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In t roduct ion  

Vast d e p o s i t s  of high s u l f u r  caking c o a l s  found i n  t h e  e a s t e r n  and midwestern 
United S t a t e s  can be converted t o  c lean  gaseous energy by g a s i f i c a t i o n .  I n  t h e  
1980's many coa l  g a s i f i c a t i o n  p l a n t s  are expected t o  be cons t ruc ted  i n  the United 
S t a t e s  t o  produce a high-Btu gas  a s  a supplement t o  t h e  dwindl ing supply of n a t u r a l  
gas. One important  c o n s i d e r a t i o n  i n  the  development of a c o a l  g a s i f i c a t i o n  process  
i s  t h e  a c c e p t a b i l i t y  of v a r i o u s  c o a l  feedstocks.  
p rocess  f o r  t h e  manufacture of high-Btu gas  from coal .  
t h e  c a p a b i l i t y  of us ing  t h e  SYNTHANE process  f o r  t h e  g a s i f i c a t i o n  of t h e  mi ld ly  
caking h igh  s u l f u r  c o a l  from Iowa. 
r e s e r v e s  ( 7 . 2  x 10 t o n s )  (1) b u t  is a l s o  convenient  t o  t h e  l a r g e  energy markets  of 
t h e  Midwest. The Iowa c o a l  f o r  t h i s  s tudy is from t h e  Iowa Coal P r o j e c t  Demonstra- 
t i o n  Mine 111 of Iowa S t a t e  Univers i ty .  This c o a l  bed is loca ted  i n  t h e  southwest  
corner  of Mahaska County and i s  p a r t  of t h e  Cherokee Group. 

The SYNTHANE process  is  one such 
This r e p o r t  demonstrates  

This  c o a l  is n o t  on ly  p r e s e n t  i n  s u b s t a n t i a l  9 

Experimental Equipment 

A schematic f low diagram of t h e  SYNTHANE PDU g a s i f i c a t i o n  system is  shown i n  f i g u r e  
1. This  system combines t h e  s t e p s  of f luidized-bed pre t rea tment ,  f r e e - f a l l  carboni-  
z a t i o n  and f luidized-bed g a s i f i c a t i o n .  The p r e t r e a t e r  is a n  8-foot long,  3/4-inch 
diameter  p i p e  wi th  a 2-1/2-foot long,  1-inch diameter  expanded zone. Both s e c t i o n s  
of p ipe  are schedule  80 and made of 304 s t a i n l e s s  steel. The p r e t r e a t e r  is enclosed 
by f o u r  i n d i v i d u a l l y  c o n t r o l l e d  h e a t e r s  t h a t  supply h e a t  f o r  s t a r t u p  and t o  counter  
r a d i a t i o n  l o s s e s .  
p i p e  made of  304 s t a i n l e s s  steel loca ted  d i r e c t l y  above t h e  g a s i f i e r .  E l e c t r i c  
h e a t e r s  surrounding t h e  carbonizer  maintain t h e  temperature  a t  1000° F.  
i s  a 6-foot long,  4-inch diameter  schedule  40 p i p e  made of 310 s t a i n l e s s  s t e e l .  
Surrounding t h e  g a s i f i e r  i s  a 10-inch schedule  40 p i p e  made of 304 s t a i n l e s s  s teel  
which acts as a p r e s s u r e  s h e l l .  I n  t h e  annulus  t h r e e  i n d i v i d u a l l y  c o n t r o l l e d  
e l e c t r i c  h e a t e r s ,  wrapped i n  a 2-inch t h i c k  b lanket  of i n s u l a t i o n ,  supply h e a t  f o r  
s t a r t u p  and t o  counter  r a d i a t i o n  lo s s  dur ing  opera t ion .  A 1/8- inch pipe e n t e r i n g  
t h e  base  of t h e  g a s i f i e r  s e r v e s  as t h e  gas  d i s t r i b u t o r .  A thermowell made of 3/8- 
i n c h  pipe l o c a t e d  i n  t h e  c e n t e r  of t h e  g a s i f i e r  extends from 1-inch above t h e  gas  
d i s t r i b u t o r  t o  t h e  top of t h e  carbonizer .  Twelve thermocouples i n s e r t e d  i n t o  t h e  
thermowell d e t e c t  i n t e r n a l  temperatures  from t h e  base  of t h e  g a s i f i e r  t o  t h e  t o p  of 
t h e  carbonizer .  A v a r i a b l e  speed e x t r a c t o r  screw l o c a t e d  a t  t h e  base  of t h e  g a s i f i e r  
maintains  t h e  bed he ight  by removing reac ted  char .  The r a w  product  gas l e a v i n g  t h e  
t o p  of t h e  g a s i f i e r  i s  f i l t e r e d  t o  remove f i n e  p a r t i c l e s  and cooled i n  a series of 
two water- jacketed condensers. Ef f luent  water and tar are c o l l e c t e d  i n  a r e c e i v e r .  
The dry gas  is then  analyzed by mass spec t romet r ic  and chromatographic methods 
p r i o r  t o  meter ing t h e  f low r a t e .  

The carbonizer  is a 6-foot long,  10-inch diameter  schedule  40 

The g a s i f i e r  

Experimental Procedure 

The caking Iowa c o a l  ( a n a l y s i s  shown i n  t a b l e  1) w a s  crushed and s i z e d  t o  a n  average 
s i z e  of 240 microns with a U.S. Standard mesh range of 20 X 0. The pulver ized  c o a l  
w a s  fed t o  t h e  base  of t h e  p r e t r e a t e r  under p r e s s u r e  (40 atm) a t  a r a t e  of about  20 
l b / h r .  The c o a l  then moved through t h e  p r e t r e a t e r  i n  a f l u i d i z e d  s t a t e  wi th  n i t r o g e n  
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and oxygen. The p r e t r e a t i n g  condi t ions  were t h e  same as those  developed f o r  t h e  
pre t rea tment  of I l l i n o i s  No. 6 c o a l  a s  r e p o r t e d  by Gasior  (2) .  The decaked c o a l  
emptied from t h e  top  of t h e  p r e t r e a t e r  and w a s  g r a v i t y  fed  i n t o  t h e  g a s i f i e r  through 
t h e  carbonizer ,  countercur ren t  t o  t h e  e x i t i n g  product  gas .  A mixture  of steam and 
oxygen e n t e r i n g  t h e  base  of t h e  g a s i f i e r  provided both  t h e  r e a c t a n t  and f l u i d i z i n g  
gases .  G a s i f i e r  temperatures  w e r e  maintained by vary ing  t h e  f low rate  of  oxygen t o  
t h e  r e a c t o r .  A f luidized-bed he ight  of about  68 inches  was maintained by a d j u s t i n g  
t h e  char  e x t r a c t i o n  r a t e  t o  co inc ide  wi th  t h e  c o a l  feed  and g a s i f i c a t i o n  rates. 

Discussion and R e s u l t s  

The opera t ing  condi t ions  and r e s u l t s  f o r  t h e  t h r e e  experimental  g a s i f i c a t i o n  t e s t s  
a r e  shown i n  t a b l e  2 .  
l b / h r ,  which are equiva len t  t o  c o a l  throughputs  of 37.4 t o  42.4 l b / h r  f t  of g a s i -  
f i e r  volume. Average gas  i n p u t s  of 0 . 3 5  l b  oxygen/lb c o a l  and 1.8 l b  s team/ lb  c o a l  
r e s u l t e d  i n  a s u p e r f i c i a l  gas  v e l o c i t y  of 0.29 f t / s e c  a t  40 atmospheres p r e s s u r e  i n  
t h e  4-inch g a s i f i e r .  No d i f f i c u l t y  w a s  experienced i n  main ta in ing  temperature  
c o n t r o l  i n  t h e  f luidized-bed wi th  the  average of t h e  maximum g a s i f i e r  tempera tures  
ranging from 1761°. to  1832' F, and no s l a g - s i n t e r i n g  problems occurred at peak 
g a s i f i e r  temperatures  of 1850" F. 

The r e s u l t s  of t h e  t h r e e  tests showed t h a t  carbon conversions ranged from 77.0 t o  
80.2 percent  and steam conversions o r  decomposition ranged from 14 .3  t o  16.9 percent .  
Raw gas  a n a l y s i s  showed t h a t  t h e  hydrogen s u l f i d e  y i e l d  was 0.77 SCF/lb c o a l ,  maf, 
f o r  t h e  8 percent  s u l f u r  c o a l ,  while  product  gas  y i e l d s  (H2 + CO + CH4 + C H6) 
averaged 13.6 SCF/lb c o a l ,  maf, wi th  equiva len t  methane y i e l d s  (CH4 + C2H6? ranging  
from 3.45 t o  3.60 SCF/lb coa l ,  maf. 

Comparing test r e s u l t s  us ing  Iowa c o a l  t o  similar test  r e s u l t s  us ing  I l l i n o i s  N o .  6 
c o a l ,  as repor ted  by Forney ( 3 ) ,  the  Iowa c o a l  r e s u l t s  showed h igher  carbon conversions 
(78.6 VS. 71.8 percent ) ,  lower product  gas  y i e l d s  (13.6 v s  14.9 SCF/lb c o a l ,  maf) 
and h igher  hydrogen s u l f i d e  y i e l d s  (0.77 vs .  0.36 SCF/lb c o a l ,  maf). The h i g h e r  
temperature  accounted f o r  t h e  h igh  carbon conversion whi le  t h e  high s u l f u r  conten t  
of t h e  c o a l  r e s u l t e d  i n  h igh  hydrogen s u l f i d e  y i e l d s  and s l i g h t l y  lower hydrogen 
y i e l d s .  The high steam t o  c o a l  r a t i o  (1.8/1) r e s u l t e d  i n  a h igh  hydrogen t o  carbon 
'monoxide r a t i o  ( 3 . 3 / 1 ) .  Calcula t ions  i n d i c a t e  t h a t  s h i f t  e q u i l i b r i u m  f o r  a l l  tests 
is  achieved between t h e  average temperature  and t h e  temperature  a t  t h e  top  of t h e  
bed. The high hydrogen t o  carbon monoxide r a t i o  would e l i m i n a t e  t h e  need f o r  a 
s h i f t  r e a c t o r  and can be c o n t r o l l e d  t o  g i v e  t h e  d e s i r e d  r a t i o  f o r  methanat ion 
(~3.05/1) by a d j u s t i n g  t h e  steam t o  c o a l  r a t i o .  

Table  3 shows t h e  d i s t r i b u t i o n  of s u l f u r  forms i n  t h e  c o a l  and char .  S u l f u r  forms 
a r e  determined by e x t r a c t i o n  of t h e  c o a l  and char  samples wi th  hydrochlor ic  and 
n i t r i c  a c i d s .  The a n a l y s i s  and a weight ba lance  between t h e  c o a l  f e d  and char  
produced i n d i c a t e s  that most of t h e  s u l f u r  i n  t h e  c o a l  is converted t o  hydrogen 
s u l f i d e  and t r a c e  s u l f u r  compounds i n  t h e  gas  and t a r .  
t h e  s u l f a t e  s u l f u r ,  0 . 3  weight percent  of p y r i t i c  s u l f u r  and 26.9 percent  of t h e  
organic  s u l f u r  found i n  t h e  c o a l  remain i n  t h e  c h a r  a f t e r  g a s i f i c a t i o n .  P y r i t i c  
s u l f u r  is e a s i l y  removed by i t s  r e a c t i o n  wi th  hydrogen.(4) The s u l f a t e  s u l f u r  i s  
a l s o  converted t o  hydrogen s u l f i d e .  

A s  shown i n  t a b l e  4 ,  t h e r e  a r e  a number of t r a c e  s u l f u r  compounds i n  a d d i t i o n  t o  
t h e  l a r g e  q u a n t i t i e s  of hydrogen, carbon monoxide, carbon d ioxide ,  methane, e thane  
and hydrogen s u l f i d e  produced i n  t h e  g a s i f i e r .  
from t h e  product gas by cryogenic  d i s t i l l a t i o n  and by measured mass spec t romet r ic  
a n a l y s i s .  The product  gas  conta ins  3 . 2  volume percent  s u l f u r  compounds and would 
r e q u i r e  a s u l f u r  c l e a n  up p r i o r  t o  methanation. 

Coal feed  r a t e s  f o r  t h e s e  tests ranged from 17 .6  50 19.9 

About 0.7 weight  percent  of 

These t r a c e  compounds are s e p a r a t e d  

199 



The a n a l y s i s  and f u s i b i l i t y  of a s h  f o r  Iowa c o a l  and char  are shown i n  t a b l e  5 .  
t a i n  compounds contained i n  t h e  a s h  of c o a l s  undoubtedly c o n t r i b u t e  t o  t h e  carbon 
conversion,  g a s i f i c a t i o n  r a t e s ,  t h e  q u a n t i t y  and t h e  q u a l i t y  of gas  produced. ( 2 ,  5 ,  6)  
According t o  Grossman (7 )  and Ely (8) i r o n  is t h e  major c o n t r i b u t o r  i n  lowering t h e  
f u s i o n  temperature  of c o a l  a s h  under reducing condi t ions .  Gasior (2)  a l s o  found t h a t  
c o a l s  having t h e  g r e a t e s t  percentage of calcium and magnesium compounds have t h e  lowest  
s i n t e r i n g  temperature. R e s u l t s  of t h e s e  Iowa c o a l  g a s i f i c a t i o n  tests appear  t o  confirm 
t h e s e  f i n d i n g s  s i n c e  no s i n t e r i n g  w a s  observed. 

The major e f f l u e n t  problem a s s o c i a t e d  wi th  t h e  steam-oxygen g a s i f i c a t i o n  of Iowa 
c o a l  is t h e  unreacted steam l e a v i n g  t h e  g a s i f i e r  a s  contaminated water  condensate. 
The a n a l y s i s  of t h i s  water is shown i n  t a b l e  6 a long  w i t h  a coke p l a n t  water  a n a l y s i s  
f o r  comparison. The amounts of t h e  contaminants  vary  g r e a t l y ,  b u t  t h e  cjlanide and 
th iocyanate  conten t  of the g a s i f i c a t i o n  e f f l u e n t  is much smaller than i n  t h e  coke 
p l a n t  e f f l u e n t  while t h e  phenol and COD conten t  are g r e a t e r .  It i s  be l ieved  t h a t  
t h e  h igh  steam p a r t i a l  p r e s s u r e  i n  t h e  SYNTHANE g a s i f i e r  causes  conversion of 
n i t r o g e n  compounds t o  ammonia. Coke p l a n t  water  p o l l u t i o n  has  been a l l e v i a t e d  t o  
some exten t  (9), b u t  some problems s t i l l  remain. The Iowa c o a l  e f f l u e n t  water  
a n a l y s i s  shows no s i g n i f i c a n t  d i f f e r e n c e  from o t h e r  r e p o r t e d  ana lyses  of SYNTHANE 
e f f l u e n t  waters .  (10) 

A c o a l  t a r  byproduct is a l s o  produced from t h e  g a s i f i c a t i o n  of Iowa c o a l .  This t a r  
l e a v e s  t h e  g a s i f i e r  a s  a vapor w i t h  t h e  unreac ted  steam and i s  e a s i l y  separa ted  
from t h e  e f f l u e n t  water condensa te  by decant ing .  The t a r  i s  heavier  than  water and 
n e g l i g i b l e  amounts of a l ighter- than-water  phase a r e  produced. 
a n a l y s i s  and phys ica l  p r o p e r t i e s  of t h e  tar  produced. For t h e  g a s i f i c a t i o n  of Iowa 
c o a l ,  t a r  y i e l d s  averaged 7 . 3  percent  of t h e  c o a l  f e d ,  compared t o  4.0 percent  f o r  
I l l i n o i s  No. 6 coal .  Gasior  (2)  and Nakles (11) have found t h a t  feeding t h e  coa l  
below the  top of t h e  f lu id ized-bed  can  s i g n i f i c a n t l y  reduce t h e  tar y i e l d .  A 
simulated ASTM d i s c i l l a t i o n  of t h i s  tar shows t h a t  less than 50 percent  of the  t a r  
b o i l s  below 940" F. The h igh  percentage of s u l f u r  ( 3 . 2 % ) ,  however, could d r a s t i c a l l y  
l i m i t  t h e  d i r e c t  use  of t h e s e  tars as a f u e l .  With an e f f e c t i v e  d e s u l f u r i z a t i o n  
process ,  t h e  d e s u l f u r i z e d  tar could be used as a nonpol lu t ing  b o i l e r  f u e l  o r  a n  o i l  
r e f i n e r y  feeds tock .  

