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Seve ra l  b a t c h  a u t o c l a v e  expe r imen t s  were c a r r i e d  o u t  u s i n g  n a t u r a l  abundance 30.7 
MHz 2H NMR spec t roscopy  of p r o d u c t  f r a c t i o n s  t o  a s s e s s  H-donor a c t i v i t y  during 
l i g n i t e  l i q u e f a c t i o n .  2H NMR o b s e r v a t i o n s  o f  deu te r ium en r i chmen t s  and measurement 
of 'H NMR d i s t r i b u t i o n s  have been used t o  i n v e s t i g a t e  l i q u e f a c t i o n  r e a c t i o n s  (1-3) .  

The development of h i g h  f i e l d  supe rconduc t ing  magnets t h a t  o p e r a t e  i n  the  Four i e r  
t r ans fo rm mode w i t h  h i g h  s e n s i t i v i t y  p robes  has  made it p o s s i b l e  to-monitor~-l-ique- 
f a c t i o n  r e a c t i o n s  by n a t u r a l  abundance 2H NMR (0.0156% na tu ra l - abundance ) .  I t  i s ,  
t h e r e f o r e ,  no l o n g e r  n e c e s s a r y  .to Add- -large-amounts o f  d e u t e r a t e d  s o l v e n t s  O K  even 
l a r g e  amounts .of deu te - r> ted~H-donors  which swamp o u t  c r i t i c a l  a s p e c t s  o f  t h e  l i q u e -  

~ f a c t i o n  r e a c t i o n .  The u s e  of n a t u r a l  abundance 2H NMR a l lows  t h e  i n v e s t i g a t o r  t o  
examine t y p i c a l  l i q u e f a c t i o n  r e a c t i o n s  wi thou t  d i s t u r b i n g  t h e  system by t h e  a d d i t i o n  
o f  l a r g e  amounts o f  ex t r aneous  m a t e r i a l s .  

Mart in  et  a l .  demons t r a t ed  r e c e n t l y  t h a t  ve ry  impor t an t  and o f t e n  v e r y  s p e c t a c u l a r  
v a r i a t i o n s  may be found i n  t h e  i n t e r n a l  d i s t r i b u t i o n  o f  deu te r ium w i t h i n  molecules  
(4,  5 ) .  Measurement o f  t h e  n a t u r a l l y  abundant  'H NMR d i s t r i b u t i o n  may be used t o  
p rov ide  v a l u a b l e  i n f o r m a t i o n  on t h e  s e l e c t i v i t y  o f  'H r e p a r t i t i o n .  Mart in  e t  a l .  
a p p l i e d  measurements of t h i s  t y p e  t o  de t e rmine  t h e  o r i g i n  of n a t u r a l  p roduc t s  such 
a s  a l c o h o l s  i n  which samples  from v a r i o u s  s o u r c e s  w i t h  d i f f e r e n t  h i s t o r i e s  had 
d i f f e r e n t  2H NMR d i s t r i b u t i o n s  ( 4 ) .  

I t  may be i n f e r r e d  from t h e  work o f  Cronauer e t  a 1  (6) and o f  Brower (7), t h a t  t h e  
method of Mar t in  may be a p p l i e d  t o  t h e  i n v e s t i g a t i o n  of  t h e  r e a c t i o n s  o f  H-donors 
du r ing  c o a l  l i q u e f a c t i o n .  Brower (7)  r e p o r t e d  t h a t  t h e  H/D k i n e t i c  i s o t o p e  e f f e c t  
f o r  t h e  r e a c t i o n  o f  c o a l  w i t h  t e t r a l i n  c o n t a i n i n g  deu te r ium a t  t h e  a lpha  p o s i t i o n s  
i s  2.1 2 0.1  a t  335OC. The r e a c t i o n  mix tu re  was 1 g of  d e u t e r a t e d  O K  undeu te ra t ed  
t e t r a l i n  w i t h  1 g of  subbi tuminous c o a l  i n  g l a s s  ampules. Ra te s  o f  r e a c t i o n  were 
compared by mon i to r ing  t h e  n a p h t h a l e n e / t e t r a l i n  r a t i o s .  

When Cronauer (6)  c a r r i e d  o u t  l i q u e f a c t i o n  o f  Powhatan No. 5 c o a l  i n  100% 1 , 2 , 3 , 4 -  
d , - t e t r a l i n  s o l v e n t  and i n  100% d 1 2 - t e t r a l i n ,  he a l s o  showed c l e a r l y  t h a t  t h e  a b s t r a -  
c t i o n  of '€I from a hydroaromatic  Carbon having one  2H and one 'H s u b s t i t u t e n t  i s  
g r e a t l y  p r e f e r r e d .  S i n c e  t h e  n a t u r a l  abundance of 2H i s  o n l y  0.015%, t h e  p r o b a b i l i t y  
t h a t  a carbon would have two 2H s u b s t i t u e n t s  i s  v e r y ,  v e r y  s m a l l .  I t  i s  t h e r e f o r e  
p o s s i b l e  t o  use  t h e  n a t u r a l  system a s  an  i n  s i t u  p robe  f o r  comparing r e a c t i v i t i e s  of 
H-donors under  a c t u a l  l i q u e f a c t i o n  c o n d i t i o n s .  

If r e a c t i o n s  occur  which i n v o l v e  a hydroaromatic  ca rbon ,  and 'H i s  p r e f e r e n t i a l l y  
a b s t r a c t e d  each  t i m e ,  t h e  *H d i s t r i b u t i o n  w i l l  show an i n c r e a s e  i n  t h a t  s p e c t r a l  
r e g i o n .  I f  a l a r g e  amount of H-donor a c t i v i t y  i n  t h e  r eg ions  ci and e t o  a romat i c  
r i n g s  (He and H ) o c c u r s  d u r i n g  l i q u e f a c t i o n ,  t h e  2H d i s t r i b u t i o n  shou ld  r e f l e c t  
t h i s  by showing 4 cor re spond ing  i n c r e a s e  in t h e  5 . 0  - 1 . 8  ppm reg ion  o f  t h e  n a t u r a l  
abundance 2H NMR spectrum. 

S i n c e  t h e  n a t u r a l  abundance 2H NMR spectrum r e f l e c t s  t h e  r e a c t i v e  h i s t o r y  o f  t h e  
sample,  adequate  b l ank  expe r imen t s  must  be performed t o  de t e rmine  o r i g i n a l  O K  non- 
a f f e c t e d  *H d i s t r i b u t i o n s .  They always d i f f e r  from t h e  p r o t o n  NMR d i s t r i b u t i o n s  

144 



when t h e  sample has  r e a c t i v e  h i s t o r y  t h a t  involved  H - t r a n s f e r  r e a c t i o n s .  S i n c e  w e  
used a process  coa l -der ived  l i q u i d  a s  o u r  s o l v e n t ,  t h e  b l a n k  a u t o c l a v e  run was 
e s s e n t i a l .  

Another a s p e c t  of  l i q u e f a c t i o n  i n v o l v e s  t h e  i n t e r a c t i o n  of  p r o c e s s i n g  g a s e s  w i t h  t h e  
s o l v e n t  o r  d i r e c t l y  w i t h  t h e  c o a l  o r  c o a l  f ragments .  
ed by s e v e r a l  i n v e s t i g a t o r s  ( 1 ,  3 ,  8, 9 ,  10) .  The t y p e s  of molecules  t h a t  a r e  
a c t i v e  dur ing  l i q u e f a c t i o n  e i t h e r  through exchange r e a c t i o n s ,  t h r o u g h  hydrogenat ion ,  
hydrogen t r a n s f e r ,  o r  th rough d i r e c t  r e a c t i o n  w i t h  H2 g a s  may be i n f e r r e d  by s u b s t i -  
t u t i n g  deuterium gas  2H2 f o r  t h e  H2  i n  t h e  r e a c t i v e  gas m i x t u r e .  The r e a c t i v e  s i t e s  
a r e  t h e n  l o c a t e d  by 2H NMR o f  t h e  e n r i c h e d  r e a c t i o n  m i x t u r e .  

Experimenta 1 

Autoclave experiments were des igned  t o  s i m u l a t e  p r o c e s s i n g  c o n d i t i o n s  i n  ou r  c o n t i n -  
uous p r o c e s s  bottoms r e c y c l e  l i q u e f a c t i o n  u n i t .  

The experiments were c a r r i e d  o u t  i n  a I - l i t e r  hot-charged a u t o c l a v e  (11) .  The c o a l  
(65 g, maf) s o l v e n t  (120 g) s l u r r y  was hot-charged i n t o  t h e  p r e h e a t e d  a u t o c l a v e ,  
reaching  t h e  o p e r a t i n g  t e m p e r a t u r e  of  45OoC in less t h a n  t w o  m i n u t e s .  The r e a c t a n t  
gas  (40 g, unlabe led)  was 5 0 / 5 0  H 2 / C 0  o r  2H, /C0 a t  a p r e s s u r e  of  3700 p s i g  under  
r e a c t i o n  c o n d i t i o n s .  Residence t ime was 20 minutes a f t e r  which t h e  e n t i r e  c o n t e n t s  
of  t h e  a u t o c l a v e  were t r a n s f e r r e d  i n t o  a quench v e s s e l ,  cooled  and d e p r e s s u r i z e d  a t  
room tempera ture .  Gases were ana lyzed  and t h e  p r o d u c t  s l u r r y  was d i s t i l l e d  (ASTM 
D-1160). The t r a p  c o n t e n t s  (mainly w a t e r ) ,  t h e  ASTM D-1160 d i s t i l l a t e ,  and vacuum 
bottoms were s u b j e c t e d  t o  s e p a r a t i o n s  and NMR a n a l y s e s .  

Mass b a l a n c e s  were o b t a i n e d  u s i n g  a d i f f e r e n t  p o r t i o n  o f  t h e  s l u r r y  and a n a l y z i n g  it 
f o r  w a t e r ,  a s h ,  t e t r a h y d r o f u r a n  (THF) s o l u b i l i t y ,  and vacuum d i s t i l l a t e  a t  5 t o r r .  
The a d d i t i v e ,  when u s e d ,  was 1,2,3,4-tetrahydrophenanthrene (THPhen) ( 0 . 3 3  9). The 
run m a t r i x  i s  shown i n  T a b l e  I .  

T h i s  q u e s t i o n  has  been a d d r e s s -  

TABLE I 

AUTOCLAVE TESTS WITH B I G  BROWN LIGNITE, RECYCLE 
SLURRY DISTILLATE, 450OC and 3400-3700 PSI TOTAL PRESSURE 

Run No. 

3 
4 
5 

P r o c e s s i n g  Gas 

H2/CO 
H2/CO 
2H2/C0 

A d d i t i v e  

None 
THPhen 
THPhen 

The c o a l  and s o l v e n t  chosen f o r  t h e s e  t e s t s  were a Texas l i g n i t e  from t h e  Big Brown 
mine and a r e c y c l e  s l u r r y  ASTM D-1160 d i s t i l l a t e  from a c o n t i n u o u s  p r o c e s s i n g  u n i t  
(CPU) run c a r r i e d  o u t  a t  UNDERC u s i n g  t h e  same c o a l .  The s o l v e n t  was d i s t i l l e d  from 
s l u r r y  c o l l e c t e d  on t h e  t h i r t e e n t h  bottoms r e c y c l e  p a s s .  A c o l d  t r a p  was used 
d u r i n g  d i s t i l l a t i o n  t o  a s s u r e  t h e  c o l l e c t i o n  of a l l  v o l a t i l e  o i l s  and w a t e r .  

The ASTM D-1160 d i s t i l l a t e  of  t h e  a u t o c l a v e  p r o d u c t  was f u r t h e r  s e p a r a t e d  i n t o  
a l k a n e s ,  a r o m a t i c s ,  and p o l a r s  by open column chromatography on n e u t r a l  s i l i c a  g e l  
with  p e n t a n e ,  methylene c h l o r i d e ,  and methanol a s  e l u t i o n  s o l v e n t s .  The f r a c t i o n s  
were c l e a n l y  s e p a r a t e d  a s  shown by examinat ion  of  t h e i r  200 MHz l H  NMR s p e c t r a .  The 
vacuum bottoms (10 g) were S o x h l e t  e x t r a c t e d  w i t h  r e f l u x i n g  CHC1, (500 ml) f o r  20 
hours ,  fo l lowed by THF (500 ml) f o r  20 h o u r s .  The r e s i d u e  c o n s i s t i n g  of  i n o r g a n i c  
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m a t e r i a l ,  i n s o l u b l e  o r g a n i c  m a t t e r  and un reac ted  c o a l  amounted t o  65-70% o f  t h e  
vacuum bot toms.  Chloroform e x t r a c t e d  25-30% whi l e  t h e  remainder of 3 4 %  was extcac-  
t e d  w i t h  THT. 

NMR s p e c t r a  were o b t a i n e d  a t  200 MHz i n  CDzC1, f o r  p r o t o n s  and a t  5 0 . 3  MHz i n  CDCl ,  
f o r  13C u s i n g  p u l s i n g  c o n d i t i o n s  a p p r o p r i a t e  t o  t h e  sample. 2H NMR s p e c t r a  were 
pu l sed  a t  30.7 MHz 1-30,000 t i m e s  depending on t h e  sample. A 45O f l i p  a n g l e  was 
used w i t h  an  a c q u i s i t i o n  t i m e  of 4 seconds and a d e l a y  of 4 seconds.  The so lven t  , 
used was methylene c h l o r i d e ,  CHzC12. 

,H en r i chmen t s  of t h e  f r a c t i o n s  from Experiment 5 were determined by s t a n d a r d  addi-  
t i o n  of CD,ClZ t o  a preweighed o i l  sample. The s t a n d a r d  a d d i t i o n  l i n e  gave a l i n e a r  
r e g r e s s i o n  v a l u e  o f  r = 0 .993 .  The sample was weighed t i g h t l y  covered and d i l u t e d  
immediately wi th  C H 2 C 1 2 .  The enrichment  of t h e  wa te r  samples from t h e  d i s t i l l a t i o n  
t r a p  was determined d i r e c t l y  a g a i n s t  a s t a n d a r d  D,O i n  H,O curve whose l i n e a r  regres-  
s i o n  v a l u e  o f  r was 0.9999. 

RESULTS AND DISCUSSION ~- -- 
E f f e c t  of Added H-Donor 

Tes t  nunibers 3 and 4 were i d e n t i c a l  e x c e p t  t h a t  a s m a l l  amount of an  H-donor, THPhen, ' 
was added t o  Tes t  4 (Table  I ) .  T o t a l  p e r c e n t  conve r s ion  was e s s e n t i a l l y  t h e  same , 
f o r  Runs 3 and 4 (72%, 70%). Conversions t o  THF s o l u b l e s  were 56% and 60%, r e spec -  
t i v e l y .  r 

The 50 MHz 13C s p e c t r a  f o r  t h e  l i g h t  o i l s ,  t h e  d i s t i l l a b l e  o i l s ,  and t h e i r  f r a c t i o n s  
and the  CHC1, s o l u b l e  vacuum bot toms were v e r y  s i m i l a r  f o r  Runs 3 and 4 .  The 200 MHz 
'H NMR s p e c t r a  of t h e  p r o d u c t s  were l i k e w i s e  i n d i s t i n g u i s h a b l e  from run t o  run wi th  
corresponding f r a c t i o n s  showing t h e  same s p e c t r a l  f e a t u r e s .  

