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INTRODUCTION 

.I A l l  coal l i q u e f a c t i o n  p r o c e s s e s  i n v o l v e  t h e r m a l  c r a c k i n g  of  
weak bonds i n  coal t o  form r a d i c a l  f ragments  which are s t a b i l i z e d  
by a b s t r a c t i n g  hydrogen atoms from a donor  s o l v e n t .  The a c t i v i t y  
of t h e  hydrogen donor  s o l v e n t  i s  main ta ined  by f u r t h e r  hydrogena- 
t i o n  of a r e c y c l e d  f r a c t i o n .  Thus, t h e  costs of  hydrogen comprise  
a major expense i n  any l i q u e f a c t i o n  p r o c e s s  e s p e c i a l l y  i f  pure  

demonstrated t o  b e  a p o t e n t i a l  hydrogen s o u r c e  fo r  a few chemical  
p r o c e s s e s ,  such a s  se lec t ive  r e d u c t i o n  of NO t o  hydroxyl  amine 1 1 1  
and r e d u c t i o n  of n i t r o a r o m a t i c s  t o  amines The e f f e c t  of  H2S 
on c o a l  l i q u e f a c t i o n  i n  t h e  p r e s e n c e  of  hydrogen donor s o l v e n t s  
and under H a tmosphere h a s  been r e p o r t e d  t o  i n c r e a s e  t h e  c o a l  
convers ion  80 s o l u b l e  p r o d u c t s  [3 ,41 .  
l a t t e r  c a s e s  was n o t  t h e  main s o u r c e  of  hydrogen b u t  a c t e d  a s  a 
promoter i n  t h e  p r e s e n c e  o f  hydrogen donors  and e l e m e n t a l  H 2 .  
I n  o r d e r  t o  u t i l i z e  t h e  i n h e r e n t  hydrogen v a l u e  of  hydrogen s u l f i d e ,  
w e  s t u d i e d  t h e  e f f e c t  o f  H S and CO on c o a l  l i q u e f a c t i o n  i n  t h e  
absence  of  o t h e r  hydrogen s o u r c e s .  A m o r e  d e t a i l e d  s t u d y  of t h i s  
chemis t ry  was achieved  by t h e  u s e  of c o a l  t a r ,  a m a t e r i a l  t h a t  
c o n t a i n s  many of t h e  b a s i c  s t r u c t u r a l  f e a t u r e s  o f  c o a l  i t s e l f .  
The o b j e c t i v e  of  t h i s  s t u d y  h a s  been t o  u t i l i z e  low grade  indus-  
t r i a l  hydrvgen streams, p a r t i c u l a r l y  t h o s e  produced v i a  coal 

HZS, CO, C 0 2 ,  COS and NH3. 
d i r t y  streams i n  t h e  f i r s t  s t a g e  o f  c o a l  l i q u e f a c t i o n  w i l l  a l l e v i a t e  
a number of  expens ive  p r o c e s s  s t e p s  i n  t h e  c l e a n i n g  of  syngas.  

I H i s  used. Hydrogen s u l f i d e ,  a by-product  of  a n e g a t i v e  v a l u e  
I fgom t h e  c l e a n i n g  o f  n a t u r a l  g a s ,  c r u d e  o i l  o r  c o a l ,  h a s  been 

[27.  

Hydrogen s u l f i d e  i n  t h e s e  
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j g a s i f i c a t i o n  which c o n t a i n  a l a r g e  v a r i e t y  o f  i m p u r i t i e s  i n c l u d i n g  
U t i l i z a t i o n  of  t h e  H2S/C0 from such 

