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A c o n s i d e r a b l e  e f f o r t  h a s  been made i n  r e c e n t  y e a r s  t o  f u r t h e r  
t h e  u n d e r s t a n d i n g  o f  t h e  s t r u c t u r e  o f  c o a l  and  t o  a c h i e v e  a funda -  
m e n t a l  u n d e r s t a n d i n g  of  t h e  mechanism of c o a l  l i q u e f a c t i o n .  Many 
models have been pu t  f o r t h  t o  exp la in  or c o r r e l a t e  d a t a  ob ta ined  from 
l i q u e f a c t i o n  e x p e r i m e n t s .  I n  most of t h e s e  s t u d i e s ,  s p e c i e s  a r e  
lumped o r  grouped by s i m i l a r i t y  i n  f o r  example d i s t i l l a t i o n  p r o p e r t i e s  
(1) or  s o l u b i l i t y  c h a r a c t e r i s t i c s  (2) .  However, t h e  mechanism of  c o a l  
l i q u e f a c t i o n  depends n o t  on ly  on o p e r a t i n g  pa rame te r s  such a s  n a t u r e  
of  t h e  donor s o l v e n t ,  t e m p e r a t u r e  and p r e s s u r e  b u t  a l s o  o n  t h e  
c h a r a c t e r i s t i c s  and r ank  o f  t h e  f e e d  c o a l .  C o n s e q u e n t l y ,  k i n e t i c  
models based on t h e  above lumped pa rame te r s  may no t  apply  t o  d i f f e r e n t  
p rocesses  o r  f o r  d i f f e r e n t  f eed  coa ls .  

Neave l ' s  v iew t h a t  t h e  i n i t i a l '  c h e m i c a l  r e a c t i o n s  i n v o l v e  
homolysis t o  y i e l d  f r e e  r a d i c a l s  which a r e  capped by hydrogen from t h e  
donor  s o l v e n t  o r  h y d r o a r o m a t i c  s t r u c t u r e s  i n  t h e  c o a l  ( 3 ) ,  h a s  been 
g e n e r a l l y  a c c e p t e d .  The p r e s e n c e  of  l a b i l e  l i n k a g e s ,  s u c h  a s  e t h e r  
groups,  i n  t h e  l a t t i c e  networks would presumabily has ten  t h e  comminu- 
t i o n  of t h e  c o a l  m a t r i x .  However, t h e  i m p o r t a n c e  of  e t h e r s  i n  t h i s  
r o l e  h a s  been d e m o n s t r a t e d  (4-10) ,  b u t  h a s  n o t  been c o n c l u s i v e l y  
e s t a b l i s h e d .  The p r e s e n c e  of  e t h e r  bonds  i n  c o a l  h a s  been i n f e r r e d  
from a l k a l i  meta l  r educ t ion  s t u d i e s  (11-13) i n  which t h e  p roduc t s  were 
c o n s i d e r a b l y  more s o l u b l e  i n  p y r i d i n e ,  w e r e - o f  a l o w e r  m o l e c u l a r  
w e i g h t  and were of a h i g h e r  p h e n o l i c  c o n t e n t .  S i s k i n  and Acze l  ( 9 )  
c a r r i e d  ou t  a p a r a l l e l  s tudy  on coa l  p y r o l y s a t e s  and model compounds. 
By s e l e c t i v e l y  b l o c k i n g  e x i s t i n g  h y d r o x y l  g r o u p s ,  t h e y  were  a b l e  t o  
de te rmine  t h e  hydroxyl groups which were gene ra t ed  by e t h e r  c l eavage  
du r ing  py ro lys i s .  

We in tend  t o  p r e s e n t  a d d i t i o n a l  evidence a s  t o  t h e  impor tance  of 
e t h e r  c leavage  du r ing  t h e  e a r l y  s t a g e s  of c o a l  l i q u e f a c t i o n  through a 
comparison of d i f f e r e n t  k i n e t i c  ana lyses .  

