a l  
n e u t r a l i z a t i o n  of waters o f  the  a n c e s t r a l  p e a t  of t h e  Upper Freepor t  c o a l  is 
i n d i r e c t l y  i n d i c a t e d  by t h e  presence of  1) c a l c i t e  i n  c o a l  macerals and cleats 
and 2) mixed carbonate  and c l a s t i c  sediments  d i r e c t l y  under t h e  c o a l  bed. The 
Upper Freepor t  c o a l  s t u d i e d  i s  a medium a s h  (8-15%), medium s u l f u r  (1-3x) coal  
t h a t  is  c o n s i s t e n t  wi th  p a r t i a l  n e u t r a l i z a t i o n  of p e a t  waters .  

The p y r i t e  i n  t h e  Upper Freeport  c o a l  i s  u s u a l l y  concent ra ted  i n  t h e  upper 
and/or  b a s a l  zones of t h e  bed throughout t h e  a r e a .  G e n e t i c a l l y ,  p y r i t e  and t h e  
a s s o c i a t e d  t r a c e  elements  A s  and Hg appear  u n r e l a t e d  t o  t h e  bulk of  t h e  c o a l  ash.  
Although pH condi t ions  were s u i t a b l e  f o r  p y r i t e  d e p o s i t i o n ,  p y r i t e  concent ra t ions  
w e r e  c o n t r o l l e d  by t h e  a v a i l a b i l i t y  of f e r r o u s  i r o n  and a p p r o p r i a t e  s u l f u r  s p e c i e s .  

Summary 

This  i n t e r p r e t a t i o n  

The calcium i n  t h e  c o a l  bed i s  p r i m a r i l y  i n  a u t h i g e n i c  c a l c i t e .  F i x a t i o n  of 

The elements  i n  t h e  Upper Freepor t  c o a l  bed of t h e  a r e a  can be  g e n e t i c a l l y  
r e l a t e d  to t h r e e  v a r i a b l e s  ( i . e . ,  ash c o n t e n t ,  p y r i t i c  s u l f u r  c o n t e n t ,  and 
calcium c o n t e n t ) .  The b u f f e r i n g  e f f e c t  of d i sso lved  calcium carbonate  s p e c i e s  
may have been s u f f i c i e n t  t o  maintain a pH o f  4 o r  g r e a t e r .  
d i t i o n s ,  su l fa te - reducing  b a c t e r i a  genera ted  s u l f i d e  s p e c i e s ,  which r e a c t e d  to  
form minera ls  such a s  p y r i t e ,  s p h a l e r i t e ,  c h a l c o p y r i t e ,  and ga lena .  During 
c o a l i f i c a t i o n ,  t h e  calcium salts  of humic a c i d s  decomposed t o  form c a l c i t e  and 
carbon compounds t h a t  may account f o r  t h e  c a l c i t e  i n  coa l  macerals  and c l e a t s .  
The pH condi t ions  t h a t  e x i s t e d  dur ing  p e a t  formation were conducive t o  t h e  re ten-  
t i o n  of minera l  m a t t e r ,  t h e  bulk  of which w a s  of p l a n t  o r i g i n .  
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Modes of Occurrence of Se lec ted  Trace Elements 
i n  

Several  Appalachian Coals  

Robert B .  Finkelman, Ronald W. S tan ton ,  
C .  Blaine C e c i l  and J e a n  A. Minkin 

U.S. Geological  Survey, Nat iona l  Center ,  Reston, VA 22092 

Most coal-cleaning processes  a r e  pred ica ted  on d i f f e r e n c e s  i n  phys ica l  prop- 
erties between t h e  c o a l  and t h e  included minera l  mat te r  be l ieved  t o  conta in  t h e  
undes i rab le  e lements .  However, as  t h e  mode of occurrence of most elements i n  coal  
( p a r t i c u l a r l y  t h e  t r a c e  elements)  is not  c l e a r l y  understood,  t h e  e f f e c t i v e n e s s  of 
t h e  coal-cleaning procedures  i n  removing t h e s e  t r a c e  elements i s  uncer ta in .  By 
combining d e t a i l e d  chemical, minera logica l ,  and pe t rographic  techniques  w e  have 
determined how v a r i o u s  t r a c e  elements ,  p a r t i c u l a r l y  those  of environmental i n t e r e s t  
occur i n  s e v e r a l  Appalachian bituminous coa ls .  

scanning e l e c t r o n  microscope (SEM) wi th  an energy d i s p e r s i v e  X-ray d e t e c t o r .  With 
t h i s  system i n d i v i d u a l  i n  s i t u  minera l  g r a i n s  as s m a l l  as 0 .5  u m  can be observed 
and analyzed f o r  a l l  elements of  atomic number 11 (Na) and g r e a t e r  t h a t  a r e  pres-  
e n t  i n  c o n c e n t r a t i o n s  a s  low a s  about 0.5 weight  percent  [Finkelman (l), and 
Finkelman and Stan ton  ( 2 ) l .  

c o a l ,  Finkelman (1) c a l c u l a t e d  the  c o n c e n t r a t i o n s  f o r  10-15 t r a c e  elements. The 
c a l c u l a t e d  v a l u e s  f o r  many of these  elements ,  inc luding  Zn and C u ,  c o r r e l a t e d  
w e l l  wi th  t h e i r  a n a l y t i c a l  v a l u e s .  These d a t a  suggest  t h a t  t h e  t r a c e  elements 
occur i n  t h i s  c o a l  predominantly as  s p e c i f i c  accessory minera ls .  For example, 
z i n c  occurs  as z i n c  s u l f i d e  ( s p h a l e r i t e ;  F i g u r e  1) and copper as copper i ron  
s u l f i d e  ( c h a l c o p y r i t e ;  F igure  2 ) .  SEM a n a l y s i s  of o t h e r  coa ls  from t h e  
Appalachian Basin appears  t o  s u b s t a n t i a t e  t h i s  conclusion.  Pre l iminary  es t imates  
based on the  new d a t a  sugges t  t h a t  most of t h e  selenium i n  t h e s e  c o a l s  and much 
of t h e  lead  occur  as 1 t o  3 um p a r t i c l e s  of lead  s e l e n i d e  ( c l a u s t h a l i t e ? ) ,  
which a r e  o f t e n  a s s o c i a t e d  w i t h  cadmium-bearing s p h a l e r i t e  and cha lcopyr i te ,  
(Figure 3 ) .  These f ine-grained mineral  in te rgrowths  occur e x c l u s i v e l y  wi th in  
t h e  organic  c o n s t i t u e n t s  and i n  a l l  p r o b a b i l i t y  formed i n  p lace .  Experiments by 
Bethke and Barton (3) on t h e  chemical p a r t i t i o n i n g  of selenium between s p h a l e r i t e ,  
ga lena  (PbS) and c h a l c o p y r i t e  suggest  t h a t  t h e  sphalerite-chalcopyrite-clausthalite 
assemblage would b e  t h e  expected assemblage a t  low temperature  (300OC). 

up about ha l f  t h e  a v a i l a b l e  lead .  Although ga lena  i s  n o t  found assoc ia ted  wi th  
s p h a l e r i t e  o r  c h a l c o p y r i t e  i t  does occur  a s  micrometer-sized p a r t i c l e s  on the  
edges of p y r i t e  g r a i n s  (Figure 4 ) .  T h i s  mode of occurrence may account f o r  t h e  
lead  i n  excess  of t h a t  t i e d  up by t h e  selenium. 

mineral  g r a i n s  i n  t h e  organic  mat r ix ,  c o n s i d e r a b l e  amounts of t h e s e  elements can 
be  re ta ined  i n  t h e  l i g h t e r  s p e c i f i c  g r a v i t y  f r a c t i o n s  of c leaned c o a l  ( 4 ) .  

of t h e  Upper Freepor t  coa l .  S imi la r  r e s u l t s  have been obta ined  f o r  Cd, Cu, and 
Pb on s ix  samples of t h i s  coa l .  The d ivergence  of t h e s e  curves  i n  t h e  high 
s p e c i f i c  g r a v i t y  range  i s  c o n s i s t e n t  wi th  t h e  observa t ion  t h a t  t h e s e  elements 
occur a s  f ine-gra ined  minera ls  which a r e  i n c r e a s i n g l y  r e l e a s e d  from t h e i r  organic  
mat r ix  w i t h  f i n e  gr inding .  

It i s  e v i d e n t  from Figure  5 t h a t  t h e  c o n c e n t r a t i o n s ,  on a whole c o a l  b a s i s ,  
of Zn ( t h i s  would apply t o  Cu, Cd,  and Pb as w e l l )  a r e  much g r e a t e r  f o r  t h e  
h igher  s p e c i f i c  g r a v i t y  (Sp. G . )  f r a c t i o n s .  However, t h e  bulk of t h e  c o a l  genera l ly  
f l o a t s  a t  t h e  lower Sp. G.  l e v e l s .  Reca lcu la t ing  t h e s e  d a t a  t o  show t h e  proport ion 
of each element i n  each Sp. G.  f r a c t i o n  r e v e a l s  t h a t  s u b s t a n t i a l  amounts of t h e s e  

T h i s  s tudy w a s  conducted pr imar i ly  on pol i shed  blocks of c o a l  us ing  a 

On t h e  b a s i s  of t h e  abundance of t h e  accessory minera ls  i n  the  Waynesbury 

I f  a l l  t h e  selenium i n  these  c o a l s  occurred a s  lead  s e l e n i d e  t h i s  would t i e  

Because s u b s t a n t i a l  amounts of Zn, Cu, Pb, Cd, and S e  occur  a s  f i n e l y  d ispersed  

F igure  5 i l l u s t r a t e s  t h e  concent ra t ion  of Zn i n  a s ize-gravi ty  s e p a r a t i o n  
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elements a r e  r e t a i n e d  i n  t h e  l i g h t e r  (<1.50) f r a c t i o n s  (Table 1). Simi la r  r e s u l t s  
were obtained i n  a washabi l i ty  s tudy of these  c o a l s  by Caval la ro  and o t h e r s  ( 5 ) .  
Not a l l  t h e  Upper Freepor t  samples demonstrated t h i s  type  of behavior. I n  s e v e r a l  
samples more than 50 weight percent  of t h e  c o a l  sank i n  Sp. G .  1.60 l i q u i d s ,  
car ry ing  with it a s  much a s  85 percent  of t h e s e  t r a c e  elements. 

one of t h e  s ize-gravi ty  f r a c t i o n s .  S imi la r  r e s u l t s  havc been obtained f o r  Cd, Cu, 
and Zn i n  many of t h e  Upper Freepor t  samples. The h i g h e s t  concent ra t ions  of t h e s e  
elements commonly occur i n  t h e  a s h  of t h e  l i g h t e s t  f r a c t i o n  of t h e  coa l .  
r e f l e c t s  t h e  a s s o c i a t i o n  of f ine-gra ined  s p h a l e r i t e ,  c h a l c o p y r i t e ,  and c l a u s t h a l i t e  
( ? )  with  the  organic  mat r ix .  
a r e  probably due t o  t h e  r e l e a s e  of some of t h e s e  minera ls  dur ing  gr inding .  

T 1 ,  Se, Zn) occur a s  s u l f i d e s .  I n  c o a l  t h e  most prominent s u l f i d e  minera l  is 
p y r i t e  (FeS2). 
s o l i d  s o l u t i o n  wi th  most of t h e  above mentioned elements  ( 6 ) .  Indeed, pre l iminary  

5 e l e c t r o n  microprobe and ion  microprobe ana lyses  of p y r i t e  and i t s  dimorph marcas i te  
from s e v e r a l  c o a l s  suggest  t h a t  most p y r i t e  i s  f r e e  of t r a c e  c o n s t i t u e n t s  t o  
concent ra t ions  as low a s  100 ppm. 

d i f f e r s  from t h a t  of Zn, Cd, Pb, Cu, and Se .  Although a r s e n i c  s u l f i d e  has been 
observed i n  c o a l s ,  t h e  bulk  of t h e  A s  i n  t h e  Upper Freepor t  c o a l  appears  t o  b e  
a s s o c i a t e d  wi th  p y r i t e .  
t o  be c o n t r o l l e d ,  t o  a . large e x t e n t ,  by t h e  f r a c t u r e s  w i t h i n  t h e  c o a l  and w i t h i n  
t h e  p y r i t e .  Thus f a r ,  a r s e n i c  has  been found only i n  p y r i t e  hor izons  t h a t  are  
assoc ia ted  wi th  f r a c t u r e d  c o a l ,  a l thought  no t  a l l  such p y r i t e  occurrences had 
d e t e c t a b l e  a r s e n i c .  Within t h e s e  favorable  s i t e s  A s  w a s  found only along t h e  
outer  r i m s  of p y r i t e  g r a i n s  o r  a long f r a c t u r e s  w i t h i n  t h e  p y r i t e .  O p t i c a l l y ,  
t h e  As-bearing p y r i t e  always appears  "d i r ty"  due t o  abundant m i c r o f r a c t u r e s ,  
perhaps caused by r e a c t i o n s  w i t h  e p i g e n e t i c  As-bearing s o l u t i o n s .  P y r i t e  wi thout  
microf rac tures  d i d  not  h a v e d e t e c t a b l e a r s e n i c  (>0 .01  weight p e r c e n t ) .  

I n  t h e  s ize-gravi ty  s e p a r a t i o n s ,  A s  was found t o  concent ra te  i n  t h e  s i n k  
1.8 f r a c t i o n  along with p y r i t e .  

C o r r e l a t i o n  c o e f f i c i e n t s  based on s t a t i s t i c a l  ana lyses  of a n a l y t i c a l  d a t a  
from 96 Upper Freeport  c o a l  samples i n d i c a t e  t h a t  A s  and p y r i t e  c o r r e l a t e  w e l l  
with each o ther  ( 7 ) .  Mercury, t h e  only o t h e r  element wi th  which a r s e n i c  and 
p y r i t e  have a s t rong  p o s i t i v e  c o r r e l a t i o n ,  behaves s i m i l a r l y  t o  a r s e n i c  i n  t h e  
s ize-gravi ty  s e p a r a t i o n s  (Table 1). In a l l  p r o b a b i l i t y  t h e  mode of occurrence 
of mercury is s i m i l a r  t o  t h a t  of a r s e n i c .  

can be d i v i s e d  t o  e f f e c t i v e l y  remove t h e  u n d e s i r a b l e  t r a c e  elements .  
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Figure 1. SEM photomicrograph of a sphalerite crystal in semifusinite. 
Scale bar = 10 pm. 

Figure 2. SEM photomicrograph of a chalcopyrite grain. 
Scale bar = 10 pm. 
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Figure  3 .  SEN photomicrograph of a g r a i n  c o n s i s t i n g  of s p h a l e r i t e  ( r i g h t  r i m ) ,  
c h a l c o p y r i t e  ( l e f t  r im) ,  and lead  s e l e n i d e  ( b r i g h t  cap) .  

Sca le  b a r  = 10 wn. 

F igure  4 .  SEN photomicrograph of galena ( l i g h t  gray)  on 

Sca le  b a r  = 1 um. 
p y r i t e  (medium gray) .  Backscat tered e l e c t r o n  image. 
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1 

Figure 5. Concentrat ion of z i n c  (whole-coal b a s i s )  in size- 
g r a v i t y  s e p a r a t e s  of t h e  Upper Freepor t  c o a l  sample 
H2-42P-1.1. 

Figure 6 .  Concentrat ion of z inc  in t h e  ash  o f  s i z e - g r a v i t y  
s e p a r a t e s  of Upper Freepor t  c o a l  sample H2-53L-1.0. 
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Distribution o f  Elements in Coal Macerals and Minerals: 
Determination by Electron Microprobe 

Jean A. Minkin, E. C. T. Chao and Carolyn L. Thompson 
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Systematic study o f  elemental abundances in  coal macerals and minerals i s  
v i t a l  t o  understanding the genetic h i s to ry  and geological s ign i f icance  of particu- 
l a r  coal beds, i n  cor re la t ing  coal beds f o r  coal mine planning, i n  assessing the 
environmental impact o f  u t i l i z a t i o n  of coal from a pa r t i cu la r  source, and i n  eval- 
uating the po ten t i a l  for recovery o f  waste by-products and f o r  ca t a ly t i c  action i n  
coal conversion. In - s i tu  determinations of elemental concentrations i n  macerals 
and in clays,  su l f ides  and o ther  mineral cons t i tuents  may he lp  t o  es tab l i sh  the 
primary vs. secondary emplacement o f  pa r t i cu la r  elements, i .e. elements which were 
fixed when the  coa l  precursors were deposited vs. mobile elements which may have 
been introduced and/or red is t r ibu ted  by ground water c i rcu la t ion  and other dia- 
genetic processes. 
between macerals and minerals i s  e s sen t i a l  i n  evaluating the  poss ib i l i t y  of removal 
of contaminants by grinding and washing, because elements i n  macerals cannot be 
effectively removed by these procedures. 

Application o f  e lec t ron  microprobe analysis t o  coal-related studies i s  still  
in  the developmental s tage  (1). We repor t  here  preliminary r e su l t s  of intensive 
study of one columnar coal sample t o  ind ica te  the  na ture  of the  data on elemental 
d i s t r ibu t ion  t h a t  a r e  readi ly  obtainable through use o f  the electron microprobe. 
In order to  preserve the  s t ra t igraphic  re la t ionships  of the d i f f e ren t  coal facies,  
polished blocks (Figure 1) and polished th in  sec t ions  were prepared t o  represent 
the t o t a l  thickness of  the coa l  bed. These blocks and th in  sections were f i r s t  
studied petrographically with the  op t i ca l  microscope, and areas  representative of 
the pr inc ipa l  l i t ho log ic  un i t s  (Figure 2) were designated f o r  analysis by t h e  
electron microprobe. 
Upper Freeport coal used f o r  t h i s  study was co l lec ted  in the  Helen Mine, Indiana 
County, Pa. Petrographic ana lys i s  (E. C. T. Chao et  a l . ,  unpublished data) indi- 
cates t h a t  t h e  coal bed is  composed o f  two cycles of organic-matter deposit ion and 
f ive  major l i t ho log ic  coal types (Figure 3).  The division between the  two cycles 
of deposit ion i s  t h e  base o f  one major l i t ho log ic  uni t ,  a carbonaceous sha le  part- 
ing with bands of v i t r i t e  between depths 85 and 92.5 cm. This carbonaceous shale, 
characterized by water-transported depos i t iona l  fea tures ,  may be a key s t ra t igraphic  
marker. 
one from the  top o f  t he  coal t o  30 cm depth, another from 30 t o  50 cm, and a th i rd  
from 50 t o  85  cm. The f i f t h  i s  the column in t e rva l  from 92.5 t o  118 cm. 

of 23 elements i n  the  macerals and f o r  analyses of d i sc re t e  mineral grains present 
a t  representative depths of t he  column. The instrument a t  t h e  Reston laboratories 
of the U. S. Geological Survey i s  rout ine ly  capable of wavelength dispersive anal- 
ys i s  of a l l  elements s t ab le  i n  vacuum and o f  atomic number 9 (fluorine) and greater. 
L i m i t  of de t ec t ab i l i t y  f o r  most elements is about 100 ppm, and the  minimum targe t  
area which can be analyzed is  approximately 3 x 3um. 
electron beam i n t o  the t a r g e t  i s  from 1 t o  5pm. 

macerals of t he  f i v e  major l i t ho log ic  coal types of t he  column. 
where these elements were detected by probe analysis,  d i sc re t e  minerals were not 
observed op t i ca l ly  down t o  t h e  l i m i t  of  reso lu t ion  (about 0.5um). 
(21, i n  a transmission e lec t ron  microscope study o f  I l l i n o i s  No. 6 coal, reported 
a profusion of mineral p a r t i c l e s  i n  v i t r i n i t e  i n  the  size range from 3 M  t o  
approxim.tely 0.2um. 
electron microprobe maceral analyses a r e  associated with submicron-sized mineral 

Furthermore, determination of t he  d i s t r ibu t ion  of elements 

A 118-cm thick columnar sample of medium vo la t i l e  bituminous 

Above the  sha le  par t ing  three  major l i t ho log ic  coal types a r e  discernible:  

The electron microprobe has been used f o r  i n - s i tu  determinations of abundances 

Pecetration depth of the  

Table 1 summarizes the  range o f  abundance of  t he  2 3  elements analyzed i n  
A t  t he  s i t e s  

Strehlow et  a l .  

Thus it is  probable t h a t  some of the  elements detected in  our 
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matter. In par t icu lar ,  s i l i con  and aluminum, which vary i n  abundance i n  a p a r a l l e l  
manner a r e  probably associated with extremely f i n e l y  dispersed clay minerals. 

TWO elements, su l fu r  and chlorine, c l ea r ly  seem organically associated i n  t h e  
macerals of t h i s  coal. 
a given maceral, implying an association on the molecular level.  
comparable amount of i ron  is  not present,  as would be t r u e  i f  t h i s  were submicron- 
sized py r i t e  o r  marcasite. 
microprobe analysis (Table 1) tend t o  be grea te r  i n  the  lower deposit ional un i t  
and a re  i n  good agreement with analyses of t h i s  coa l  by conventional methods (3,4). 
The amount of su l fur  i n  i n e r t i n i t e  tends t o  be about ha l f  t h a t  i n  v i t r i n i t e ,  while 
the su l fur  content of t he  ex in i tes  analyzed ( t h i s  coa l  contains very l i t t l e  ex in i t e  
(Figure 3)),  more closely approaches the  leve l  i n  v i t r i n i t e .  Harris e t  a l .  i n  a 
s u i t e  of coals they studied (5) found t h a t  ex in i t e s  always have more s u l f u r  than do 
v i t r i n i t e s  bu t  determinations by Raymond and Gooley (1) eenerally agree with our 
resu l t s .  
d i s t r ibu ted  i n  a given maceral. In addition, comparable leve ls  of cations such as 
sodium o r  potassium were not detected (Table l ) ,  as would be expected i f  the  chlo- 

tha t  i n  coals from the  I l l i n o i s  Basin weakly bound chlorine i n  organic combination 
was a l ike ly  mode of occurrence. 
sample tend t o  be higher f o r  the upper cycle of deposit ion (Table 1) .  X-ray fluo- 
rescence da ta  on ash f r o m t h i s  coal show a similar trend (3). This trend perhaps 
implies grea te r  s a l i n i t y  of the swamp water during the  period of growth and depo- 
s i t i o n  of t he  coal precursors of the  upper deposit ional cycle, compared'with the  
lower. 

f u l l  118-cm depth f o  the column (Table 2). Ident i f ica t ion  o f  the  clay minerals i s  
based on t h e i r  chemical compositions. 
designated as illites, those with A1203>30 w t .  %, Si02,40 w t .  % and K2051.5 w t .  % a re  
labeled kaol in i tes ,  and "mixed layer" clays a re  those with K20 between 1.6 and 2.5 
w t .  %. In t h e  upper un i t  o f  deposition, i l l i t e s  a r e  d i s t i n c t l y  dominant and kaolin- 
ites occur mostly i n  shale. "Mixed layer" clays a r e  found only below 92.5 cm depth. 
Clays i n  the  shales a re  generally lower i n  s i l i con  and higher i n  i ron  than those i n  
the r e s t  of t he  coal column. 
aluminum than the other two clay types. 

sent i n  py r i t e  only from depth 5 t o  20 cm i n  t h i s  coa l  column. 
occurrence i s  discussed by Finkelman e t  a l .  (7) .  