, 

The n a t u r a l  abundance 30.7 MHz 2H NMR d i s t r i b u t i o n s  a r e ,  however, q u i t e  d i f f e r e n t  
from each o t h e r  f o r  t h e  a u t o c l a v e  tes ts  w i t h  and wi thou t  t h e  a d d i t i o n  o f  sma l l  
amounts o f  t h e  H-donor, THPhen (Tab le  1 1 ) .  These d i f f e r e n c e s  a r e  mainly seen  i n  t h e  
a lpha  + b e t a  and i n  t h e  a r o m a t i c  r e g i o n s  of t h e  spectrum (F igure  1). The change i n  
t h e  a lpha  + b e t a  r eg ion  gave a r u n  4/run 3 r a t i o  of 1 . 2 5 ,  c l e a r l y  i n d i c a t i n g  i n c r e a s -  
ed  H- t r ans fe r  a c t i v i t y  d u r i n g  Run 4 .  

TABLE I1 

'H NMR AREA DISTRIBUTIONS FOR AUTOCLAVE TEST 
WITH B I G  BROWN TEXAS LIGNITE, H,/CO, 45OoC, MPa (3700 PSI)  

Aromatic (9.6 - 5 . 8  ppm) 
Alpha + Beta (5 -1 .8  ppm) 
Other  (1 .8-0.1 ppm) 

39.7 
28.6 
31.6 

1 .16  
1 .25  
0 .61  

Run 3 Run 4 Run 413 i 

(Area %) (Area %) (Area %) 

45.9 
35.7 
19.4 

To t es t  the  e f f e c t  o f  H-donor a d d i t i o n  wi thou t  l i q u e f a c t i o n  r e a c t i o n ,  two p o r t i o n s  
of l i q u e f a c t i o n  r e c y c l e  s o l v e n t  d i s t i l l a t e  were e q u i l i b r a t e d  f o r  t h r e e  weeks a t  room 
t empera tu re  wi th  and w i t h o u t  t h e  a d d i t i o n  of t h e  same amount o f  H-donor. When 
compared by 2H NMR s p e c t r o s c o p y ,  t h e r e  was no change i n  ,H d i s t r i b u t i o n .  
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The change i n  t h e  2H d i s t r i b u t i o n  under l i q u e f a c t i o n  c o n d i t i o n s  t h e r e f o r e  may b e  
a t t r i b u t e d  t o  an i n c r e a s e d  cumula t ive  i s o t o p e  e f f e c t  d u r i n g  l i q u e f a c t i o n  w i t h  s m a l l  
amounts of added H-donor. The small i n c r e a s e  i n  THF s o l u b l e  p r o d u c t ,  60% a s  compared 
wi th  56% may be r e l a t e d  t o  t h e  H-donor a c t i v i t y  i n c r e a s e  b u t  i s  n o t  a s  n o t a b l e  
dur ing  a u t o c l a v e  t e s t i n g  a s  it would be i n  CPU r e c y c l e  o p e r a t i o n .  

Process ing  wi th  2 H 9 / C 0  

Autoclave T e s t  5 was conducted w i t h  deuter ium-labe led  5 0 / 5 0  2 H 2 / C 0  and added THPhen. 
A deuter ium-enr iched  product  was o b t a i n e d .  T o t a l  convers ion  was 67% and c o n v e r s i o n  
t o  THF s o l u b l e s  was 50%. The 50% convers ion  o f  l i g n i t e  t o  THF s o l u b l e s  i n  Run 5 
processed  w i t h  2H2/C0 i s  s i g n i f i c a n t l y  lower t h a n  t h e  60% convers ion  i n  Run 4 pro-  
c e s s e d  wi th  'H2/C0.  The deuter ium i s o t o p e  e f f e c t  r e s u l t i n g  from t h e  u s e  of  2H2 
r a t h e r  t h a n  'H,, i n  t h e  gas  m i x t u r e  would be expec ted  t o  lower  t h e  y i e l d  o f  TKF 
s o l u b l e s  s i n c e  t h e  r a t e  o f  r e a c t i o n  o f  2H2  i s  expec ted  t o  be s lower  t h a n  t h e  r a t e  o f  
r e a c t i o n  of 'H, ( 7 ) .  

Examination of  t h e  product  by 2H NMR u s i n g  t h e  methods d e s c r i b e d  i n  t h e  Exper imenta l  
s e c t i o n  showed t h a t  2H e n t e r e d  e v e r y  f r a c t i o n  o f  t h e  p r o d u c t ,  i n c l u d i n g  t h e  H20,  t h e  
ASTM d i s t i l l a t e ,  and t h e  s o l u b l e  vacuum bottoms (Table 111) .  The w a t e r  was t h e  most 
h i g h l y  enr iched  f r a c t i o n ,  probably  due t o  t h e  e a s y  exchange o f  water  hydrogens w i t h  
t h e  2H2 g a s .  Other  hydrogens expec ted  t o  exchange r a p i d l y  w i t h  2H2 gas  a r e  t h o s e  
o r t h o  and para t o  p h e n o l i c  OH groups and methylene hydrogens alpha and beta t o  
a r o m a t i c  r i n g s .  The f r a c t i o n s  ( p o l a r s ,  a r o m a t i c s ,  ASTM D-1160 d i s t . )  c o n t a i n i n g  
t h e s e  t y p e s  of  bonds show a p p r e c i a b l e  enrichment (Table 111). I n  t h e  c a s e  of  t h e  
a r o m a t i c  f r a c t i o n  ( F i g u r e  2 ) ,  it i s  even p o s s i b l e  t o  a s s i g n  some o f  t h e  most exchange- 
a b l e  hydrogens t o  s p e c i f i c  compounds. For  example, t h e  peaks a t  3 .9  ppm and 3 . 6  ppm 
i n  t h e  p r o t o n  NMR spectrum (Figure  2 ,  t o p )  can  be p l a i n l y  s e e n  a s  e n r i c h e d  peaks  i n  
t h e  deuterium NMR spectrum (bottom). These peaks a r e  a s s i g n e d  t o  t h e  methylene 
hydrogens of f l u o r e n e  and acenaphthene r e s p e c t i v e l y .  I t  i s  n o t a b l e  t h a t  v e r y  l i t t l e  
enrichment o r  exchange occurs  on t e r m i n a l  methyl carbons  of  a l k y l  c h a i n s  (0 .9  ppm); 
however, t h e  methylene r e g i o n  (21 .2  ppm) i s  e n r i c h e d .  

TABLE I11 

PRODUCTS FROM AUTOCLAVE TEST 5 ( B I G  BROWN TEXAS LIGNITE, 
2 H 2 / C 0 ,  450°C, 3400 PSIG), DETERMINED BY 2H NMR 

Product  

Water 
ASTM D-1160 

D i s t i l l a t e  

F r a c t i o n  of  
D i s t i l l a t e :  

Alkanes 

Aromatics 
P o l a r s  

ASTM D-1160 CHC13 
S o l u b l e  Bottoms 

No. Grams 
i n  Product  

2 9 . 3 1  
109 .4  

11.4 

4 4 . 9  
30 .9  

25 .74  

W t  % 211 

2 .62  
0 . 6 0 6  

0 . 5 8  (by 
d i f f . )  

0 .542  
0.967 

0.605 

W t  % H 
i n  Sample 

11.11 
7.17 

1 4 . 8 8  

7 . 2 0  
7 . 8 1  

5 . 8 4  

"Enrichment 
F a c t o r  

760 
270 

120 

240 
400 

330 

atom % 2~ 
0.0156% (Natura l  Abundance) 
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Figure  3 shows t h e  comparison o f  t h e  ASTM D-1160 d i s t i l l a t e  p o l a r  f r a c t i o n  200 MHz 
‘H NMR spec t rum ( t o p )  and t h e  30.7 MHz 2H NMR spectrum (bottom). The a romat ic  
region of t h e  2H spectrum was more e n r i c h e d  t h a n  t h e  r e s t  of t h e  spectrum. 

Since c o n s i d e r a b l e  amounts o f  2H (about  35 w t .  % of t h e  2H2 added) e n t e r e d  t h e  
p r o d u c t ,  it i s  imposs ib le  t o  a s s i g n  any of  t h e  i n c o r p o r a t e d  2H t o  r e a c t i o n  product 
r a t h e r  t h a n  exchange p r o d u c t .  However, it i s  p o s s i b l e  t o  n o t e  t h a t  some p o r t i o n s  of 
t h e  p r o d u c t  t h a t  were e n r i c h e d  a r e  m a t e r i a l s  t h a t  do n o t  undergo exchange e a s i l y .  
The 2H NIB spectrum of  t h e  a l k a n e s  s e p a r a t e d  from t h e  ASTM D-1160 d i s t i l l a t e  shows 
i n c o r p o r a t i o n  o f  deuter ium i n t o  b o t h  methylene and methyl r e g i o n s  of t h e  spectrum 
and t h e  o v e r a l l  enr ichment  o f  t h e  a l k a n e  f r a c t i o n  i s  1.120 x n a t u r a l  abundance. 

The most a c t i v e l y  e n r i c h e d  p o r t i o n s  o f  t h e  a l k a n e s ,  a r o m a t i c s ,  and p o l a r s  may be 
seen  by comparing Autoc lave  Run 4 (H2/CO) w i t h  Run 5 (2H2/CO), Table  I V  and t o  
compare ASTM D-1160 d i s t i l l a t e  o i l s ,  Table  V .  

Summary 

1. D i f f e r e n c e s  i n  n a t u r a l  abundance 2H NMR d i s t r i b u t i o n s  r e s u l t e d  from d i f f e r e n c e s  
i n  t h e  p r o c e s s i n g  h i s t o r y  o f  t h e  samples .  _. -- -- 

2 .  The a d d i t i o n  o f  smal l  amounts o f  H-donor t o  a l i q u e f a c t i o n  r e a c t i o n  changed t h e  
n a t u r a l  abundance 2H NMR d i s t r i b u t i o n  w i t h  r e s p e c t  t o  an i d e n t i c a l  r u n  wi thout  
added donor .  Changes 
were probably  t h e  r e s u l t  o f  i n c r e a s e d  hydrogen t r a n s f e r  a c t i v i t y  and t h e  cumula- 
t i v e  deuter ium i s o t o p e  e f f e c t s .  

- ~~ 

The ‘H d i s t r i b u t i o n  and I 3 C  d i s t r i b u t i o n  were unchanged. 

3 .  Tests made u s i n g  ‘H2/C0 showed p r o d u c t  i n c o r p o r a t i o n  of 2H t o  >270 t imes  t h e  
The *H d i s t r i h u -  n a t u r a l  abundance a s  de te rmined  by s t a n d a r d  a d d i t i o n  2H NMR. 

t i o n  was n o t  t h e  same a s  i n  t h e  u n l a b e l e d  t e s t .  

4 .  2H e n t e r e d  a l l  f r a c t i o n s  of t h e  p r o d u c t  d u r i n g  t h e  t e s t  wi th  2H2/C0, i n c l u d i n g  
ASTM d i s t i l l a t e  a l k a n e s ,  p h e n o l s  and p o l a r s ,  H20 and s o l u b l e  vacuum bottoms. 
P o l a r s  and H2O were t h e  most e n r i c h e d  f r a c t i o n s ,  p robably  due t o  easy  H-exchange. 

5 .  P r o c e s s i n g  w i t h  2H2/C0 r e s u l t e d  i n  decreased  convers ion  t o  THF s o l u b l e s  when 
compared w i t h  an i d e n t i c a l  r u n  w i t h  l H 2 / C 0 .  
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TABLE I V  

2H NMR AREA PERCENTAGES OF SEPARATED FRACTIONS 
OF RUN 4 AND RUN 5 PRODUCT ASTM-1160 DISTILLATE 

I n t e g r a t e d  Area %, Column F r a c t i o n s ,  ASTM D i s t i l l a t e  

a 
100.0 100 .0  

'HO 

50 .0  35.8 2Ha r 
2 H  39.3 51 .1  

10.7 13 .1  
2 H 0  

33.8 43.2 2Har 
2H 50 .2  42.9 

16.0 13.9 2 H 0  

Alkanes 

Aromatics  

a+$ 

P o l a r s  

a+$ 

Run 5 / 4  

N / A  

0.72 

1 . 3 1  

1 .19  

1.28 

0.85 

0.87 

TABLE V 

COMPARISON OF RESULTS WITH LABELED AND UNLABELED SYNGAS 
(CO/'Hz), (CO/H2), 'H NMR AREA PERCENTAGES, 'H NMR AREA PERCENTAGES 

I n t e g r a t e d  Area,  
% ASTM 0-1160 

D i s t i l l a t e  

l H a r  

IHO 

'H 
a+$ 

Run 4 
(un labe led )  

3 7 . 1  

3 1 . 4  

30.9 

4 5 . 9  

35.7 

1 9 . 4  

Run 5 
( l a b e l e d )  

35.0 

34.3 

29.9 

4 3 . 1  

43 .1  . 

13.2 

Run 5/Run 4 

0.93 

1 . 0 9  

0.97 

0 .95  

1 . 2 1  

0 . 6 8  
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d.DPm 

FIGURE 2. '11 NNR spectrum (top) and *H NNR spectrum of the aromatic fraction of 
autoclave Test 5 with Big Brown Texas lignite and zHz/CO. 

! 

10 Q 2 0 
e J . w m  

FIGURE 1 .  2H NMR spectra of (top) Run 4 (with added THPhen) and (bottom) Run 3 
(without THPen). The peak at 5.2 ppm is the NNR solvent, CHZClZ 
(top) and CH2Clp with added CH2C12-d2 (bottom). The aromatic region 
is designated as 9 .6 -5 .8  ppm, the a and p region as 5.0 to 1.8 ppm 
and other region as  1.8 to 0.1 ppm. 
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FIGURE 3. 'H NMR spectrum (top) and 2H NMR spectrum (bottom) of the polar fraction 
of autoclave Test 5 with Big Brown Texas lignite and 2H2/C0. 
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INFERENCE OF SUBBITUMINOUS COAL STRUCTURE FROM 
L I Q U E F A C T I O N  O F  W Y O D A K  C O A L  I N  M O D E L  S O L V E N T S *  

T h o m a s  D .  P a d r i c k  a n d  S t e v e n  J .  L o c k w o o d  
S a n d i a  N a t i o n a l  L a b o r a t o r i e s  

A l b u q u e r q u e ,  N e w  M e x i c o  6 7 1 8 5  

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

K n o w l e d g e  o f  t h e  s t r u c t u r e  o f  c o a l  i s  n e c e s s a r y  i f  we a r e  t o  
u n d e r s t a n d  c o a l  l i q u e f a c t i o n  m e c h a n i s m s  a n d  d e v e l o p  n o v e l  p r o c e s s  
c o n c e p t s .  Two i m p o r t a n t  a s p e c t s  o f  c o a l  s t r u c t u r e  a r e  t h e  d e t a i l e d  
s t r u c t u r e  o f  c o a l  f r a g m e n t s  a n d  t h e  n a t u r e  o f  t h e  b o n d s  w h i c h  h o l d  
t h e s e  f r a g m e n t s  t o g e t h e r  ( c r o s s l i n k s ) ,  t h e  l a t t e r  b e i n g  t h e  m o s t  
s i g n i f i c a n t  t o  m e c h a n i s m  s t u d i e s .  T h e  m o s t  w i d e l y  a c c e p t e d  m o d e l  
f o r  c o a l  i s  t h a t  r e p o r t e d  by G r e e n ,  e t  a l . 1  T h e i r  m o d e l  c o n s i s t s  
o f  a m a c r o m o l e c u l a r  t h r e e - d i m e n s i o n a l  n e t w o r k  o f  a r o m a t i c  
" c l u s t e r s " ,  c r o s s l i n k e d  t h r o u g h  c o v a l e n t  b o n d s .  I n  t h e i r  m o d e l ,  
h y d r o g e n  b o n d s  p l a y  a s e c o n d a r y  r o l e ,  f o r m i n g  o n l y  w e a k e r  b o n d s  
b e t w e e n  m o l e c u l a r  p l a n e s .  We s h a l l  p r e s e n t  e v i d e n c e  i n  t h i s  p a p e r  
t h a t  i n d i c a t e s  t h a t  h y d r o g e n  b o n d s  a r e  t h e  p r i m a r y  b o n d s  h o l d i n g  
Wyodak  c o a l  f r a g m e n t s  t o g e t h e r .  E v i d e n c e  a l s o  s u  g e s t  t h a t  h y d r o g e n  
b o n d s  a r e  i m p o r t a n t  i n  b i t u m i n o u s  c o a l  s t r u c t ~ r e , ~ , ~  b u t  t h i s  w i l l  
n o t  b e  d i s c u s s e d  h e r e .  