Cer- 

Table 7 shows t h e  

Conclusions 

O v e r a l l  r e s u l t s  from an e x p l o r a t o r y  s tudy  t o  g a s i f y  a mi ld ly  caking, h igh  s u l f u r  
Iowa coa l  i n  t h e  SYNTHANE PDU g a s i f i e r  have shown t h a t  carbon conversions of 80 
percent  and steam convers ions  of 16  p e r c e n t  can be achieved a t  avera  e maximum 
g a s i f i e r  temperatures  of 1832' F and c o a l  throughputs  of 40 l b / h r  f t  . These 
r e s u l t s  confirm publ i shed  f i n d i n g s  t h a t  c o a l s  having t h e  l a r g e s t  amount of calcium 
and magnesium compounds have  t h e  lowest  s i n t e r i n g  temperatures  and t h a t  t h e  amount 
of  s u l f u r  i n  t h e  tar and gaseous products  is g e n e r a l l y  r e l a t e d  t o  t h e  amount of 
s u l f u r  i n  t h e  coa l .  The e f f l u e n t  water  shows no s i g n i f i c a n t  d i f f e r e n c e  from o t h e r  
SYNTHANE g a s i f i e r  condensates ,  and is genera l ly  similar t o  coke-oven byproduct 
w a t e r .  
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Table 1. - Analys is  and f ree-swel l ing  index of Iowa c o a l  

Class High-Volati le C 

Analysis (as r ece ived) ,  % 

Moisture 

V o l a t i l e  Matter 

Fixed carbon 

Ash 

Hydrogen 

Carbon 

Nitrogen 

oxygen 
S u l f u r  

Free-swelling index 

2.9 

36.2 

41.2 

19 .7  

4 . 4  

59.2 

0.8 

8.0 

7.9 

1 . 5  



Table 2. - Operat ing condi t ions  and r e s u l t s  f o r  Iowa c o a l  g a s i f i c a t i o n  
tests i n  a f luidized-bed a t  40 atmospheres p r e s s u r e  

Test  No. 209 

Operat ing time, h r s .  6.0 

Coal feed  rate, l b / h r  17.6 

l b / h r  f t 3  g a s i f i e r  37.4 

Bed he ight ,  i n .  68.4 

Steam rate, l b / h r  35.3 

Oxygen rate, SCFH 75.5 

Temperature, OF 

peak 1844 

average  maximum 1761 

average  1664 

t o p  of bed 1572 

avg. max. temp., f t / s e c  0.28 
S u p e r f i c i a l  gas  v e l o c i t y  a t  

Yie lds  and conversions 

Carbon conversion,  

Steam decomposition, 
weight  percent  14.3 

Product  g a s  - 
y i e l d ,  SCF/lb c o a l ,  maf 13.7 

weight percent  80.2 

1/ 

21 Equivalent  m e t h a n e  
y i e l d ,  SCF/lb c o a l ,  maf 3 .60  

Tar y i e l d ,  % of coal- 
fed  7.6 

3/  

Product g a s  a n a l y s i s ,  d ry ,  
N2 f r e e  ( X )  

H2 
co 

33.6 

9.2 

11.9 

40.7 
CH4 

c02 

C2H6 

H2S 

- 1 / H 2  + CO + CH4 + C2H6. 

1 .4  

3.2 

210 

6.0 

19.5 

67.0 

67.9 

35.1 

81.5 

1850 

1832 

1691 

1576 

0.29 

77 .O 

15.4 

13.5 

3.53 

7.0 

211 

6 .0  

19.9 

68.0 

68.0 
35.3 

76.9 

1850 

1832 

1702 

1601 

0.29 

78.6 

16.9 

13.6 

3.45 

7.4 

33.2 33.7 

10.3 10.7 

12.1 11.9 

39.8 39 .1  

1.4 1 . 4  

3.2 3.2 

%H4 + C2H6. 

- 3/As r e c e i v e d  a f t e r  a i r  drying.  

202 



Table 3. - D i s t r i b u t i o n  of s u l f u r  forms i n  Iowa c o a l  
and char  and t h e  s u l f u r  conversion 

S u l f a t e  P y r i t i c  Organic 

% S i n  Coal 0 .41  5.18 2.35 

% S i n  Char 0 .01 0.05 2.55 

l b  c h a r f l b  c o a l  0.29 0.28 0.26 

% Converted 99.3 99.7 73.1 

11 Table 4. - Trace components i n  dry  product  gas- from t h e  f l u i d i z e d -  
bed g a s i f i c a t i o n  of Iowa c o a l  wi th  steam and oxygen a t  

40 atmospheres p r e s s u r e  

T e s t  No. 209 210 

Hydrogen S u l f i d e  11,040 12,000 

Carbonyl s u l f i d e  250 

Methyl mercaptan <5 

Thiophene <5 

Sulfur  d i o x i d e  - 
Benzene 100 

Toluene 100 

Xylene - 
- 1 / A l l  va lues  i n  ppm by volume. 
- ZfNot determined. 

250 

<5 

<5 

21 N .D .- 
21 N.D.- 

11 Table 5. - Analys is  and f u s i b i l i t y  of ash- of Iowa c o a l  and char  

Major Elements i n  Ash 

SiOz 

A1203 

FeZ03 

Ti02 

C a O  

MgO 
Na20 

Coal, % 

35.4 

14.0 

39.5 

0.8 

3.6 

0.4 

1 . 3  

Char, % 

34.1 

14.7 

44.0 

0.6 

2.8 

0.3 

0.4 

0.9 0 .7  K2° 
so3 1 .5  0 .1  

F u s i b i l i t y  of ash ,  O F  

I n i t i a l  deformation temp. 1900 1930 

Sof ten ing  temperature  1950 1980 

Flu id  temperature  2040 2030 

- 1 / S t a f f ,  O f f i c e  Direc tor  of Coal Research Methods of Analyzing and Tes t ing  
Coke and Coal, BuMines Bull .  638, 1967, 82 pp. 
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11 Table 6. - E f f l u e n t  water analysis-  from t h e  f lu id ized-bed  
g a s i f i c a t i o n  of Iowa c o a l  wi th  steam,$nd 

oxygen a t  40 atmospheres pressure2' 

Test No. 

PH 
Suspended s o l i d s  

Phenol 

COD 

TOC 

Thiocyanate  

Cyanide 

Chlor ide  

Amnonia 

209 

9.0 

6 

2060 

14500 

4600 

108 

0.029 

22 

N . D . ~  

11Standard method f o r  t h e  examination of water and waste  w a t e r  - 
according t o  t h e  American Publ ic  Heal th  Associat ion;  American 
Water and Waste Water Associat ion,  and Water P o l l u t i o n  Control 
Federa t ion ,  1 3 t h  Edi t ion ,  1971. 

- 21All v a l u e s  i n  ppm except  pH. 
- 3/Not determined.  

210 

9.2 
16 

2340 

17400 

4970 

129 

0.027 

40 

N.D.- 31 

211 

9.1 
1 5  

2180 

16800 

4850 

135 

0.122 

118 

N . D 7  31 

Coke P l a n t  

9.0 
50 

2000 

7000 

N.D.- 

1000 

100 

N.D.- 

5000 

31 

31 

Table 7. - Product  tar a n a l y s i s  and p h y s i c a l  p r o p e r t i e s  of dewatered 
tar  from t h e  f luidized-bed g a s i f i c a t i o n  of Iowa c o a l  

w i t h  steam and oxygen at  40 atmospheres 

Tes t  No.  210 211 

11 Ultimate a n a l y s i s  of t a r , -  
weight  percent  

C 83.7 

6.6 

0.9 

S 3.2 

0 5.6 

HZ 

N2 

83.8 

6.4 

1.0 

3 .2  

5 .6  

Benzene i n s o l u b l e s ,  weight percent  0.8 1.1 

V i s c o s i t y ,  ssu @ 1800 FL' 132 152 

S p e c i f i c  Gravi ty  @ 60/60° FA' 1.151 1.150 

ASTM D i s t i l l a t i o n ,  weight percent  
b o i l i n g 1  OF 48.81940' 40.2/928° 

- l/ASTM D271. 
2/ASTM D88. - 
- 3lASTM D70. 
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CHEMICAL BOND CLEAVAGE DURING ASPHALTENE FORMATION' 

Ben M. Benjamin, V. F. Raaen, G. W. Kabalka, and C. J. C o l l i n s  
Chemistry D iv i s ion ,  Oak Ridge Na t iona l  Laboratory  

Oak Ridge, Tennessee 37830, U.S.A. 

An impor tan t  quest ion a r i s i n g  from experiments i n v o l v i n g  coal l i q u e -  
f a c t i o n  processes i s  "which bonds a r e  broken when s o l i d  coal  i s  converted 
t o  l i q u i d s ,  $r t o  so lub le  o i l s ,  asphaltenes, and preasphal tenes?"  
e a r l i e r  work i t  was proposed t h a t  e the r  l i nkages  were c leaved and hydro- 
genolys is  occu r red  du r ing  t rea tmen t  o f  coal  w i t h  hydrogen-donor so lvents  
a t  e levated temperatures. Thus, a l i m i t e d  number o f  model e t h e r  s t ruc tu res  
were shown t o  break i n  t h e  presence o f  t e t r a h y d r o q u i n o l i n e  a t  309'. It was 
a l so  repor ted2y3 t h a t  s o l u b i l i z a t i o n  cou ld  n o t  be due t o  cleavage o f  s i n g l e  
methylene b r idges  i n  coa l .  However, s t r u c t u r e s  c o n t a i n i n g  one methylene 
group i n  t h e  b r idge ,  such as diphenylmethane, a re  s t a b l e  under t h e  above 
cond i t i ons .  

I n  

4 We presented data i n  a recen t  manuscr ip t  showing t h a t  o t h e r  s t r u c t u r e  
types undergo the rmo lys i s  under t h e  c o n d i t i o n s  o f  asphaltene format ion.  
v a r i e t y  o f  d i a r y l -  and t r i a r y l e t h a n e s  and ethy lenes were found t o  c leave a t  
t h e  c e n t r a l  C-C bond; t h e  de r i ved  products  were cha rac te r i zed .  C e r t a i n  
ethers were found t o  c leave accompanied by t h e  fo rma t ion  o f  water .  

A 

We have now i n v e s t i g a t e d  a l a r g e  v a r i e t y  o f  compounds c o n t a i n i n g  s t ruc -  

These compounds a r e  arranged i n  groups and 

t u r a l  l i nkages  chosen, p a r t l y ,  from coa l  models suggested by Given,5 Weiser,6 
and H i l l  and Lyon.7 
d i f f i c u l t y ,  and some n o t  a t  a l l .  
t h e i r  r e l a t i o n  t o  coa l  l i q u e f a c t i o n  i s  considered. 
break e a s i l y  a r e  those  a t t a c h i n g  l a r g e  groups t o  the  aromat ic  nucleus o f  
phenols and phenol e the rs .  Parabenzylphenol i s  r a p i d l y  converted, p r i n c i -  
pa l l y ,  t o  to luene  and phenol w i t h  a l i t t l e  benzene and e -c reso l .  Several 
products a r e  produced from phenylethy l  e ther ;  benzene, to luene,  ethylbenzene, 
phenol, ethane, e thy lene,  and water .  

quest ion r e l a t i n g  t o  t h e  s t r u c t u r a l  u n i t s  i n  coa l .  For  example, "does i t  
con ta in  any i s o l a t e d ,  nonaromatic double bonds?" 
o l e f i n i c  s t r u c t u r e  and carbon nmr i s  ambiguous. Our s o l u t i o n  i s  based on 
t h e  s t i t c h i n g  and r i v e t i n g  r e a c t i o n s  developed by H. C. Brown.8 V i t r i n i t e ,  
o r  a p y r i d i n e - s o l u b l e  f r a c t i o n  o f  i t ,  was reac ted  w i t h  diborane. Then t h e  
hydroborated coa l  was conver ted t o  a t r i a l  ky lborane d e r i v a t i v e  by t r e a t i n g  
i t  w i t h  e thy lene  gas. Any t r i a l k y l b o r a n e  formed w i t h i n  t h e  coa l  s t r u c t u r e  
was f i n a l l y  conver ted t o  a r a d i o a c t i v e - l a b e l e d  ketone by t reatment  w i t h  
r a d i o a c t i v e  carbon monoxide, o r  w i t h  l abe led  cyanide i on ,  f o l l owed  by 
hyd ro l ys i s .  A de te rm ina t ion  o f  t h e  s p e c i f i c  carbon-14 a c t i v i t y  enabled us 
t o  c a l c u l a t e  t h e  number o f  double bonds o r i g i n a l l y  present .  
app ly ing  t h e  above technique t o  o the r  coa l -de r i ved  m a t e r i a l s .  
our data f o l l o w s :  

Some bond types appear t o  c leave r a p i d l y ,  o thers w i t h  

Examples o f  bonds which 

I m p l i c i t  i n  a p o r t i o n  o f  t h e  above d i scuss ion  i s  another impor tant  

Hydrogen nmr does no t  show 

We a r e  p resen t l y  
A summary of 
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Sample 
Radio. Equiv., 

W t  . 
Vit r in i te  ( I l l .  #6) 7300 g .  
Pyridine-soluble Vi t r in i t e  1500 g .  
Blank 61000 g. 

No. of Carbons 
Per Double Bond 

498 
102 
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ISOPROPYL ALCOHOL AS A COAL LIQUEFACTION AGENT 

David S.  Ross and James E. B l e s s i n g  

S t a n f o r d  Research I n s t i t u t e ,  Menlo P a r k ,  CA 94025 

The u s e  o f  T e t r a l i n  and s i m i l a r  H-donor s o l v e n t s  i n  t h e  hydroconver s ion  o f  
c o a l  t o  l i q u i d  f u e l s  is w e l l  known ( 1 ) ,  and is impor t an t  i n  l a r g e - s c a l e  c o a l  conver- 
s i o n  p r o c e s s e s  ( 2 ) .  
H-donor s o l v e n t ,  y i e l d i n g  p r o d u c t s  similar t o  t h o s e  g e n e r a t e d  i n  T e t r a l i n - b a s e d  
sys t ems .  Con t ra ry  t o  t h e  c a s e  f o r  T e t r a l i n ,  it a p p e a r s  t h a t  t h e  a c t i o n  o f  t h e  
i s o p r o p y l  a l c o h o l  can  be promoted by t h e  p r e s e n c e  o f  b a s e s .  T h i s  r e p o r t  p r e s e n t s  
i n i t i a l  d a t a  from a r e s e a r c h  program s t i l l  i n  p r o g r e s s ;  a f u l l  accoun t  o f  t h e  work 
w i l l  be  p r e s e n t e d  i n  a subsequen t  manusc r ip t .  

We p r e s e n t  h e r e  ev idence  t h a t  i s o p r o p y l  a l c o h o l  can  a c t  as an  

EXPERIMENTAL PROCEDURES 

The expe r imen t s  d e s c r i b e d  h e r e  were c a r r i e d  o u t  i n  a 300-1111 MagneDrive, s t a i n -  
less s t e e l  a u t o c l a v e  from Autoclave Eng inee r s .  The s u b s t r a t e  w a s  b e n e f i c i a t e d  
I l l i n o i s  N o .  fi c o a l  s u p p l i e d  by Pennsy lvan ia  S t a t e  U n i v e r s i t y  (PSOC 2 6 ) ,  and ground 
under  n i t r o g e n  i n  a b a l l  m i l l  t o  -60 mesh. I n  each run ,  5-g samples  of t h e  c o a l  
were used, i n  a d d i t i o n  t o  75 t o  1 5 0  g o f  a l c o h o l  s o l v e n t .  These expe r imen t s  were 
r u n  a t  335'C f o r  90 min, w i t h  t y p i c a l l y  4 5  min heat-up and 60 min cool-down 
p e r i o d s .  N o  hydrogen w a s  u sed  i n  any of t h e  expe r imen t s  d e s c r i b e d ,  and t h e  p re s -  
s u r e s  a r e  t h o s e  g e n e r a t e d  by t h e  s o l v e n t s  t hemse lves .  The r e a c t i o n  t empera tu re  of 
335'C was above t h e  c r i t i c a l  t empera tu res  o f  t h e  a l c o h o l s  used. 

