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INTRODUCTION 

Near i t s  c r i t i c a l  p o i n t  ( T ~  = 3 7 4 O c ,  pC = 2 1 8  a t m . ) ,  w a t e r  i s  a 
good s o l v e n t  f o r  o r g a n i c  (1) a s  w e l l  a s  i no rgan ic  m a t e r i a l s  whi le ,  a t  
a m b i e n t  c o n d i t i o n s ,  mos t  o r g a n i c s  a r e  i n s o l u b l e  i n  w a t e r .  Water i s  
a l s o  t h e r m a l l y  s t a b l e ,  e v e n  a t  t e m p e r a t u r e s  above  45OoC, and h a s  a 
l a r g e  h e a t  capac i ty .  F i n a l l y ,  water  i s  very  cheap compared t o  o the r  
s o l v e n t s .  

By v i r t u e  of  t h i s  c o m b i n a t i o n  of  p r o p e r t i e s ,  w a t e r  h a s  g r e a t  
p o t e n t i a l  a s  a s o l v e n t  f o r  c o a l  l i q u e f a c t i o n  and has  drawn t h e  a t t e n -  
t i o n  of a number of  i n v e s t i g a t o r s  i n  r e c e n t  y e a r s  ( 2 - 6 ) .  These  r e -  
s e a r c h e r s  have e s t a b l i s h e d  a number of advantages  f o r  water  inc luding:  

i. Ease of s e p a r a t i o n  of s o l v e n t  and product ;  
ii. Minimal cha r  product ion  ( 2 ) ;  

iv. R e l a t i v e l y  high l i q u e f a c t i o n  y i e l d s .  
iii. U s e  of s o l u b l e  c a t a l y s t s  ( 3 , 4 ) ;  and 

R e c e n t l y ,  w e  d e v e l o p e d  a un ique  f l o w  mode r e a c t o r  ( 7 )  which has  
enabled u s  t o  i s o l a t e  p rocesses  c o n t r i b u t i n g  t o  c o a l  l i q u e f a c t i o n  and 
t o  i n v e s t i g a t e  them dynamically.  Using t h i s  r e a c t o r  w i t h  a v a r i e t y  of 
s o l v e n t s ,  w e  e s t a b l i s h e d  3OO0C a s  t h e  t h r e s h o l d  t empera tu re  f o r  t he r -  
mal c h e m i c a l  s o l u b i l i z a t i o n  of I l l i n o i s  N o .  6 Coal ;  and i n  t h e  3 6 0 -  
42OoC range ,  w e  ob ta ined  convers ions  ranging  from 1 5 %  i n  hexane t o  44% 
i n  toluene. 

Our r e c e n t  i n v e s t i g a t i o n s  have  f o c u s e d  on t w o  i m p o r t a n t  com- 
ponents of c o a l  convers ion:  thermal  chemica l  r e a c t i o n s  and d i s s o l u t i o n  
of  coa ly  m a t e r i a l  ( i n c l u d i n g  the rmolys i s  products )  i n  t h e  so lven t ;  and 
we a r e  e x p l o r i n g  t h e  e f f e c t s  of t e m p e r a t u r e  and p r e s s u r e  on t h e s e  
processes .  Here, w e  r e p o r t  t he  i n i t i a l  r e s u l t s  of ou r  i n v e s t i g a t i o n  
of t hese  e f f e c t s  i n  t h e  aqueous l i q u e f a c t i o n  of coa l  and compare these  
r e su l t s  t o  t h o s e  o b t a i n e d  w i t h  o t h e r  so lven t s .  

EXPERIWNTAL 

General 

I l l i n o i s  N o .  6 c o a l  f rom t h e  A m e s  Lab Coal L i b r a r y  w a s  used i n  
t h e s e  s t u d i e s .  T h i s  c o a l  h a s  t h e  f o l l o w i n g  u l t i m a t e  a n a l y s i s  (dmmf 
b a s i s ) :  78 .82% C ;  5 .50% H; 1 . 5 9 %  N ;  2 .29% So, ; and 1 0 . 0 5 %  a s h .  P r i o r  
t o  use ,  t h i s  c o a l  was  g round ,  s i z e d  t o  60  2 1 0 0  mesh, and d r i e d  a t  
l l O ° C  o v e r n i g h t  u n d e r  vacuum. C o n v e r s i o n s  were  measured  g r a v i -  
m e t r i c a l l y  and a r e  r e p o r t e d  a s  % w e i g h t  l o s s  on  a raw c o a l  b a s i s .  