o b t a i n e d  by o b s e r v i n g  t h e  i n t e r a c t i o n  o f  v a r i o u s  s o l v e n t s  w i t h  
c o a l .  Much o f  t h e  i n f o r m a t i o n  f o r  t h e  m o d e l  o f  c o a l  p r e s e n t e d  by  
G r e e n ,  e t  a l .  was o b t a i n e d  f r o m  c o a l  s w e l l i n g  e x p e r i m e n t s . 4  
Pampuch-ons t r a t ed  t h a t  t h e  s p e c i f i c  i n t e r a c t i o n  b e t w e e n  p o l a r  
l i q u i d s  a n d  c o a l  is t h e  f o r m a t i o n  o f  h y d r o g e n  b o n d s .  A l s o ,  s e v e r a l  
r e c e n t  s t u d i e s  h a v e  f o c u s e d  o n  t h e  d e p o l y m e r i z a t i o n  o f  c o a l  t h r o u g h  
d i r e c t  s o l v e n t  a t t a c k .  L a r s e n ,  e t  a 1 . 6  o b s e r v e d  d e p o l y m e r i z a t i o n  
o f  t h r e e  c o a l s  i n  p y r i d i n e  a t  350OC. T h e  e x a c t  n a t u r e  o f  t h e  
c o a l - s o l v e n t  i n t e r a c t i o n  w a s  n o t  d e s c r i b e d .  L a r s e n 7  h a s  a l s o  
o b s e r v e d  d e p o l y m e r i z a t i o n  o f  I l l i n o i s  No.  6 c o a l  i n  a l i p h a t i c  a m i n e  
b a s e s  a t  300 'C .  

c o a l  w i t h  a v a r i e t y  o f  m o d e l  s o l v e n t s  t o  b e t t e r  u n d e r s t a n d  t h e  
n a t u r e  o f  t h e  c r o s s l i n k s  i n  s u b b i t u m i n o u s  c o a l .  We h a v e  o b s e r v e d  
e x t e n s i v e  d e p o l y m e r i z a t i o n  o f  Wyodak c o a l  u n d e r  l o w  s e v e r i t y  
c o n d i t i o n s ,  a n d  p r o p o s e  t h a t  t h i s  d e p o l y m e r i z a t i o n  i s  t h e  r e s u l t  o f  
d i s r u p t i o n  of  h y d r o g e n  b o n d s  i n  t h e  c o a l .  

I n f o r m a t i o n  a b o u t  t h e  n a t u r e  o f  t h e  c r o s s l i n k s  i n  c o a l  h a s  b e e n  

We h a v e  s t u d i e d  t h e  i n t e r a c t i o n  b e h a v i o r  o f  Wyodak  s u b b i t u m i n o u s  

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

T h e  d a t a  r e p o r t e d  b e l o w  w e r e  o b t a i n e d  f r o m  b a t c h  m i c r o r e a c t o r  
r u n s  u s i n g  Wyodak  c o a l  ( S o u t h  P i t  M i n e )  a n d  s e l e c t e d  m o d e l  
s o l v e n t s .  T h e  p r o x i m a t e  a n d  u l t i m a t e  a n a l y s i s  o f  t h e  Wyodak  c o a l  
a r e  l i s t e d  i n  T a b l e  1. T h e  s o l v e n t s  w e r e  a l l  u s e d  a s  r e c e i v e d  f r o m  
t h e  m a n u f a c t u r e r  a t  t h e  s t a t e d  p u r i t y  l e v e l .  T h e  3 5  c m 3  
m i c r o r e a c t o r s  were l o a d e d  w i t h  a n  8 g r a m  s a m p l e  o f  a 2 1 1  s o l v e n t  t o  
c o a l  m i x t u r e .  T h e y  w e r e  t h e n  p r e s s u r i z e d  t o  1 0 0 0  p s i g  w i t h  e i t h e r  

* T h i s  w o r k  s u p p o r t e d  by  t h e  U. S .  D e p t .  o f  E n e r g y  a t  S a n d i a  N a t i o n a l  
~ ~ b o r a t o r i e s  u n d e r  C o n t r a c t  No. DE-AC04-76DP00789.  
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h y d r o g e n  o r  n i t r o g e n .  A f e w  s o l v e n t s  w e r e  u s e d  i n  e x p e r i m e n t s  a t  
h i g h e r  s o l v e n t  t o  c o a l  r a t i o s  t o  s e e  i f  s o l v e n t  v o l a t i l i z a t i o n  w a s  a 
p r o b l e m  u n d e r  o u r  c o n d i t i o n s .  N e g l i g i b l e  d i f f e r e n c e s  i n  c o n v e r s i o n s  
i n d i c a t e  t h a t  a t  375OC a n d  a 1000 p s i g  c o l d  c h a r g e ,  s o l v e n t  
v o l a t i l i z a t i o n  d o e s  n o t  l o w e r  t h e  s o l v e n t  t o  c o a l  r a t i o  e n o u g h  t o  
a l t e r  o u r  r e s u l t s .  T h e  m i c r o r e a c t o r s  were h e a t e d  ('d m i n u t e s  t o  
r e a c h  r e a c t i o n  t e m p e r a t u r e )  i n  a f l u i d i z e d  s a n d  b a t h  a n d  h e l d  a t  
t e m p e r a t u r e  f o r  t h e  s p e c i f i e d  t i m e .  T h e  m i c r o r e a c t o r s  w e r e  t h e n  
c o o l e d  ( % 3 0  s e c o n d s  f o r  a 200OC q u e n c h )  i n  a s e c o n d  f l u i d i z e d  s a n d  
b a t h  h e l d  a t  room t e m p e r a t u r e .  C o n v e r s i o n  t o  THF s o l u b l e  p r o d u c t s  
w a s  - o b t a i n e d  by  s u b s a m p l i n g  t h e  w h o l e  l i q u i d  p r o d u c t  f r o m  t h e  
m i c r o r e a c t o r ,  s o n i c a t i n g  t h e  s a m p l e  i n  THF a n d  t h e n  p r e s s u r e  
f i l t e r i n g  t h r o u g h  a 0 . 2  m i c r o n  M i l i p o r e  f i l t e r .  T h e  f i l t r a t e  w a s  
t h e n  a n a l y z e d  by g e l  p e r m e a t i o n  h i g h  p e r f o r m a n c e  l i q u i d  
c h r o m a t o g r a p h y  (HPLC) t o  o b s e r v e  d i f f e r e n c e s  i n  p r o d u c t  
d i s t r i b u t i o n s . 8  T h i s  t e c h n i q u e  s e p a r a t e s  t h e  f i l t r a t e  i n t o  h i g h ,  
i n t e r m e d i a t e ,  a n d  l o w  m o l e c u l a r  w e i g h t  f r a c t i o n s .  T h e s e  f r a c t i o n s  
a r e  c o m p a r a b l e  t o  t h e  c l a s s i c a l  p r e a s p h a l t n e  (mw-% 1000-), a s p h a l t e n e  
(mw % , 5 0 g  a n d  o i l  (mw Q, 2 5 0 )  f r a c t i o n s  o b t a i n e d  by  S o x h l e t  
a n a l y s i s .  

c r o s s l i n k e d  5 %  p h e n y l  m e t h y l  s i l i c o n e  c o l u m n .  T h e  o v e n  t e m p e r a t u r e  
was p r o g r a m m e d  f r o m  1 0 0 ° C  t o  2 5 0 ° C  a t  2 ' C / m i n .  T h e  c a r r i e r  g a s  f l o w  
r a t e  w a s  0 . 5  c m 3 / m i n u t e .  S e p a r a t e d  p r o d u c t s  w e r e  i d e n t i f i e d  by  a 
f l a m e  i o n i z a t i o n  d e t e c t o r .  P r o d u c t  m o l e c u l e s  a s  l a r g e  a s  f o u r  a n d  
f i v e  member  r i n g  c o m p o u n d s  h a v e  b e e n  i d e n t i f i e d  by t h e  a b o v e  G C  
a n a l y s i s  t e c h n i q u e .  H o w e v e r ,  w e  c a n n o t  b e  c e r t a i n  a l l  THF s o l u b l e  
m a t e r i a l  p a s s e d  t h r o u g h  t h e  G C  c o l u m n .  

_-- C a p i l l a r y  G C  a n a l y s i s  w a s  p e r f o r m e d  o n  a n  HP 5 8 0 0  u s i n g  a 

R e s u l t s  a n d  D i s c u s s i o n  

We b e g a n  our i n v e s t i g a t i o n  o f  Wyodak  c o a l  l i q u e f a c t i o n  i n  m o d e l  
s o l v e n t s  by  c o n d u c t i n g  e x p e r i m e n t s  i n  t e t r a h y d r o  u i n o l i n e  ( T H Q ) .  
THQ h a s  b e e n  o b s e r v e d  t o  e n h a n c e  c o a l  c o n v e r s i o n ?  a n d  a l s o  t o  
a d d u c t  t o  c o a l   product^.^ T h u s  o u r  i n i t i a l  i n v e s t i g a t i o n  c e n t e r e d  
o n  l e a r n i n g  i f  t h e  s a m e  c h a r a c t e r i s t i c  o f  THQ w a s  r e s p o n s i b l e  f o r  
b o t h  a d d u c t  f o r m a t i o n  a n d  e n h a n c e d  c o n v e r s i o n .  T H Q  i s  b o t h  a b a s i c  
n i t r o g e n  c o m p o u n d  a n d  a h y d r o g e n  d o n o r .  W h i l e  i t s  b a s i c  
c h a r a c t e r i s t i c  i s  p r o b a b l y  r e s p o n s i b l e  f o r  a d d u c t  f o r m a t i o n ,  i t  i s  
u n k n o w n  w h i c h  p r o p e r t y  c o n t r i b u t e s  m o s t  t o  t h e  e n h a n c e d  c o a l  
c o n v e r s i o n s  o b s e r v e d  i n  THQ. 

t h e  p r o d u c t  d i s t r i b u t i o n s  f o r  Wyodak c o a l  l i q u e f i e d  a t  3 7 5 ' C ,  
2 0  m i n u t e s  a n d  1 0 0 0  p s i g  H2 i n  1 , 2 , 3 , 4 - T H Q ,  q u i n o l i n e  a n d  
5 , 6 , 7 , 8 - T H Q .  Q u i n o l i n e  i s  a n o n - h y d r o g e n  d o n o r  a n d  s h o w s  o n l y  2 3 %  
c o n v e r s i o n  c o m p a r e d  t o  80% c o n v e r s i o n  f o r  1 , 2 , 3 , 4 - T H Q  a n d  58% 
c o n v e r s i o n  f o r  5 , 6 , 7 , 8 - T H Q .  I n  a d d i t i o n  t o  b e i n g  a n o n - h y d r o g e n  
d o n o r ,  t h e  n i t r o g e n  g r o u p  i n  q u i n o l i n e  i s  a t e r i a r y  a m i n e  r a t h e r  
t h a n  a s e c o n d a r y  a m i n e  a s  i n  1 , 2 , 3 , 4 - T H Q .  T h e  5 , 6 , 7 , 8 - T H Q  s h o u l d  
h a v e  s i m i l a r  h y d r o g e n  d o n o r  c h a r a c t e r i s t i c  a s  t h e  1 , 2 , 3 , 4 - T H Q ,  b u t  
t h e  c o n v e r s i o n  i s  m u c h  l o w e r .  T h e  a p p a r e n t  d i f f e r e n c e  b e t w e e n  t h e  
t w o  h y d r o g e n a t e d  q u i n o l i n e s  i s  t h a t  5 , 6 , 7 , 8 - T H Q  h a s  t h e  s a m e  b a s e  
s t r u c t u r e  a s  q u i n o l i n e .  

F o r  c o m p a r i s o n ,  we  m e a s u r e d  t h e  c o n v e r s i o n  o f  Wyodak  c o a l  i n  
c o n v e n t i o n a l  h y d r o g e n  d o n o r  s o l v e n t s ,  s u c h  a s  t e t r a l i n ,  
h e x a h y d r o p y r e n e  a n d  d i h y d r o p h e n a n t h r e n e .  F i g u r e  2 s h o w s  t h e  r e s u l t s  
f o r  t h e s e  t h r e e  s o l v e n t s .  W h i l e  s o m e  s l i g h t  d i f f e r e n c e s  a r e  
o b s e r v e d ,  Wyodak  c o n v e r s i o n  t o  THF s o l u b l e  p r o d u c t s  i n  a g o o d  
h y d r o g e n  d o n o r  s o l v e n t  i s  5 5 - 6 0 %  a t  t h e s e  l o w  s e v e r i t y  c o n d i t i o n s .  

F i g u r e  1 t a b u l a t e s  t h e  c o n v e r s i o n s  t o  THF s o l u b l e  p r o d u c t s  a n d  
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T h i s  i s  t h e  s a m e  l e v e l  o f  c o n v e r s i o n  t h a t  w a s  o b s e r v e d  f o r  
5 , 6 , 7 , 8 - T H Q .  A p p a r e n t l y ,  in 5 , 6 , 7 , 8 - T H Q  o n l y  t h e  h y d r o g e n  d o n o r  
c h a r a c t e r i s t i c  c o n t r i b u t e s  t o  t h e  o b s e r v e d  c o n v e r s i o n ,  i . e . ,  t h e r e  
is l i t t l e  c o n t r i b u t i o n  f r o m  t h e  q u i n o l i n e  ty .pe  n i t r o g e n  s t r u c t u r e .  
I f  5 , 6 , 7 , 8 - T H Q  a n d  1 , 2 , 3 , 4 - T H Q  a r e  s i m i l a r  h y d r o g e n  d o n o r s ,  t h i s  
d a t a  w o u l d  s u g g e s t  t h a t  t h e  e n h a n c e d  c o n v e r s i o n  o b s e r v e d  i n  
1 , 2 , 3 , 4 - T H Q  i s  a r e s u l t  o f  t h e  s e c o n d a r y  a m i n e  s t r u c t u r e .  . 

n o t  p o s s e s s  h y d r o g e n  d o n o r  c h a r a c t e r i s t i c s .  T h i s  w a s  d o n e  t o  
c l a r i f y  t h e  r o l e  o f  t h e  b a s i c  f u n c t i o n a l i t y .  F i g u r e  3 s h o w s  t h e  
r e s u l t s  o f  t h r e e  l i q u e f a c t i o n  runs m a d e  i n  b e n z o f u r a n ,  i n d o l e  a n d  
a c r i d i n e .  We m e a s u r e d  a 6 2 %  c o n v e r s i o n  f o r  Wyodak  c o a l  l i q u e f i e d  i n  
i n d o l e .  C o n v e r s i o n s  i n  a c r i d i n e  a n d  b e n z o f u r a n  w e r e  q u i t e  l o w .  T h e  
h i g h  c o n v e r s i o n  i n  i n d o l e ,  a n o n - d o n o r  s o l v e n t ,  s u g g e s t s  a s t r o n g  
i n t e r a c t i o n  b e t w e e n  t h e  c o a l  a n d  t h e  b a s i c  n i t r o g e n  f u n c t i o n a l i t y .  