EXPERIMENTAL 

Deta i l ed  in fo rma t ion  on t h e  expe r imen ta l  p rocedure  were d e s c r i b e d  
p r e v i o u s l y  ( 8 ) .  C h a r a c t e r i s t i c s  of t h e  c o a l s  s t u d i e d  a r e  l i s t e d  i n  
Table 1. The l i q u e f a c t i o n  exper iments  were conducted w i t h  t h e  use of 
tub ing  bomb r e a c t o r s  hea ted  i n  a f l u i d i z e d  bed sand bath.  B a s i c a l l y ,  
c o a l  was h e a t e d  t o  t e m p e r a t u r e s  be tween  350 and 425OC f o r  up  t o  6 0  
m i n u t e s  i n  t h e  p r e s e n c e  of  t e t r a l i n  under  a hydrogen  a t m o s p h e r e .  
F o l l o w i n g  each  e x p e r i m e n t ,  t h e  p r o d u c t s  were  d i s p e r s e d  i n  a l a r g e  
e x c e s s  of  hexane. The hexane  - i n s o l u b l e  m a t e r i a l  was E i l t e r e d ,  

appa ra tus ,  and t h e  t o t a l  conversion t o  s o l u b l e  m a t e r i a l  and gases  was 
c a l c u l a t e d  from t h e  weight  of i n s o l u b l e  r e s idue .  

/' 

r 
I washed and d r i e d .  An a l i q u o t  was e x t r a c t e d  w i t h  THF i n  a S o x h l e t  
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D i r e c t  oxygen de te rmina t ions  were conducted on t h e  c o a l s  and t h e  v 
hexane - i n s o l u b l e  p roduc t s  by us ing  t h e  p y r o l y s i s  mode of t h e  Car lo  
Erba Elemental  Analyzer.  The measured oxygen c o n t e n t s  of  t h e  hexane - 
i n s o l u b l e s  were  r e c a l c u l a t e d  a s  a p e r c e n t a g e  of  t h e  d r  
t o t a l  oxygen was s u b d i v i d e d  i n t o  two componen t s ,  x g t k y l  'Lk! 
unaccounted oxygen, s i n c e  t h e  amount and changes 

OT = OOH + 0 unaccounted 1) 

i n  t h e  c a r b o n y l  g r o u p s  d u r i n g  l i q u e f a c t i o n  a r e  s m a l l  ( 5 ) .  Hydroxyl  
concen t r a t ions  of t h e  v a r i o u s  samples were de te rmined  by a c e t y l a t i o n .  
All of t h e  r e s u l t s  r epor t ed  a r e  averages  of d u p l i c a t e  values.  

We had p r e v i o u s l y  n o t e d  t h a t  t h e  r a t e  o f  c o n v e r s i o n  of t h e  
western c o a l  (PSOC-521) was s lower  than  t h o s e  of t h e  I n t e r i o r  (PSOC- 
767) and Eas te rn  Province  (PSOC-757) coa l s .  Sample d a t a  a r e  given i n  
Tab le  2. The Wyoming c o a l  was a l s o  i n f e r r e d  t o  have  t h e  h i g h e s t  
concen t r a t ion  of e t h e r  groups (7.7 0/100 C atoms) f o r  t h e  t h r e e  c o a l s  
s t u d i e d  ( 8 ) .  I f  e t h e r  c l e a v a g e  i s  a n  i m p o r t a n t  p r o c e s s  i n  t h e  e a r l y  
s t ages  of l i q u e f a c t i o n ,  t h i s  c o a l  should perform wel l .  That it does 
n o t  cou ld  be a c c o u n t e d  f o r  i f  i n  t h i s  c o a l ,  t h e  e t h e r s  c o n s t i t u t e  
m u l t i p l e  c r o s s l i n k s ,  a m a j o r i t y  of which have t o  be c leaved  i n  o rder  
t o  genera te  s o l u b l e  products ,  o r  i f  t h e  e t h e r  l i n k s  f o r  t h i s  c o a l  a r e  
s t a b l e  and do  n o t  r e a c t  o r  a r e  r e l a t i v e l y  s l o w l y  c l e a v e d  under  t h e  
c o n d i t i o n s  used. A more s o p h i s t i c a t e d  k i n e t i c  a p p r o a c h  w i l l  now be  
presented ,  which t a k e s  account of t h e  complex n a t u r e  of c o a l  l i q u e f a c -  
t i o n .  