*Opera t ed  f o r  t h e  U.S. Depa r tmen t  of Energy  by Iowa S t a t e  U n i v e r s i t y  
under c o n t r a c t  No .  W - 7 4 0 5-Eng - 8 2. 
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Flow E - d e  Ext rac  i nofC 
The l i q u e f a c t i o n  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  i n  t h e  a p p a r a t u s  

shown s c h e m a t i c a l l y  i n  F i g u r e  1. T y p i c a l l y ,  t h e  r e a c t o r  w a s  l o a d e d  
w i t h  500 mg. of c o a l  ( l e a v i n g  a f r e e  volume of  0.70 m l ) ;  and  t h e  
s y s t e m  was f i l l e d  w i t h  s o l v e n t  and b r o u g h t  t o  o p e r a t i n g  p r e s s u r e  
( u s u a l l y  3000 p s i ) .  Heating ( r a t e  A 150°C/min) and s o l v e n t  f low (1.0 
ml/min) w e r e  i n i t i a t e d  s imul taneous ly ;  and c o n s t a n t  t empera tu re  and 
p r e s s u r e  were a t t a i n e d  w i t h i n  t h r e e  minutes. E x t r a c t i o n  was cont inued  
f o r  one o r ,  i n  some c a s e s ,  two hours. I n  some exper iments ,  c o n d i t i o n s  
were changed  a t  p r e d e t e r m i n e d  p o i n t s  d u r i n g  t h e  run. A f t e r  c o o l i n g  
and f l u s h i n g  w i t h  n i t rogen ,  t h e  r e s i d u e  was removed from t h e  reactor, 
d r i e d  a t  llO°C overn igh t  under vacuum, and weighed. 

RESULTS AND DISCUSSIONS 

The advantages of t h e  F l o w  Mode E x t r a c t o r  used i n  t h e s e  e x p e r i -  
ments has  been e s t a b l i s h e d  i n  a prev ious  r e p o r t  from t h i s  l a b o r a t o r y  
(7). These advantages are analogous t o  those  r e p o r t e d  f o r  o t h e r  r a p i d  
h e a t i n g ,  c o n t i n u o u s  p r o d u c t  r emova l  t e c h n i q u e s  (e.g. h e a t e d  g r i d  
vacuum p y r o l y s i s  (8)) and i n c l u d e  s u p p r e s s i o n  of  r e t r o g r e s s i v e  
r e a c t i o n s  and dynamic  o b s e r v a t i o n  of  c h a n g e s  which  o c c u r  d u r i n g  t h e  
cour se  of t h e  conversion. 

Flow Mode E x t r a c t i o n  of Coal w i t h  Water -- 
Our i n i t i a l  e x p e r i m e n t s  were c o n d u c t e d  f o r  t h e  p u r p o s e  of  com- 

p a r i n g  aqueous  e x t r a c t i o n  y i e l d s  t o  t h o s e  wh ich  had been  o b t a i n e d  
us ing  a s e r i e s  of nominal ly  u n r e a c t i v e  o rgan ic  s o l v e n t s  (9).  F igu re  2 
shows a c o m p a r i s o n  of t h e  e x t r a c t i o n  y i e l d s  f o r  t h e s e  s o l v e n t s  a t  
42OoC and 3000 p s i  w i t h  t h a t  of water a t  4OO0C and 3580 ps i .  C l e a r l y ,  
water  i s  one of t h e  b e s t  "nonreac t ive"  s o l v e n t s  f o r  t h e  the rma l  l i que -  
f a c t i o n  of c o a l .  T h i s  c o n c l u s i o n  a l s o  h o l d s  a t  370 and  4 O O 0 C ,  t h e  
o t h e r  tempera tures  inc luded  i n  t h i s  i n v e s t i g a t i o n .  

W e  c a n  f i n d  o n l y  one  b a s i s  f o r  compar ing  b a t c h  and  f l o w  mode 
sys tems i n  t h e  aqueous l i q u e f a c t i o n  of I l l i n o i s  No. 6 Coal. A t  4OO0C 
Vasi lakos  r e p o r t s  ba t ch  mode convers ions  of 34.0% (3580 p s i )  and 29.5% 
(3070 p s i )  ( 1 0 ) .  Under i d e n t i c a l  c o n d i t i o n s  i n  o u r  r e a c t o r ,  w e  f i n d  
e x t r a c t i o n  y i e l d s  of 38.2% and 33.6%, r e spec t ive ly .  

Temperature and P r e s s u r e  E f f e c t s  on Aqueous L ique fac t ion  

Because  of t h e  u n u s u a l l y  h i g h  c r i t i c a l  p r e s s u r e  o f  water  ( P c  = 
3206 p s i ;  c f .  b e n z e n e :  P c , =  716 p s i ) ,  i n t e r e s t i n g  t e m p e r a -  
ture/pressure/conversion r e l a t l o n s h i p s  were expected f o r  aqueous ex- 
t r a c t i o n  of coa l .  The e f f e c t s  of t empera tu re  and p r e s s u r e  on conver- 
s i o n  a r e  r e p o r t e d  i n  T a b l e  1. T r e n d s  i n  t h i s  b e h a v i o r  a r e  more 
a p p a r e n t  i n  F i g u r e  3 which  p l o t s  c o n v e r s i o n  vs.  d e n s i t y  f o r  a s e r i e s  
of isotherms. 