The  HPLC s p e c t r a  f r o m  t h e  e x p e r i m e n t s  w i t h  s e v e r a l  b a s i c  
n i t r o g e n  s o l v e n t s  s h o w e d  a new p e a k  i n  t h e  p r o d u c t  d i s t r i b u t i o n .  
F i g u r e  4 i l l u s t r a t e s  t h e  a p p e a r a n c e  o f  t h i s  new m o l e c u l a r  w e i g h t  
p e a k .  We s e e  t h a t  a s m a l l  c o m p l e x  o b s e r v e d  w i t h  1 , 2 , 3 , 4 - T H Q  h a s  
g r o w n  t o  b e  a p r e d o m i n a n t  p e a k  in t h e  m o l e c u l a r  w e i g h t  d i s t r i b u t i o n  
o f  t h e  THF s o l u b l e  f i l t r a t e  f r o m  Wyodak  l i q u e f a c t i o n  i n  i n d o l e .  We 
p r o p o s e  t h a t  t h i s  new p e a k  i s  t h e  r e s u l t  o f  a n  a s s o c i a t i o n  b e t w e e n  
s o l v e n t  a n d  c o a l  m o l e c u l e s .  

t o  t h e  new p e a k s  s h o w n  i n  F i g u r e  4 .  S i n c e  t h e  c o m p l e x  p e a k  o c c u r s  
n e a r  t h e  a s p h a l t e n e  p e a k ,  we a s s u m e d  t h a t  t h e  m o l e c u l a r  w e i g h t  o f  
t h e  i s o l a t e d  s a m p l e s  was a p p r o x i m a t e l y  4 0 0  amu .  K n o w i n g  t h e  
e l e m e n t a l  c o m p o s i t i o n  o f  i n d o l e ,  Wyodak  c o a l  a n d  t h e  i s o l a t e d  
s a m p l e s ,  a n d  a s s u m i n g  a u n i f o r m  e l e m e n t a l  d i s t r i b u t i o n  f o r  t h e  c o a l ,  
a l l o w e d  u s  t o  c o n c l u d e  t h a t  t h e  i s o l a t e d  s a m p l e s  c o n t a i n e d  
a p p r o x i m a t e l y  6 0 %  i n d o l e .  T h i s  r e s u l t  i s  c o n s i s t e n t  w i t h  a c o m p l e x  
c o m p o s e d  o f  t w o  i n d o l e  m o l e c u l e s  a n d  o n e  c o a l  m o l e c u l e .  T h e  c o a l  
m o l e c u l e  w o u l d  h a v e  a m o l e c u l a r  w e i g h t  o f  a p p r o x i m a t e l y  1 6 0  amu i f  
t h e  e l e m e n t a l  d i s t r i b u t i o n  o f  Wyodak c o a l  i s  a s s u m e d .  S u c h  a 
c o m p l e x  w o u l d  h a v e  a m o l e c u l a r  w e i g h t  o f  Q 3 9 4  a m u ,  i n  e x c e l l e n t  
a g r e e m e n t  w i t h  t h e  v a l u e  o f  Q 4 0 0  amu o b s e r v e d  for t h e  i s o l a t e d  
s a m p l e s .  T h u s ,  our e l e m e n t a l  a n a l y s e s ,  i n  c o n j u n c t i o n  w i t h  t h e  
l o c a t i o n  o f  t h e  c o m p l e x  p e a k  i n  t h e  HPLC m o l e c u l a r  w e i g h t  s p e c t r u m ,  
a r e  c o n s i s t e n t  w i t h  a c o m p l e x  c o m p o s e d  o f  t w o  i n d o l e s  t o  o n e  2 . 1 6 0  
amu c o a l  m o l e c u l e .  

s t r o n g e r  b a s e  s h o u l d  d i s p l a c e  t h e  i n d o l e  f r o m  t h e  c o m p l e x .  We 
r e f l u x e d  a p o r t i o n  o f  t h e  c o m p l e x  i n  d i b u t y l a m i n e  a t  % 1 5 0 ° C  f o r  2 
h o u r s .  C a p i l l a r y  G C  o f  t h e  c o m p l e x  b e f o r e  a n d  a f t e r  r e f l u x i n g  
s h o w e d  s t r i k i n g  d i f f e r e n c e s .  B e f o r e  r e a c ' t i o n  w i t h  d i b u t y l a m i n e ,  t h e  
c a p i l l a r y  G C  s p e c t r u m  h a d  o n l y  t w o  m a j o r  p e a k s  a t  v e r y  l o n g  
r e t e n t i o n  t i m e .  F o l l o w i n g  t h e  d i b u t y l a m i n e  r e f l u x ,  a l a r g e  p e a k  f o r  
f r e e  i n d o l e  was d e t e c t e d  a n d  s e v e r a l  new p e a k s  a p p e a r e d  a t  
i n t e r m e d i a t e  r e t e n t i o n  t i m e s .  T h e  m a j o r  p e a k s  p r e v i o u i l y  a s s o c i a t e d  
w i t h  t h e  c o m p l e x  w e r e  n e a r l y  e l i m i n a t e d .  T h i s  i n d i c a t e s  t h a t  t h e  
c o a l - i n d o l e  c o m p l e x  w a s  b o u n d  t o g e t h e r  t h r o u g h  a s s o c i a t i v e  h y d r o g e n  
b o n d s .  

e l e c t r o n - a c c e p t o r  o r  a e l e c t r o n - d o n o r  b y  v i r t u e  o f  t h e  N-H g r o u p .  
H o w e v e r ,  s i n c e  t h e  u n s h a r e d  e l e c t r o n  p a i r  o n  t h e  n i t r o g e n  
p a r t i c i p a t e s  in t h e  r i n g  r e s o n a n c e ,  w e  w o u l d  e x p e c t  i n d o l e  t o  b e  a 
p o o r  e l e c t r o n  d o n o r .  We t e s t e d  t h e  h y d r o g e n  b o n d i n g  r o l e  o f  i n d o l e  
by l i q u i f y i n g  Wyodak  in 1 - m e t h y l i n d o l e .  W i t h  t h i s  s o l v e n t ,  i n  w h i c h  
t h e  h y d r o g e n  o n  t h e  n i t r o g e n  h a s  b e e n  r e p l a c e d  by  a m e t h y l  g r o u p ,  

We n e x t  c o n d u c t e d  e x p e r i m e n t s  i n  o t h e r  b a s i c  s o l v e n t s ,  w h i c h  d i d  

U s i n g  p r e p a r a t o r y - s c a l e  HPLC, w e  i s o l a t e d  s a m p l e s  c o r r e s p o n d i n g  

I f  t h e  i n d o l e - c o a l  c o m p l e x  i s  h e l d  t o g e t h e r  b y  h y d r o g e n  b o n d s ,  a 

I n d o l e  may p a r t i c i p a t e  i n  a h y d r o g e n  b o n d  a s  e i t h e r  a n  
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t h e  s o l v e n t  c a n n o t  a c t  a s  a n  e l e c t r o n - a c c e p t o r  i n  t h e  f o r m a t i o n  o f  
h y d r o g e n  b o n d s .  T a b l e  2 l i s t s  t h e  c o n v e r s i o n  r e s u l t s  a n d  s t r u c t u r a l  
d i f f e r e n c e s  f o r  i n d o l e  a n d  m e t h y l i n d o l e .  B e s i d e s  t h e  d r a m a t i c  
d e c r e a s e  i n  Wyodak  c o n v e r s i o n ,  HPLC s p e c t r a  , i n d i c a t e  v e r y  l i t t l e  
c o m p l e x  f o r m a t i o n  f o r  l i q u e f a c t i o n  i n  m e t h y l i n d o l e .  T h e s e  r e s u l t s  
i n d i c a t e  t h a t  i n d o l e  a c t s  p r i m a r i l y  a s  a n  e l e c t r o n - a c c e p t o r  i n  
h y d r o g e n  b o n d  f o r m a t i o n  a n d  t h a t  l o s s  o f  h y d r o g e n  b o n d i n g  a b i l i t y  o f  
t h e  s o l v e n t  s e v e r e l y  r e d u c e s  t h e  Wyodak  c o n v e r s i o n .  

T h e  i n i t i a l  e x p e r i m e n t s  w e r e  p e r f o r m e d  u n d e r  1 0 0 0  p s i g  
h y d r o g e n .  I f  i n d o l e  i s  s o l u b i l i z i n g  c o a l  t h r o u g h  d i s r u p t i o n  o f  
c o a l - c o a l  h y d r o g e n  b o n d s  a n d  f o r m a t i o n  o f  c o a l - i n d o l e  h y d r o g e n  
b o n d s ,  t h e n  t h e r e  s h o u l d  b e  n o  h y d r o g e n  c o n s u m p t i o n .  We m e a s u r e d  
t h e  X c o n v e r s i o n  t o  THF s o l u b l e  p r o d u c t s  f o r  a p o o r  s o l v e n t  
( q u i n o l i n e )  a n d  i n d o l e  u n d e r  b o t h  h y d r o g e n  a n d  n i t r o g e n  p r e s s u r e .  
C o n v e r s i o n s  f o r  q u i n o l i n e  a n d  i n d o l e  w e r e  v i r t u a l l y  t h e  s a m e  u n d e r  
e i t h e r  r e a c t i n g  a t o m s p h e r e .  T h i s  s u g g e s t s  l i t t l e  o r  n o  h y d r o g e n  
c o n s u m p t i o n  f r o m  t h e  g a s  p h a s e ,  d e s p i t e  t h e  l a c k  o f  h y d r o g e n  
a v a i l a b l e  f r o m  e i t h e r  s o l v e n t .  

A t  3 7 5 ' C ,  t h e r e  i s  s u f f i c i e n t  t h e r m a l  e n e r g y  f o L  s o m e  -bond - 
r u p t u r e ,  b o t h  c o v a l e n t  b o n d s  a n d  h y d r o g e n  b o n d s .  H o w e v e r ,  u n d e r  
h y d r o g e n  d e f i c i e n t  c o n d i t i o n s ,  l i t t l e  c o n v e r s i o n  c a n  b e  a t t r i b u t e d  
t o  c o v a l e n t  b o n d  r u p t u r e  a s  i n d i c a t e d  b y  a m e a s u r e d  2 0 %  c o n v e r s i o n  
i n  n a p h t h a l e n e .  3 7 5 ° C  s h o u l d  b e  s u f f i c i e n t  t o  b r e a k  m o s t  h y d r o g e n  
b o n d s .  W i t h o u t  a s t r o n g  h y d r o g e n  b o n d i n g  s o l v e n t ,  t h e s e  b o n d s  w o u l d  
r e a s s o c i a t e  a s  t h e  l i q u e f a c t i o n  p r o d u c t  c o o l s  t o  r o o m  t e m p e r a t u r e .  
W i t h  i n d o l e  or a n o t h e r  s o l v e n t  c a p a b l e  o f  f o r m i n g  h y d r o g e n  b o n d s  a s  
s t r o n g  o r  s t r o n g e r  t h a n  t h o s e  p r e s e n t  i n  t h e  c o a l ,  t h e s e  h y d r o g e n  
b o n d i n g  s i t e s  i n  t h e  c o a l  m o l e c u l e  a r e  t i e d  u p  a s  c o a l - i n d o l e  
b o n d s .  Now a s  t h e  p r o d u c t  c o o l s ,  r e a s s o c i a t i o n  b e t w e e n  c o a l  
m o l e c u l e s  d o e s  n o t  o c c u r  a n d  s o l u b l e  c o a l - i n d o l e  c o m p l e x e s  a r e  
f o r m e d .  T h i s  m e c h a n i s m  i s  s h o w n  i n  F i g u r e  5 .  T h i s  t y p e  o f  
m e c h a n i s m  i s  c o n s i s t a n t  w i t h  o u r  d a t a  a n d  s u g g e s t  t h a t  a l a r g e  
f r a c t i o n  o f  t h e  Wyodak  " c l u s t e r s "  a r e  h e l d  t o g e t h e r  s o l e l y  b y  
h y d r o g e n  b o n d s .  

C o n c l u s i o n s  

We h a v e  o b s e r v e d  a h i g h  c o n v e r s i o n  o f  Wyodak  c o a l  t o  THF s o l u b l e  
p r o d u c t s  u s i n g  i n d o l e  a s  t h e  l i q u e f a c t i o n  v e h i c l e .  We o b s e r v e d  
f o r m a t i o n  o f  h y d r o g e n  b o n d e d  c o m p l e x e s  b e t w e e n  i n d o l e  a n d  c o a l  
m o l e c u l e s .  We d e t e r m i n e d  t h a t  t h e  i m p o r t a n t  s t r u c t u r a l  f e a t u r e  o f  
i n d o l e  i s  t h e  N - H  g r o u p  w h i c h  a c t s  p r i m a r i l y  a s  a n  e l e c t r o n - a c c e p t o r  
i n  f o r m i n g  h y d r o g e n  b o n d s .  S o l u b i l i z a t i o n  o f  Wyodak  c o a l  i n  i n d o l e  
c a n  bes t  b e  r e p r e s e n t e d  b y  t h e  p a t h w a y  p r e s e n t e d  i n  F i g u r e  5 .  

T h e s e  r e s u l t s  f o r  W y o d a k  l i q u e f a c t i o n  i n  i n d o l e  d e p i c t  a 
l i q u e f a c t i o n  m e c h a n i s m  b a s e d  o n  s t a b i l i z t i o n  o f  h y d r o g e n  b o n d i n g  
s i t e s  i n  t h e  c o a l .  B u t  m o r e  i m p o r t a n t l y ,  t h e y  i n d i c a t e  t h a t  a l a r g e  
f r a c t i o n  o f  Wyodak  c o a l  i s  c r o s s l i n k e d  by  h y d r o g e n  b o n d s .  T h e  l a r g e  
f r a c t i o n  o f  p r o d u c t  w h i c h  i s  p r o d u c e d  a s  a c o m p l e x  w i t h  m o l e c u l a r  
w e i g h t  n e a r  t h e  c l a s s i c a l  a s p h a l t e n e  m o l e c u l a r  w e i g h t  r a n g e  s u g g e s t s  
t h a t  Wyodak  c o a l  i s  c o m p o s e d  o f  c l u s t e r s  w i t h  m o l e c u l a r  w e i g h t s  

Q 1 6 0 .  T h i s  s t r u c t u r a l  i n f o r m a t o n  s u g g e s t s  t h a t  a l i q u e f a c t i o n  
p r o c e d u r e  d e s i g n e d  t o  a t t a c k  t h e  o x y g e n  f u n c t i o n a l i t y  r e s p o n s i b l e  
f o r  h y d r o g e n  b o n d i n g  i n  t h e  c o a l  w o u l d  r e s u l t  i n  h i g h  c o n v e r s i o n  t o  
a l o w  m o l e c u l a r  w e i g h t  p r o d u c t .  