EXPERIMENTAL 

1. The coal l i q u e f a c t i o n  exper iments  w e r e  c a r r i e d  o u t  i n  a 316 SS, 
300 mL Magnedrive, p a c k l e s s ,  s t i r r e d  a u t o c l a v e  (Autoc lave  Engineer ,  
I n c . ) ,  f i t t e d  w i t h  a 1 2 0 0  w a t t  h e a t i n g  j a c k e t .  The coal w a s  
p u l v e r i z e d  t o  -60 mesh and d r i e d  under  n i t r o g e n  i n  a vacuum oven 
a t  100OC. The c o a l  sample ( 2 0  g ) ,  s o l v e n t  (80  9 of  l-methyl- 
naphtha lene  or t e t r a l i n )  and a c a t a l y s t  ( 2  g ) ,  i f  r e q u i r e d ,  w e r e  
charged i n t o  t h e  a u t o c l a v e .  The a u t o c l a v e  w a s  f l u s h e d  and p r e s s u r e  
t e s t e d  w i t h  n i t r o g e n ,  t h e n  charged w i t h  1655 kPa o f  H S ( a b o u t  4.5 9)  
and t o  6894 kPa w i t h  CO. 
f o r  2 hours  w h i l e  s t i r r i n g ,  t h e n  quenched u t i l i z i n g  a c o l d  water  
c o o l i n g  c o i l .  The c o n t e n t s  o f  t h e  r e a c t o r  were t r a n s f e r r e d  i n t o  
a n  e x t r a c t i o n  t h i m b l e  and e x t r a c t e d  w i t h  e t h y l  acetate  f o r  2 4  hours .  
The th imble  was d r i e d  i n  a vacuum oven and t h e  weight  of t h e  r e s i d u e  

The r e a c t i o n  was c a r r i e d  ouz a t  400°C 
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w a s  determined.  Conversion i s  d e f i n e d  as  t h e  p e r c e n t a g e  of  t h e  
o r g a n i c  mat te r  i n  coal t h a t  w a s  c o n v e r t e d  t o  e t h y l  a c e t a t e -  
s o l u b l e s  and g a s e s  on a d r y  a s h - f r e e  b a s i s .  The e x t r a c t  w a s  
s t r i p p e d  of  e t h y l  acetate and t h e  a s p h a l t e n e s  were p r e c i p i t a t e d  
by adding 800 mL of pentane .  The s u l f u r  c o n t e n t s  o f  t h e  
a s p h a l t e n e s  w e r e  determined by Eschka method (ASTM D-271). 

and CO (6894 kPa) .  
2 hours  w h i l e  s t i r r i n g .  
were i s s o l v e d  i n  C D C l  , f i l t e r e d ,  t h e n  s u b j e c t e d  t o  b o t h  H-nmr 
and ' 'C-qf  a n a l y s i s .  30ne exper iment  w a s  c a r r i e d  o u t  u s i n g  60% 
e n r i c h e d  CO i n  a m i c r o r e a c t o r  c o n s i s t i n g  o f  a 30 mL s t a i n l e s s  
steel  v e s s e l  (Hoke) connec ted  to  a mani fo ld  and f i t t e d  w i t h  a 
magnet ic  stirrer and a h e a t i n g  j a c k e t .  The re t i o n  w a s  c a r r i e d  
o u t  a t  35OoC, 1655 kPa of H2S and 5515 kPa of %O f o r  6 hours .  
The c o n t e n t s  t h e  v e s s e l  were e x t r a c t e d  w i t h  C D C l  , f i l t e r e d  and 
s u b j e c t e d  t o  "C nmr. During t h e  c o u r s e  of  t h e  coa? t a r  t r e a t m e n t  
any hydrogen-containing s o l v e n t s  were c a r e f u l l y  exc luded .  

The a u t o c l a v e  w a s  t h e n  h e a t e d  a t  4 8 O o C  f o r  
Small  a l i q u o t s  of t h e  product  m i x t u r e  

Y 
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SUlfided Co-Mo on y-A1 0 (Run 4 )  or ammonium molybdate ( impregnated 
on t h e  coal, Run 5)  d i a  d o t  c a u s e  s i g n i f i c a n t  change i n  convers ion ,  
it d i d  d e c r e a s e  t h e  s u l f u r  c o n t e n t  s l i g h t l y .  When a l a r g e  e x c e s s  
of H2S was used  w i t h  t h e  s a m e  amount o f  CO, a h i g h e r  convers ion  w a s  
ach ieved  w i t h  a s l i g h t  i n c r e a s e  i n  t h e  s u l f u r  c o n t e n t  (Run 7 ) .  