This approach i s  an adap ta t ion  of t h a t  of Szladow and Given (14) 
i n  which t h e  t h e o r e t i c a l  a n a l y s i s  assumes many p a r a l l e l  r e a c t i o n s  i n  a 
complex r e a c t i n g  m i x t u r e .  G o l i k e r i  and Luss (15) were  t h e  f i r s t  t o  
e s t a b l i s h  a method f o r  de te rmining  t h e  appa ren t  a c t i v a t i o n  ene rg ie s ,  
E ' ,  i n  s y s t e m s  c o m p r i s i n g  many p a r a l l e l  f i r s t  o r d e r  r e a c t i o n s  whose 
a c t i v a t i o n  e n e r g i e s  may be t e m p e r a t u r e  and c o n v e r s i o n  dependent .  
S i n c e  c o n c e n t r a t i o n s  a r e  b a s e d  on m o l a r i t y  r a t h e r  t h a n  mass ,  t h e  
genera t ion  of a c t i v a t i o n  e n e r g i e s  has  l i t t l e  meaning f o r  sys tems such 
a s  coa l  l i q u e f a c t i o n .  Szladow and Given ( 1 4 )  extended t h i s  t r ea tmen t  
f o r  t h e  c a s e  w h e r e  t h e  t o t a l  mass a s  opposed  t o  t h e  t o t a l  number of 
moles  i s  known for t h e  r e a c t i n g  sys t em.  I t  was shown t h a t  E '  c an  be  
der ived  a t  v a r i o u s  convers ion  l e v e l s  of x us ing  equa t ion  2) .  

d l n t ,  Ea 

d ( l / T )  R 
- -  2 )  

tx = time needed t o  ach ieve  a s p e c i f i c  l e v e l  of convers ion  

Ea = t h e  w e i g h t e d  mean of t h e  a c t i v a t i o n  e n e r g y  a t  a s p e c i f i c  
l e v e l  of  conversion. 
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Using t h i s  approach, apparent  a c t i v a t i o n  ene rg ie s  were gene ra t ed  
f o r  conversion t o  THF s o l u b l e s  and f o r  removal of unaccounted oxygen. - 

Since  t h e  unaccounted 0 is de termined  by d i f f e r e n c e ,  a l l  e r r o r s  
i ncu r red  throughout t h e  d t e rmina t ion  of t o t a l  oxygen and 0 as OH end 
up i n  t h i s  te rm.  P l o t s  o f  unaccoun ted  0 remova l  v e r s u s  t i m e  w e r e  
a d j u s t e d  t o  account f o r  t h e  non i so the rma l i ty  of th.e f i r s t  two minu tes  
and f o r  t h e  p r e s e n c e  of  u n c o n v e r t i b l e  e t h e r s ,  1.e. b e n z o l o g u e s  o f  
f u r a n .  Shown i n  f i g u r e  1 i s  a r e p r e s e n t a t i v e  p l o t  f o r  t h e  Wyoming 
coa l .  The coord ina te s  were a d j u s t e d  i n  t h e  fo l lowing  manner: 

o i  - 0, 

Om - 00 

% 0 unaccounted removed = x 1 0 0  3 )  

where 

O i  = unaccounted oxygen removed a t  r e s idence  t ime, 

0, = unaccounted oxygen removed a t  ti = 2 minutes 

Om = maximum unaccoun ted  oxygen removed; t h a t  is, t h a t  p a r t  o f  
t h e  unaccoun ted  0 t h a t  i n  p r i n c i p l e  c o u l d  be  removed a t  
i n f i n i t e  r e a c t i o n  t i m e .  (H igh ly  u n r e a c t i v e  oxygen ,  a s  i n  
f u r a n s ,  is exc luded) .  