I 

I 

I '  
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T a b l e  1 .  P r o x i m a t e  and U l t i m a t e  A n a l y s i s  o f  Wyodak Coa l  

( S o u t h  P i t  M i n e )  

P r o x i m a t e *  U 1  t i ma t e *  

% M o i s t u r e  8 . 4 5  % M o i s t u r e  8 . 4 5  

% V o l a t i l e  4 0 . 6 6  % Carbon  6 0 . 6 2  

% F i x e d  Carbon  4 1 . 0 2  % H y d r o g e n  4 . 3 5  

% A s h  9 . 8 7  % N i t r o g e n  0 . 9 4  

1 0 0 . 0 0  % S u l f u r  0 . 6 8  

% Oxygen  ( d i f f )  1 5 . 0 9  

% Ash 9 . 8 7  

100.00 

* Commerc ia l  T e s t i n g  6 E n g i n e e r i n g  C o . ,  D e n v e r ,  C O  8 0 2 3 9  

T a b l e  2 .  Wyodak l i q u e f a c t i o n  r e s u l t s  a t  3 7 5 " C ,  2 0  m i n u t e s  

and 1 0 0 0  p s i g  n i t r o g e n .  

I n d o l e  

X THF 

C o n v e r s i o n  6 2 %  - 

M e t h y l i n d o l e  

CH3 

3 5 %  - 
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Figure 1. Liquefaction results for Wyodak 
coal in quinoline type solvents. 
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Figure 2. Liquefaction results for Wyodak 
coal in hydrogen donor solvents. 
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Figure 3. Liquefaction results for Wyodak 
coal in other basic solvents. 
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Figure 4. HPLC spectra of the THF soluble 
filtrate from microreactor runs. 
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Figure 5.  Indole disrupts hydrogen bonded coal matrix to form THF soluble complexes. 
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THERMAL REACTIVITY STUDIES OF SOLVENT R E F I N E D  COAL 

R.  L .  Miller and N .  Shankar 
Chemical Engineering Department 

University of Wyoming, Laramie, Wyoming 82071 

ABSTRACT 

Four solvent refined coal ( S R C )  samples obtained from Kentucky 9/14 and I l l i n o i s  6 
coals  have been thermally hydrogenated in a s t i r r e d  microautoclave reactor  a t  shor t  
contact time coal l iquefact ion reaction conditions. No coal or c a t a l y s t  was used 
in  any of the runs, Reactivity of each SRC sample was monitored using C -427°C 
d i s t i l l a t e  y i e l d ,  hydrogen consumption, hydrogen-free gas make, and solvent  solu- 
b i l i t y  measurements. 

I n i t i a l  resu l t s  indicated the existence of various interconversion reactions among 
the  o i l ,  asphaltene, preasphaltene, and pyridine insoluble  organic matter (IOM) 
f rac t ions  of c a t a l y t i c a l l y  unhydrogenated Kentucky SRC a t  selected reaction condi- 
t ions .  The net r e s u l t  of this reaction sequence was a r e l a t i v e l y  high C -427°C 
d i s t i l l a t e  yield with minimal hydrogen-free g a s  make and hydrogen consufhption. 
Kentucky and I l l i n o i s  SRC samples which had been c a t a l y t i c a l l y  hydrogenated pr ior  
t o  use i n  the  present study did n o t  undergo the  same types of react ions.  Hydrogen- 
f r e e  gas make and hydrogen consumption were higher and C4-427"C d i s t i l l a t e  y i e l d  
was lower i n  runs using hydrogenated SRC samples, 

INTRODUCTION 

The primary reaction s tep  in d i r e c t  coal l iquefact ion i s  general ly  believed t o  
involve thermal rupture of various l a b i l e  bonds w i t h i n  t h e  coal s t ruc ture  (1, 2 ,  
3 ) .  If the react ive f r e e  radical coal fragments formed can be quickly capped w i t h  
avai lable  hydrogen from a hydrogen-donor solvent or  from portions of the coal 
i t s e l f  (au tos tab i l iza t ion) ,  a complex mixture of s t a b i l i z e d  products i s  obtained. 
For convenience, these mixtures have been operat ional ly  c l a s s i f i e d  according t o  a 
s e r i e s  of solvent so lubi l i ty  t e s t s  summarized in  Table I ( 4 ) .  Unfortunately, such 
a c lass i f ica t ion  system does not produce f rac t ions  with simple chemical i d e n t i t i e s .  

Preasphaltenes cons t i tu te  the predominate primary l iquefact ion product with asphal- 
t enes ,  o i l s  ( d i s t i l l a b l e  a n d  nondis t i l l ab le ) ,  a n d  gases formed in lesser  amounts. 
Secondary react ions involving conversion o f  preasphaltenes and asphaltenes t o  
produce additional quant i t ies  of o i l  and gas form an important par t  of coal conver- 
sion t o  d i s t i l l a b l e  l iqu ids .  Furthermore, the use of residuum recycle has been 
shown t o  have a s ign i f icant  influence on l iquefact ion process performance. S i lver  
reported t h a t  u p  t o  50 w t %  of the to ta l  d i s t i l l a t e  obtained in  two-stage liquefac- 
t i o n  of Wyodak coal could be a t t r ibu ted  t o  conversion of mildly hydrogenated 
residuum ( 5 ) .  The need f o r  a b e t t e r  understanding of residuum conversion t o  
l i g h t e r  products i s  necessary t o  fur ther  improve e x i s t i n g  l iquefact ion processes. 

The  objective of the research described in  this  paper was t o  invest igate  the 
thermal conversion of coal-derived residuum i n  the  absence of coal and c a t a l y s t  a t  
representat ive coal l iquefact ion conditions. Par t icu lar  emphasis was placed on 
residuum behavior a t  short  contact  time react ion condi t ions s imi la r  t o  those 
employed i n  the  Lummus ITSL process (6) .  

EXPERIMENTAL PROCEDURE 

Solvent refined coal (SRC) produced from Kentucky 9/14 coal was used as feed 
residuum in the i n i t i a l  thermal reac t iv i ty  experiments. This mater ia l ,  designated 
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F-51, bo i l s  above 427OC and was produced in the  Pi t tsburg and Midway SRC-I p i lot  
plant near Tacoma, Washington. To reduce SRC v iscos i ty ,  blends of approximately 50 
w t %  F-51 a n d  50 w t %  Kentucky 9/14 coal-derived d i s t i l l a t e ,  designated F-7,  were 
used as reactor  feed. The F-7 d i s t i l l a t e  i s  a nominal 260-427°C boiling range 
f rac t ion  which was a l so  produced a t  the Tacoma SRC-I p i l o t  plant .  Table 11 gives a 
br ief  descr ipt ion of F-51/F-7 propert ies .  

Three other  SRC-distillate mixtures were used in addi t ional  reac t iv i ty  s tudies .  
Properties of these mixtures a re  a l s o  included in Table 11. Sample F-102A was 
prepared by mildly hydrogenating a portion of F-51/F-7 a t  370°C and 13.9 MPa 
i n i t i a l  cold hydrogen pressure f o r  one hour over thermactivated Nalcomo 477 cobalt- 
molybdate ca ta lys t  i n  a batch reactor .  Samples F-128 and F-129 are I l l i n o i s  6 
coal-derived hydrotreated recycle  residuum from Wilsonville, Alabama p i l o t  plant 
runs 242 and 243, respect ively.  Run 242 was operated using a short  contact time 
thermal reactor  while r u n  243 u t i l i z e d  a long residence time dissolver .  Both of 
these samples were obtained from essent ia l ly  s teady-state  operations and represent 
residuum which had been recycled t h r o u g h  the process many times. The C - 4 2 7 O C  
d i s t i l l a t e  content of b o t h  F-128 and F-129 was only about 30 w t % .  Several r2activ- 
i t y  runs were performed using F-128 or F-129 di luted w i t h  add-it-ionai I l l i ' n ~ s  6 
coal-derived d i s t i l l a t e  t o  obtain feed mixtures containing about 50 w t %  d i s t i l l a t e .  
Results from these runs indicated t h a t  within experimental e r r o r ,  there was no - ef fec t  on  y ie lds  from the SRC when the feed d i s t i l l a t e  content was varied between 
30 w t %  and 50 w t % .  T h u s ,  y i e l d  data from the four  SRC-distillate mixtures l i s t e d  
i n  Table I1  can be d i r e c t l y  compared. 

The thermal reac t iv i ty  experiments were car r ied  out  in a 60 ml s t i r r e d  microauto- 
clave reactor  system designed and constructed a t  the University of Wyoming. The 
reactor i s  s imi la r  t o  l a r g e r  Autoclave batch reactors  except t h a t  heating i s  accom- 
plished with a high temperature sandbath. A t  the  end of each r u n ,  the  reactor  and 
i t s  contents a re  quenched w i t h  an icewater bath. This reactor  system can provide 
the benefits of small t u b i n g  bomb reactors (quick heatup ( - 2  min.) and cool down 
(-30 sec . ) )  while a t  the same time insuring s u f f i c i e n t  mechanical ag i ta t ion  of the 
reactants with a n  Autoclave Magnedrive I 1  s t i r r i n g  assembly t o  minimize hydrogen 
mass t ransfer  e f fec ts .  Furthermore, the system i s  designed so t h a t  the reactor 
pressure i s  very nearly constant throughout an experiment. 

The reactor runs were completed a t  454°C and 6.9 MPa i n i t i a l  cold hydrogen pressure 
f o r  reaction times in  the range o f  5 - 15 minutes. To simulate the s lug flow 
behavior of commercial small diameter SCT reactors  in which s igni f icant  gas phase 
hydrogen mass t ransfer  e f f e c t s  e x i s t ,  the Magnedrive s t i r r e r  was turned off during 
these runs. These conditions a r e  believed t o  simulate SCT operations reasonably 
closely. 

Portions of the l iqu id  products from each r u n  were d i s t i l l e d  t o  a 427'C endpoint 
using a microdis t i l l a t ion  apparatus. Additional portions of the l iqu id  product 
were sequentially extracted in  a Soxhlet ex t rac tor  using cyclohexane, toluene, and  
pyridine. Product gases were analyzed on an HP 5840A gas chromatograph. 

RESULTS A N D  DISCUSSION 

Using the experimental methods described, the  product composition from each reactor  
run  was measured. This data i s  summarized in Figures 1-4 in which weight f rac t ion  
compositional changes as a function of reaction time a r e  shown f o r  each SRC-distil- 
l a t e  sample. The weight f rac t ion  o f  hydrogen-free gas produced was always l e s s  
than about 0.01 and i s  not shown on these f igures .  Results shown f o r  F-51/F-7 are  
average values from dupl icate  runs, while data  f o r  the  other  three SRC-distillate 
samples were obtained i n  s ing le  runs. Based on previous experience with the 
reactor  system and product ana lys i s  methods used, the weight f rac t ion  data present- 
ed has an experimental e r r o r  o f  approximately t10 r e l a t i v e  percent. 

I ,  
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Several interest ing observations can be made from these r e s u l t s .  F i r s t ,  a detai led 
examination of the material balance d a t a  ind ica tes  t h a t  the  asphaltene f rac t ion  of 
F-51/F-7 formed both d i s t i l l a t e  and preasphal tenes par t icu lar ly  a t  reaction times 
greater  t h a n  a b o u t  5 minutes. Several authors have previously noted t h i s  type of 
disproportionation behavior ( 7 ,  In some cases these resu l t s  have been 
interpreted a s  evidence of react$& "reversibil i t y "  . However, as  will be noted 
short ly ,  such revers ib i l i ty  does n o t  rea l ly  e x i s t  here, s ince the preasphaltenes 
formed by asphaltene disproportionation d i f f e r  from the coal-derived preasphaltenes 
found in F-51/F-7. Figure 1 a l so  shows a decl ine in  the nondis t i l l ab le  o i l  content 
most l ike ly  caused by thermal cracking of o i l s  t o  form addi t ional  d i s t i l l a t e  and 
gas. No s igni f icant  amount of pyridine insoluble  organic matter (IOM) was formed 
during the F-51/F-7 runs. 

I n  contrast ,  resu l t s  shown in Figures 2-4 f o r  the hydrogenated SRC-distillate 
samples indicate somewhat d i f fe ren t  behavior. In each case,  the asphal tene frac-  
t ion apparently shows no propensity toward disproport ionat ion.  Rather, material 
balance data suggests t h a t  preasphaltenes and asphaltenes were slowly converted t o  
nondis t i l lable  o i l s ,  and eventually cracked t o  d i s t i l l a t e  a n d  gas in a s e r i e s  type 
mechanism. After about ten minutes reaction time, the conversion of nondis t i l lable  
o i l s  t o  d i s t i l l a t e  and gas was the only s igni f icant  reaction taking place in the 
F-128 and F-129 samples. Once again, very l i t t l e  IOM was produced in any of the 
runs, This i s  n o t  surpr is ing s ince other  researchers have noted the refractory 
nature of hydrogenated asphaltenes toward thermal o r  c a t a l y t i c  conversion t o  lower 
boiling products (10, 11). 

The overall e f fec t  of differences in asphaltene a n d  preasphaltene thermal react iv-  
i t y  between the unhydrogenated a n d  hydrogenated SRC-dis t i l la te  samples i s  summar- 
ized in Figure 5. I n  t h i s  p lo t ,  hydrogen u t i l i z a t i o n  eff ic ienc;  ..defined as the 
mass of C -427°C d i s t i l l a t e  produced per u n i t  mass of hydrogen consumed i s  plotted 
as  a func?ion of react ion time f o r  each of the  four  SRC-dis t i l la te  samples. The 
unhydrogenated F-51/F-7 sample obviously produces a s ign i f icant  amount of d i s t i l -  
l a t e  with minimal hydrogen consumption when compared with y ie ld  data from the 
hydrogenated samples. Furthermore, Figure 6 shows t h a t  the hydrogen-free gas make 
was found t o  be 2 t o  6 times l e s s  in the F-51/F-7 runs. I t  appears t h a t  asphaltene 
disproportionation i s  a more e f f i c i e n t  method of d i s t i l l a t e  production t h a n  thermal 
cracking of nondis t i l l ab le  o i l s .  However, i t  i s  apparent t h a t  even mild ca ta ly t ic  
hydrotreatment of the  SRC r e s u l t s  in d r a s t i c a l l y  reduced hydrogen ut i1  izat ion 
eff ic iency.  

In a n  attempt t o  fur ther  study differences between the  react ion pathways of unhy- 
drogenated and hydrogenated asphal tenes and preasphal tenes ,  the preasphaltene 
f rac t ions  from the F-51/F-7 and F-102A thermal reac t iv i ty  experiments were subdivi- 
ded in to  chloroform soluble-toluene insoluble  a n d  pyridine soluble-chloroform 
insoluble subfract ions,  designated preasphal tene-1 and preasphal tene-2, respectiv- 
e ly .  Boduszynski has reported t h a t  preasphaltene-1 samples generally resemble 
asphaltenes in the number of function groups and degree of aromaticity (12) .  
Preasphaltene-2 samples a r e  more highly functional and a r e  believed t o  f a i r l y  well 
represent coal-derived preasphaltene mater ia l .  As shown in Figure 7 ,  the increase 
in to ta l  preasphaltene content f o r  the F-51/F-7 runs was due t o  an increase in 
preasphaltenes-1. A t  l e a s t  a portion of the  preasphaltenes-1 was obtained as a 
disproportionation product from the asphaltenes. The f a c t  t h a t  the to ta l  preas- 
phaltene content did n o t  remain constant o r  decrease precludes the reaction se- 
quence: preasphal tenes-2 t o  preasphaltenes-1 t o  asphal tenes as the only pathway 
involving these f rac t ions .  I n  cont ras t ,  as  shown in Figure 8 ,  the decrease in 
F-102A preasphaltenes occurred because of preasphaltenes-2 consumption. No signi-  
f ican t  buildup of preasphaltenes-1 was noted. Once again, t h i s  suggest tha t  F-102A 
asphaltenes did n o t  undergo disproportionation. 
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The exact mechanism responsible  f o r  the apparent change i n  asphaltene r eac t iv i ty  i s  
not yet known. Painter  (13) and Whitehurst (14) have indicated t h a t  retrogressive 
reactions of SRC f rac t ions  t o  ul t imately form char involve the  condensation of 
alkyl and phenolic functional groups r a the r  than d i r e c t  aromatic r ing fusing. I t  
i s  qui te  possible t h a t  the same functional groups a re  involved during asphaltene 
disproportionation. Ca ta ly t i c  hydrotreatment of the SRC would r e s u l t  i n  fewer 
avai lable  functional groups w i t h  which the disproport ionat ion could occur. Efforts 
a r e  current ly  underway t o  t es t  t h i s  hypothesis by observing de ta i l ed  s t ructural  
changes of the F-51/F-7 and F-102A preasphaltene and asphaltene f r ac t ions  during 
thermal hydrogenation. 