3), even small amounts o f  non-volatile elements i n  the  v i t r i n i t e  (Table 1) w i l l  con- 
t r i bu te  s ign i f icant ly  t o  the  coal ash. 
v i t r i n i t e  generally i s  l e s s  than 30um i n  grain s i ze ;  thus, the  elements shown i n  
the  analyses of Table 2 w i l l  a l so  probably remain i n  the  coa l  even a f t e r  f i n e  
grinding and washing. 

mented variations i n  su l fu r  and chlorine abundance i n  macerals, c lay  compositions, 
and presence of arsenic i n  p y r i t e  which c l ea r ly  ind ica te  differences i n  the  deposi- 
t i ona l  and subsequent environmental cha rac t e r i s t i c s  of t he  upper and lower deposi- 
t iona l  un i t s  o f t h i s  coal. 
study, more complete evaluation of the  abundance o f  pa r t i cu la r  elements i n  a given 
coal bed w i l l  be possible through cor re la t ion  of modal analyses of maceral-mineral 
composition (E. C. T. Chao e t  al.,  unpublished da ta)  with in - s i tu  chemical da ta  f o r  
macerals and minerals obtained by e lec t ron  microprobe and proton-induced X-ray 
emission (the l a t t e r  f o r  elements a t  concentrations l e s s  than 100 ppm) techniques. 
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Table 1 .  Electron I:icroprobe Deteiminations of Minor and Trace Element 
Concenrrations (Kt. i n  ?!?cer;.ls of  tlie Five  t.!njor Lltholoeic 
Coal Types, Upper Freeport Column Sample H2-42P-1. 
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0 

0 

0 

0 

0.46-0.57 

b0.29  

0 

0-0.03 
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0 
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0 0 
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0 0-0.04 

0-0.02 0 

"0" = 4. 0.01 ut. *. 
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0 
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0 
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0-0.03 
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Fe 
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Mg 
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Na 

Ni 

P 

Pb 

S 

Si 

Sr 

Ti 

\' 
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0 

0 
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0 
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0 
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0.04-0.13 

0-0.06 

0 
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0 
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0 

0 
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0 
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0 
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0 

0 
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0 

0 

0-0604 
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0 

0 

0 
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0 
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0 
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0 
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0-0.02 

0 
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85 - 9 2 . 5  CIP. 9 2 . 5  - 118 cm 

v E and I \' E and I 
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0-0.16 
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0-0.89 

0.02-0.12 

0-0.03 

0-0.04 

0 

0-0.78 . 
0-1.78 (I) 
0-0.14 (E) 

0-0.03 

0-0.17 

0.41 (€1 

0.20-0.48 

0 

0-0.02 

0 

0-0.03 

V: Vitrinite E: Exinite 
n.d. = not determined 

0.04-0.77 

0 

0.02-0.17 

0-0.03 

0-0.03 

I: Inertinite 

0 (1) 
0-0.42 (E) 

0 

0-0.05 

"0" = < 0.01 w t .  si. 

0-0.08 

0-0.34 (I) 
0-0.05 (E) 

0 

0-0.30 

0-0.06 
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0.44-0.56 (E) 
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0 
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Figure 3. Generalized columnar profile 
of H2-42P-1. Volume per- 
centages of macerals and 

across the column according 
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RAPID, EASY MULTIELEMENT ANALYSIS OF WHOLE COAL VIA 
SLURRY-INJECTION ATOMIC ABSORPTION SPECTROPHOTOMETRY 

James E. O'Reilly and Donald G. Hicks 

Department of Chemistry, University of Kentucky, Lexington, 
Ky., 40506; and The Institute for Mining & Minerals Research, 
Kentucky Center for Energy Research Laboratory, P.O. Box 13015, 
Lexington, Ky., 40583. 

INTRODUCTION 

In recent years, a few laboratories have reported on the use of 
flame atomic absorption/emission methods for the analysis of solids 
directly, bypassing normal ashing and dissolution steps(1-5). However, 
not all these workers made attempts to achieve quantitative results. 
For example, although the early paper by Harrison(4) and the recent-one 
by Willis(5) are quite significant, neither reported any quantitative 
analyses of standard or non-standard analyzed samples! mrthermore, 
no efforts have been made thus far to determine functional limits of 
detection and analysis for a wide variety of elements in any one 
particularly significant solid matrix such as coal. 
procedures involving non-flame furnace atomization techniques seem to 
have been more widely investigated(6-13). 

The need to analyze coal for major, minor, and trace-level elements 
has been underscored by the Clean Air Act of 1970(14) and the Toxic 
Substances Control Act of 1976(15,16). Concentrations of trace elements 
are of great interest in the geological characterization of coals(l7), 
and Hook(l8) has emphasized the significance of metals content of coal 
in determining the quality of industrial products such as coke, iron, 
and steel. Moreover, the U.S. National Bureau of Standards has recently 
introduced bituminous and sub-bituminous coal Standard Reference Materials 
(19,201 having certified concentration values for 14 trace metals. A 
survey has shown that 70 of the millions of geochemical exploration 
samples collected annually have been analyzed by AA procedures(21). 
But conventional AA analysis procedures are plagued by lengthy sample 
preparation steps, usually involving a high or low-temperature ashing 
for many hours, followed by a prolonged dissolution in mixed acids. 
Even for a "rush" analysis, the turnaround time is nearly 2 days from 
receipt of samples. 

Therefore, we have developed an atomic absorption method for the 
direct analysis of whole coal by injection of powdered coal slurries 
into either flames or graphite furnaces. This paper greatly expands 
the preliminary observations of O'Reilly(22) on the slurry-injection 
approach to flame AA analysis of coal. Our work is oriented toward a 

Atomic absorption(AA) 

comprehensive exploration- of the capabilities of this general approach 
for determining a wide variety of elements 
solid matrices such as coal, coal ash, oil shale, limestone. piments. 

in some difficult-to-digest 

glasses, 2nd selected ores. 
constant major component compositions, 

That is, -solid matrices with "reiatively" 

EXPERIMENTAL 
A aratus and Rea entsc All absorption and emission signals 

were i o d i f i e d  Varian Model AA-6 atomic absorption 
spectrophotometer e q u i p p e d M o d e 1  BC-6 H2-lamp background cor-  
rector, Model CFt.4-90 graphite tube/cup atomizer system, and a high 
quality strip chart recorder capable of expanding the 100 mv output 
absorbance signal by lOOx in several steps, A standard Varian premix 
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burner with single-slot "high solids1' heads was used throughout for 
flame atomization studies. As supplied, nebulizer intake Capillaries 
had quite variable I.D. values. To minimize clogging, only those with 
I.D. greater than 35 mm were utilized. To decrease the frequency of 
removing solid particles constantly collecting therein, a large conical 
suction flask was filled with water and used as a burner "drain trap" 
at floor level. A length of 8 m glass tubing was inserted through a 
one-hole rubber stopper to a point about 5 inches below the water surface, 
and also connected to the burner chamber. A plastic tube ran from the 
flask side arm to a drain in the floor. The critical, final comminution 
of analytical samples was accomplished by use of a swing-mill (Spex 
Model 8510 Shatterbox) with 3.7 x 2.5 inch hardened steel or tungsten 
carbide(WC) grinding containers. 

were used to prepare aqueous standards, 
of Triton X-lOO(Rohm & Haas scintillation grade) wetting agent was 
prepared and diluted daily as needed to 0.2 $ o r  0.5 with distilled 
and doubly deionized water. Other materials were reagent grade. 

Reference standard coals of nominal sub-60 mesh(-250p) particle 
size were prepared from several eastern Kentucky bituminous coal samples. 
Ten to twenty pounds of each of these raw coals was put through (a) a 
standard jaw crusher, (b) a roller-mill, and (c) a Holmes Model 500 
rotor-beater type of pulverizer equipped with a screen allowing output 
particles of 60-mesh or smaller. After tumbling each total sample 2 hrs, 
they were dried briefly at llO°C to remove surface moisture. The 
reference standard coals were then analyzed for content of several elements 
by conventional AA rocedures involving 24-hr low-temperature oxygen- 
plasma ashing(23.247 and dissolution of the ash after treatment with 
aqua regia/HF in a teflon bomb(25,26) or fusion with lithium tetraborate 
(27,281. 
linearity of AA signals versus concentration made use of these samples. 

Analysis Procedure, The grinding chamber of the Spex swing-mill 
was "dry-cleaned" initially, and also between samples, by a 2-min milling 
of about 6 mL of the new coal sample to be analyzed, 
the resulting powder, the chamber was quickly wiped with laboratory 
tissue and blown out with a jet of dry air. Roughly 10 mL of the new 
coal sample was then added to the container and pulverized for 10 minutes. 
The majority of the powdered sample was dumped into a 325-mesh(44 p) 
metal screen sieve with a 3-inch brass body, then shaken and bumped 
by hand for 1.5 minutes. Two-thirds or more of the solid typically 
passed the screen, The -44 p n  powder which collected in the bottom pan 
was covered with a snug-fitting lid, shaken vigorously for about10 sec, 
and tumbled 10-12 times. Analytical samples in the range of 0.1 to 
2.5 g were placed in 150-mL beakers, 
repipets, 30 to 100 mL of 0.5 % Triton X-100 slurrying solution'was 
gently added t o  produce slurries containing 0.1 to 8.0 grams coal.per 
100 mL slurrying liquid(0.1 % to 8 f wt/vol solids). 
the burner slot parallel to the light beam, most elements 'in most coal 
samples could be determined using slurries of 0.3 5 ,  5 5, or 8 solids. 
Slurries of reference standard coals and unknowns were always prepared 
to contain approximately the same solids. Samples were then stirred 
magnetically for about 30 minutes prior to aspiration into the burner. 
Absorbance measurements, made while stirring the s$urries gently, were 
corrected for non-atomic "background" absorption using broad-band 
emission from an H2-arc lamp. Absorbances of standard and unknown 

Certified atomic absorption standard solutions (Fisher Scientific) 
A 10 $ by weight stock solution 

Analysis of NBS-SRM coal as an unknown and studies on the 

After discarding 

Using graduated cylinders or 

Actually, with 
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c o a l  slurries were normalized t o  t h e  same % s o l i d s  va lue  which was 
chosen t o  be nea r  t h e  s o l i d s  l e v e l  of t he  s l u r r i e s  a c t u a l l y  prepared. 
Element concen t r a t ions  i n  t h e  unknowns were determined from b e s t - f i t  
c a l i b r a t i o n  curves  cons t ruc t ed  f rom s tandards ,  o r  from simple r a t i o s  
of absorbances of s t anda rds  and unknowns wi th  subsequent averaging. 

techniques,  suspens ions  con ta in ing  0.2 t o  8.0 g o f  unsieved powdered 
c o a l  per 100 mL t o t a l  s l u r r y  volume were prepared  by d i l u t i o n  i n  
volumetric con ta ine r s .  A f t e r  b r i e f  mixing, s l u r r i e s  were t r a n s f e r r e d  
t o  wide mouth c o n t a i n e r s  and s t i r r e d  a few minutes,  Adding 5 t o  25 UI, 
of t h e  s l u r r i e s  t o  t h e  g r a p h i t e  tube  o r  cup provides  a f u n c t i o n a l l y  
accura te  and 
sample. 

When ana lyz ing  c o a l  by non-flame g r a p h i t e  furnace  a tomiza t ion  

r a p i d  method t o  measure 10 t o  2000 y g  o f  powdered coa l  

RESULTS A N D  DISCUSSION 
Sample Comminution S tudies :  O f  s e v e r a l  t y p e s  o f  g r ind ing  devices 

examined, a s w i n g - m i l l  (Spex "Shatterbox") w a s  found t o  be  gene ra l ly  
super ior  a f t e r  cons ide r ing  such factors  as ( a )  product ion  o f  a very 
high te rcentage  of r e a l l y  f i n e  (-325 mesh) p a r t i c l e s ,  (b)  g r ind ing  
7 t o  5 grams of sample, ( c )  s h o r t  m i l l i n g  t ime,  (d )  number of samples 
mi l led  simultaneously,  and ( e )  gene ra l  ease  of opera t ion  and repro- 
d u c i b i l i t y .  Table I i l l u s t r a t e s  t h a t  absorbances of samples ball-milled 
60 rnin a r e  s i g n i f i c a n t l y  lower t h a n  those  f o r  samples pulver ized  1 2  rnin 
i n  any swing-mill c o n t a i n e r ,  Usually,  s l u r r i e s  made f r o m  unsieved 
c o a l  ground i n  t h e  swing-mill WC chamber d i d  no t  c log  burner  c a p i l l a r i e s .  
But clogging d i d  occur  o f t e n  enough f o r  u s  t o  recommend a b r i e f  p a r t i a l  
s i ev ing  i n  t h e  a n a l y t i c a l  procedure,  The optimum time (F ig .  1) t o  
g r ind  1 2  mL of c o a l  having a 44-250 ).lm s t a r t i n g  range o f  p a r t i c l e  
s i z e s  was found t o  be 12-15 minutes,  a l though g r ind ing  t imes  a s  s h o r t  
a s  5 rnin w i l l  produce s u i t a b l e  samples when s ieved .  S ince  absorp t ion  
has been shown t o  i n c r e a s e  wi th  decreas ing  p a r t i c l e  s i z e ( 5 ) .  1 2  min 
i n  a swing-mill WC d i s h  appa ren t ly  r e s u l t s  i n  a maximum s t a t e  of sub- 
d iv i s ion  of p a r t i c l e s .  
t h e  -325 mesh powder e x h i b i t s  a s i g n a l  s l i g h t l y  g r e a t e r  t h a n  t h a t  o f  
t h e  unsieved samples. But a f t e r  12 minutes, t h e  t w o  t y p e s  of samples 
show no d i f f e r e n c e  i n  s i g n a l .  To minimize c logging ,  30-min o f  i n t e r -  
m i t t a n t  s t i r r i n g  i s  recommended a f t e r  f i r s t  mixing t h e  s l u r r y ,  par t icu-  
l a r l y  fo r  water-based s l u r r i e s  of h igher  s o l i d s  conten t .  However, 
a n a l y t i c a l l y  u s e f u l  s l u r r i e s  a r e  obta inable  a f t e r  only 5-10 rnin s t i r r i n g  
of e i t h e r  water-based suspens ions  wi th  lower % s o l i d s  o r  organic solvant 
mixtures of any s o l i d s  l e v e l ,  
base o r  20 % s o l i d s  i n  organic  s o l v e n t s  have been a s p i r a t e d  a few minutes 
without c logging  a 0.4 mm I .D.  b w n e r  c a p i l l a r y .  Regard less  o f  t h e  
% s o l i d s ,  t h e  r a t e  of s l u r r y  a s p i r a t i o n  i s  e s s e n t i a l l y  t h e  same a s  t h e  
uptake rate of t h e  particular s l u r r y i n g  l i q u i d  (wi th in  1 % t o  2 $), 
Although c logging  f a c t o r s  a r e  d iscussed  h e r e ,  it i s  emphasized t h a t  i t  
r a r e l y  happened when fo l lowing  r o u t i n e  a n a l y s i s  procedures.  

Analysis By Flame Atomization: Best-fit c a l i b r a t i o n  curves ,  obtained 
a t  some p a r t i c u l a r  % s o l i d s  l e v e l ,  are g e n e r a l l y  l i n e a r  over a reasonable 
concent ra t ion  range----as i l l u s t r a t e d  by F i g u r e s  2 and 3. Ind iv idua l  
P o i n t s  r e s u l t i n g  from d i f f e r e n t  s tandard  c o a l s  show a small, but  highly 
reproducible,  scatter about t h e  l i n e .  We i n t e r p r e t  t h i s  t o  be caused 
by r e l a t i v e 1  s m a l l  ma t r ix  v a r i a t i o n  e f f e c t s ,  For elements t e s t e d ,  
e l ~ ~ l ~ a ~ u r v e s  have t h e  same gene ra l  shape, That is, they 
e x h i b i t  t h e  same relat ive p o s i t i o n i n g  of d a t a  p o i n t s  whether obtained 
( a )  i n  N20-C2H2 o r  air-CzH2 flames, (b) from unsieved o r  p a r t i a l l y  
s ieved  powders, ( c )  a f t e r  15 rnin mi l l i ng  i n  a swing-mill o r  2 h r  i n  a 

P r i o r  t o  t h i s  maximum absorbance gr inding  time, 

S l u r r i e s  having 8 % s o l i d s  i n  a water 
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rolling-jar ball-mill, or (d) after 20 min or 3 hrs stirring. 
Strong emission signals for several elements were obtained from 
coal slurries. In the case of sodium, the AA calibration curve 
had the same shape as one obtained from atomic emission measurements. 
Precisions attainable by this slurry-injection AA approach are quite 
good as seen in Table 11, and are similar to those observed for 
replicate determinations on purely aqueous standards, Relative 
standard deviations (RSD) are typically 1 of the mean for elements 
with strong signals, and 3-4 $ when scale expansion is required. 

For some elements whose coal slurry AA signals are quite small, 
considerable scale expansion is necessary and non-atomic "background" 
absorbance becomes significant(Fig. 3 ) .  Experimental observations 
shown in Table I11 suggest that this apparent absorption is primarily 
caused by light scattering from the solid particles, This "background" 
signal increases linearly with increasing solids level, is relatively 
constant from one coal to another, is greater when measured near the 
top of the burner, is much reater when the slurry is aspirated by 
non-burning gases(Tab1e 1117, decreases gradually as wavelength changes 
from 200 nm to 600 nm(Tab1e 111), has the same magnitude whether 
measured with line or broadband light sources(Tab1e III), increases 
with increasing slurry aspiration rate, is greater for coal sieved 
through a screen with larger openings (i.e. larger particles), is much 
less in the N20-C2H2 flame than in the air-C2H2 flame, and has a 
maximum observed absorbance of 0.002/1 % solids----this latter data 
in accord with Willis'(5) value for pulverized rocks, 

Figure 4 indicates that conventional atomic absorption sensiti- 
vities (ppm at which Abs.= 0.0044) for elements in the NBS-1632 coal 
matrix increase in the same general order as AA sensitivities deter- 
mined in aqueous solution. Atomization efficiencies relative to water 
media were determined as o atomization = (100)(slurry absorbance)/(aqueous 
solution absorbance) at ezual effective concentrations of the test 
element. 
those obtainable from aqueous solution. Apparently, the NBS-1632 coal 
matrix (and perhaps others) does not drastically affect the signal 
of one element relative to another. 

exhibit a maximum absorbance at a point higher in a flame when slurries 
are fed in than when aqueous solutions are aspirated(Fig. 5). As can 
be seen in Figure 6, the relative atomization efficiency in a flame 
also increases with increasing height above the burner, The $ atom- 
ization of slurries increases more rapidly with increasing height in the 
NzO-C~H vs air-C2H flame, and, the height of maximum absorbance is 
nearer %he top of tge burner in the N O-CzH2 vs air-C2H2 flame: both 
observations being in contrast with &e greater aspiration rate of 
the NzO-CzH burner, 
absorbance therein, these data indicate that the N2O-C H2 flame is more 
efficient than the air-C~H2 flame in decomposing soli2 particles, 

to be determined by flame atomization at levels normally encountered 
in coal (Al, Si, Fe, K, Ca, Mg, Na, Ti----Ba, Be, Cu, Cr, Co,  Eu , Li, 
Mn, Ni, Pbp Rb, Sr, V, Yb , and Zn). Eu and Yb were detected by their 
emission signals from N2O-C H2 flames. Ag, As, Bf, Cd, Mo, P, Pd, Se, 
Sn, and Te were not detectes with sufficient sensitivity. Utilizing 

These efficiencies for coal ranged between 16 % and 24 % of 

Flame response profile studies have shown that elements generally 

Along with the fact of lower non-atomic background 

Of 33 elements studied, 23 were found to have sufficient sensitivity 
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flame atomization, concentrations of 16 elements have been determined 
in NBS-1632 SRM coal with moderate accuracies of *5 to 25% error(Tab1e IV). 
Although NBS-1632 is a relatively uniform blend of several coals, it 
is to be noted that the eastern Kentucky coals used as standards were 
not uniform, When considering sample-to-sample variations, it has 
been observed that slurry absorbances of Si and A1 increase as ash 
content of the coal increases. But, correlations are not linear. 
Some other elements tested (Fe, Ti, Mg, Ca, K, Na, Ba, S r )  do not 
consistently show a similar correlation. 
photogra hs of flames has shown that the rise velocity of the larger 
of the -84 pm coal particles near the top of the burner is essentially 
the same as the streaming velocity of the gases through the burner slot, 

Analysis of high speed 

SUMMARY AND CONCLUSIONS 
Most of our work has concerned flame atomization AA procedures, 

which are generally faster and more convenient than non-flame electro- 
thermal atomization techniques. 
showed that Be in coal could be accurately determined by graphite 
furnace techniques, with observed precisions around 7.5 $ RSD. Our 
work confirms determination of this particular element, and also shows 
that injection of pL amounts of slurries into a graphite cup/tube is 
a rapid and very reproducible way to circumvent microbalance weighings! 
In general, it appears that powdered coal slurries may be analyzed(in 
these devices)for elements which allow higher ashing and atomization 
cycle temperatures. Using a 2.5 mm I.D. graphite cup for atomization, 
8 replicate determinations on lO+ aliquots from a 1 $ solids 
slurry (-44 p coal) resulted in a relative standard deviation of 3.2%. 

A recent brief report by Gladney(l0) 

Ease of sample preparation plus greatly increased speed of analysis 
usinn a commonl-v available instrument are the main advantages of this 
slurGy injection AA method for coal analysis. 
turnaround time for determininp the concentrations of 4 elements in 

b AA procedures! Some operator time is als/save:. The 
technique is useful for extremely fast 
would allow more frequent and widespread sampling of coal shipped in 
large vessels. Although multielement scanning is a sequential process, 
it is rapid and does compete in total analysis time with X-ray fluor- 
escence techniques, for instance. Assuming 10-12 min XRF instrument 
time per sample count period, and high and low energy counting on 
each sample, the XRF and slurry-injection AA methods both need about 
4 day to determine 12 elements in 6 samples. 
speed is the achievement of only modest accuracy. However, slurry- 
injection AA accuracies might be improved over those implied by the data in 
Table IV if standards and unknowns are matched somewhat better with 
respect to approximate ash content o r  general type of coal. Accuracies 
are certainly good enough for geochemical explorations, and are actually 
in the range of values reported(l7) for conventional AA determinations. 

As an example, the 

Sam les can be reduced to.2 hrs from the current 2 da s re uired by 

single element scanning, which 

The price paid f o r  this 
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FIGURE CAPTIONS 
Figure 1. Effect of grinding time in a Spex Shatterbox (tungsten-carbide container) 

on the atomic absorbance of several elements in one coal sample that was originally 
60/325 mesh (44-250 p particle diameters). 
samples, the open circles for a final sample partially screened through a 325-mesh 
sieve. 
285.2, 248.3, and 213.9 nm for Mg, Fe, and Zn. 

Figure 2 .  Calibration curve for analysis of zinc in whole coal, Conditions: air- 
acetylene flame, 0.4% wt/vol coal slurry in 0.2% Triton X-100, coal ground in a 
tungsten-carbide swing-mill. 

correction for background absorbance. 
for background absorbance. B: Flame background absorption (particulate scattering) of 
aspirated coal slurries at 380 nm measured separately with a hydrogen-arc lamp mounted 
in place of a hollow-cathode lamp. 5: The resultant background-corrected calibration 
curve. Conditions: air-acetylene flame, 3% wt/vol coal slurry In 0.2% Triton X-100, 
coal samples ball-milled, -325-mesh fraction. 