I n  t h e s e  expe r imen t s  t h e  p roduc t  m i x t u r e  w a s  f i l t e r e d ,  t h e  r e s i d u e  washed with 
more s o l v e n t  u n t i l  t h e  washings were c o l o r l e s s ,  and t h e  f i l t r a t e  r ecove red  by evapo- 
r a t i o n  of t h e  s o l v e n t  unde r  vacuum. For t h o s e  c a s e s  i n  which a l k o x i d e  s a l t s  were 
used, a l l  f r a c t i o n s  were a p p r o p r i a t e l y  n e u t r a l i z e d  w i t h  c o n c e n t r a t e d  HC1. Both t h e  
f i l t r a t e  and r e s i d u e  were t h e n  d r i e d  t o  c o n s t a n t  weight  a t  l l0 'C unde r  < 1 t o r r  
p r e s s u r e .  I n  a l l  cases t h e  i s o -  
l a t e d  f i l t r a t e  was found t o  be f u l l y  p y r i d i n e - s o l u b l e .  P y r i d i n e  s o l u b i l i t i e s  o f  
t h e  r e s i d u e s  were de t e rmined  a t  room t empera tu re ,  w i t h  0.5 g o f  a p roduc t  c o a l  
f r a c t i o n  s t i r r e d  f o r  1 h r  i n  50 m l  p y r i d i n e .  The p y r i d i n e  s o l u b i l i t i e s  o f  t h e  

r e s i d u e s  were e s t a b l i s h e d  f o r  a l l  c a s e s  and r eco rded  as t h e  f r a c t i o n  o f  t h e  r e s i d u e  
s o l u b l e  i n  p y r i d i n e .  For some c a s e s ,  i t  w a s  conven ien t  t o  r e f e r  t o  t h e  composi te  

' p y r i d i n e  s o l u b i l i t i e s  and e l e m e n t a l  compos i t ion  v a l u e s ,  t h a t  is ,  t h e s e  v a l u e s  f o r  
t h e  e n t i r e  c o a l  sample.  I n  t h e s e  i n s t a n c e s  t h e  i n d i v i d u a l  v a l u e s  f o r  bo th  t h e  
f i l t ra tes  and r e s i d u e s  were a p p r o p r i a t e l y  summed and r eco rded .  

Mass b a l a n c e s  were g e n e r a l l y  g r e a t e r  t h a n  95%. 
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H a l / U a r  ra t ios  were ob ta ined  from t h e  p r o t o n  NMR s p e c t r a ,  which were r u n  on a 
Var i an  EM 3fiO s p e c t r o m e t e r  u s i n g  n e a r l y  s a t u r a t e d  s o l u t i o n s  o f  sample i n  py r id ine -d ,  
o r  CS,/pyridine-d,  mix tu res .  
W i l s o n v i l l e ,  Alabama, sample number 16573, d e r i v e d  from a n  I l l i n o i s  No. 6 c o a l  and  
p rocessed  t o  K109 SRC s p e c i f i c a t i o n .  

The SRC used  was s u p p l i e d  by C a t a l y t i c ,  Inc . ,  

RESULTS AND DISCUSSION 

Autoc lave  Experiments  

The r e s u l t s  o f  a series o f  expe r imen t s  r u n  a t  335'C wi th  a number of s o l v e n t s  
a r e  summarized i n  Tab le  1. The f i g u r e s  f o r  t h e  p y r i d i n e  s o l u b i l i t i e s  and e l e m e n t a l  
a n a l y s e s  a r e  composi te  v a l u e s ,  c a l c u l a t e d  from t h e  r e s p e c t i v e  v a l u e s  for b o t h  t h e  
f i l t r a t e  and r e s i d u e  f r o m  each  r u n .  

T n b l c  1 

TwAT1Il;Kc OF u ~ : ~ l : l ' l c I , Y r ~ l ~  I L L I Y O I S  so. c, COAL, 

17 

50 

61 

97 

R8 

13  

12 

18 

__ 
11;c 

(rn0lXY) _- 
0. 79 

0.81 

0.87 

0.95 

0.83 

0.81 

lenlont n - 
o j c  

("!Ol . l r . )  __ 
0 . 1 1 7  

O . O R 6  

0.073 

o . o w  

0.079 

n.1 LV'CS 

N 
(:.) __- 
1.5s 

1.G3 

1 . 6 4  

1 . 6 9  

I .  33 

1.58 

The t a b l e  shows t h a t  t h e  u n t r e a t e d  c o a l  has  a p y r i d i n e  s o l u b i l i t y  of 17%. I n  
Run 21 ,  i n  which t h e  c o a l  is treated wi th  i s o p r o p y l  a l c o h o l ,  t h e  r e s u l t i n g  p roduc t  
c o a l  d i s p l a y s  a s o l u b i l i t y  i n  p y r i d i n e  of 5 6 .  
and i s  comparable  t o  t h e  r e s u l t s  f o r  a similar experiment  w i t h  T e t r a l i n ,  Run 48, 

T h i s  r e s u l t  i s  c l e a r l y  s i g n i f i c a n t ,  
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where t h e  r e s u l t a n t  c o a l  p roduc t  shows a 47% p y r i d i n e  s o l u b i l i t y .  
s i m i l a r i t y  of t h e  e l e m e n t a l  a n a l y s e s  f o r  t h e  p r o d u c t s  i n  bo th  c a s e s  leads  u s  t o  
conclude t h a t ,  l i k e  T e t r a l i n ,  i s o p r o p y l  a l c o h o l  a c t s  a s  an H-donor under  t h e s e  
c o n d i t i o n s .  

The s u r p r i s i n g  

An a l t e r n a t i v e  p o s s i b i l i t y  i s  t h e  i n t r o d u c t i o n  of i sop ropyoxy l  groups t o  t h e  
c o a l ,  which would p o s s i b l y  i n c r e a s e  bo th  t h e  s o l u b i l i t y  and t h e  H/C r a t i o .  
r o u t e  is m x t  l i k e l y  r u l e d  o u t  f o r  Run 21, however, on t h e  b a s i s  of t h e  d e c r e a s e  i n  
t h e  O/C r a t i o  wi th  r e s p e c t  t o  t h e  s t a r t i n g  c o a l .  

T h i s  

T h i s  p o i n t  i s  confirmed by t h e  r e s u l t s  of Run 36, where t - b u t y l  a l c o h o l  w a s  
used.  The s t r u c t u r a l  d i f f e r e n c e s  between i s o p r o p y l  and t - b u t y l  a l c o h o l s  are i n s i g -  
n i f i c a n t  f o r  work a t  t h e s e  t empera tu res ,  and i f  a l k o x y l a t i o n  were impor t an t ,  it 
would t a k e  p l a c e  w i t h  bo th  a l c o h o l s .  The p y r i d i n e  s o l u b i l i t y  o f  t h e  product  c o a l  
from t h e  t - b u t y l  a l c o h o l  expe r imen t ,  however, is  somewhat less t h a n  t h a t  of t h e  
s t a r t i n g  c o a l ,  and s i g n i f i c a n t l y  l e s s  t h a n  t h e  resul ts  for Runs 21  and 48. These 
d a t a  thus  s u p p x t  o u r  c o n t e n t i o n  t h a t  f o r  t h e  i s o p r o p y l  a l c o h o l  c a s e  n o  inco rpora -  
t i o n  of s o l v e n t  i n t o  t h e  c o a l  has  t a k e n  p l a c e .  On t h e  o t h e r  hand o n l y  t h e  iso- 
?)ropy1 a l c o h o l  can p r o v i d e  hydrogen, pe rhaps  as hydr ide ,  a s  d i s c u s s e d  below. The 
l a r g e  d i f f e r e n c e  i n  t h e  r e s u l t s  i s  t h u s  c o n s i s t e n t  w i t h  H-donat ion by i s o p r o p y l  
a l coho l .  

These r e s u l t s  s u g g e s t  a s i m i l a r i t y  i n  g e n e r a l  mechanism t o  t h e  known Meerwein- 
Pondorff  r e d u c t i o n  o f  c a r b o n y l  g roups  wi th  i sop ropox ide  s a l t s ,  most commonly 
aluminum i sopropox ide  i n  i s o p r o p y l  a l c o h o l  ( 3 ) .  
t h e  oxygen-bearing c a r b o n  i n  t h e  a l c o h o l  i s  t r a n s f e r r e d  t o  a ca rbony l  group, t he reby  
r educ ing  i t .  To tesL t h i s  p o s s i b l e  mode of r e a c t i o n ,  aluminum i sopropox ide  w a s  
added to t h e  r e a c t i o n  m i x t u r e  i n  Run 53 and po ta s s ium i sopropox ide  was added i n  
Run 54. 

In  t h i s  r e a c t i o n  hydr ide  ion  from 

F o r  Run 53, t h e  p roduc t  is  61% s o l u b l e  i n  p y r i d i n e ,  somewhat enhanced r e l a t i v e  
t o  ihe  v a l u e  f o r  i s o p r o p y l  a l c o h o l  a lone .  For t h e  po ta s s ium i sopropox ide  c a s e  t h e  
r e s u l t  i s  s t r i k i n g .  
a d d i t i o n a l l y ,  t h e  o r g a n i c  s u l f u r  i n  t h e  c o a l  has  been r educed  t o  t h e  low va lue  of 
0.41%. 

The p roduc t  c o a l  is e s s e n t i a l l y  f u l l y  p y r i d i n e - s o l u b l e ,  and 

W h i l e  t h e s e  d a t a  s t r o n g l y  s u p p o r t  a hydr ide  t r a n s f e r  p r o c e s s ,  it might be 
proposed t h a t  t h e  r e s u l t s  were due t o  some k ind  o f  base-promoted d i s s o l u t i o n .  This  
p o s s i b i l i t y  w a s  e l i m i n a t e d  by t h e  d a t a  from Run 61,  i n  which po ta s s ium t -bu tox ide  
i n  t - b u t y l  a l c o h o l  was used.  H e r e  t h e  r e s u l t  is  l i t t l e  d i f f e r e n t  from t h a t  f o r  
t - b u t y l  a l c o h o l  a l o n e .  

Thus i t  c a n  b e  conc luded  t h a t  i s o p r o p y l  a l c o h o l  c a n  a c t  a s  a n  H-donor s o l v e n t  
f o r  c o a l  c o n v e r s i o n  i n  a p r o c e s s  i n v o l v i n g  hydr ide  t r a n s f e r  from t h e  a l c o h o l ,  or 
a l k o x i d e  sa l t ,  t o  t h e  c o a l .  
a c h a i n  p r o c e s s ,  s u c h  as 

The n e t  t r a n s f e r  of H, t o  t h e  coal c o u l d  i nvo lve  a 

-OCH(CH,), + c o a l  - O=C(CH,) ,  + coalH- (1) 

coalH- t HOCH(CH,),- coalH, + -OCH(CH,),  ( 2 )  
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i n  which t h e  a l k o x i d e  i o n  is  r e g e n e r a t e d  wi th  each  c y c l e ,  H2 has  been t r a n s f e r r e d  
t o  t h e  c o a l ,  and a c e t o n e  i s  formed. The fo rma t ion  of a c e t o n e  has  i n  f a c t  been 
confirmed q u a l i t a t i v e l y ,  and expe r imen t s  are  c u r r e n t l y  unde r  way t o  assess t h e  
q u a n t i t a t i v e  n a t u r e  o f  t h e  p r o c e s s .  

P r o d u c t  C h a r a c t e r i z a t i o n  

b 

While we have w r i t t e n  r e a c t i o n  ( 2 )  w i t h  t h e  n o t a t i o n  coalH,, we do n o t  wish t o  
imply t h a t  s imp le  h y d r o a d d i t i o n  t o  m u l t i p l e  bonds has  n e c e s s a r i l y  o c c u r r e d .  The 
q u e s t i o n  o f  t h e  s p e c i f i c  s i t e  o f  hydrogen r e a c t i o n  remains open, and i t  i s  o f  
i n t e r e s t  t o  e s t a b l i s h  t h e  d e g r e e s  t o  which h y d r o a d d i t i o n  and hydroc rack ing  have 
t a k e n  p l a c e .  

Accordingly,  it is  conven ien t  t o  look a t  o u r  p roduc t  d a t a  i n  more d e t a i l ,  
namely i n  terms of  t h e  s e p a r a t e d  f r a c t i o n s  o f  t h e  prOdJCt c o a l .  T a b l e  2 p r e s e n t s  
d a t a  f o r  t h e  f r a c t i o n  o f  t h e  s t a r t i n g  c o a l  i s o l a t e d  from t h e  s o l v e n t  a f t e r  r eac -  
t i o n ,  t h e  H/C and Hal/Har ratios f o r  t h a t  f r a c t i o n ,  t h e  H/C r a t i o  of t h e  r e s i d u e ,  
and t h e  s o l u b i l i t y  o f  t h e  r e s i d u e  i n  p y r i d i n e .  
s t a r t i n g  c o a l ,  f o r  t h e  r e s i d u e  from t h e  po ta s s ium i s o p r o x i d e  expe r imen t ,  and f o r  
an  I l l i n o i s  No. 6 SRC. The v a l u e s  f o r  p y r i d i n e  s o l u b i l i t y  o f  t h e  r e s i d u e  a r e  
g iven  a s  t h e  f r a c t i o n  o f  t h e  r e s i d u e  s o l u b l e  i n  p y r i d i n e .  For example for Run 21, 
o f  t h e  s t a r t i n g  5 g o f  c o a l ,  1 . 0  g,  o r  20$, was recove red  from s o l u t i o n  i n  i s o -  
p ropy l  a l c o h o l  a t  t h e  end o f  t h e  run.  Of t h e  r ema in ing  4.0 g of r e s i d u e ,  1 . 5  g ,  
or 37.5$ was s o l u b l e  i n  p y r i d i n e .  

A l s o  g i v e n  a r e  Hal/Har  f o r  t h e  

T a b l c  2 

ILLISOIS SO. 6 COAL 6ITIi  VARIOUS VEDIA 
xi' 335" FOR 90 \IINI;T::S -- - 

HcPtone 

Te t r,z 1 I" 

i - P r o p y l  
a l c o h o l  

KOiPr/ 

a l c o h o l  
I-?l.OPyl 

.1o.a i . o a  

- 1 0 . 7 5  1 1 . 2  1 39.0- 

'The s o l u b i l i t i e s  of t h c  u n t r e a t e d  con1 i n  t h e  medln arc 5 1s for a 1 1  CBSCS. 

b.rhesc ml:!os represent thc  s o l u h i l l t i e s  of t h e  : . e s u l t o n t  coal P P O d U C t S  

In t h e  r c ~ p ~ ~ ~ i ~ ~  ncdia .  
S O I U ~ L O  in 311 c a s e s .  

The f i l t r a t e s  ruere found to be c o l n p l e t e l y  p y r i d i n e  

'meso y z l u c s  r e p r e s e n t  t h e  f r a c t i o n  of t ~ i e  i s o l a t e d  res ic~uc  S O ~ U ~ ~ C  i n  p y r i d i n e .  

*G. "i l l ,  ! I _  H n r i r i ,  R .  Reed,aind L. Anderson, Advances i n  C h e m i s t r y  SerlL-5 55, 
-127 (1866). 
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R e s u l t s  f o r  a n  expe r imen t  w i t h  h e p t a n e  (Run 2 5 )  are p r e s e n t e d  i n  t h e  t a b l e  
f o r  comparison. C l e a r l y  t h e  hep tane  r u n  d i d  n o t  r e s u l t  i n  much c o a l  d i s s o l u t i o n ,  
nor  d i d  t h e  r e s i d s e  d i s p l a y  any unusua l  behav io r .  