CONCLUSIONS 

The thermal r e a c t i v i t y  behavior of one unhydrogenated and three hydrogenated 
SRC-distillate samples has been studied a t  simulated short  contact time ( S C T )  
reaction conditions. Unhydrogenated coal-derived asphaltenes were found t o  dispro- 
portionate i n t o  primarily C -427°C d i s t i l l a t e  and preasphaltene-1 material resul t -  
ing in  high hydrogen u t i f i z a t i o n  e f f ic iency  and low hydrogen-free gas -make. 
Asphaltenes from the hydrogenated SRC-dis t i l la te  samples did not disproportionate. 
As a r e s u l t ,  hydrogen u t i l i z a t i o n  eff ic iency was s ign i f i can t ly  lower and hydrogen- 
f r e e  gas make was higher i n  runs using the  hydrogenated samples. 
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Table I 

C l a s s i f i c a t i o n  o f  Coal L i q u e f a c t i o n  Products 

F r a c t i o n  D e f i n i t i o n  
/ I  

I nso lub le  Organic Ma t te r  P y r i d i n e  o r  THF i n s o l u b l e  

Preasphal tenes 

Asphal tenes 

P y r i d i n e  o r  THF so lub le ;  
benzene o r  to luene i n s o l u b l e  

Benzene o r  to luene so lub le ;  
pentane, hexane, o r  cyclohexane 
i n s o l u b l e  I 

Pentane, hexane, o r  
cyclohexane so lub le  

I 

Table I 1  

SRC - D i s t i T l l a t e  Feed M ix tu re  P roper t i es  

SAMPLE F-51/F-7 F-102A F-128 F-129 

SOURCE COAL KY 9/14 KY 9/14 ILLINOIS 6 ILLINOIS 6 

WT.% BOILING ABOVE 427°C 58.0 54.8 68.5 69.2 I 

HYDROGENATION LEVEL NONE MILO SEVERE SEVERE / 

ULTIMATE ANALYSIS 
(WT% DRY BASIS) 

CARBON 86.4 86.9 89.1 89.3 
HY OROGEN 7.1 8.0 8.9 8.9 
NITROGEN 1.9 1.5 0.4 0.6 
SULFUR 0.8 0.6 0.1 0.1 
OXYGEN (DIFFERENCE) 3.7 2.9 1.1 0.9 
ASH 0.1 0.1 0.4 0.2 
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ANALYSIS O F  RESINS IN HIGH-ASH COAL-DERIVED PRODUCTS 

F. M.  Lancas, H .  S .  Karam and H .  M .  McNair 
Department o f  Chemistry 

Blacksburg, V A  24061 
Virg in ia  Polytechnic I n s t i t u t e  and S t a t e  Univers i ty  

INTRODUCTION 

The pas t  few yea r s  have witnessed ex tens ive  e f f o r t s  t o  c h a r a c t e r i z e  
coa l -der ived  l i q u i d s .  One wide ly  used method t o  c h a r a c t e r i z e  these l i q u i d s  
i s  the SARA f r a c t i o n a t i o n  method by which t h e  f o s s i l  fue l  i s  f r a c t i o n a t e d  
i n t o  s a t u r a t e s ,  a romat i c s ,  r e s i n s  and a spha l t enes .  One o f  these f r a c t i o n s ,  
r e s i n s ,  i s  believed t o  play an important r o l e  i n  t h e  conversion process of 
coal i n t o  1 iqv id  products .  Liquid chromatography and so l  ubi1 i t y  t es t s  a r e  

-two d i f f e ren t  approaches t o  the SARA f r a c t i o n a t i o n .  Following p r e c i p i t a t i o n  
of  asphal tenes  in  non-polar hydrocarbons (such a s  n-pentane) ,  t h e  deasphal t -  
ened s o l u t i o n  can be chromatographed on s i l i c a  or alumina t o  ob ta in  the  r e s i n s .  
The deasphaltened s o l u t i o n  can a l s o  be appl ied  t o  a c l ay  column and e lu t ed  
with pentane t o  sepa ra t e  r e s i n s  from o i l s ,  o r  i t  can be t r e a t e d  with propane 
gas t o  p r e c i p i t a t e  the r e s i n s .  

g rav ime t r i ca l ly  and by r eve r se  phase high performance 1 iqu id  chromatography. 
These methods a r e :  1 )  t h e  P h i l l i p s  Petroleum procedure; 2 )  our  a l t e r n a t i v e  
SARA procedure; 3 )  f r a c t i o n a t i o n  by s o l u b i l i t y ;  4 )  f r a c t i o n a t i o n  by c l a y ;  
and 5 )  our  new p repa ra t ive  s c a l e  L C  method. 

Experimental 

a )  

The f i v e  methods inves t iga t ed  a r e  conducted on t h e  same c o a l ,  a high ash 
Braz i l ian  "Mina Do Leao" c o a l ,  under t h e  same cond i t ions  of sample p repa ra t ion ,  
e x t r a c t i o n ,  and so lven t  evapora t ion .  Such experimental condi t ions  a r e  
described in d e t a i l  i n  our previous work ( 1 ) .  

The P h i l l i p s  Petroleum Procedure: Method 1 

Ten gm c o a l ,  60 mesh, a r e  e x t r a c t e d  with 100 ml hexane and t h e  in so lub le s  
( a spha l t enes )  a r e  f i l t e r e d  through a Whatman No. 1 c e l l u l o s e  f i l t e r  paper.  A 
po r t ion  of  t h e  hexane e x t r a c t  i s  app l i ed  t o  the t o p  o f  a g l a s s  column (500 x 
11 m m )  dry packed with 20 gm alumina, a c t i v i t y  I ,  80-200 mesh (F i she r  S c i e n t i c ,  
P i t t s b u r g ,  P A ) .  Sa tu ra t e s  a r e  e l u t e d  wi th  50 ml o f  hexane; a romat ics  with 75 ml I 

of  touene; and r e s i n s  with 50 ml of methanol ( 1 , 2 ) .  

I n  t h i s  paper,  r e s i n s  obta ined  by f i v e  d i f f e r e n t  methods a r e  compared 

Prepara t ion  o f  r e s i n s  by t h e  d i f f e r e n t  methods 

I 
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The A l t e r n a t i v e  SARA Method: Method 2 

T h i s  i s  an improved method deve loped  i n  o u r  l a b o r a t o r y  a t  V P I  ( 1 ) .  
Coal i s  e x t r a c t e d  w i t h  t e t r a h y d r o f u r a n  (THF) and t h e  u n r e a c t e d  c o a l  i s  
removed by f i l t r a t i o n .  The c o a l  d e r i v e d  p r o d u c t ,  a f t e r  removal  o f  t h e  
s o l v e n t ,  i s  d i s s o l v e d  i n  1 m l  THF; t h e n  i t  i s  a p p l i e d  t o  t h e  t o p  o f  a 
g l a s s  column (500 x 11 mm) s l u r r y  packed w i t h  20 gm o f  s i l i c a  g e l  60 - 200 
mesh ( F i s h e r  S c i e n t i f i c ,  P i t t s b u r g ,  P A ) .  S a t u r a t e s  a r e  e l u t e d  w i t h  50 m l  
o f  hexane; a r o m a t i c s  w i t h  75 m l  o f  t o l u e n e ;  r e s i n s  w i t h  50 m l  o f  methanol ;  
and aspha l tenes  w i th  50 m l  o f  THF. 

F r a c t i o n a t i o n  b y  S o l u b i l i t y :  Method 3 

F o l l o w i n g  e x t r a c t i o n  o f  t h e  c o a l  w i t h  t e t r a h y d r o f u r a n  (THF) and removal  
o f  t h e  s o l v e n t ;  t h e  c o a l - d e r i v e d  p r o d u c t  i s  d i s s o l v e d  i n  2 m l  o f  THF t h e n  
t r e a t e d  w i t h  80 m l  o f  n-pentane t o  p r e c i p i t a t e  t h e  a s p h a l t e n e s  ( 3 ) .  
volume o f  t h e  deaspha l tened  s o l u t i o n  ( m a l t e n e s )  i s  reduced  t o  30 m l  b y  
e v a p o r a t i o n ,  t h e n  p l a c e d  i n  an i c e - w a t e r  b a t h  and an excess o f  propane gas 
(99% c h e m i c a l l y  p u r e )  i s  added w i t h  c o n s t a n t  s t i r r i n g ,  t h u s  p r e c i p i t a t i n g  
t h e  r e s i n s  ( 3 ) .  The s o l u t i o n  i s  t h e n  f i l t e r e d  t h r o u g h  a Whatman No. 1 
c e l l u l o s e  f i l t e r ,  and t h e  p r e c i p i t a t e  washed w i t h  p r o p a n e - s a t u r a t e d  pentane,  
d r i e d ,  t h e n  weighed. 

The 

F r a c t i o n a t i o n  by A t t a p u l g u s  ( f l o r s i l )  column: Method 4 

The deaspha l tened  s o l u t i o n ,  as o b t a i n e d  i n  method 3 ,  i s  s t r i p p e d  o f f  
s o l v e n t  t h e n  d i s s o l v e d  i n  1 m l  o f  a 1 : l  m i x t u r e  ace tone :me thy lene  c h l o r i d e .  
T h i s  s o l u t i o n  o f  ma l tenes  i s  a p p l i e d  t o  t h e  t o p  o f  a g l a s s  column (500 x 11 mrn) 
s l u r r y  packed w i t h  12 gm f l o r i s i l ,  60-100 mesh (Supelco,  B e l l e f o n t e ,  PA). 
S e v e n t y - f i v e  m l  n-pentane a r e  passed t o  e l u t e  " t h e  o i l s " ,  w h i l e  50 m l  o f  1 :1 
acetone:methy lene c h l o r i d e  a r e  passed a f t e r w a r d s  t o  e l u t e  t h e  r e t a i n e d  " r e s i n s "  
i n  accordance w i t h  t h e  l i t e r a t u r e  ( 4 ) .  

New P r e p a r a t i v e  Sca le  LC F r a c t i o n a t i o n :  Method 5 

F o l l o w i n g  e x t r a c t i o n  and s o l v e n t  e v a p o r a t i o n ,  t h e  THF c o a l  d e r i v e d  
p r o d u c t  i s  d i s s o l v e d  i n  1 m l  THF, t h e n  a p p l i e d  t o  t h e  t o p  o f  a g l a s s  co lumn 
(500 x 11 mm), s l u r r y  packed w i t h  20 gm s i l i c a  g e l ,  40-60 mesh S i - 6 0  (EM 
Science,  Gibbstown, NJ). E i g h t  f r a c t i o n s  a r e  c o l l e c t e d  f r o m  t h e  p r e p a r a t i v e  
s c a l e  column i n  t h e  f o l l o w i n g  o r d e r :  s a t u r a t e s ,  monoaromat ics,  d i a r o m a t i c s ,  
t r i a r o m a t i c s ,  p o l y n u c l e a r  a r o m a t i c s ,  r e s i n s ,  aspha l tenes  and and a s p h a l t o l s .  
Tab le  1 shows t h e  e l u e n t s  u t i l i z e d  t o  g i v e  t h e  b e s t  s e p a r a t i o n  among t h e  
group t y p e s ;  t h e  volumes used; and t h e  f r a c t i o n s  e l u t e d .  More d e t a i l s  a b o u t  
t h i s  method can  be found i n  t h e  l i t e r a t u r e  ( 5 ) .  F i g u r e s  1 and 2 show t h e  
chromatograms o b t a i n e d  f o r  t h e  n o n - p o l a r  and p o l a r  f r a c t i o n s .  
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T A B L E  1 

Eluents and Frac t ions  Col lec ted  in the  P repa ra t ive  
Sca le  F rac t iona t ion  Method: Method 5 

Fraction Eluted 
1 .  Sa tu ra t e s  
2 .  Monoaromatics 
3. Diaromatics 
4. Tr ia romat ics  
5.  Polynuclear aromatics 
6.  Resins 
7 .  Asphal tenes  
8.  Asphal to1  s 

Eluent Volume (ml) 

Hexane ( c6 )  40 

Hexane ( c6 )  27 
11 .5% benzene in  C6 36 
32.0% benzene i n  c6 24 

32.0% benzene in  c6 25 

Benzene/(CH3)2CO/MeC12( 3 /4 /3)  65 

(CH3 )2CO/THF(2/8)  60- - -  

Pyr id ine  65 

b )  H i g h  Performance Liquid Chromatographic Separa t ion  I 

The a n a l y t i c a l  instrument used was a Varian Model 5020 High Performance 
Liquid Chromatograph. 
a t  254 nm. The peaks were recorded on a Varian Model 9176 recorder .  A high 
pressure  s i x p o r t  Valco va lve  model N-60 was u t i l i z e d  with a sample loop of 
10 111. The column used was 150 x 4 mm Micropak 5 ~ ,  RP-18. Mobile phase was 
a 70/30 a c e t o n i t r i l e / w a t e r  a t  a flow r a t e  o f  1 ml/min. 
a f t e r  removal of the s o l v e n t ,  was d isso lved  in THF t o  a concen t r a t ion  o f  
10 m g / m l .  The s o l u t i o n s  were then  double f i l t e r e d  through 5 .0  

a c e t o n i t r i l e  

Detec t ion  was made using a Varian Varichrom Detec tor  

Each r e s i n s  f r a c t i o n ,  
I ,  

Mil l ipo re  
f i l t e r s  ( t ype  LS) and f i n a l l y  d i l u t e d  t o  a concent ra t ion  o f  0 .4  mg/ml with I 

pr io r  t o  i n j e c t i o n  on t h e  H P L C  system. 