ti 

By d e f i n i n g  O m  i n  t h i s  manner,  a s  oppose  t o  0 ( t  = m 1, t h o s e  0 
f u n c t i o n a l i t i e s  t h a t  may b e  gene ra t ed  by r e t r o g r e s s i v e  r e a c t i o n s ,  such  
as c o n d e n s a t i o n  r e a c t i o n s ,  can  be i g n o r e d .  S i n c e  u n a c c o u n t e d  0 
removal was found t o  be l i n e a r l y  r e l a t e d  t o  gene ra t ion  of THF-solubles 
( 8 1 ,  0 was o b t a i n e d  f rom an e x t r a p o l a t i o n  of a l e a s t  s q u a r e s  f i t  o f  
t h e  da?a t o  C C i s  d e f i n e d  as  t h e  s u m  of t h e  r e a c t i v e  m a c e r a l s  
p l u s  one t h i r g ' o f  t%e i n e r t  macera ls  l e s s  f u s i n i t e .  

The apparent  a c t i v a t i o n  energy, E', f o r  d i f f e r e n t  conve r s ion / r e -  
moval l e v e l s  was de te rmined  us ing  equa t ion  2 and f i g u r e  1. The log -  
a r i t h m  of  t h e  t ime  needed  t o  a t t a i n  s p e c i f i c  l e v e l s  o f  r emova l  of 
unaccounted 0 was p l o t t e d  a g a i n s t  t h e  r e c i p r o c a l  of tempera ture .  From 
t h e  s l o p e s  of t h e s e  l i nes  ( E ' / R ) ,  t h e  a c t i v a t i o n  e n e r g i e s  were  
d e t e r m i n e d .  The v a l u e s  f o r  t h e  t h r e e  c o a l s  a r e  p l o t t e d  a g a i n s t  t h e  
l e v e l  of unaccoun ted  0 removed i n  f i g u r e  2 .  E r r o r  b a r s  r e p o r t e d  a s  
t h e  s t anda rd  d e v i a t i o n  of t h e  s l o p e s  of t h e s e  p l o t s  a r e  a l s o  inc luded .  
I t  s h o u l d  be n o t e d  t h a t  E '  i n c r e a s e s  w i t h  l e v e l  of  unaccoun ted  0 
removal. T h i s  i s  c o n s i s t e n t  w i t h  t h e  behavior of r e a c t i n g  mix tu res ;  
namely, t h e  more r e a c t i v e  s p e c i e s  a r e  p r e f e r e n t i a l l y  consumed l e a v i n g  
behind t h e  more r e f r a c t o r y  compounds. 

Apparen t  a c t i v a t i o n  e n e r g i e s  were  g e n e r a t e d  i n  an a n a l o g o u s  
manner f o r  c o n v e r s i o n  of  t h e  t h r e e  c o a l s  t o  THF - s o l u b l e  m a t e r i a l .  
The va lues  f o r  E' a r e  p l o t t e d  a g a i n s t  l e v e l  of convers ion  i n  f i g u r e  3.  
The a s s o c i a t e d  e r r o r  b a r s  a r e  based  on a 9 0 %  c o n f i d e n c e  l e v e l .  I t  
should  be noted t h a t  t h e  l a r g e  e r r o r s  a r e  r e f l e c t i v e  i n  both  c a s e s  of 
fewer d a t a  p o i n t s  a v a i l a b l e  a t  h igher  l e v e l s  of convers ion ,  as w e l l  a s  
t h e  u n c e r t a i n t y  i n  c o n t a c t  t i m e  measurement. 
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I t  i s  s t r i k i n g  t h a t  f o r  any  one  c o a l ,  t h e  p l o t s  of  c o n v e r s i o n  
a g a i n s t  a c t i v a t i o n  e n e r g i e s  f o r  p r o d u c t i o n  o f  THF-solubles ,  and f o r  
removal of unaccounted oxygen a r e  c l o s e l y  s i m i l a r  (w i th in  t h e  l i m i t s  
of e x p e r i m e n t a l  e r r o r ) .  The i m p l i c a t i o n  seems t o  be t h a t  i t  i s  
p r i m a r i l y  e t h e r  c l eavage  p rocesses  t h a t  de t e rmine  t h e  magnitudes of 
t h e  a c t i v a t i o n  e n e r g i e s  f o r  t h e  r e a c t i o n s  gene ra t ing  THF-solubles. 