0 

For Runs 48 and 21, however, w i th  T e t r a l i n  and i s o p r o p y l  a l c o h o l ,  r e s p e c t i v e l y ,  
abou t  a f i f t h  of t h e  s t a r t i n g  C o a l  is c o n v e r t e d  t o  material  s o l u b l e  i n  t h e  media 
themselves ,  and t h e  H/C r a t i o s  are enhanced.  The r e s i d u e s  f o r  bo th  c a s e s  have a l s o  
undergone c h e n i c a l  change.  For  bo th  t h e  T e t r a l i n  and t h e  a l c o h o l  expe r imen t s  t h e  
r e s i d u e s  are 35-40$ p y r i d i n e - s o l u b l e .  The H/C v a l u e s  f o r  t h e s e  f r a c t i o n s ,  however, 
a r e  e s s e n t i a l l y  t h e  same as t h a t  f o r  t h e  s t a r t i n g  c o a l .  Thus it would appea r  t h a t ,  
f o r  both s o l v e n t s ,  a chemica l  p r o c e s s  is t a k i n g  p l a c e  t h a t  (1) adds  hydrogen t o  
some f r a c t i o n  o f  t h e  coal,  c o n v e r t i n g  it t o  m a t e r i a l  s o l u b l e  i n  t h e  r e s p e c t i v e  
media,  and (2) g e n e r a t e s  a r e s i d u e  w i t h  a l a r g e  p y r i d i n e  s o l u b i l i t y ,  b u t  w i th  no 
s i g n i f i c a n t  i n c r e a s e  i n  hydrogen c o n t e n t .  

The r e s u l t s  f o r  Run 54 wi th  po ta s s ium i sop-opox ide  show t h a t  4@ of  t h e  s t a r t -  
i n g  c o a l  i s  conve r t ed  t o  a p r o d u c t  s o l u b l e  i n  t h e  r e a c t i o n  medium. Tha t  f r a c t i o n  
i s  c o n s i d e r a b l y  e n r i c h e d  i n  hydrogen, and  a s u b s t a n t i a l  f r a c t i o n  o f  t h e  added 
hydrogen i s  a l i p h a t i c ,  comparable  t o  t h e  s m a l l  q u a n t i t y  of m a t e r i a l  i s o l a t e d  from 
t h e  f i l t r a t e  of t h e  hep tane  expe r imen t .  The r e s i d u e  i n  t h i s  c a s e  is  e s s e n t i a l l y  
f u l l y  p y r i d i n e - s o l u b l e  and,  i n  c o n t r a s t  t o  t h o s e  f o r  Runs 21 and 48 ,  has  been 
en r i ched  i n  hydrogen. 
shown i n  t h e  t a b l e  f o r  SRC, a l t h o u g h  i t  is  c l e a r  t h a t  o u r  p roduc t  has  more o v e r a l l  
a l i p h a t i c  c h a r a c t e r  t h a n  t h e  SRC. Both are also c o n s i d e r a b l y  more a r o m a t i c  i n  
c h a r a c t e r  t h a n  t h e  s t a r t i n g  c o a l ,  a l t h o u g h  t h e  Hal/Har v a l u e  f o r  t h e  c o a l  is  f o r  
an  "average c o a l "  and i s  p robab ly  o n l y  a rough, s e m i q u a n t i t a t i v e  v a l u e  of t h e  
ra t io  for o u r  s t a r t i n g  c o a l .  

The H/C and Hal/Har d a t a  are reasonab ly  similar t o  t h o s e  

I f  j u s t  t h e  hydrogen and ca rbon  c o n t e n t s  are  c o n s i d e r e d ,  t h e  v a l u e s  f o r  both 
t h e  Run 54 r e s i d u e  and  t h e  SRC pe rmi t  t h e  c a l c u l a t i o n  o f  a n  ave rage  molecu le  f o r  
both.  I n t e r e s t i n g l y ,  t h e  d a t a  f o r  bo th  c a n  be accommodated by 

r e s i d u e ,  Run 54 

T h i s  r e s u l t  i n c l u d e s  number a v e r a g e  m o l e c u l a r  weight  d a t a  i n  t h e  r ange  1000-1300, 
which we have o b t a i n e d  f o r  bo th  m a t e r i a l s ,  I t  a p p e a r s  t h a t  t h e  two may be s imply 
r e l a t e d ,  w i t h  a d d i t i o n a l  polymethylene b r i d g e s ,  or hydroaromatic  components,  
p r e s e n t  i n  ou r  p roduc t .  The i m p l i c a t i o n s  o f  t h i s  r e s u l t  await f u r t h e r  s t u d y .  
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HYDRODESULFURIZATION I N  THE SOLVENT REFINED COAL PROCESS 

y. S. P i t t S ,  A. R .  T a r r e r ,  J .  A. Guin, J. W. P r a t h e r  

Coal Conversion Laboratory 
Auburn Univers i ty  
Auburn, AL 36830 

The Solvent  Refined Coal (5f.C) process i s  c u r r e n t l y  recognized a s  one o f  
t l is  more promising processes f o r  producing an env i ronmenta l ly  acceptable b o i l e r  
f u e l  from coal .  I n  t i l e  SKC process, cca l  i s  l i q u e f i e d  t o  a l l o w  renoval of 
e n t r a i n e d  miners1 n a t t e r  by phys icd l  separat ion vethods and reacted w i t h  - 

L i q u e f a c t i o n  of 
coal  has been t o  occur a1nr:t ins tantaneously  upon reaching r e a c t i o n  

ct:emical ly p a r t  o f  i t s  o r g a n i c  s u l f u r .  

i n  t h e  presence o f  a hydrogen-donor so lvent ,  the o v e r a l l  
i n  l i q u e f a c t i c n  being rehydrogenat ion o f  process s o l v e n t  - 

which nag be perforwcd separate ly  i n  the r e c y c l e  stream - t o  r e p l e n i s h  hydrogen- 
donor species (1,2). Based on data c o i l e c t e d  i n  t h i s  l a b o r a t o r y  hydrodesul- 
f u r i z a t i o n  (HDS) o f  coa l ,  cn t h e  c t h e r  hand, appears t o  be a much slower 
r e a c t i o n .  A s  a r e s u l t ,  the k i n e t i c s  of HDS w i l l  be a primary, if not  the  
c o n t r o l l  i n g  f a c t o r  i n  t h e  design and o p e r a t i o n  of  t h e  d i s s o l v e r / r e a c t o r  i n  t h e  
SRC process. 

I n  t h e  present work, an experimental e v a l u a t i o n  i s  made o f  the f e a s i b i l i t y  
f o r  accelerat in :  HDS o f  coal  by simply v a r y i n g  r e a c t i o n  c o n d i t i o n s  and u t i l i z i n g  
coal  minera l  mat ter  and/or o t h e r  cheap regenerable 
r e p o r t e d  were a l l  o b t a i n r d  i n  a bstch system; and. excent f o r  one ser ies o f  
expel-iments, o n l y  one c v a l  type, a bituni inous Kentucky NO. 9/14. wis Uscd.  
Experioierital meiiiods and n a t e r i  s are g iven i n  ( 2 ) .  except a s  ngte3 here in.  
A r e a c t i o n  mode: vias d e v e l o x d  s t  g i v f s  an e x c e l l e n t  f i t  t o  t h e  erperimental 
data. The model, as  w e l l  as o t  r r e s u l t s  of :he cosiparative s tbd ies performed. 
i s  intended t o  a s s i s t  i n  predic  ng snd i n t e r p r e t i n g  r e s u l t s  f ro3  p i l o :  s t u d i e s  
o f  t h e  SRC process, such as those a t  W i l s o n v i l l e .  Alabama, and Tacoma, Vashing- 
ton.  The,rr.odel prov ides a lso a usefu l  des ign t o o l ;  but, far  a r e a c t i o n  s y s t w  
as  ccsiplcx as tL.? one dei r l t  w i t h  here, i t  would be presumptuous t o  suggest 
t h a t  i t  represer,ts t h e  t r u e  mechaiiisci. 

In a p r e v i o x l y  repor ted c a i a l y s t  screening study ( S ) ,  severa l  m i n e r a l s  
indigenous t o  ccal m r e  sliodii t o  k v e  a C a t a l y t i c  e f f e c t  on t h e  t!DS of  crcosote 
o i l .  
I n e t a \ l i C  i r o n  tne ttUS r a t e  o f  t h e  o i l  was s i g n i f i c a n t l y  h ig l ier  than t h a t  r e s u l t i n g  
when no minera l  :.as pres%;; whewas, i n  t h e  presence of p y r i t e  the HDS r a t e  
was ahout the s a c  as i t  ~ $ 3 5  when no minera l  was present. These observat ions 
were s u r p r i s i n g  i n  t h a t  both r e d x e d  i r o n  and p y r i t e  are converted i n t o  t h e  
su l . i ide form ( p y r r b t i t e )  i i i t h i n  :he f i r s t  f i f t e e n  t o  twenty minutes o f  r e a c t i o n .  
Based on tlicse o h e r v a t i o n s ,  t o  f u r t h e r  examine the p r a c t i c a l i t y  of coal  m i n e r a l  
c a t a l y s i s ,  a s e r i e s  o f  experiments was performed t o  a s c e r t a i n  uhether the acce- 
l e r a t i o n  of t h e  HDS r a t e  i n  t h e  Presence o f  i r o n  was predominantly thernodynaniic 
o r  C a t a l y t i c  i n  nature.  I t  i s  pass ib le  t h a t  i r o n ,  by removing 1425. promotes HDS 
by Le C h a t e l i e r ' s  p r i n c i p l e ,  o r  simply prevents  the  I($ from reducing the 
a c t i v i t y  o f  c a t i l y t i c  s u l f i d e s  by p r e f e r e n t i a l  adsorption. 

c a t a l y s t s .  The r a t e  data 

Of p a r t i c - i a r  i n t e r e s t  vias  t h e  observat ion :hat i t 1  t h e  presence of reduced 

s l u r r y  i o  the r e a c t o r / d i s s o l v e r  i n  t k e  S?L PI'OCCSS 
s ~ ~ ; l ~ r - c o n : a i n i r , g  con;??unds; :hi01 s .  d i s u l f i d e s .  

s u l f i d e s ,  t h i o l e t l i e r s .  y- th iopyrone,  thiopl ienes, dijinzoltiioi.l;cne;, and o t h e r  
h e t e r o c y c l i c  s u i f u r  compounds. 11; general,  t h i o l s ,  d i s u l f i d e s ,  su l f ides,  
t l i i u l c t h e r s ,  an5 y - t h i o p y i - a x  a ery  r e a c t i v e  - undergoing t,ydrcgenolysis 
a t  a n  apprec iah ic  raze, forpiinc: a!i$ ti:jdrogclia:ed co:rpounds, w i  Lhout t!i? 
a i d  o f  a catrllyj:: ~ i i c r e a r ,  l i e t  y c l i c  s u l f u r  crr:pounds are 6:uch l e s s  r'cac- 
t i v e  - r c q i r i r i i i 3  a c a t a l y s t  t o  *vi. an a c c e p k h l e  tic8 r a t e .  As a r e s u l t  
o r  the l a r g e  di:ferencr i n  reac t y  g f  .these tv;a yroups of s u l f u r - c o n t a i n i n g  
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compounds and to  simplify ana lys i s ,  the HDS reactions involving individual 
compounds i n  each of these two groups sometimes a r e  lumped together;  and HDS 
of a coa l /o i l  s lu r ry  i s  often treated as  i f  there were only two reac t ive  
compounds (3 ,4) .  

I n  addition to  HDS reactions,  under reaction conditions used in the  SRC 
process, hydrocracking ( i  . e . ,  breaking of C-C bonds) and hydrogenation reac t ions  
a l so  occur. I t  i s  by means of these reactions - par t i cu la r ly  cracking reac t ions  - 
t h a t  coal so l ids  a re  converted in to  lower molecular weight components t ha t  a r e  
soluble in SRC process solvent,  allowing removal of entrained mineral matter by 
subsequent physical separation methods. These reactions take on importance, other 
t h a n  l iquefaction of coal so l id s ,  by consuming hydrogen in the  process without 
removing su l fur .  Only tha t  amount of hydrogenation, or cracking, required t o  
l iquefy coal so l ids  and allow mineral matter removal i s  des i red .  Any excess 
hydrogenation beyond t h i s  amount, such as i n  the  formation of C1 - C4 gases, 
e t c . ,  r e su l t s  in ine f f i c i en t  use of hydrogen, thus higher operating costs.  This 
should be avoided as  much as  possible.  Actually SRC product.contains a s l i g h t l y  
lower hydrogenlcarbon r a t i o  ( H / C  = 0.75)  t h a n  the feed coal i t s e l f  ( H / C  = 0 . 8 ) .  
Furthermore, the  stoichiometric amount of hydrogen required so le ly  f o r  removal 
of an acceptable amount of su l fur  as  H2S i n  the  SRC process i s  an order-of- 
magnitude l e s s  t h a n  the  to t a l  amount of hydrogen cur ren t ly  consumed (two weight 
per cent of MAF coal feed) a t  the Wilsonville, Alabama, and the  Tacoma, Washing- 
ton, SRC p i lo t  plants.  Excess hydrogenation therefore  accounts f o r  most of t he  
hydrogen consumed in producing solvent refined coal.  

The r a t e  of noncatalytic (except fo r  mineral matter)  HDS, unlike t h a t  of 
hydrogenation, appears t o  be r e l a t ive ly  insens i t ive  t o  hydrogen concentration, 
i n  the  form of e i the r  dissolved molecular hydrogen o r  readi ly  t ransferab le  hydro- 
gen such a s  t h a t  attached t o  donor species ( e .g . ,  t e t r a l i n )  contained in the 
process solvent. Variation, f o r  example, in i n i t i a l  hydrogen par t ia l  pressure 
from 1000 t o  2600 psig a t  reaction temperature had no s ign i f i can t  e f f e c t  on the 
f ina l  organic su l fu r  content of a coal/creosote-oil  reaction mixture, even a f t e r  
two hours o f  reaction (Table 1 ) .  Also, a s  shown in Table 2 ,  the  reduction in to ta l  
su l fur  content of the coal was e s sen t i a l ly  the  same a f t e r  f i f t e e n  minutes of 
reaction when s lur r ied  with creosote o i l  - which contained only t r a c e  amounts 
of t e t r a l i n  and other known hydrogen-donor species - as when s lu r r i ed  with pre- 
hydrogenated creosote o i l  - which, l i ke  the  SRC recycle o i l  used, contained s ign i -  
f i c a n t  amounts of t e t r a l i n  and 9,lO dihydrophenanthrene. 
on the other h a n d ,  was s ign i f icant ly  higher when the coal was extracted in prehydro- 
genated creosote o i l .  
soluble yield was almost twice t h a t  obtained when the  coal was extracted with untrez. 
ted o i l .  
r e l a t i v e  in sens i t i v i ty  of HDS t o  hydrogen concentration i s  fur ther  evidenced i n  
t h a t  t h e  cresol-soluble y ie ld  was s ign i f i can t ly  higher when the coal was reacted in 
an i n i t i a l  2000 psi hydrogen atmosphere, both when s lu r r i ed  with creosote o i l  and 
a l so  when s lur r ied  with pre-hydrogenated creosote o i l .  Also, solvent-to-coal r a t i o -  
had no s igni f icant  e f f ec t  on IHDS.rate r e l a t i v e  t o  t h a t  of l iquefac t ion  (Table 3 ) .  

dissolved molecular hydrogen with the donor solvent,  with the  t r ans fe r  of hydrogen 
from the  donor solvent to  coal so l ids  occurring rapidly (1 ,Z) .  In f a c t ,  when 
extracted in a highly ac t ive  h en donor solvent such as  hydrogenated creosote 
o i l ,  coal so l ids  have bee;) obs 
reaction teinperature ( 1 ) .  Th:r e observed s e n s i t i v i t y  of the r a t e  of l ique- 
f a c t i  o n  t o  hydrogen concentrat  Furthermore, a s  long as 
solvent qua l i ty  ( i . e . ,  a su f f i  
tained - which can be done independently by hydrogenating the  recycled process 

The r a t e  of l iquefac t ion ,  

When reacted in a n  i ne r t  nitrogen atmosphere, the  c reso l -  

The high sens i t i v i ty  of the r a t e  of l iquefac t ion ,  as opposed t o  the 

The r a t e  l imi t ing  s tep  in l iquefaction has been shown t o  be the reaction of  

t o  l iquefy almost instantaneously upon reaching 

hould be expected. 
l y  high hydrogen-donor concentration) i s  main- 
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s o l v e n t  a s  is  done i n  t h e  Exxon process - w i t h  l i q u e f a c t i o n  o c c u r r i n g  a lmost  
i n s t a n t l y ,  
o f  the d i s s o l v e r / r e a c t o r .  HDS k i n e t i c s  thus  t a k e  on a spec ia l  impor tance f o r  t h e  
commerc ia l i za t i on  and development o f  t he  SRC process.  