Results and Discussion 

a )  Gravimetric a n a l y s i s  of r e s i n s  

Table 2 d i sp l ays  a comparison o f  t h e  r e l a t i v e  d i s t r i b u t i o n  o f  r e s i n s  
among t h e  f i v e  methods i n v e s t i g a t e d  a s  appl ied  t o  t h e  Braz i l i an  c o a l .  I 

f 

1 7 2  



TABLE 2 

1 

\ 

Rela t ive  Di s t r ibu t ion  of Resins i n  t h e  Braz i l i an  
Coal Extract Using Dif fe ren t  Separation Methods 

Method 
1 .  P h i l l i p s  

% 5.- (RSD) W t .  % Resins" CJ- 

29.4 10  35 
--- - _ _  2 .  A l t e rna t ive  SARA 51 .8  

3. Frac t iona t ion  by s o l u b i l i t y  15.1 0.44 2.9 
4 .  Frac t iona t ion  by Clay 10 .5  0.15 1 .4  

5 .  L C  Prepara t ive  Sca le  57.8 0.33 0.57 

*Results from 4 r e p e t i t i v e  runs 

Table 2 shows t h a t  method 5 i s  by f a r  t h e  most reproducib le  system 
inves t iga t ed .  In both methods 2 and 5 ,  r e s i n s  a r e  the  major f r a c t i o n  in  t h e  
coal-derived product.  I t  i s  important t o  note t h a t  i n  methods 2 a n d  5 t h e  
whole THF coal e x t r a c t  was appl ied  t o  the chromatographic column without any 
previous p r e c i p i t a t i o n  o f  asphal tenes  (methods 1 ,  3 ,  4 )  o r  r e s i n s  (method 3 ) .  
The new prepara t ive  s c a l e  L C  method i s  more complete than  method 2 ,  y i e l d i n g  
e i g h t  d i s c r e t e  and pure chemical c l a s ses  as  has  been evidenced by H P L C  ( s e e  
f igu res  1 and 2 ) .  
loaded sample ( 6 ) .  The f r a c t i o n a t i o n  of t he  whole coal e x t r a c t  by t h i s  method 
y i e l d s  purer f r a c t i o n s  than those  obtained by t h e  t r a d i t i o n a l  s o l u b i l i t y  
f r a c t i o n a t i o n ,  thus avoiding the  contamination by c o - p r e c i p i t a t i o n  commonly 
encountered in  t h i s  method ( 1 ) .  In a d i f f e r e n t  s e t  o f  experiments,  an 
asphal tenes  sample (benzene s o l u b l e ,  pentane i n s o l u b l e )  from t h e  s o l u b i l i t y  
f r a c t i o n a t i o n  method was s tudied  by the  new method and t h e  r e s u l t  showed t h a t  
what seemed t o  be asphal tenes  was in  f a c t  more than 70% r e s i n s  ( 7 ) .  

In  a d d i t i o n ,  i t  has a recovery o f  more than 94% o f  the  

High Performance L i q u i d  Chromatography Analysis 

The chromatogram in f igu re  3 i s  f o r  a s tandard  mixture  o f  polar  compounds 
found i n  coal-derived l i q u i d s .  A range o f  func t iona l  groups was chosen t o  
represent  many o f  the compound c l a s ses  which could be found i n  coa l .  S t ruc tu res  
o f  these  compounds a r e  shown in  f igu re  3.  
r e s i n s  produced by method 5 while f igu res  5 and 6 show chromatograms f o r  r e s i n s  
produced by methods 4 and 3. I t  i s  important t o  note  t h a t  a l l  r e s in  s o l u t i o n s  
were chromatographed under iden t i ca l  cond i t ions .  
column i s  very e f f i c i e n t .  Figures 4 ,  5 and 6 show t h a t  the r e s in  f r a c t i o n  
obtained from coal by severa l  s epa ra t ion  procedures i s  s t i l l  extremely complex 
and even b e t t e r  sample sepa ra t ion  schemes need t o  be developed. 
t i nu ing  e f f o r t s  along these  l i n e s .  

Figure 4 shows a chromatogram f o r  

Figure 3 shows t h a t  t h e  

We a r e  con- 
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Concl us i o n 

Bo th  g r a v i m e t r i c  and HPLC r e s u l t s  show t h a t  depending on t h e  f r a c t i o n a t i o n  
method o f  t h e  c o a l - d e r i v e d  p r o d u c t  one ge ts  d i f f e r e n t  d i s t r i b u t i o n s  o f  r e s i n s .  
Among t h e  d i f f e r e n t  methods s t u d i e d ,  t h e  new p r e p a r a t i v e  LC s c a l e  method seems 
t o  y i e l d  p u r e r  f r a c t i o n s ; i t  produces a h i g h e r  y i e l d  o f  sample (94%);  and i t  i s  
a complete method t h a t  f r a c t i o n a t e s  t h e  who le  c o a l  d e r i v e d  p r o d u c t  i n  a s i n g l e  
s t e p  w i t h o u t  t h e  i n c o n v e n i e n c e  o f  p r e c i p i t a t i n g  aspha l tenes  o r  r e s i n s .  
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Oxygen Absorption and Light Scat ter ing Studies Of the  Stability of Liquid Fuels 
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INTRODUCTION 

1, 2 1 1 

Extensive l i terature  (1, 2) have shown that  2.5-dimethYlPYrrOle (DMP) is Part- 
icularly deleterious to stability of liquid fuels, in  that  this  alkylated pyrrole promotes 
very drastically the formation of insoluble sediments and adherent  gums. 
promotes extensive light sca t te r ing  and oxygen absorption, so tha t  their  measurements 
are useful in monitoring the instability of liquid fuels. 
the r ing  nitrogen in  pyrrole, as in  N-methyl pyrrole (NMP), the ability to promote 
sediment formation, light scat ter ing and oxygen absorption becomes much less. 

' 
DMP also 

When the methyl group is on 

Smith and Jcnsen ( 3 )  have given data  on consumption of oxygen by pure pyrroles 
and have shown that  a t  323K, t h e  oxygen uptake by DMP is  much higher and faster 
than NMP. The purpose of th i s  research is to determine whether resul ts  of oxygen 
absorption, light scat ter ing and deposit formation can be correlated in s tudying the 
instability of liquid fuels. 
distillates and the upgraded liquids prepared by Chevron Research Co. (4 ) ,  as  well 
as petroleum-derived JP-5 fuels. 
have been found and a r e  reported i n  this paper also. 

EXPERIMENTAL 

The liquid fuels used are  SRC-I1 and H-coal middle 

Synergistic effects between DMP and thiophenol 

The apparatus used for determination of oxygen absorption is shown in Figure 1. 
I t  is a semi-closed atmospheric pressure  unit in which a s ta t ic  atmosphere of oxygen 
over a n  aqueous manometric fluid (Krebs '  manometer fluid ( 5 ) )  is allowed to come in 
contact with a vigorously s t i r red  sample for ageing. The loss of volatile material 
during ageing i s  minimized by t h e  use of an efficient water condenser and a cold 
t r a p  connected in  tandem. In a typical experiment the  side-arm flask containing 
a weighed sample is attached to  the  bottom of the water condenser. With all the  
stopcocks open and the reservoir  R filled with Krebs' manometer fluid, oxygen gas 
is  passed through the en t i re  system for several seconds. Then the  side-arm stopcock 
is closed and the  reservoir i s  filled with oxygen to  a point between the 425 and 450 
ml marks. The oxygen inlet stopcock A is then closed and the leveling bulb B is 
adjusted SO as t o  maintain the  same liquid levels in  R and B .  One or more initial 
readings of atmospheric pressure,  ambient temperature and gas volume in  R are  
made. Additional readings a re  made, usually 3-5 times a day, for several days, 
until the  liquid level in R neared t h e  "0 mI" mark or  the oxygen uptake appeared 
t o  stop. 

by Berry ( 6 )  modified b y  introduction of a laser light source (Spectra-Physics 
Model 155 0 . 5  mW He-Ne laser, 632.8 nm). Light scat ter ing cells of the design by 
Dandliker and Kraut (7)  were used.  
cones, i n  order  to  reduce the  s t r a y  light pickup by the detector. The additives 
w e r e  weighed in  volumetric flasks and then filled to the mark with liquid fuel ;  the  
time of mixing was taken as zero t i m e .  The liquid was then introduced into a light- 
scat ter ing cell; the cell was mounted on a cell holder, which in t u r n  was mounted 
in  a cell compartment. Care was taken t o  insure proper alignment of the  cell with 
the  very narrow light beam and the  detector. The instrument w a s  calibrated 
periodically by replacing the cell with a turbid s tandard glass block. The experiments 
were conducted at 298% 2 K .  

! 

Laser light scat ter ing measurements were carried out with a photometer described 

The Pyrex cells w e r e  i n  the  form of truncated 



SRC-11 process products  were made from Pittsburgh Seam Coal a t  Pi t tsburg 
and Midway Coal Co. These products  were blended in the ratio recommended b y  
the Department of Energy Technical officer to represent  a typical net 

roduct f r p m  the SRC-11 process. The blend is referred to as SRC-11 syncrude* 
$=coal process-products derived from Illinois no. 6 coal were blended in  the ratio 
recommended b y  Hydrocarbon Research Inc.  to represent  a net whole liquid product  
from the H-coal process. This blend is referred to as H-coal syncrude.  
syncrudes (or middle distillates) were hydrotreated using Chevron's ICR catalyst 
(containing nickel, tungsten,  silica and alumina) at 672 K and approxtmately 15.6 
MPa H partial pressure.  The  properties of the  syncrudes and their  upgraded 
UquidJare listed in  Table 1 of ref, (4 ) .  Petroleum-derived JP-5, no. 80-8 and 
no. 80-12, were obtained from the Naval Research Laboratory. 

RESULTS A N D  DISCUSSION 

liquid 

The 

Figure 2 shows oxygen uptake curves  obtained at  323 K for a middle distillate, 
an upgraded coal liquid, and petroleum JP-5. The coal-derived middle distillate 
shows much higher oxygen uptake than the upgraded liquid, which in  t u r n  is only 
slightly greater than the petroleum jet fuel. This means that  Chevron Research 
Inc. have upgraded the  coal liquid to about the  same stability characteristics (as 
shown by the extent  of oxygen uptake) as the petroleum jet fuel. Other  chara-  
cteristics of the upgraded coal liquids have been discussed in ref .  (4) .  

Figure 3 shows oxygen uptake of SRC-I1 syncrude a t  348 K i n  the absence and 
presence.- of 0.1 g copper shavings per  5 g of fuel. Several investigators (8-10 
have discussed copper catalysis of the  ageing of SRC-I1 middle distillate by a prienol 
oxidative coupling mechanism, and Figure 3 shows that  the copper catalysis i s  also 
manifested by increase in oxygen uptake, 

IR spectra  of dilute solutions of SRC-I1 middle distillate (from Illinois no. 6 
coal), before and af ter  ageing for 5 days at  335 K ,  have been published by 
Jones and L i  ( 9 ) .  The una ed coal liquid exhibits a prominent f ree  hydroxyl 
stretching band at  3600 cm4.  The intensity of this band is not significantly 
affected by ageing with copper or oxygen alone: but  with both the intensity 
of this band is reduced. This indicates that  the hydroxyl group is modified 
during ageing, and tha t  t h e  presence of copper is necessary. The  unaged coal 
liquid is completely wluble-  in  pentane. However, af ter  ageing for 5 days  with 
Cu + 0 at 335 K, 30% or the aged coal liquid became insoluble i n  pentane.  The  
insolub?e fraction contained 3.5% copper in oddat ion state I1 (IO). The fact that  
copper (11) is present  signifies tha t  i t  acts as a reactant in addition to i t s  role 
a s  a catalyst. 

by H-coal middle distillate, as shown i n  Figure 4. In  the  absence of PcFe, a long 
induction period of 160 hrs .  exis ts .  In the presence of 0.025 g PcFe i n  5 g of the  
middle distillate, the induction period disappears, and a significant oxygen uptake 
occurs. This constitutes an example of the use of PcFe as a catalyst in  the oddat ion 
of Coal uquids. Kropf (11) has previously proposed that ,  in  the  oxidation of cumeme 
below 373 K, copper phthalocyanine activated a molecular oxygen through its 
coordinatton with the  metal ion to  form a phthalocyanine-02 complex, which then 
abstracted the te r t ia ry  hydrogen of cumeme to initiate the oxidation. Hara e t  al. (12) 
found that the addition of a small  amount of pyridine to  metal-Pc and cumene mixtures 
induced a drastic shortening of the induction period and a considerable increase i n  
oddat ion rate. In  our  experiment (Figure4 ) addition of pyridine is not necessary, 
since the H-coal middle distillate already contains many nitrogen-containing compounds. 

Iron (11) phthalocyanine (PcFe) also acts as a catalyst i n  the oxygen uptake 
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Figure 5 gives plots of moles O2 absorbed per  mole of N-methyl pyrrole (NMP) 
VS,  time at  th ree  temperatures. 
ageing and therefore resul ts  i n  greater  oxygen uptake. 
longer s torage t i m e  resul ts  in  more ageing and greater  oxygen uptake. 
and Hazlett (13) have shown tha t  for petroleum-derived diesel fuel marine, increase 
in s t ress  temperature resul ts  i n  a shorter  time necessary to  form equivalent weights 
of total insolubles. 
in  a shorter  time necessary to absorb equivalent amount of oxygen per  mole of NMP. 
A plot of log t vs. 1IT can be constructed,  where t is the time in hours  required a t  
any particular temperature of s t ress ing  to  absorb 0.01 mole 0 /mole NMP. 
is almost linear. Figure 5 also shows that  2,5-dimethylpyrro& (DMP) exhibits much 
higher oxygen uptake than does NMP. 
promotes very drastically the formation of insoluble gums and light scat ter ing in  
fuels, whereas the effect of NMP is very small. 
formation may be characterized a s  f ree  radical, autoxidative reactions. 
extent of radical formation i n  DMP may explain in  par t  the  greater  oxygen uptake 
by DMP than NMP and the  grea te r  ability to promote deposit formation and light 
scattering, by DMP than by NMP. 

Increase in  temperature means increase in accelerated 

Jones, Hardy, 
A t  a given temperature, 

The data  of ~ i ~ .  5 also show that  increase in temperature results 

The plot 

This is in  line with the fact (1, 2) that  DMP 

Reactions leading to  sediment 
The greater 

~~ 

Fi-gure 6shows plots of l ight  scat ter ing intensity a t  90° scat ter ing angle for 
-petroleum JP-5 containing 50 ppm ( N )  DMP and various additives. The presence 
of 0.2M thiophene,0.2 M 1,5-hexadiene, or 0.2M thiophenol alone in the  petroleum 
JP-5 results in no change in I . In the presence of DMP however, thiophenol 
gives the largest  light scatter?#g followed by hexadiene and then thiophene. The 
implication is tha t  these individual sulfur-containing compounds by themselves a re  
not deleterious t o  the stability of the liquid fuel. 
nitrogen-containing compound like DMP, the instability effect is  shown. 
the combined effect of nitrogen and sulfur-containing compounds must be considered. 
Figure 7 shows similar plots for upgraded H-coal. 
because the intensity a t  90° is too small to  differentiate between the different 
additives.The order  of instability is : 
) thio&ene. 

vs  . time. 

However, in  the  presence of 
Therefore, 

Here the  scat ter ing angle is 45O. 

thiophenol 1 1, 5-hexadiene ) 1-hexene, 

Figure 8 gives plot of Igo v s .  time for 2, 6-dimethylquinoline (DMQ) and additives 

In o u r  experiments, positive synergism involving DMP o r  DMQ is greatest 
for thiophengl, and the order  of o ther  sulfur  compounds and unsaturated compound, 
is the same, whether the ,.fu+l is  petroleum, upgraded H-coal o r  upgraded SRC-I1 
liquids. DMQ has less effect  on light scattering than DMP, and promotes much 
less deposit formation than  DMP. 