A t  37OoC, convers ion  begins  t o  dec rease  q u i t e  r a p i d l y  as t h e  den- 
s i t y  a p p r o a c h e s  0.15 g / m l ,  and  w e  b e l i e v e  t h a t  t h e r e  a re  s i m i l a r  
" th re sho ld"  d e n s i t i e s  a t  t h e  h ighe r  tempera tures .  However, p r e s s u r e s  
f l u c t u a t e d  w i l d l y  du r ing  t h e  l a t t e r  exper iments ,  and w e  were unable  t o  
o b t a i n  m e a n i n g f u l  d a t a  unde r  t h e s e  c o n d i t i o n s .  I n  t h e  low d e n s i t y  
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T a b l e  1. E f f e c t  of T e m p e r a t u r e  a n d  P r e s s u r e  on the Aqueous  
E x t r a c t i o n  of I l l i n o i s  No. 6 Coal  

Expt. Temperature P r e s s u r e  Densi tya Weight Loss 
NO. (OC) ( p s i )  ( g / m l )  ( $ 1  

1 6  
17  
1 8  
22 
11 
2 1  
19  
20 

3 70 
3 7 0  
3 7 0  
380  
3 8 0  
3 8 0  
400  
4 0 0  

a.  For pure  water (11). 

1 9 2 5  
2 9 5 0  
3 2 0 7  
2 9 5 0  
3 2 2 0  
3 7 5 0  
3 0 7 0  
3 5 8 0  

0 . 0 6 1  
0 . 1 5 1  
0 .485  
0 .128  
0 .174  
0 . 4 8 2  
0 . 1 1 3  
0 . 1 6 3  

1 4 . 6  
3 1 . 8  
3 4 . 9  
3 4 . 3  
35 .4  
35 .6  
33 .6  
38 .2  

r e g i o n ,  it a p p e a r s  t h a t  c o n v e r s i o n  i s  l i m i t e d  by s o l u b i l i t y  s i n c e  
t h e r m a l  p r o c e s s e s  s h o u l d  p r o c e e d  a t  a b o u t  t h e  same r a t e  unde r  b o t h  
h i g h  and l o w  d e n s i t y  c o n d i t i o n s .  

Our f i n a l  se r ies  o f  e x p e r i m e n t s  were  d e s i g n e d  t o  d e t e r m i n e  
w h e t h e r  t h e  " e x t r a c t "  r e m a i n i n g  i n  t h e  low d e n s i t y  r e s i d u e  a f t e r  
e x t r a c t i o n  f o r  one h o u r  a t  37OoC and  1 9 2 5  p s i  w a s  r e c o v e r a b l e  by 
s i m  l y  i n c r e a s i n g  t h e  p r e s s u r e  t o  2 9 5 0  p s i .  W e  s u s p e c t e d  t h a t ,  a t  
3 7 0  C ,  much of  t h i s  material would be f i x e d  by r e t r o g r e s s i v e  r e a c t i o n s  
dur ing  the  p e r i o d  of low d e n s i t y  e x t r a c t i o n .  S u r p r i s i n g l y ,  i n  a t w o  
s t a g e  e x p e r i m e n t  a t  37OoC ( f i r s t  s t a g e  1 9 2 5  p s i ,  e x t r a c t i o n  t ime 1 
h o u r ;  s e c o n d  s tage  2 9 5 0  p s i ,  e x t r a c t i o n  t i m e  1 h o u r ) ,  w e  o b t a i n e d  a n  
e x t r a c t i o n  y i e l d  of  3 1 . 6 %  compared  t o  31.8% c o n v e r s i o n  f o r  o n e  s t a g e  
e x t r a c t i o n  a t  2 9 5 0  p s i .  W e  a re  p u z z l e d  by t h i s  b e h a v i o r  and  p l a n  t o  
cont inue  our i n v e s t i g a t i o n s  by ana lyz ing  products  a t  d i s c r e t e  i n t e r -  
v a l s  d u r i n g  t h e  c o u r s e  of t h e  conversion.  
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FIGURE 2 .  Solveg t  E x t r a c t i o n  of I l l i n o i g  N o .  6 Coal a t  
4 2 O o C  and 3000 p s i a  ( 2  Hours ) 

a .  Aqueous e x t r a c t i o n  conducted a t  4 O O 0 C ,  3580 p s i .  

b. Benzene and water  e x t r a c t i o n s  r e p o r t e d  for 1 hour .  
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FIGURE 3. Density and Temperature Effects in the Aqueous 
Extraction of Illinois No. 6 Coal 
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