Coal M ine ra l  C a t a l y s i s  

of coal  m ine ra l  c a t a l y s i s  was presented i n  an e a r l i e r  work ( 5 ) .  
t h i s  eva lua t i on ,  t w e l v e  d i f f e r e n t  coa l  m i n e r a l s  and, a l so ,  a c t u a l  SRC minera l  
res idue  a s  w e l l  as coa l  ash were i n d i v i d u a l l y  screened t o  r a t e  t h e i r  c a t a l y t i c  
a c t i v i t y  on t h e  HDS r a t e  and hydrogenat ion o f  c reoso te  o i l  r e l a t i v e  t o  t h a t  o f  
a commercial Co-Mo-A1 c a t a l y s t .  Some r e s u l t s  o f  t h i s  e a r l i e r  work a r e  g i ven  
i n  Table 4 and i n  F igu res  1 and 2.  Reduced i r o n ,  reduced p y r i t e  (presuinably 
p y r r h o t i t e ) ,  and p y r i t e  had decreas ing e f f e c t s  on s u l f u r  removal d u r i n g  hydrogena- 
tion/hydrodesulfurization o f  c reoso te  o i l  a t  425oC, wi th reduced i r o n  being 
second o n l y  t o  Co-Mo-A1 i n  c a t a l y t i c  a c t i v i t y  f o r  HDS and w i t h  p y r i t e ,  desp i te  
i t s  pronounced e f f e c t  on hydrogenat ion,  hav ing e s s e n t i a l l y  no apparent  c a t a l y t i c  
a c t i v i t y  f o r  HDS. The r e l a t i v e l y  i n s i g n i f i c a n t  e f f e c t  o f  p y r i t e  on HDS r a t e  
was f u r t h e r  evidenced i n  t h a t  t h e  r a t e  o f  o rgan ic  s u l f u r  removal f rom coa l  
s l u r r i e d  i n  c reoso te  o i l  remained e s s e n t i a l l y  t h e  same even a f t e r  about  
seven ty - f i ve  per  c e n t  o f  i t s  p y r i t i c  c o n t e n t  had been removed p h y s i c a l l y  by 
magnetic s e p a r a t i o n  p r i o r  t o  r e a c t i o n  ( F i g u r e  3 ) .  Reduced i r o n ,  on t h e  o the r  
hand, was found t o  have a s i g n i f i c a n t  e f f e c t  on HDS r e a c t i o n s  when p resen t  iii 
o n l y  t r a c e  amounts (Tab le  5 ) .  

The s t a b l e  fo rm o f  i r o n  i n  t h e  presence o f  hydrogen and hydrogen s u l f i d e  
i n  the  temperature range o f  400 t o  500°C i s  p y r r h o t i t e  (6 ,7 ) .  
F igu re  4, p y r i t e  i s  reduced t o  t h e  s u l f i d e  (presumably p y r r h o t i t e )  w i t h i n  about 
f i f t e e n  minutes o f  r e a c t i o n  a t  4 2 5 O C .  
has a l s o  been observed t o  occur  i n  t h e  d i s s o l v e r / r e a c t o r  a t  t he  W i l s o n v i l l e  SRC 
p i l b t  p l a n t  (8) .  H2S p roduc t  f rom t h e  r e d u c t i o n  o f  p y r i t e  i s  t hus  generated 
i n  the  e a r l y  stages o f  HDS. H2S i s  known t o  i n h i b i t  c a t a l y t i c  HDS o f  pet ro leum 
feedstocks;  thus,  s i n c e  some o f  t h e  same s u l f u r - c o n t a i n i n g  components i n  
petroleum feedstocks e x i s t  a l s o  i n  c o a l / o i l  s l u r r i e s ,  H2S may i n h i b i t  HDS of c o a l /  
o i l  s l u r r i e s ,  o r  p o s s i b l y  r e a c t  w i t h  p r e v i o u s l y  d e s u l f u r i z e d  components. Therefore,  
s i n c e  reduced i r o n  a c t s  a s  an H2S scavenger, i n s t e a d  o f  an H2S producer  as does 
p y r i t e ,  one p o s s i b l e  reason f o r  t h e  d i f f e r e n c e s  i n  c a t a l y t i c  a c t i v i t i e s  of 
reduced i r o n ,  reduced p y r i t e ,  and p y r i t e  c o u l d  be t h e  d i f f e r e n t  amounts o f  H2S 
p resen t  d u r i n g  HDS as i s  shown i n  Table 4. I n  f a c t ,  t he  H2S p a r t i a l  pressure 
was increased by a magnitude o f  two t o  t h r e e  by t h e  r e d u c t i o n  o f  p y r i t e ;  whereas 
no t raceab le  amount o f  H2S p roduc t  was p resen t  d u r i n g  t h e  reduced i r o n  r u n .  
when d i f f e r e n t  we igh t  percentages o f  i r o n  were charged w i t h  c reoso te  o i l  (Table 51, 
no H2S p roduc t  was d e t e c t e d  u n t i l  l e s s  than  one p e r  cen t  by we igh t  o f  i r o n  
was present .  
centages (2 .4  t o  20b), t h e  amount o f  s u l f u r  removed d u r i n g  r e a c t i o n  was o n l y  
s l i g h t l y  d i f f e r e n t ,  and when present  i n  l ower  percentages (1 .0  t o  0 . 5 % ) ,  i t  
decreased i n  p r o p o r t i o n  t o  t h e  amount o f  i r o n  p resen t ,  w i t h  t r a c e  amounts of 
i r o n  being as e f f e c t i v e  a s  0:5 we igh t  pe rcen t .  The r e t a r d i n g  e f f e c t  o f  H2S on HDS 
i S  f u r t h e r  evidenced i n  t h a t  when H2S was added p r i o r  t o  r e a c t i o n  t h e  amount of 
s u l f u r  removed was less d u r i n g  hydrogenationlHDS o f  both a b i tuminous Kentucky 
No. 9/14 m i x t u r e  coa l  and a sub-bituminous (Wyodak) coal  (Table 1 0 ) .  

When i r o n  gauze was used t o  scrub o u t  any H2S p roduc t  formed d u r i n g  hydro- 
d e s u l f u r i z a t i o n  of c r e o s o t e  o i l ,  w h i l e  be ing inounted i n  t h e  top  o f  t he  r e a c t o r  
above the  o i l ,  t h e  amount o f  s u l f u r  removal was about  20% h igher  than  t h a t  obta ined 
w i t h o u t  any scavenger agents present ;  t h a t  i s ,  t h e  f i n a l  s u l f u r  c o n t e n t  o f  t he  o i l  
was 0.391 as opposed t o  0.50%, a decrease e q u i v a l e n t  t o  t h a t  ob ta ined  when one 

HDS should be t h e  c o n t r o l l i n g  f a c t o r  i n  t h e  des ign  and o p e r a t i o n  

A l i m i t e d  exper imenta l  e v a l u a t i o n  o f  process advantages and disadvantages 
As p a r t  o f  

As  shonn i n  

Rapid r e d u c t i o n  o f  p y r i t e  coa l  m ine ra l s  

Also,  

I n t e r e s t i n g l y  enough, when i r o n  was p resen t  i n  h i g h e r  weight  per-  
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weight percent of iron was present. 
e f f ec t  on HDS as  might be expected from thermodynamics. 

When f i v e  weight percent iron a n d  a su f f i c i en t  amount of H2S ( t o  prevent i t s  
complete removal by reac t ion)  were present during HDS of creosote o i l ,  the amount 
of su l fur  retiioval was only the same a s  t h a t  when e i the r  a t r ace  amount or a 
half weight percent of iron was present (Table 5 ) .  
effectiveness of iron su l f ide  as a ca t a lys t ,  with t race  amounts of i r o n  su l f ide  
having a b o u t  the  same ca t a ly t i c  e f f ec t  on HDS r a t e s  a s  la rger  amounts when 
a n  appreciable H S atmosphere ex is t s .  
on the  HDS react?ons; however, the sever i ty  of i t s  ca t a ly t i c  inh ib i t ion  e f f ec t  
i s  n o t  comp1ete;y defined. 

In summary then, reduced iron appears t o  favor HDS by scavenging H2S product, 
preventing any reverse reactions and by catalyzing HDS reactions.  Unfortunately, 
as shown in Table 6,  reduced i ron ,  l i k e  most HDS c a t a l y s t s ,  a l so  acce lera tes  hydro- 
genation; as a r e su l t  i t s  use as  a c a t a l y t i c  agent in the  SRC process could con- 
t r i b u t e  t o  excess hydrogenation. Because of i t s  potential  a s  an  inexpensive HDS 
ca t a lys t ,  however, fur ther  experiments a re  now in progress t o  be t t e r  evaluate 
i t s  ro l e  in accelerating HDS reactions and i t s  se l ec t iv i ty  f o r  HDS versus hydro- 
genat i on. 

Apparently then, H2S does have a retarding 

Apparently H2S r e t a rds  the  

Since H2S does have a thermodynamic e f f ec t  

Hydrodesulfurization Kinetics in the SRC Process 
As shown in Fioure 5. the var ia t ion  of oraanic su l fu r  content of a coal/  

creosote-oil reactiGn mixture with time follow; a path c lose  t o  t h a t  expected 
fo r  an overdamped second order dependence of r a t e  on organic su l fur  content.  This 
kinetic behavior i s  cons is ten t  with the  basic nature of HDS reactions as  described 
in the foregoing discussion, in t h a t  i t  can be modelled by considerin9 the  reaction 
mixture t o  contain only two hypothetical sulfur-containing compounds with 
s ign i f icant ly  d i f f e ren t  r a t e  constants.  The desul fur iza t ion  reaction of each of tihe 
two hypothetical components i s  assumed t o  follow f i r s t -o rde r  k ine t ics .  
a s  t o  whether t h i s  assumed kinetic model i s  representa t ive  i s  the  d i f fe rence  in 
magnitude of the  experimental r a t e  cons tan ts ,  fo r  the  actual two groups of lumped 
su l fur  components a r e  known t o  reac t  a t  two widely d i f f e r ing  r a t e s .  The l a rge  
difference in slope of the  two l i nes  in Figure 6 ind ica tes  t h a t  the  experimental 
r a t e  constants a re  indeed s igni f icant ly  d i f f e r e n t ,  a t t e s t ing  tha t  the model i s  
representative.  

The high sens i t i v i ty  of HDS r a t e  to  reaction temperature and i t s  low sensi-  
t i v i t y  t o  hydrogen concentration suggested tha t  the HDS reactions were chemically 
controlled and pseudo-homogeneous k ine t ics  were thus used in modeling. Further- 
more, since the retarding e f f ec t  of H2S and the ca t a ly t i c  e f f e c t  of pyr i te  coal 
minerals apparently e i the r  o f f s e t  each other or e x i s t  t o  such an ex ten t  

t ha t  the e f f ec t  on HDS r a t e  i s  ins igni f icant  - as  a f i r s t -hand  approximation-no 
kinetic terms were used t o  represent the reverse reaction by H2S product. 
eauation was thus writ ten a s :  

A t e s t  

The r a t e  

where: 
form of the two hypothetical sulfur-containing components, respectively.  For a 
batch reac tor ,  

S i ,  and S 2  a r e  the organic su l fu r  concentration (g /cc)  present in the  

-Klt -K2t  
s = sloe + sZ0e 
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The a d j u s t a b l e  parameters  51 Sq. I:] and K2 were de te rmined  e m p i r i c a l l y .  u s i n g  
a nonl i11?3r minim;a s u m - o f - t f ~ - s ~ s J r r : s  ti:imericat s e a r c h  r c u t i n e .  
r e l a t i o n s h i p  was a s s u w d ,  and r a t e  d a t a  f o r  three d i f f e r e n t  r e a c t i o n  ten:Jeratures 
were USCJ i n  deterininit ig cmpir ica l  v a l u e s  f o r  t h e  foul. a d j 2 s t a b l c  p a r a s e t e r s .  A 
l i s t  o f  t l i r se  v a l u e s  i s  !!ivcn i n  Table 7 ;  and a coolparison be tccen  p r e d i c t e d  HDS 
p a t h s  and r a t e  d a t a  is r.izde i n  F ipure  5 ,  showing good ayi-cement. 
I r r h c n i u s  p l o t s  of t h e  e a p i r i c a l  r d t e  c o e f f i c i e n t s  arc! g iven  i n  f i g u r e  6. The 
r a t e  c o a f f i c i e n t s  f o r  t h e  two hypot t ie t ica l  c o w m e n t s  d i f f e r  by tin o r d e r s  of 
magnitudc (Table  8). in c o n s i s t e n c y  w i t h  t h e  l a r g e  d i f f e r e n c e  i n  slopes o f  t h e  
two s t r a i g h t  l i n e s  i n  FiGurc 6 .  I n  a d d i t i o n .  t h e  h igh  a c t i v a t i o n  energy  (Table  S) 
f o r  t!ie r e a c t i v e  sulfut--con:ainin3 co!nponent p r w i d e s  f u r t h e r  ev idence  t h a t  the 
d e s u l f u r i z a t i o n  r e a c t i o n s  a r e  c t i c n i c a l l y ,  I -a thr r  than  t:iass t r a n s f e r  c o n t r o l l e d .  
l lotc t h a t  t h e r e  i s  no c a t a l y s t  p r e s e n t ,  except  f o r  t h e  ind igenous  c o a l  minera l  
n a t t e r .  F i n a l l y ,  a s  s h v m  i n  Table 9. Ltie e n e r g i e s  and e n t h a l p i e s  o f  a c t i v a t i o n  
a r e  i n d i c a t i v e  o f  chemical r a t e  processes ,  r a t h e r  than  t r a i l s p o r t  p r o c e s s e s .  The 
high a c t i v a t i o n  e n w g y  and low ent ropy  o f  a c t i v a t i o n  f o r  t h e  f a s t  r c a c t i o n  a r e  
i n d i c a t i v e  o f  a tionogeneous r e a c t i o n ;  tile lower v a l u e s  f o r  t h e  slow r e a c t i o n  
i n d i c a t e  a p o s s i b l e  c a t a l y t i c  e f f e c t ,  perhaps due  t o  coa l  mineral  m a t t e r .  Here 
a g a i n ,  however. s i n c e  t h e  e x a c t  r e z c t i o n  mechanism i s  unknown, one must e x e r c i s e  
c a u t i o n  when a t t a c h i n g  s i g n i f i c a n c e  t o  t h e s e  numerical  v a l u e s .  

Conclus ions  

SRC p r o c e s s ,  a t  a r a t e  :hat i s  p r a c t i c a l l y  independent of hydrogen c o n c e n t r a t i o n .  
Reduced i r o n  has a c a t a l y t i c  a f f e c t  on 1:OS r e a c t i o n s ;  i n  f a c t ,  i t  e x h i b i t s  a 
s i g n i f i c a n t  n.emory e f f e c t .  Eecauze o f  a d d i t i o n a l  ti$ product ,  p y r i t e  has o n l y  
a s l i g h t  c a t a l y t i c  e f f e c t  on HDS r i a c t i o n s .  
by HpS product  i s  due t o  c a t a l y t i c  i l i i i ibiLion a s  wel l  a s  tliei-motiynaniic i - f f x t s .  
IDS r e a c t i o n s  can be siodelcd 2s t : ~ o  f i r s t - o r d e r  r e a c t i o n s  o c c u r r i n g  i n  p a r a l l e l ,  
w i t h  two widely  d i f f e r e n t  r a t e  c o n s t a n t s .  

The Arrhenius  

Also, the  

____. 
H y d r o d e s u l f u r i z a t i o n  r e a c t i o n s  o c c u r ,  under r e a c t i o n  c o n d i t i o n s  used i n  the 
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s t a f f ,  p a r t i c u l a r l y  E v e r e t t  L .  Huffmn and G a r '  A.  S t y l e s .  th roughsut  t h e  c o u r s e  
of t h e  w r k .  