The solid circles are for unsieved final 

Conditions: nitrous oxide-acetylene flame; 1% wt/vol coal slurry; wavelengths = 

Figure 3. Calibration curve for analysis of manganese in whole coal illustrating 
A: Absorbance of coal slurries without correction 
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F i g u r e  4. Atomic a b s o r p t i o n  s e n s i t i v i t i e s  (4 = 0.0044) f o r  a number of elements 
i n  NBS-1632 c o a l  s l u r r y  v e r s u s  t h e  exper imenta l  s e n s i t i v i t y  f o r  those elements  i n  
pure ly  aqueous s tandard  s o l u t i o n s .  The two l i n e s  r e p r e s e n t  e f f e c t i v e  a tomiza t ion  
e f f i c i e n c i e s  of an element  i n  a c o a l  s l u r r y  of 1 6  and 24% t h a t  i n  aqueous s o l u t i o n .  
Condi t ions:  n i t r o u s  oxide-acetylene f lame except  f o r  Rb; c o a l  s l u r r i e s  were of 
d i f f e r e n t  s o l i d s  l e v e l s  i n  0.2% T r i t o n  X-100; c o a l  ground i n  a tungsten-carbide 
swing-mill. 

i r o n  i n  aqueous s o l u t i o n  and i n  a c o a l  m a t r i x .  
t r iangles - - in  a n i t r o u s  oxide-ace ty lene  f lame.  S o l i d  points--0.50% c o a l  s l u r r y  i n  
0.5% T r i t o n  X-100; open points--aqueous 5 ppm i r o n  s o l u t i o n .  Condi t ions:  The c o a l  
(1.07'6 Fe conten t )  w a s  ground 15 min i n  a s tee l  swing-mil l  and s ieved  through a 
200-mesh (75 pm) s c r e e n .  

e f f i c i e n c y  ( s r e l X  100) of i r o n  i n  a c o a l  mat r ix .  

F igure  5. E f f e c t  of measurement he ight  i n  t h e  f lame on t h e  atomic absorbance of 
Ci rc les - - in  an a i r / a c e t y l e n e  flame; 

F i g u r e  6. E f f e c t  of measurement h e i g h t  i n  t h e  f lame on t h e  r e l a t i v e  a tomiza t ion  
Condit ions same as i n  F igure  5. 

Table  I. Atomic Absorbance of C e r t a i n  Elements  v s .  Grinding-Preparat ion Methoda 

Grinding- Grinding 
P r e p a r a t i o n  Time, S iev ingb  Element' 

Method min Mg(NA) A l ( N A )  Si(NA) Fe(NA) Fe(AA) 
_ _ _ _ _ _ _ _ - - - ~ -  

B a l l  m i l l  60 Yes 0.661 0.299 0.212 0.148 0.290 

Swing-mill 1 2  Yes 0.831 0.533 0.301 0.188 0.468 

Swing-mill 1 2  y e s  0 .860 0.575 0.314 0.198 0.504 

Swing-mill 1 2  no 0.862 0.577 0.317 0.195 0.504 

( s t e e l )  

(WC) 

(WC) 

aThe same sample of c o a l  w a s  used i n  a l l  g r i n d i n g  t e s t s .  bAf ter  g r i n d i n g ,  
t h e  subsample w a s  p a r t i a l l y  s i e v e d  through a 325-mesh s c r e e n  c44 urn diameter  p a r t i c l e s ) .  
Condi t ions:  2% wt /vol  c o a l  s l u r r i e s  i n  0.2% T r i t o n  X-100. 'Absorbances a r e  t h e  average 
of a t  l e a s t  t h r e e  measurements; AA = a i r - a c e t y l e n e ,  NA = n i t r o u s  oxide-acetylene f lame.  
The normal a tomic a b s o r p t i o n  wavelengths  were used f o r  t h e  f o u r  e lements  s t u d i e d .  WC = 
tungs ten  c a r b i d e  g r i n d i n g  chamber. 
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Table 11. Precision of Atomic-Absorption Signal Intensitiesa 

Element Series Series g Series C 
R S D ~  RSD RSD 

Fe 1.1 0.90 0.95 

Zn 2.5 2 . 7  , 2.3 

0.72 - 0.76 Ms 
K - - 0.93 

aIn the A series of replicate analyses, nine 15-mL subsamples of a particular 
-60 mesh coal were milled 15 min in the swing-mill hardened-steel container and sieved 
1.5 min by hand through a ZOO-mesh (75 um) screen. Series was 10 subsamples of the 
same coal pulverized 2 hr in a rolling-jar ball-mill, and then sieved 2 min by hand 
through a 400-mesh (38 Vm) screen. Series C consisted of nine 12-mL subsamples of a 
different coal milled 10 min in the Shatterbox WC container, and then sieved 1.5 min 
by hand through a 325-mesh (44 urn) screen. 
while series 

Series A and C employed an air-C2H2 flame 
used the Nz0-CzH2 flame. 

bRSD = relative standard deviation as percent of the average. 

Table 111. Background Absorbance of a Coal Slurry at Several Wavelengthsa 

Absorbance, x103 
Wavelength, Lampb N20-C 2 2  H Air-CzH2 Air-CZHZ 

Flame Flame No FlameC nm 
- 

207.5 HC 1.5 4.7 12.4 
--- 4.8 
1.3 4.9 12.9 231.7 HC 

267.3 HC 1.1 3.3 11.9 
3,2 --- 2.9 326.1 HC --- 2 . 2  ---- 

0.6 2.6 9.5 391 .O HC 
138 --- 2.0 459.3 HC 
1,6 610.4 HC 

---- 214 H2 

280 H2 

358 H2 

450 H2 

--_- --- _--- 

---- 
---c 

--- b 

r-..- --- 

wt/vol slurry in 0.5% Triton X-100. Coal was ground 15 m i n  in a steel 

‘Flame not 
swing-mill, and sieved through a ZOO-mesh sieve. 
bHC = isolated line from a hollow-cathode lamp; H2 = Hydrogen arc lamp. 
lit, but gases flowing on the air-CZH2 burner head; zero absorbance set with 0.5% 
Triton X-100 aspirating. 

Dash means measurement not made. 
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T a b l e  I V .  Analys is  of NBS-1632 Bituminous Coal SRM by S l u r r y - I n j e c t i o n  

Atomic Absorp t ion  Specerophotometrya 

Element 

NBS 

C o n c e n t r a t i o n ,  b 

up/ g 

Slurry-AA 

Concent ra t ion ,  

I J d P  

E r r o r ,  

x of  NBS 

S i  

Al 

Fe 

Ca 

K 

T i  

Na 

S r  

cu 

Zn 

Mn 

Ni 

C r  

Pb 

v 
co 

32000 

17300" 

8700 

4340* 

2790* 

800 

396" 

128* 

18 

37 

40 

1 5  

20.2 

30 

3 5  

- 

5 .6*  

26000 

15700 

9200 

4950 

2570 

690 

4 80 

99 

20 

34 

38 

14  

23 

24 

43  

4.4 

19  

9 

6 

14 

8 

1 3  

21 

22 

11 

8 

5 

7 

14 

20 

23 

21 

% a r i o u s  analyzed Kentucky c o a l s  were used a s  s t a n d a r d s .  

bunmarked v a l u e s  a r e  NBS c e r t i f i e d ,  u n d e r l i n e d  v a l u e s  a r e  NBS p r o v i s i o n a l ;  

*values  a r e  averages  of s e v e r a l  r e p o r t e d  i n  t h e  1977 I l l i n o i s  S t a t e  Geologica l  

Survey C i r c u l a r  499 (E). 
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Precis ion on the  Determination of Trace Elements in Coal 

Mutsumi Ihida,  Teruaki I s h i i ,  Rieko Ohnishi 

Nippon Kokan K.K., Chemical Analysis Laboratory, Technical Research Center 
1-1, Minamiwatarida-cho, Kawasaki-ku, Kawasaki, 210 Japan 

1 Introduction 

The quant i ty  of  mineral matter contained in coal  is generally 5 t o  25 per cent  
of the t o t a l  contents .  Most of the mineral matter are contained in the form of sili- 
ca te ,  w h i l e  the  r e s t  of a few per cent  a r e  t race elements with more than 20 kinds 
including zinc, cadmium, lead, nickel ,  chromium, copper, and vanadium e t c . .  

A t  the present  moment, it would not  be so important to  f ind out the quant i ty  
of these P a c e  elements in coal  for  the purpose of recovering raw mater ia ls  except 
c e r t a i n  mater ia l s  such as germanium and gold, however to know the quant i ty  of t race  
elements in coal  is becoming more important for  the purpose of the environmental 
chemistry. 

There a r e  following problems in conducting the determination of t r a c e  elements; 

1) Concentration of the elements a r e  s l i g h t .  
2) Coal i s  composed of organic matter. 
3) Di f f icu l ty  i n  obtaining a standard sample required f o r  the determination. 

To cope with these problems, the Sample Research C o d t t e e ,  JUSE, has conducted 
a Round-Robin study with cooperation of seven labora tor ies  and t r i e d  to evaluate  the 
precis ion of the determination of trace elements in coal  and coke. Besides, i t  was 
considered t h a t  v o l a t i l i t y  l o s s  at the s tage  of pretreatment of sample might have 
occured f o r  t h e  elements with i n f e r i o r  reproducibi l i ty  such as  zinc. 

The r e s u l t  of the study is described here inaf te r .  

2 Experimental 

2-1 Design of Experiment 

Three kind of test samples crushed under 250um, shown in Table 1, were analyzed 
a t  seven labora tor ies  by the a n a l y t i c a l  method described below. 
w a s  analyzed two times and the measurement by the atomic absorption method was per- 
formed twice respec t ive ly .  

Each kind of sample 

Analytical procedure w a s  as  follows; 
Transfer l g  of the sample, weighed t o  the nearest  O.lmg, to a platinum dish.  

Add 5ml of HF and l O m l  of HNO3. Evaporate to white fumes to expel a l l  HF.Transfer 
the  sample to  200d beaker, add 3Oml of HNO3, and lOml of HCl04. 
and heat  u n t i l  the s o l u t i o n  becomes c lear .  Evaporate to dence white fumes. Cool, 
and approximately 50101 of water. F i l t e r  through a tex ture  paper, and wash the resi- 
due w i t h  warm H C 1  (2+100). Transfer the residue to  a platinum crucible ,  i g n i t e ,  
fuse with 2g of Na2S207, and then add to  the o r i g i n a l  so lu t ion .  Transfer t o  a l O O m l  
volumetric f lask ,  and d i l u t e  exact ly  t o  the  mark with water. Measure the  absorption 
of an a l iqua t  by an atomic absorption apparatus. 

2-2 Result of Experiment 

Cover the beaker, 

Original data  obtained a r e  shown i n  Table 2. About 600 data obtained a r e  
statis  t i c a l l y  analyzed, and the precis ion calculated by using ANOVA (nested design) 
a r e  suIlrmarized in Fig.  1, Fig. 2, and Fig. 3 respect ively.  ( See formulas ( l ) ,  (2) 
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Repeatabi l i ty  (Eryor due t o  pretreatment), 

EP = J(VL - VP) / 4 , C.V. rp = Tp / H x  100 ........... (2) 

< 
.( 2-3 Discussion 

> 2-3-1 Repeatabi l i ty  within same laboratory 
A s  is evident from Fig.  3, C . V .  of r e p e a t a b i l i t i e s  ( C . V . ~ E )  a r e  less than 10% 
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A.A.method. That is ,  the contents of cadmium are c lose  to  the detection l i m i t ,  
and the lack of s e n s i t i v i t y  fo r  the determination of lead may cause these in fe r i -  
or  precis ion respect ively.  

treatment should be ca r r i ed  out  i n  the fu tu re .  
3)  In case of t he  determination of zinc, the more p rec i se  s tud ie s  on the pre- 

Afterwords 

These s t u d i e s  were ca r r i ed  out i n  Japan p r i o r  to the f i r s t  i n t e rna t iona l  Roimd- 
Robin Study of ISO/TC 27/WG 14 (Trace elements). A p a r t  of the s t a t i s t i c a l  analy- 
sis on the above experiment was reported i n  a document I S O / T C  27/WG 14,  No. 6 
(Japan-6). 

L i t e ra tu re  c i t e d  

(1) 

(2)  

"Atomic Absorption Spectrophotometry i n  the S tee l  Industry", The Iron and 
S t e e l  I n s t i t u t e  of Japan, (1975) P.  52 - P .  53. 
"Round-Robin Studies f o r  t he  Estimation of  Accuracy and Precis ion of P o l l u -  
t i on  and Environment Control Analysis", The fourth SAC Conference (1977). 
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a l e  1 P r o x i r m t e  Analysis of the Sanples 

% of the A i r - D r i e d  C c a l  and Coke 
** SanPks M o i s t u r e   AS^ *v.M. F.C. 

U.S. Massey H.V. Coal 1.4 13.2 32.4 52.6 

Japamse Miike C o a l  9.9 6.5 38.3 54.2 

M e t a l l u r g i c a l  C o k e  0.1  11.6 0.5 87.8 

* V o l a t i l e  Matter ** Fixed Car& 

I 

Table 2 Trace Elemnts  in Coal and Coke 
PPM in Air-Oried W h o l e  Coal and Coke 

(1) Sanple : US. Massey H.V. Coal 
\ 

zn Cd Pb N i  C r  c u  V 
labe P, p, P, p, P, Pz PI P2 P1 Pn PI P2 PI p2 

A m, 29.0 17.2 0.26 0.26 5.15 3.83 11.2 U.9  15.2 17.2 16.9 16.5 34.3 30.4 
ma 27.7 17.2 0.13 0.26 6.47 5.15 10.6 10.6 17.2 17.2 15.3 15.3 29.0 27.1 

m, 27.1 26.0 0.34 0.45 8.58 8.32 12.5 12.5 20.5 19.4 17.2 19.3 32.1 30.8 
ml 27.3 26.4 0.34 0.43 8.05 8.05 12.5 12.5 20.7 19.4 17.2 18.3 32.1 30.8 

m, 11.6 23.0 0.95 2.09 4.22 0.26 18.6 12.7 14.7 22.7 16.6 26.6 30.6 33.4 
m l  12.0 20.7 LUS-L25 5.15 8.18 9.6 12.4  19.5 23.4 17.2 14.5 23.2 26.0 

m, 16.9 22.0 0.95 0.40 7.52 7.26 12.3 12.3 19.7 19.7 20.5 20.5 32.7 31.9 
mr 17.0 20.7 0.75 0.63 11.9 9.50 15.0 15.2 16.5 16.9 19.8 20.7 30.6 30.5 

E m, 23.9 18.6 0.48 0 10.6 11.9 2 0 . 6 m  _LI _&6_ 21.6 23.5 25.2 28.1 
m2 21.6 18.6 0.48 0 10.6 11.9 2 0 . 6 Z A  JJ, _&I 20.9 21.9 25.2-29.1 -. - 

m, 19.7 12.2 0.21 0.21 5.15 4.49 10.4 10.0 21.3 19.1 17.4 18.2 29.6 26.4 
m a  18.7 22.0 0.17 0.17 5.02 4.49 10.3 9.8 21i3 19.3 17.4 18.2 28.5 26.4 

m ,  21.8 18.1 0.32 0.18 3.34 5.41 11.9 11.5 17.7 18.9 19.0 16.8 31.2 31.9 
mz 21.6 18.2 0.26 0.22 2.38 5.68 12.1 11.7 17.4 18.5 18.5 16.4 31.2 31.7 

p ; pretreabrent , m : nrasuremnt - Outliers 
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(2) Sample ; Japanese Miike Coal 
al a Pb Ni cr cu V 

Lab. ~1 ~r P> ~z PZ PI PZ P, Pa PI P+ P T  pa 
i 

A m l  3.58 3.90 0.13 0.13 3.19 1.89 18.9 18.5 8.45 8.45 5.72 5.59 I 4.55 4.55 
m l  2.93 3.58 0.07 0 3.19 3.19 18.5 18.5 8.45 8.45 5.07 5.07 4.55 4.55 

m 1 m m  0.20 0.21 2.99 3.51 20.3 20.6 10.4 9.62 6.24 6.50 7.15 7.15 h 
ma=- 0.20 0.21 3.06 3.45 20.2 20.5 10.4 9.55 6.24 6.31 7.22 7.02 , 
m ,  U 2 L I  UQA, 3.25 3.45 49.4 7.5 8.13 11.0 5.59 5.46 4.62 6.96 
m r w _ 2 1 J .  2.21 1.56 22.8 13.0 9.75 11.4 5.72 6.24 4.75 10.9 

m ,  4.29 4.36 0.18 0.20 M U  19.9 19.8 9.43 10.9 6.50 6.63 5.92 6.57 
mr4.42 4.36 0.31 0.34 233- 22.1 21.4 8.84 9.10 6.37 6.37 4.75 5.92 

m l  5.20 4.10 0.12 0.12 3.90 3.25 25.3 23.7 2.86 2.85 6.70 6.70 4.68 8.00 
E m z  4.75 4.23 0.12 0.12 3.90 3.25 25.3 25.3 2.86 2.86 6.70 6.63 8.00 4.86 

m l  4.55 4.42 0.07 0.07 3.25 2.80 19.3 19.0 9.62 10.7 5.59 5.72 -42.3 
m; 4.55 4.36 0.07 0.07 3.38 2.80 19.2 19.2 9.69 10.5 5.66 5.86 4.42 4.21 

mt 9.00 6.50 
rnz 7.67 6.50 

0.10 0.10 
0.11 0.11 

13.7 14.0 
14.0 13.3 

9.62 9.69 
8.71 8.58 

5.66 6.11 5.98 6.50 
8.85 6.11 5.98 6.50 

(3) Sanple : Metal lurg ica lCOke 

Zn cd Pb Ni cr cu V 

lab* PI Pz P1 P2 PI P2 PI P2 PI P2 PI P2 P1 p2 

24.4 14.5 0.23 1.16 4.52 5.68 41.8 43.5 22.6 19.1 24.4 24.4 47.6 46.4 
A 24.4 13.3 0 1.16 6.73 7.89 40.6 42.3 22.6 20.9 21.8 22.9 55.1 51.0 

16.2 16.0 0.25 0.34 5.92 6.38 44.7 44.7 24.9 24.0 24.9 25.8 55.3 54.9 :; 16.2 16.2 0.24 0.34 6.03 6.38 44.4 45.2 25.1 24.0 24.9 25.8 55.1 54.3 

10.2 12.1 0.37 1.30 4.41 2.20 78.3 7.0 19.7 34.8 24.2 21.5 30.2 45.8 ti 10.3 17.6 0.41 1.31 6.73 4.87 41.8 23.2 20.3 24.4 24.8 24.0 36.0 48.7 

15.2 13.5 0.43 0.38 9.05 9.63 44.3 44.3 22.9 21.9 26.8 26.9 56.0 53.2 ':: 14.6 13.9 0.58 0.57 10.4 8.70 50.6 50.2 18.7 21.7 25.8 25.8 55.3 55.0 

16.7 15.3 0.42 0 9.28 5.92 48.4 50.7 7.5 7.5 28.8 28.8 41.8 42.8 
E :: 16.1 15.3 0.42 0.21 6.96 5.92 51.2 54.8 7.5 7.5 28.8 29.0 33.4 34.1 

14.0 13.9 0.14 0.14 4.99 4.64 47.8 71.3 27.8 25.3 25.9 25.3 50.8 51.3 
?z 14.0 13.9 0.21 0.21 4.99 4.87 48.0 71.6 27.5 24.9 25.9 25.5 49.9 52.0 

15.3 15.5 0.17 0.21 6.26 2.09 39.9 40.4 23.3 23.9 24.8 24.1 61.2 49.2 
15.5 15.1 0.15 0.19 5.92 1.74 39.4 39.4 23.0 23.9 26.4 26.0 55.2 58.0 
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Table 3 Detection L i m i t  and Sens i t i v i ty  
of the Atomic Absorption Method 

zn 2138 0.02 0.04 0.1-0.2 

cd 2288 0.002 0.02 01.02-0.04 

Pb 2833 0.03 0.5 0.03-0.07 

N i  2320 0.005 0 . 1  0.06 -0.2 

Cr 3579 0.003 0.08 0.03 -0.2 

cu 3247 0.005 0.1 0.06 -0.2 

V 3514 0.04 1.3 0.06 4 . 3  

f SI t 

I I 

M M 

Fig. 4 Ccmpariscn of Analytical Values of Zinc anl N i c k e l  in Coal and Coke 
by Three Decorposition Wthod 
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Trace Element Variations in an 
Oil-Shale Retorting Operation 

Thomas R. Wildeman 
Department of Chemistry/Geochemistry 

Colorado School of Mines 
Golden, Colorado 80401 

and 

Robert N. Heistand 
Development Engineering Inc. 

Box A ,  Anvil Points 
Rifle, Colorado 81650 

Experiments were conducted jointly between Colorado School of 
Mines (CSM) and Development Engineering, Inc. (DEI) using raw shale 
feed to the Paraho Semi-works retort.(l,2) A schematic diagram of the 
10-1/2 foot O.D. Semi-works retort is shown in Figure 1. The Direct 
Mode operation, where combustion occurs within the retort to provide 
necessary heat, is portrayed in this schematic diagram. Operations 
are continuous and flows are countercurrent. Gases flow upward. The 
downward flow of shale is controlled by a hydraulically-operated 
grate mechanism. Shale is distributed evenly across the top of the 
bed by a rotating distributor. Here, the shale is preheated by rising 
hot gases in the mist formation zone. Next, the preheated shale passes 
through the retorting zone where the organic kerogen is decomposed 
into oil, gas, and coke. The coke remaining on the retorted shale 
serves as fuel in the combustion zone. Air is distributed evenly 
across the bed in an air-gas mixture in this zone. In the lower sec- 
tion of the retort, the shale is cooled by bottom recycle gas and 
this gas, in turn, is preheated before entering the combustion zone. 
The oil, as a stable mist, is carried out the top of the retort through 
the off-gas collector and is separated from the gas in a coalescer- 
electrostatic precipitator system. 

In the Indirect Mode operation, the gas blower is replaced by an 
external heater. The middle and upper recycle gas is passed through 
this heater to provide heat needed for retorting. In this mode, the 
product gas is not diluted with products of combustion and nitrogen 
from the air, and the carbon remaining on the retorted shale is not 
utilized. 

Uniform flow of solids and gases within the retort is essential 
in order to maintain a continuous operation and a high efficiency. 
In the Paraho Semi-works retort, the bottom grate, the air-gas dis- 
tributors, and the rotating shale distributor are designed to assure 
uniform flows. In addition, the raw shale feed is carefully screened 
and handled to a uniform feed. Feedstock for the retort consists of 
+ 1/2 inch to - 3 inch nominal size. Fines and non-uniform shale 
size can result in gas channeling, high pressure drops, and uneven 
bed temperatures. These problems cause low oil yields and could, 
eventually, result in a retort shutdown. In addition to providing 
good operations and high efficiencies within the retort, the resulting 
lump-size retorted shale reduces considerably the environmental impact 
caused by dusting. 

Although lump-size feed improves retort operation, minimizes environ- 
mental impacts, and reduces crushing costs, this feed creates problems 
in securing a representative sample for laboratory analysis. A raw 
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shale sampling system was designed to meet the accepted criteria for 
sampling this lump-size, non-homogeneous material.(3) A diagram of 
the Paraho sampling system is shown in Figure 2. A motorized gate 
diverts flow from the retort at preset intervals (usually 30-50 
minutes). Approximately 200 pounds of material is taken in a single 
cut. The sample is crushed to -3/4 inch and passed through a four- 
stage splitter. The retained sample is crushed to - 1/4 inch and 
passed through a second four-stage splitter. This system provides a 
24-hour composite laboratory sample (20-30 lbs, - 1/4 inch) from the 
2 1/2-4 tons of the lump material sampled from the raw shale feed. An 
examination of the Paraho raw shale sampling system showed it to be 
unbiased. ( 4 )  Careful analyses of the grade (gallons oil/ton shale) I 

indicated no significant differences between reject streams A and B 
and the laboratory sample. This laboratory sample was used in the 
studies presented in this paper. 