L i q u e f a c t i o n  of coal h a s  been s t u d i e d  w i t h  m i x t u r e s  of CO 
and H 0 by several groups  w i t h  t h e  main e f f o r t  now involved  i n  
t h e  C~STEAM p r o c e s s  IS]. A comparison of  H2S/C0 v e r s u s  H20/C0 
w a s  c a r r i e d  o u t .  In  t h e  absence  o f  a hydrogen donor s o l v e n t ,  
H S/CO was found t o  be  more e f f e c t i v e  f o r  coal l i q u e f a c t i o n  (38.2%) 
t g a n  H20/C0 (28%) under  t h e  same c o n d i t i o n s  (Runs 3 and 8 ) .  

t h e  presence  of e i t h e r  a n  i n e r t  s o l v e n t  (1-methylnaphthalene)  or a 
hydrogen donor s o l v e n t  ( t e t r a l i n )  are  shown i n  Table  2 .  I n  agree-  
ment w i t h  p r e v i o u s  d a t a ,  t h e  l i q u e f a c t i o n  i n  t h e  p r e s e n c e  of  H S 
and CO i n  a n  i n e r t  s o l v e n t  i n c r e a s e d  t h e  c o n v e r s i o n  t o  59.5% (4un 
10) r e l a t i v e  t o  a b lank  experiment  (38.5% c o n v e r s i o n ,  Run 9 ) .  The 
u s e  of  c a t a l y s t  d i d  n o t  i n f l u e n c e  t h e  c o n v e r s i o n  or t h e  s u l f u r  
Content .  
n o n c a t a l y t i c  or c a t a l y z e d  by t h e  i n o r g a n i c  m i n e r a l s  i n  c o a l .  The 
u s e  of a hydrogen donor s o l v e n t  gave a h i g h e r  c o n v e r s i o n  and 
s l i g h t l y  lower s u l f u r  c o n t e n t  t h a n  t h e  u s e  of a n  i n e r t  s o l v e n t  
(Run 1 2  v s .  Run 9 ) .  Furthermore,  t h e  u s e  of  H S/CO enhanced t h e  
coal l i q u e f a c t i o n  i n  t h e  p r e s e n c e  o f  a hydroge& donor a s  e v i d e n t  
from t h e  r e s u l t s  i n  Table  2 .  

The r e s u l t s  o f  l i q u e f y i n g  I l l i n o i s  N o .  6 Delta Mine coal i n  

T h i s  i n d i c a t e d  t h a t  t h e  r e a c t i o n  of H2S/C0 was e i t h e r  

Coal t a r  was used as a c o a l - l i k e  m a t e r i a l  i n  o r d e r  t o  examine 
t h e  n a t u r e  o f  H2S/C0 i n t e r a c t i o n  on c o a l  l i n k a g e s .  Although w e  
d o  n o t  imply t h a t  c o a l  t a r  i s  a model f o r  coal,  it d o e s  c o n t a i n  
many of  t h e  s t r u c t u r a l  components i n  t h e  o r i g i n a l  coal and has  t h e  
added advantage  of  g r e a t e r  s o l u b i l i t y  i n  ch loroform.  

Coal t a r  samples  w e r e  t r e a t e d  w i t h  H S/CO i n  t h e  presence  
of  s u l f i d e d  Co-Mo n A 1  0 c a t a l y s t s  u n d e l  s imilar  l i q u e f a c t i o n  
c o n d i t i o n s .  
change i n  hydrogen and carbon d i s t r i b u t i o n  i n  coal t a r  as a r e s u l t  
of H S/CO t r e a t e m e n t .  Examination of  t h e  r e s u l t s  i n  Table  3 demon- 
s t r a g e d  a s u b s t a n t i a l  i n c r e a s e  i n  t h e  c o n t e n t  of t h e  a l i p h a t i c  
p r o t o n s  from 5.3% f o r  t h e  t a r  h e a t e d  under  n i t r o g e n  t o  15.9% f o r  
t h e  t a r  t r e a t e d  w i t h  H S/CO. A s imi l a r  i n c r e a s e  i n  he a l i p h a t i c  
carbon c o n t e n t  from 4 . 3 %  t o  6 .6% w a s  observed .  The 'H-nmr s p e c t r a  
of both n i t r o g e n -  and H2S/CO-treated c o a l  i n d i c a t e d  t h a t  t h e  major 
change i n  t h e  a l i p h a t i c  hydrogen was due t o  f u n c t i o n a l  a ry l -methyl  
groups ( s i n g l e t s  a t  62.33-2.5 ppm) and t h e  g e n e r a t i o n  of  e t h y l e n i c  
l i n k a g e s  between aromat ic  r i n g s  ( s i n g l e t s  a t  63.3 ppm) such as 
acenaphthene or d ihydrophenanthrene  s t r u c t u r e s .  The appearance  of 
a ry l -methyl  groups  w a s  q u i t e  i n t r i g u i n g  s i n c e  it i n d i c a t e d  t h e  
p o s s i b i l i t y  o m e t h y l a t i n g  c o a l  t a r  o r  coal u s i n g  a m i x t u r e  of 
H s/co. The f3C-nmr h a s  s u b s t a n t i a t e d  t h i s  o b s e r v a t i o n  by i n d i -  
c g t i n g  t h e  appearance  of s i n g l e t  peaks  around 622.0 and 30.3 ppm 
due t o  a ry l -methyl  and d ihydrophenanthrene  s t r u c t u r e s .  The use  
of 1 3 ~ 0  and H2S c l e a r l y  shobed t h e  i n c o r p o r a t i o n  of  I 3 C H 3  groups  