_ _ ~  
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0.49 66. 

trace (nmory e f f ec t )  63. 
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0 67. 

React ion  Cawlitionr: - ~ -  
1en;eraPdre = 425OC 
lQ Prersi rc  = 2000 Dri9 B 425'C 
Apit3:im Rate - 1C.X r p  
In i t i a l  slifur concentration = 0.64 pcrcei l  
R e x t i w  l i n e  - 2 t w r s  

.34 

.34 

. I 5  

.36 

.35 

. I 5  

.31 

.40 

.43 

.42 

.45 

.50 

.so 

Table 6: C m p r i r o n  of Hydrogenation and Hy4roderul fur izdt ion 

of  Creosote o i l  in  the Presence o f  ~ r o n  Catalyst 

(Hlfiol AYG ( s F / S O ) n v c  -__ 
0 0.80 0.78 

0.5 0.71 0.€3 

1 .o 0.74 0.62 

2.4 0.74 0.58 

13.0 0.69 0.58 

20.0 0.64 0.52 

1.1 ___-  0.55 

Table 7 

Hgdrode~ul furi:Jllon Hodel Fara'cters 

Table 8 

lrrheniur  Constants 

'n K10 27.11 

In $0 7.417 

&E1 40.78 

&E2 18.99 

mh-1 

iDin-1 

tca1 

kcal 

Table 9 

Ca~par l ron  o f  Ererpics. Lslhalpiei .  and inl rupies  

of Activation O f  Hydrodetulfurilblion with h t i  

for  1:ydrodcrulfurizrtion o f  Coal Tar over 152 Ca:aljst.* 

ti35 beel 
Foal 

Retction 1 Reaction 2 & a r *  

hE 40.7 18.9 11 kca l /mle  

AH 39.2 15.8 9 ktal/lru1e 

AS -16.8 -53.2 -50 E.U. 

' 5 .  A. Qvacer. W .  H. Wiser. 6. R. Hill 

__-. I .  II I . C .  F m I c s s  rer icn and Gevclorent  

Yol. 7. L. 3. 395, July. 1968 

Table 10: Effect o f  H2S on Ra:e of I;ydrcdcrulfuriration 

o f  Ken:uckj ahd i 'pdak Coals 

Solvent Solvent-to-Coal Cresol ScI>>Ie ~ o t a l  1 Sulfur  t sulfur I Sulfur 
AL-osn>.:-e cD.1~ A r c  Ratio ) i c l d  (:.! Oeforr A i t w  LIquld Fraction 50116 F r a c t i m  

H2 Wpddk RCCyCle 3:l 76.0 0.52 0.61 0.35 1.15 

Ht + vis Wy@dat Recycle 1:l 76.8 0.52 0.72 0.62 2.01 

Hz Kentucky Recycle 2:) 8G.4 1.10 0.80 0.52 2.86 

n2 + H ~ S  Kentucky Recycle 2:l 88.9 1.10 0.98 0.63 3.Y) 

9/11 

9/14 
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Figure 3. Effect of Demineralizing Coal Feed and Slurrying Coal 
Feed w i t h  blater on Conversion 

A. ORGANIC SULFUR CONTENT 
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PREPARATIVE GPC SEPARATIONS OF SOLVENT REFINED COALS. W .  M .  Coleman, 
D. L .  Wooton, H .  C .  Dorn and L .  T .  T a y l o r ,  Department 04 me- 

V i r g i n i a  P o l y t e c h n i c  I n s t i t u t e  and S t a t e  U n i v e r s i t y ;  Blacksburg ,  V i r g i n i a  
24061 

A p r e p a r a t i v e  q u a n t i t a t i v e  s e p a r a t i o n  of  t h e  THF s o l u b l e  p o r t i o n  of 
s e v e r a l  s o l v e n t  r e f i n e d  c o a l s  ( P i t t s b u r g  #8, Amax, e t c . )  h a s  been demon- 
s t r a t e d  employing g e l  permeat ion chromatographic  t e c h n i q u e s  u t i l i z i n g  
t h r e e  column p a c k i n g s :  (1) a s t y r e n e - d i v i n y l  benzene packing  (BioBeads 
S - X 4 ) ,  ( 2 )  a c r o s s  l i n k e d  poly(N-acr$loylmorpholine) polymer (Enzacry l  Gel 
K l ) ,  and ( 3 )  a modi f ied  a l k y l a t e d  d e x t r a n  (Sephadex LII-20) .  Each packing  
m a t e r i a l  w i l l  be e v a l u a t e d  based on t h e  e x t e n t  and t i m e  of  s e p a r a t i o n  as 
w e l l  a s  t h e  cost of mater ia ls .  F r a c t i o n a l  weight  d i s t r i b u t i o n s  w i t h i n  
each  SRC s e p a r a t i o n  a r e  de te rmined  and t h e i r  average  molecular  w e i g h t s  
compared. Weight d i s t r i b u t i o n s  f o r  common f r a c t i o n s  of d i f f e r e n t  SRC 

I s o l i d  p r o d u c t s  d e r i v e d  from v a r i o u s  f e e d  c o a l s  w i l l  a l s o  b e  d i s c u s s e d .  
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MINOR AND TRACE METAL ANALYSIS OF SOLVENT REFINED COALS BY FLAMELESS ATOMIC ABSORP- 
T I O N .  W. M .  Coleman, P. Szabo, D .  L. Wooton, H .  C. Dorn, L .  T. Taylor ,  Department 

of Chemistry, V i r g i n i a  Poly technic  I n s t i t u t e  and S t a t e  Univers i ty ,  Blacksburg,  VA. 24061. 

Several  s o l v e n t  r e f i n e d  c o a l s  d i f f e r i n g  in t h e  raw feed  c o a l  used,  t h e i r  THF i n s o l -  
u b l e  f r a c t i o n ,  t h e i r  THF s o l u b l e  f r a c t i o n  and t h e i r  s i z e d  sepafa ted  f r a c t i o n s  have been 
analyzed for  twelve m e t a l l i c  elements (Mg, A l ,  K ,  Cr, Mn, Fe, Co, N i ,  Cu, Zn, C1, Pb) v i a  
f l a m e l e s s  atomic a b s o r p t i o n  spectroscopy.  P r i o r  t o  a n a l y s i s  each sample was wet ashed 
wi th  equal  q u a n t i t i e s  of concent ra ted  H SO Matr ix  e f f e c t s  were compen- 
s a t e d  f o r  by t h e  method of s tandard  add?t i%ns  and deugerium a r c  background c o r r e c t i o n .  
Metal a n a l y s i s  o n  a Nat iona l  Bureau of Standards Coal employing the  same ash ing  and 
a n a l y s i s  scheme were determined and compared wi th  c e r t i f i e d  va lues .  

and 30% H 02:  

a 
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AGING CHARACTERISTICS OF COAL L I Q U I D S  

Fred S. Karn, Fred R. Brown, A. G .  Sharkey, Jr .  

ERDA, 4 8 0 0  Forbes Avenue, P i t t s b u r g h ,  PA 15213 

INTRODUCTION 

Mater ia l s  handl ing and s t o r a g e  is a n  important  p a r t  of any chemical process .  
SYNTHOIL process  (l), which conver t s  c o a l  t o  a low-ash, low-sulfur  f u e l  o i l ,  re- 
q u i r e s  c a r e f u l  s t o r a g e  t o  c o n t r o l  t h e  v i s c o s i t y  of t h e  product .  
t h i s  process  r e q u i r e s  a l i g h t  hydrogenat ion of c o a l ,  and t h e r e f o r e  any chemical 
changes during s t o r a g e  t h a t  may i n c r e a s e  t h e  v i s c o s i t y  of t h e  product  t o  a l e v e l  
a t  which i t  becomes a handl ing  problem must be avoided.  
cedures  can be determined by labora tory  s t u d i e s .  
b r i e f  resume of t h e  changes i n  v i s c o s i t y  of SYNTHOIL samples dur ing  ambient 
s t o r a g e  f o r  t i m e s  up t o  120 days. The p r e s e n t  r e p o r t ,  a l s o  based on v i s c o s i t y  
measurements, covers  a v a r i e t y  of  s t o r a g e  condi t ions  which inc lude  s t o r a g e  tem- 
p e r a t u r e s  of 30"-61"C, atmospheres of n i t r o g e n ,  a i r  and oxygen, bo th  s t i r r e d  and 
u n s t i r r e d  samples and ambient l i g h t  v e r s u s  darkness .  
samples based on chemical and ins t rumenta l  ana lyses  w i l l  be r e p o r t e d .  

The 

The economics of 

Recommended handl ing pro- 
Previous  s t u d i e s  (2 ,3)  g i v e  a 

Fur ther  s t u d i e s  of  these  

EXPERIMENTAL 

Aging tests were made on t h r e e  c o a l  l i q u i d s  from SYNTHOIL run  FB-53. 
w a s  made wi th  a W e s t  V i r g i n i a  c o a l ,  ( P i t t s b u r g h  Seam, hvAb) and opera ted  a t  4000  
p s i g  H 2  and 450°C. P e l l e t e d  COO-MOO -Si02-A120 c a t a l y s t  w a s  used i n  t h e  r e a c t o r .  
The samples i n v e s t i g a t e d  were from Batches 1, Z ? ,  and 50 which were obta ined  a f t e r  
4 ,  8 4 ,  and 200 hours ,  r e s p e c t i v e l y ,  of o p e r a t i o n  of t h e  c o a l  l i q u e f a c t i o n  r e a c t o r .  

The most comprehensive ag ing  t e s t s  were made on t h e  Batch 1 sample. 
i n i t i a l  v i s c o s i t y  measurement, a 200 m l  sample of t h i s  ba tch  w a s  t r a n s f e r r e d  t o  
each of f i f t e e n  o n e - l i t e r  conta iners .  Each sample w a s  s imultaneously connected 
t o  t h e  aging appara tus  and t h e r e  subjec ted  t o  a p a r t i c u l a r  combination of t h e  
aging f a c t o r s .  
and v i s c o s i t y  measurements made. A l l  v i s c o s i t y  measurements w e r e  made with a 
Brookfield viscometer  which permit ted measurements a t  var ious  temperatures .  Thus, 
v i s c o s i t y  measurements were made a t  two temperatures ,  3OoC and 61"C, by c i rcu-  
l a t i n g  water from t h e  ag ing  ba ths  through t h e  h e a t i n g  j a c k e t  of t h e  viscometer .  

S i m i l a r ,  though less extens ive ,  aging tests were performed on samples from Batches 
21  and 50 from run  FB-53. Data accumulat ion-was l i m i t e d  because of t h e  h igh  i n i -  
t i a l  v i s c o s i t i e s  of t h e s e  samples and t h e i r  r a p i d  r a t e  of change. 

Run FB-53 

3 

Af te r  an 

P e r i o d i c a l l y  -10 g samples were removed from t h e  aging c o n t a i n e r s  

RESULTS AND DISCUSSION 

The r e s u l t s  of t h e  ag ing  tes ts  are presented i n  F igures  1-3. The graphs repre-  
s e n t  t h e  change i n  v i s c o s i t y  t h a t  occurs  wi th  aging t i m e ;  i n f r a r e d  s p e c t r a  i n  
t h e  f i g u r e s  were obta ined  on t h i n  f i l m s  of  r e p r e s e n t a t i v e  samples. 

F igure  1 shows t h e  changes i n  v i s c o s i t y  t h a t  occur  when Batch 1 samples a r e  
s t o r e d  a t  61"C, s t i r r e d ,  exposed t o  l i g h t  and subjec ted  t o  one of t h e  t h r e e  
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test gases ,  oxygen, a i r  o r  n i t r o g e n .  I n  t h i s  and a l l  subsequent f i g u r e s ,  expo- 
s u r e  t o  oxygen had t h e  most pronounced impact upon t h e  increase  i n  v i s c o s i t y ;  
exposure to  a i r  had t h e  next  s t r o n g e s t  impact. A small change was noted f o r  
t h e  samples exposed t o  n i t r o g e n .  Also inc luded  i n  F igure  1 are t h e  r e s u l t s  f o r  
Batch 5 0  samples aged a t  t h e  same condi t ions ,  i . e . ,  61°C, exposed t o  l i g h t  and 
exposed t o  oxygen, a i r  o r  n i t rogen .  A s  t h e  f i g u r e  shows, t h e  i n i t i a l  v i s c o s i t y  
of these  samples i s  much g r e a t e r  than  t h a t  f o r  Batch 1 which was obtained e a r l y  
i n  the run. The much more r a p i d  i n c r e a s e  i n  v i s c o s i t y  o f  t h e s e  Batch 50 samples 
confirms previous work ( 2 ) .  

The most s i g n i f i c a n t  v i s c o s i t y  i n c r e a s e s  occurred i n  samples exposed t o  oxygen. 
Hydrocarbon o x i d a t i o n  i s  confirmed by t h e  i n f r a r e d  s p e c t r a  shown i n  F igure  2. 
The spectrum obta ined  from t h e  f resh-  e a c t o r  o i l  and s p e c t r a  from o i l s  exposed 
t o  d i f f e r e n t  gases  d i f f e r  a t  1690 cm ' which has  been assigned t o  carbonyls  
t h a t  have been formed dur ing  aging.  That t h e  formation of t h i s  band i s  pro- 
g r e s s i v e  (cont inues throughout  t h e  aging process)  can be shown by t h e  gradual  
increase  of t h e  carbonyl  absorp t ion .  There a r e  many ways i n  which t h i s  l i g h t  
ox ida t ion  of SYNTHOIL may cause  t h e  observed v i s c o s i t y  increase .  
of carbonyls  r e p r e s e n t s  a small i n c r e a s e  i n  molecular  weight. Carbonyls might 
combine wi th  phenols as hydrogen bonded molecules  or  as polymers, o r  ox ida t ion  
may proceed by way of peroxide formation and a f r e e - r a d i c a l  mechanism. The 
u l t imate  o b j e c t i v e  of t h i s  work is t h e  i d e n t i f i c a t i o n  of an a p p r o p r i a t e  mecha- 
nism and t h e  development of a n  i n h i b i t o r .  Lin ( 4 )  has  made some h e l p f u l  ob- 
s e r v a t i o n s .  

T h e  observed i n c r e a s e  i n  v i s c o s i t y  f o r  a sample s t o r e d  under n i t r o g e n  may be 
explained i n  s e v e r a l  ways. There may be a phys ica l  agglomerat ion s imi la r  t o  
t h e  c r y s t a l l i z a t i o n  o f  a s o l i d  from a superna tan t  l i q u i d .  There may be a 
chemical i n t e r a c t i o n  between t h e  a c i d i c  and b a s i c  components which are known 
to  be present  i n  SYNTHOIL ( 5 ) .  Fur ther ,  t h e r e  may be a v o l a t i l i z a t i o n  of t h e  
l i g h t e r  components under t h e  i n f l u e n c e  of h e a t  and s t i r r i n g .  V o l a t i l i t y  e f -  
f e c t s  w e r e  minimized by using a slow gas input  and covered c o n t a i n e r s .  

Figure 3 shows t h e  r e s u l t s  f o r  samples exposed t o  the  same gases ,  bu t  aged a t  
45OC. 
s u r e  g a s  as noted f o r  t h e  samples s t o r e d  a t  6 1 O C  i s  found; i . e . ,  oxygen > a i r  > 
ni t rogen .  Figure 3 a l s o  c o n t a i n s  d a t a  f o r  Batch 21  s t o r e d  a t  45°C.  A s  noted 
previous ly ,  these  r e s u l t s  show t h a t  f a s t e r  rates of i n c r e a s e  i n  v i s c o s i t y  occur 
f o r  samples wi th  h i g h e r  i n i t i a l  v i s c o s i t i e s .  

Viscos i ty  d a t a  were obta ined  a t  30°C f o r  t h e  n i n e  samples aged i n  t h e  t h r e e  gases 
and a t  t h r e e  tempera tures .  S i m i l a r  r e l a t i o n s h i p s  t o  t h o s e  found f o r  t h e  v i s c o s i t y  
measurements a t  61'C are apparent .  One d i s t i n c t i o n  is t h a t  t h e  changes noted for  
t h e  samples exposed t o  n i t r o g e n  and a i r  appear  more severe .  
due t o  t h e  s u b s t a n t i a l l y  h i g h e r  i n i t i a l  v i s c o s i t y  occasioned by t h e  lowering of 
t h e  temperature  a t  which t h e  v i s c o s i t i e s  were measured. An examination of t h e  
melt ing p o i n t s  of t y p i c a l  benzenoid molecules makes i t  apparent  t h a t  t h e r e  w i l l  
be wide v a r i a t i o n s  of v i s c o s i t y  with temperature .  