In  l i g h t  of t h e  estimates of  m a x i m u m  numbers of e t h e r s  c l eaved  i n  
t h e  t h r e e  c o a l s  (8 ) ,  a s  well as t h e i r  a c t i v a t i o n  ene rg ie s  a t  d i f f e r e n t  
c o n v e r s i o n  l e v e l s ,  i t  a p p e a r s  t h a t  t h e  b a s i s  f o r  t h e  Wyoming c o a l ' s  
s l o w e r  c o n v e r s i o n  i s  t h e  need  t o  c l e a v e  a g r e a t e r  number of  l a b i l e  
bonds t o  g e n e r a t e  a s p e c i f i c  l e v e l  of convers ion  t o  s o l u b l e  products .  
The " e t h e r s "  i n  b o t h  t h e  Wyoming c o a l  (PSOC-521) and t h e  Ohio  c o a l  
(PSOC-757) e x h i b i t  a w ide  r ange  of  a c t i v a t i o n  e n e r g i e s  t h a t  a r e  
p a r a l l e l e d  by t h e i r  a c t i v a t i o n  e n e r g i e s  f o r  c o n v e r s i o n  t o  THF- 
so lub le s .  The Oklahoma c o a l  (PSOC-767) con ta ined  t h e  f e w e s t  "e the r s "  
(4.1 0/100 C a t o m s ) ,  and  a l s o  t h e  r a n g e  of  a c t i v a t i o n  e n e r g i e s  f o r  
c l eavage  of t h e s e  was l e a s t  over t h e  l e v e l  considered. Furthermore,  
t h e  change i n  a c t i v a t i o n  energy f o r  o v e r a l l  conversion was a l s o  l e a s t  
f o r  t h i s  coa l .  

I n  v iew of  p r e v i o u s  s t u d i e s  ( 6 ,  9,  1 0 ,  1 6 ,  17)  t h e  unaccoun ted  0 
l o s t  d u r i n g  t h e  e a r l y  s t a g e s  o f  c o a l  l i q u e f a c t i o n  i s  p r o b a b l y  f rom 
s t r u c t u r e s  a n a l o g o u s  t o  pheny l  - b e n z y l  and d i b e n z y l  e t h e r s .  Under 
c o n d i t i o n s  of g r e a t e r  s e v e r i t y  a d d i t i o n a l  s p e c i e s  may be removed o r  
even  added. P h e n o l s  p r e s e n t  (18) o r  g e n e r a t e d  i n  t h e  p r o d u c t s  may 
enhance  t h e  c l e a v a g e  of  d i a r y 1  e t h e r s .  The small  m a g n i t u d e s  of  t h e  
a c t i v a t i o n  e n e r g i e s  a t  low l e v e l s  of  c o n v e r s i o n  a t  f i r s t  s i g h t  seem 
s u r p r i s i n g .  However,  Anthony e t  a l .  (19 )  have  shown t h a t  i n  t h e  
c o m p l e x  s e t  o f  p a r a l l e l  r e a c t i o n s  o c c u r r i n g  d u r i n g  t h e  r a p i d  
d e v o l a t i l i z a t i o n  of c o a l ,  t h e  o v e r a l l  t empera tu re  c o e f f i c i e n t  f o r  t h e  
whole  s e t  of  r e a c t i o n s  c a n  be  low,  and ,  i n  f a c t ,  l o w e r  t h a n  t h e  
a c t i v a t i o n  e n e r g y  f o r  any  p u r e  component  of  t h e  r e a c t i o n  m i x t u r e  
decomposing on i t s  own. In  view of t h e  p o s s i b i l i t y  t h a t  c o a l s  con ta in  
a f a i r l y  high c o n c e n t r a t i o n  of p h y s i c a l l y  t rapped  molecules (20 ) ,  t h e  
p rocesses  involved  i n  l i q u e f a c t i o n  may i n c l u d e  a c t i v a t e d  d i f f u s i o n  out  
of t h e  m a c r o m o l e c u l a r  ne twork .  However, t h i s  c a n n o t  be p roven  f rom 
t h e  a c t i v a t i o n  energy  d a t a  p re sen ted  here. 