Both 'H an$ 313C-nmr were used t o  e v a l u a t e  t h e  g r o s s  
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as e v i d e n t  from t h e  s u b s t a n t i a l  i n c r e a s e  i n  t h e  a l i p h a t i c  carboy 
from 6.6% t o  12.1% when CO o r  I 3 C O  was used r e s p e c t i v e l y .  
nmr a l s o  i n d i c a t e d  a major  i n c r e a s e  i n  t h e  r eg ion  of 6 1 8 . 5 - 2 2  ppm 
i n d i c  i v e  of a ry l -methyl  groups  as a r e s u l t  of t r e a t i n g  c o a l  tar 
wi th  "C0/H2S. 

The 3C- 

D I S C U S S I O N  

The above r e s u l t s  show t h a t  t h e  p re sence  of CO w i t h  H S i s  
r e q u i r e d  t o  ach ieve  s u b s t a n t i a l  hydrogenat ion  and/or  methy2at ion 
of c o a l  wi th  H S. Hydrogen t r a n s f e r  t o  c o a l  may invo lve  n a s c e n t  
hydrogen o r  o t z e r  s i m i l a r  i n t e r m e d i a t e s  t h a t  have been cons ide red  
i n  CO/H20 r e d u c t i o n  of c o a l .  The weaker bond energy of H-S bonds 
i n  H S v e r s u s  H-0 bonds i n  H 2 0  undoubtedly p r o v i d e s  one advantage  
f o r  3ydrogen t r a n s f e r  from H S. 
t y p e  r e a c t i o n  which can  occu? w i t h  H2S/C0 ove r  s u l f i d e d  c a t a l y s t s  
t o  produce e l emen ta l  H2 161. 

s h i f t  r e a c t i o n  € o r  H2S/C0 i s  h i g h l y  un favorab le  as compared t o  
t h e  s h i f t  r e a c t i o n  f o r  H20/C0.  

One must a l s o  c o n s i d e r  a s h i f t  

While H 2 S  has a much lower h e a t  of format ion  than  w a t e r ,  a 

CO + H 2 0 + C O 2  + H 2 ,  AGGsoOoK = -3.99 Kcal/mole 

CO + H 2 S S C O S  + H 2 ,  AG6000K = +3.86 Kcal/mole 

(1) 

( 2 )  

A more l i k e l y  mechanism f o r  hydrogen t r a n s f e r  i nvo lves  s p l i t t i n g  
of H S t o  g i v e  a hydrogen atom o r  a b s t r a c t i o n  of hydrogen atom 
from H 2 S  by t h e  c o a l  r a d i c a l  f r agmen t s  fo l lowed by t r app ing  t h e  
t h i y l  r a d i c a l  w i th  CO t o  form a t h io fo rmyl  r a d i c a l .  The l a t t e r  
i s  a be' t ter  hydrogen donor  t h a n  H 2 S  i t s e l f  r e s u l t i n g  i n  t h e  
format ion  of COS. 