The e f f e c t s  of no t  s t i r r i n g  t h e  sample and not  exposing t h e  samples t o  ambient 
l i g h t  were observed. 
posed t o  e i t h e r  oxygen or  a i r  occurs  when t h e  p a r t i c u l a r  sample i s  not  s t i r r e d ;  
t h e  sample exposed t o  n i t r o g e n  shows no change. This  obviously i n d i c a t e s  t h a t  
s t i r r i n g  merely exposes  new sample c o n s t a n t l y  t o  t h e  oxygen i n  t h e  gaseous en- 
viranment; i . e . ,  t h e r e  i s  no i n t r i n s i c  e f f e c t  due t o  mechanical a g i t a t i o n  of 

The formation 

The same o r d e r i n g  of  increased  v i s c o s i t y  of  samples r e l a t i v e  t o  t h e  expo- 

T h i s  i s  undoubtedly 

A s i g n i f i c a n t  reduct ion  i n  t h e  ag ing  of t h e  samples ex- 



the sample. In addition, these results also indicate that the ambient light 
of the laboratory has essentially no impact on the aging properties of these 
samples. Further study of sunlight or other W sources would be necessary. 

Solvent separations made using the original sample, a sample after 35 days 
storage at 61°C under nitrogen, and a sample after 28 days storage at 61°C 
under oxygen gave the following data: 

Yield, Percent by Weight 
Oil Asphaltene Benzene I n s o l .  Ash 

Original 73 20 

N2 Storage 75 18 
O2 Storage 62 20 

7 3 

7 3 

18 3 

For this table Oil is defined as benzene soluble, pentane soluble materials and 
Asphaltene as benzene soluble, pentane insoluble materials. As the data indi- 
cate, no changes in component distribution occurred for the sample stored under 
N2, while the sample stored under O2 showed a decrease in oil and a corresponding 
increase in benzene insoluble materials. This increase in benzene insoluble 
material may indicate polymer formation. 

CONCLUSION 

These data provide'some insight into the effects of time, heat, light, mechanical 
agitation, and gaseous environment on SYNTHOIL aging. Further analyses underway 
include solvent and chromatographic separations and spectral identification of 
the aging products. These should help to establish a mechanism for aging and 
perhaps suggest inhibitors which will improve the storage characteristics of 
SYNTHOIL. 
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THE TOSCOAL PROCESS - PYROLYSIS OF WESTERN COALS 
AND LIGNITES FOR CHAR AND OIL PRODUCTION 

Mark T.  Atwood 
Bernard L. Schulman 

Tosco Corporation 
18200 West Highway 72 

Golden, Colorado 80401 

INTRODUCTION 

Western coals and lignites generally have high moisture and organic-bound 
oxygen contents compared to Eastern coa ls .  Arkansas lignites contain a s  much a s  
52% moisture ( l) ,  and Powder River subbituminous coals contain from '2 1 t o  30% 
moisture (2) . Pennsylvania bituminous and anthracitic coals contain only 3-6% 
moisture ( 3 ) .  To the extent that coal contains organically-bound oxyger., it has 
already been "burned" and its heating value has  suffered accordingly. The oxygen 
values of coals vary inversely with coal ranking. Anthracites contain about 3% 
oxygen, on a moisture anc! a s h  free bas i s .  Corresponding values for lignites are  
20-30% (4). 

The disadvantage of high oxygen and moisture contents in Western coals  is 
offset by their low sulfur contents ,  and large volumes of Western coals a re  being 
shipped t o  the East despi te  freight rates which a re  very high when calculated on a 
heating value basis .  

Any technique which effects select ive removal of moisture and combined 
oxygen, primarily a s  carbon dioxide and water, will be of interest unless the cos t  
is too high or an  offsetting quality disadvantage resul ts .  

Removal of moisture has  been widely discussed and examined (5,6,7). 
Lignites and subbituminous coals  have been dried on a very large sca le  (5) .  Ship- 
ment, handling and storage problems were circumvented, and successful utility burn- 
ing tests were run. While drying reduces shipping weight and increases the heating 
value of the solid f u e l ,  it does not produce oil and high Btu gas coproducts. 

Low temperature pyrolysis, i .e . ,  t o  8 0 0 - 9 0 0 9 ,  removes any moisture 
remaining after the usual preheating s teps  and,  more significantly, produces val- 
uable o i l  and gas products while eliminating much of the organically-bound carbon 
dioxide and water. Both carbon dioxide and water are  easi ly  removed, i f  desired,  
from the gaseous and liquid hydrocarbon products. 

The char product produced from low temperature carbonization can  be used 
a s  a utility boiler f u e l ,  potentially a s  the major component in the manufacture of 
formcoke and a s  a feedstock to  gasification which would make a synthesis gas  f ree  
of hydrocarbons and t a r s .  

The oil product may be used a s  a fuel oi l  and a s  a source of chemicals. It 
may be converted to  pitch binders for carbon and to  metallurgical coke. 

Previous reports have been given on the TOSCOAL process (8 .9 , lO).  Since 
these  initial reports, we have continued our development efforts and have successful ly  
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extended our pilot plant t e s t  work to  coals  having caking properties and have found 
the char t o  be a n  at t ract ive feed t o  gasification. 

DESCRIPTION OF THE TOSCOAL PROCESS 

Tosco Corporation has  investigated oil shale  retorting by the TOSCO I1 pro- 
cess a t  the  pilot plant and semi-works sca le  s ince the la te  1950's. Operations a t  
our 1,000 ton/day Parachute Creek semi-works were terminated by Tosco Corporation 
and its partners in 1972, after total expenditures of more than 50 million dollars. 
In 1969 and 1970 we were successful  in retorting subbituminous coal  in our 25-ton 
per day  o i l  shale  pilot plant located nearDenver,  without significant changes in 
process conditions normally designed for oil shale .  We have chosen the name 
TOSCOAL to designate the  process which involves the  application of our oil shale  
retorting technology to t h e  low temperature pyrolysis of coal. 

A diagram of t h e  TOSCOAL process i s  shown in Figure 1. Coal is fed t o  a 
surge hopper and dried and preheated by dilute phase fluid bed techniques. This 
s tep  may be modified, as required, t o  effect deagglomeration (decaking). The pre- 
heated feed is then transported to  a pyrolysis drum where it is contacted with heated 
ceramic bal ls .  The char  product leaves the  pyrolysis drum a t  800-1000°F, passes  
through the trommel screen and is subsequently cooled and sent  t o  storage. The 
cooled ceramic ba l l s ,  being larger than the coa l ,  pass  over the trommel screen 
into a separate compartment and are returned to  the ball heater by means of an  ele- 
vator. Pyrolysis vapors a re  condensed and fractionated. Uncondensed g a s ,  hav- 
ing a heating value of 500-1000 Btu/lb, may be utilized a s  a ball heater fuel or 
processed and sold af ter  sulfur removal. Removal of contained carbon dioxide 
would raise  the heating value of the g a s  to even higher levels .  

The TOSCO TI oil shale  process produces essentially 100% of the oi l  yield 
measured by Fischer a s s a y  or about 0 .8  barrel barrel of oi l  from a tcn of oi l  shale  
having a Fischer a s s a y  of 35 gal/ton. TOSCOAL processing of coal a l s o  produces 
about 100% of the  oil predicted by Fischer assay .  Subbituminous coals yield 0.3 to 
0.6 barrels of oil per ton  of raw coal. Oil  yields from bituminous coals  a re  greater. 

TOSCOAL processing offers several  advantages: 

1. The use  of a n  indirect heat source results in  the production oi 
gas having a high heating value.  

2 .  The process is continuous. 

3 .  The process operates with a high throughput of solid product per 
unit volume of retort and with good heat transfer and moderate mixing. 

4'. Pollution control is much better than for conventional coke ovens 
used in  high temperature carbonization. 

Previously reported pilot plant runs with a non-caking Wyoming subbitumin- 
ous coal  have now been augmented by successful  operations with coals  having 
Free Swelling Indices (FSI) of 1 and 3.5. Prior deagglomeration, by fluid bed 
treatment with steam and a i r ,  was needed before processing the coal having the 
FSI of 3.5. 
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W e  have used the  Tosco Material Balance Assay (TMBA) technique (11) to deter- 
mine a product s la te  and to provide sufficient product for property determinations. 
Data obtained provide a useful benchmark with which to compare pilot plant retort- 
ing results.  The TMBA procedure requires only 100 grams Of representative coa l .  
The apparatus used for TMBA is illustrated in Figure 2 .  The method is basically the  
well known Fischer a s s a y  procedure with provision for collecting a l l  of the  product 
gas  for later analysis by gas  chromatography. Coal is placed in the steel retort and 
the  head is bolted on t o  assure  no loss of vapors. The contents of the retort are 
heated to a terminal temperature of 930-950°F using a prescribed temperature-time 
profile. Oil and water a re  collected in the centrifuge tube which is immersed in  
ice water.  The gas  product passes  through a pressure activated solenoid valve and 
is collected in the g lass  container shown. Good material balances are obtained o n  
a routine bas i s .  

PILOT PLANT RESULTS WITH COAL 

1. Subbituminous Coal 

Our initial pilot plant work was carried out on several  hundred tons  
of subbituminous coal obtained from the Wyndak mine located near Gillette,  Wyo- 
ming. A typical analysis of this coa l ,  a s  received, is shown in Table 1. 

It is our observation, i n  the pilot plant retorting of this coal, that 
the  mechanical handling of the  solid and liquid products was very similar to that 
experienced in  extensive prior operations with oil sha le .  

Pilot plant retorting was conducted a t  three ratorting temperatures 
The with the  results given i n  Table 2 .  

char yield decreased with increased retorting temperature, and the  oil yield in- 
creased. The water yield was not defined accurately in the pilot plant s ince  some 
steam was used i n  the process.  Accordingly, the  water yield was calculated from 
the moisture of the coal and from Fischer a s s a y  da ta .  The compositions of the  coal 
feeds to these  four test runs were not identical ,  although each coal was from the 
Wyodak mine. 

TMBA data a re  included for comparison. 

Product char properties a re  l isted i n  Table 3 and plotted in  Figure 3 .  
The char volatile matter values decreased, and the  heating values increased a s  the  
retort temperature was raised. The general range of heating values obtained is 
excellent for boiler fuel application and represents about a 50% increase over the  
heating value of the corresponding raw coal.  

The properties of the  oil products a re  given in  Table 4 .  The oil  prop- 
ert ies change only sl ightly with increased retort temperature. The low sulfur values 
are to b e  noted. The oils a re  rich in potential chemical values.  In particular, t he  
IBP to 446OF portion of the tar produced i n  Run C-3 contained 65 weight percent of 
phenols, c reso ls ,  and cresylic ac ids .  

The retort gas  yields a r e  given in Table 2 .  The product gases  gave 
the analyses  shown in  Table 5 .  I t  is to be noted that the mixture obtained has a 
high heating value,  and the heating value obtained after removal of acid gases  is 
in the natural gas  range. Removal of the  butane and heavier components for other 
use would tend to slightly reduce the reported heating values.  
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FIGURE 1. TOSCOAL Process 
FLUE GAS TO ATMOSPHERE 

TOSCOAL PROCESS 
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TABLE 1- 

WYODAK COAL ASSAY 

(Samples 120-8, 120-10) 

Proximate (wt %) 

Moisture 30.0 

Ash 5.3 

Volatile Matter 30.7 

Fixed Carbon 34.0 

Total 100.0 

Heating Values, 

Gross, Btu/lb 8,139 

Net, Btu/lb 7,570 

Other Data 

Free Swelling Index 

Hardgrove Grindability 

Lb S02/MM Btu 

Ultimate (wt %) 

Carbon 

Hydrogen 

Oxygen 

Nitrogen 

Sulfur 

Moisture 

Ash 

Total 

0 

56  

0.74 

46.4 

2.8 

14.7 

0.7 

0.3 

30.0 

5.3 

100.2 



TABLE 2 

TOSCOAL RETORTING OF WYODAK COAL 

Product Yields (lb/ton of as-mined coal) 

Pilot Plant 
8OO0F 900°F 97OVF Retort Temperature - -  

Run No. 

Char 

Gas (C3 and lighter) 

(SCF/to n)  

Oil (C4 and heavier) 

(gal/ton) 

Water 

Totals (lb) 

Recovery (%) 

C-8 

1049.0 

119.0 

.(1250.0) 

114.0 

(13.2) 

702.0* 

1984.0 

99.2 

c-2 

1011.7 

156.7 

(1777.0) 

143.0 

(17.4) 

702.0" 

2013.4 

100.7 

c-3 

968.7 

126.0 

(1624.9) 

186.2 

(21.7) 

702.0* 

1982.9 

99.1 

TMBA a 
3383 

989.7 

156.5 

(1876) 

157.8 ~ 

(19.8) 

702.0 

2006 

100.3 

* Value assumed from Fischer assay and moisture content. The addition 

of steam t o  the process prevented accurate measurement of water produced 

in retorting. 

TMBA Tosco Material Balance Assay, No.  3383 
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TABLE 3 

TOSCOAL CHAR PROPERTIES 

Pilot Plant 

8OO0F 900°F 97OoF --- Retort Temperature 

Run N o .  C-8* c-2 c- 3 

Proximate (wt %) 

Moisture 0 .0  0.0 0.0 

Ash 12.4 10 .0  9.8 

Volatile Matter 25.3 19.7 15.9 

Fixed Carbon 62.3 

Total 100.0 

Ultimate (wt %) 

Carbon 68.8 

Hydrogen 3.4 

Oxygen 13.3 

Sulfur 0.5 

Other Data 1 . 0  

Equilibrium Moisture (wt %) 10.0 

Hardgrove Grindability 59.5 

70.3 

100.0 

_ _ _ -  

74.7 

3.0 

11.8 
0.2 

1.2 

10.8 

49.1 

74.3 

100.0 

77.5 

2.9 

8.3 
0.3 

1.3 

9.9 

45.6 

Heating Values 

Gross , Btu/lb 11,826 12,560 12,963 

Lb SO2/MM Btu 0.85 0.32 0.46 

& 
3383 

0.0 

8.9 

15.8 

5.3 

100.0 

76.5 

3.0 

7.8 
0.4 

ND 

ND 

13,155 

0.61 

* Feed Wyodak coal  was different from that used in  runs C-2 and C-3. 

ND N o t  determined TMBA Tosco Material Balance Assay, N ~ .  3383 
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TABLE 4 

TOSCOAL OIL PROPERTIES 

Retort Temperature 

Run No.  

Ultimate (wt%) 

Carbon 
Hydrogen 
Oxygen 
Nitrogen 
s ulf UT 

Total 

Heating Value (Gross,  Btu/lb) 

API Gravity 

Pour Point (OF1 

Conradson Carbon (wt%) 

Distillation** (~01%) 

2.5 
10 
20 
30 
40 
50 

Viscosity (SUSl 

1 8 0 9  
2 1 0 9  

Pilot Plant TMnA 
W F  E F  __ 935OF 

C-8* 

81.4 
9.3 
8.3 
0.5 
0.4 

99.9 

16,590 

7.9 

90  

7.6 

4 1 3 9  
49 0 
575 
645 
710 
765 

122 
63 

c-2 c-3 3383 

80.7 80.9 81.4 
' 9 .1  8.7 9.4 

9.4 9.3 7.0 
0.7 0.7 0.6 
0.2 0.2 0.2 

100.1 99.8 98.6 

16,217 15,964 16,465 

4.5 1.9 12.8 

-- 

100 9 5  ND 

9.9 11.4 ND 

420°F 39OoF ND 
475 405 
550 455 
62 5 545 
700 640 
775 725 

123 128 ND 
66 69 ND 

* Feed Wyodak coa l  was  different from that used in Runs C-2 and C-3. 

** Combination of TBP and D-1160 disti l lat ions.  

TMBA Tosco Material  Balance Assay,  N o .  3383 ND Not Determined 
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TABLE 5. 