Sampling Program 

The objective of this research is to determine the concentrations 
of trace elements in the Paraho oil-shale feedstock and to study the 
fate of those trace elements during retorting. Elements of particular ' 
interest are B, F, As, Se, and Mo ( 5 ) .  In this regard, sampling the 1 

Paraho feedstock presents a problem. Lumps of rock -3 inches to +1/2 
inch in size is not an ideal size of sample. One or two lumps is all 
that would be needed for most analyses, but that can hardly be con- 
sidered representative. However, if the Paraho sampler were used to 
secure a sample, the amount would be about 6 kg. The sample is obviously 
physically heterogeneous. Does this also mean that it will be chemical- 
ly heterogeneous? In addition, mining, hauling, crushing and retorting 
are a continuous operation at Anvil Points, little stockpiling is done. 
Does this mean that feedstock sampled on one day will differ signifi- 
cantly from that used in the retort on another day? Fundamental 
sampling questions such as this require a sampling program that is 
based on a strong foundation of statistical theory. 

o r  nested analysis of variance ( 6 , 7 ) .  In this case, one month of 30 
days in which the retort was operating was subdivided or nested into 
24 hour, 8 hour, and 1 hour periods. Of these 30 days, 6 were chosen 
as test days. Samples were taken on each of the three 8 hour periods. 
Then, on one randomly chosen 8 hour shift, eight 1 hour samples of 
oil shale feedstock were feedstock were taken. This nested sampling 
design is shown in Figure 3. Now, for some constituent, such as iron, 
if all the samples were the same then 

The statistical model followed in the sampling was a hierarchical 

concentration of Fe. = )I (1) 1 Fe 
where p~~ is the mean of Fe concentrations and i designates the i 
sample. This is not the case. There can be a deviation or error due 
to the time in which the sample was taken and the imprecision of the 
analysis. So the equation 1 becomes 

th 

%Feijkm - 'Fe + a i + B . .  i j  + y . .  ilk + 'ijkm (2) - 
Mean + 24 hr + 8 hr + 1 hr + analysis 

where i designates the retort day and ai is the deviation from the 
mean due to the sample being taken on that day. 
represents the deviation due to the sample being taken in the jth 
8 hr shift of the ith day, Yijk means the same for the 1 hr period; 
and 6ijkm is the error for the analysis. By carefully setting up a 
nested sampling design and randomly selecting the sampling periods, 
an estimate of magnitude of the error or deviation for each time 
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period can be obtained. Certainly, if more periods were sampled, 
the estimates of error would be better, but the design choice is such 
that a minimum of samples yields meaningful estimates on all the error 
parameters. 

One can not actually determine the errors and deviations; but 
if the sampling design is properly constructed, estimates of the 
errors can be estimated ( 6 , 7 ) .  Such an estimate i's called a variance, 
the variance equation corresponding to equation 2 is 

These variances are similar to estimates of thestandard deviation 
but in this case, the variance is partitioned among several components. 
The partitioning of the variance allows the following questions to be 
answered: 

1. Is the mean of all the samples representative of the whole 

2. Is there significant scatter in any one of the 24  hr; 8 hr; 

3. Are the analytical procedures precise enough or do they 

retort month or is there a trend over the month? 

or 1 hr time periods? 

contribute to most of the scatter in the concentration values? 

Analysis Program 

DEI performed the Fischer assay analyses by a procedure that has 
been described previously ( 4 ) .  The precision of the analyses has been 
determined to be 2 %  relative standard deviation for the oil yield and 
15% and 20% relative standard deviation for the water yield and gas 
plus loss yield. All 7 0  oil shale feedstock samples that were collect- 
ed were analyzed for oil yield. 

The elemental analyses were done by energy dispersive x-ray 
fluourescence (EXRF) analysis. The details of the analytical procedure 
have been previously published ( 8 , 9 ) .  In this procedure, four samples 
were chosen for analysis in each of the six hourly sample sections 
and three of the eight hour shift samples were analyzed for each day 
for a total of 37 samples. A l s o ,  duplicates of eight samples were 
analyzed to determine the variance of the analysis procedure. The 
relative standard deviation for the analysis for each element is listed 
in Table I. They range from above 10% for light elements to below 5% 
for heavier elements. These results are typical of the precision of 
the EXRF method. Comparison of analyses of NBS standard coal (SRM 1 6 3 2 )  
and round robin analyses done on oil shales show the accuracy of the 
analyses to be within 510% (10,ll). 
compare well with other analytical methods; the results are aberrant 
by about 3 0 % .  

Results and Conclusions 

K and Se concentrations do not 

In Table I, the results for the Fischer assays and EXRF analyses 
are listed. The average, mean, range, standard deviation of the mean, 
and relative standard deviation of the mean are based on all samples. 
The average analysis relative standard deviation is based on the 
variations found in the eight samples for which multiple analyses 
were performed. The percent of variance for 24  hr, 8 hr, 1 hr and 
analysis level is determined from the analysis of variance program. 
The meaning of the variances requires an explanation. 

For each level (i) analytical, 1 hour, 8 hour, 24  hour, and analysis, 
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a variance si2 
total variance 

This parameter 

is determined for each element. Then, the percent of 
for the level for the concentration of Fe is: 

measures where the majority of the variation lies for 
each concentration in the 4 level sampling scheme design. 
for oil yield, the % variance is greatest on the 24 hr level, the 
value being 63%. This implies that the samples taken on the 1 hr 
and 8 hr periods each day did not change significantly with respect 
to the day-to-day changes. Thus, the samples taken on one day are 
appreciably different from the samples taken on other days. The 24 
hr averages for oil yield for the 6 days were 23.8, 25,8, 30.4, 24.5, 
31.2, and 26.9 gallons per ton respectively. The daily variation is 
readily apparent. For day 3 where the 24 hr average is 25.8, the 0 hr 
oil yields are 25.2, 26.7, and 25.4 gpt and the 1 hr oil yields are , 
25.5, 22.4, 27.8, 21.2, 26.7, 27.4, 25.3, and 25.0 gpt. These results , 
are about typical. The tight range of the 8 hr samples is obvious; 
the 1 hr samples range a bit more but not as much as the daily averages. r 

The percent of variance for the 1 hr level is 37%. Thus, the percent 
of variance is a measure of how much scatter there is in the concentra- ; tion of a substance at each level. 

For example, 

The first conclusion that appears from the results in Table I 
is that the oil yield measurably changed from day to day. The percent 
of variance is 63% for the daily level, 0% for the 8 hr level, and 
37% for the 1 hr level. The oil yield is a reasonable measure of the 
organic content of the shale. So, this implies that for the retort 
month there were measurable differences from day to day in the organic 
content. This also implies that an average organic content for 
the month is probably not meaningful, but that a daily average for 
organic content can be reasonably estimated. 

1 

The elemental concentration results show these samples to be 
quite interesting. A geochemist would expect concentration ranges for 
trace elements to range by about a factor of 10 over a section of a 
formation. Here the range is only a factor of 2. For some elements 
like FUJ and Sr, the relative standard deviation over all the samples 
is less than 10%. For most of the elements, the analytical precision 
is at 10% or less. This can be considered to be quite respectable 
for a multi-element analytical technique. Nevertheless, for Ca, Mn, Fer 
Cu, and Se the analytical precision contributions most of the error as 
can be seen by the percent of variance for the analysis for these 
elements. This implies that more precise techniques should be used to 
obtain the concentrations of these elements in oil shale. Finding 
techniques with uniform precision significantly below 10% is difficult. 
For none of the elements does the daily or 8 hr percent of variance 
exceed 33%. This implies that a representative sample for the retort 
month for the inorganic elements can be calculated. The grand mean for 
each element represents a reasonable average for the whole month. For 
the elements listed, the results are not statistically different from 
those of other laboratories who were conducting other experiments at 
Anvil Points at the same time. So thus, the mean concentration 
values for the elements represent an accurate estimate of the feedstock 
that month within the constraints of the analytical scheme and the 
sampling design. 
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The contrast in conclusions for the organic and inorganic 
portions of the oil shale feedstock is obvious. Since great care was 
taken in the consideration of the sampling design, one has to conclude 
that this difference is real. To test this further, the concentration 
of all the substances listed in Table I for all the samples analyzed 
were tested by a linear correlation program. The results for the 
correlation coefficients are listed in Table 11. None of the co- 
efficients relating the oil yield to the elements rises above 0.5 .  
This also shows the basic dissimilarity between organic and inorganic 
portions of this oil shale. 

Several implications arise from this organic and inorganic differ- 
ence. The primary conclusion is that on a production level none of 
the above elements vary in the same general way as the organic content 
of the oil shale. This conclusion allows the situation of variability 
in layers in the formation: but if there is mining, then hauling and 
crushing blend out any variations. This conclusion also will allow 
the possibility of some minor amount of an element such as As or Pb to 
be associated with the organic portion of the shale but the majority 
of amount of that element cannot be associated with organics in the 
shale. Another implication of this dicotomy is that the results of 
analyses on the organic content which would typically be performed by 
an oil analysis laboratory will not yield information about the inor- 
ganic elements. This implication means that specific analyses for 
the inorganic elements will have to be made if their concentrations 
are of interest. Fortunately, the results shown for Table I for the 
inorganic elements show the feedstock to be quite uniform. This means 
that careful analysis of a sample taken once a week will yield more 
information on elemental concentrations than less accurate analyses 
taken on samples collected every hour or every shift. 
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Aromatic Nitrogen Compounds in Fossil Fuels - A Potential Hazard? 
1 

C.-h. Ho, 6. R. Clark, M. R. Guerin, C. Y .  Ma, and T. K. Rao* 

Oak Ridge National Laboratory, Oak Ridge, TN 37830 
Analytical Chemistry and Biology Divisions* 

Introduction 

To achieve energy independence in the United S ta tes ,  converting coal t o  o i l  o r  
ex t rac t ing  o i l  from shale will be required. Before comnercial sca le  fos s i l  fuel con- 
version f a c i l i t i e s  become a r e a l i t y ,  chemical and biological s tud ies  of cur ren t ly  
ava i lab le  synfuel samples derived from coal o r  shale a re  urgently needed i n  order t o  
determine what the potential  health problems, such as  from occupational exposure, 
m i g h t  be. 

( 2 )  i s  f a r  higher t h a n  t h a t  i n  petroleum (average N-content in petroleum i s  0.05-0.1%) 
(3) .  
found i n  crude synfuels, and t h i s  could lead t o  s ign i f i can t  health o r  environmental 
impact. 
important pursuit. 

Aromatic nitrogen compounds such as  basic aza-arenes, neutral aza-arenes, and 
aromatic amines a re  considered environmentally important and several members of these  
c lasses  of compounds possess biological ac t iv i ty .  For example, dibenz(a,h)acridine,  
7 H-dibenzo(c,g)carbazole, and 2-naphthylamine (4) ,  a re  well known as  carcinogens. 
In t h i s  paper, the methods used t o  i so l a t e  the  basic aromatic nitrogen compounds and 
neutral aza-arenes from one sha le  o i l  and one coal-derived o i l  will  be discussed. 
The mutagenic a c t i v i t i e s  of these f rac t ions ,  based on the Ames Salmonella typhimurium 
t e s t ,  will be compared. 

The nitrogen content e i t h e r  o f  sha le  o i l  (1-2%) (1)  or coal derived o i l  (1-1.5%) 

This means enormous amounts of nitrogen containing species will  be produced and 

Clearly, a thorough characterization of nitrogen compounds i n  synfuels i s  an 

Experimental 

Samples 

A shale o i l  was obtained from the Laramie Energy Research Center's 150-ton r e t o r t  

Three phases were pro- 

The o i l  phase has been studied i n  t h i s  laboratory (5,6) 

operated fo r  above ground simulation of in-situ re tor t ing .  
was an intimate emulsion of so l id s ,  water and o i l ;  the emulsion was collapsed by cen- 
t r i fuga t ion  a t  2500 RPM f o r  about 20 min. a t  room temperature. 
duced: 
an aqueous phase (%30% vol.). 
and s imi la r  samples from other r e t o r t  runs have been examined by o thers ,  p r inc ipa l ly  
by workers a t  the  Laramie Energy Research Center (1,7,8). 

A crude coal l iqu id  ( n o t  necessarily representative of any f ina l  production sca le  
product) was obtained from the Pittsburgh Energy Research Center. This material was 
very viscous, contained no water, and had a small amount of f i l t e r a b l e  so l id s  (>5 urn 
range). 

Separation Procedures 

t r a l  aza-arenes from synfuels. 
whole sample, the neutral f rac t ion  was loaded onto a Sephadex LH-20 gel column. 
column was eluted sequentially with 250 ml of isopropanol (Fraction AP) and 600 m l  
of acetone (Fraction AFIOM). Pentadecane and naphthalene were used t o  ind ica te  the appro- 
p r i a t e  cu t  between e lu t ion  of a l ipha t i c  compounds and 2 - r ing  aromatic compounds. 

XFaculty Research Member, University of Mississippi. 

The raw o i l  from the r e t o r t  

an o i ly  top phase (%50% vol.) ,  a gelatinous intermediate phase ( ~ 2 0 %  vol . ) ,  and 

Neutral aza-arenes. Figure 1 shows the separation scheme f o r  i so la t ion  of neu- 

The 
After removing ac id ic  and basic components from t h e  
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Acetone was removed from F r a c t i o n  AROM and t h e  res idue  was separated i n t o  th ree  sub- 
f r a c t i o n s  on a s i l i c i c  a c i d  column: F r a c t i o n  I (PAH), e l u a t e  from 1200 m l  benzene/ 
hexane (1/3); F r a c t i o n  I 1  ( n e u t r a l  aza-arenes), e l u a t e  f rom 600 ml benzene/hexane (2/1) ;  
and F r a c t i o n  111 ( p o l a r ) ,  e l u a t e  from 600 m l  e thanol .  A m ix tu re  o f  a number o f  PAH 
compounds (pyrene, C14-carbazole and 7 H-dibenzo(c,g)carbazole) were chromatographed 
i n  e s t a b l i s h i n g  t h i s  procedure. 

t h e  o i l s  i n  d i e t h y l  e t h e r  and e x t r a c t i n g  t h e  ac ids  w i t h  a 1 M NaOH s o l u t i o n .  
e x t r a c t i o n  w i t h  1 HC1 removed t h e  bas i c  components which were f u r t h e r  p a r t i t i o n e d  
between an aqueous/ehter phase a t  pH 11. The bas i c  f r a c t i o n s  a r e  conta ined i n  t h i s  
e t h e r  phase. 
shows the s u b f r a c t i o n a t i o n  scheme used t o  f u r t h e r  separate bas i c  f r a c t i o n  cons t i t uen ts .  
The bas ic  f r a c t i o n  was p laced on to  a bas i c  alumina column. The column was e l u t e d  w i t h  
500 m l  benzene (benzene s u b f r a c t i o n )  fo l l owed  by 700 m l  e thanol .  
and t h e  r e s i d u e  was separated f u r t h e r  on a Sephadex LH-20 ge l  column. 
e l u t e d  s e q u e n t i a l l y  w i t h  250 m l  of isopropanol  ( isopropanol  s u b f r a c t i o n )  and 600 m l  o f  
acetone (acetone s u b f r a c t i o n ) .  

Basic  alumina (100-200 mesh, AG-10, Bio-Rad Lab- 
o r a t o r i e s ) ,  Sephad:x LH-20 ge l  (25-100 u, Pharmacia F ine Chemicals) and s i l i c i c  a c i d  
(100 mesh, M a l l i c k r o t t ,  washed success ive ly  w i t h  hexane, acetone, and methanol; a c t i -  
vated i n  150°C oven f o r  16 hours) were used f o r  column packings. 
alumina were added t o  75 m l  o f  benzene i n  a mod i f i ed  50 m l  b u r e t  column. 
column was prepared by s w e l l i n g  75 g o f  t h e ' g e l  i n  isopropanol  w i t h  s u f f i c i e n t  excess 
t o  form a pourab le  s l u r r y .  
a l lowed t o  compact by t h e  g r a v i t y  e l u t i o n  o f  50-100 m l  o f  isopropanol .  
column was made by p o u r i n g  a s l u r r y  o f  100 g o f  s i l i c i c  a c i d  i n  hexane i n t o  a 2.5 cm 
(O.D.)x 50 cm g lass  column. 

s o l u t e  ethanol. 
sc r i bed  elsewhere ( 1 0 , l l ) .  

Basic components. Basic  f r a c t i o n s  o f  t h e  o i l s  were produced by f i r s t  d i s s o l v i n g  
A second 

F u r t h e r  d e t a i l s  of t h i s  procedure a r e  repo r ted  elsewhere (9). F igure 2 

Ethanol was removed 
The column was 

Column pack in  s and reagents. 

F o r t y  grams o f  

The s l u r r y  was poured i n t o  t h e  250 m l  b u r e t  column and 

A Sephadex 

A s i l i c i c  ac id  

A l l  so l ven ts  were reagent  grade and were f r e s h l y  d i s t i l l e d  except  f o r  t h e  ab- 
Reagents prepared f o r  t h e  m i c r o b i a l  mutagenesis b ioassay a re  de- 

GC/MS 

G U M S  da ta  were obta ined us ing  a Perkin-Elmer Model 3920 gas chromatograph i n t e r -  
faced t o  a DuPont 21-490B mass spectrometer v i a  a g lass  j e t  separator .  
s p l i t t e r  p rov ided  about  a 2:l  s p l i t  between t h e  mass spectrometer and a f lame i o n i z a -  
t i o n  de tec to r ,  r e s p e c t i v e l y .  A Hewlett-Packard 21-0948 data system i n t e r f a c e d  t o  the 
mass spectrometer p rov ided  f o r  t h e  generat ion o f  mass spect ra,  mass chromatograms, 
l i b r a r y  searches, e t c .  A g lass  GC column o f  20 ft. x 1/8-in. O.D. was packed w i t h  
3% Dexsi l  400 on 100/120 mesh Chromosorb 750 and i n s t a l l e d  w i t h  g r a p h i t e  f e r r u l e s .  
GC temperature p r o g r a m i n g  was from 100°C (8  minutes hold)  t o  320°C a t  a l i n e a r  r a t e  
of increase o f  l " /min.  I n j e c t o r  and d e t e c t o r  temperatures were s e t  a t  320"C, he l ium 
gas i n l e t  pressure a t  100 ps ig,  MS i o n i z a t i o n  vo l tage  a t  70 eV, mass scan r a t e  a t  2 
seconds/decade and t h e  MS r e s o l u t i o n  a t  about 600. 

genera l l y  employed.g The experi;ental procedures a r e  descr ibed by Ames e t  a l .  (10). 
B r i e f l y ,  t h e  b a c t e r i a  a r e  added t o  a s o f t  agar c o n t a i n i n g  n u t r i e n t s  and i n  some cases, 
enzyme a c t i v a t i o n  p repara t i ons  along w i t h  t h e  substance being tested.  
c o n d i t i o n  i s  t h a t  t h e  amino ac id,  h i s t i d i n e ,  i s  absent. The suspension, con ta in ing  
approx imate ly  2 x 108 bac te r ia ,  i s  o v e r l a i d  on minimal agar p l a t e s  and incubated. 
If t h e  t e s t  substance i s  a mutagenic a e n t  i n  t h i s  system, then l a r g e  co lon ies  
(which have r e v e r t e d  t o  t h e  w i l d  typey a r e  ev iden t  on t h e  p l a t e  and can be 
counted, i.e., by mu ta t i on  they can produce t h e i r  own h i s t i d i n e  and grow i n  a 

An e f f l u e n t  

M ic rob ia l  Muta enes is  Assa . Salmonella typhimurium bac te r ia ,  s t r a i n  TA98, were 

The e s s e n t i a l  
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h i s t i d i n e - f r e e  medium. 
then no mutat ions have occurred. A t e s t  c o n s i s t s  o f  assays a t  seve ra l  concen t ra t i ons  
of t e s t  substance i n  o rde r  t o  o b t a i n  a dose-response curve. 
r e q u i r e  m e t a b o l l i c  a c t i v a t i o n  w i t h  l i v e r  homogenate preparat ions.  

If no co lon ies  form except  f o r  a c o n t r o l  background l e v e l ,  

Some p o t e n t i a l  mutagens 

Resul ts  and Discuss ion 

Neu t ra l  Aza-arenes 
1 

The procedures used f o r  t he  i s o l a t i o n  o f  n e u t r a l  aza-arenes f rom s y n t h e t i c  
crude o i l s  evolved i n  D a r t  f rom an e x t r a c t i o n  scheme and a ge l  f i l t r a t i o n  chromato- 
graphic  scheme (5, 12)  developed i n  t h i s  l abo ra to ry .  The s i l i c i c  a c i d  adso rp t i on  
chromatography s tep was developed by Snook e t  a l .  (13) t o  i s o l a t e  i ndo le /ca rbazo le  
from c i g a r e t t e  smoke condensate. 
uated and some m o d i f i c a t i o n s  have been made t o  make t h e  system compat ib le  w i t h  a 
g r a v i t y  f low column. 
achieved by e l u t i n g  t h e  column w i t h  1/3 (benzene/hexane) f o l l o w e d  by 2/1 (benzene 
hexane). However when l a r g e  q u a n t i t i e s  o f  a l i p h a t i c  compounds a r e  p resen t  i n  t h e  
sample, these contaminate a l l  t h e  e l u a t e  f r a c t i o n s .  I t  i s  necessary t o  remove 
major  p o r t i o n s  o f  a l i p h a t i c  components p r i o r  t o  t h e  s i l i c i c  a c i d  step. Gel f i l t r a -  
t i o n  chromatography w i t h  a Sephadex LH-20 column e l u t e d  w i t h  isopropanol  i s  e f f e c -  
t i v e  f o r  removing a major  p o r t i o n  o f  a l i p h a t i c  and polymer ic  compounds w h i l e  re -  
t a i n i n g  aromat ic  compounds o f  two r i n g s  and h igher .  Fu r the r  e l u t i o n  o f  t h e  column 
w i t h  acetone r e s u l t s  i n  t h e  q u a n t i t a t i v e  recovery o f  aromat ic  components i n  o r d e r  
o f  i nc reas ing  a r o m a t i c i t y  (5). S i l i c i c  a c i d  chromatography produced a r e l a t i v e l y  
pure n e u t r a l  aza-arene f r a c t i o n  ( F r a c t i o n  11), s u i t a b l e  f o r  GC/MS a n a l y s i s  and b i o -  
assay. The separa t i on  o f  PAH and n e u t r a l  aza-arene f r a c t i o n s  was f u r t h e r  con f i rmed  
by a chromatographic s tudy o f  o i l  samples. sp iked w i t h  l a r g e  excesses o f  benzo(a)- 
pyrene a long w i t h  carbazole. 
showed t h a t  carbazole was n o t  e l u t e d  f rom t h e  column w i t h  even as much as 1600 ml 
1/3 (benzene/hexane). The recovery o f  C14-carbazole f rom t h e  s i l i c i c  a c i d  column 
with 2/1 (benzene/hexane) was 97% f o r  t he  coa l  d e r i v e d  o i l  and 75% f o r  t h e  shale 
o i l .  T h i s  agrees w e l l  w i t h  da ta  on c i g a r e t t e  smoke condensate (13). 

The presence o f  i ndo le /ca rbazo le  analogues i n  F r a c t i o n  I 1  f rom bo th  o i l  sam- 
p l e s  i s  a l s o  supported by t h e i r  I R  spect ra.  These f r a c t i o n s  have a sharp band a t  
3430 cm-l which i s  no rma l l y  found i n  the  I R  spectrum o f  carbazole and i s  cha rac te r -  
i s t i c  o f  the N-H group i n  these compounds. 