CONCLUSIONS 
S i n c e  t h e  Wyoming c o a l  (PSOC-521) h a s  a s l o w e r  c o n v e r s i o n  i n -  

s p i t e  of i ts h ighe r  number of c l e a v a b l e  e t h e r s  (8 )  and its comparably 
low a c t i v a t i o n  e n e r g y  f o r  c o n v e r s i o n  t o  THF-solubles  and f o r  un- 
a c c o u n t e d  0 r e m o v a l ,  i t  i s  i n f e r r e d  t h a t  t h i s  c o a l  i s  e x t e n s i v e l y  
c ros s - l inked  by e t h e r  l inkages .  

S i m i l a r  changes i n  a c t i v a t i o n  e n e r g i e s  were obta ined  w i t h  l e v e l  
o f  t o t a l  c o n v e r s i o n  and  e x t e n t  of unaccoun ted  0 removal  f o r  any  one 
c o a l  up t o  more than  50% conversion. S ince  t h e  removal of unaccounted 
0 c o n s i s t s  of e t h e r  c leavage ,  we i n f e r  t h a t  e t h e r  c leavage  con t inues  
t o  be impor t an t ,  n o t  o n l y  i n  t h e  e a r l i e s t  s t a g e s  of coal l i q u e f a c t i o n .  
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TABLE 1 

1cs Of c o m  

PSOC NO. 7 57 767 521 

State 

Seam 

ASTM rank class 

C (wt.%, dmmf) 
H (wt.%, dmmf) 
0 (wt.%, dmmf) 
S I  total 
(wt.%, dry basis) 

Maceral composition ( % I  
Vitrinites 
Exini tes 
Inertini tes 

Mean maximum reflec- 
tance of vitrinite (%)  

Mineral matter 
(direct by LTA) (wt.%) 

Ohio 

Ohio 
No. 4 

H V B  

81.3 
5.3 
9.3 

3.39 

75.7 
8.0 

16.4 

0.50 

7.92 

Oklahoma 

(unnamed) 

HVA 

82.1 
5.6 
8.4 

3.55 

91.5 
2.1 
6.4 

0.54 

5.69 

Wyoming 

Rock 
Springs 
No. 7 

HVC 

79.0 
5.2 

13.8 

0.78 

94.2 
1.0 
4.8 

0.52 

4.72 

aIncludes 5.4% semifusinite and 7.3% micrinite. 

n 
50% of dmmf reactive 75% of dmmf reactive 

EsQcJCL s at 4OO0C at 425OC 

521 18.6 44 

7 57 8.0 6.6 

767 7.5 7.4 
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Figure 1. REMOVAL OF UNACCOUNTED OXYGEN FROM WYOMING COAL AS A FUNCTION OF TIME 
(wi th  bansfond cnordinates) 
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Figure 2, "ACTIVATION" ENERGIES FOR THREE COALS AT DIFFERENT LEVELS OF REMOVAL OF UNACCOUNTED OXYGEN 
(a) PSOC-521; (b) PSOC-757; (c) PSOC-767 
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