CONCLUSIONS 

Coal-derived middle distillates have higher oxygen uptake than upgraded coal 
liquids. which in t u r n  a re  only slightly higher than the  petroleum jet fuel. DMP 
promotes oxygen absorption, light scattering, and deposit formation, much more than 
NMP. These three techniques can be correlated in  s tudying the instability of liquid 
fuels. Synergistic effects between nitrogen and sulfur-containing compounds are  
apparent. 
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EVALUATION OF OLIGOMERIC MODELS OF COAL ASPHALTENES 
AND PREASPHALTENES AS GPC CALIBRATION STANDARDS 

P i c h a r d  J .  B a l t i s b e r g e r ,  S.E. Wagner, S.P. Rao, J.F. Schwan and M.B. Jones 

Department o f  Chemistry, U n i v e r s i t y  o f  N o r t h  Dakota, 
Grand Forks,  ND 58202 

INTRODUCTION 

One i m p o r t a n t  f a c e t  o f  t h e  c h a r a c t e r i z a t i o n  o f  coa l  and coal  der ived  
m a t e r i a l s  i s  t h a t  o f  m o l e c u l a r  we igh t  d e t e r m i n a t i o n .  The i n i t i a l  goal o f  t h i s  
study was t o  s y n t h e s i z e  a s e r i e s  o f  model o l igomers  t h a t  were i n  agreement 
w i t h  the  average s t r u c t u r a l  fo rmulas  o f  some s e l e r t e d  coa l  d e r i v e d  asphal tene 
and preasphal  tene samples as determined by p r o t o n  n u c l e a r  magnet ic resonance 
spectroscopy, e lementa l  analyses and v a r i o u s  oxygen d e r i v a t i z a t i o n  procedures. 
The second goa l  was t o  t e s t  these model compounds a long w i t h  some commercial ly 
a v a i l a b l e  p o l y s t y r e n e  s tandards  as c a l i b r a t i o n  s tandards  for  h i g h  pressure  gel 
permeat ion chromatographic procedures. The r e t e n t i o n  volumes o f  these model 
compounds were cornpal-eci w i t h  those volumes f o r  a group o f  coa l  der ived  
asphal tene and preaspha l tene samples which had been p r e v i o u s l y  i s o l a t e d  by 
p r e p a r a t i v e  g e l  permeat ion  chromatographic techn iques .  

The a p p l i c a t i o n  o f  GPC t o  the  c h a r a c t e r i z a t i o n  o f  coa l  d e r i v e d  m a t e r i a l s  
has been s t u d i e d  by a number o f  researchers  (1 -13) .  Coleman e t  a l .  (2 -3)  
demonstrated t h a t  t h r e e  column packings; s t y r e n e - d i v i n y l b e n z e n e  (Bio-Beads 
S-X4),  c ross-1  i n k e d  p o l y ( a c r y l o y l m o r p h o 1  i n e ) ,  and m o d i f i e d  a1 k y l a t e d  dex t ran  
(Sephadex LH-20) polymers; c o u l d  be used f o r  t h e  GPC s e p a r a t i o n  o f  THF and 
CHL13 s o l v e n t  r e f i n e d  coa l  (SRC) f r a c t i o n s .  Schwager e t  a l .  (1 )  i s o l a t e d  f o u r  

SRC asphal tene f r a c t i o n s  by  p r e p a r a t i v e  techn iques  u s i n g  Bio-Beads SX8.  A 
1 i n e a r  r e l a t i o n s h i p  between t h e  l o g a r i t h m  o f  number average m o l e c u l a r  we igh t  
and r e t e n t i o n  volume was observed u s i n g  an a n a l y t i c a l  p - s t y r a g e l  HPLC column. 
The a n a l y t i c a l  column was c a l i b r a t e d  w i t h  a s e r i e s  o f  a romat ic  hydrocarbons, a 
p o r p h y r i n  and propy lene g l y c o l s  of known m o l e c u l a r  we igh t .  C u r t i s  e t  a l .  (4 )  
s t u d i e d  t h e  c h a r d c t e r i s t i c s  o f  an SRC (Amax) u s i n g  GPC techniques. The 
s e p a r a t i o n  employed t h r e e  p - s t y r a g e l  columns u s i n g  THF as t h e  s o l v e n t  and was 
c a l i b r a t e d  w i t h  a s e r i e s  o f  p o l y e t h y l e n e  g l y c o l  and v a r i o u s  p o l y n u c l e a r  
aromat ic hydrocarbon standards.  Sephadex LH-20 has a l s o  been used t o  
f r a c t i o n a t e  t h e  hexane s o l u b l e  p o r t i o n  o f  t h e  p y r i d i n e  e x t r a c t  f rom a Sorachi  
coa l  (5). Khan ( 6 )  compared t h e  use o f  GPC and vapor p ressure  osmometry (VPO) 
t o  o b t a i n  m o l e c u l a r  w e i g h t  da ta  f o r  t he  hexane s o l u b l e  p o r t i o n  o f  t h r e e  H-coal 
l i q u i d s .  Two packings, p o l y v i n y l a c e t a t e  ( F r a c t o g e l  PVC 500) and s ty rene-  
d iv iny lbenzene copolymer (Toyo Soda, G2000H10) were used as a n a l y t i c a l  
columns. C a l i b r a t i o n  o f  t h e  columns was accompl ished by VPO measurement o f  
number average m o l e c u l a r  w e i g h t  i n  t o l u e n e  o f  p r e p a r a t i v e  s c a l e  f r a c t i o n s  
o b t a i n e d  f rom a F r a c t o g e l  column. 

A l l  o f  t h i s  work has demonstrated t h a t  t h e  q u a n t i t a t i v e  i n t e r p r e t a t i o n  o f  
GPC chromatograms r a i s e s  two problems. F i r s t ,  t h e  response o f  t he  d e t e c t o r  
must remain cons tan t  on a p e r  we igh t  b a s i s  over  the  m o l e c u l a r  range ( i . e . ,  
t y p e  and d i s t r i b u t i o n  of chromopores must be c o n s t a n t ) .  A constancy o f  uv 
absorbance p e r  gram f o r  a s e r i e s  o f  SRL m a t e r i a l s  has been r e p o r t e d  i n  work by 
Ruud ( 9 ) .  However, t h i s  p o i n t  needs t o  be i n v e s t i g a t e d  more thorough ly .  A 
second problem, wh ich  is  t h e  f o c u s  o f  t h i s  paper,  i s  t h e  e s t a b l i s h m e n t  of t h e  
response curve  w i t h  s u i t a b l e  c a l i b r a t i o n  standards.  



EXPERIMENTAL 

M a t e r i a l s  
Po lys ty rene s tandards  used t o  o b t a i n  t h e  r e f e r e n c e  GPC curve  were 

ob ta ined from Polysciences, Inc .  Other  s tandard  compounds were syn thes ized 
from s t a r t i n g  m a t e r i a l s  o b t a i n e d  f rom v a r i o u s  commercial sources (14) .  
S o l v e n t  r e f i n e d  l i g n i t e  (SRL) samples produced a t  460"C, 27.6 MPa (4000 p s i g )  
u s i n g  syn thes is  gas were o b t a i n e d  f rom t h e  Grand Forks  Energy Technology 
Center and s o l v e n t  f r a c t i o n a t e d  t o  o b t a i n  asphal t e n e  and preasphal  tene 
f r a c t i o n s  (15) .  The l i g n i t e  used was f rom a N o r t h  Dakota seam, Beulah th ree .  

P r e p a r a t i v e  Scale GPC 
The SRL asphal tenes and preasphal tenes were f u r t h e r  separated u s i n g  a 

50 mm i d  x 120 cm a l a s s  column Dacked w i t h  Bio-Beads S-X3 (200-400 mesh) 
s t y r e n e - d i v i n y l  b e n g n e .  P r i o r  t b  GPC s e p a r a t i o n  a l l  t h e  SRL samples were 
a c e t y l a t e d  i n  o r d e r  t o  c o n v e r t  t h e  hydroxy l  s i t e s  t o  t h e i r  a c e t a t e  forms. 
F r e s h l y  d i s t i l l e d  t o l u e n e  o r  p y r i d i n e  was used as t h e  s o l v e n t .  T y p i c a l  
a n a l y t i c a l  GPC chromatograms o f  an aspha l tene sample o b t a i n e d  f r o m  t h e  
p r e p a r a t i v e  column a r e  presented  i n  F i g u r e  1. Elemental  analyses o f  t h e  
f r a c t i o n s  werc performed by  Spang M i c r o a n a l y t i c a l  L a b o r a t o r y  and number 
average molecu la r  w e i g h t s  were determined i n  o u r  l a b o r a t o r y  u s i n g  a Wescan 
Model 117 Vapor Pressure Osmometer. I n  normal runs,  2-3 c o n c e n t r a t i o n s  over 
t h e  range 1 t o  50 g/kg o f  p y r i d i n e  were employed f o r  e x t r a p o l a t i o n  t o  i n f i n i t e  
d i  1 u t i o n .  

A n a l y t i c a l  Scale GPC 
A n a l y t i c a l  s c a l e  GPC analyses (HPLC) were c a r r i e d  o u t  u s i n g  t h r e e  10 nm 

and one 50 nm u - s t y r a g e l  columns i n  s e r i e s ,  w i t h  THF (UV grade, E u r d i c k  and 
Jackson) as t h e  m o b i l e  phase. A Labora tory  Data C o n t r o l  Model 1205 UV M o n i t o r  
was used as t h e  d e t e c t o r  (254 nm) and a Waters Model UK6 i n j e c t o r  was used t o  
i n j e c t  samples of about 10 ~1 a t  10 mg/rnl. Samples were f i l t e r e d  across a 
0.5 Urn m i l l i p o r e  f i l t e r  p r i o r  t o  i n j e c t i o n .  The f l o w  r a t e  was u s u a l l y  
ma in ta ined a t  1.0 mL/min t o  p r e v e n t  p ressures  i n  excess o f  1000 p s i g .  

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

The d e t e r m i n a t i o n  o f  t h e  number average m o l e c u l a r  we igh ts  o f  t h e  
asphal tene and preaspha l tene SRL f r a c t i o n s  by vapor p r e s s u r e  osmometry (VPO) 
makes i t  p o s s i b l e  t o  e s t a b l i s h  t h e  exper imenta l  r e l a t i o n s h i p s  between e l u t i o n  
volume i n  t h e  a n a l y t i c a l  GPC and m o l e c u l a r  we igh t .  Band broadening o f  t h e  
peaks as shown i n  F i g u r e  1 i s  a f u n c t i o n  o f  t h e  number o f  t h e o r e t i c a l  p l a t e s  
o f  t h e  column and t h e  p o l y d i s p e r s i t y  o f  t h e  sample. The column system was 
found t o  have 7,500 p l a t e s  when u s i n g  pyrene i n  THF. The p o l y d i s p e r s i t y  
r a t i o s  (Mw/Mn) o f  t h e  SRL samples were measured u s i n g  commercial p o l y s t y r e n e  

f o r  c a l i b r a t i o n  o f  t h e  molecu la r  w e i g h t  and r e t e n t i o n  volumes assuming a 
l i n e a r  response. The p o l y d i s p e r s i t y  r a t i o  f o r  each o f  t h e  p o l y s t y r e n e  
standards was 1.3. The range o f  p o l y d i s p e r s i t y  va lues  o f  t h e  SRL f r a c t i o n s  
was found t o  be 1.05 t o  1.3. 

F i g u r e  2 shows a p l o t  of t h e  l o g a r i t h m  o f  m o l e c u l a r  w e i g h t  versus 
r e t e n t i o n  volume f o r  t h e  p o l y s t y r e n e  standards,  t h e  a c e t y l a t e d  SRL asptial tenes 
and preasphal tenes and a s e r i e s  o f  o l i g o ( a r y 1  e t h e r s )  and o l i g o ( a r y 1  
methylenes) from 170-570 g/mole. A n e a r l y  l i n e a r  r e l a t i o n s h i p  was found 
p r o v i d e d  t h e  a r y l  m o i e t i e s  were benzenoid. However, d e v i a t i o n s  f rom l i n e a r i t y  
were observed f o r  b o t h  model compounds and SRL samples c o n t a i n i n g  more 



condensed a r o m a t i c  n u c l e i  ( i . e . ,  naphthalene, phenanthrene and pyrene). 
Substances c o n t a i n i n g  l a r g e r  a romat ic  n u c l e i  were found t o  e l u t e  t o o  l a t e  f o r  
t h e i r  m o l e c u l a r  we igh t .  The l e n g t h  p e r  m o l e c u l a r  w e i g h t  o f  these compounds i s  
l ess  than a benzenoid molecu le  o f  t h e  same we igh t .  Because o f  t he  smal le r  
s ize  these compounds e l u t e  a t  a l a t e r  t ime.  The f r a c t i o n  o f  a romat ic  carbons 
present  as edge carbons (Haru/Car) was measured by p r o t o n  nmr t o  be 0.63 t o  

0.90 f o r  t h e  aspha l tenes  and preasphal tenes. C a l c u l a t e d  va lues  o f  Haru/Car 

f o r  t h e  model compounds ranged f rom 0.67 t o  1.0 and f o r  t h e  po lys ty rene 
standards were 1.0. Those SRL samples w i t h  Haru/Car r a t i o s  g r e a t e r  than 0.70 
gave n e a r l y  a c o i n c i d e n t  l i n e a r  p l o t  w i t h  the  p o l y s t y r e n e  standards as shown 
i n  F i g u r e  2. 

P h i l i p  and Anthony (12 )  have shown t h a t  when THF i s  used as a mobi le 
phase species capable o f  hydrogen bonding r e s u l t  i n  e l u t i o n s  corresponding t o  
l a r g e r  mo lecu la r  s i z e  and s m a l l e r  r e t e n t i o n  volumes. We observed t h i s  e f f e c t  
p a r t i c u l a r l y  f o r  200-300 g/mole model compounds c o n t a i n i n g  a p h e n o l i c  hydroxyl  
group. P h i l i p  and Anthony (12 )  a l s o  observed t h a t  r i g i d  molecules such as 
p o l y n u c l e a r  a romat ics  have s m a l l e r  m o l e c u l a r  s i z e s  and t h u s  l a r g e r  r e t e n t i o n  , 

condensed aromat ic  o l igomers  so we can b e t t e r  match t h e  Haru/Car values o f  the 
c a l i b r a t i o n  standards and t h e  coa l  d e r i v e d  l i q u i d s .  

CONCLUSIONS 

- volumes. The p r e s e n t  d i r e c t i o n  o f  o u r  research  i s  t o  p repare  a se r ies  o f  

Po lys ty rene,  01 igo(pheny1 e t h e r s )  and/or 01 igo(pheny1 methylenes) are 
s u i t a b l e  GPC c a l i b r a t i o n  standards f o r  most d e r i v a t i z e d  SRL asphal tenes and 
preasphal tenes. More condensed aromat ic  o l igomers  ( i  .e., c o n t a i n i n g  
phenanthry l  and p y r e n y l  m o i e t i e s )  may be r e q u i r e d  f o r  a c c u r a t e  GPC 
d e t e r m i n a t i o n  of t h e  m o l e c u l a r  w e i g h t s  o f  SRL samples w i t h  low Haru/Car 

( h i g h l y  condensed a r o m a t i c s ) .  The SRL samples must be d e r i v a t i z e d  t o  b lock  
f r e e  -OH groups and p r e v e n t  i n t e r a c t i o n  w i t h  t h e  GPC s o l v e n t ,  THF. 
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F i g u r e  2.  GPC c a l i b r a t i o n  p l o t .  X = p o l y s t y r e n e  s tandards;  

o = SRL samples w i t h  Haru/Car 1. 0.70; + = model 

compounds wi th liaru!Car L 0.63 and n i t h o u t  p h e n o l i c  

-OH; o = moddl compounds w i t h  H aru/Car L 0.89 and 

w i t h  p h e n o l i c  -OH. 
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F i g u r e  1. HPLC GPC chromatograms o f  a c e t y l a t e d  SRL 
preasphal  tenes separated b y  p r e p a r a t i v e  GPC. 
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