FID and an NPD, we found t h e  m a j o r i t y  o f  t h e  GC peaks were n i t r o g e n  c o n t a i n i n g  
compounds. 

aromat ic  protons c lose  t o  u n i t y  (1.06) i n d i c a t i n g  t h a t  o n l y  a few a l k y l  groups a r e  
conta ined i n  F r a c t i o n  11. Th is  r e s u l t  seems t o  be c o n s i s t e n t  w i t h  t h e  obse rva t i on  
from GC/MS ana lys i s  i n  which the  b i g g e s t  a l k y l  s u b s t i t u e n t  was s i x  carbons. 

predominant presence o f  n i t r o g e n  compounds i n  F r a c t i o n  11. 
components a r e  C1-C3 phenylpyrro les,  i ndo le ,  Cl-Cr, i ndo les ,  C1-C3 phenyl indoles,  
carbazole, C1-C5 carbazoles, benzocarbazoles, and C1-C3 benzocarbazoles. 

i n  Table 1. 
r i a l  i n  t h e  shale o i l .  
were est imated by e x t e r n a l  s tandard c a l i b r a t i o n  based on GC peak he igh t .  

But t h e  s i l i c i c  a c i d  chromatography has been e v a l -  

A good separa t i on  between PAHs and n e u t r a l  aza-arenes was 

Tracer  s tud ies  o f  o i l  samples sp iked w i t h  C14-carbazole 

I n  a peak by peak comparison o f  GC p r o f i l e s  o f  F r a c t i o n  I1 ob ta ined  w i t h  an 

The p ro ton  NMR spectrum o f  F r a c t i o n  I 1  gave a r a t i o  o f  a l i p h a t i c  p ro tons  t o  

The odd m/e values o f  molecular  i ons  obta ined f rom GC/MS data conf i rmed t h e  
T e n t a t i v e l y  i d e n t i f i e d  

The weight  d i s t r i b u t i o n  o f  a l i p h a t i c  and aromat ic  sub f rac t i ons  a r e  l l s t e d  

They 

N-heterocyc l ic  m a t e r i a l  i s  much l e s s  than aromat ic  hydrocarbon mate- 
The q u a n t i t i e s  o f  carbazole i n  the  o r i g i n a l  o i l  samples 

283 



a re  147 ppm f o r  the  sha le  o i l  and 268 ppm f o r  the coal-derived o i l .  
lack of standard neutral  nitrogen-heterocycl i c  compounds, the quant i ta t ive  data,  
except for carbazole, a re  not  available a t  this time. 

of coal-derived o i l  and several commercially ava i lab le  neutral aza-arenes. Indole 
and carbazole, exh ib i t  no mutagenicity. 
carbazole gave a s l i g h t  b u t  de f in i t e  posit ive mutagenic a c t i v i t y  a t  a l o w  dose range 
(below 25 vg/plate).  
due t o  the tox ic  e f f e c t  a t  a higher dose range. 
substi tuted compounds were not ava i lab le  f o r  t h i s  study. Despite t he  incompleteness 
of this  study, the co r re l a t ion  between chemical s t ruc tu re  and mutagenic ac t iv i ty  i s  
expected t o  be in general agreement w i t h  t ha t  observed w i t h  PAH (14). 
which contains mostly a l ipha t i c  and polymeric consti tuents shows no mutagenic ac- 
t i v i t y  as expected. PAH subfractions exhibit  the lowest spec i f ic  a c t i v i t y  among the 
three subfractions. The neutral  aza-arene f rac t ions ,  which a re  normally isolated 
w i t h  PAH f rac t ions ,  have more than two times the  spec i f i c  ac t iv i ty  of the PAH fraction. 
This indicates t h a t  t h e  ana lys i s  of neutral aza-arene f rac t ions  of synfuels a re  as 
important a s  PAH analysis.  The higher spec i f ic  a c t i v i t y  of the neutral aza-arene 
fraction may contain subs tan t ia l  quant i t ies  of multi-ring compounds. 
fractionation of the neutral  aza-arene f rac t ions  in to  f rac t ions  with aza-arenes of 
approximately the same r ing  s i zes  i s  presently being undertaken. 

nitrogen compounds a r e  the most bioactive among compounds i n  the  basic f rac t ion ,  we 
recently developed a separation method which i so l a t e s  the mutagenically ac t ive  com- 
pounds from the  bulk of the  base f rac t ion  (15).  
i n  Figure 2. T h i s  separation method was devised using a microbial mutagenesis bio- 
assay as a l iqu id  chromatographic detector in the development of the  chromatographic 
subfractionation procedure. 
three basic subfractions o f  the  synfuels. The b ioac t iv i t i e s  of several commercially 
available compounds and three  t h a t  were synthesized in t h i s  laboratory a re  l i s t ed  in 
Table 4 f o r  comparison. About 90% of the basic mutagenic ac t iv i ty  i s  recovered in 
the acetone subfraction which comprises about 10% of the  basic fraction. 
ges t s  tha t  the method can be used f o r  i so la t ion  of basic mutagenic components from 
samples of d i f f e ren t  or ig ins  ( in  t h i s  case o i l  shale o r  coal) .  To demonstrate the 
u t i l i t y  of the method, 3 d i f f e ren t  k i n d s  of c iga re t t e  smoke condensates were frac- 
tionated using t h i s  scheme and the mutagenic compounds were a l so  concentrated in the 
acetone subfraction. 
subfractions i s  C3-C13 a1 kyl substi tuted pyridines. 
commercially ava i lab le  pure pyridines (such a s  pyridine and C I - C ~  pyridines) and one 
specially synthesized C9-pyridine a re  essent ia l ly  zero i n  agreement w i t h  these resu l t s .  
The major compounds i n  the isopropanol f rac t ions  a r e  pa r t i a l ly  hydrogenated 1-2 ring 
aza-arenes. 

Because of 

Table 2 summarizes the mutagenicity test data on the f o u r  neutral subfractions 

Highly carcinogenic 7 H-dibenzo(c,g)- 
l 

Specific ac t iv i ty  could not be determined f o r  t h i s  compound 
Benzocarbazoles and t h e i r  alkyl- 

Fraction AP I 

The fur ther  sub- ' 

I 

Basic nitrogen compounds. To fur ther  understand what c lasses  or types of basic I 

The subfractionation scheme i s  shown 

Table 3 summarizes the mutagenicity test data on the 

That sug-  

GC/MS data indicate t h a t  the major compound type o f  the benzene 
Mutagenic a c t i v i t i e s  of some 

Biological data on compounds of t h i s  type a re  not available fo r  comparison. 

The acetone subfraction of shale oil  was about half  as  mutagenic as benzo(a)- 
pyrene while the  coal-derived o i l  subfraction was about four times m ~ r e  active.  GC/  
MS data ind ica te  multi-ring aza-arenes comprised a large portion of the acetone sub- 
f rac t ion ,  e.g. aza-benzoperylene, aza-indenopyrene, and aza-coronene have been iden- 
t i f i e d .  This finding i s  cons is ten t  w i t h  b ioac t iv i ty  data from a few multi-ring aza- 
arene compounds such as  d i  benz(a,j )acridine (13,oM) rev/mg), g-methyl-lO-aza-benz?(a)- 
pyrene (30,000 rev/mg) and 10-azabenzo(a)pyrene (130,000 rev/mg). The purposes i n  
synthesizing two nitrogen isologs of benzo(a)pyrene was, f i r s t ,  t o  confirm the higher 
mutagenic a c t i v i t y  o f  multi-ring aza-arenes, which comprise a large portion of the 
acetone subfraction, and t o  compare the i r  a c t i v i t i e s  w i t h  the mutagenic ac t iv i ty  of 
benzo(a)pyrene. 10-azabenzo(a)pyrene i s  two times more ac t ive  than benzo(a)pyrene. 
A methyl g roup  on the  9 posit ion of azabenzo(a)pyrene, decreases !he mutagenic ac t iv-  
i t y .  
a t  the  7 and 8 posit ion.  

This m i g h t  be explained by s t e r i c  hindrance toward the forming of an epoxide 
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The presence o f  aromat ic  amines i n  t h e  a c t i v e  s u b f r a c t i o n  f rom bo th  o i l  sam- 
p l e s  was f i r s t  suggested from t h e i r  I R  spect ra.  Bands a t  3220 cm-' and 3370 cm-l, 
which a r e  normal ly  found i n  t h e  I R  spec t ra  o f  aromat ic  amines, a r e  c h a r a c t e r i s t i c  
of t h e  amino compounds i n  the  f r a c t i o n .  By a c e t y l a t i o n  o f  t h e  acetone sub f rac t i on ,  
we i s o l a t e d  l a r g e  amounts o f  p r imary  aromat ic  amides f rom t h e  acetone sub f rac t i on .  
A m i x t u r e  of t en  compounds c o n s i s t i n g  o f  4 aza-arenes and 6 aromatic amines (2,4,6- 
t r i m e t h y l  p y r i d i  ne, qu ino l  i ne, a c r i d i n e ,  d i  benz( a, h ) a c r i d i n e ,  N, N-d imethy lan i l  i ne, 
N-methy lan i l  ine, N-phenyl-2-naphthylamine, a n i  1 ine,  2-naphthylamine, and l-amino- 
pyrene) was separated on a b a s i c  alumina column fo l l owed  w i t h  a Sephadex LH-20 
column. 
a c r i d i n e  were concentrated i n  t h e  acetone sub f rac t i on .  
t h e  p r imary  aromatic amines as w e l l  as m u l t i - r i n g  aza-arenes a re  producing t h e  muta- 
genic  a c t i v i t i e s  o f  t h e  acetone sub f rac t i ons .  
t o  f u r t h e r  separate t h e  acetone s u b f r a c t i o n  i n t o  p r imary  amines and m u l t i - r i n g  aza- 
arenes. 
e f f e c t s  o f  these c lasses o f  compounds. 

A l l  p r imary amines (1,2, and 4 - r i n g  compounds), q u i n o l i n e  and dibenz(a,h)- 
T h i s  f i n d i n g  may mean t h a t  

A l o g i c a l  ex tens ion  o f  t h i s  work i s  

Th is  should l e a d  t o  some impor tan t  conc lus ions rega rd ing  the  mutagenic 
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Tab le  1. Weight D i s t r i b u t i o n  o f  Neu t ra l  F rac t i ons*  

Weight % D i s t r i b u t i o n  
Shale O i l  Coal-Derived O i l  

A l i p h a t i c  and Polymeric (AP)  85.1 

Aroma t i c  (AROM) 14.9 

PAH ( I )  10.1 

Neu t ra l  Aza-arene (11) 1.4 

P o l a r  (111) 4.3 

35.1 

62.9 

35.9 

9.5 

17.7 

* 
Acid-base e x t r a c t i o n  y i e l d  89.6% by we igh t  o f  n e u t r a l  f r a c t i o n  
f rom sha le  o i l  and 56% f rom coa l -de r i ved  o i l .  
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I ,  

Table 2. Mutagenic A c t i v i t i e s  o f  t h e  Neu t ra l  Sub f rac t i ons  
o f  a Coal-Derived O i l  and Some Neutra l  Aza-arene Compounds 

Fraction/Compound S p e c i f i c  A c t i v i t y  (rev/mg)* 

A l i p h a t i c  and Polymeric F r a c t i o n  (AP) 0 

PAH F rac t i on  ( I )  1390 

Neutra l  Aza-arene F r a c t i o n  (11) 3250 

Po la r  F r a c t i o n  (111) 3380 

0 

H 

CH3 
H a H 

H 

0 

** 

-~ 
*Tested on TA98 w i t h  A r o c l o r  S-9. 
** 

Four - fo ld  i nc rease  over  spontaneous r e v e r s i o n  a t  dose below 25 ug /p la te .  
Tox ic  e f f e c t  developed a t  h i g h e r  dose. 
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Table 4. Mu tagen ic i t y  o f  Basic Aromatic Compounds* 

Compound Type - Basic Aza-arene S p e c i f i c  A c t i v l  t y  (rev/mg) 

0 

?.I& N 

340 

0 

0 

0 

6,000 

13,000 
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Table 4. Continued 

Compound Type - Basic  Aza-arene ( c o n t ' d )  & 
000 

c H d Y  000 
Aromatic Amine 

N;Z 

00 
*A roc lo r  induced. 

R = H, CH3, C2H5 

S p e c i f i c  A c t i v i t y  (rev/mg) 

130,000 

30,000 

0 

4,660 

0 
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Sample 

Acid-Base E x t r a c t i o n  I 

I 

\ . 
1% 

Basic F r a c t i o n  Neutral  F rac t i on  Ac id  F r a c t i o n  

Sephadex LH-20 

600 m l  Acetone 

I 
250 ml Isopropanol 

A l i p h a t i c  and Polymeric 
(AP) Aromatic 

( AROM ) 

S i l i c i c  Ac id  

I 1 
1200.ml B/Hx (1/3) 600 m l  B/Hx (2/1) 

I I 
PAH 
(1 )  

Neu t ra l  Aza-arene 
(11) 

600 m l  Ethanol 

I 

Figure 1. I s o l a t i o n  nf l l e u t r a l  Aza-arenes from Synfuels. 

Sample 

Acid-Base E x t r a c t i o n  

I 
Neut ra l  F rac t i on  ,\cid F rac t i on  

Base F r a c t i o n  

Basic Alumina 

Ethanol F r a c t i o n  

Sephadex LH-PO 

600 ml Acetone 

Benzene Sub f rac t i on  

I 
250 ml Isopropanol 

Acetone Sub f rac t i on  Isopropanol Subfract ion 

F igu re  2. Sub f rac t i ona t ion  o f  the Basic F r a c t i o n  o f  Synfuels. 
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M I C R O - A N A L Y S I S  o f  POLYNUCLEAR AROMATIC HYDROCARBONS i n  
PETROLEUM 

Hidetsuru Matsushi ta  

Department of Community Environmental Sciences,  Nat ional  I n s t i t u t e  
of Publ ic  Heal th ,  4-6-1, Shiroganedai, Minato-ku, Tokyo, Japan, 108 

It is w e l l  known t h a t  petroleum and r e l a t e d  o i l s  are l a r g e l y  used i n  our 
conmunities and t h a t  these o i l s  contain many kinds of polynuclear aromatic hydro- 
carbons (PAH) i n  trace amounts. 
and are suspected t o  be carcinogenic  t o  man. I n  f a c t ,  occupat ional  cancer has  
been observed i n  var ious  types of worker groups having an occupat ional  contact  
wi th  petroleum and r e l a t e d  products  such as f u e l  o i l ,  l u b r i c a t i n g  o i l ,  paraf f in  
o i l ,  waxes and s o  on (1). These i n d i c a t e  the  need of a r e l i a b l e  method f o r  deter-  
mining PAH i n  petroleum and r e l a t e d  o i l s .  We have devised d u a l  band thin-layer 
chromatography (TLC). This TLC has been proved t o  be usefu l  as a t o o l  f o r  rout ine  
microanalysis of PAH i n  var ious  samples such as heavy o i l  (2), kerosene (2 ) ,  gaso- 
l i n e  (3), air-borne p a r t i c u l a t e s  (4 ,5) ,  c i g a r e t t e  smoke (61, asbes tos  (7), coa l  
t a r  (8,9), p i t c h  (9) and so on. 

This paper descr ibes  two a n a l y t i c a l  methods f o r  analysing PAH i n  petroleum 
and r e l a t ed  o i l s .  The f i r s t  method, mul t ip le  PAH a n a l y s i s ,  is u s e f u l  f o r  analysing 
many kinds of PAH. The second method, major component a n a l y s i s ,  i s  usefu l  f o r  
determining 5 - 10 PAH which are prevalent  i n  petroleum and r e l a t e d  o i l s .  

1. Multiple PAH Analysis  
Mult iple  PAH a n a l y s i s  c o n s i s t s  of t h e  fol lowing 3 procedures; s e l e c t i v e  

ex t rac t ion  of PAH by a series of l i q u i d  - l i q u i d  p a r t i t i o n ,  separa t ion  of t h e  
e x t r a c t  i n t o  each component by two dimensional dua l  band TLC, and i d e n t i f i c a t i o n  
and q u a n t i t a t i v e  determinat ion of t h e  separated compounds by spectrof luorometry.  

PAH i n  t h i s  
so lu t ion  is s e l e c t i v e l y  ex t rac ted  by a series of l i q u i d  - l i q u i d  p a r t i t i o n  of 
t h e  cyclohexane s o l u t i o n  - dimethyl su l foxide  (DMSO), [ DMSO + ( 1  + 4) Hydrochloric 
a c i d ,  l : l , v / v ]  - cyclohexane, 70% s u l f u r i c  ac id  - cyclohexane, and 5% sodium 
hydroxide aqueous s o l u t i o n  - cyclohexane. 

phase,remaining aliphatic f r a c t i o n  i n  cyclohexane phase. The aromatic f r a c t i o n  
conta in  PAH, a romat ic  quinones. a c i d i c  and b a s i c  aromatic compounds. A t  t h e  2nd 
p a r t i t i o n ,  PAH, aromatic  quinones and some of a c i d i c  compounds are ext rac ted  t o  
cyclohexane phase, and separa ted  from b a s i c  aromatic compounds and water so luble  
a c i d i c  compounds. Aromatic quinones and t r a c e  amounts of b a s i c  aromatic compounds 
i n  t h e  cyclohexane phase are removed by t h e  3rd l i q u i d  - l i q u i d  p a r t i t i o n .  Acidic  
aromatic compounds are removed by t h e  4 t h  p a r t i t i o n .  The f i n a l  cyclohexane solu- 
t i o n  thus obtained conta ins  PAH s e l e c t i v e l y .  Table 1 shows t h e  p a r t i t i o n  coef f i -  
c i e n t s  for  30 aromatic  compounds i n  these l i q u i d  - l i q u i d  p a r t i t i o n s ,  and a l s o  
shows t h e  number of t i m e s  required f o r  ex t rac t ing  99% or  more of these  compounds. 

The cyclohexane s o l u t i o n  which contains  very r i c h  PAH is  washed with water. 
Af te r  removing t h e  r e s i d u a l  w a t e r  i n  t h e  s o l u t i o n  by adding s m a l l  amounts of sodium 
s u l f a t e  anhydride, the s o l u t i o n  i s  dr ied  up a t  a low temperature ( 40°C) under a 
reduced pressure .  The r e s i d u e  i s  dissolved i n  a known amount of benzene (0.5 t o  
1.0 m l ) .  

s i o n a l  dual band TLC. 
cm) and a 26% a c e t y l a t e d  c e l l u l o s e  l a y e r  (16 x 20,cm). The ace ty la ted  ce l lu lose  
w a s  prepared by a c e t y l a t i o n  of microcrys ta l l ine  c e l l u l o s e  f o r  TLC (Avicel SF) using 
the  method of Wieland e t  a1 (10). Af te r  t h e  a p p l i c a t i o n  of a few m i c r o l i t e r s  of 
t he  benzene extract onto t h e  aluminum oxide l a y e r ,  t h e  f i r s t  developement is 

Some PAH a r e  carcinogenic  t o  experimental animals 

A known amounts of petroleum are dissolved i n  cyclohexane. 

At t h e  f i r s t  p a r t i t i o n ,  aromatic f r a c t i o n  i n  t h e  sample i s  ext rac ted  t o  DMSO 

PAH i n  t h i s  benzene e x t r a c t  are separated i n t o  each component by two dimen- 
The TLC p l a t e  c o n s i s t s  of an aluminum oxide l a y e r  ( 4 x 20, 

I 

I ,  

, 
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car r ied  out with n-hexane - e ther  (19: l ,v/v)  t o  the  15 cm mark on the  aluminum 
oxide layer .  
placing a container  of sa tura ted  aqueous s o l u t i o n  of potassium a c e t a t e  i n  a 
developing chamber. Developing time is  about 35 min. 

PAH on the aluminum oxide layer  a r e  then separated i n t o  each component on 
the ace ty la ted  c e l l u l o s e  layer  by t h e  second developement with methanol - e t h e r  - 
water (4:4: l ,v/v) .  It requi res  about 60 min. f o r  the  developer t o  reach 10 cm 
from the layer  boundary. 

PAH separated on the ace ty la ted  c e l l u l o s e  l a y e r  a r e  detected a s  small  s p o t s  
by t h e i r  f luorescence under W ray (253 & 365 nm). Detection l i m i t  i s  very low 
and nanogram order of PAH a r e  usual ly  de tec tab le .  Most of PAH a r e  s t a b l e  on t h e  
ace ty la ted  c e l l u l o s e  layer .  Fig. 1 shows two dimensional dual  band th in- layer  
chromatograms of the  benzene e x t r a c t s  from a heavy o i l  C and an ethylene bottom 
o i l .  Heavy o i l  C ,  which i s  widely used as  a f u e l  o i l ,  contained 42 PAH and 
the ethylene bottom o i l  contained 69 PAH. PAH i n  each spot  can be analysed by 
spectrofluorcJmetry. A t  the  present  time, 10 PAH i n  the  heavy o i l  C and 2 1  PAH 
i n  t h e  ethylene bottom o i l  have been i d e n t i f i e d  as  shown i n  Fig.1.  Many PAH i n  
the  s p o t s  on the chromatograms are  l e f t  f o r  fu ture  i d e n t i f i c a t i o n  mainly due t o  
the  d i f f i c u l t y  i n  g e t t i n g  the  reference substances.  

This mult iple  PAH ana lys is  has revealed t h a t  var ious kinds of PAH a r e  
contained i n  petroleum and r e l a t e d  o i l s  such as  kerosenes (22 - 39 PAH), heavy 
o i l s  (32 - 42 PAH), p a r a f f i n  o i l  (66 PAH) and gasol ine  (76 PAH). 

2 .  Major Component Analysis 
It is of ten  necessary t o  analyse 5 - 10 PAH which a r e  abundant i n  petroleum 

and r e l a t e d  o i l s .  
This method d i f f e r s  from t h e  mult iple  PAH ana lys is  only i n  separa t ion  procedure. 
That is, a one dimensional dua l  band TLC is used ins tead  of the  two dimensional 
dual  band TLC mentioned above. The one dimensional dual  band TLC has t h e  
following advantages a s  compared with the usualone dimensional TLC: 1) It has a 
higher  separa t ion  e f f ic iency .  2) Separat ion e f f ic iency  is not  a f f e c t e d  by t h e  
spot  s i z e  a t  the o r i g i n .  3) Sample s o l u t i o n  up t o  a few m i l l i l i t e r s  can be 
t e s t e d .  4) Quant i ta t ive sample appl ica t ion  i s  easily achievable. 5) Detect- 
a b i l i t y  of PAH is very high. 
ana lys i s  of a sample which contains  very low amounts of PAH. 

a 26% ace ty la ted  c e l l u l o s e  layer  (16 x 20,cm). 
appl ica t ion  of a sample and t h e  l a t t e r  layer  f o r  separa t ing  t h e  sample. Fig.  2 
shows a one dimensional dual  band thin- layer  chromatogram of PAH i n  a gasol ine .  
I n  t h i s  case,  gaso l ine  sample was appl ied t o  the  kieselguhr  layer  without  any 
p u r i f i c a t i o n  by l iqu id- l iqu id  p a r t i t i o n ,  because gasol ine sample evaporated 
rap id ly  leaving PAH and r e l a t e d  compounds on the  layer .  
out w i th  methanol - e t h e r  - water (4:4: l ,v/v)  u n t i l  the  developer reach 10 cm 
from the  layer  boundary. 
i n  a gaso l ine  a r e  usua l ly  separated i n t o  2 1  - 24 rectangular  s p o t s  on the  acety-  
l a t e d  c e l l u l o s e  layer .  