TOSCOAL GAS ANALYSES 

Retort Temperature 

Run No.  

Component (mole %) 

HZ 

co2 
H2S 
CH4 

C2H4 

co 

'ZH6 

C3H8 

C3H6 

iC4H10 
C4's (other) 
C5'S 

C6'S 

C7'S 

'8' 
Total 

Pilot Plant 
W F  

C-8* 

0.8 

18.0 
51.1 

1.7 
16.9 

3.6 

1.9 

1.3 
1.6 

0.1 

0.3 
1.0 

0.7 

0 .5  

0.2 
99.7 

Average Molecular Weight 35.9 

Weight Percent Carbon 40.5 

Heating Values (Calculated) 

Gross, Btu/SCF 534 
N e t ,  Btu/SCF I 494 
Calculated with C02 

and H2S removed 

Gross,  Btu/SCF 1,113 
Net ,  Btu/SCF 1,029 

C-2 

1.0 

17.3 
42.3 

1.3 
22 .o 

4.7 

1.9 

2.2 
3.7 

0.1 

2 .O 
1.8 

0.6 

0.1 

0.0 
101 .o 

35.0 

45.9 

717 
663 

1,234 
1,138 

c- 3 

7.8 

18.4 
36.4 
0.3 

24.9 
4.4 

2.4 

1.2 
1.6 

0.0 

1.1 
0.7 

0.4 

0.3 

0.1 
100.0 

30.6 

44.7 

630 
580 

995 
920 

935% 

3383 

5.6 

15.1 
44.7 

0.8 
22.4 

4.6 

2.3 

1.2 
1 .4  

0.1 

1.0 
0.5 

0 .5  

0.0 

0.0 
100.2 

32.3 

42 .O 

552 
508 

998 
9 19 
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2 .  Higher Rank Coals 

The successful  operation of the TOSCOAL pilot plant with sub- 
bituminous coal was  encouraging and suggested a c c e s s  to m o s t  of the Western 
coals and lignites. However, some Western coals  and most of the  Eastern coals  
a re  of higher rank and have an  FSI ranging from 1 to 9 .  The feasibility of retorting 
with heated ceramic balls was in question s ince caking coals fuse  below the retort- 
ing temperat,ure range of 800-1100%. Some short process tes ts  with Illinois N o .  5 
coal (FSI-4) confirmed tha t  the retort m i x  became "sticky" and resis tant  to  flow. 

We f i rs t  processed six tons of coal  from the Plateau Mine (Price, 
Utah) which had an  FSI of 1, i.e., only a slight tendency to swell on heating. 
Coal assays  are l is ted i n  Table 6 and pilot plant product yields and properties 
are  given in Table 7 ,  along with comparative TMBA resul ts .  N o  problems were 
encountered with this  c o a l  and no pretreatments, other than the usual drying and 
preheating, proved to  b e  necessary.  

Processing of Illinois N o .  6 coal ,  having a n  FSI of 3.5, required pre- 
treatment with steam and a i r  a t  57OoF i n  a fluid bed before retorting. Pilot plant 
operability was good af ter  this  deagglomeration. 

Assay da ta  for the  raw and pretreated coal are given in Table 6.  
The effect of deagglomeration was  t o  decrease the TMBA oi l  yield and to increase 
the  char yield. Deagglomeration presumably involves uptake of oxygen by the coal 
s ince subsequent pyrolysis (TMBA) shows an  increase i n  product carbon dioxide i n  
the  gas .  
ing value for coal treated with steam and a i r  was 3 1  pounds. 

The raw coal  yielded 11 pounds of C02 per ton of coal, and the  correspond- 

Pilot plant processing of three tons of the  deagglomerzted coal was 
carried out t o  produce t h e  results given in Table 7 .  Due t o  the short run length, 
material balances were not attempted a t  each of the  two conditions. 

LABORATORY RETORTING 

It is not a lways possible t o  obtain sufficient t e s t  coal for pilot plant opera- 
tions. A s  described above, we have used the TMBA procedure to investigate retorting 
of small quantities of coal. Although TMBA is a batch operation and TOSCOAI. pro- 
cessing is continuous, w e  have found the  product yields and product properties t o  
be sufficiently similar to encourage wider use of this  relatively simple laboratory 
procedure. 

An excellent application of the  use of low temperature carbonization a s  a n  
a s s a y  technique for coa l  was reported by Landers in 1961 (12 ) .  Data,  similar to 
those produced using TMBA, were reported on 2 2 0  domestic and foreign coa ls .  

The Tosco Fischer a s s a y  procedure has been applied to  a number of Western 
coals and lignites. Five examples, other than those discussed above, a re  described 
i n  Table 8 .  The  a s s a y s  of the  coals  and product chars are  shown. The increase in 
t h e  heating value of the char, a s  compared to  the raw coal ,  is to be noted. In exam- 
ination of product yields ,  it is apparent that low temperature carbonization of the  
materials shown produces about a 50% yield of char ,  based on the  as-mined raw 
coal or lignite. G a s ,  o i l  and water yields vary with the source of the coa l  and 
with the retorting conditions. 
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TABLE 6 

ASSAYS OF PLATEAU COAL, ILLINOIS NO. 6 COAL 
AND DFAGGLOMERATED ILLINOIS NO. 6 COAL 

Proximate (wt%) 
Moisture 
Ash 
Volatile Matter 
Fixed Carbon 

Total 

Illinois N o .  6 Coal  
Plateau Coal  A s  Received Deagqlomerated 

10.0 8.8 0.7 
13.0 6.7 8.3 
34.1 32 .O 31.6 
42.9 52.5 59.4 

100.0 100.0 100.0 

Sulfur 0.9 0.7 0.7 

Free Swelling Index (FSI) 1.0 3.5 1.5 

Heating Value (Gross,  Btu/lb) 11,906 13,293 13 ,071  
(Dry Basis) 

TMBA Results (Dry Coal Basis) 

TMBA No. 

TMBA Temp. (OF) 

Oil ,  lb/ton 
(gal/ton) 
(API) 

Char, lb/ton 
Gas ,  lb/ton 

(SCF/ton) 
(Btu/SCF) 

Water, lb/ton 
Total lb/ton 

1252 

970 

358.3 
(45.6) 
(18.6) 

1,417.9 
140.1 
(2 I 039) 

(945) 
76.5 

1,992.8 

1340 

932 

245.9 
(27.9) 

(2.2) 
1,603.6 

79.1 
(1,360.8) 

(1025) 
39.9 

1,968.5 

1341  

932 

166.6 
(19.0) 

(2.7) 
1,675.2 

103.8 
(1,630.7) 

(857) 
40.8 

1,986.4 
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Using t h e  type of data given in Table 8 it is feasible  to estimate the  yields 
and product properties to be obtained from commercial operations a t  any desired scale .  

UTILIZkTIOP.: OF PRODUCT CHAR 

Utility Boiler Fuel 

Important characteristics of solid fuels include the temperature of igni- 
t ion,  t h e  temperature a t  the maximum rate of ignition, and the temperature at which 
complete burnout occurs .  In  m o s t  cases  higher volatile matter and higher surface area 
a re  reflected in  improved ignition characteristics. Chars from lower rank coals ,  such 
a s  lignite and subbituminous, generally ignite and burn rapidly due t o  the large surface 
a rea .  

Laboratory t e s t s  have been conducted on TOSCOAL chars by three major 
One found that the  ignition characteristics were satisfactory and boiler nianufacturers. 

concluded that the char could be burned readily in  a conventional, horizontally-fired 
boiler. Babcock and Wilcox personnel conducted burning profile t e s t s  on char in com- 
parison to other solid fuels  using the procedure published by Wagoner and Duzy (13) .  
The results are illustrated i n  Figure 4 .  The "C-4 TOSCO" char was produced i n  our 
pilot plant from Wyodak coal  by retorting a t  800°F. The Tosco char ignited more read- 
i ly  and burned out completely a t  a lower temperature than did bituminous c o a l s ,  

Another boiler f i r m  conducted small sca le  firing tes t s  with char from the 
C-3 pilot plant run. They concluded that this  low VM char (16%) burned i n  a similar 
fashion to  Pennsylvania low volatile bituminous coal .  

Commonwealth Edison (Chicago) and others have extensively investi- 
gated t h e  utility boiler firing of partially dried lignite (5). Improvements over firing 
raw lignite were observed. 

Texas lignite has been used as  a boiler f u e l  after both charring and 
drying (14) .  The currer,t practice of Texas Utilities i s  to burn dried lignite at their 
Rockdale mine faci l i ty .  

Formcoke 

There is currently great interest in finding a substitute for the conven- 
tional blast furnace coke used i n  making iron for subsequent conversion to  s tee l .  The 
coke is m a d e  from expensive coking coals ,  and the manufacturing process involves 
substantial a i r  pollution. The use of non-coking coa ls ,  such a s  those found i n  the 
Western United States would be attractive since they are  cheap and t h e  supply is 
virtually limitless. Much of the technology currently being investigated for manu- 
facturing synthetic coke (formcoke) involves pyrolysis of non-coking ccals  and sub- 
sequent production of calcined briquettes or pellets from the  char (15,16,17,18). 
The addition of a pitch binder and sometimes some coking coal and other sol ids  is 
required. Our judgment is that the TOSCOAL process can produce a satisfactory 
char and ,  after further oil processing, the pitch binder in a n  efficient and environmen- 
ta l ly  c lean manner. 

Feed to Gasif icat ion 

One of the  major problems encountered i n  coal gasification is han- 
dling the  tars produced along with the primary gas  product. These tars may cause 

246 



EFFECTOF TOSCOAL PROCESSING TEMPEMTURE 
ON CILAR VOlATlLC MATTER A N D  GROSS HViTING VALUE 

(Fllot Plant R e s u l t s )  

800%. 9oooF IOOODF 
Fmcesslng Temperature  

FIGURE 4 

d T G A  B U R N I N G  P R O F I L E  

12 
d .- 
5 

IO 

m 
m 

-I 

t- 

0 8  

r 
2 6  
3 

0 4  
W 
t- 

W 

U 

a 
a 2  



problems in heat recovery,. i n  recovery of particulate solids and in  water purification. 
Gasification of TOSCOAL char produces a synthesis qas  free of tars and very low in  
methane, a s  illustrated in Tdble 9 .  Such a gas can be converted to high purity hydro- 
gen or used a s  synthesis  gas  ieed for methanol production. 

Gasification of char has  been investigated previously by F M C  and 
others in the consortium called COGAS Development Company (19 ,20,21), 

TABLE 9 

GASIFICATION OF TOSCOAL CHAR 
FROM ILLINOIS NO. 6 COAL 

Conditions 

Reactor Temperature (9.) 1525 
Fluidizing Gas Steam (no air or 02) 

Product G a s  Composition (Mole %) 

Tota 1 

UTILIZATION OF OIL 

59.5 
18.3 
19.9 
0.1 
2.3 

100.1 

Oil from low temperature carbonization, 8 0 0 - 1 0 0 0 9 ,  of coal differs from 
tha t  produced in a coke oven (1600'F) i n  that it contains a larger amount of oxygen 
and hydrogen and lower levels  of pure compounds such a s  benzene and naphthalene I 

Use of oil from TOSCOAL processing a s  a fuel oil is reasonable. Oils from 
Western coals and lignites generally have low-sulfur contents. 

The oil from Run C-3, 9 7 0 9  retorting of Wyodak coal (Table 4) yielded, by 
distillation, a n  IBP to  446OF fraction having a cresylic acid content of 65 volume 
percent. These acids  a re  used in  the manufacture of phenolic resins and phosphate 
es te r  plasticizers. 

Oils from low temperature carbonization have been hydrogenated to a synthetic 
crude o i l  which has  then been evaluated a s  a refinery charge stock (22) ,  and a s  a 
carbon black feedstock ( 2 3 ) .  

After thermal treatment, oil from low temperature carbonization of lignite can 
be used a s  electrode pitch (24) and for the manufacture of coke (25). 

Pitch, t o  b e  used i n  formcoke manufacture, can be made by air blowing the 
liquid product from low temperature carbonization (26). 
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ECONOMICS _____ 

Thc cost  of a potential commercial TOSCOAL processing plant, using a subbitu- 
minous coa l  of the Big Horn type has been estimated. The design plant capacity yields ore: 

1) Feed ra te ,  ton/day of "as mined" coal 7,230 

2 )  Dry char product, ton/day 3,910 

3)  Oil product, bbl/day 4,130 

4) Net product g a s ,  MM Btu/day 2,261 

5) N e t  g a s ,  oil  and dry char HHV values 
a s  a percent of wet feed HHV 94.7 

Part of the hydrocarbon product m i x  is used internally a s  process fuel.  

The plant envisioned is based on a maximum s i ze  single pyrolysis train 
operating at a retort temperature of 900°F. Operation E t  800°F would increase 
plant capaci ty ,  but would produce somewhat less liquid product per ton of feed coal.  

The investment, i n  June 1976 dollars,  would be $73 million for the  pyrolysis 
battery l i m i t s .  The investment cos t  does not include the mine, feed preparation, 
product storage,  land, buildings, rail  siding and loading facil i t ies and offsite util- 
ities. Equipment for sulfur dioxide removal is also not included but may not be nec- 
essary. 

Components of the operating cost are:  

1) A total  of 2 8  shift workers 

2) Maintenance cost of $2.8 MM/year 

3) Operating supplies o f  $0.5 MM/year 

4 )  Power requirement of 37 MM KWH/year 

Expenditure of t hese  estimated investment and operating costs would produce 
a superior solid fuel which would offer cost  savings in utility power generation. A 
recent study (27) compared investment cos ts  and operating parameters for a 500 mega- 
watt P.C.  (pulverized coal) fired boiler to be fired,  on the  one hand, with Gillette,  
Wyoming coal and North Dakota lignite and,  on the  other hand, with chars from these 
coa ls .  In the Gillette coal ca se  a n  investment savings of nine dollars per installed KW 
can be realized, for the boiler island, in changing fuels from raw coal to char. These 
savings a re  mainly in  reduced requirements for pulverizers and for boiler furnace s i ze .  
Further, boiler efficiency would improve by 5.3% and internal power consumption, mainly 
for fans  and pulverizers, would decrease by 2,500 KW. 

Corresponding savings in the North Dakota lignite c a s e  were higher. The invest- 
ment would be reduced by $17.5 per installed KW. Boiler efficiency would improve by 
6.8%, and internal power consumption would decrease by 6,300 KW. 
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In  addition to savings i n  power generation, a n  advantage of char over m o i s t ,  
" a s  mined" coal and lignite would be in lowered freight costs. Assuming a freight cost  
of 12 mills/ton mi le ,  t he  cost of shipping a ton of Wyodak coal (Table 1) 1,000 miles 
would b e  $12 . O O  or $ .74/MM B t u .  On the  same bas i s ,  the  cost of shipping one ton 
of Wyodak char (C-8 run, Table 3) would be only $.51/MM Btu. This saving assumes 
there would be no offsetting cost  in  handling the  more pyrophoric and dusty char. 

Covered hopper cars  have been manufactured by Thrall Car Manufacturing 
Company (Chicago Heights,  Illinois) and perhaps could be used to haul char produced 
from low temperature carbonization. Currently, the  "fl ip top" cars  are being used t o  
sh ip  "a s  mined" lignite across  North Dakota t o  the  Big Stone Power project a t  Big Stone 
City,  South Dakota. The covered car was needed t o  reduce dust  loss and to prevent 
freezing during the  winter. 

SUMMATION 

TOSCOAL processing of coal is based on technology acquired i n  twenty years 
of continuous work on t h e  TOSCO I1 oil sha le  retorting process.  Coals of low rank 
c a n  be used directly. Those of higher rank may be retorted after treatment with air  
and steam to effect decaking . 

Processing of Western coa ls  and lignites is of interest in  reducing the large 
freight cos ts  currently involved in  transporting moisture and non-combustible components. 
Use of chars rather than coa l  a s  utility boiler fuels offers investment and operating 
cost advantages. Chars produced may a l s o  be used in  the  manufacture of formcoke 
and as a n  improved feedstock in gasj.fication. 

Liquid products may be used a s , a  fuel,  and a s  a source of chemicals, coke 
and pitch binders. 

High heating value gas is produced a s  a coproduct. 
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