2 

Scheme I 

\ H 
+ 'SH 1 P Or 1. + H2S- 7. Or A" ( 3 )  

' S H  + C O G  HS-'CO ( 4 )  

The a b i l i t y  o f  H S/CO t o  me thy la t e  a romat i c s  on ly  i n  t h e  
p re sence  of a s u l f i d e 2  c a t a l y s t  s u r f a c e  may a l s o  invo lve  a 
th io fo rmyl  i n t e r m e d i a t e .  W e  c u r r e n t l y  f e e l  t h a t  t h io fo rmyl  c a t i o n s  
o r  r a d i c a l s  on an a c t i v e  me ta l  s u l f i d e  s u r f a c e  a t t a c k  a romat i c  
r i n g s  which a r e  e l e c t r o n  r i c h .  Subsequent  hydrogenat ion  of t h e  
th io fo rmyl  group appea r s  t o  l e a d  t o  t h e  a ry l -methyl  product  i n  a 
c o a l  o r  coal tar. While me thy la t ion  wi th  H 2 S / C 0  p robably  b e a r s  
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resemblance t o  t h e  formate mechanisms proposed e a r l i e r  by Friedman, 
e t  a1 [71, f u r t h e r  i n v e s t i g a t i o n  of t h i s  area i s  n e c e s s a r y  t o  
make any a c c u r a t e  conc lus ions .  

C ONC LUS 10% 

This  i n v e s t i g a t i o n  h a s  shown t h a t  t r e a t m e n t  of coal w i t h  a 
mixture  of H S and CO a l l o w s  t h e  l i q u e f a c t i o n  of c o a l  t o  a n  e t h y l  
a c e t a t e  s o l u g l e  mater ia l .  
r e s u l t s  i n  b o t h  hydrogenat ion and m e t h y l a t i o n  03 c o a l  f ragments .  
While t h e  mechanism h a s  n o t  been f u l l y  e s t a b l i s h e d ,  t h e  a b i l i t y  
of t h i s  r e a g e n t  t o  s o l u b i l i z e  c o a l  i n  t h e  absence  of hydrogen and/or 
a donor s o l v e n t  w i l l  al low r e d u c t i o n  i n  t h e  r a w  material  cost of 
hydrogen i n  f u t u r e  l i q u e f a c t i o n  processes. 

The i n t e r a c t i o n  of H S/CO w i t h  c o a l  
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TABLE 1. Dean Mitchell Coal Solubilization with H2S, CO at 
400T for 2 hours 

Reactants, Conversion 
- Run Solvent Catalyst ( %  daf) Sulfur (a) 

1 1-methylnaphthalene N2 

3 H2S/C0 

2 0 H2S/N2 

4 

12.5 3.36 
18.0 6.34 
38.2 4.33 
37.1 3.86 

~ ~ S ( 2 5  g)/CO, 46.6 4.85 
Co/Mo (b) 
H20/C0 28.0 4.03 

(a) Total sulfur in asphaltene. 
(b) Sulfided Harshaw HT-4OOE. 3% Co, 12% Mo oxides on A1203. 
(c) Wet impregnated on the coal followed by vacuum drying. 
(d) H20 quantity was 2.4 g, to provide same molar quantity as 

4.5 g of H S. Pressure at ambient temperature was brought 
to 6894 kP2 with CO. 

TABLE 2. Delta Mine, Illinois No. 6 Coal Solubilization at 
4OOOC for 2 hours 

Reactants, Conversion 
- Run Solvent Catalyst ( %  daf) Sulfur (a) 

9 1-methylnaphthalene N2 
10 H S/CO 
11 

12 tetralin 
13 

38.5 2.73 
59.5 2.78 

H2S/C0, 58.5 2.70 
~ 

cO/MO/K~CO~ (b) 

N2 73.5 2.53 
HZS/CO, 83.0 2.48 
Co/Mo/K2C03 (b) 

(a) Total sulfur in asphaltene. 
(b) Sulfided Harshaw HT-4OOE. 3% Co, 12% Mo oxides on A1203. 
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TABLE 3. NMR Data of Coal Tar Reaction with 
H S/CO -2- 

Aliphatic Aromatic 
n C H C - -  - -  Reactants 

Coal tar, N ~ ( ~ )  5.3 4.4 94.74 95.6 

Coal tar, HZS, 15.9 6.6 84.09 93.4 
co (a) 
Coal tar, HZS, 12.7 12.1 81.17 87.9 
13c0 (b) 

(a) Reaction was carried out in 300 mL autoclave 
at 4OO0C, 6894 kPa ambient pressure for 2 hours 
in the presence of 5% Harshaw HT-400E sulfided 
catalyst. 

(b) Reaction was carried out in 30 mL microreactor 
at 4OO0C, 5515 kPa ambient pressure for 6 hours 
in the presence of 5% Harshaw HT-400E sulfided 
catalyst. 
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