Af te r  ex t rac t ion  with 4 m l  of DMSO, PAH i n  each spot  i s  i d e n t i f i e d  by 
spectrofluorometry i n  due considerat ion of i t s  Rf value.  Spectrofluorometry i s  
u s e f u l  f o r  the  i d e n t i f i c a t i o n  of PAH i n  a spot  containing s e v e r a l  kinds of PAH 
and r e l a t e d  compounds. 
Fig. 2 were e a s i l y  i d e n t i f i e d  as  pyrene and f luoranthene.  In  t h i s  method, 10 PAH 
a r e  usua l ly  i d e n t i f i e d  from a gasol ine sample. 
benzo(b)fluoranthene, benz(a)anthracene, anthanthrene,  benzo(k)fluoranthene, 
perylene,  pyrene, f luoranthene,  and benzo(ghi)perylene. The f i r s t  4 PAH a r e  
carcinogen and the  l a s t  3 PAH a r e  cocarcinogen. 

t i v e l y  by a narrow base l i n e  method (6) .  
a f t e r  complete separa t ion  with benzo(a)pyrene by repea t  developement wi th  methanol 

This is done a t  about 20% r e l a t i v e  humidity, e a s i l y  achievable  by 

These PAH can be analysed by the  major component a n a l y s i s .  

Therefore, t h i s  method is espec ia l ly  u s e f u l  f o r  the  

The dual  band TLC p l a t e  used c o n s i s t s  of a kieselguhr  layer  (4 x 20,cm) and 
The former layer  is used f o r  t h e  

Developement w a s  c a r r i e d  

It required about 60 min. PAH and r e l a t e d  compounds 

For example, PAH i n  the  spot  C i n  the  chromatogram i n  

They a r e  benzo(a)pyrene, chrysene, 

The i d e n t i f i e d  PAH except benzo(b)fluoranthene can be determined quant i ta -  
Benzo(b)fluoranthene can be analysed 
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- e ther  - water  (4:4:l,v/v). The narrow base l i n e  method has been proved t o  be 
very e f f e c t i v e  i n  e l imina t ing  i n t e r f e r e n c e  from other  PAH and r e l a t e d  compounds 
coexs is t ing  i n  a t e s t  s o l u t i o n .  For example, pyrene i n  a so lu t ion  which a l s o  
contained f luoranthene,  perylene and benzo(e)pyrene was analysed by t h i s  method. 
Observed value of pyrene d i f f e r e d  by only 3% from t h e  t h e o r e t i c a l  va lues ,  even 
when the  concentrat ions of t h e  latter 3 PAH (100 ng/ml) were 5 t i m e s  h igher  than 
pyrene (20 ng/ml). It was a l s o  found t h a t  observed va lue  of benzo(a)pyrene i n  
a mixed PAH s o l u t i o n  d i f f e r e d  only 0.8% from t h e  t h e o r e t i c a l  va lue ,  even when 
t h e  so lu t ion  contained benzo(b)f luoranthene,  chrysene, anthanthrene and dibenzo- 
(a ,h)pyrene i n  10 t i m e s  higher  concentrat ion than benzo(a)pyrene. 

Table 2 shows contents  of 9 PAH i n  regular  and premium gasol ines  a s  wel l  as 
c o e f f i c i e n t  of v a r i a t i o n  f o r  each PAH obtained i n  t h i s  ana lys i s .  The c o e f f i c i e n t  
of v a r i a t i o n  is low f o r  a l l  PAH analysed. Furthermore, t h i s  method is  so 
s e n s i t i v e  t h a t  i t  can ana lyse  PAH q u a n t i t a t i v e l y  a t  a concentrat ion of 1 ng/ml 
o r  l e s s .  

graphy ins tead  of one dimensional dual  band TLC. A spectrof luorometer  is used 
as a de tec tor  of a h igh  speed l i q u i d  chromatograph. 
example i n  which a l iqu id- l iqu id  p a r t i t i o n  e x t r a c t  from a gasol ine  is separated 
and detected a t  t h e  spec t rof luorometr ic  condi t ion f o r  analysing benzo(a)pyrene, 
benzo(k)fluoranthene, benzo(ghi)perylene and anthracene.  The o ther  PAH i n  t h e  
e x t r a c t  can a l s o  be analysed i n  a s u i t a b l e  spectrof luorometr ic  condi t ion.  
has  been proved t h a t  t h i s  major component a n a l y s i s  is u s e f u l  f o r  analysing / I  
s e v e r a l  kinds of PAH i n  petroleum and r e l a t e d  o i l s  a s  w e l l  as  combustion products 
of these o i l s .  . 

These a n a l y t i c a l  methods described i n  t h i s  paper have a wide range of uses ,  r 
producing r e l i a b l e  d a t a  on PAH i n  petroleum and r e l a t e d  o i l s .  These methods w i l l  
be  usefu l  f o r  ana lys ing  PAH i n  var ious  k inds  of samples i n  the  environment. 

i 

Another major component a n a l y s i s  is achievable  by high speed l i q u i d  chromato- 

Fig.  3 demonstrates an 

It , 
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Table 1. Partition Coefficients of Aromatic Compounds 

A Phase 
B Phase 

Substance 

Anthracene 
Phenanthrene 
Fluorene 
Pyrene 

Chrysene 
Benzo(a)pyrene 
Fluoranthene 
Benzo(b)fluoranthene 

Benzo(ghi)perylene 
Coronene 
Anthraquinone 
Benzanthrone 

Benz(a)anthraquinone 
p-Benzoquinone 
1,2-Naphthoquinone 
1,4-Naphthoquinone 
Nicotinic Acid 
o-Hydroxybenzoic Acic 
Terephthalic Acid 
Phenazine 
Carbazole 
Lepidine 
Benzo(h)quinoline 

Benzo(f)quinoline 
Acridine 
1-Naphthylamine 
2-Aminoanthracene 
2-Naphthylamine 
2-Aminofluorene 
2-Aminochrysene 

DMSO 
Cyclohexan 

K N  

3.9 3 
3.9 3 
7.9 3 
4.6 3 
9.8 2 
13 2 

5.3 3 
10 2 
14 2 
14 2 
12 2 
20 2 
13 2 
- - 
>loo 1 

22 2 
- -  
- -  
- -  
4.0 3 
>loo 1 
6.2 3 

7.0 3 
12 2 
8.8 3 
55 2 
>loo 1 
>loo 1 

>loo 1 
>loo 1 

Cyclohexane I Cyclohexanf 
DMSO + (1+4) 70% H2S04 
HC1 L1:1] 
K N  

100 1 
40 2 

100 1 
100 1 
100 1 
100 1 
100 1 
100 1 
66 2 
40 2 
49 2 

30 2 
100 1 
0.26 7 

0.13 38 
2.9 4 
0.051 92 
0.115 43 
0.032 150 
4.6 3 
0.83 8 
0.047 100 
0.019 240 
0.001 >4600 
0.001 >4600 
0.007 660 
0.077 63 
0.001 >4600 
0.001 >4600 
0.001 4600 

K N  

,100 1 
,100 1 
,100 1 
,100 1 
,100 1 
,100 1 
,100 1 
,100 1 
,100 1 
,100 1 
0.77 9 
0.017 270 
19 2 
0.010 460 
0.052 91 

0.078 62 

- - 

0.14 36 
- - 
- - 
- - 

0.016 290 
0.001 4600 
- - 
- - 
- - 
0.055 87 

Cyclohexane 
5% NaOH 

K N 

'100 1 
14 2 

'100 1 
'100 1 
'100 1 
'100 1 
'100 1 
'100 1 
'100 1 
'100 1 
'100 1 
'100 1 
>loo 1 
0.0035 1300 

0.0015 3100 
0.027 180 
0.001 4600 
0.031 150 
14.5 2 
'100 1 
- - 

K: Partition Coefficient ( Concentration in A/ Concentration in B) 
N: Number of times required for extracting 99% or more of a compound from 

B phase to A phase 
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Acetylated celluloSe c m . l ~  R C D E F G I  

Bc 0 

8.C Regular Gasoline 
E,F High-octaneGasoline 
A.D.G Standard 

1 Benzo(a)pyrene 

2 Anthanthrene 

3 Pyrene. Fluoranthene 

Kieselguhr G 
(Gasoline) 

Fig. 2. One dimensional dual band thin-layer chromatogram of gasoline 

Retention Time (min. )  

Fig. 3. High speed liquid chromatograms of the liquid-liquid partition 
extract from gasoline ( - )  and standard solution having 16 PAH 

Column: Zorbax ODS (4.6mm x 25cm), Mobile phase: Methanol-Water (85:15,v/v), 
Detector: Spectrofluorometer (excitation 370nm, emission 410nm), 6S°C, 11OOpsi. 
1. anthracene, 2 .  9-phenylanthracene, 3. benzo(k)fluoranthene, 
4. benzo(a)pyrene, 5. benzo(ghi)perylene 
Standard solution is a mixture of 1 - 5 PAH, naphthalene, fluorene, 3,4-benz- 
fluorene, fluoranthene, chrysene, 7-ethylchrysene, benz(a)anthracene, 7-methyl- 
benz(a)anthracene, perylene, benzo(b)fluoranthene and benzo(e)pyrene. 
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TRACE ELEMENT DISTRIBUTIONS I N  COAL GASIFICATION PRODUCTS 

D.W. Koppenaal: H. Schul tz ,  R.G. L e t t ,  F.R. Brown, H.B. Booher, and E.A. Hattman 
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P i t t s b u r g h ,  PA 15213 

and 

S.E. Manahan 

Department of Chemistry 
Universi ty  of Missouri 
Columbia, MO 15201 

INTRODUCTION -- 
The determinat ion of t h e  f a t e  and d i s t r i b u t i o n  of t r a c e  elements dur ing  c o a l  

conversion i s  a n  important  and p r e r e q u i s i t e  t a s k  i f  such a n  indus t ry  i s  t o  be 
implemented on a massive s c a l e .  Consider ing t h e  overwhelming abundance of  n a t i v e  
coa l  resources ,  an implementation of  t h i s  magnitude i s  a d i s t i n c t  p o s s i b i l i t y  i n  
t h e  near  f u t u r e .  Coal g a s i f i c a t i o n  is c u r r e n t l y  under i n v e s t i g a t i o n  by many 
organiza t ions  i n  t h e  U.S. a s  a n  a l t e r n a t i v e  source  of environmental ly  acceptab le  
f u e l s .  In conjunct ion wi th  ongoing c o a l  g a s i f i c a t i o n  s t u d i e s  a t  t h i s  labora tory ,  
t r a c e  element i n v e s t i g a t i o n s  have been performed t o  he lp  a s s e s s  p o t e n t i a l  environ-  
mental impacts o'f coa l  g a s i f i c a t i o n  processes .  
f ind ings  of t r a c e  and minor element d i s t r i b u t i o n s  i n  t h e  process  streams of the  
SYNTHANE G a s i f i e r  Process  Development Unit l o c a t e d  a t  t h i s  labora tory .  

This  work presents  prel iminary 

EXPERIMENTAL 
I- 

Three s e p a r a t e  g a s i f i c a t i o n  runs were made wi th  t h e  SYNTHAAE G a s i f i e r  PDU 
us ing  Montana sub-bituminous ' C '  coa l .  The SYNTHANE G a s i f i e r  c h a r a c t e r i s t i c s  and 
opera t ing  condi t ions  have been descr ibed  previous ly  (1-3) .  Maximum average tempera- 
t u r e s  a t t a i n e d  i n  t h i s  u n i t  a r e  t y p i c a l l y  950-1000°C. A schematic diagram of  t h e  
PDU i s  presented i n  F igure  1. 

g a s i f i c a t i o n  u n i t .  Samples c o l l e c t e d  f o r  subsequent a n a l y s i s  included t h e  feed 
coa l  and feed water  (major i n p u t  s t reams)  and g a s i f i e r  char ,  f i l t e r  f i n e s ,  and 
condensable water and tars (major ou tput  s t reams) .  Sampling p o i n t s  in t h e  PDU 
a r e  i l l u s t r a t e d  i n  F igure  1. The feed c o a l  was s y s t e m a t i c a l l y  thieved dur ing  t h e  
loading  of t h e  g a s i f i e r  hopper i n  o r d e r  t o  o b t a i n  r e p r e s e n t a t i v e  samples of t h i s  
process  s t ream. Feed water  ( f o r  genera t ion  of process  steam) was a l s o  p e r i o d i c a l l y  
sampled dur ing  the  g a s i f i c a t i o n  runs. The g a s i f i e r  c h a r ,  condensable t a r s  and 
water, and p a r t i c u l a t e  mat te r  from the  gas  product  s t ream were c o l l e c t e d  a f t e r  each 
run.  The weights of t h e  process  s t reams sampled a r e  repor ted  i n  Table  1. Also 
shown a r e  t h e  weight percentages t h a t  t h e  samples represent  r e l a t i v e  t o  t h e  t o t a l  
amount of t h e  process  s t ream consumed o r  produced. 
s t ream was c o l l e c t e d .  This  procedure ensured r e p r e s e n t a t i v e  sampling of these  
process  s t reams.  

process  streams were r i f f l e d ,  ground and f u r t h e r  comminuted t o  manageable s i z e s .  
In some c a s e s ,  f u r t h e r  gr inding  t o  -325 mesh was requi red .  
a n a l y t i c a l  samples were taken whi le  v igorous ly  s t i r r i n g  t h e  bulk sample. 

An i n t e g r a l  p a r t  of t h i s  s tudy  w a s  t h e  sampling of t h e  process  s t reams of  t h e  

In most cases ,  t h e  e n t i r e  process  

Considerable  e f f o r t s  were requi red  t o  homogenize these  samples. The s o l i d  

Condensate water 
The con- 

*Present  address:  
Energy Research Laboratory,  Univers i ty  of Kentucky, Lexington, Kentucky 

I n s t i t u t e  f o r  Mining and Minerals  Research, Kentucky Center  fox 
40583 
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densate  t a r  process  s t ream presented unique sampling problems. 
c o n s i s t s  of organic  and aqueous phases, i n  a d d i t i o n  t o  a cons iderable  amount of 
s o l i d  m a t e r i a l .  
withdraw homogenous samples by merely mixing t h e  process  stream. This  problem was 
overcome by adding te t rahydrofuran  t o  t h e  sample t o  render  t h e  var ious  phases 
misc ib le .  

absorp t ion  spectrophotometry (AAS). Approximately 65 elements  were semi-quant i ta t ive ly  
determined i n  each process  s t ream by SSMS ' survey '  ana lyses .  The feed  c o a l ,  char ,  
and f i l t e r e d  p a r t i c u l a r  m a t t e r  process  s t reams were low-temperature ashed,  mixed wi th  
high p u r i t y  g r a p h i t e ,  and formed i n t o  e l e c t r o d e s .  Unashed samples were a l s o  analyzed 
f o r  the de te rmina t ion  of v o l a t i l e  e lements .  Aqueous and wet-ashed samples were mixed 
wi th  g r a p h i t e  and g e n t l y  d r i e d  under a n  i n f r a r e d  lamp. Photopla te  d e t e c t i o n  was 
u t i l i z e d  wi th  computer a s s i s t e d  q u a n t i t a t i o n  by means of the  Hull equat ion  ( 4 ) .  
Figure 2 i l l u s t r a t e s  a t y p i c a l  SSMS ' survey '  a n a l y s i s  o f  the  feed c o a l  process  
stream. 
e s p e c i a l l y  v a l u a b l e  f o r  t h e  complete inorganic  c h a r a c t e r i z a t i o n  of t h e s e  process  
streams . 

a l s o  performed. 
a f t e r  a d d i t i o n  of enr iched  i so topes .  
Se, Cd, Pb, and T 1 )  were preconcentrated by means of e l e c t r o d e p o s i t i o n  onto high- 
p u r i t y  gold e l e c t r o d e s .  
Q u a n t i t a t i o n  was accomplished using t h e  i s o t o p e  d i l u t i o n  equat ion  of  Paulsen (8-10). 
Resul ts  of ID-SSMS measurements on  t h e  t h r e e  s o l i d  process  s t reams a r e  presented i n  
Table  2 .  Q u a d r u p l i c a t e  ana lyses  were made, w i t h  t h e  p r e c i s i o n  of such measurements 
ranging from 2-15% ( r e l a t i v e  s tandard d e v i a t i o n ) .  

and Cd) were a l s o  made. 
ashing and l i t h i u m  metaborate  fus ion  f o r  the  de te rmina t ion  of  Mn, N i ,  Cu, and C r  (11) .  
Digested sample s o l u t i o n s  were a s p i r a t e d  i n t o  t h e  atomic absorp t ion  spectrometer  
and q u a n t i t a t e d  by t h e  method o f  s tandard  a d d i t i o n s .  
by e x t r a c t i n g  t h e i r  i o d i d e  complexes i n t o  methyl i s o b u t y l  ketone (MIBK) p r i o r  t o  
a s p i r a t i o n  i n t o  t h e  spectrometer .  Arsenic  w a s  determined us ing  hydride evolu t ion  
AAS a f t e r  wet-ashing of t h e  samples. 
process  s t reams a r e  shown i n  Table 3.  
from 2-20% r . s . d .  

This  process  s t ream 

Due t o  t h e  immisc ib i l i ty  of these  phases ,  i t  was n o t  poss ib le  t o  

Samples were analyzed by spark-source mass spectrometrometry (SSMS) and atomic 

Such a n a l y s e s  a r e  genera l ly  a c c u r a t e  t o  w i t h i n  a f a c t o r  of t h r e e  and a r e  

I so tope  d i l u t i o n  spark-source mass spec t romet r ic  (ID-SSMS) de termina t ions  were 
Samples were s o l u b i l i z e d  by means of  P a r r  a c i d  d i g e s t i o n  bombs (5-7) 

Elements of high environmental i n t e r e s t  ( N i ,  Cu, 

These e l e c t r o d e s  were then sparked i n  t h e  spectrometer .  

Atomic a b s o r p t i o n  de termina t ions  of seven elements (Mn, N i ,  Cu, C r ,  As, Pb, 
Samples were s o l u b i l i z e d  by means o f  high temperature  

Pb and Cd were preconcentrated 

Resul t s  of  t h e  AAS de termina t ions  of the  s o l i d  
The p r e c i s i o n  of these  de te rmina t ions  ranged 

DISCUSSION 

A l l  process  s t reams were surveyed f o r  approximately 65 elements by convent ional  
SSMS analyses .  Such ana lyses ,  a l though semi-quant i ta t ive ,  provide q u i c k  mul t i -  
element ana lyses  t h a t  a r e  va luable  when the  inorganic  composi t ion o f  t h e  process  
streams a r e  unknown and/or  unsuspected.  
f o r  process  moni tor ing  a p p l i c a t i o n s ,  r e s u l t i n g  i n  a n  almost  complete inorganic  
c h a r a c t e r i z a t i o n  of  process  streams from such a conversion u n i t .  This  kind of 
c h a r a c t e r i z a t i o n  is e s p e c i a l l y  u s e f u l  i n  d e l i n e a t i n g  p o t e n t i a l  problems and poin t ing  
o u t  the need f o r  more a c c u r a t e  ana lyses  of  s p e c i f i c  e lements .  A s  a n  example of t h e  
kind of in format ion  t h a t  can be e x t r a c t e d  from such d a t a ,  a n  enrichment r a t i o  can 
be c a l c u l a t e d  f o r  v a r i o u s  elements based on t h e i r  concent ra t ions  i n  t h e  f i l t e r  
f i n e s  process  stream r e l a t i v e  t o  t h e i r  concent ra t ions  i n  t h e  feed coa l  ( a f t e r  
c o r r e c t i n g  f o r  t h e  varying a s h  conten ts  i n  t h e  two process  s t reams) .  Table  4 
presents  the  enrichment r a t i o s  f o r  a number of e lements .  An enrichment r a t i o  of 
u n i t y  i n d i c a t e s  no enrichment ,  while  r a t i o s  g r e a t e r  than  u n i t y  i n d i c a t e  enrichment 
i n  the f i l t e r  f i n e s  process  stream. I f  a n  enrichment r a t i o  of t h r e e  o r  g r e a t e r  i s  
assumed t o  be s i g n i f i c a n t  ( t o  take i n t o  account  the  u n c e r t a i n t y  l i m i t a t i o n s  of the 
technique) ,  then  elements  can  be c l a s s i f i e d  as e i t h e r  enr iched o r  not  enr iched .  
Table 4 shows t h a t  many elements  a r e  shown t o  be enr iched  t o  a g r e a t  degree.  
Presumably, such enrichment i s  due t o  a v o l a t i l i z a t i o n  o f  t h e s e  elements i n  t h e  

This  type  of a n a l y s i s  i s  e s p e c i a l l y  u s e f u l  
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high temperature  zone of t h e  r e a c t o r  and subsequent condensat ion of  these  v o l a t i l i z e d  
elements i n  t h e  c o o l e r  s e c t i o n s  of  t h e  g a s i f i c a t i o n  u n i t .  Although such a mechanism 
has been shown t o  be o p e r a t i v e  i n  high temperature c o a l  combustion (12-13), t h i s  may 
be t h e  f i r s t  work showing such a mechanism t o  be o p e r a t i v e  dur ing  c o a l  g a s i f i c a t i o n .  
Prel iminary SSMS ana lyses  of s ize-separa ted  f i l t e r  f i n e s  f r a c t i o n s  s u b s t a n t i a t e s  
t h i s  f ind ing .  

by ID-SSMS and AAS show t h e  g a s i f i e r  c h a r  t o  be t h e  major e lemental  ' s i n k '  for most 
e lements .  This  has  important  environmental r a m i f i c a t i o n s  i n  t h a t  t h i s  m a t e r i a l  may 
be u t i l i z e d  as  a combustion mater ia l  f o r  product ion o'f process  steam. The f a t e  of 
the  environmental ly  important  elements dur ing  t h i s  combustion w i l l  need t o  be 
determined. 
by-product u t i l i z a t i o n ,  s i g n i f i c a n t  s o l i d  waste  problems w i l l  a lmost  c e r t a i n l y  occur .  

Selenium, a s  determined by ID-SSMS, showed a d i s t r i b u t i o n  among t h e  process  
s t reams t h a t  was markedly d i f f e r e n t  from t h e  bulk of the  o t h e r  e lements  s t u d i e d .  
The major e lemental  s i n k  f o r  Se was t h e  condensate  water  process  s t ream. S i g n i f i c a n t  
q u a n t i t i e s  o f  t h i s  element were a l s o  found i n  t h e  condensate  t a r .  This  f i n d i n g  
can be r a t i o n a l i z e d  i n  terms of  the  high v o l a t i l i t y  of  t h i s  element. Arsenic ,  as 
determined by AAS, does not  e x h i b i t  such behavior ,  i n  c o n t r a s t  t o  what one might 
expect  f o r  t h i s  element. The major s i n k  f o r  t h i s  element i s  t h e  g a s i f i e r  char .  
This f a c t  seems t o  i n d i c a t e  t h a t  the  a r s e n i c  i s  present  i n  t h e  coa l  i n  a non- 
v o l a t i l e  form and t h a t  i t  i s  n o t  converted t o  a v o l a t i l e  form dur ing  the  g a s i f i c a t i o n  
process .  

Mass balances o f  elements across  a conversion u n i t  may be va luable  i n  p r e d i c t i n g  
the  r e l e a s e  r a t e s  of  c e r t a i n  elements t o  t h e  environment. Such balances can  be 
c a l c u l a t e d  knowing ithe concent ra t ion  of  t h e  element i n  each process  s t ream and t h e  
mass of  t h e  r e s p e c t i v e  process  stream. Mass balances of 100% a t  t h e  t r a c e  l e v e l  
a r e  g e n e r a l l y  exceedingly d i f f i c u l t  t o  o b t a i n  i n  such complex, open systems a s  a 
g a s i f i c a t i o n  r e a c t o r .  Resul t s  of  such mass balances a r e  shown i n  Table  5. T h e  
da ta  were c a l c u l a t e d  us ing  t h e  AAS and/or  t h e  ID-SSMS concent ra t ion  va lues  f o r  t h e  
elements i n  the  major process  s t reams.  The d a t a  i n d i c a t e  t h a t  t h e  bulk of m o s t  
elements (Cu, N i ,  Mn, Pb, Cr) a r e  being r e t a i n e d  w i t h i n  t h e  u n i t .  However, o t h e r  
elements cannot be f u l l y  recovered ( i . e . ,  Cd and Se) and c a r e f u l  cons idera t ions  of 
t h e  f a t e  of  these  elements must be  made i n  view of t h e i r  environmental and t o x i c -  
o l o g i c a l  hazards .  

Both t h e  SSMS survey r e s u l t s  and t h e  more accura te ,  p r e c i s e  r e s u l t s  ob ta ined  

On t h e  o t h e r  hand, i f  t h e  char  i s  disposed of  a s  an a l t e r n a t i v e  t o  i t s  
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Table  1, 

Descr ip t ion  o f  Sample S izes  Taken from SYNTHANE Process Development Unit  
f o r  Trace Element S tudies  

RunNumber 

Sample 293 294 295 

Feed Coal, kg 7.7 (1 l .O) l  5 .9  (8.0) 6 . 1  (8 .6)  
Feed Water, kg 4 .9  (5.4)  4 .2  (4.8) 4 .2  (4 .4)  

17.0 (100) 16.9 (100) 17.0 (100) G a s i f i e r  Char, kg 
14.6 (100) 15.5 (100) 15.2 (100) Condensate TarIWater, kg 

F i l t e r  F ines ,  kg 0.4 (100) 0 .4  (100) 0.5 (100) 
Product Gas, k l  ' 1 . 7  (1.5)  1 .7  (1.4) 1 . 6  (1 .4)  

'Data i n  parentheses  i n d i c a t e  t h e  percentage of t h e  process  s t ream t h a t  w a s  taken 
f o r  prepara t ion  and  a n a l y s i s .  

--- 

Condensate Water, kg 52.8 (100) 53.1 (100) 53.5 (100) 
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Table 2 - Element Concentrat ions (ppm, wt . )  i n  G a s i f i e r  Samples by ID-SSMS Analysis  

--- Run Number 

Sample -- Element 

Feed Coal N i  
cu 
Se 
Cd 
T1 
Pb 

G a s i f i e r  Char N i  
cu 
Se 
Cd 
T1 
Pb 

F i l t e r  Fines  N i  
cu 
S e  
Cd 
T1 
Pb 

293 

2.83 
7.50 
0.56 
0.12 
0.05 
5.14 

11.6 
25.5 

0 .14  
0.10 
0.11 

21.2 
10.3 

105 
0.65 
2.16 
0.09 

13.7 

2 94 

2.56 
7.52 
0.54 
0.12 
0.04 
4.80 
9.06 

0.21 
0.12 
0.12 

24.2 

1 7 . 1  
11.5 

150 
0.94 
2.88 
0.11 

13.5 

295 

2.39 
7.24 
0.54 
0.14 
0.04 
4.77 

11.6 
2 7 . 8  

0.19 
0.13 
0.15 

19.3 
10.0 

131 
0.74 
1.81  
0.10 

12.47 

Table 3 - Element Concentrat ions (ppm, wt . )  i n  G a s i f i e r  Process Streams by AAS Analysis  

Run Number - - ~  
Sam- E 1 emen t 293 294 295 - 

G a s i f i e r  Char 

F i l t e r  Fines  

Feed Coal C r  
Mn 
N i  
cu 
A s  
Cd 
Pb 
C C  
Mn 
N i  
cu 
A s  
Cd 
Pb 
C r  
Mn 
N. i  
cu 
A s  
Cd 
Pb 

7.1 

2.2 
10.2 

1 . 6  
0.07 
5.5 

32.4 

10 .8  
33 .O 

547 

2510 

6 . 3 .  
0.06 

19.6 
12.4 

10.0 

9 . 1  
1.86 

14.1 

519 

114 

6.6 

2.7 
9.7 
1 . 5  
0.07 
4 .6  

33.5 

8.5 
23.8 

6.0 
0.05 

18.2 
18.5 

12.5 

7.9 
2.25 

13.8 

512 

2350 

530 

154 

7.9 

2.4 
10.4 

2.0 
0.09 
5 .3  

30.3 

8.0 
27.0 

5.7 
0.05 

18.9 
20.7 

10.6 

11.0 

15.6 

646 

2430 

503 

142 

1.75 
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-- Table 4 - Enrichment Rat ios  (Er) f o r  Various Elements 

- Non-Enriched Elements I Enriched Elements 

Element 

N a  
M g  
A 1  
S i  
C a  
T i  
Z r  
Fe  
C r  
B e  
S r  
Ba  
Hf 
Gd 

Element -- 
CU (ID-SSMS) 
C r  (AAS) 
N i  (AAS) 
Se (ID-SSMS) 
Cd (AAS) 
Cd (ID-SSMS) 
Pb (ID-SSMS) 
Pb (AAS) 
A s  (AAS) 

Lr- 

2 .0  
2 . 7  
1.0 
1 . 2  
0 . 8  
1.1 
2.9 
0 . 8  
1 . 6  
2 . 4  
1 . 2  
1.1 
1 .5  
0 . 8  

Element 

K 
R b  
co 
N i  
Zn 
c u  
G a  
G e  
A s  
B r  
Sn 
Sb 
I 
Mo 
Pb 
Cd 

Lr- 
3 . 1  
6.5 
4.1 
3.0 
7 . 0  
5.3 
4 .7  

11.0  
6 .2  

11.0 
3.3 
5.7 

14.0 
7.3  
3.8  
6.5 

Table 5 - Elemental Mass Balances 

M a s s x a n c e .  % 

- 293 - 294 - 295 

103 
112 
122 
45 
36 
36 

102 
88 
99 

92 
118 

75 
4 4  
35 
46 
84 
92 
95 

110 
96 
85 
46  
27 
33 

10 1 
89 
7 4  
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The Effect of Trace Element Associations and 
Mineral Phases on the Pyrolysis Products from Coal 

J. K. Kuhn, R. A. Cahill, R. H. Shiley, D. R. Dickerson and C. W. Kruse 

Illinois State Geological Survey 
Urbana, IL 61801 

The initial mode of occurrence of trace and minor elements in coal influences 
their ultimate fate during the processing and/or utilization of coal materials. 
A float-sink procedure and an acid-leaching procedure have been developed independ- 
ently and used to estimate the trace and minor element associations with the 
organic and mineral phases in coal. Values obtained by the two methods were in 
agreement within the limits of analytical error. Ion exchange studies and internal 
surface area studies indicated that major differences that were observed could 
be explained in terms of exchangeable and/or chelated elements on the exposed 
surfaces of the coal. When these two factors were considered, results from these 
two methods were sufficiently reliable to allow their values to be used as 
indicators of an element's organic association. 

Representative data for 50 elements from 9 coals are presented for both 
methods. The mean values for the same elements determined in the acid demineral- 
ized coals are given for 27 coals from 3 geographical areas. 
compared to elemental values for crustal abundance and plant material; only S, 
Se, and Te had concentrations of organically associated elements significantly in 
excess of Clarke values (by factors of 20 to 50). Other elements, such as Pb, 
varied from virtually no organic association, to those, such as Ga, which averaged 
about 40 to 50 percent organic association. 

These values were 

Although many elements had some organic association, the major amounts of 
accessory elements in coal were present in the mineral phases. Semiquantitative 
mineral analysis of the low-temperature ashes (plasma ashing at <150°C) was 
performed on the coals; clay, ranging from 20 to 80 percent and a mean of about 
50 percent, was the predominant mineral phase in the inorganic fractions. The 
sulfide minerals were second and carbonates generally were the third most abundant 
mineral phase. In any particular coal, however, this order may be mixed or even 
inverted. Also frequently present in the coals is quartz and many other minerals 
in lesser amounts. 

The mobilities during pyrolysis of the various elements were determined at 
45OoC, 600°C, and 700:C through the use of both batch and continuous-feed processes. 
This range in temperature was selected in order to produce chars with minimum 
sulfur content and with both maximum and minimum surface areas. The coals reached 
their most plastic (fluid?) state within this temperature range. 

The concentrations of 50 elements were determined in 6 whole coals, also their 
corresponding char residues and condensed volatile products. 
coals studied, the data showed significant increase in mobility (volatilization) 
during pyrolysis for P, C1, S, As, Br, I, Se, Te, and Zn. Elements that exhibited 
less significant mobility included Cd, Cr, Cu, Dy, Ga, €If, La, Li, Pb, Sb, Sc, Sm, 
u, and Y. Those elements that generally exhibited no mobility during pyrolysis 
included Si, Al, K, V, Mg, Ca, Fe, Na, Ti, Ba, Ce, Co, Cs, Eu, Lu, Mn, Ni, Rb, Sr, 
Ta, m, and Th. Because of their extremely low concentrations, elements such as 
Ag, Au, In, Mo, W, and Sn were generally not detected at levels where any reasonable 
conclusions could be drawn. 

For most of the 
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Corre la t ion  of element mobil i ty  and organic  a s s o c i a t i o n  showed t h a t  elements 
assoc ia ted  with t h e  organic  mater ia l  were the  same elements t h a t  showed l o s s e s  
during pyro lys i s .  Two except ions t o  t h i s  genera l  r u l e  were: (1) The a l k a l i  and 
a l k a l i n e  e a r t h  elements genera l ly  were n o t  l o s t  dur ing  p y r o l y s i s .  
elements were u s u a l l y  p r e s e n t  to  some e x t e n t  i n  an exchangeable ion  f o r m  and of ten  
showed a very  high organic  assoc ia t ion .  
which inc lude  Pb, Zn and As, normally showed l i t t l e  o r  no organic  assoc ia t ion .  The 
mechanism f o r  mobil i ty  probably involved a thermal breakdown of  t h e  mineral i t s e l f .  
I ron  usua l ly  occurred a s  t h e  predominant s u l f i d e  mineral ,  bu t  it w a s  immobile. 

These same 

(2) The group of  p r i m a r i l y  s u l f i d e  elements, 

The d i s s o c i a t i o n  of p y r i t e  when heated i n  a reducing atmosphere is  w e l l  known. 
I n  coa l ,  however, t h i s  reduct ion of  p y r i t e  t o  p y r r h o t i t e  t a k e s  p l a c e  a t  r e l a t i v e l y  
l o w  temperatures ,  occur r ing  a t  l e s s  than 450'C. During t h i s  process ,  two types of 
p y r r h o t i t e  were produced, one of  which had magnetic p r o p e r t i e s .  The mater ia l  formed 
w a s  suscept ib le  t o  e i t h e r  chemical or magnetic c leaning.  MUssbauer spectroscopy 
w a s  used t o  i d e n t i f y  four  spec ies  of Fe+' i n  t h e  chars ,  on ly  t w o  spec ies  have been 
i d e n t i f i e d  s i m i l a r i l y  i n  t h e  raw coa l .  

The condensed v o l a t i l e  components from t h e  p y r o l y s i s  o f  t h e  c o a l  were analyzed 
f u r t h e r  t o  determine t h e  organic  composition of t h e  products .  
condensed organics  i n t o  a c i d ,  base,  and n e u t r a l  f r a c t i o n s  ind ica ted  t h a t  t h e  
components i n  t h e  a c i d  f r a c t i o n  predominated a t  t h e  lower p y r o l y s i s  temperatures, 
and t h e  components contained i n  t h e  base f r a c t i o n  predominated a t  t h e  higher  
temperatures .  The d i s t r i b u t i o n  of c o n s t i t u e n t s  making up t h e  organic  f r a c t i o n s  
were shown t o  be s t rongly  inf luenced by t h e  temperature a t  which t h e  pyro lys i s  was 
conducted. 
c o a l  p r i o r  t o  h e a t i n g  s i g n i f i c a n t l y  a l t e r e d  the  propor t ion  of t a r  t o  l i g h t  f r a c t i o n s  
i n  the product ;  much less tar was produced when mineral  phases were absent .  

Separat ion of t h e  

Furthermore, removal of  v i r t u a l l y  a l l  o f  t h e  mineral  phases from t h e  

Corre la t ions  of mineral-phase conten t  and t h e  d i s t r i b u t i o n  of organic  f r a c t i o n s  
a t  a given temperature ind ica ted  t h a t  t h e  temperature a t  which t h e  process  was 

composition a l s o  was a f f e c t e d  s i g n i f i c a n t l y  by t h e  k inds  o f  mineral  phases present .  
Individual  e f f e c t s  o f  minerals  on t h e  d i s t r i b u t i o n  of  organic  c o n s t i t u e n t s  i n  
condensed p y r o l y s i s  products  a r e  s t i l l  being s t u d i e d ,  b u t  i t  i s  evident  t h a t  
knowledge of the  organic  a s s o c i a t i o n s  and mineral  phases  p r e s e n t  i n  an ind iv idua l  
coa l  i s  necessary before  a s a t i s f a c t o r y  eva lua t ion  o f  c o a l  performance during 
u t i l i z a t i o n  can be made. 

@operated had a dominant e f f e c t  on t h e  product  composition; never the less ,  t h e  
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Chemical and Mineralogical Characterization of Coal Liquefaction Residues 

G. B. Dreher, Suzanne, J. Russell, and R. R. Ruch 

Illinois State Geological Survey, Natural Resources Bldg., Urbana, Illinois 61801 

The Illinois State Geological Survey, with support from the U.S. Department 
of Energy, is characterizing the residues from several advanced-stage coal lique- 
faction processes. Coal liquefaction in plants of commercial size, if developed on 
a large scale, will eventually result in the production of large tonnages of waste 
materials. It is desirable to know the compositions of these residues for possible 
evaluation as sources of valuable metals and also to know whether they are potential 
environmental hazards. 
the residues from several coal liquefaction processes consistently contain recoverable 
amounts of valuable elements and can, therefore, be reliably classified as potential 
secondary source reserves for these elements. In this study the concentration levels 
Of some 70 major, minor, and trace constituents have been determined and, where 
possible, the mineralogy for certain elements has been ascertained: An economic 
evaluation of the data will be made. The chemical and mineralogical data will aid 
in predicting the behavior of various elements during certain liquefaction processes. 

A major objective of this project is to determine whether 

Sampling and pretreatment. The processes from which samples were obtained 
are Clean Coke at United States Steel Research, Monroeville, PA; H-Coal, Hydrocarbon 
Research, Inc., Trenton, NJ; Lignite Project, University of North Dakota, Grand Forks, 
ND; Solvent Refined Coal, Southern Company Services, Wilsonville, AL (SRC-Ala); 
Solvent Refined Coal, Pittsburgh and Midway Coal Company, Ft. Lewis, Wash. (SRC-Wash); 
and Synthoil, Pittsburgh Energy Research Center, Bruceton, PA. In addition, one 
residue sample from the COED process has been obtained and analyzed. Each of these 
processes has been described elsewhere (1). Seventy constituents have been determined 
in 18 sample sets consisting of feed coal, corresponding residue, and where available, 
product material. The residues as we have received them are not envisioned to be the 
ultimate waste products; further processing ofthematerials beyond that which was 
being conducted when the samples were taken is anticipated for most processes. 

The following coals have been used in the sample sets studied: feed coals 
from the Herrin (No. 6) coal of Illinois; composite samples of No. 9 and No. 14 coal 
beds and No. 9, No. 11, NO. 12, and No. 13 coal beds of western Kentucky; the 
Pittsburgh No. 8 coal; Wyodak seam from Wyoming; and a lignite from North Dakota. 

Residue samples from the liquefaction processes are often intractible mixtures 
of product oil, partially reacted coal, and unreacted coal. To produce samples that 
are more easily handled, more homogeneous, and convenient to use in low-temperature 
ashing procedures, the product oil portion was separated from the mineral matter 
portion by extraction with tetrahydrofuran (THF). The unextracted residues, however, 
have been found to be generally homogeneous, and the extracted residues have 
primarily been used in producing low-temperature (150°C) ashes for mineralogical 
analyses. The high temperature ash contents of the unextracted ash samples compare 
favorably with those recovered from the THF soluble and insoluble portions for most 
samples, indicating that the samples are fairly homogeneous with respect to ash content. 

Methods of analysis. The analytical techniques used (shown in Table 1) are 
atomic absorption spectrometry (AA), instrumental neutron activation analysis (INAA) , 
direct-reading optical emission spectrometry (OED), photographic optical emission 
spectrography (OEP), energy dispersive X-ray fluorescence spectrometry ( X E S ) ,  wave- 
length dispersive X-ray fluorescence spectrometry (XRF'), radio-chemical separation 
followed by neutron activation analysis (RC), ion selective electrode (ISE), and 
standard ASTM methods (ASTM) . Mineralogical studies were made by X-ray diffraction 
analysis and scanning electron microscopy using low-temperature ash samples prepared 
in an activated oxygen plasma asher. These methods have been described elsewhere (2). 
Sample pretreatment is summarized in Figure 1. 
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Results and discussion. All results on "asreceived" feed Coal and residue 
samples were corrected for moisture and calculated to the 50OoC ash basis. It was 
assumed that (a) the oxidized inorganic material (the 5OO0C ash) from a feed coal is 
comparable to that from the corresponding residue, and (b) that the feed coal sample 
is representative of the coal used to generate a particular residue. 
basis data for a residue is compared to that for the feed coal, an indication is 
given as to whether an element is lost, retained, or possibly increased during the 
liquefaction processes. The "ash-basis" data are used to calculate the percentage 
of change of each element for which data are available. 

When the ash- 

Ranges for estimating whether an element was retained were calculated by 
taking into account an average sampling error and tlre random error of the particular 
analytical method used for that element. The "retention range" for an element is 
arbitrarily defined as twice the overall standard deviation of possible errors in 
analysis of the feed coal and residue. 
gain if results for that element exhibit a percentage of change (residue, concentra- 
tion relative to feed coal concentration on the ash-basis in a given process) which 
is greater than the upper limit of the retention range. Elements undergoing losses 
exhibit the opposite tendency. All other elements are said to have been "retained" 
during the liquefaction process. 
tive gain-loss data for mercury and manganese in the 18 sample sets, and Figure 4 
summarizes the gain-loss data obtained for most elements detected in a SRC(Wash1 set. 

An element is indicated as having undergone a 

Figures 2 and 3 are bar graphs showing representa- 

Some general conclusions can be drawn about the mobilities of various elements 
in the liquefaction processes studied. 
possible because of a combination of low elemental concentrations coupled with a 
moderate-to-high analytical uncertainity of measurement. 
emphasized that these sample sets, in most cases, represent one-time, short-interval 
sampling under equilibrium conditions,where possible, and may not be fully representa- 
tive of long-term continuous operation. 

1. Ca, S, Ti, As, B, F, Hg, La, Sc, and Zn are generally (251% of the 

In many cases only limited conclusions are 

In addition it should be 

sample sets in which the element was determined) lost during the 
liquefaction process. Dy, Eu, Tb, and Yb are lost or retained in 
the liquefaction processes in approximately equal numbers. 

Most of the elements determined show general retention during the 
liquefaction processes. These are: Fe, K, Si, Ba, Be, Br, Ce, C1, 
Co, Cr, Cs, Cu, Ga, Ge, Hf, Li, Lu, Mn, Mo, Ni, Pb, R b ,  Sb, Se, Sm, 
Sn, Sr, Ta, Th, T1, U. V, W, and Zr. 

clear pattern. 

or degradation of equipment. 

Some elements generally occur at concentrations too l o w  to be accurately 
measured by the methods used and, thus are too low to be considered in 
the gain-loss data evaluation. These include Ag, Bi, Cd, In, Nd, Pt, 
Te, Au, and Pd. 

2. 

3 .  Four elements, A l ,  Mg, Na, and P behave randomly, exhibiting no 

4. Observed gains, where present, most probably reflect contamination 

5. 

In Particular, three sample sets from the SRC-Ala process and two sets from 
the SRC-Wash process exhibit the greatest apparent losses. 
apparent losses in three or more of these sample sets are Al, Fe, Mg, S, Ti, AS, B, 
Be, Br, Co, DY. Eu, F, Hg, La, Lu, Mn, Mo, Sc, Se, Sm, Ta, Tb, Th, Yb, and Zn. 
Elements which exhibit increases in concentration in two or more of these five 
liquefaction processes are Na, P, Si, Cr, and Cs. Filtering aid materials were used 
in conjunction with all five SRC-Ala sample sets (Johns-Manville 7A, consisting of 
92.5 Percent diatomaceous earth and 1.5 percent asbestos) and the first two SRC-Wash 
Sample sets. It is probable that at least Na, P, Si, and Cr increases are due to 
the filtering aids. Diatomaceous earth consists primarily of silicon dioxide and 

Elements which exhibit 
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asbestos minerals which contain the elements Na and Si among others. These materials 
have been detected by scanning electron microscope analysis of the SRC-Ala residues. 

Mineralogical analysis. In addition to the chemical analyses, mineralogical 
analyses have comprised a major portion of this study. 
about the modes of occurrence of some elements and may shed some light on the 
behavior of certain chemical elements during the liquefaction processes. 

They have yielded information 

The major mineralogical change which takes place in the liquefaction processes 
is the transformation of pyrite (FeSz) in the feed coal to pyrrhotite (Fel-,S, where 
x = 0. to 0.2) in the residue by the reaction 2FeS2 * ZFel-,S + 2s.  Sulfur probably 
is evolved as HzS. Pyrrhotite occurs in the residues primarily as fine-grained 
(crystal size about 1 um) aggregates sometimes incorporating other mineral matter. It 
also occurs as a fine granular layer on mineral particles. 

A small amount of wollastonite, CaSiO3, formed by the reaction CaC03 + Si02 2 
CaSiOs t Con, was detected by scanning electron microscopy in one residue from an 
H-Coal set. Some calcite particles found in the residue have a spongy texture similar 
to that seen in calcined carbonates ( 3 ) .  It appears that some dissociation of the 
calcite occurred, enabling a small amount of CaO to combine with SiO2. In a closed 
system, calcite, quartz, and wollastonite are stable together under the pressures 
and temperatures present in liquefaction process preheaters and reactors, if the 
COz partial pressure is not appreciable (4 ) .  

A qualitative summary of mineral matter detected by X-ray diffraction analysis 
in feed coals and residues is presented in Table 2. An "X" indicates the presence 
of a mineral in a sample. A question mark indicates uncertainty in the presence of 
a mineral as determined from the diffraction patterns. Marcasite, a dimorph of pyrite, 
has been observed in only one feed coal sample. It is also transformed to pyrrhotite 
during liquefaction. Other minerals may be present in the samples in quantities 
below the detection limits. 

Semi-quantitative X-ray diffraction data for quartz, calcite, pyrite, and 
pyrrhotite in the low temperature ash samples of several feed coals and their cor- 
responding residues are shown in Table 3 .  Inclusion of quartz and calcite in 
pyrrhotite aggregates contributes to an apparent decrease in quartz and calcite from 
the feed coals to the residues. A decrease in the pyrrhotite concentration in the 
residue with respect to the pyrite concentration in the feed coals is due to the 
loss of sulfur from pyrite in the transformation to pyrrhotite. In samples which 
show the presence of calcite in the residues but not in the corresponding coal, cal- 
cite and some pyrite have broken down to form sulfate minerals during storage of the 
coal. This is a common reaction in coals exposed to moisture (5). 

Conclusions. Data from the limited number of sample sets covering several 
liquefaction processes indicate that relatively few elements (e.g. Hg, S, As, Br, 
and B) are consistently lost to any significant degree from the resultant residues. 
Only a few mineralogical changes occur during the processes in which the transforma- 
tion of pyrite to pyrrhotite most consistently occurs. These experimental observa- 
tions, including the general range of elemental concentrations found in the residues, 
along with extensive trace element distribution data now available ( 2 , 6 )  from 
analyses of many coals from the various U.S. coal fields, will be used for an economic 
evaluation for many metals. Trace element concentrations for such economically 
significant metals such as Au, Ag, Pt, Pd, Ta, etc. in most cases will probably be 
too low for consideration as resources. In some cases, however, such as Zn, there 
are areas (7) where concentratlons are high enough for serious consideration. The more 
abundant metals in coal--such as Al, Fe, Si, and possibly Ti--although perhaps 
currently not economical to extract may require attention in the future. 
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Figure 1 - Flow sheets of sample pretreatments. 
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Figure 2 - Summary of percentage of change in elemental composition 
(5OO0C ash basis) for Hg in several liquefaction processes from 
feed coal to residue. 
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Figure 3 . Summary of percentage of change in elemental composition 
(5OO0C ash basis) for Mn in several liquefaction processes from 
feed coal to residue. 
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Figure 4 - Summary of percentage of change in elemental composition 
(5OO0C ash basis) from feed coal to residue. 
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T a b l e  2 

M i n e r a l  Matter D e t e c t e d  i n  Low T e m p e r a t u r e  A s h  
of Liquefaction Samples by X - r a y  D i f f r a c t i o n  A n a l y s i s  

C - 1 9 6 6 0  C l e a n  C o k e  . x  X X X X 
C - 1 9 6 6 1 A  x x x  X X X x x  
C - 1 8 9 0 3  H - C o a l  1 X x x  X X X X 
C- 1 8 9 4  1 A  X X X X x x  
C - 1 9 1 9 4  H - C o a l  2 ? x x  X X X X 
C - 1 9 1 9 6 A  ? X X X X x x  
C - 1 9 9 1 6  H - C o a l  3 X ?  X X X 
C - 1 9 9 1 7 A  X X X ? X  x x  
C - 2 0 0 2 1  H - C o a l  4 x x  X X X 
C - 2 0 0 2 2 A  x x  X X X x x  
C - 1 9 5 9 0  L i g n i t e  x x  X X 
C - 1 9 5 9 1  ? X  X ? X  

C - 1 9 7 0 2  S R C - A l a  1 X X X X X 
C - 1 9 7 0 3  X x x  X ? X X  

C - 1 9 7 0 5  S R C - A l a  2 X X ?  x x x  X 
C - 1 9 7 0 6  ? X X x x x  
C - 1 9 7 0 8  S R C - A l a  3 X X X X 
C - 1 9 7 0 9  X x x x  x x x  
C - 1 9 7 1 1  S R C - A l a  4  X X X X X 
C - 1 9 7 1 2  X X X X 

C - 1 9 7 1 4  S R C - A l a  5 x x  X X X X X 
C - 1 9 7 1 5  x x  X x x  
C - 1 9 1 4 1  SRC-Wash  1 X x x x  X 
C - 1 9 1 4 2 A  X X x x  
C - 1 9 4 8 8  SRC-Wash  2 ? x x x  X X 
C - 1 9 4 8 7  X X ? X  x x  
C - 1 9 8 9 9  SRC-Wash  3 X x x  X X X X 
C - 1 9 9 0 2 A  X X X x x x  x x  
C - 2 0 0 1 4  S R C - W a s h  4 X X X X X 
C - 2 0 0 1 5 A  X X X x x  
C - 2 0 0 1 6  SRC-Wash  5 X X X X x x x  X X 
C - 2 0 0 1 7 A  X X X X x x  
C - 2 0 0 1 9  SRC-Wash  6 ? ? X X X  X X 
C - 2 0 0 2 0 A  X X ? X  x x  
C - 1 9 2 7 6  S y n t h o i l  x x  X X X X 
C - 1 9 3 4 9 A  X X X X x x x  
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Table 3 

A v e r a g e  Percentage of P r i n c i p a l  M i n e r a l s  by X-Ray D i f f r a c t i o n  
i n  Low T e m p e r a t u r e  A s h  of Liquefact ion S a m p l e s  

/ 

‘1 
I 

A v e r a g e  M i n e r a l  Percentages, by w e i g h t ,  
f 7.5%, absolute 

i 
S a m p l e  S a m p l e  

L a b  No .  set  Type O u a r t z  C a l c i t ‘ e  P y r i t e  P y r r h o t i t e  
/ 

C - 1 9 6 6 0  !, C - 1 9 6 6 1 A  

C - 1 8 9 0 3  
C - 1 8 9 4 1 A  

C - 1 9 1 9 4  
C - 1 9 1 9 6 A  

C - 1 9 9 1 6  
C - 1 9 9 1 7 A  

c - 2 0 0 2 1  

I 

I C - 2 0 0 2 2 A  

C - 1 9 5 9 0  
C - 1 9 5 9 1  

C - 1 9 7 0 2  
C - 1 9 7 0 3  

C - 1 9 7 0 5  
C - 1 9 7 0 6  

C - 1 9 7 0 8  
C - 1 9 7 0 9  

C - 1 9 7 1 1  
C - 1 9 7 1 2  

C - 1 9 7 1 4  
C - 1 9 7 1 5  

C - 1 9 1 4 1  
C - 1 9 1 4 2 A  

C - 1 9 4 8 8  
C - 1 9 4 8 7  

.I 
11 

! C - 1 9 8 9 9  
C - 1 9 9 0 2 A  

C - 2 0 0 1 4  
C - 2 0 0 1 5 A  

C - 2 0 0 1 6  
C - 2 0 0 1 7 A  

C - 2 0 0 1 9  
C - 2 0 0 2 0 A  

C - 1 9 2 7 6  
C - 1 9 3 4 9 A  

C l e a n  C o k e  

H - C o a l  1 

H - C o a l  2 

H - C o a l  3 

H - C o a l  4 

L i g n i t e  

S R C - A l a  1 

S R C - A l a  2 

S R C - A l a  3 

S R C - A l a  4 

S R C - A l a  5 

SRC-Wash 1 

SRC-Wash 2 

SRC-Wash  3 

SRC-Wash  4 

SRC-Wash 5 

SRC-Wash  6 

S y n t h o i l  

C o a l  
R e s i d u e  

C o a l  
R e s i d u e  

C o a l  
R e s i d u e  

C o a l  
R e s i d u e  

C o a l  
R e s i d u e  

C o a l  
R e s i d u e  

C o a l  
R e s i d u e  

C o a l  
R e s i d u e  

C o a l  
R e s i d u e  

C o a l  
R e s i d u e  

C o a l  
R e s i d u e  

C o a l  
R e s i d u e  

C o a l  
R e s i d u e  

C o a l  
R e s i d u e  

C o a l  
R e s i d u e  

C o a l  
R e s i d u e  

C o a l  
R e s i d u e  

C o a l  
R e s i d u e  

2 1  
15 

22 
1 7  

2 2  
16  

15 
1 4  

11 
10 

7 
1 2  

2 2  
1 5  

18 
1 2  

1 3  
13  

16  
16  

1 2  
9 

8 
7 

9 
7 

18 
16 

18 
1 5  

16 
1 4  

1 5  
11 

15 
1 3  

11 
3 

13  
8 

9 
4 

4 
5 
* 

1 2  

* 
2 8  

3 
<1 

N.D. 
5 

N.D. 
N.D. 

* 
1 2  

6 
1 

N.D. 
N.D. 

N.D. 
N. D. 

2 
1 

4 
3 

5 
3 

N.D. 
3 

7 
6 

19 
N.D. 

2 2  
N.D. 

2 5  
N.D. 

2 2  
N.D. 

9 
N.D. 

10  
N.D. 

2 1  
N.D. 

N.D. 
N.D. 

2 3  
7 

6 
N.D. 

16 
N.D. 

39 
N.D. 

37 
N.D. 

2 9  
N.D. 

2 6  
N.D. 

2 1  
N.D. 

2 2  
N.D. 

2 7  
N.D. 

N.D. 
1 6  

N.D. 
15 

N.D. 
18 

N.D. 
2 0  

N.D. 
* 

N.D. 
* 

N.D. 
1 3  

N.D. 
1 2  

N.D. 
7 

N.D. 
N.D. 

N.D. 
10 

N.D.  
2 7  

N.D. 
17 

N.D. 
20 

N.D. 
1 7  

N.D. 
19 

N.D. 
14  

N.D. 
2 2  

* M i n e r a l  p resent ,  b u t  cannot  be quantified due t o  the  interference of 
other m i n e r a l  peaks. 

N.D. = N o t  D e t e c t e d  
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Mechanisms f o r  Non-linear Approximation and for  A l l  Other Matrix Effect  Corrections 
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*Nippon O i l  Company Ltd., Central Technical Research Laboratory 
8, Chidoricho, Nakaku, Yokohama 231, Japan 

14-8, Akaouji, Takatsuki 569, Japan 
**Rigaku Corporation, Osaka 

Introduction 

Precise  determination o f  sulfur contents i n  f u e l  o i l s  has become more important 
for  qua l i ty  cont ro l  by re f iner ies  and qual i ty  monitoring by enviromental agencies. 

Of the  many t e s t  methods used f o r  determining s u l f u r  contents i n  f u e l  o i l s ,  t h e  
bomb method(ASTM D 129) i s  considered t o  be the  world-wide standard. However, t h i s  
method requires  severa l  hours running time, and t h e  r e s u l t s  can vary grea t ly  depend- 
ing upon t h e  s k i l l  of t h e  analyst  running t h e  t e s t .  

, 

A rapid and exact method i s  required t o  rout inely analyze su l fur  contents i n  
fue l  o i l s ,  and t h e  method should be easy t o  operate and t o  maintain. To meet these 
requirements, non-dispersive x-ray s u l f u r  analyzers which u t i l i z e  e i t h e r  a radioiso- 
tope such as 55-Fe or  a small x-ray tube as the fluorescent x-ray generator have been I 
developed by many manufacturers. This kind of  analyzer i s  reportedly superior  i n  
terms of speed, accuracy, economy and ease of operation and maintenance as compared ‘ 
t o  a combustion method such as the bomb method(1). However, the  accuracy of the re-  ‘ 
sults i n  t h e  x-ray method cannot be b e t t e r  than t h a t  of the  standards with which t h e  
unknowns are  compared. Also, it w a s  found during our  research t h a t  f a i r l y  large e r rors  ’ 
can a r i s e  from t h e  following items. (It should be noted, however, t h a t  these e r rors ,  
though la rge ,  r a r e l y  exceed the  allowable errors  c i t e d  i n  ASTM methods ) :  

( i )  Peak overlapping between the S-KX spectrum and C1-KX spectrum, 
(ii) The use of a l i n e a r  approximation f o r  the  working curve, and 
(iii) Differences i n  composition between the  standards and the  unknowns, especial ly  
in  the carbon-hydrogen weight ratio(C/H) of the hydrocarbon port ion of these o i l s .  

With respect  t o  i t e m ( i ) ,  most manufacturers have already solved the  problem. 
The most s t ra ightforward way of doing t h i s  is by inser t ing  a sulfur-containing f i lm 
between the  sample and t h e  x-ray de tec tor ,  s ince t h e  Cl-KX spectrum is f i l t e r e d  out 
by such film. However, o t h e r  method have a l s o  been successful. 

The e r r o r  due t o  i t e m ( i i ) ,  can be  reduced by narrowing the  in te rpola t ion  range 
of the  standards t o  be used for  t h e  ca l ibra t ion .  In f a c t ,  many labora tor ies  where sul- 
fur  contents of t h e  samples t o  be analyzed are  l imi ted  t o  a cer ta in  range can apply 
the  l i n e a r  approximation without not iceable  l o s s  of accuracy. However, i n  analyzing 
samples which spread over a wide range of su l fur  contenfs, reca l ibra t ions  should be 
made severa l  times a day so tha t  the  working range of the  approximation is small 
enough t o  insure t h e  accuracy desired. The reca l ibra t ion  i t s e l f  i s  very troublesome 
f o r  analysts  i n  rout ine analysis .  

experimentally i f  the compositions of both t h e  standards and the samples a r e  known. 
However, it i s  tedious t o  determine these compositions. 

With respect  t o  i t e m ( i i i 1 ,  t h e  e r r o r  can be corrected e i t h e r  theore t ica l ly  o r  

To cor rec t  these  e r r o r s  automatically, a new type of analyzer was developed. I n  
t h i s  paper, the  improvements i n  t h i s  analyzer compared t o  t h e  prototype(Rigaku Sulfur- 
X) w i l l  be reported. I n  addition t o  t h i s ,  the  r e s u l t s  of t e s t s  on a variety of samples 
w i l l  a l so  he described. 
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Instrument 

The non-dispersive x-ray s u l f u r  analyzer discussed i n  t h i s  paper consis ts  of t h e  
prototype plus addi t ional  components as described below. Figure 1 is a schematic dia- 
gram Of t h e  apparatus with t h e  broken l i n e s  denoting newly i n s t a l l e d  conponents, i . e .  
' 9 ' ,  'lo', '13' and '161.  Component ' 10 '  ca lcu la tes  t h e  r a t i o  between t h e  S-KX spec- 
trum in tens i ty(  ' 8 ' )  and the  sca t te red  rad ia t ion  i n t e n s i t y ( ' 9 ' ) .  Since the  fac tors  in- 
fluencing t&e absolute  in tens i ty  of t h e  S-KX spectrum(e.g., d i f ferences i n  composi- 
t i o n ,  instrumental var iab les ,  and atmospheric changes) a l s o  inf luence t h e  s c a t t e r e d  
rad ia t ion  in tens i ty  t o  the  same degree, using t h e  r a t i o  ins tead  of t h e  absolute in- 
t e n s i t y  cor rec ts  f o r  these fac tors .  

shown below(Eq.1). 

2 

Block '17' calculates  t h e  values of t h e  constants  i n  t h e  ca l ibra t ion  equation 

1) S = a I  + b I + c  

where S i s  the sulfur content, I i s  t h e  x-ray i n t e n s i t y  ra t io 'between the  S-KX spec- 
trum and t h e  s c a t t e r e d  rad ia t ion ,  and a ,  b and c a r e  constants. To determine these  
constants ,  th ree  standard s m p l e s  whose su l fur  contents a r e  exact ly  known a r e  sequen- 
t i a l l y  measured with the  analyzer s e t  on mode 'C'(see Fig.1). These constants ,  once 
determined and s tored  i n  t h e  memory of the  ca lcu la tor ,  can be used f o r  about one 
year  without loss of accuracy, s ince t h e  r a t i o  ca lcu la tor  '10' seems t o  b e  a l so  ef- 
fec t ive  i n  correct ing t h e  long term dr i f t  of t h e  analyzer. 

Preliminary Tests 

To compare the  performance of the  modified analyzer t o  t h a t  of t h e  prototype,  
analyses were made on prepared samples. The samples consis ted of white o i l  plus di- 
bu ty l  di-sulfide(DBDS). Di-butyl di-sulf ide has recent ly  been o f f i c i a l l y  c e r t i f i e d  by 
the  Japanese government as t h e  s u l f u r  compound f o r  x-ray ca l ibra t ion  purposes and is  
now widely used i n  Japan. 

As can be seen i n  Fig.2, t h e  re la t ionship  between t h e  content and t h e  i n t e n s i t y  
i s  not  l i n e a r .  Thus, i f  t h e  working curve i s  approximated wi th  a s t r a i g h t  l i n e ,  f o r  
example, ranging from 0 Wt% t o  6 w t % ,  t h e  maximum e r r o r  reaches 0.31 w t %  at  the  mid 
point  of t h e  curve, as  i l l u s t r a t e d  i n  Fig.3(b). It  was rec'ognized t h a t  t h e  re la t ion-  
ship shown i n  Fig.2 can be more accurately expressed by a quadrat ic  equation r a t h e r  
than a l i n e a r  equation. Thus, a quadrat ic  approximation was s e t  up using c a l i b r a t i o d  
standards containing 0 ,  3 and 6 w t %  su l fur .  The r e s u l t s  shown i n  Fig.3(b) c l e a r l y  in-  
d ica te  t h a t  t h e  use of  t h i s  quadratic approximation grea t ly  reduced the  difference 
between t h e  measured value and ac tua l  value of  t h e  s u l f u r  content. The naxinum e r r o r  
observed was 0.01 w t % .  

were analyzed by using ca l ibra t ion  standards of low C/H. I n  t h i s  case,  t h e  standards 
were prepared from decalin(C/H=6.7) plus  DBDS, while t h e  unknowns were prepared from 
tetralin(C/H=lO. 0 plus  DBDS . 
corrected by using t h e  follwing empirical equation, 

As shown i n  Fig.b(a) ,  f a i r l y  la rge  e r r o r s  were observed when samples Of high C l H  

It w a s  previously reported by one of  t h e  authors(2)  t h a t  t h i s  e r r o r  could b e  

AS = -0.013 S (C/Hstd- C/Hunkn) 2)  

where S i s  the  observed su l fur  content and AS the  value t o  be added t o  the observed 
s u l f u r  content. In t h e  above-referenced s tudy,  t h e  f a c t o r  0.013 was determined ex- 
perimentally by using the  prototype x-ray analyzer. To use Eq.2, one must know C / H  
values f o r  both t h e  standards and the  unknowns. An a l t e r n a t i v e  expression can a l s o  be 
obtained by using the spec i f ic  gravi ty  p ins tead  of C / H ,  s ince  it was found t h a t  C/H 
i s  roughly r e l a t e d  t o  P as follows: 

C / H  = 8.02 p - 1.06 3)  
thus,  AS = 0.115 S Ap 4)  
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where A P  = Pstd- PUkn 5 )  

I t  has been reported(3) t h a t  t h e  e r r o r  due t o  t h e  C/H difference i n  t h e  standards 
and the  unknowns can be e f fec t ive ly  el iminated by using the  sca t te r ing  in tens i ty  of 
the  sample as an in te rna l  standard. In t h e  modified analyzer, the  e f f e c t  of t h e  compo- 
s i t i o n a l  differences between t h e  s tandards and t h e  unknowns are  automatically compen- 
sa ted  by i n s t a l l i n g  a s c a l e r  f o r  t h e  s c a t t e r e d  rad ia t ion( ’9’ )  and a r a t i o  calculator  
( tlOl). Figure 4(b)  shows the  results obtained by using the  modified analyzer f o r  
t e s t i n g  the  same combination of standards and unknowns t e s t e d  on the prototype. Since 
the errors  observed using t h e  modified analyzer were much smaller than those observed 
using the prototype, we f e e l  t h a t  t h e  modified analyzer can be used i n  a wider range 
of applications than was previously possible .  

t o  the coexistence of chlorine i s  very small ,  and t h a t  t h e  e f f e c t  of the  C1-KX spec- 
trum is adequately reduced by t h e  f i l t e r .  Without a f i l t e r ,  o r  other  device f o r  elim- 
inat ing the  C1-Kx spectrum, e r r o r s  can be very large as seen in  Fig.5(b) .  

i 
The r e s u l t s  i l l u s t r a t e d  i n  F ig .5(a)  ind ica te  t h a t  the  magnitude of the  e f fec t  due , /. 

I 
T e s t  Results 

r 

To examine practical. usage of the  analyzer, analyses were made on a var ie ty  of 
fue l  o i l s  whose charac te r i s t ics  a re  out l ined  i n  Table 1. Sulfur contents f o r  these 
samples had been previously determined by the  quartz tube method(J1S K 2541-1971) in  
several  inter- laboratory t e s t s .  The s tandard samples f o r  ca l ibra t ion  were made from 
white o i l  plus DBDS. Sulfur  contents of these standards were 0 ,  1 .5  and 3.0 w t % .  In 
t h i s  se r ies  of measurements, th ree  100 sec integrat ions were made f o r  each sample, 
and the  r e s u l t s  were averaged. The results of the  analyses are  shown i n  Fig.6, where 
the  horizontal  axis  ind ica tes  t h e  s u l f u r  content determined by the quartz tube method, 1 

and the  v e r t i c a l  axis indicates  t h e  difference between the  s u l f u r  leve l  determined by 
the x-ray method and t h a t  determined by the quartz tu5e method(in the  case of fuels  
used i n  inter- laboratory t e s t s )  o r  t h a t  c e r t i f i e d  by NBS o r  J P I ( i n  t h e  case of stand- 
ard reference mater ia l s ) .  

samples analyzed, and within t0.02 w t %  f o r  a l l  of the  samples analyzed(ranging up t o  
3.3 w t %  su l fur  contents) .  

prepared from white o i l  plus DBDS can be used f o r  ca l ibra t ion  without loss of accura- 
cy, in  s p i t e  of the  f a c t  t h a t  t h e r e  a r e  many differences i n  composition between the  
standards and t h e  unknowns, such as  C / H ,  quant i ty  of ash, chlorine content ,e tc .  

r 

It can be seen from Fig.6 t h a t  t h e  e r r o r s  a r e  within fO.01 wt% f o r  most of  t h e  

Since the  observed er rors  a r e  so s m a l l ,  we can conclude t h a t  standard samples 

Conclusion 

A non-dispersive x-ray s u l f u r  analyzer which consis ts  of the prototype “Rigaku 
Sulfur-X” plus addi t ional  mechanisms f o r  correct ing various matrix e f f e c t s  was devel- 
oped. 

Test r e s u l t s  made on a v a r i e t y  o f  fue l  o i l s  indicated t h a t  the modified analyzer 
can accurately measure s u l f u r  contents  of f u e l  o i l s (wi th in  tO.01 w t %  of the  ac tua l  
value) by using cal ibrat ion standards prepared from white  o i l  plus di-butyl di-sul- 
f ide.  
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A :  In t ens i ty  mode 
B: Measuring mode 
C :  Cal ibrat ion mode 

1. x-ray tube 
2. x-ray detector 
3. pre-amplifier 
4. linear amplifier 
5 .  lower l eve l  discriminater 
6.  higher l eve l  discriminater 
7. anti-coincidence 
8. s ca l e r  f o r  S-m spectrum 
9. s ca l e r  fo r  sca t te red  rad ia t ion  1 4 .  su l fu r  content f o r  r b . 1  std.(manual input )  

10. r a t i o  ce lcu la tor  15. su l fu r  content f o r  N0.2 std.(manual i npu t )  
11. sca le r  fo r  No.1 standard 16. su l fu r  content fo r  Iio.3 std.(manual input )  
12. sca l e r  for  No.2 standard 17. ca lcu la tor  fo r  working equation 
13. sca l e r  fo r  No.3 standard 18. ind ica tor  

Fig.1 Schematic diagram of the  non-dispersive x-ray su l fu r  analyzer 

Rote: t he  blocks surrounded by s o l i d  l i nes  are those of t he  prototype. 
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Fig.6 Analytical r e s u l t s  for a var ie ty  of fue l  o i l s  

A: Samples which had been used and analyzed i n  inter- laboratory 
t e s t s  by quartz tube method(J1S K 2541-1971). 

0 :  Standard reference mater ia l s (mS and JPI). 
Horizontal ax is :  Sulfur  content e i t h e r  determined by quartz tube 

method or c e r t i f i e d  by NBS or JPI .  
Vert ical  ax is  : The difference AS ( w t x )  given by following equ- 

a t ions ,  

= 'quartz- 'x-ray 

SX-W AS = Ss, - 

Table 1. Character is t ics  of the  sample o i l s *  analyzed 

Term Range 

C/H (wt%/wt%) 6.0 - 8.5 
Sulfur  content ( w t X )  0.1 - 3.4 
Ash (wt%) 0.01 - 0.2 
POW point  ("c) -10 - +35 
Viscosity,@50°C (cSt )  2.5 - 200 

0.84 - 0.95 Speci f ic  gravi ty  (15/hoC)  
Chlorine content**(wt%). 0 - 0.5 

These samples had been analyzed previously i n  

** Chlorinated paraffins were added t o  some of  the  
inter- laboratory tests. 

sample o i l s  f o r  t h e  aajustment of C1 contents. 
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